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The present doctoral thesis is focused on the Ti(OiPr) 4 /nBuLi reagent system for creating new carbon-carbon bonds. The aim of this work was to investigating around the limits of the known titanium chemistry. We focused our interest on [2+2+2] homo-and heterotrimerization reactions as well as triple bond functionalization reactions (scheme below). In the first case, the goal was to discover a catalytic system for cyclotrimerization. In the second case, we were particularly interested in using CO 2 for the functionalization of unsaturated compounds. These projects have been completed under the supervision of Dr. Yvan Six at the Laboratoire de Synthèse Organique in Ecole Polytechnique (France). Additionally, participation in a fivemonth internship in the Asymmetric Synthesis Laboratory at the University of Valladolid (Spain) under the supervision of Prof. Rafael Pedrosa resulted in work on two topics related to organocatalysis: asymmetric enamine catalysis and N-heterocyclic carbene catalysis. This manuscript consists of five chapters and an experimental part.

Chapter I is an introduction to the chemistry of the Ti(OiPr) 4 /Grignard reagents system initiated by Kulinkovich 1989. After discussing the mechanism, the structure of the active species and the reactivity trends, the application of the Kulinkovich reaction is briefly summarized with particular emphasis on the latest publications. Then, modifications of this transformation, such as Kulinkovich-de Meijere and Kulinkovich-Szymoniak reactions, are described together with literature examples. Furthermore, the important contribution of Sato from 1994, ligand exchange of titanacyclopropane with alkynes, which gave rise to the number of interesting reactivity modes and applications, is reviewed.

Chapter II is dedicated to the Ti(OiPr) 4 /nBuLi reagent system that was first described by Eisch in 2001. In this part, the reactivity and stability of the active species are discussed as well as the comparison with species generated by its predecessor, the Ti(OiPr) 4 /Grignard reagents system. Then, an overview of all reactions, to the best of my knowledge, to which the reagent set was used, is discussed. Interestingly, there are examples of transformations that had not been possible or had inconvenient experimental protocols before, but with this reagents system have become more attractive.

In Chapter III, the development of the Ti(OiPr) 4 /nBuLi as a novel catalytic system for the [2+2+2] homo-and hetrotrimerization of terminal alkynes reactions is described. The chapter begins with the introduction to the cyclotrimerization reaction, starting with the mechanism and regioselectivity, and ending with literature examples. It is worth noting that the main problem of these reactions is regioselectivity as well as the cost and sensitivity of catalytic systems. In this context, our work focuses on an alternative inexpensive and regioselective catalyst. The results of our work is then presented, starting from the first stoichiometric experiments with demanding substrates, through the first successful catalytic reactions and problems related to their reproducibility, followed by a study on the applicability of various alkyne substrates in reactions with 30 mol% of the active species and competition reactions.

Moreover, mechanistic studies to explain the phenomenon of hydro-dehalo substitution are presented.

Chapter IV begins with the introduction to carboxylation of unsaturated compounds, describing stoichiometric and catalytic methods. Moreover, the titanium-to-copper transmetalation is briefly discussed. Afterwards, the results of our research on alkyne carboxylation using the Ti(OiPr) 4 /nBuLi reagent system and CO 2 are presented. First unsatisfactory results, followed by promising experiments using copper salts as catalysts are reported. Furthermore, some experiments to understand the mechanism of reaction were carried out. Then, we focused on functionalization of alkynes using substrates different than CO 2 , obtaining good results and observing some interesting byproducts generated unintentionally.

The last part is Chapter V, an additional chapter, in which the developed work in the area of organocatalysis is described. At the beginning, an introduction to organocatalysis, especially asymmetric enamine catalysis and N-heterocyclic carbene catalysis, is presented. Then, the results in the area of asymmetric enamine catalysis are discussed, where the objective of the project was the thermal cyclization of α,β-unsaturated ketones. Subsequently, the synthesis of the NHC precatalysts and their application in the asymmetric annulation reaction are presented.

Cette thèse de doctorat porte sur le système de réactifs Ti(OiPr) 4 /nBuLi pour la création de nouvelles liaisons carbone-carbone. Le but de ce travail était de repousser les limites de la chimie du titane. Nous nous sommes intéressés aux réactions d'homotrimérisation et d'hétérotrimérisation [2+2+2]. Le but était de découvrir un système catalytique pour la cyclotrimérisation. Nous nous sommes aussi concentrés sur la fonctionnalisation des triples liaisons et particulièrement sur l'utilisation du CO 2 pour la fonctionnalisation de composés insaturés. Ces projets ont été réalisés sous la supervision du Dr. Yvan Six au Laboratoire de Synthèse Organique de l'Ecole polytechnique (France). De plus, la participation à un stage de cinq mois au laboratoire de synthèse asymétrique de l'Université de Valladolid (Espagne) sous la supervision du professeur Rafael Pedrosa a débouché sur deux sujets liés à l'organocatalyse: la catalyse asymétrique des énamines et la catalyse par des carbènes Nhétérocycliques. Ce manuscrit comprend cinq chapitres et une partie expérimentale.

Le Chapitre I est une introduction à la chimie du système de réactifs Ti(OiPr) 4 /Grignard introduit par Kulinkovich en 1989. Après avoir discuté du mécanisme, de la structure des espèces actives et des tendances de réactivité, les applications de la réaction de Kulinkovich sont brièvement résumées en mettant l'accent sur les dernières publications. Ensuite, des modifications de cette transformation, telles que les réactions de Kulinkovich-de Meijere et de Kulinkovich-Szymoniak, sont décrites conjointement avec les exemples de la littérature. En outre, l'échange de ligands du titanacyclopropane avec les alcynes, qui est une importante contribution de Sato à partir de 1994, est commenté. Cela a donné lieu à de nombreux de modes de réactivité et à des applications intéressantes.

Le Chapitre II est consacré au système de réactifs Ti(OiPr) 4 /nBuLi décrit pour la première fois par Eisch en 2001. Dans cette partie, la réactivité et la stabilité des espèces actives sont discutées ainsi que la comparaison avec les espèces générées par son prédécesseur, le système de réactifs Ti(OiPr) 4 /Grignard. Ensuite est présenté une liste exhaustive des réactions pour lesquelles l'ensemble des réactifs a été utilisé. Fait intéressant, il existe des exemples de transformations qui n'étaient pas réalisables ou avaient un protocole expérimental peu pratique auparavant, mais avec ce système de réactifs, elles sont devenues plus faciles à mettre en oeuvre.

Dans le Chapitre III, le développement du Ti(OiPr) 4 /nBuLi en tant que nouveau système catalytique pour l'homo-et l'hétrotrimérisation [2+2+2] des alcynes terminaux a été décrit. Le chapitre commence par l'introduction de la réaction de cyclotrimérisation, en commençant par le mécanisme et la régiosélectivité, et en terminant par des exemples de la littérature. Il convient de noter que le principal problème de ces réactions est la régiosélectivité ainsi que le coût et la sensibilité des systèmes catalytiques. Dans ce contexte, nos travaux ont porté sur un catalyseur peu coûteux et régiosélectif. Les résultats de nos travaux sont ensuite présentés, à partir des premières expériences stoechiométriques sur des substrats exigeants, des premières réactions catalytiques réussies et des problèmes liés à leur reproductibilité, suivis d'une étude sur l'applicabilité de divers substrats en présence de 30% molaires des espèces actives, ainsi que des réactions de compétition. De plus, des expériences pour expliquer le phénomène de hydro-déshalo substitution ont été réalisées.

Le Chapitre IV commence par une introduction sur la carboxylation de composés insaturés, décrivant les méthodes stoechiométriques et catalytiques. De plus, la transmétalation du titane au cuivre est brièvement discutée. Les résultats de nos recherches sur la carboxylation des alcynes au moyen du système réactif Ti(OiPr) 4 /nBuLi et du CO 2 sont ensuite présentés. Les premiers résultats insatisfaisants, suivis des expériences prometteuses utilisant des sels de cuivre comme catalyseurs sont rapportés. En outre, certaines expériences visant à comprendre le mécanisme de la réaction ont été réalisées. Ensuite, nous nous sommes concentrés sur la fonctionnalisation des alcynes en utilisant des substrats différents du CO 2 , en obtenant de bons résultats et en observant certains sous-produits intéressants.

La dernière partie est le Chapitre V, chapitre supplémentaire, dans lequel les travaux développés dans le domaine d'organocatalyse sont décrits. Au début, une introduction à l'organocatalyse, en particulier la catalyse asymétrique des énamines et la catalyse Nhétérocyclique du carbène, est présentée. Ensuite, les résultats dans le domaine de la catalyse asymétrique des énamines ont été discutés, dont l'objectif était la cyclisation thermique des cétones α, β-insaturées. Par la suite, la synthèse du précatalyseurs NHC et son application dans la réaction d'annulation asymétrique sont présentées. A large increase of interest in the chemistry of organometallic compounds can be dated to the 1950s when ferrocene was discovered unintentionally 1 and when K. Ziegler 2 for the first time used an organotitanium compound to catalyse ethylene polymerization. 3 Since then, many new reagents and reactions were discovered in order to synthesize complex molecules by C-C bond formation. Remarkably, divalent complexes of group 4 metals constitute a range of useful reagents. 4 One powerful family of reactions is derived from the Kulinkovich cyclopropanation published for the first time in 1989. 5 These synthetic transformations are mediated by divalent titanium reagents generated from titanium alkoxides and organomagnesium compounds. An additional advantage of titanium is that it is a non-toxic and inexpensive transition metal thus attractive for use in large-scale synthesis for fine chemicals or pharmaceuticals production. 6 In the following chapter, one can find an overview of the reactions mediated by the Ti-alkoxide/Grignard reagent system based on the discovery by Kulinkovich, from mechanism and reactivity to pattern of applications and most recent examples.

Ac

The Kulinkovich reaction as origin of a new family of C-C bond forming reactions 1.2.1. Discovery

In 1989 Oleg Kulinkovich reported the discovery of a new method for the cyclopropanation of carboxylic esters yielding monosubstituted cyclopropanols (Scheme 1.1.). 5 It was the first reaction of this type and the origin of a new family of carbon-carbon bond-forming reactions.

During almost 30 years from this event many extensions of the initial reaction have been reported.

Scheme 1.1. Original report of the Kulinkovich reaction.

Nowadays, the term Kulinkovich reaction refers to the transformations of esters with Grignard reagents bearing -hydrogens in the presence of stoichiometric or catalytic (down to 5-10 mol%) amounts of the titanium reagent as well as their asymmetric variant. 7 The common dominator of this family of reactions is the generation of titanacyclopropane species from titanium complexes of the form XTi(OR) 3 (X=Me, Cl, OR; R=alkyl) with excess amounts of the Grignard reagent (Scheme 1.2.). 8

Scheme 1.2. Formation of the dialkoxytitanacyclopropane/dialkoxy(η 2 -alkene)titanium complex.

Mechanism

The mechanism of the reaction proposed by Kulinkovich was supported by Wu and Yu by DFT calculations. 9 It explains the beginning of the catalytic cycle by formation of the organotitanium intermediate A, next dialkoxytitanacyclopropane/dialkoxy(η 2 -alkene) complex B is formed, then 1,2-insertion of carbonyl group generating species C occurs, 7 J. K. Cha, O. G. Kulinkovich, Organic Reactions, S. E. Denmark Ed., John Wiley & Sons, Inc., 2012, 1-160. 8 V. Rassadin, Y. Six, Tetrahedron, 2014, 70, 787-794. 9 Y. -D. Wu, Z. -X. Yu, J. Am. Chem. Soc., 2001, 123, 5777-5786. 31 followed by elimination of an alkoxyl group and formation of cyclopropane ring D (Scheme

1.3.). 10

Scheme 1.3. The catalytic cycle of Kulinkovich reaction.

An asymmetric variant

Soon after the original report of Kulinkovich, in 1994, Corey et al. reported the first asymmetric variant of the cyclopropropanation reaction using a Taddol-derived chiral alkoxide ligand (Scheme 1.4.). 11 An example of another way to obtain enantioselectivity is to use a chiral amide under the conventional Kulinkovich reaction conditions (Scheme 1.5.). [START_REF]Oxygen obstacle[END_REF] Scheme 1.4. The first asymmetric Kulinkovich reaction.

Scheme 1.5. The asymmetric Kulinkovich reaction with a chiral amide.

10 O. G. Kulinkovich, S.V. Svidorov, D.A. Vasilevskii, Synthesis, 1991, 234. 11 E. J. Corey, S. A. Rao, M. C. Noe, J. Am. Chem. Soc., 1994, 116, 9345-9346. 12 R. Mizojiri, H. Urabe, F. Sato, J. Org. Chem., 2000, 65, 6217-6222.

Contribution of Satoligand exchange

First efforts to perform a displacement of ethylene from the dialkoxy(η 2 -ethylene)titanium complex by other unsaturated compounds were made by the group of Kulinkovich in 1993. 13 Despite promising results with styrene, the method could not be extended to other alkenes.

The next milestone was a report by Sato, which presented an efficient method for the synthesis of alkoxytitanium-acetylene complex 2, generated by ligand exchange between the propylene titanium complex 1 and an alkyne, and its synthetic application (Scheme 1.6.). 14

Scheme 1.6. The synthesis of alkoxytitanium-acetylene complex 2 reported by Sato.

Structure of an intermediate

There is no direct evidence for the structure of intermediates, dialkoxytitanacyclopropane and dialkoxy(η 2 -alkene)titanium complexes [START_REF]Unexpected byproduct[END_REF] , however the spectroscopic and X-ray diffraction studies of the related complex (η 2 -C 5 Me 5 ) 2 Ti(η 2 -ethylene) provide significant support for the representations proposed by Kulinkovich (Scheme 1.7.). 16

Scheme 1.7. Structure of the (η 2 -C 5 Me 5 ) 2 Ti(η 2 -ethylene)complex.

Interesting from the mechanistic point of view is a recent report by Foschi et al. The titanacyclopropane species 3 was isolated and fully characterized. It is proposed that this titanium complex is a key reaction intermediate in the diastereoselective Ti(OiPr) 4 -mediated double aryl Grignard addition to 1,2-di(pyridine-2-yl)ethyne and derivatives (Scheme 1.8.).

The data presented might be valuable as a support for the proposed Kulinkovich intermediates. 17 occur. This sequence of reactions was a proof of the organometallic reagent generated under Kulinkovich reaction conditions and its dianionic character (Scheme 1.9.). 

The reactivity pattern

The dianionic titanacyclopropane species typically undergoes transformations among which one can distinguish protonolysis (or deuterolysis), 1,2-insertion of multiple bonds of alkenes, alkynes, carbonyl groups, nitriles, etc., ligand exchange with unsaturated compounds and βelimination reactions of leaving groups (Scheme 1.10.). Reactivity of titanocyclopropanes is affected by the Grignard reagents involved in their generation as well as by the type of alkoxide ligands and nature of the unsaturated compound. 19

Scheme 1.10. Reactivity types of the titanacyclopropane.

The first dependence can be illustrated as presented on Scheme 1.11. It is worth to mention that the complex 5 undergoes exclusively 1,2-insertion while the complex 7 is more prone to profit from a ligand exchange. Furthermore, the isopropoxide group is one of the best tested ligands up to now. 

Synthetic applications of the Kulinkovich reaction in transformations of carboxylic esters and carbonates

General trends

During the last three decades, the Kulinkovich reaction without ligand exchange has been widely utilized to generate a cyclopropanol moiety as an attractive intermediate in the synthesis of the ketones (including β-halide, conjugated, β-nitroso, α,β-epoxy ketones and cyclobutanone derivatives) as well as allylic halides and 1,3-alkadienes (Scheme 1.12.). 22 Due to the good tolerance towards a variety of functional groups and good yields 19 , the discussed reaction was involved especially in substrate preparation for various methodology studies 23 (including the asymmetric ones) as well as the generation of attractive intermediates for natural products synthesis 24,25,26 . 

The Kulinkovich reaction in the literature

Interesting work about a photochemical process in which achiral cyclopropanols and α,βunsaturated aldehydes are substrates, affording cyclopentanols with good diastereoselectivity, excellent enantioselectivity in fair to very good yields, was published recently by Woźniak et al. 27 Trisubstituted cyclopropanols are useful radical precursors. 28 The main method utilized to synthesise the substrates is the Kulinkovich reaction (Scheme 1.13.).

Scheme 1.13. The photochemical asymmetric process involving racemic cyclopropanols.

Another recent report of the Kulinkovich reaction for substrate synthesis is provided by the group of Ma. Cyclopropanols are synthesised by the reaction of various esters and Ti(OiPr) 4 /

EtMgX reagent system and next undergo the Pd(0)/XPhos-catalysed ring-opening coupling 27 Ł. Woźniak, G. Magagnano, P. Melchiore, Angew. Chem. Int. Ed., 2018, 57, 1068-1072. 28 For one of the other examples see: K. A. Keaton, A. J. Philips, Org. Lett., 2008, 10, 6, 1083-1086. with propargylic carbonates affording allenyl ketones. Importantly, the substrate chosen is not sensitive to the reaction conditions. The mechanism begins with in situ formation of an allenyl palladium methoxide, a ligand exchange with a cyclopropanol and a cleavage of the C-C bond, followed by elimination. The scope of the products delivered is wide.

Furthermore, the introduction of the allene unit into steroidal skeleton was carried out (Scheme 1.14.). 29

Scheme 1.14. The Pd(0)/XPhos-catalysed ring-opening coupling with propargylic carbonates.

The Kulinkovich reaction with ligand exchange

The Kulinkovich reaction with ligand exchange is a valuable tool in carbon-carbon bond formation. It is worthy of note that only terminal alkenes are reactive under the reaction conditions and the method is compatible with various functional groups e.g. silyloxyl group.

Applications of the intermolecular reactions with ligand exchange are analogous to the ones already presented in Scheme 1.12. and include formation of ketones (α-methyl, αor βsubstituted enones and alkenyl ketones) and alkenyl aldehydes which can be transformed into cyclobutanones (Scheme 1.15.). 19 These reactions may also take place intramolecularly.

29 P. Wu, M. Jia, W. Lin, S. Ma, Org. Lett., 2018, 20, 3, 554-557.

Scheme 1.15. Applications of cyclopropanols generated in the Kulinkovich reaction with ligand exchange.

Current reports of the Kulinkovich reaction with ligand exchange

The most recent example of the discussed reaction with ligand exchange is a palladiumcatalysed synthesis of linear (E)-enones from cyclopropanols bearing an oxazoline directing group. Furthermore, such cyclopropanols react with aryl iodides and silver acetate under Pdcatalysis to afford diarylated α-methylene ketones. Importantly, the chosen heterocycle substituent tolerates the conditions of the Kulinkovich reaction (Scheme 1.16.). 30 Described examples have from fair to very good yields and good to very good diastereoselectivities (Scheme 1.17.). 31

Scheme 1.17. The stereoselective synthesis of α-alkyl ketones from cyclopropanols. Commun., 2018, 54, 2800-2803. 32 V. Chaplinski, A. de Meijere, Angew. Chem. Int. Ed., 1996, 35, 413-414. 33 Recent review: S. Miyamura, K. Itami, J. Yamaguchi, Synthesis, 2017, 49, 6, 1131-1149. 34 For review see: A. de Meijere, S. I. Kozhushkov, A. I. Savchenko, J. Organomet. Chem., 2004, 689, 2033-2055. 40 Scheme 1.18. The first Kulinkovich-de Meijere reaction scope.

Mechanism

In their first report, Meijere and Chaplinski proposed a mechanism analogous to the Kulinkovich reaction mechanism. 32 According to the authors, after a ligand exchange between an alkene and the dialkoxy(η 2cyclopentene)titanium complex 1,2-insertion of the amide function occurs, followed by C-O bond cleavage. Next, rotation around a single carbon-carbon bond provides a zwitterion where steric interaction between titanium and five-membered ring is reduced. Subsequently, electrophilic substitution with inversion of configuration may take place resulting in the formation of the cyclopropane ring.

Newest applications

As mentioned before, the discussed reaction allows the preparation of biologically active compounds. An example might be the synthesis of tricyclopropylhydrazine as cyclopropylhydrazines are pharmacologically potent compounds protected by more than thirty patents.

The work of Kuznetsov describes the Kulinkovich-de Meijere reaction without ligand exchange as the key transformation in the synthetic pathway (Scheme 1.20.). 36 Importantly, MeTi(OiPr) 3 alkoxide was used instead of Ti(OiPr) 4 . In general, using methyl-titanium alkoxide constitutes an improvement of the original procedure because it reduces the amount of the Grignard reagent by half (Scheme 1.21). 37 Scheme 1.20. The Kulinkovich-de Meijere reaction in cyclopropylhydrazines synthesis.

Scheme 1.21. The reaction of Grignard reagent with MeTi(OiPr) 3 .

Intramolecular Kulinkovich-de Meijere reaction

The Kulinkovich-de Meijere reaction, as well as its prototypic Kulinkovich reaction, can take place in an intramolecular manner as well as with ligand exchange between the titanacycle and an alkene. Two types of this reaction can be distinguished: an amide might bear an alkene function attached to the carbon or to the nitrogen atom, which results in two possible 36 A. N. Shestakov, M. A. Kuznetsov, Chem. Commun., 2016, 52, 2398-2400. 37 V. Chaplinski, H. Winsel, M. Kordes, A. de Meijere, Synlett, 1997, 111-114. products, namely a bicyclic product with an amino group linked to the cyclopropane ring or at an endocyclic position (Scheme 1.22.). 38 Scheme 1.22. Types of the intramolecular Kulinkovich-de Meijere reaction with a ligand exchange.

An interesting unusual example of the intramolecular Kulinkovich-de Meijere reaction was described recently by Finn et al. 39 In principle, formation of the cyclopropylamines contains two steps in which new carbon-carbon bonds are formed. However, if one of these steps requires a transition state with a double bond at a bridgehead position, which is against Bredt's rule, then an unexpected product is formed (Scheme 1.23.). This phenomenon was discussed by Cha for the first time. 40 The carbocyclic amino ketones obtained are important building blocks in the alkaloid synthesis. Scheme 1.23. Bredt's rule-arrested intramolecular the Kulinkovich-de Meijere reaction with a ligand exchange.

The Kulinkovich-de Meijere reaction of thioamides

It is worth mentioning that from 2003 up to now the group of Six has been working on the Kulinkovich -de Meijere reaction as well as on its variant involving thioamides in the place of amides. Dramatic differences in reactivity were observed. 41 In contrast to the Kulinkovichtype reactions with carboxylic amides, a thioamide function is reacting faster with the titanocyclopropane complex than with an alkene group. As a result, together with the predicted product of intramolecular cyclopropanation, reductive alkylation products were also formed. 42 A consequence of this observation was to perform reaction without an alkene partner and thus a library of compounds stemming from a titanium-mediated reductive alkylation was prepared (Scheme 1.24.). A further improvement of the experimental protocol was published afterwards. 43 Scheme 1.24. The Kulinkovich-de Meijere reaction of thioamides.

The Kulinkovich -Szymoniak reaction

The discovery

Inspired by their previous work with the Cp 2 Zr(ethylene) complex, in 2001 Bertus and Szymoniak published the first report about a primary cyclopropylamine synthesis from nitriles (Scheme 1.25.). 44 The introduction of a Lewis acid (BF 3 OEt or TiCl 4 ) was typically necessary. Using more than the two equivalents of Grignard reagent leads to a side product, a primary tert-alkylamine. Reaction can be performed with an alkene ligand exchange, however it is very challenging because of the high reactivity of nitriles. 45 42 F. Hermant, E. Nicolas, Y. Six, Tetrahedron, 2014, 70, 3924-3930. 43 F. Hermant, E. Urbańska, S. Seizilles de Mazancourt, T. Maubert, Y. Six, Organometallics, 2014, 33, 5643-5653. 44 P. Bertus, J. Szymoniak, Chem. Commun., 2001, 1792-1793. 45 A. Joosten, J.-L. Vasse, P. Bertus, J. Szymoniak, Synlett, 2008, 16, 2455-2458. Scheme 1.25. The first report of Kulinkovich-Szymoniak reaction.

Current applications

The group of Bertus is regularly reporting on the titanium-mediated reactions of nitriles. 46 Publication on the first asymmetric titanium-catalyzed cyclopropanation of cyanoesters (namely the lactamisation of β-cyanoesters) was published in 2018 (Scheme 1.26.). The new methodology is based on the discovery that generation of Taddol-derived complexes does not require the initial generation of a Taddol-titanium complex and this significantly simplifies the process of ligand screening. Therefore, many ligands were examined. However, Taddoltitanium complexes still gave the best results delivering good diastereoselectivities and moderate enantioselectivities. 47 Scheme 1.26. The asymmetric titanium-catalyzed cyclopropanation of nitriles with Grignard reagents.

Reactions of alkenes and alkynes

Alkenes

The main reactions of alkenes with titanocyclopropane species are ligand exchange processes. 13 It is a reversible reaction. However, the equilibrium can be shifted to the desired 46 P. Setzer, G. Forcher, F. Boeda, M. S. M. Pearson-Long, P-Bertus, Eur. J. Org. Chem, 2014, 171-180; G. Forcher, N. Clousier, A. Beauseigneur, P. Setzer, F. Boeda, M. S. M. Pearson-Long, J. Szymoniak, P. Karoyan, P. Bertus, Synthesis, 2015, 47, 992-1006. direction by using a cyclic Grignard reagent in the formation of the active species (Scheme 1.11.). In principle, dialkoxytitanacyclopropanes are unstable, however there are exceptions like the trimethylsilyl-substituted complex 5, which additionally to its stability exhibits another unique feature as it reacts according to 1,2-insertion. [START_REF]Oxygen obstacle[END_REF] Generally, alkenes can react in two ways. The first of them is a ligand exchange of the titanocyclopropane with an alkene having a leaving group (e.g. Cl, Br, OAc, OTs) at an allylic position and a subsequent β-elimination illustrated in Scheme 1.10. The second way involves alkenes bearing an ester, amide or nitrile function and consists of a ligand exchange with a double bond and, afterwards, a reaction between the newly formed titanocyclopropane and a reactive function. 19 Examples were already discussed in the subsections 1.4.3. and 1.4.4., as well as illustrated in Scheme 1.15.

An interesting application is the transformation of dienes. A remarkable method for the synthesis of cycloalkanes was reported by Okamoto et al. The 1,6-and 1,7-dienes could be cyclized intramolecularly by means of titanium alkoxide and Grignard reagent combination (Scheme 1.27.). 48 Scheme 1.27. The Ti-mediated cyclization of 1,6 and 1,7-dienes.

The reactivity of alkynes

Since in 1995 Harada et al. published a significant report about ligand exchange between the titanacycle generated from Ti(OiPr) 4 /iPrMgCl and internal alkynes, interest in transformations based on this reaction is constantly growing. Generation of the diiso-48 S. Okamoto, T. Livinghouse, J. Am. Chem. Soc., 2000, 122, 1223-1224. propyloxy(η 2 -propene)titanium 8 usually proceeds at low temperature and, depending on the alkyl substituent, can generally be completed in 2 h. Interestingly, the newly formed titanacycle is more stable than its predecessor 1. The synthetic procedures typically involve the subsequent addition of electrophiles to the complexes generated in situ (Scheme 1.28.). 14 Scheme 1.28. Generation of the diiso-propyloxy(η 2 -propene)titanium 8 described by Harada et al. 

According to the division made by

Recent applications as a vicinal vinylic dianion

When an internal alkyne is treated with Ti(OiPr) 4 /Grignard reagent, diiso-propyloxy(η 2propene)titanium is generated due to ligand exchange. It can act as a vicinal vinylic dianion with various electrophiles or even with two different electrophiles consecutively (Scheme 1.29., A). Transformation can take place in an inter-or intramolecular manner with electrophiles as H 2 O, aldehydes, nitriles, alcohols, CO, CO 2 and others. 19 An interesting application was described recently. Micalizio and co-workers reported a synthesis of densely substituted mono-, di-and polyoxygenated carbocycles by stereoselective coupling of alkynes with 1, 3-and 1,4-dicarbonyl systems. 49 This titanacyclemediated annulation can give an access to challenging targets in organic synthesis 50 in a handful of steps from available starting materials. It is worthy of note that the reaction works not only in an intermolecular way. The intramolecular variant is even more efficient (Scheme

1.30.).

Scheme 1.30. The alkyne-dicarbonyl annulation reaction with control of the relative stereochemistry.

Recent applications in coupling reactions

The last group of reactions of diiso-propyloxy(η 2 -propene)titanium (Scheme 1.29., D) is the inter-and intramolecular coupling of dienes, enynes and diynes and further reactions thereof.

This transformation seems to be very powerful as it allows constructing complex carbon frameworks.

The utility of the transformation was lately illustrated by Vitvarová et al., who published a report about the new building block, TPT, for obtaining metallo-supramolecular polymers 49 M. J. Kier, R. M. Leon, N. F. O'Rourke, A. L. Rheingold, G. C. Micalizio, J. Am. Chem. Soc., 2017, 139, 12374-12377. 50 (MSPs), interesting because of their optical and/or redox properties. One of the most important features of this material is an ability to chelate metal ions (e.g. Co 2+ , Fe 2+ ). The titanium isopropoxide/Grignard reagent system was involved in the intramolecular coupling of diynes, affording a diene which later undergoes the McCormack reaction with phenyldichlorophosphine, delivering a phosphole ring substituted with thiophene rings. After subsequent steps, the TPT block was obtained (Scheme 1.31.). [START_REF] Vitvarová | [END_REF] Scheme 1.31. The synthesis of conjugated metallo-supramolecular polymers.

Recently, a synthetic application of Micalizio alkoxide-directed alkyne-alkene coupling was presented in the synthesis of (-)-Nahuoic Acid C i (B ii ) by Smith (Scheme 1.32.). 52 Micalizio coupling is a powerful modification of the known reaction, which allows diastereoselectivity control. 53 Isolated in 2016 by two independent groups 54 , this member of the nahuoic acid family has interesting biological activity, namely inhibition properties against the histone lysine methyltransferase SETD8 enzyme. The Micalizio protocol provides a general approach for the final step of nahuoic acid analogues synthesis. In the described case, an appropriate hydroxydecalin moiety is deprotonated with nBuLi and introduced into a flask containing the Ti-complex obtained from the requisite alkyne, titanium alkoxide and Grignard reagent, resulting in the coupling product.

Scheme 1.32. The Ti-mediated Micalizio coupling in synthesis of (-)-Nahuoic Acid C i (B ii ).

Industrial applications

A good illustration of an unflagging interest in the original work on cyclopropanation is the report by Delsarte et al. 55 The authors review recently synthesized molecules bearing the 1methylcyclopropanol moiety, which are medicinally relevant compounds (Scheme 1.33.) 56,57 55 C. Delsarte, G. Etuin, L. Petit, Bioorganic Med. Chem., 2018, 26, 984-988. 56 J. D. Scott, D. E. DeMong, T. J. Greshock, J. Med. Chem., 2017, 60, 2983-2992. 50 and present optimization of the process in order to make it suitable to large scale synthesis. In the improved synthesis, application of Ti(OMe) 4 reduced the amount of Grignard reagent by half. Furthermore, change of solvent, concentration as well as new isolation and purification methods make it a potential industrial process (Table 1.2

.).

Scheme 1.33. Recently synthesised biologically active compounds bearing a 1-methylcyclopropanol moiety. 

Conclusions

Dated in 1989, Kulinkovich's discovery gave rise to a family of useful transformations. They are based on a titanacyclopropane complex formation starting from Ti-alkoxides and Grignard reagents. Although the largest number of modifications and applications of the Kulinkovich reaction and its derivatives can be dated to the two first decades after its discovery, it can still nowadays be considered as a valuable tool for carbon-carbon bond formation, with dozen of publications referring to the Kulinkovich reaction every year. They prove to be useful in the synthesis of substrates for various methodology studies or natural product syntheses. Interestingly, in response to modern industry needs, the original process is still being improved.

Introduction

In 2001 the Ti(OiPr) 4 /nBuLi reagent system was described by Eisch as one of the most general and convenient method for the preparation of titanium(II) derivatives. 58,59 Interestingly, the Kulinkovich reagent prepared in this way was claimed to be more stable than its predecessors, the titanacycles generated using titanium alkoxides and Grignard reagents. In some cases, this complex displays expected or even better reactivity compared to its original, however there are reports illustrating poor results, in contrast to the analogous Kulinkovich reagent. Up to date, this relatively new reagent system has found only a limited number of applications. 8 Examples in majority belong to inter-and intramolecular couplings and cyclizations. They were found to be useful as a carbon-carbon bond formation tool in the synthesis of small complex molecules or in total syntheses of natural products backbones.

This chapter is focused on the characterisation of the Ti(OiPr) 4 /nBuLi reagent system and the description of all, to the best of my knowledge, the examples of its utilisation.

First report by Eisch

The research group of Eisch was another group, who became interested in non-metallocene titanium reagents. Those reagents are a cheaper and sterically undemanding alternative for metallocene early transition metal reagents. In 2001, Eisch reported the discovery of a general and convenient method for the generation of the titanium(II) species 9, which can be illustrated as the titanacycle 10, and claimed that this complex mediates analogous reactions to the ones that are characteristic for the complex involved in Kulinkovich type reactions. 58,59 Scheme 2.1. The first report of Ti(OiPr) 4 /nBuLi system reported by Eisch.
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The experimental protocol involves alkylative reduction of Ti(OiPr) 4 with two equivalents of nBuLi in anhydrous and deoxygenated THF at -78 ˚C, followed by stirring the reaction mixture overnight, allowing it to warm to room temperature (Scheme 2.1.). Support for the dianionic nature of the complex generated using Ti(OiPr) 4 and nBuLi.

The influence of LiOiPr

Reactions mediated by Ti(OiPr) 4 and nBuLi reagent system are analogous to the ones carried out using Grignard reagents in the Kulinkovich-like reaction conditions. However, a great advantage of the new reagent system is an increased stability of the key intermediate. In 
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In any case, it seems possible that this coordination to the titanium atom could be responsible for the greater stability of the intermediate; however, it might be also responsible for its reduced reactivity due to the steric hindrance of the ligands, as well as diminished Lewis acidity. 8

Stability and reactivity of the titanocyclopropane complex

A comprehensive study of the reaction between Ti(OiPr) 4 and nBuli as a method to generate the titanocyclopropane and titanacyclopropene species was carried out by Rassadin et al. in 2014. 8 The putative active species, titanocyclopropane 10, was generated and afterwards trapped by sequential addition of CO 2 and I 2 (Scheme 2.5.). Then, screening of the effect of different proportions between Ti(OiPr) 4 and nBuLi was done and the 2:3 ratio was indicated as one of the most attractive in terms of yield and formation of byproducts. Selected conditions allowed obtaining a good total yield of the products within minutes at 0 °C.

Scheme 2.5. Trapping the organotitanium complex with CO 2 and I 2 .

Subsequently, the influence of the solvent was tested and THF was found to be better than Et 2 O, tBuOMe or cC 5 H 9 OMe. Furthermore, several experiments were done in order to determine the stability of the active species. Organotitanium complex 10 was found to be stable in THF at 0 °C over 20 min. This is in contrast with Eisch's reports 58,59 but in agreement with observations by Cha 62 .

Ligand exchange

As mentioned by Eisch in his first publications about the Ti(OiPr) 4 and nBuLi reagent system 58,59 , the organotitanium complex undergoes a ligand exchange with unsaturated compounds and subsequently can be trapped with various electrophiles. When the 59 titanacyclopropane 10 reacts with an internal alkyne, a more stable complex 8 is formed, which was proved by Obora et al. 61 The complex was generated by slow addition of 2 equivalents of nBuli to a mixture of Ti(OiPr) 

Applications

The Ti(OiPr) 4 and nBuLi reagent system found a limited number of applications. However, in each case it enabled a new reaction to occur or significantly improved a reaction traditionally mediated by the Kulinkovich reagent system. In the literature it is possible to find exclusively applications of the titanocyclopropane generated by Eisch's reagent system which initially undergoes a ligand exchange.

Scheme 2.8. Reagents used against complex pre-formed by the Ti(OiPr) 4 /nBuLi reagent system.

There are two report of this ligand substitution with alkenes, several ones with imine or terminal alkyne but dozen of reports involving internal alkynes (Scheme 2.8.). Ligand exchange is followed by further inter-or intramolecular transformations of preformed complexes, like couplings or annulations, and those will be now discussed.

Intermolecular coupling of alkenes with carboxylic esters

In 2007 Keaton et al. reported a general method for the coupling of carboxylic esters with olefins using the Kulinkovich cyclopropanation with subsequent cyclopropanol opening and its successful application to the synthesis of the spiroketal portion of (+)-spirolaxine methyl ether, a compound which exhibits interesting biological activity. 63 Afterwards, in 2013 the same group published a total synthesis of routiennocin methyl ester, a derivative of the spiroketal antibiotic routiennocin. At first, the authors applied the same cyclopropanation with the Ti(OiPr) 4 /cC 6 H 11 MgBr reagent system, followed by a radical cyclopropanol ring opening as in the synthesis of (+)-spirolaxine methyl ether. However, this sequence afforded the ketone product in a low yield. Fortunately, when nBuli replaced the Grignard reagent, the hydroxyketone was obtained in only one step in good 75% yield (Scheme 2.9.). 64

Scheme 2.9. The Ti(OiPr) 4 /nBuLi reagent system in the synthesis of routiennocin methyl ester.

The authors claimed that this result was the first and the only report of the reaction between an ester and titanocyclopropane without the generation of cyclopropanol. 64 The authors used a mixture of Ti(OiPr) 4 and nBuLi in 1:2 ratio, which, applied in excess amount relative to the imide, delivered N-acylhemiaminals with five-or six-membered rings.

Interestingly, in order to obtain good results, pre-warming of the titanacycle from -78 °C to room temperature was required as well as using freshly prepared complex because after 45 min., "aging" of the reagent was observed and yields dropped significantly. 62 63 Scheme 2.11. Ti(OiPr) 4 /nBuLi in diastereoselective annulation of imides.

Cross-coupling of aliphatic imines with allylic and allenic alkoxides

It is noteworthy that the Ti(OiPr) 4 /nBuLi reagent system found an application in the coupling of aliphatic imines with allylic or allenic alkoxides, affording nitrogen-containing small molecules. Before, coupling of imines with unsaturated alkoxides using the Kulinkovich reagent system was restricted to aryl imines. The unique reactivity of nBuLi compared with other reducing agents in combination with a titanium-alkoxide gave access to new coupling products (Scheme 2.12.). A library of products derived from allylic or allenic alkoxides was prepared (Scheme 2.13.). 66 Scheme 2.12. A comparison of reductants in Ti-mediated coupling of imines with alkoxides.

Scheme 2.13. The Ti(OiPr) 4 /nBuLi system in coupling of aliphatic imines with allylic or allenic alkoxides.

Furthermore, an application of the method in a convergent synthesis of a substituted indolizidine, a heterocyclic motif present in a range of natural products with a biological activity, was described by the same group (Scheme 2.14.). 67

Scheme 2.14. The Ti(OiPr) 4 /nBuLi system in a substituted indolizidine synthesis.

[2+2+2] homo-and heterotrimerization reactions

In the ClTi(OiPr) 3 /Grignard reagent system as a key step in the syntheses of dictyostatin and 7demethylpiricidin A 1 . 72 While ClTi(OiPr) 3 /iPrMgCl was found to be optimal in the case of 5membered ring synthesis, it did not give satisfying yields in the cyclization of 1,7-(silyloxy)enynes even when the reaction time was expanded or an excess of complex was subjected to the reaction. Fortunately, changing reductant to nBuLi, it was possible to carry out the cyclization diastereoselectively and in high yields. The experimental protocol requires utilisation of an excess of the complex generated from Ti(OiPr) 4 /nBuLi reagents in 1:2 ratio at -78 °C and a cyclisation at room temperature during 10 h. Afterwards, various substrates were cyclized in order to illustrate the utility of the method. 

Alkoxide-directed coupling reactions of alkynes by Micalizio

First report of alkoxide-directed coupling of alkynes

In 2006, the group of Micalizio reported an alkoxide-directed regiospecific method for the coupling of internal alkynes affording dienes. It was a significant improvement in this type of chemistry because the stereocontrol in C-C bond formation between alkynes had previously been achieved only by steric factors and not many substituents had been able to provide a high selectivity. The experimental protocol consists of preforming the titanocyclopropene using a Ti(OiPr) 4 /Grignard reagent system in the presence of a symmetric alkyne and a subsequent reaction with a non-symmetrical internal alkyne bearing an alkoxide function (Scheme 2.19.). 53 Later on, the same research group applied this method to coupling reactions using the Ti(OiPr) 4 /nBuLi reagent system.

Scheme 2.19. The Ti(OiPr) 4 /Grignard reagent system in an alkoxide-directed coupling of internal alkynes.

Trans-fused hydroindane synthesis

Alkoxide-directed alkyne-alkyne coupling found application in natural product synthesis. 73 Greszler et al. reported a diastereoselective alkoxide-directed synthesis of dihydroindanes using the Kulinkovich reagent system. Hydroindanes constitute a structural motif present in the skeleton of natural products. The synthetic route contains the coupling of the titanacyclopropene with an alkyne, followed by [4+2] cycloaddition with an alkene (Scheme 2.20.). 74

73 For ther review of alkoxide-directed coupling in natural products synthesis see: N. F. O'Rourke, M. J. Kier, G. C.

Scheme 2.20. The annulation of dihydroindanes using Ti(OiPr) 4 /Grignard reagents.

Later on, the same group proved that a proper choice of the alkoxide partner allows the occurrence of an additional step in the synthesis, the elimination of phenoxide (Scheme

2.21.). 75

Scheme 2.21. The mechanism of the stereoselective synthesis of trans-and cis-fused hydroindanes.
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This gave rise to the next publication, describing a method for the synthesis of trans-fused hydroindanes. However, the conditions of the reaction, like the use of a mixture of PhMe/Et 2 O solvents or a strict control of the reaction temperature (-78 to -30˚C) and prolonged stirring at -30 ˚C, were found suboptimal. At this point, an alternative experimental procedure was developed, which employed the Ti(OiPr) 4 /nBuLi reagent system. This modified reaction is carried out in PhMe and proceeds between -78 ˚C and rt without extended stirring at -30 ˚C. Furthermore, the stereoselectivity was found to be dependent on the quenching reagent and methanol was the best choice for generation of trans-fused hydroindanes. A library of compounds was prepared (Scheme 2.22.). 75

Scheme 2.22. The scope of the annulation of trans-fused hydroindanes using Ti(OiPr) 4 /nBuLi.

Sesquiterpenoid skeleton synthesis

The previously described annulation reaction for the synthesis of trans-fused hydroindanes using the Ti(OiPr) 4 /nBuLi reagent system (subsection 2.7.6.2.) was subsequently utilized by the group of Micalizio in the synthesis of cross-conjugated triene-containing hydroindanes 18 (Scheme 2.23.). 76

Scheme 2.23. The Ti-mediated annulation followed by Diels-Alder reaction in synthesis of sesquiterpenoids.

In contrast to the antecedent report, in this approach an internal alkyne bearing an alkoxide moiety is equipped with an additional methoxyl group adjacent to the triple bond, which undergoes elimination in the end of the synthetic step. 

Synthesis of cis-fused hydroindanes

Another variation of the [2+2+2] Ti-mediated synthesis of substituted hydrindanes was published by Micalizio in 2015 (Scheme 2.24.). 77 LiOOtBu played effectively the role of terminant oxidant transforming the last organometallic intermediate to an allylic alcohol. This method allows obtaining substituted hydrindanes containing primary allylic alcohol functions. Furthermore, the described 'interrupted' annulation can be followed by a reduction of an allylic alcohol what gives rise to cis-fused hydrindanes. This report is complementary to the already cited synthesis of trans-fused hydrindanes (subsection 2.7.6.2.).

Scheme 2.24. The synthesis of cis-fused hydroindanes.

Synthesis of nat-and ent-steroids

In 2018, Micalizio and co-workers published in Nature Chemistry a general enantiospecific access to steroidal skeleton in a few steps from a commercially available epichlorohydrin through the Ti-mediated alkyne-alkyne-alkene cross coupling reaction, affording a hydrindane moiety (subsection 2.7.6. products is the most common among current pharmaceuticals. Although semisynthesis is the primary approach to deliver steroidal skeletons, this described strategy of de novo synthesis of nat-and ent-steroids from readily available non-steroidal starting materials is a valuable contribution.

Scheme 2.25. The novel pathway for the enantiospecific synthesis of nat-and ent-steroids.

Synthesis of decalins

In 2015, the group of Micalizio illustrated the utility of the Finally, as Ti(II)-alkyne complexes 8 generated from Ti(OiPr) 4 and nBuLi reagent system proved to be durable above room temperature, they were subjected to the cross-coupling with aryl iodides and Ni(cod) 2 as catalyst for 24 h at 50 ˚C. Interestingly, wide scope of the products could be obtained in fair to good yields in this transformation. However, each afforded mixtures of two cross-coupling products 22 and 22a. Furthermore, products were not isomerically pure. 61

Conclusions

In conclusion, the Ti(OiPr) 4 /nBuLi reagent system was introduced by Eisch in 2001 and, in some cases, became an alternative to the Kulinkovich reagent system. Its great advantage is the thermal stability of the organotitanium active species which is explained by the formation of a coordination complex with lithium isopropoxide. Although, the titanocyclopropane complex is unsuitable for storage and has to be prepared at 0 °C and utilised immediately, the experimental protocol for its preparation is relatively convenient compared to titanium alkoxide and Grignard reagent systems.

The Ti(OiPr) 4 /nBuLi reagents combination proved to be an attractive tool in C-C bond formation. However, its reactivity in some cases is found to be lower than under Kulinkovich reaction conditions. Applications mainly include its utilization for the synthesis of small complex molecules or natural products, as a reagent mediating coupling reactions or annulative coupling reactions.

Chapter III Transition-metal-catalyzed [2+2+2] homo-and heterotrimerization reactions

Introduction

In 1866 Bertholet discovered the thermal cyclotrimerization of acetylene resulting in the formation of benzene. 83 However, this cyclization demands very high temperature (400 °C)

and generates many other products. After nearly one century, the first transition-metalcatalyzed [2+2+2]-cyclotrimerization towards benzene, involving a nickel catalyst, was reported by Reppe and Schweckendiek. 84 Since then, this reaction become a powerful methodology for the synthesis of complex cyclic molecules, like benzenes, pyridines, indolizidines and others by the construction of at least three new bonds in a single step. The catalysts used are based mainly on early to late transition metals (including Ti, Zr, Mo, Fe, Ru, Co, Rh, Ir, Ni, Pd). The biggest challenge remains a regioselectivity issue. One can find in the literature only limited amount of methods for solving this problem. However, they describe solutions in quite special cases without extending their scope. 85,86 In this context, the Ti(OiPr) 4 /nBuli reagent system has found an attractive application as an inexpensive reagent that selectively cyclotrimerizes terminal and internal alkynes substituted with an aryl group. 68 The first aim of this doctorate was to evaluate the Ti(OiPr) 4 /nBuli system as a catalyst for the homotrimerization of aryl-and alkyl-substituted alkynes. Another goal was to find the cause of the diminished reactivity of alkyl acetylenes compared to aryl alkynes and overcoming this problem. The obtained results are preceded by a general introduction to cyclotrimerization reactions.

Cotrimerization of acetylenic compounds

Types of cyclotrimerization reactions

Three types of cyclotrimerization of alkynes can be distinguished in order to organize their overview (Scheme 3.1.). There can be an intermolecular cyclization, a partially intermolecular reaction of this type and finally a fully intramolecular cyclotrimerization generating polycyclic compounds. Each of these types can involve exclusively internal, 

Mechanism

The most common mechanism of cyclotrimerization involves a metallacyclopentadiene as intermediate and this will be now described. A generally accepted mechanistic route starts with the displacement of two ligands of the catalyst by two alkynes generating A (Scheme

3.2.

). This is followed by the oxidative coupling of the coordinated alkynes to form metallacyclopentadiene complex B or B'. 85,86 Scheme 3.2. The possible mechanisms of transition-metal-catalyzed [2+2+2]-cyclotrimerization.

Afterwards, a third alkyne moiety is coordinating to the preformed metallacycle generating A more demanding case is the homotrimerization of non-symmetrical alkynes and not many reports about this transformation were published. For example, Ni-catalyzed regioselective heterotrimerization was reported in 2013 by Rodrigo et al. 91 and recently by the group of Hor 92 . In the latter case, excellent regioselectivity using unactivated internal alkynes was obtained in a short reaction time at 60 ˚C using the catalytic system composed by Ni(acac) 2 ,

an imidazolium salt and a Grignard reagent (Scheme 3.5.). Selectivity was assigned to the steric properties of the NHC ligands. 89 H. Guan, Org. Biomol. Chem., 2013, 11, 7653-7657. 92 F. Xue, Y. K. Loh, X. Song, W. J. Teo, J. Y. D. Chua, J. Zhao, T. S. A. Hor, Chem. Asian J., 2017, 12, 168 -173. Scheme 3.5. Recently reported cyclotrimerization of unsymmetrical alkynes.

Terminal alkynes

Although many organometallic complexes can catalyse the cyclotrimerization of terminal alkynes, regioselectivity in the formation of the 1,2,4-or 1,3,5-substituted benzenes and the alkyne substrate tolerance remain challenging. There are only few methods which allow obtaining each isomer selectively. Examples illustrating different types of regioselectivity control as well as the scope of metals used are briefly presented below.

In 1993, first regioselective transition-metal mediated [2+2+2] trimerization was reported by Hill et al. (Scheme 3.6.). 93 The titanium complex was used in catalytic amount (down to 3.6 mol%) and afforded trimers in quantitative yields. Interestingly, selectivity was dependent on the steric properties of the alkyne substituents. The reaction delivered almost exclusively the 1,2,4-isomer when phenylacetylene was employed and the 1,3,5-isomer if the substituent was a t-butyl or a trimethylsilyl group.

Unfortunately, with other substituents tested the reaction was not as selective.

There are several catalytic systems based on ruthenium or cobalt, which display a regioselective homotrimerization of terminal alkynes due to the features of the catalyst ligands. 94 For example, Okamoto 95 and Hilt 96 introduced methods towards the 1,2,4-isomers utilizing cobalt salts in the presence of readily available or easy to prepare ligands. It is noteworthy that in 2008 Hilt and co-workers reported the Co-catalysed homotrimerization of phenylacetylene, for which the conditions of the reaction played a crucial role in the regioselectivity. When the reaction was carried out in dichloromethane, the 1,3,5-isomer was formed as a major product, while the unsymmetrical 1,2,4-isomer was obtained in acetonitrile in almost quantitative yield (Scheme 3.7.). Next, different disulfide ligands were examined resulting in the conclusion that steric and electronic properties of the ligand influence regioselectivity of the reaction in each solvent. 96 Scheme 3.7. The Co-catalyzed regioselective cyclotrimerization influenced by a ligand and a type of solvent.

The most recent examples of regioselective homotrimerization towards 1,2,4-trimers involve catalysts based on Co 97 and Ni 98 , but also Fe 99 and Ge 100 . The last two publications reveal that developing catalytic systems that are not based on precious metals is highly desirable. The digermyne precatalyst 23 seems especially interesting as strong covalent bonds between a 94 B. R. Galan, T. Rovis, Angew. Chem. Int. Ed., 2009, 48, 2830-2834;and references included. 95 For examples see: N. Saino, F. Amemiya, E. Tanabe, K. Kase, S. Okamoto, Org. Lett., 2006Lett., , 8, 1439Lett., -1442;;A. Goswani, T. Ito, S. Okamoto, Adv. Synth. Catal., 2007, 349, 2368-2374. 96 G. Hilt, C. Hengst, W. Hess, Eur. J. Org. Chem., 2008, 2293-2297. 97 C. Morales-Verdejo, M. Belen Camarada, V. Morales, A. Canete, I. Martinez, J. M. Marinquez, I. Chavez, J. Chil. Chem, Soc., 2018, 63, 3898-3901. 98 S. Pal, C. Uyeda, J. Am. Chem. Soc., 2015, 137, 25, 8042-8045. 99 D. Brenna, M. Villa, T. N. Gieshoff, F. Fischer, M. Hapke, A. J. von Wangelin, Angew. Chem. Int. Ed., 2017, 56, 8451-8454. 100 T. Sugahara, J.-D. Guo, T. Sasamori, S. Nagase, N. Tokitoh, Angew. Chem. In. Ed., 2018, 57, 3499. main-group element and a carbon atom are usually preventing reductive elimination and therefore are not widely involved in such transformations (Scheme 3.8.). It is noteworthy that transition metal catalysts feature thermodynamic control of the reaction, while kinetic control is typical for compounds of main group elements. This kinetic control is probably responsible for the complete regioselectivity of homotrimerization products. 100 Scheme 3.8. Ge-catalyzed regioselective cyclotrimerization.

Heterotrimerization of alkynes

Intermolecular reactions

The intermolecular heterotrimerization of alkynes is very challenging in terms of regioselectivity and remains rare. Only a few methods to overcome this problem were described. 86 For example, when catalysts based on precious metals were used, regioselectivity was achieved in several ways: by the electronic properties of the ligands (in the case of a Irbased catalyst101 ), by the electronic nature of the alkynes involved (in the case of the Nicatalyst102 ), the steric influence of the alkyne (a Pd-catalyst103 ) or partially intramolecular reaction with a subsequent tether opening (Co-catalyst104 ). Another approach consists of a stoichiometric reactions mediated by group IV transition metals (e.g. Ti). 105 An example of control by electronic properties of the ligand was reported by Takeuchi et al. Interestingly, two different alkynes could couple in two ways depending on the ligand. When DPPE was employed, two dimethyl acetylenedicarboxylate molecules coupled with one partnering alkyne moiety affording a 2:1 coupling product. By using DPFPPE, the product with inversed ratio of coupling alkynes in the structure was afforded. A library of 2:1 coupling products with excellent regioselectivities and excellent yields was prepared (Scheme 3.9.). 101 Scheme 3.9. The Ir-catalyzed regioselective heterotrimerization.

Several examples of stoichiometric heterotrimerization reactions mediated by group IV metals were reported by Tanaka et al. Among them one can find a method to prepare metalated benzyl compounds using a stoichiometric amount of Ti-alkoxide and a Grignard reagent (Scheme 3.10.). This regioselective process involves two different unsymmetrical acetylenes in order to generate a titanacyclopentadiene 24 by means of Ti(OiPr) 4 /iPrMgCl at low temperature, -50 ˚C, and subsequent addition of propargyl bromide, which serves as a third alkyne partner. 105 Scheme 3.10. The TiOiPr/iPrMgCl regioselective heterorimerization.

Intra-or partially intramolecular reactions

Intra-or partially intramolecular reactions of symmetrical alkynes and nitriles are well known and constitute a recognized method for the synthesis of polycyclic compounds. However, when unsymmetrical alkynes come into play the synthesis becomes challenging.

Recently, a polycyclic compound synthesis using transition-metal catalysis was reported by Kotha et al. in the context of a formal total synthesis of the antitumor Hsp90 inhibitor AT13387 (Scheme 3.11.). The [2+2+2] cyclotrimerization catalyzed by Mo(CO) 6 was used to afford isoindoline-and isoindolinone-based halomethylbenzenes. This transformation involves a tethered symmetrical diyne reacting with a terminal alkyne and provides an example of strategy for heterotrimerization affording one regioisomer.106 Scheme 3.11. A tethered diyne in the reaction with a terminal alkyne.

Titanium-mediated cyclotrimerization

Referring to the information provided above, titanium compounds seem to be an attractive alternative for catalysts containing precious metals, which still constitute the main access to [2+2+2] cyclotrimerization products. It is known that the Ziegler-Nata catalysts or related systems107 , diaryloxytitanacyclopentadiene complexes (Scheme 3.6.) 93 or calixarene-bound titanium108 catalysts can mediate the cyclotrimerization of alkynes; however, usually they demand high temperatures and long reaction times.
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The Ti(OiPr) 4 /iPrMgCl reagent system was proved to mediate the coupling of alkynes to afford dienes. For example, in 2005 Micalizio reported a convergent 1,3-dienes synthesis, where two new stereodefined double bonds were created using this strategy (Scheme 3.12.). 109 Scheme 3.12. The synthesis of 1,3-dienes by means of the Ti(OiPr) 4 /iPrMgCl reagent system. Furthermore, there is only one publication demonstrating that incorporation of a third alkyne to the intermediate titanacyclopentadiene can take place under such reaction conditions if it is not an activated alkyne. Hexa-n-propylbenzene was obtained in 12% yield as a side product of an alkyne carboxylation process reported by our group in 2009. 110 Later on, the problem of the incorporation of a third alkyne into the diisopropoxytitanapentadiene generated using Ti(OiPr) 4 /iPrMgCl was overcome by using activated reagents like the already mentioned propargyl bromides (Scheme 3.10.) 105 , toluenesulfonyl alkynes or nitriles in order to create pyridine rings (Scheme 3.13.) 69,111 , as well as tethered alkenes to form bicyclic structures 70 . Finally, in 2014 Six and co-workers published a report about the cyclization of unactivated alkynes by means of the Ti(OiPr) 4 /nBuli reagent system (subsection 2.7.4.). 68 109 H. L. Shimp, G. C. Micalizio, Org. Lett., 2005, 7, 22, 5111-5114. 110 A. Wolan, F. Cadoret, Y. Six., Tetrahedron, 2009, 65, 7429-7439. 111 D. Suzuki, Y. Nobe, Y. Watai, R. Tanaka, Y. Takayama, F. Sato, H. Urabe, J. Am. Chem. Soc., 2005, 127, 7474-7479. 91 Scheme 3.13. The synthesis of pyridine ring by means of Ti(OiPr) 4 /iPrMgCl reagent system.

Conclusions

The [2+2+2] cyclotrimerization of alkynes is a powerful methodology for C-C bond formation resulting in the production of substituted benzene rings. Reactions of this type are mainly mediated by precious metal catalysts, which sometimes exhibit toxicity. In this context, searching for inexpensive and non-toxic alternatives is an ongoing objective in organic synthesis. The biggest challenge in this type of reactions is regioselectivity. Only a few reagent systems were reported to deal with this problem, thus finding new regioselective methods is highly desired. Titanium derivatives are known to mediate homo-and heterotrimerization reactions of activated alkynes and nitriles. It is noteworthy that the Ti(OiPr) 4 /nBuli has become an attractive reagent system for the cyclization of unactivated alkynes.

Homotrimerization of alkynes

Results formerly obtained in our group

The homotrimerization reaction of alkynes was previously reported in our group in 2014 (subsection 2.7.4.). 68 In this publication, a stoichiometric amount of preformed titanacycle proved to regioselectively convert arylacetylenes into 1,2,4-substituted trimers within 20 minutes at 20 °C in up to very good yields (Scheme 3.14.). These conditions were chosen after a reaction optimization. It is worth mentioning that reactions of methyl 4-ethynylbenzoate or 4-ethynylbenzonitrile did not give positive results. In the first case, a mixture of unknown products was obtained, while in the latter case, polymerization was observed. Furthermore, one experiment using a substoichiometric amount of the titanacycle complex (0.5 equivalents) during 20 min. at 20 °C was reported. However, although the resulting mixture contained the trimer, there was also unreacted starting material, phenylacetylene (≈14%), and a diene resulting from the titanacyclopentadiene intermediate, (E,E)-1,4-diphenylbuta-1,3-diene (≈ 20%).

Scheme 3.14. The synthesis of homotrimers by means of the Ti(OiPr) 4 /nBuLi reagent system.

Taking into account the byproducts observed as well as the known state of the art about mechanisms in transition-metal catalysed cycloadditions, a mechanism of the reaction was proposed by our group. Presumably, the transformation consists of the formation of the titanacyclopentadiene complex 24a from two alkynes, which can be followed by [4+2] Diels-Alder cycloaddition involving the third alkyne. Extrusion of "Ti(OiPr) 2 " delivers the homotrimerization product (Scheme 3.15.). Scheme 3.15. Plausible mechanism of the Ti(OiPr) 4 /nBuLi reagent system homotrimerization.

Preliminary results

The first objective of this project was to expand applications of the Ti(OiPr) 4 /nBuLi stoichiometric homotrimerization to alkynes bearing more demanding substituents.

Cyclopropylacetylene was chosen as a model (Table 3.1.). At first, we examined reaction conditions starting from those previously developed by our group for the trimerization of arylacetylenes (entry 1); however, it resulted in extensive polymerization and low production of the products and intermediates. Taking into account the volatility of the starting material, the temperature of the reaction was decreased and the time of the reaction expanded, which reduced polymerization (entries 2-4). Unfortunately, not more than around 50% of the alkyne was involved in the transformation, yielding the highest amount of the trimers 25a and 25b after 3h at 0 °C. Next, we wanted to see if the titanacyclopentadiene is in the reaction mixture when the reaction mixture is quenched or if it is reduced during the course of the process by an unwanted proton source (e.g. from moisture contained in the inert gas or the solvent). For this purpose, D 2 O was used in the reaction work-up. Interestingly, 2 H incorporation took place in 97% (25c) or 92-95% (25d). This proves that the reaction could be continued if more alkyne was present in the reaction vessel (entry 4). In conclusion, even under the best reaction conditions that we found, cyclization was impeded by polymerization competing with the last step of formation of the aromatic ring. Furthermore, regioselectivity in favour of the 1,2,4-isomer was observed. 
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Afterwards, in order to simplify the experimental protocol of the stoichiometric homotrimerization reaction, direct addition of Ti(OiPr) 4 and nBuLi to the alkynes was examined. This procedure is common in the literature with the same reagent system when internal alkynes are used thus we were interested in applying it to terminal alkynes. 61 Unfortunately, this method resulted in extensive polymerization or even the reduction of the alkyne (Table 3.2., entries 1-2). At this point, we thought that the acidic proton of the alkyne could play a role thus a new protocol involving the deprotonation of the alkyne by 1.1 equivalents of nBuLi was adopted (entries 3-6). Unfortunately, extensive polymerization, dimerization or alkyne reduction were observed with 5-phenyl-1-pentyne, phenylacetylene, 1-tridecyne or 4-pentynyl tetrahydro-2H-pyran-2-yl ether by applying this method.

Decreasing the time of exposure of the alkyne to nBuLi did not give positive results (entry 7). 

Catalytic Ti(OiPr) 4 /nBuLi trimerization

First catalytic reaction

Theoretically, a substoichiometric or even a catalytic amount of Ti(OiPr) 4 /nBuLi reagent system could mediate the homotrimerization reaction. Indeed, we were delighted to see that by means of 20 mol% of preformed titanacycle 10 we could regioselectively obtain excellent yields of 1,2,4-triphenylacetylene (estimated by 13 C NMR analysis; Table 3.3.). a Estimated by means of 13 C NMR spectra analysis; b Yield of the product purified by flash column chromatography; c Reaction carried out by means of a direct addition of the Ti(OiPr)4 and nBuLi to the alkyne.

For this purpose, initial conditions for trimerization of arylalkynes established by our group (20 min., room temperature) needed to be changed to overnight reaction (Table 3.3., entry 1).
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Extensive optimization of the reaction conditions was done and the crude products were assessed by 13 C NMR analysis including judging the scale of polymerization. In conclusion, utilization of THF was superior to TBME. Furthermore, the proportion of product 26a vs.

diene 26c is higher when the reaction is heated at reflux. Importantly, the addition of the preformed titanacycle 10 to the alkyne should take place at 15 °C or 0 °C, which ensures limited production of polymeric structures as compared with addition at room temperature.

We could observe that the down limit of the loading of catalyst was 10 mol%. Furthermore, concentrations of titanacycle and alkyne solutions were tested and the ones depicted in entry 7 were found to be the best. Finally, we have seen that the time of addition of the titanacycle to an alkyne can be reduced to 1.5 minute. Additionally, one experiment was carried out by means of the direct addition of catalytic amounts of Ti(OiPr) 4 (0.2 eq) and nBuLi (0.3 eq) to the alkyne; however, although conversion of the starting material was quantitative, yield of the product was decreased by side reactions including polymerization or di-and trimerization of phenylacetylene. The triphenylbenzene product was isolated in fair 55% yield only (entry 10). Finally, the scale of polymerization was judged by analysis of 13 C NMR spectra and the purest crude mixtures were purified by column chromatography. Unfortunately, the highest 

Purification of homotrimers

At this point of the work, we faced a problem with the separation of homotrimers from dienes. Several conditions based on the generation of cationic species in acidic media in the presence of H 2 O or EtOH, as well as an epoxidation reagent, were examined (Table 3.4.). In order to conveniently follow the course of reaction it was run in the presence of CDCl 3 thus control by 1 H NMR analysis during up to 3 days was easily accessible. After screening several conditions, we were pleased to see that quantitative hydration in refluxing EtOH catalysed by concentrated H 2 SO 4 occurred after 3 days (entry 7); however, this method was inconvenient because of its long time. Fortunately, a simple and fast method for the hydration of impurities was finally elaborated (entry 10). At 0 ºC concentrated H 2 SO 4 was added dropwise to the neat reaction crude product and the mixture was stirred for 15 min. at room temperature in order to generate carbocation species and transform them in situ into hydrated byproducts due to reaction with moisture present in the reaction media. The resulting unidentified alcohols could be easily separated by column chromatography affording the trimer quantitatively. It is worth to mention that this method can be applied only to aromatic rings substituted with groups that are insensitive to acidic conditions. For example, a phenyl group or an alkyl chain were not affected, while a cyclopropyl function was degraded.

Another difficulty encountered during the purification of the products was the presence of polymeric structures which tended to stick to the homotrimers and separation by column chromatography was unsuccessful. This problem occurred when products were generated from arylacetylenes. Happily, we found that after column chromatography trimers can be further purified by simple trituration using MeOH, which selectively dissolves polymers while the trimers precipitate. Unfortunately, the same method could not be applied to the purification of trimers bearing unsaturated substituents tested.

Microwave conditions

In search of conditions to carry out catalytic homotrimerization with a more convenient experimental protocol, we turned to the microwave technique (Table 3.5.). We were pleased to see that by applying this method we could observe decreased polymerization comparing to conventional heating using the same catalyst loading, thus the yield of homotrimer is higher (entry 1). Furthermore, the time of reaction could be lowered to 10 minutes maintaining full conversion of the starting material (entry 2). On the other hand, expanding time to 45 minutes did not reduce content of the diene in favor of the product (entry 3). Similarly to the outcome observed when conventional heating was applied, again 10 mol% of catalyst loading was found to be the lower limit despite the lengthening of the reaction time (entries 4-6). a Ratio was estimated by 13 C NMR analysis; b Yield of the product purified by flash column chromatography.

Finally, the solvent of choice was THF, which turned out to be more suitable than TBME or CPME (entries 7-8). Additionally, a single experiment was carried out in which the concentration of the alkyne in THF was increased twice but the crude mixture contained mainly phenylacetylene. Conditions depicted in entry 1 were chosen as optimal. It is necessary to mention that despite our efforts to improve the reaction conditions, a plethora of reactions failed resulting in no conversion of starting material and those are not depicted.

Protocol of the reaction

Although our attempts to simplify the stoichiometric homotrimerization reaction protocol by direct addition of Ti(OiPr) 4 and nBuLi to the alkyne did not bring satisfactory results (see Table 3.2.), we decided to make another try with a catalytic reaction of this type. We were pleased to see that not only we were able to improve the experimental procedure, but also to minimize polymerization. Comparison of the methods using phenylacetylene as a model is presented in Table 3.6. The standard protocol involves the addition of preformed titanacycle to the solution of alkyne (Method A, entry 1). Our first try of establishing a one-pot reaction protocol consisted of adding Ti(OiPr) 4 and subsequently nBuLi to the solution of alkyne, followed by immediate microwave heating (Method B, entry 2). Interestingly, this method had positive outcome in contrast to the direct addition of stoichiometric amounts of Ti(OiPr) 4

and nBuLi to alkyne described in Table 3.2. However, it resulted in an increased polymer content compared to Method A. a Experiments were done in THF using 3.0 mmol of phenylacetylene; b Ratio was estimated by 13 C NMR analysis; c Yield of the product purified by flash column chromatography.

d Result taken from Table 3.5. for the comparison.

Final improvement was an approach based on a dropwise addition of the alkyne into a solution of preformed titanacycle (Method C, entry 3). Fortunately, maintaining a good 

Variation of the catalytic system

In order to improve the catalytic system, several variations were introduced. So as to replace nBuLi with a safer reagent, also easier to manipulate, we tested two different hydrides in the homotrimerization of phenylacetylene. An experimental protocol was composed of an addition of NaH or Et 3 SiH to the solution of Ti(OiPr) 4 and alkyne at 0 ºC in order to generate Ti(OiPr) 2 (phenylalkyne) complex, followed by heating at reflux for 20 h (Table 3 

Reproducibility

During the course of our studies, the catalytic homotrimerization reactions suffered a problem of reproducibility and a plethora of reactions failed, with no conversion of the product or results which did not follow the pattern of reactivity previously obtained. It was a big obstacle for achieving a low catalyst loading, as well as for studying the scope of the reaction.
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At first, verification of the preparation of the glassware and other instruments, as well as of the quality of all the reagents was done. Unfortunately, this did not improve reproducibility.

Our primary idea was that moisture in the solvent interfered with the process, because the solvent purification system we used to dry it is not efficient or invariable enough. Thus, we examined various drying reagents and other methods to obtain dry THF illustrated on Figure Finally, we can attribute this phenomenon to the practical explanation that small quantities of oxygen and moisture could be introduced into the reaction vessel while the septum is replaced with the special cap just before heating in the microwave apparatus.

Finding the optimal catalyst loading

During the search for the best catalytic reactions mediated by the Ti(OiPr) 4 /nBuLi reagent system, many conditions were tested. By means of our new experimental protocols based on a direct one-pot addition as well as on the most effective treatment of the solvent, we were searching for reproducible reactions with the lowest possible catalyst loading. Representative results are presented in Table 3.8. It is worth to mention that full conversion of the starting material can take place with 7 mol% of titanacycle 10 affording 71% of the product, which constitutes definite proof that this system is working catalytically (entry 11). Unfortunately, we could not reproduce this reaction. In the course of the work, in order to see the compatibility of the catalytic system with different alkynes, we examined alkynes other than phenylacetylene with 10 mol% of the complex generated by Ti(OiPr) 4 /nBuLi. A library of the best outcomes for each starting material is presented on scheme 3.16. Moreover, we could observe extensive polymerization in the reactions of methyl propargyl bromide or 2-methyl-1-buten-3-yne and no conversion of 105 the starting material in the case of p-fluorophenylacetylene, benzonitrile or 4-phenyl-1butyne.

Scheme 3.16. Examples of compound synthesized by means of 10 mol% of titanacyclopropane (for the description of the methods see Table 3.6.).

Regioselectivity

An interesting case is the homotrimerization of alkynes using the Ti(OiPr) 4 /Grignard reagent system. First of all, there is only one publication showing that incorporation of a third alkyne to the titanacyclopentadiene can take place if it is not an activated alkyne. 110 Otherwise, the typical product of this transformation is a diene (subsection 3.2.6.). Moreover, by this change of organometallic compound we could observe a shift in regioselectivity (Table 3.9.). Fully regioselective reaction of phenylacetylene when nBuLi was used, this time afforded an almost equimolar mixture of isomers in 64% yield by using iPrMgCl (entry 1). The same tendency was reported when 30 mol% of titanacycle was used (entry 8). Similarly, nPrMgCl and nEtMgCl resulted in decreased regioselectivity, but also in lower yields of 1,2,4-and 1,3,5-triphenylbenzenes (entries 4-5). In the case of heptyne, from a regioselectivity of 80:20 in TBME or 69:31 in THF (compare with Scheme 3.16.), the reaction became less selective but gave higher yield by using iPrMgCl (entry 7). 13 C NMR spectrum analysis; b Purified by flash column chromatography if not stated otherwise. c Estimated using an internal standard (cinnamic acid) by 1 H NMR.

When 1-ethynylcyclohexene was cyclized, the yield remained similar but selectivity changed significantly from almost regioselective by means of nBuLi (compare with Scheme 3.16.) to a 64:36 ratio using isopropylmagnesium chloride (entry 9). Probably, the reason for the change of selectivity and reactivity is the influence of the metal cation delivered by the organometallic reagent. It is postulated in the literature that lithium ion could be responsible for the improved stability of the titanium complex. As a result, it could also be responsible for higher yields of some of the products. However, the exact role of Li + and Mg + ions in this type of reactions remains uncertain. Our attempts at improving the stability of the complex generated from a Grignard reagent by adding LiCl did not improve the reaction, leaving exclusively starting material untouched (entry 6).

Aging of the titanacycle

As was demonstrated by our group and others before (subsection 2.5.), the preformed titanacycle 10 is unstable and using it after storage causes a large decrease in the yield of homotrimerization products. Two experiments were carried out in order to assess this feature.

The homotrimerization of heptyne, which produced a mixture of 1,2,4-and 1,3,5tripentylbenzene in TBME by conventional heating at reflux in 63% yield (Scheme 3.16.), was carried out by means of the microwave technique. The complex was stored at room temperature for 0.5 h and 1 h before heating respectively. A decrease in the yields was observed (Table 3.10.). a Estimated by 1 H NMR spectrum analysis.

In addition, we have attempted to immobilize the catalyst on the higher alkane, which is a solid at ambient temperature, in order to prepare convenient air-stable catalyst and improve the experimental protocol. For this purpose, the titanacycle 10 was generated at 0 °C in the presence of hexatriacontane, followed by removal of THF using a vacuum pump and storage for 2 h at ambient temperature or for 24 h in a refrigerator under Ar atmosphere. In both cases, the catalyst was then engaged in a homotrimerization reaction. Unfortunately, no conversion of the starting material was observed (Scheme 3.17.). Scheme 3.17. An attempt to prepare an air-stable titanacycle 10 with the higher alkane.

Scope of the homotrimerization

It could be possible to overcome the difficulties in using catalytic amounts of the Ti(OiPr) 4 /nBuLi system by more efficient removal of water and oxygen from THF. However, this would involve the utilization of a glove box, which would increase the cost of the process. It could also give rise to safety problems related to distillation of THF over sodium and benzophenone and flame-drying of the glassware.

Thus, in the context of the preceding paragraphs, we chose a substoichiometric amount of titanacycle 10, 30 mol% with respect to the alkyne, as a reliable method for studying the scope of the reaction, although it cannot be called catalytic anymore. Importantly, this reagent system still provides a comparatively cheap method for cyclization, as compared with catalytic systems based on precious and sometimes toxic metals established up to date. By means of this new substoichiometric method, various aryl alkynes could be cyclized in fair to excellent yields. However, in some cases no conversion of starting material was observed (Scheme 3.18.). The time of the reaction could be decreased to 15 min. We could observe that deuterated phenylacetylene follows 1,2,4-pattern as well as phenylacetylene did, affording product 32. This example is also in agreement with the reaction mechanism, in which no abstraction of the alkyne acidic proton occurs. Interestingly, a heterocycle-derived alkyne cyclized in 12% yield only affording product 35. The reaction is incompatible with carboxylic esters, probably because of the known reactivity of esters in Kulinkovich-type reactions. Another example is an attempt to trimerize a sodium alkoxide, which did not deliver the expected product 37. Finally, benzonitrile did not undergo any reaction. All the reactions of alkynes substituted with aryl or heteroaryl groups afforded the 1,2,4-substituted isomers selectively. The rationale behind might be to some extent a steric effect of hindered substituents.

Scheme 3.18. The scope of 30 mol% reaction with aryl acetylenes towards 1,2,4-isomers.

It is worthy of note that our group reported partial de-methoxylation in stoichiometric heterotrimerization reaction between, for example, 1,2-bis(4-methoxyphenyl)ethyne with hepta-1,6-diyne. 68 However, in the present study no loss of the methoxyl group was observed during formation of 1,2,4-trimethoxyphenylbenzene 29 in homotrimerization mediated by 30 mol% of the titanacycle. In addition, a single experiment was carried out, in which the product 29 was introduced into a vial containing excess of the preformed titanacycle 10, and after 15 min. with microwave heating at 100 °C, the trimer was left untouched.

Products of cyclization of alkynes substituted with halides could be obtained in moderate yields (Scheme 3.19.). However, during these reactions, reduction of the halogen substituents occurred, affording single, double or even fully reduced trimers in different proportions. It is possible to observe a growing tendency to be reduced according to the following order: F < Cl < Br, which is inversely proportional to electronegativity in the main group VII. The homotrimerization of aliphatic alkynes using the substoichiometric Ti(OiPr) 4 /nBuLi reagent system is described for the first time (Scheme 3.20.). Poor to very good yields were obtained. The regioselectivity was lower compared to arylacetylenes, although it follows mainly 1,2,4-pattern. Explanation of this dependence is probably not purely steric, although it can play a role. Interestingly, hept-1-yne cyclized efficiently affording products 27a and 27b in 86% yield. This is in contrast to the result obtained previously in our group, when under stoichiometric conditions the same alkyne provided these products in poor yields with several diene by-products being formed. This means that the last step of the homotrimerization, the reaction between the titanacyclopentadiene and the third alkyne, is much slower in the case of this aliphatic alkyne compared to arylacetylenes; however, it can be forced by heating in a conventional way or by means of microwave irradiation.

Poor yields are obtained with small conjugated enynes, affording products 44 and 45 where extensive polymerization could be observed, probably due to the reactivity of the double bond toward 1,2-insertion into titanacycles as well as kinetically disfavoured cyclization compared to polymerization. Furthermore, product 28 was obtained in poor 19% yield due to similar reasons; however, in this case polymerization was limited. Interestingly, example 43

shows that to some extent alcohols protected with benzyl groups are resistant to the reaction conditions. Furthermore, alkyl nitrile could not be trimerized by this method as the reaction resulted in unconverted starting material. Finally, the low yields of products 25 and 46 could be partially caused by the volatility of the starting materials. or 52. In the case of oct-4-yne, only partial conversion occurred, affording about 28% of (Z)oct-4-ene 51a, no diene derived from this alkyne and, as estimated by 1 H NMR, about 14% of the product 51. This indicates that formation of the benzene ring from titanacyclopentadiene is relatively fast and the limiting step is the reaction between titanocyclopropene with oct-4yne. A similar situation is observed with diphenylacetylene and 1-phenylpent-1-yne since the crude mixtures were composed mainly of the starting material and related alkenes but no dienes or trimerization products.

Finally, we were interested in the reactivity of diynes by means of the Ti(OiPr) 4 /nBuLi reagent system (Scheme 3.22.). Unfortunately, only one product, 31, was obtained in a low 5% yield. We were thinking to use the Thorpe-Ingold effect to favor intramolecular cyclization and to test this idea 2,2-dimethyl-5,5-di(prop-2-yn-1-yl)-1,3-dioxane 70c was synthesised. Unfortunately, product 32 was not detected in the reaction mixture, while polymerization took place extensively. Moreover, the method is not applicable to molecules bearing both an alkyne and a nitrile function, which was illustrated by an attempt to cyclize 5-hexynenitrile.

Scheme 3.22. Examples of the 30 mol% reaction of diynes.

Phenomenon of hydro-dehalo-substitution

When halide-substituted arylalkynes were cyclized, reduction of the halide on the aromatic ring occurred. In order to explain this phenomenon, we initially carried out some basic experiments depicted in Table 3.12. At first, we reproduced the conditions under which reduction takes place using a simple halobenzene and quenched the reaction with D 2 O, to determine if the last intermediate was attached to a metal atom. The reaction required 20 h at reflux (entry 3). Although the reduction of the halide was observed, there was no 2 H incorporation. a Estimated by 13 C NMR spectrum analysis.

Later on, a similar test was repeated with p-chlorophenylacetylene with substoichiometric amounts of the titanacycle 10 under microwave conditions (Scheme 3.23.). Similarly, we can see that 2 H is not incorporated during the work-up, which proves that the last intermediate is not attached to titanium. Moreover, doubling the amounts of Ti(OiPr) 4 /nBuLi caused formation of more reduced products compared with the 30 mol% reaction (compare with Scheme 3.19.).

Moreover, it was not clear what was responsible for the reduction: was the titanacle 10 involved? In order to test this, a product of trimerization, 1,2,4-tris(p-fluorophenyl)benzene 39a, was placed under the reaction conditions (Scheme 3.24., A). Indeed, reduction took place, what proves that this phenomenon can take place after formation of the trimer and might be conducted by the titanacle 10. Next, the same product was reacted with an excess of 115 nBuLi with microwave heating (Scheme 3.24., B). By analysis of the crude 13 C NMR spectrum, we could observe no C-F bonds. Moreover, the signals belonging to n-butyl groups were present even after thorough evaporation of the crude mixture, which excludes the possibility that they belong to low mass byproducts. We deduced that the products formed might the mixture of isomers 55. Support for its formation is provided by a report by Huisgen et al. 112 , where alkylation of 1-fluoronaphtalene by nBuLi, which is illustrated in scheme 3.25., was described. In conclusion, the reaction of 39a with nBuLi does not give the reduction products but nucleophilic aromatic substitution products instead. Later on, we hypothesised that a β-hydrogen atom of the intermediate species 56 might be involved in the discussed process according to the mechanism depicted on Scheme 3.26.

Under our reaction conditions equimolar amounts of titanacycle 10 and n-butyltitanium derivative 56 are formed. We were thinking that in the course of the reaction homotrimer is being formed but also the species 10 undergoes insertion into a C-X bond, followed by exchange with species 56. Later on, β-hydrogen shift to the aromatic ring would occur with simultaneous regeneration of the catalyst 10. So as to prove our hypothesis, several reactions were carried out, in which proportions of the Ti(OiPr) 4 and nBuLi were changed and so did the content of species 56 (Table 3.13.). In the case of p-fluoroacetylene derivatives, we can observe that the amounts of reduced trimer 39b slightly increase proportionally to the amounts of the species 56 (entries 1-5). The same 117 dependence takes place when p-chlorophenylacetylene is used as starting material. In the latter case, although analysis of the crude 13 C NMR spectra did not allow observing all the products, it is possible to have a clear conclusion after the comparison of the ratio of purified trimers (entries 6-7). With the increase of the amount of the species 56, the amount of product 40a decreases and more reduced products 40c and 40d are formed. 3 eq 0.6 eq 0.3 eq 0.0 eq 76:24:0:0 61% (72:28:0:0) 2 F 0.4 eq 0.8 eq 0.4 eq 0.0 eq 70:30:0:0 -3 F 0.45 eq 0.75 eq 0.3 eq 0.15 eq 71:29:0:0 -4 F 0.6 eq 0.9 eq 0.3 eq 0.3 eq 65:35:0:0 63% (62:38:0:0) 5 F 0.9 eq 1.2 eq 0.3 eq 0.6 eq 64:36:0:0 -6 Cl 0.3 eq 0.6 eq 0.3 eq 0.0 eq 48:52:0:0 57% (23:77:0:0) 7 Cl 0.6 eq 0.9 eq 0.3 eq 0.3 eq n.d. 41% (17:56:17:10) a Estimated by 13 C NMR spectra analysis; b After column chromatography; yield was estimated by 13 C NMR spectra analysis of partially separated trimers.

In order to support our hypothesis in a more direct way, pure 1,2,4-tris(p-fluorophenylacetylene)benzene 39a was subjected to the reaction with excess of the intermediate 56 generated from Ti(OiPr) 4 (8.5 eq) and nBuLi (8.5 eq) during 15 min. with microwave heating at 100 °C (Scheme 3.27.). As a result, reduction of halides comparable to standard conditions (compare with Scheme 3.19.) was observed. This may seem surprising, as the complex 10 is expected to be necessary in the mechanism. However, it is likely that traces of 10 were formed in the reaction vessel and catalysed the transformation. 3.14.).

We could observe that using long chain iodides stops reduction in both cases: with tBuli or sBuLi (entries 1 and 4). Using an iodide with a shorter chain restored the production of reduced product 40b (entry 2 vs. entry 1). Replacing the butyl chain of organolithium compound with an ethyl chain did not increase reduction phenomena and the ratio between non-reduced and reduced fluoro-derived trimers remained the same as when our standard conditions were applied (entry 6 vs. Scheme 3.19.). Finally, we chose 1-bromododecane because it assures easy synthesis of its derivatives and does not arrest the reduction process in the case of both p-chloro-and p-bromophenylacetylenes (entry 3 and entry 5). It is worthy of mention that reactions mediated by organolithium species synthesised in situ generally result in more polymeric byproducts in the crude mixtures and lower yield of trimers compared to reactions in which commercially available nBuLi is used (entries 4 or 5).

113 R. A. Finnegan, H. W. Kutta, J. Org. Chem., 1965, 30, 4138-4144.

Table 3.14. Testing halides used for generation of organolithium compounds in 30 mol% reaction.

Entry R 1 Li X 1 R 2 X 2 Ratio a [a: b:(c+d)] Yield b 1
tBuLi (2.0 eq) I(CH2)11CH3 (0.9 eq) Cl 100:0:0 -2 tBuLi (2.0 eq) I(CH2)3CH3 (0.9 eq) Cl 50:50:0 -3 tBuLi (2.0 eq) Br(CH2)11CH3 (0.9 eq) Cl 60:40:0 -4 sBuLi (0.9 eq) I(CH2)11CH3 (0.9 eq) Cl 100:0:0 34% (40a) 5 tBuLi (2.0 eq) Br(CH2)11CH3 (0.9 eq) Br 0:46:54 b 12% (41b), 14% (41c+41d) 6 tBuLi (2.0 eq) BrCH2CH3 (0.9 eq) F 64:36:0 a Estimated by 13 C NMR spectrum analysis; b After column chromatography.

In order to prepare a deuterated derivative we planned the synthesis illustrated in Scheme Unfortunately, the first reactions of the organolithium reagent generated from β-deuterated 1-bromododecane with both p-chloro-and p-bromophenylacetylenes gave unsatisfactory results, affording unreduced trimer in the first case and the starting material in the latter. This work needs to be continued.

Moreover, the homotrimerization reaction of p-chlorophenylacetylene under standard conditions in THF-d 8 was carried out, in order to see if deuterium atoms could be abstracted from the solvent and inserted in the place of the halide atoms (Scheme 3.29., A). However, we did not observe deuteration. Interestingly, although the reduction took place, it was to a lesser extent than under standard conditions. In search for an explanation, we assumed that commercial bottles of THF-d 8 can contain more peroxides, which should be able to oxidise the "Ti(OiPr) 2 " species and therefore inhibit the reaction.

Scheme 3.29. Influence of peroxides for reduction of halide-substituted trimers.
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A single experiment based on a homotrimerization reaction in a presence of 7 mol% of benzoyl peroxide in non-deuterated THF under otherwise standard conditions was carried out. Indeed, limited reduction could be observed as well (Scheme 3.29., B). In contrast to standard conditions, in both experiments none of the doubly reduced trimers were observed.

Competition experiments

In order to compare the reactivity of arylacetylenes and alkylacetylenes several competition experiments were carried out (Table 3.15.). All the reactions proceeded with full conversion of the starting materials and had very good total yields. Surprisingly, trimers differing in one substituent were easy to separate. As it is possible to conclude from the outcome of the equimolar reaction of phenylacetylene and hept-1-yne, aryl acetylene reacts faster, affording 31% of isomerically pure 1,2,4-triphenylbenzene 26a (entry 1). Interestingly, heterotrimer bearing two phenyl groups and one pentyl chain, which we believe that corresponds to the structure 61, could be isolated as a pure isomer. The mixture of products of the reaction between two molecules of hept-1-yne and a molecule of phenylacetylene was hard to analyse by NMR, however HRMS analysis provided useful information. There are up to four possible isomers of this heterotrimer (60a- d). By means of 1 H NMR spectrum analysis, the presence of diene byproducts was not observed thus the mass of the purified fraction was assigned to a pure mixture of trimers with unidentified ratio. Furthermore, another argument in favor of the higher reactivity of phenylacetylene compared to hept-1-yne is the fact that impurities in fractions containing products 27a and 27b were dienes, while product 26a was contaminated with polymeric compounds.

Further applications

Triply functionalized homotrimers have a great potential towards further transformations of the three functional groups. Especially attractive seem to be the products 43a and 43b since the reaction conditions did not lead to deprotection of the hydroxyl groups. Three different transformations of the mixture of these isomers were examined. H 2 /Pd/C deprotection smoothly afforded the triols 62a and 62b in quantitative yield (Scheme 3.30.).

Scheme 3.30. Further applications.

Later on, we tried to cyclize these triols; however, we could mainly observe mesylated starting material, some oligomeric unidentified structures and plausibly only traces of the mesylated desired product 63. Finally, an attempt to eliminate the -OBn groups 114 in order to 114 M. Matsushita,Y. Nagaoka, H. Hioki, Y. Fukuyama, M. Kodama, Chem. Lett., 1996, 25, 12, 1039-1040. 123 obtain triene 64 resulted in a mixture of unidentified products which did not contain C=C double bonds.

Synthesis of the starting materials

Although most of the alkynes utilized in this chapter were purchased, several were prepared and they are shown in Scheme 3.31.

Scheme 3.31. Alkynes prepared.

Conclusions and perspectives

During the course of our work on [2+2+2] homotrimerization of alkynes, we studied the protocol and the functional group tolerance of this reaction mediated by stoichiometric Ti(OiPr) 4 /nBuLi. Later on, an experimental procedure for the purification of the trimers was established. Next, we carried out extensive studies toward the development of catalytic reactions mediated by the Ti(OiPr) 4 /nBuLi reagent system and we proved that the reaction can perform very well in down to 7.0 mol% loading of the active species; however, a plethora of reactions were failing for reasons we do not fully understand. A library of compounds showing the utility of the method was prepared by means of 10 mol% of the catalytic system.

However, due to problems of reproducibility and in order to establish a very reliable method, we decided to prepare a set of examples using a larger but still substoichiometric amount of the titanacycle generated in situ. Interestingly, during the course of this work, a phenomenon of reduction of halide-substituted trimers was observed. Extensive studies towards an explanation of this occurrence were performed. Our hypothesis that both, "Ti(OiPr) 2 " and nBuTi(OiPr) 3 species, present in the reaction mixture during homotrimerization, are responsible for the reduction was supported by several experiments; however, it is necessary to continue work on this subject in order to obtain incontestable proof of our theory or reject it.

Heterotrimerization of alkynes

Results obtained formerly in our group

As mentioned before when discussing the [2+2+2] homotrimerization of alkynes, the formation of substituted benzene rings by the stoichiometric Ti(OiPr) 4 /nBuLi reagent system was described for the first time by our group in 2014 (subsection 2.7.4.). Furthermore, its application to the regioselective heterotrimerization of internal alkynes with terminal alkynes was reported (Scheme 3.32). 68 The latter is very interesting as not many methods for the regioselective synthesis of heterotrimers from alkynes are described.

Scheme 3.32. Heterotrimerization reported by our group.

Interestingly, four titanacyclopentadiene structures can be formed when an internal alkyne complex undergoes 1,2-insertion of a terminal aryl alkyne. Regarding two of them, after 

Optimization of the reaction conditions

In the context presented in the previous subsection, an objective of this doctoral work was to establish a method for heterotrimerization of aliphatic alkynes. At first, preliminary experiments using hept-1-yne at room temperature with expanded time or, in order to decrease polymerization, at -21 °C were carried out; however, only unsatisfactory amounts of products were observed. Later on, the model optimization of heterotrimerization of diphenylacetylene with heptyne was carried out at higher temperature while screening the amount of the third alkyne. The best reproduced results are presented in Table 3.16. (entries 1-4). Satisfactory 80% yield was obtained, although 3.5 equivalents of heptyne are necessary to use. Furthermore, the reaction is not regioselective, affording products 73a and 73b in a ratio of about 80:20. Interestingly, reduced products 73d and 73e were observed. This method can be general and applied to cyclize diaryl internal alkynes with aliphatic terminal alkynes. 127

Later on, we focused on the optimization of the synthesis of diene 73c (Table 3.16., entries 5-10). We were pleased to see that by employing 1.8 equivalents of hept-1-yne in 1 h reaction at rt, we are able to obtain trisubstituted diene 73c in 72% yield (entry 7). Having in hand a method to access dienes, we thought that a possible method for regioselectively obtaining aromatic ring bearing aliphatic substitutuents could be the thermal cycloaddition with an alkyne. For this purpose, two experiments were carried out; however, no Diels-Alder reaction products or their derivatives were observed (Scheme 3.35.).

Scheme 3.35. Diels-Alder reaction of obtained diene 73c with heptyne.

Volatile alkynes as homotrimerization partners

The first test of a volatile alkyne in the heterotrimerization with diphenylacetylene was done using cyclopropylacetylene under the reaction conditions developed by our group and heterotrimers were afforded in poor 19% yield. In this example, diphenylacetylene was fully converted, but only part of cyclopropylacetylene was transformed into recognizable molecules, while the rest was possibly involved into polymerization as revealed by 1 H NMR spectrum analysis. Brief optimization did not improve this outcome significantly. At this point, we changed inert atmosphere from N 2 to Ar and repeated optimization (Table 3.17.).

The reaction mixtures were very complicated thus it was not practical to follow them by TLC analysis. A maximum 43% yield was obtained with only partial isolation of trimers (entry 3).

Fortunately, separation of symmetrical isomer 75a was possible by recrystallization from the neat mixture of trimers 75a and 75b with compound 75d. This established protocol of heterotrimerization can be utilized as a general method in the case of volatile substrates. The reaction is not regioselective, although it exhibits slight preference towards 1,2,4,5-isomer.

Interestingly, reduced compounds 75d and 75e were observed. 129

Another example of volatile aliphatic alkyne tested in heterotrimerization is 2-methyl-1buten-3-yne 71. A 34% yield of the two isomers 76a and 76b was obtained in 67:33 ratio in 1 h at 0 °C. Interestingly, increasing the time and temperature of the reaction did not allow obtaining higher yield (Scheme 3.36.). Assignment of the composition of the crude mixture was not reliable because of the volatility of several constituents.

Scheme 3.36. The best result of heterotrimerization of 2-methyl-1-buten-3-yne.

Hydro-de-halo substitution

As discussed in subsection 3.3.3.11., reduction of halogen atoms during homotrimerization of halogen-substituted arylalkynes mediated by the substoichiometric Ti(OiPr) 4 /nBuLi reagent system can take place. Interestingly, the same phenomenon was observed in the stoichiometric heterotrimerization of 1-bromo-4-phenyl-ethynylbenzene 77a with 1-heptyne, where exclusively product 73b was obtained in 27% yield and none of the brominated product 77b (Scheme 3.27.). The absence of brominated product was confirmed by HRMS analysis carried out under mild conditions. In addition, extensive polymerization was observed in the 1 H NMR spectrum of the crude mixture.

Scheme 3.27. Reduction of halide during heterotrimerization.

Further transformations

Trimers bearing alkene substituents seem to be good candidates for further cyclization in order to obtain bicyclic compounds. For this purpose preliminary experiments were carried out in order to cyclize product 76a following a literature procedure. 115 Unfortunately, neither the product of the cyclization, 78, was observed, nor the product 79, which could be formed in the presence of air.

Scheme 3.28. Thermal cyclization of the products.

Conclusions and perspectives

Heterotrimerization of internal alkynes with aliphatic terminal alkynes is a challenging problem. It demands harsher reaction conditions and higher loading of terminal alkyne, compared to heterotrimerization of internal alkynes with arylacetylenes. A significant limitation can be the volatility of starting materials as well as their cost. Furthermore, this is not a regioselective reaction. In the case of halogen substituted internal arylalkynes, loss of halogen during the course of the reaction was observed as well as a decrease of the yield.

During this study, general methods for heterotrimerization of internal alkynes with aliphatic alkynes, including volatile ones, were developed. A remaining objective linked with this work is the study of the substrate scope, in order to prove the utility of the method.

Chapter IV Carboxylation of alkynes using CO 2

Introduction

Carbon dioxide is a non-toxic, abundant, non-flammable and cheap reagent for organic synthesis. For this reason, it constitutes an attractive source of carboxyl group. The synthesis of carboxyl compounds is a significant goal in organic synthesis. Derivatives of acrylic acid and their esters found applications in various fields like life science, chemical industry or daily life. Furthermore, there are many naturally occurring carboxylic acids, which exhibit interesting biological activities. In the literature one can find many methods of carboxylation of alkynes. Their common denominator is utilization of a metal reagent or catalyst and the most numerous seem to be applications of nickel derivatives. However, these known systems possess a number of drawbacks. For example, the well-known stoichiometric Ni(cod) 2 reagent is expensive and toxic. Moreover, its catalytic variant requires excess of diethylzinc as a metallic reductant, which is pyrophoric and dangerous for the environment. 116 In this context, utilisation of the Cp 2 ZrCl 2 /Grignard reagent or Ti(OiPr) 4 /nBuLi systems in carboxylation using CO 2 is competitive because of their low cost, low toxicity and moderate sensitivity to air. 117,118,119 The latter reagent system is the object of this study.

Acrylic acid derivatives

Acrylic acid derivatives may occur as natural products as well as attractive compounds for industry. One example of naturally occurring acrylic acid derivative is the recently isolated, characterised and tested findlayine D (Scheme 4.1.). This new seco-dendrobine-type alkaloid was found to possess cytotoxicity against human cancer cell lines. 120 136 the triple bond is limited to the group carried by the organozinc reagent and the steric bulk of these substituents has major influence on the yield of the reaction. Furthermore, as only one example is presented, it is not possible to asses applicability of this transformation. 129 Scheme 4.5. Ni(dme)Cl 2 catalyst in the carboxylation of alkynes.

An interesting example of alkyne carboxylation was reported by Takimoto et al. One-pot synthesis of α,β-unsaturated acids was achieved by sequential hydro-or methylalumination of internal alkynes followed by carboxylation with CO 2 (Scheme 4.6.). NHC-copper complex proved to be an excellent catalyst for this transformation since it was compatible with the scandium-catalyst of the alumination reaction. Moreover, regio-and steroselectivity were well controlled. However, the description of this method was limited to only one substituent of the double bond introduced in the alumination step, which was a methyl group. 130 Scheme 4.6. Methylalumination/carboxylation of internal alkynes by means of Sn/Cu catalysis.

Ti-to-Cu transmetalation

First 

Results obtained previously by our group

Our group is interested in the discussed transformation since the beginning of the years 2000.

In 

Preliminary results

In the context presented in the preceding subsections, the objective of this project was a study on the carboxylation of alkynes using Ti(OiPr) 4 /nBuLi and CO 2 in order to establish a convenient protocol for this transformation, understand the difference in reactivity compared to carboxylation reactions mediated by Ti(OiPr) 4 /Grignard reagent systems and prepare a library of compounds.

At first, we carried out the already described reduction of the alkyne by Ti(OiPr) 4 /nBuLi so that we could see that our reagent system works properly (Scheme 4.10.). This and related reactions with various alkynes was our routine test for controlling the relevance of the experimental system during this study. Our first approach to increase the yield of carboxylation was to conduct it in the presence of Me 3 SiCl. The hypothesis was that LiOiPr, byproduct of this stoichiometric reaction, could inhibit the insertion of CO 2 and that a better outcome could be obtained by trapping it with freshly distilled Me 3 SiCl. In order to examine this idea, a single experiment was carried out with 1-phenylpent-1-yne; however, no production of the desired carboxylic acid was observed, while the yield of related alkene dropped significantly from quantitative to 50% (Scheme 4.11.). Furthermore, we wanted to test the possibility of running each step of the carboxylation reaction in a different solvent, the most appropriate for each particular transformation. For this purpose, the alkyne was subjected to the standard reaction conditions followed by removal of the solvent under reduced pressure. It is worthy of note that we could obtain the untouched alkene 82a in quantitative yield (Scheme 4.12., A). Scheme 4.12. Testing the possibility of running each step of the carboxylation in different solvent.

Next, titanacyclopropane 82 was generated in the same way, followed by removal of the solvent and carboxylation in tBuOMe. As a result, acid 82c was obtained in a promising 15% yield (Scheme 4.12., B). Change of the reaction solvent for an ionic liquid afforded mainly stilbene; however, without incorporation of deuterium (C). Furthermore, a single experiment was carried out by means of addition of MeNO 2 to the preformed titanacycle so that we could examine the influence of this solvent; interestingly, unaffected alkene could be observed in the resulting reaction mixture (D). Probably, the intermediate complex was protonated by MeNO 2 .

Transmetalation in carboxylation of alkynes

Our next idea to improve the carboxylation of alkynes was to perform transmetalation of titanium to another transition metal. For this purpose, several salts were selected and the optimization was carried out using 1-phenylpent-1-yne (Table 4.1.). The experimental protocol (Method A) was starting with flame-drying the salt under high vacuum, cooling it down and cannulation of the solution of pre-formed titanacycle 82 to the salt at 0 °C. Next, CO 2 was constantly bubbled through the resulting suspension at rt for 1 h, followed by a protic quench. Although MgCl 2 and ZnCl 2 salts did not give satisfactory results, affording products 82b and 82c in low yield in the first case (entry 1) and not at all in the second (entry 2), we were pleased to see that addition of copper(I) chloride significantly improved the carboxylation (entry 3). Later on, we managed to lower the loading of CuCl to 1.5 equivalents (entry 4) but not below this (entry 5). Unfortunately, simplifying the reaction protocol by generating the titanacycle over the copper salt did not result in the formation of the carboxylic acids (entry 6, Method B). Moreover, treatment of CO 2 with CaCl 2 did not improve the outcome compared to the reaction without drying the gas (entry 7). Surprisingly, the second carbon atom of the double bond was not available for attack of an electrophile at the end of the reaction (entry 8). Purification of the carboxylic acids by recrystallization in PE/MeOH failed. A convenient protocol for their purification was nonetheless established. It constitutes of acid-base extraction; however, moderate loss of the product during the isolation process occurs: from 77% in the crude mixture to estimated 49% in the purified fraction containing also valeric acid (entry 4).

Later on, different alkynes were examined under the standard conditions by means of 1.5 equivalents of CuCl salt (Table 4.2.). Interestingly, in the case of oct-4-yne good yield of the product was observed (entry 1). In order to study the reaction with this aliphatic alkyne reaction conditions of both steps were screened. Interestingly, carboxylation was very fast and it could be nearly completed within 5 min. (entry 2). We could see that 1 h at rt instead of 2 h at 0 °C did not result in any decrease of the yield of related titanocyclopropene (entry 3).

However, although by-products other than valeric acid were not detected in the crude mixture or isolated, 83 could be purified in 52% yield only by means of flash column chromatography. The reaction of 1-phenyl-2-(trimethylsilyl)acetylene did not afford any useful product. The resulting crude mixture contained exclusively starting material and some polymeric structures (entry 4). Increasing the temperature for the formation of the titanacycle 8 did not improve formation of the alkene (entry 5). This means that ligand exchange with this trimethylsilyl-substituted alkyne is much slower compared to other adduced examples.

The reaction of diphenylacetylene did not result in the full conversion of the starting material but afforded the acid product 84 in fair yield after acid-base extraction (entry 6). A single experiment was carried out, in which carboxylation was carried out under positive pressure of CO 2 instead of bubbling the gas through the solution (entry 7) and one reaction was done using CO 2 pre-dried by a CaCl 2 trap (entry 8); however, this did not improve the outcome of the reaction. At this point of the work we had problems with the irreproducibility of the conversion of the starting material in the first step of the synthetic route. We attributed it to the quality of the inert gas we were using and changed N 2 to Ar atmosphere. 

Copper-catalysed carboxylation

Our next idea was to apply the copper catalysis by means of copper salts that are soluble in organic solvents. For this purpose copper(I) and copper(II) salts were prepared. At first, we used the Ar atmosphere improved system to be sure that in the first step we can synthesize the titanocyclopropane intermediate complex quantitatively and confirm that without copper additive the yield of 84 is rather poor (Table 4.3., entry 1). We were then pleased to see that by means of 5 mol% of Li 2 CuCl 4 we could observe a comparable result to the one with stoichiometric CuCl salt (entry 2 vs. Table 4.2., entry 6). Furthermore, the experimental 144 protocol was improved since cannulating a solution of titanacycle 8 to the flask containing pre-dried salt was replaced by addition of an inorganic compound dissolved in THF to the preformed titanacycle. However, the large amount of unreacted starting material was striking.

Neither expanding the time of the second step of the synthetic route (entry 3) nor increasing temperature of the first step improved the conversion (entry 4). Interestingly, the second carbon atom of the double bond was not available for functionalization at the end of the reaction, as it had also been observed in the reaction with non-catalytic Cu salt (entry 4 vs. Table 4.1., entry 8). An additional experiment proved that Li 2 CuCl 4 salt by itself is not responsible for the incomplete conversion of diphenylacetylene, since the product of the reaction without CO 2 was almost quantitatively stilbene (entry 5).

Next, an increase of the loading of copper(II) salt to 20 mol% gave a similar result (entry 6 vs. entry 2) and so did the use of catalytic amount of a copper(I) salt (entry 7 vs entry 2).

Finally, two experiments with stoichiometric and THF-soluble copper(I) salts were carried out, followed by stirring with D 2 O during 2 h or 18 h. They had the same outcome as the catalytic ones (entries 8-9 vs. entry 2) with no observed formation of deuterated product 84 or deuterated stilbene 74a. Furthermore, generation of the unexpected alkylated product 85 was sighted when stoichiometric copper salt was used (entry 8). Finally, valeric acid 85a was a by-product always present in the reaction mixture. In conclusion, in the depicted reactions, apparent partial conversion of the starting material (oscillating around 30%) was noted as well as inaccessibility of functionalization of the formed carboxylic acid.

Mechanism of the copper catalysis

Having the problem of incomplete conversion of the starting material and reduction of the second carbon atom of the triple bond during the course of the reaction, we were seeking for an explanation. Our hypothesis considered influence of the Cu I salt (Scheme 4.13.). A simple test 4 in order to see if Cu I could be oxidized to Cu II by traces of oxygen in the reaction media was carried out (Scheme 4.15.). CuCl2LiCl salt dissolved in THF was kept in the Ar, dry air or CO 2 atmosphere overnight and external aspects of the solutions were judged. As predicted, no change of the colour was observed in the test involving Ar.

Intermediate

Unfortunately; dry air atmosphere did not change the aspect of the salt solution. Thus, although this change was observed in the solution exposed to CO 2 (from brown colour to orange), the result cannot be considered as support for the considered oxidation. Finally, the possibility that CO 2 could oxidise Cu I was put under scrutiny. Oxalic acid could then be formed; however, we did not detect it (test 5, Scheme 4.15.).

Generation of the organocuprate

Our hypothesis was that during the course of copper-catalysed carboxylation, an organocuprate reagent was formed. This was already supported by test 2 depicted in Scheme 4.15. In order to further prove it, several experiments were carried out. The titanacycle intermediate A was subjected to the action of stoichiometric amounts of copper salts and then α,β-unsaturated ketones (Table 4.4.). These stepwise reactions under mild conditions afforded complex mixtures of unidentified compounds and no new carbonyl group was detected (entry 1). Under more typical conditions for generating Gilman reagents, with copper cyanide at -78 °C, we could isolate 5% of the ketone 86 (entry 2). Next, two experiments using catalytic amounts of copper(I) and copper(II) salts were carried out. In these cases, stepwise generation of the organocuprate was bypassed and mild reaction conditions were chosen.

Unfortunately, only traces of the product could be noted in the case of Li 2 CuCl 4 catalysis (entry 3), while no 1,4-coupling product was observed with CuCl2LiCl salt and methyl vinyl ketone (entry 4). In conclusion, we did not support experimentally the presence of the organocuprate species in our reaction mechanism by these reactions. Possibly, the plausible intermediate B is too bulky to react with α,β-unsaturated ketones tested.

Genesis of the alkylated byproduct

We were curious about the mechanism of the formation of the alkylated byproduct 85. The second hypothesis was that titanacyclopropene A undergoes Cu-mediated oxidative coupling with butene, byproduct present in the reaction mixture. So that to examine this 151 possibility reaction of the titanacycle with hexene in the presence of Cu salt was carried out.

However, the products of this reaction were mainly stilbene and some unreacted starting material (Scheme 4.18.). 

Oxygen obstacle

As explained in the preceding subsections, copper-catalysis was a step forward towards the synthesis of carboxylic acids from internal alkynes in good yields by means of Ti(OiPr) 4 /nBuLi reagents and carbon dioxide. However, as we did not solve two nagging problems which appeared during our studies, apparent incomplete conversion of the starting material and inaccessibility of the second carbon atom of the triple bond to be functionalized, we started to investigate improving the reaction without Cu additive.

At first, a test proving the ability of the system to generate (E)-2,3-diphenylpropenoic acid 84 in around 20% yield, as was previously obtained by our group, was carried out (Table 4.5., entry 1). However, a significant amount of starting material was detected in the crude mixture. Next, a test proving the ability of the system to reduce the alkyne quantitatively was performed (entry 2). At this point, we attributed reversibility of the titanacycle formation to oxygen, which could be present in CO 2 from the gas bottle we were using. To check this, the titanacycle was formed under standard conditions, followed by its exposure to dry air atmosphere during 1 hour and we were able to observe much more of the starting material (entry 3 vs. entry 2). The reaction using carbon dioxide obtained from dry ice pellets enhanced production of the carboxylic acid and conversion of the starting material (entry 4).

Addition of catalytic CuCl2LiCl improved the ratio between acid and stilbene but it did not change conversion (entry 5). Drying freshly generated CO 2 over MgSO 4 and CaCl 2 afforded 37% of relative yield of 84 and increased amount of 74a compared to starting material (entry 6). In conclusion, double increase of the yield of acid and double conversion of diphenylacetylene occurs when CO 2 from improved source is used, which indicates that the gas in the commercial bottle we were using did not have sufficiently good quality. Next, a combination of Ti(OiPr) 4 /nBuLi in 1:2 ratio was examined (Table 4.5., A vs. B). By means of this more economical reagents combination, a slightly reduced amount of the product was formed compared to 2:3 ratio (entry 7). However, lower amount of valeric acid was formed, which was advantagous from the point of view of purification. Since no copper salt was used, the resultant alkene could be doubly functionalized, which was proved by quenching reaction with D 2 O (entry 8). We have found that at 0 °C the active species generated from the Ti(OiPr) 4 /nBuLi in 1:2 ratio might be unstable (entry 9). Thus, its generation was carried out at -78 °C and continued at 50 °C (entry 10) and we found that so low temperature in the beginning of the reaction is beneficial (entry 11 vs. entry 10). In conclusion, for the price of harsher conditions we gained reduced use of Ti(OiPr) 4 and nBuLi, affording slightly higher amounts of the product 84 formed (entry 12 vs. entry 6). The attempt at performing a control over competition between carboxylation and retrieval to starting material by decreasing temperature of the second step did not give good results (entry 13). e Before quenching with acid reaction mixture was stirred for 1 h at rt with D2O under Ar; f Given ratio stands for deuterated product 84-d1, dideuterated stilbene 74a-d2 and diphenylacetylene; g Experiment carried out with 1-phenylpent-1-yne;

h Ratio between product 82b+82c, 82a and 82d.

Finally, increasing the temperature of the last step increased the amount of product in the reaction mixture (entry 14). Although 1-phenylpent-1-yne did not suffer from incomplete conversion of starting material when stoichiometric copper salt was used, now this alkyne suffered from this problem (entry 15). Interestingly, no alkylated byproduct was formed when no copper catalyst was used.

Allylation of alkynes with allyl bromide

At this point of the work, we turned our attention to functionalization of alkynes with other compounds than CO 2 . Allylation by means of the Ti(OiPr) 4 /nBuLi reagent system and allyl bromide was described by Obora et al. (Scheme 4.20.). 61 However, the authors used demanding reaction conditions requiring -78 °C, followed by heating to 50 °C, affording mixtures of mono-and diallylated products as E and Z isomers and they did not test the possibility of the functionalization of the second carbon atom with various electrophiles. Our objective was to find a more convenient protocol, favouring selectivity and avoiding isomerization, followed by expanding the scope of the transformation. We were pleased to see that applying very mild reaction conditions, 2h at 0 °C, we are able to observe exclusively mono allylated product 87 in very good yield and no diallylated compound 88 (Table 4.6., entry 1). Interestingly, the addition of a catalytic amount of copper(I) salt while maintaining the other parameters resulted in the nearly equimolar formation of 87 and 88 (entry 2). A 1:2 ratio of Ti(OiPr 4 )/nBuLi during 2 h at 0 °C is not sufficient to transform all the starting material into titanacycle (entry 3). Next, several conditions located between our standard conditions and Tsuji's ones were tested at different temperatures (entries 4-6). Among them, gradual increase of the temperature from 0 °C to rt over 2 h seems the most suitable (entry 6). Interestingly, even doubling the amount of allyl bromide afforded only traces of 88, which means that at 20 °C copper catalysis is indispensable to get this product (entry 7). It is worth noting the formation of the byproduct 89 (entry 6). Its origin will be discussed in the next subsection. In general, the ratio between geometrical isomers of 87 oscillated around a value of 90:10 in favour of the Z-isomer. Next, optimized conditions (Table 4.6., entry 6) were applied to copper-catalysed double allylation. As the optimized conditions of the synthesis of titanacycle 74e did not allow for conversion of the starting material we changed them to harsher ones (Scheme 4.22., A vs. B).

We can appreciate that Cu-salt mediate the second addition of allyl bromide, affording 88 as a single isomer. At first, we assumed that optimization finished at this point because we did 156 not recognize signals of (E)-87. As there is still some mono allylated product, reaction could be further optimized.

At first we did not recognize an unknown product in our reaction mixture as the E-isomer of monoallylated diphenylbenzene 87 due to the fact that its literature description does not correspond with the NMR data we had obtained. 135 However, the same exact mass, value of R f and difficulties to separate these products by careful flash column chromatography as well as the result of a simple test we made resulted in the conclusion that our unknown product is Furthermore, the optimized conditions for the generation of titanacycle 74e were used to functionalize the second carbon atom of the alkyne (Table 4.7.). Using I 2 under two sets of 135 S. Zhang, Chem. Eur. J., 2010, 16, 5, 1697 -1705. conditions to generate the titanacycle 74e we could see production of 91 in 86% yield but only 43% of purified yield. This could be attributed to instability of the iodine derivative (entries 1-2). Incorporation of deuterium took place in poor 43% yield of 92 (entry 3).

Reaction with benzoyl chloride by means of Cu catalysis afforded complex mixture with only traces of the product 93 (entry 4). Unfortunately, CO 2 proved also not to be a suitable electrophile for the copper(I) catalysed transformation since the estimated yield of 94 was only 6% (entry 5). Finally, we tried to use an aldehyde. For this purpose, the method involving allyl ethers was applied, which is discussed in the following subsection 4.14. Unfortunately, no alcohol 95 was detected under mild conditions (entry 6) or by heating at reflux (entry 7).

Production of two isomers in allylation of alkynes

Allylation of internal alkynes by means of Ti(OiPr) 4 /nBuLi reagent system and allyl bromide suffers from the production of two isomers. This phenomenon is more significant when copper catalysis is applied. We did not establish a method for the separation of the Z and E isomers of the allylated alkene products; however, it is easy to judge that this might be not trivial as they are chemically very similar small molecules. A plausible mechanism for the formation of two isomers with allyl bromide is a competitive radical pathway (Scheme

4.23.).

Scheme 4.23. Competitive radical pathway for the allylation of 74e.

In this context, to avoid the radical side reaction we turned to allyl ethers as a source of allyl function. At first, we tested allyl phenyl and ethyl ethers under the conditions previously used to transform diphenylacetylene into titanacycle 74e quantitatively (Scheme 4.21., B) and subjected them to further transformation with the standard reaction protocol depicted as A (Table 4.8.). Indeed, in the first case the monoallylated product 87 was formed with no traces of diallylated product 88 or E-87 isomer; however, with a large amount of starting material (Table 4.8., entry 1). The next run with allyl ethyl ether resulted in full conversion of the starting material, to give a similar amount of 87 and significant formation of byproduct 89 (entry 2). Increasing the amount of allyl ether improved synthesis of both, allylated product and dimer (entry 3). Application of the microwave technique did not afford any desired product under the first examined reaction conditions (entry 4) and afforded only 23% of 87 applying a longer reaction time (entry 5). (99% 2 H) and was estimated by 13 C NMR analysis excepting deuteration grade of 87.

Inspired by an experimental protocol by Okamoto el al. 136 , where a titanocyclopropene 8 was generated in situ in a solution of allyl bromide, we applied this method with allyl phenyl ether and heating in the microwave apparatus (protocol B). However, mainly starting material was obtained (entry 6). Also very low conversion was the result of a reaction with allyl bromide and extended reaction time with the same method B (entry 7). The last method tested was the addition of preformed titanacycle 74e to a solution of allyl compound (entry 8, protocol C). It led to quantitative conversion of the starting material but the formation of only 40% of Z-87.

In general, it is possible to observe the competition between the formation of 87 and 89 when allyl ethyl ether is used. We were pleased to appreciate that by using allyl phenyl ether, formation of 89 was diminished and that by means of 2.2 eq of ether the titanacycle 74e was quantitatively transformed into pure isomer Z-87 (entry 9). Furthermore, using 1.1 eq of Ti(OiPr) 4 and 2.2 eq nBuLi did not provide full conversion of the starting material when the first step was carried out at rt to 50 ˚C (entry 1) but slightly increasing these amounts to 1.4 eq of Ti(OiPr) 4 and 2.5 eq nBuLi ensured full conversion (entry 9). We found out that excess of allyl phenyl ether was important for the favoured formation of 87 (entry 10 vs. entry 9).

Then, we tested the best conditions with allyl ethyl ether and evidently it is more prone to form byproduct 89 compared to allyl phenyl ether (entry 11 vs. entry 9). Interestingly, all the products of this reaction could be deuterated (entry 12). For comparison, allyl chloride afforded almost quantitatively 87; however, two isomers can be observed although to a lesser extent than with allyl bromide (entry 13).

Unexpected byproduct

Interestingly, in the studied allylation reaction the unexpected byproduct 89 was formed. A brief optimization of its synthesis was carried out (Table 4.9.). Surprisingly, substoichiometric amount of allyl ethyl ether afforded only traces of the desired product (entry 1). However, when 1.0 eq of ether was added and the temperature of the reaction was higher, formation of 89 was kinetically favoured, affording 69% estimated yield (entry 2).

Quenching with D 2 O resulted in the tree positions available for functionalization being deuterated, affording 89-d 3 (entry 3). Then, a single reaction with benzaldehyde was carried out. Although we did not define the product, we could observe the absence of hydroxyl 136 S. Okamoto, K. Subburaj, F. Sato, J. Am. Chem. Soc., 2001, 123, 4857-4858. 161 groups in its structure due to dehydration in acidic media during work-up, which opens interesting perspectives for the synthesis of trienes, tetraenes, etc., in one pot reactions. 

Other reactions

Other reactions known for the Ti(OiPr) 

Conclusions

Although the carboxylation of alkynes with CO 2 by means of the Ti(OiPr) 4 /Grignard reagent system is a well-established transformation, the use of the Ti(OiPr 

According to the decision of the internship supervisor, Prof. Rafael

Pedrosa, due to the confidentiality of the results, this chapter will not be published.

During the doctoral work presented herein, research on new applications of the Ti(OiPr) 4 /nBuLi reagent system has been carried out. Interesting results were obtained in two projects, [2+2+2] homo-and heterotrimerization reactions and functionalization of alkynes, especially with carbon dioxide. In each case, we were seeking for explanations of the reactivity observed.

Homotrimerization reactions of alkynes proved to proceed with catalytic amount of the Ti(OiPr) 4 /nBuLi reagent system (down to 7 mol%). This is an attractive alternative to the commonly used expensive catalysts based on precious metals. However, in order to achieve full reproducibility and reliability of the results, application of substoichiometric 30 mol% of the active species was selected for further studies on the reaction scope. A library of homotrimers resulting from the reactions of aryl-and alkyl acetylenes was prepared.

Furthermore, phenomena of hydro-dehalo substitution of the halogen-substituted trimers were observed. Initial attempts to understand the mechanism of this occurrence were carried out, however, this work needs to be continued.

In the area of the heterotrimerization of alkynes, experimental protocols for the cyclization of alkyl acetylenes and volatile alkynes were established. The proposed heterotrimerization process is very attractive as there are few reports on heterotrimers generation under mild conditions, with good yields and regioselectivity, using a reagent system which is relatively cheap and easy to manipulate in the laboratory. As perspective, it is highly desirable to prepare a library of compounds showing the utility of the method.
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The second project was dedicated to the carboxylation of alkynes using carbon dioxide. The reaction was improved by applying copper catalysis. However, the second carbon atom of the triple bond was unavailable for functionalization under the reaction conditions and the reaction suffered from incomplete conversion. Although a number of experiments in order to explain these phenomena were carried out, their mechanisms remain uncertain and this work is worth continuing. Furthermore, study on the allylation of alkynes was carried out, obtaining very good yields and excellent regioselectivities.

Interestingly, densely substituted diene was obtained as byproduct in the allylation of alkynes. An attractive perspective consists of establishing a new method for the one-pot regioselective synthesis of highly substituted dienes, which might be attractive for the synthesis of natural product skeletons.

Participation in an internship abroad focused on research done in the area of organocatalysis. C in MeOD: δ = 49.0 ppm; 19 F in PhF δ = -113.15 ppm ). Multiplicities are described in the following way: s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sext = sextet, m = multiplet, br = broad. J refers to coupling constant in Hz. Infrared spectroscopy analysis was carried out using a Perkin-Elmer 2000 FT-IR spectrometer with overlay Specac Quest ATR and unit of the wavenumbers is cm -1 ; picks are described in the following way: w = weak, m = medium, s = strong, br = broad. Melting points were estimated using Stuart SMP40 apparatus. High resolution mass spectra were recorded using JEOL GS-mate II spectrometer (mode of ionisation was electronic impact). Some mass spectra were recorded using Agilent Technologies 6120 spectrometer (mode of ionisation was electrospray). I H.-S. Lin, L. A. Paquette, Synth. Comm., 1994, 24, 2503-2506. II W. G. Kofron, L. M. Baclawski, J. Org. Chem., 1976, 41, 1879-1880. 

Summary of the molecules described in the experimental part

Chapter III: Transition-metal-catalyzed [2+2+2] homo-and heterotrimerization

General procedures

General procedures of homotrimerization

General procedure G1: Alkyne cyclotrimerisation reaction using Ti(OiPr) 4 /nBuLi in 2 : 3 ratio (case of liquid alkyne substrates). nBuLi (0.900 equiv, 2.70 mmol) was added dropwise, over 1 min, into a solution of Ti(OiPr) 4 (0.600 equiv, 1.80 mmol) in dry THF (4.0 mL), in a flame-dried 10 mL microwave vial, under argon at 0 °C. After 5 min of stirring at 0 °C, the alkyne substrate (1.00 equiv, 3.00 mmol) was then added dropwise. The septum on the vial was quickly replaced with the suitable sealed cap and the vial was immediately heated with the microwave synthesis reactor (100 °C, 15 min).

Work-up procedure W1: 2 M HCl aqueous solution (10 mL) was added. The reaction mixture was stirred at r.t. for 15 min, and then extracted with Et 2 O (3 × 10 mL). The combined organic phases were dried over MgSO 4 , filtered and concentrated under reduced pressure to afford the crude product.

Work-up procedure W2: H 2 O (0.5 mL) was added and the reaction mixture was stirred at r.t. for 30 min, before being filtered through a short pad of sand, MgSO 4 , celite and sand (from bottom to top) (rinsing: Et 2 O). The combined organic phases were dried over MgSO 4 , filtered and concentrated under reduced pressure to afford the crude product.

Note: when the conversion of volatile alkyne substrates had to be assessed by NMR, the pressure in the rotary evaporator was kept above 200 mbar (with a bath at 40 °C). More thorough concentration was later performed before purification of the adducts.

General procedure G2: Alkyne cyclotrimerisation reaction using Ti(OiPr) 4 /nBuLi in 2 : 3 ratio (case of solid alkyne substrates). nBuLi (0.900 equiv, 2.70 mmol) was added dropwise, over 1 min, into a solution of Ti(OiPr) 4 (0.600 equiv, 1.80 mmol) in dry THF (3.5 mL), in a flame-dried 10 mL microwave vial, under argon at 0 °C. A solution of the alkyne substrate (1.00 equiv, 3.00 mmol) in THF (0.5 mL) was then added dropwise. The septum on the vial was quickly replaced with the suitable sealed cap and the vial was immediately heated with the microwave synthesis reactor (100 °C, 15 min).

After cooling, work-up procedure W1 or W2 was applied.

General procedure G3: Alkyne cyclotrimerisation reaction using Ti(OiPr) 4 /nBuLi in 1 : 2 ratio (case of liquid alkyne substrates). nBuLi (0.600 equiv, 1.80 mmol) was added dropwise, over 1 min, into a solution of Ti(OiPr) 4 (0.300 equiv, 900 μmol) in dry THF (4.0 mL), in a flame-dried 10 mL microwave vial, under argon at 0 °C. After 5 min of stirring at 0 °C, the alkyne substrate (1.00 equiv, 3.00 mmol) was then added dropwise. The septum on the vial was quickly replaced with the suitable sealed cap and the vial was immediately heated with the microwave synthesis reactor (100 °C, 15 min).

After cooling, work-up procedure W1 or W2 was applied.

General procedure G4: Alkyne cyclotrimerisation reaction using Ti(OiPr) 4 /nBuLi in 1 : 2 ratio (case of solid alkyne substrates). nBuLi (0.600 equiv, 1.80 mmol) was added dropwise, over 1 min, into a solution of Ti(OiPr) 4 (0.300 equiv, 900 μmol) in dry THF (3.5 mL), in a flame-dried 10 mL microwave vial, under argon at 0 °C. A solution of the alkyne substrate (1.00 equiv, 3.00 mmol) in THF (0.5 mL) was then added dropwise. The septum on the vial was quickly replaced with the suitable sealed cap and the vial was immediately heated with the microwave synthesis reactor (100 °C, 15 min).

After cooling, work-up procedure W1 or W2 was applied.

General procedure GLi: Alkyne cyclotrimerisation reaction using Ti(OiPr) 4 /nBuLi in 2 : 3 ratio (case of solid alkyne substrates) with organolithium reagent generation:

To tBuLi (1.25M in pentane; 2.2 equiv, 2.97 mmol, 2.376 mL) in Et 2 O (1.58 mL) was added halide (1.0 equiv, 1.35 mmol) dropwise at -78 °C. After 5 min. of stirring at -78 °C the solution was stirred for 1.5 h at 0 °C. III Then this organolithium reagent was added dropwise to flame-dried 10-mL MW reactor containing anhydrous THF (1.5 mL) and Ti(OiPr) 4 (0.6 equiv, 0.9 mmol, 267 μL) dropwise over 3 min. at 0 °C. After 5 min. of stirring at 0 °C, solid alkyne substrate (1.0 equiv, 1.5 mmol) dissolved in THF (0.5 mL) was added dropwise. The septum on the vial was quickly replaced with the suitable sealed cap and the vial was immediately heated with the microwave synthesis reactor (100 °C, 15 min). Work-up consisted quenching with 2M HCl (5 mL), extraction with Et 2 O (3 x 5 mL), drying over MgSO 4 and cautious concentration (conversion of volatile alkyne substrates had to be assessed by NMR so that the pressure in the rotary evaporator was kept above 200 mbar with a bath at 40 °C). III Organolithium compounds were prepared according to adapted literature procedure: W. F. Bailey, E. R. Punzalan., J. Org. Chem., 1990, 55, 5404-5406.

Molecules described

Chapter III 1,2,4-Tricyclopropylbenzene (25a) Chemical Formula: C 15 H 18 Molecular Weight: 198.30 gmol -1 R f 0.5 (pentane); anisaldehyde, UV-active Colourless oil

The compound is described in the literature. VI This product was obtained using general method G1 with cyclopropylacetylene and work-up W1 was applied. 1 H NMR analysis of the crude product showed production of 1,2,4tricyclopropylbenzene 25a and 1,3,5-tricyclopropylbenzene 25b in 89:11 ratio (conversion of the starting material could not be estimated because of its volatility). Purification by flash column chromatography on silica gel (pentane) afforded pure isomer 25a (28.1 mg, 142 µmol, 14%) and a mixture of isomers 25a and 25b in 86:14 ratio (52.7 mg, 229 and 37 µmol respectively). The yields obtained for both compounds are thus 37% (25a) and 4% (25b).

1 H NMR (CDCl 3 , 400 MHz): δ 0.60-0.66 (4 H, m, H8a, H12a), 0.67 (2 H, ddd, J 6.0, 5.0, 4.0, H4b), 0.86-0.97 (6 H, m, H4b, H8b, H12b), 1.82 (1 H, tt, J 8.5, 5.0, H3), 2.14 (1 H, tt, J 8.5, 5.5, H7 or H11), 2.18 (1 H, tt, J 8.5, 5.5, H7 or H11), 6.70 (1 H, d, J 2.0, H9), 6.82 (2 H, AB part of an ABX system, δ A 6.78, δ B 6.86, J AB 8.0, J AX 2.0, J BX 0.0, H5, H1). 

1,3,5-Tricyclopropylbenzene (25b)

Chemical Formula: C 15 H 18 Molecular Weight: 198.30 gmol -1 R f 0.5 (pentane); anisaldehyde, UV-active

The compound is described in the literature. VI This product was obtained as a mixture together with 1,2,4-tricyclopropylbenzene 25a (see its procedure description). Note: 1,2,4-tricyclopropylbenzene is slightly less polar than the 1,3,5 isomer.

[(1E, 3E)-4-Cyclopropylbuta-1,3-dienyl]cyclopropane (25c)

Chemical Formula: C 10 H 14 Molecular Weight: 134.22 gmol -1

The compound is described in the literature. VII 1 H NMR (CDCl 3 , 400 MHz): δ 0.37 (4 H, distorted dt, J 6.5, 4.5, H1a), 0.71 (4 H, distorted ddd, J 8.5, 6.5, 4.5, H1b), 1.35 (2 H, qt, J 8.5, 4.5, H2), 5.11 (2 H, distorted ddd, J 11.5, 8.5, 3.0 VIII , H3), 6.06 (2 H, distorted dd, J 11.5 3.0 VIII , H4).

VII G. Seidel, C. W. Lehmann, A. Fürstner, Angew. Chem. Int. Ed., 2010, 49, 8466-8470 (SI). VIII This signal is part of an AA'BB' system, further coupled with the cyclopropyl CH.

(E)-Buta-1,3-diene-1,3-diyldicyclopropane (25d) Chemical Formula: C 10 H 14 Molecular Weight: 134.22 gmol -1

The compound is described in the literature. IX Izv. Akad. Nauk, Ser. Khim., 1991, 2565-2571; Russ. Chem. Bull., 1991, 40, 2240-2246. This product was obtained as single isomer using general method G1 with phenylacetylene and work-up W1 was applied. Crude product (420 mg, brown oil) was purified by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 2 %). Yield 257 mg (839 µmol, 84%). A highly pure sample was obtained by trituration in MeOH.

1 H NMR (CDCl 3 , 400 MHz): δ 7. 15-7.27 (10 H, m, H10-12, H16-18), 7.37 (1 H, br t, J 7.5, H6), 7.46 (2 H, br t, J 7.5, H5), 7.51 (1 H, d, J 7.5, H7), 7.63-7.70 (4 H, m, H1, H4, H13). M.p. 116-118 ºC.

1,3,5-Triphenylbenzene (26b)

Chemical Formula: C 24 H 18 Molecular Weight: 306.40 gmol -1 R f 0.5 (EtOAc/petroleum ether 2%); UV-active

The compound is described in the literature. XII iPrMgCl (1.73 M solution in THF, 0.300 equiv, 900 μmol, 520 μL) was added dropwise, over 1 min, into a solution of Ti(OiPr) 4 (0.200 equiv, 600 μmol, 178 μL) in dry THF (4.0 mL), in a flame-dried 10 mL microwave vial, under argon at 0 °C. After 5 min of stirring at 0 °C, phenylacetylene (1.00 equiv, 3.00 mmol) was then added dropwise. The septum on the vial was quickly replaced with the suitable sealed cap and the vial was immediately heated with the microwave synthesis reactor (100 °C, 30 min.). Then general work-up W1 was applied. Analysis of 13 C NMR of the crude product (380 mg, brown oil) provided ratio of 1,2,4triphenylbenzene 26a and 1,3,5-triphenylbenzene 26b as 60:40 and full conversion of the starting material. A mixture of isomers was isolated by flash column chromatography on XII A. R. Butler, I. Hussain, J. Chem. Soc., Perkin Trans. 2, 1980, 229-231. 200 silica gel (EtOAc/petroleum ether, gradient from 0 to 2 %) in the 58:42 ratio as an orange solid. Yield 197 mg (643 µmol, 64%). A highly pure sample was obtained by trituration in MeOH.

1 H NMR (CDCl 3 , 400 MHz): δ 7.40 (3 H, br t, J 7.5, H6), 7.49 (2 H, br dd, J 8.5, 7.5, H5), 7.71 (6 H, br d, J 8.5, H4), 7.79 (3 H, s, H1). The compound is described in the literature. The compound is described in the literature. X,XIV XIII C. R. Solorio-Alvarado, Y. Wang, A. M. Echavarren, J. Am. Chem. Soc., 2011, 133, 31, 11952 -11955 (SI).
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This product was obtained using general method G1 with hept-1-yne and work-up W1. 1 H NMR analysis of the crude product showed production of 1,2,4-tripentylbenzene 27a and 1,3,5-tripentylbenzene 27b in 65 : 35 ratio and full conversion of the starting material.

Isolation from dienes, (E)-8-methylenetridec-6-ene (27c) and (6E,8E)-tetradeca-6,8-diene (27d), was difficult by flash column chromatography and was performed by following acidic treatment: At 0 ºC concentrated H 2 SO 4 (1.0 mL) was added dropwise to the crude product.

Then the mixture was stirred for 15 min. at rt and after H 2 O (20 mL) was added dropwise at 0 ˚C. Resulting solution was extracted with Et 2 O (3 x 20 mL), organic phase was dried over MgSO 4 , filtered and concentrated under reduced pressure. Next, flash column chromatography on silica gel (petroleum ether) of the residue afforded a mixture of isomers 27a and 27b in 62:38 ratio (247 mg of yellow oil, 531 and 325 µmol respectively). The yields obtained for both compounds are thus 53% (27a) and 33% (27b).

1 H NMR (CDCl 3 , 400 MHz): δ 0.89 (3 H, t, J 6.5, H7), 0.90 (3 H, t, J 6.5, H14 or H21), 0.91

(3 H, t, J 6.5, H14 or H21), 1.20-1.42 (12 H, m, H5, H6, H12, H13, H19, H20), 1.50-1.65 (6 H, m, H4, H11, H18), 2.53 (2 H, t, J 7.5, H3), 2.56 (2 H, t, J 7.5, H10 or H17), 2.56 (2 H, t, J 7.5, H10 or H17), 6.95 (1 H, br d J 2.0, H15), 6.99 (2 H, AB part of an ABX system, δ A 6.93, δ B 7.04, J AB 7.5, J AX 2.0, J BX 0.0, H1, H8). 
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The compound is described in the literature. X,XIV This product was obtained as a mixture together with 1,2,4-tripentylbenzene 27a (see its procedure description).

1 H NMR (CDCl 3 , 400 MHz): δ 0.89 (9 H, t, J 6.5, H7), 1.28-1.37 (12 H, m, H5, H6), 1.60 ( 6H, tt, J 7.5, 7.0, H4), 2.54 (6 H, t, J 7.5, H3), 6.81 (3 H, s, H1). Note: 1,2,4-tripentylbenzene is slightly more polar than the 1,3,5 isomer.

1,2,4-Tris(cyclohexen-1-yl)benzene (28a)

Chemical Formula: C 24 H 30 Molecular Weight: 318.50 gmol -1 R f 0.7 (EtOAc/petroleum ether 1%); anisaldehyde, UV-active Colourless oil

The compound is described in the literature. XV Run 1: General procedure G1 was applied with 1-ethynylcyclohexene and work-up W1 was carried out. 1 H NMR analysis of the crude product (426 mg) showed full conversion of the starting material and the production of 1,2,4-tris(1-cyclohexen-1-yl)benzene 28a and 1,3,5tris(1-cyclohexen-1-yl)benzene 28b in 98 : 2 ratio. Purification by flash column chromatography on silica gel (petroleum ether) only led to partial purification of isomer 28a, the fractions being typically contaminated with small amounts of unidentified by-products. Further purification by flash column chromatography (pentane) or preparative TLC (EtOAc/petroleum ether 2%) did not provide highly pure 28a.

Run 2: General procedure G1 was applied and work-up W2 was carried out. Trans-cinnamic acid (200 μmol, 29.6 mg) was added as an internal standard at the end of the work-up, just before concentration of the crude product under reduced pressure. 1 H NMR analysis, with comparison of the integrals of relevant signals, showed that 1,2,4-tri(cyclohexen-1-yl)benzene XV K. Tanaka, K. Shirasaka, Org. Lett. 2003, 5, 4697-4699 (SI).

28a and 1,3,5-tris(1-cyclohexen-1-yl)benzene 28b had been produced in 19% yield in 97: 3 ratio.

1 H NMR (CDCl 3 , 400 MHz): δ 1.59-1.80 (12 H, m, H6-H7, H14-H15, H21-H22), 2.10-2.25 (10 H, m, H5, H13, H16, H20, H23), 2.41 (2 H, m, H8), 5.67 (2 H, tt, J 4.0, 1.5, H12, H24), 6.11 (1 H, tt, J 4.0, 1.5, H4), 7.05 (1 H, d, J 8.0, H9), 7.13 (1 H, d, J 2.0, H17), 7.19 (1 H, dd, J 8.0, 2.0, H1). 

1,3,5-Tris(cyclohexen-1-yl)benzene (28b)

Chemical Formula: C 24 H 30 Molecular Weight: 318.50 gmol -1 R f 0.7 (EtOAc/petroleum ether 1%); anisaldehyde, UV-active

The compound is described in the literature. XV This product was obtained as a mixture together with 1,2,4-tris(cyclohexen-1-yl)benzene 28a (see its procedure description).

1 H NMR (CDCl 3 , 400 MHz) characteristic signal: δ 7.24 (s, 3H, H1).

Note: 1,3,5-tri(cyclohexen-1-yl)benzene is slightly more polar than the 1,2,4 isomer. The compound is described in the literature. X, XVI This product was obtained as single isomer using general method G2 with 4-ethynylanisole and work-up W1 was applied. Analysis of 13 C NMR spectrum of the crude product provided full conversion of the starting material. 1,3,5-tris(4-methoxyphenyl)benzene was not detected.

Isolation by flash column chromatography on silica gel on silica gel (EtOAc/petroleum ether, gradient from 1 to 10%) afforded pure product (225 mg, 567 µmol, 57%). A highly pure sample was obtained by trituration in MeOH. This product was obtained as single isomer using general method G1 with ofluorophenylacetylene and work-up W1 was applied. Analysis of 13 C NMR of the crude product provided full conversion of the starting material and the production of 1,2,4-tris(2fluorophenyl)benzene 30a and 1,2-bis(2-fluorophenyl)-4-phenylbenzene 30b in 55:45 ratio.

Purification by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 2%) afforded pure 30a (4.2 mg, 11.7 µmol, 1%) and a 52:48 mixture of 30a and 30b (as determined by 13 C NMR; 198 mg, 286 and 264 μmol respectively). The yields obtained for both compounds are thus 30% (30a) and 26% (30b).

1 H NMR (CDCl 3 , 400 MHz): δ 6.94 (1 H, ddd, J 10.0, 8.0, 1.0, H13 or H21), 6.95 (1 H, ddd, J 10.0, 8.0, 1.0, H13 or H21), 7.02 (2 H, br d, J 7.5, H15, H23), 7. 13-7.24 (5 H, m, H5, H14, H16, H22, H24), 7.23 (1 H, br t, J 7.5, H7), 7.34 (1 H, tdd, J 8.0, 5.0, 2.0, H6), 7.52 (1 H, d, J 8.0, H9), 7.54 (1 H, dd, J 8.0, 2.0, H1), 7.64 (1 H, br s, H17), 7.67 (1 H, ddd, J 8.0, 2.0, 1.5, H8). The compound is described in the literature. XVII This product was obtained using general method G1 with 1,6-heptadiyne and work-up W1 was applied. 1 H NMR analysis of the crude product (370 mg, brown oil) showed full conversion of the starting material. Purification by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 2%) afforded 5 mg (18 µmol) of the pure product. Impure fractions were subjected to preparative TLC (EtOAc/petroleum ether, first elution by a 1% solution, second elution by a 2% solution) affording 9 mg (33 µmol) of pure product. The yield obtained for compound is thus 5%. The compound is described in the literature. XVIII This product was obtained as a single isomer using general method G1 with 1-deuterophenylacetylene (grade of deuteration 96%) and work-up W1 was applied.
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C NMR analysis of the crude product (419 mg, brown oil) showed full conversion of the starting material. Purification by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 2%) afforded 283 mg (915 µmol, 91%) of the pure product which was deuterated to an extent of 80% (value estimated by 13 C NMR analysis).

1 H NMR (CDCl 3 , 400 MHz): δ 7. 18-7.26 (10 H, m, H10-12, H16-18), 7.37 (1 H, br t, J 7.5, H6), 7.44-7.52 (2.2 H, m, H5, H7), 7.68-7.70 (2.4 H, m, H1, H4, H13). 13 C NMR (CDCl 3 , 100.6 MHz): δ 126. 1 (0.2 C, C13), 126.5, 126.6 (C12, C18), 127.1 (C4), 127.4 (C6), 127.88, 127.91 (C10, C11), 128.8 (C5), 129.4 (0.2 C, C1), 129.84, 129.88 (C16, C17), 130.0 (0.2 C, C7), 139.4 (C2), 140.2, 140.5 (C8, C14), 140.9, 141.1, 141.4 (C3, C9, C15). Triplets of deuterated carbons could not be identified with precision. The compound is described in the literature. X,XIX This product was obtained as single isomer using general method G2 with 4-ethynyltoluene and work-up W1 was applied. Analysis of 13 C NMR of the crude product showed full conversion of the starting material. 1,3,5-tris(p-tolyl)phenylbenzene was not detected.

HRMS

Purification by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 2%) afforded pure product. Yield 273 mg (783 µmol, 78%). A highly pure sample was obtained by trituration in MeOH The compound is described in the literature. XX This product was obtained as single isomer using general method G1 applied with p-(tertbutyl)phenylacetylene and work-up W1 was applied. Analysis of 13 C NMR of the crude product (685 mg, brown sticky oil) provided full conversion of the starting material. 1,3,5tris(4-tert-butylphenyl)benzene was not detected. Purification by flash column chromatography on silica gel on silica gel (EtOAc/petroleum ether, gradient from 0 to 2%) afforded pure product (436 mg, 918 µmol, 92%). A highly pure sample was obtained by trituration in MeOH. The compound is described in the literature. XXI nBuLi (0.900 equiv, 1.80 mmol) was added dropwise, over 1 min, into a solution of Ti(OiPr) 4 (0.600 equiv, 1.20 mmol) in dry THF (2.7 mL), in a flame-dried 10 mL microwave vial, under argon at 0 °C. After 5 min. of stirring at 0 °C, 2-ethynylthiophene (1.00 equiv, 2.00 mmol) was then added dropwise. The septum on the vial was quickly replaced with the suitable sealed cap and the vial was immediately heated with the microwave synthesis reactor (100 °C, 15 min.). Work-up procedure W2 was then carried out. 1 H NMR Analysis of the crude product (333 mg, brown oil) showed full conversion of the starting material. Purification by flash column chromatography on silica gel (pentane) afforded 25 mg (77 µmol, 12%) of the pure product.

1 H NMR (CDCl 3 , 400 MHz): δ 6.91 (1 H, dd, J 3.5, 1.0, H12 or H15), 6.97 -6.99 (2 H, m, H11 or H12 or H15 or H16), 7.01 (1 H, dd, J 5.0, 3.5, H11 or H16), 7.12 (1 H, dd, J 5.0, 3.5, H4), 7.28 (1 H, dd, J 5.0, 1.0, H10 or H17), 7.33 (dt, 2 H, J 5.0, 1.0, H10 or H17), 7.39 (1 H, dd, J 3.5, 1.0, H6), 7.54 (1 H, d, J 8.0, H18), 7.62 (1 H, dd, J 8.0, 2.0, H1), 7.75 (1 H, d, J 2.0, H7). The compound is described in the literature. XXII Run 1: General procedure G2 was applied with 4-fluorophenylacetylene and work-up W1 was carried out. Analysis of 13 C NMR spectra of the crude product (370 mg, brown sticky oil) provided full conversion of the starting material and the production of 1,2,4-tris(4fluorophenyl)benzene 39a and 1,2-bis(4-fluorophenyl)-4-phenyl-benzene 39b in an estimated 65 : 35 ratio. Purification by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 5%) afforded pure 39a (36.8 mg, 102 μmol, 10%) and a 55 : 45 mixture of 39a and 39b (as determined by 13 C NMR, 187 mg, 292 and 239 μmol respectively). The yields obtained for both compounds are thus 39% (39a) and 24% (39b). A highly pure sample of 39a was obtained by trituration in MeOH.

Run 2: General procedure G4 was applied with 4-fluorophenylacetylene and work-up W1 was carried out. Analysis of 13 C NMR spectra of the crude product provided full conversion of the starting material and the production of 1,2,4-tris(4-fluorophenyl)benzene 39a and 1,2bis(4-fluorophenyl)-4-phenyl-benzene 39b in an estimated 76:24 ratio. Purification by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 2%) afforded pure 39a (50.0 mg, 139 μmol, 14%, white solid) and a 64 : 36 mixture of 39a and 39b (as determined by 13 C NMR, 166 mg, 299 and 169 μmol respectively). The yields obtained for both compounds are thus 44% (39a) and 17% (39b).

Run 3: General procedure GLi was applied with bromoethane (101 µL) and 4-fluorophenylacetylene (180.4 mg), followed by work-up W1. Analysis of 13 C NMR spectra of the crude product provided full conversion of the starting material and the production of 1,2,4-tris(4-fluorophenyl)benzene 39a and 1,2-bis(4-fluorophenyl)-4-phenylbenzene 39b in an estimated 64 : 36 ratio. 213 9.0, 8.5, H11 or H17), 7. 07-7.19 (6 H, m, H5, H10, H16), 7.46 (1 H, d, J 8.0, H7), 7.55-7.65 (4 H, m, H1, H4, H13). The compound is described in the literature. XVI Run 1: General procedure G2 was applied with 4-chlorophenylacetylene and work-up W1 was carried out. Analysis of 13 C NMR spectra of the crude product (422 mg, orange oil) provided full conversion of the starting material and the presence of 1,2-bis(4-fluorophenyl)-4-phenylbenzene 40b as the major product of the reaction. Purification by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 2%) afforded a 27 : 73 mixture of 1,2,4-tris(4-chlorophenyl)benzene 40a and 40b (as determined by 13 C NMR, 78.7 mg, 55 and 149 μmol respectively), pure 40b (6 mg, 16 μmol, 2%) and a 28:72 mixture of 40b with monochloro isomers [1-(4-chlorophenyl)-2,5-phenyl-benzene 40c and 1-(4-chlorophenyl)-2,4-phenyl-benzene 40d] (75.5 mg, 60.3 and 155 μmol respectively). The yields obtained for all compounds are thus 6% (40a), 23% (40b), 16% (40c and 40d).

Run 2: General procedure G4 was applied with 4-chlorophenylacetylene and work-up W1 was carried out. Analysis of 13 C NMR of the crude product (388 mg, orange oil) provided full conversion of the starting material and the presence of 1,2,4-tris(4-chlorophenyl)benzene 40a and 1,2-bis(4-chlorophenyl)-4-phenyl-benzene 40b in an estimated 48 : 52 ratio. Purification by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 2%) afforded pure 40a (26.9 mg, 65.7 μmol, 7%) and a 41 : 59 mixture of 40a and 40b (as determined by 13 C NMR,62.5 mg,65.8 and 94.7 μmol respectively) and relatively pure 40b (129 mg, 344 μmol, 34%). The yields obtained for both compounds are thus 13% (40a) and 44% (40b).

Run 3: General procedure GLi was applied with 1-bromododecane (324 µL) and 1chlorophenylacetylene (205 mg), followed by work-up W1. Analysis of 13 C NMR of the crude product provided full conversion of the starting material and the presence of 1,2,4tris(4-chlorophenyl)benzene 40a and 1,2-bis(4-chlorophenyl)-4-phenyl-benzene 40b in an estimated 60 : 40 ratio. 139.4, 139.9, 139.9, 140.3, 140.5, 140.7 (C2, C3, C8, C9, C14, C15). The compound is described in the literature. XX Run 1: General procedure G2 was applied with 4-bromophenylacetylene and work-up W1 was carried out. Analysis of 13 C NMR spectra of the crude product (615 mg, brown oil) provided full conversion of the starting material. Purification by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 2%) afforded a 19:81 mixture of 1,2,4-tris(4-bromophenyl)benzene 41a and 1,2-bis(4-bromophenyl)-4phenyl-benzene 41b (as determined by 13 C NMR, 19 mg, 7 and 30 μmol respectively) and a 36:55:9 mixture of 41b, 1-(4-bromophenyl)-2,5-diphenyl-benzene 41c together with 1-(4bromophenyl)-2,4-diphenyl-benzene 41d (an approximately equimolar mixture) and 1,2,4triphenylbenzene 26a (212 mg, 188 μmol, 287 μmol and 45 μmol respectively). The yields of obtained compounds are thus 1% (41a), 22% (41b), 29% (41c together with 41d) and 5% (26a).

HRMS (EI

Run 2: General procedure GLi was applied with 1-bromododecane (324 μL) and 4-bromophenylacetylene (271 mg), followed by work-up W1. Purification of the crude product (445 mg, brown oil) by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 2%) afforded a 46:54 mixture of 1,2-bis(4-chlorophenyl)-4-phenylbenzene 41b and an approximately equimolar mixture of 1-(4-bromophenyl)-2,5-diphenylbenzene 41c together with 1-(4-bromophenyl)-2,4-diphenyl-benzene 41d (as determined by 13 C NMR, 108 mg, 118 and 138 μmol respectively). The yields obtained for all compounds are thus 12% (41b) and 14% (a mixture of 41c together with 41d). 13 C NMR (CDCl 3 , 100.6 MHz): δ 121. 2, 121.3, (C12, C18), 122.0 (C6), 126.6 (C13), 128.7 (C5), 129.0 (C1 or C7), 131. 1 (C1 or C7), 131.33, 131.34, 131.37, 131.40, 132.0 (C4, C7, C10, C11, C16), 138.5, 139.1 (C9, C15), 139.5, 139.6, 139.80, 139.81 (C2, C3, C8, C14). HRMS (EI): not found. This product was obtained using general method G1 with 5-phenyl-1-pentyne and work-up W1 was applied. 13 C NMR analysis of the crude product (503 mg) showed full conversion of the starting material and production of 1,2,4-tris(3-phenylpropyl)benzene 42a and 1,3,5-tris (3phenylpropyl)benzene 42b in 76:24 ratio. Purification by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 2%) afforded a mixture of 42a and 42b in 86:14 ratio (313 mg, 622 and 101 µmol respectively; yellow oil). The yields obtained for both compounds are thus 62% (42a) and 10% (42b).

1 H NMR (CDCl 3 , 400 MHz): δ 1.83-2.00 (6H, m, H4, H13, H22), 2. 54-2.69 (12H, m, H3, H5, H12, H14, H21, H23), 6.95-6.96 (2 H, m, H1, H10), 7.06 (1 H, d, J 8.5, H19), 7.18-7.32 (15 H, m, H7-H9, H16-H18, H25-H27).

13 C NMR (CDCl 3 , 100.6 MHz): δ 31. 8, 32.2 (C12, C21), 32.87, 32.92, 32.96 (C4, C13, C22), 35.0 (C3), 35.5 (C5), 35.87, 35.92 (C14, C23), 125.65, 125.71, 125.73 (C9, C18, C27), 128.24, 128,28 (C7, C8), 128.4 (12 C, C16, C17, C25, C26), 129.1, 129.2 (C1, C10), 137.3 (C2), 139.7, 139.9 (C11, C20), 142.27, 142.30, 143.37 (C6, C15, C24). This product was obtained using general method G1 with 4-benzyloxybut-1-yne and work-up W2 was carried out. 1 H NMR analysis of the crude product (390 mg, yellow oil) showed production of 1,2,4-tris(2-benzyloxyethyl)benzene 43a and 1,3,5-tris(2-benzyloxyethyl)benzene 43b in 92:8 ratio. 13 C NMR spectra analysis proved full conversion of the starting material. Purification by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 2 to 20 %) afforded 168 mg (350 µmol) of a mixture of 43a and 43b in 93 : 7 ratio. Yields obtained for both compounds are thus 33% (326 µmol; 43a) and 2% (24 µmol; 43b). 1 H NMR (CDCl 3 , 400 MHz): δ 2.877 (2 H, t, J 7.0, H3), 2.95 (4 H, t, J 7.0, H12, H21), 3.61-3.68 (6 H, m, H4, H13, H22), 4.50 (2 H, s, H14 or H23), 4.51 (2 H, s, H14 or H23), 4.52 (2 H, s, H5), 7.01-7.04 (2 H, m, H1, H10), 7.11 (1 H, d, J 7.5, H19), 7.25-7.35 (15 H, m, H7-H9, H16-H18, H25-H27). 136.8, 136.9 (C11, C20), 138.35, 138.39 (C6, C15, C24). : 355, 373, 445, 446, 463, 503 [M-Na] + , 504, 539, 539 (analysis was done on a sample containing a mixture of 43a and 43b).

HRMS (EI

MS (ESI)

1,3,5-Tris(2-benzyloxyethyl)benzene (43b)

Chemical Formula: C 33 H 36 O 3 Molecular Weight: 480.64 gmol -1 R f 0.3 (EtOAc/petroleum ether 10%); PMA, UV-active This product was obtained as a mixture together with 1,2,4-tris(2-benzyloxyethyl)benzene 43a (see its procedure description). The compound is described in the literature. XVIII, XXIII Run 1: General procedure G1 was applied with 2-methylbut-1-en-3-yne. Work-up W1 was XXIII G. Hilt, T. Vogler, W. Hess, F. Galbiati, Chem. Commun., 2005, 1474-1475 (SI). carried out. 1 H NMR analysis of the crude product (278 mg) showed production of 1,2,4triisopropenylbenzene 44a and 1,3,5-triisopropenylbenzene 44b in 98 : 2 ratio (conversion of the starting material could not be determined because of its volatility). Purification by flash column chromatography on silica gel (pentane) afforded 11.2 mg of pure 44a and 3.0 mg of a mixture of 44a and 44b in 90:10 ratio. The yield obtained for both compounds is thus 14.2 mg (72 μmol, 7%) in 98:2 ratio.

Run 2: General procedure G1 was applied with 2-methylbut-1-en-3-yne. Work-up W2 was carried out. 1 H NMR analysis of the crude product (196 mg) showed the production of 1,2,4triisopropenylbenzene 44a and 1,3,5-triisopropenylbenzene 44b in 97 : 3 ratio. Purification by flash column chromatography on silica gel (pentane) afforded rather impure 21.5 mg of a mixture of 44a and 44b (108 μmol) in 98:2 ratio. (2.5 mL), in a flame-dried 10 mL microwave vial, under argon at 0 °C. After 5 min. of stirring at 0 °C, 2M solution of 3-methyl-pent-3(E)en-1-yne in cyclohexene (1.00 equiv, 3.00 mmol, 1.50 mL) was then added dropwise. The septum on the vial was quickly replaced with the suitable sealed cap and the vial was immediately heated with the microwave synthesis reactor (100 °C, 15 min.). Next work-up W2 was carried out, followed by cautious evaporation of the solvent. 1 H NMR analysis of the crude product (150 mg, yellow oil) showed full conversion of the starting material and the production of 1,2,4-tris(1-methylpropenyl)benzene 45a and 1,3,5-tris(1-methylpropenyl)benzene 45b. Purification by flash column chromatography on silica gel (pentane, next EtOAc/petroleum ether gradient from 0 to 1%) afforded 8 mg of 45a and 7 mg of a mixture of 45a and 45b in a 82:18 ratio as a yellowish oil. The yield obtained for both compounds is thus 6% (15 mg, 62 µmol) in 92 : 8 ratio. The compound is described in the literature. XXIV This product was obtained using general method G1 with tert-butylacetylene and work-up W1 was applied. 13 C NMR analysis of the crude product (360 mg, orange oil) showed full conversion of the starting material and production of 1,2,4-tri(tert-butyl)benzene 46a and 1,3,5-tri(tert-butyl)benzene 46b in 86:14 ratio. Purification by flash column chromatography on silica gel (petroleum ether) afforded a mixture of 46a and 46b in 90:10 ratio (121 mg, 442 and 49 µmol respectively). The yields obtained for both compounds are thus 44% (46a) and XXIV H. Künzer, S. Berger, J. Org. Chem. 1985, 50, 3222-3223. 5% (46b). A highly pure sample containing a mixture of 46a and 46b in 97:3 ratio was obtained by trituration in MeOH. The compound is described in the literature. XXV This product was obtained as a mixture together with 1,2,4-tri(tert-butyl)benzene 46a (see its procedure description). The compound is described in the literature. XXVI,XXVII This product was obtained using general method G1 with 1-phenyl-1-propyne and work-up W1 was applied. 13 C NMR analysis of the crude product showed production of 1,2,4trimethyl-3,5,6-triphenyl 48a and 1,3,5-trimethyl-2,4,6-triphenyl 48b in 88:12 ratio (60%), (Z)-1-phenyl-prop-1-ene (23%) and the starting material (17%). Purification by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 5%) afforded a mixture of isomers in 82:18 ratio (208 mg; 489 and 107 µmol respectively). The yields obtained for both compounds are thus 49% (48a) and 11% (48b). A highly pure sample containing a mixture of isomers was obtained by trituration in MeOH. The compound is described in the literature. XXV This product was obtained using general method G1 with 2-butyne and work-up W1 was applied. 13 C NMR analysis of the crude product (177 mg, yellow oil) showed full conversion of the starting material. Purification by flash column chromatography on silica gel (petroleum ether) afforded pure compound (97.8 mg, 603 µmol, 60%). Recrystallization from MeOH afforded colourless crystals. The compound is described in the literature. XXVIII This product was obtained using general method G1 with 4-octyne and work-up W1 was applied. 1 H NMR analysis of the crude product (orange oil) showed mainly the unconverted starting material (58%), (Z)-oct-4-ene 51a (28%) and 14% of hexapropylbenzene 51. No attempt was made to isolate this compound. Am. Chem. Soc., 2012, 134, 34, 14232 -14237. mg of a mixture of dipentylphenylbenzene isomers (4 isomers possible; in total 112 µmol, 11%), 70 mg of 1-pentyl-3,4-diphenylbenzene 61 (233 µmol, 23%) and 130 mg of 1,2,4triphenylbenzene 26a (424 µmol, 42%).

1 H NMR (CDCl 3 , 400 MHz): δ 0.91 (3 H, t, J 7.0, H19), 1.36-1.38 (4H, m, H5, H6), 1.69 (2H, p, J 7.0, H4), 2.67 (2 H, t, J 7.0, H3), 7.11-7.65 (13 H, m, H1, H7, H13, H16-H18, H10-H12). A 93:7 mixture of 1,2,4-tris(2-benzyloxyethyl)benzene 43a and 1,3,5-tris(2-benzyloxyethyl)benzene 43b (1.0 equiv, 156 µmol, 75 mg) was dissolved in MeOH (4.37 mL) under argon atmosphere. Then 10% Pd/C (7.5 mol%, 12 µmol, 13 mg) was added and H 2 was bubbled through the reaction mixture for 10 h at rt (control by TLC). Work-up consisted of filtration through a pad of celite, which was rinsed with MeOH afterwards, and evaporation of the solvent, to afford 32 mg of crude product as a yellowish oil. Purification by flash column chromatography on silica gel (MeOH/DCM 5%) afforded 17 mg of a mixture of 1,2,4-tris(2hydroxyethyl)benzene 62a and 1,3,5-tris(2-hydroxyethyl)benzene 62b in 93:7 ratio as a white XXXV Y. Rew, D. Shin, I. Hwang, D. L. Boger, J. Am. Chem. Soc., 2004, 126, 1041 (SI). solid (81 µmol, 52%).

1 H NMR (CD 3 OD, 400 MHz): δ 2.76 (2 H, t, J 7.0, H3), 2.86 (2 H, t, J 7.0, H7 or H11), 2.87 (2 H, t, J 7.5, H7 or H11), 3.68-3.75 (6 H, m, H4, H8, H12), 7.01 (1 H, dd, J 8.0, 2.0, H1), 7.06 (1 H, d, J 2.0, H9), 7.11 (1H, d, J 8.0 Hz, H5). 

1-Trimethylsilyl-p-chlorophenylacetylene (65a)

Chemical Formula: C 11 H 13 ClSi Molecular Weight: 208.76 gmol -1 R f 0.7 (petroleum ether); anisaldehyde, UV-active This compound was prepared following an adaptation of a literature procedure and is described in the same article. X Sonogashira coupling: 1-chloro-4-iodobenzene (1.0 equiv, 25.0 mmol, 5.96 g), Pd(PPh 3 ) 2 Cl 2 (2 mol%, 0.5 mmol, 351 mg), CuI (2 mol%, 0.5 mmol, 95 mg), trimethylsilylacetylene (1.5 equiv, 38.0 mmol, 5.26 mL) and Et 3 N (10 mL) in THF (50 mL) were stirred for 15 h at 50 °C (controlled by TLC). Then the reaction mixture was concentrated, residue was diluted with petroleum ether (100 mL), followed by addition of 2M HCl (30 mL) and filtration through a pad of celite. Next, the organic phase was washed with H 2 O (3 x 30 mL), dried over MgSO 4 , filtered and concentrated. 1 H NMR analysis showed analytically pure product. Crude (5.80 g, brownish solid) was subjected to desilylation reaction without preceding purification. 

1-Chloro-4-ethynylbenzene (65b)

Chemical Formula: C 8 H 5 Cl Molecular Weight: 136.58 gmol -1 R f 0.6 (petroleum ether); anisaldehyde, UV-active Yellow solid This compound was prepared following an adaptation of a literature procedure and is described in the same article. X Trimethylsilyl p-chlorophenylacetylene 65a (1.0 equiv, 25.0 mmol, 5.80 g; crude product of Sonogashira coupling) was stirred in MeOH (18.75 mL) with K 2 CO 3 (1.25 equiv, 31.25 mmol, 4.31 g) at rt for 5.5 h (without control by TLC because of the same R f of the product and the starting material). Then reaction mixture was concentrated cautiously (the pressure in the rotary evaporator was kept above 200 mbar with a bath at 40 °C). Residue was diluted with pentane (50 mL), washed with H 2 O (3 x 30 mL) dried over MgSO 4 , filtered and concentrated cautiously affording 3.76 g of the crude product as a brown solid. Purification by column chromatography (pentane) delivered pure 65b (2.74 g, 20.1 mmol, 80% after two steps). This compound was prepared according to adapted literature procedure. XXXVI The product is described in the literature. XXXVII Calcium oxide was flame-dried and cooled down under high vacuum for 2 h. Phenylacetylene (1.0 equiv, 37.0 mmol, 4.07 mL), CaO (0.25 equiv, 9.2 mmol, 0.5 g) and D 2 O (5.0 equiv, 167.0 mmol, 3.33 mL) were stirred in a flame-dried flask under Ar at 40 °C for 24 h. Next, the suspension was filtered and extracted with Et 2 O (3 x 5mL) The organic phase was dried over MgSO 4 , filtered and concentrated (the pressure in the rotary evaporator was kept above 200 mbar with a bath at 40 °C) affording 4.0 g of the product with 2 H incorporation estimated as 86% by 1 This compound was prepared according to adapted literature procedure. XXXIX The compound is described in the literature. XL A solution of PPh 3 (4.0 equiv, 40.0 mmol, 10.44 g) and CBr 4 (2.0 equiv, 20.0 mmol, 6.62 g) in dry DCM (67 mL) under argon atmosphere was stirred for 30 min. at 0 °C. Then 4bromobenzaldehyde (1.0 equiv, 10.0 mmol, 1.85 g) was added portionwise during 5 min. and the reaction mixture was stirred for 2 h at 0 °C. Work-up consisted of addition of H 2 O (40 mL), extraction with DCM (3 x 50 mL), washing with brine (30 mL), drying over Na 2 SO 4 and evaporation of solvent. Purification of the crude product (20.6 g, yellow solid) by flash column chromatography (petroleum ether) delivered pure 68a (3.34 g, 9.80 mmol, 98%). To stirred solution of 1-bromo-4-(2,2-dibromovinyl)benzene 68a (1.0 equiv, 9.80 mmol, 3.34 g) in dry CH 3 CN (20 mL) under Ar was added DBU (4.0 equiv, 39.16 mmol, 5.78 mL) dropwise over 15 min. at rt. Then the reaction mixture was stirred at rt for 23 h (controlled by TLC). Next, 5M HCl was added slowly at 0 °C (100 mL), followed by extraction with a 1:1 mixture of petroleum ether and AcOEt (2 x 100 mL), washing combined organic phases with H 2 O (100 mL), drying over K 2 CO 3 and cautious concentration. The obtained product 68b was analytically pure (0.60 g, 3.31 mmol, 34%). 

1-Trimethylsilyl-3-methyl-pent-3(E)-en-1-yne (69a)

Chemical Formula: C 9 H 16 Si Molecular Weight: 152.31 gmol -1 R f 0.7 (petroleum ether); PMA, UV-active Colourless liquid This compound was prepared following an adaptation of a literature procedure and is described in the same article. XLI Sonogashira coupling: 2-bromo-2-butene (an equimolar mixture of isomers cis and trans; 1.4 equiv, 42.0 mmol, 4.3 mL) was diluted in DMF (17 mL) covering from light. Next Pd(PPh 3 ) 4 (1 mol%, 0.3 mmol, 340 mg) was added at 0 °C, followed by addition of pyrrolidine (1.0 equiv, 30.0 mmol, 3.75 mL), trimethylsilylacetylene (1.0 equiv, 30.0 mmol, 4.24 mL) and CuI (2 mol%, 0.6 mmol, 110 mg). The reaction mixture was heated at 50 °C during 5 h without protection from light (controlled by TLC). Then 100 mL of pentane was added and organic phases were washed with saturated solution of CuSO 4 (2 x 100 mL), 0.1M HCl (100 mL), H 2 O (100 mL), dried over MgSO 4 , filtered and concentrated cautiously (the pressure in the rotary evaporator was kept above 400 mbar with a bath at 40 °C). The crude product (orange oil, 5.7 g) was then filtered through a pad of celite and silica gel and concentrated cautiously affording pure product 69a as E-isomer exclusively (3.93 g, 25.8 mmol, 86%). XLI G. Ohanessian, Y. Six, J.-Y. Lallemand, Bulletin de la Societe Chimique de France, 1996, 133, 1143 -1148.

1 H NMR (CDCl 3 , 400 MHz): δ 0.18 (9 H, s, H1), 1.68 (3 H, d, J 7.0, H7), 1.77 (3 H, s, H6), 6.00 (1 H, q, J 7.0, H5). 13 C NMR (CDCl 3 , 100.6 MHz): δ 0.1 (3 C, C1), 14.1 (C6), 16.7 (C7), 89.6 (C3), 108.6 (C2), 118.6 (C4), 133.9 (C5).

3-Methyl-pent-3(E)-en-1-yne (69b)

Chemical Formula: C 6 H 8 Molecular Weight: 80.13 gmol -1 R f 0.8 (pentane); PMA, UV-active This compound was prepared following an adaptation of a literature procedure and is described in the same article. XLI To 1-trimethylsilyl-3-methyl-pent-3(E)-en-1-yne 69a (1.0 equiv, 10.0 mmol, 1.52 g) in MeOH (2.0 mL) was added K 2 CO 3 (0.015 equiv, 0.15 mmol, 21 mg). The reaction mixture was heated at 40 °C for 15 h (controlled by TLC). After cooling to 0 °C cyclohexane was added (5 mL) and the solution was washed with cold H 2 O (7 x 4 mL). The combined organic phases were dried over MgSO 4 and filtered. 1 H NMR analysis showed full conversion of the starting material and production of methoxytrimethylsilane which we did not manage to separate. The product was used in the next step as 2M solution in cyclohexane. This compound was prepared according to an adapted literature procedures and is described in the same article. XLII To diethyl-2,2-di(prop-2-yn-1-yl)malonate 70a (1.0 equiv, 15.7 mmol, 3.7 g) in Et 2 O (42) mL was added LiAlH 4 portionwise at 0 °C (1.57 equiv, 24.6 mmol, 933 mg). Suspension was strongly stirred at rt. During the course of reaction additional LiAlH 4 was added (2.0 eq, 31.3 mmol, 1.19 g). After 36 h, 2.12 mL of H 2 O, 2.12 mL of 15% NaOH and 6.36 mL of H 2 O were added at 0 °C, followed by stirring for 15 min., addition of some MgSO 4 , another stirring for 15 min., filtration and concentration affording 2.95 g of the crude product. 1 H NMR analysis delivered ratio of product to the starting material as 2:8. The crude product was subjected to a second reaction in THF (100 mL) and LiAlH 4 was added portionwise at 0 °C during whole course of the reaction (4.57 equiv, 57.1 mmol, 2.17 g). After 92 h at rt the same work-up as above was carried out affording 2.48 g of the crude product as a yellow oil. Purification by column chromatography (EtOAc/petroleum ether, gradient from 20 to 40%) delivered pure product 70b (815 mg, 5.36 mmol, 34% after two runs).

1 H NMR (CDCl 3 , 400 MHz): δ 2.05 (2 H, t, J 2.5, H1), 2.19 (2 H, t, J 5.5, H6), 2.37 (4 H, d, J 2.5, H3), 3.75 (4 H, d, J 5.5, H5). This compound was prepared according to adapted literature procedures and is described in the same articles. XLIII, XLIV 4,4-Bis(hydroxymethyl)-1,6-heptadyine 70b (1.0 equiv, 5.36 mmol, 0.815 g) was dissolved in acetone (5.36 mL), pTSA (0.1 equiv, 536 μmol, 102 mg) was added and the solution was stirred at reflux for 6 h. Product is in equilibrium with the starting material thus SM was not fully converted when reaction was stopped. Work-up: After evaporation of acetone, Et 2 O and NaHCO 3 were added and suspension was stirred for 1 h at rt. Extraction with Et 2 O (3 x 20 mL), drying over Na 2 SO 3 and evaporation afforded 0.947 g of crude product as an orange oil. Ratio of the product and SM was determined by 1 H NMR analysis (57:43). Purification by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 5 to 40%; several drops of NEt 3 per 100 mL of solvent) delivered pure product 70c (487 mg, 2.53 mmol, 47%). (3 H, t, J 7.0, H19), 0.94 (3 H, t, J 7.0, H12), 2.44-2.48 (2 H, m, H15), 2.65-2.71 (2 H, m, H8), 7.04-7.23 (12 H, m, Ph, H6, H13). 13 C NMR (CDCl 3 , 100.6 MHz) characteristic signals: δ 13.8, 14.0 (C12, C19), 22.2, 22.5 (C11, C18), 33.6, 35.7 (C8, C15), 125.7, 125.9 (C1, C24), 127.2, 127.3 (4 C, C2 or C3 or C22 or C23), 127.7, 128.3 (C6, C13), 129.7, 130.7 (4 C, C2 or C3 or C22 or C23), 137.4 (C5 or C20), 140.0 (C4), 141.0 (C21), 141.6 (C7), 142.3 (C14). The compound is described in the literature. X
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This product was obtained together with 3',5'-dipentyl-1,1':2'1''-terphenyl 73a (see synthesis description thereof). This product was obtained with 3',5'-dipentyl-1,1':2'1''-terphenyl 73a. This product was obtained with 3',5'-dipentyl-1,1':2'1''-terphenyl 73a. XLIX 1 H NMR (CDCl 3 , 400 MHz) characteristic signals: δ 1.94 (2 H, q, J 7.0, H8), 2.97 (2 H, d, J 7.5, H13), 3.50 (1 H, q, J 7.5, H5), 5.32 (1 H, dt, J 14.5, 7.0, H7), 5.60 (1 H, ddt, J 15.0, 7.5, 1.5, H6).

XLVIII Characteristic signal of CH 2 has the same shift in 1 H NMR as corresponding signal of 2,3-diphenylpropene, which is described in the literature: B. Zupancic, B. Mohar, M. Stephan, Org. Lett., 2010, 12, 13, 3022-3025. XLIX This product is not described, however NMR signals corresponds with (E)-hex-4-ene-1,3-diyldibenzene which is described in the literature: J. Zhao, J. Ye, Y. J. Zhang, Adv. Synth. Catal, 2013, 355, 2-3, 491 -498 (SI).

253 13 C NMR (CDCl 3 , 100.6 MHz): δ 127.1 (2 C, C1), 128.2, 128.8 (8 C, C2, C3), 129.7 (2C, t, J 23.1, C5), 137.1 (2 C, C4).

1,2-Diphenylethane (74b)

Chemical Formula: C 14 H 14 Molecular Weight: 182.26 gmol -1 The compound is described in the literature. LII This compound was obtained with 3',5'-dipentyl-1,1':2'1''-terphenyl 73a. 1 H NMR (CDCl 3 , 400 MHz) characteristic signal: δ 2.92 (4 H, s, H5).

1,2-Diphenylethanone (74c)

Chemical Formula: C 14 H 12 O Molecular Weight: 196.24 gmol -1 R f 0.15 (EtOAc/petroleum ether 5%); UV-active Yellow oil

The compound is described in the literature. LIII This compound was obtained twith 3',5'-dipentyl-1,1':2'1''-terphenyl 73a. 1 H NMR (CDCl 3 , 400 MHz): δ 4.22 (2 H, s, H5), 7.16-7.21 (3 H, m, Ph), 7.24-7.28 (2 H, m, Ph), 7.46-7.51 (1 H, m, Ph), 7.93-7.96 (2 H, m, Ph). LII C. D. Mboyi, S. Gaillard, M. D. Mabaye, N. Pannetier, J.-L. Renaud, Tetrahedron, 2013, 69, 24, 4875 -4882. LIII S. Imai, H. Togo, Tetrahedron, 2016, 72, 44, 6948 -6954. 4',5'-Dicyclopropyl-1,1':2'1''-terphenyl (75a) Chemical Formula: C 24 H 22 Molecular Weight: 310.43 gmol -1 R f 0.75 (EtOAc/petroleum ether 2%); PMA, UV-active Colourless crystals Optimized conditions: General procedure GF1 was applied with diphenylacetylene (180 mg). Next, a solution of cyclopropylacetylene (2.10 equiv, 2.1 mmol, 190 µmol) in anhydrous THF (1 mL) was added dropwise and the reaction was stirred for 48 h at rt. After, work-up WF1 was applied. Purification of the crude product (411 mg) by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 2%) afforded 158 mg of a mixture of 4',5'-dicyclopropyl-1,1':2'1''-terphenyl 75a, 3',5'-dicyclopropyl-1,1':2',1''-terphenyl 75b, [(E,1Z)-1-benzylidene-3-cyclopropyl-allyl]benzene 75c and (E)-(4cyclopropylbut-3-ene-1,2-diyl)dibenzene 75d in a 49:33:9:9 ratio respectively as an orange oil. Thus the yields of obtained compounds are 26% (258 μmol, 75a), 17% (174 μmol, 75b), 5% (47 μmol, 75c), 5% (48 μmol, 75d). After several months in refrigerator, pure 75a crystallized from the neat mixture.

1 H NMR (CDCl 3 , 400 MHz): δ 0.74-0.78 (4 H, m, H9a), 0.97-1.02 (4 H, m, H9b), 2.27 (2 H, tt, J 8.5, 5.5, H8), 7.01 (2 H, s, H6), 7.09-7.11 (4 H, m, H3), 7.15-7.20 (6 H, m, H1, H2). 13 C NMR (CDCl 3 , 100.6 MHz): δ 7.5 (C9), 12.9 (C8), 126.2 (C1), 127.4 (C6), 127.8 (C2 or C3), 129.9 (C2 or C3), 137.8 (C4 or C5), 141.7 (C4, C5 or C7), 141.8 (C4, C5 or C7). IR (neat): 3079 (w), 3029 (w), 2831 (w), 2098 (w), 1809 (w), 1601 (w), 1507 (w), 1484 (m), 1462 (w), 1447 (m), 1396 (w), 1357 (w), 1311 (w), 1246 (w), 1197 (w), 1173 (w), 1155 (w), 1099 (w), 1073 (w), 1058 (w), 1040 (w), 1020 (m), 981 (w), 934 (w), 898 (m), 873 (w), 848 (w), 815 (w), 765 (s), 701 (s), 666 (w), 604 (m). This compound was obtained together with 4',5'-dicyclopropyl-1,1':2'1''-terphenyl 75a. This compound was obtained together with 4',5'-dicyclopropyl-1,1':2'1''-terphenyl 75a. H, dtt, J 9.0, 8.5, 5.0, H13), 4.73 (1 H, dd, J 15.5, 9.0, H12), 6.39 (1 H, s, H6), 6.44 (1 H, d, J 15.5, H11), 6.74 (2 H, dd, J 7.5, 2.0, H3 or H8), 6.91-7.33 (8 H, Ph). This compound was obtained together with 4',5'-dicyclopropyl-1,1':2'1''-terphenyl 75a. LV This compound is not described, however its NMR signals corresponds with (E)-hex-4-ene-1,3-diyldibenzene which is Reported (J. Zhao, J. Ye, Y. J. Zhang, Adv. Synth. Catal., 2013, 355, 2-3, 491 -498 (SI) and product 73d.

aqueous saturated solution (2 x 25 mL) and next with water (2 x 20 mL), dried over MgSO 4 , filtered and concentrated. The crude product (4.45 g) was purified by flash column chromatography on silica gel (petroleum ether) affording 1.64 g of 78a (6.38 mmol, 64%).

1 H NMR (CDCl 3 , 400 MHz): δ 7. 34-7.41 (5 H, m, H1-H3), 7.47-7.54 (4 H, m, H8, H9). This compound was prepared according to literature procedure and is described in the same article. LVIII General procedure GF1 was applied with 1-phenylpent-1-yne (160 µL) followed by work-up WF1. 1 H NMR analysis showed full conversion of the starting material and formation of the analytically pure product 82a quantitatively.

1 H NMR (CDCl 3 , 400 MHz): δ 0.94 (3 H, t, J 7.5, H9), 1.48 (2 H, sext, J 7.5, H8), 2.32 (2 H, tdd, J 7.5, 7.0, 2.0, H7), 5.68 (1 H, dt, J 11.5, 7.0, H6), 6.41 (1 H, dd, J 11.5, 2.0, H5), 7.20-7.35 (5 H, m, H1-H3). Molecular Weight: 190.24 gmol -1

The compound is described in the literature. LIX Run 1: General procedure GF1 was applied with 1-phenylpent-1-yne (160 µL). Next, a flask containing CuCl (1.5 equiv, 1.5 mmol, 149 mg) was flame-dried under vacuum, cooled down, flushed with N 2 and CO 2 consecutively and the solution of titanacycle was cannulated at 0 °C. Then, the ice bath was removed and the reaction mixture was stirred for 1 h at rt, followed by work-up WF1. 1 H NMR analysis showed the presence of (E)-2-phenyl-hex-2-enoic acid 82b, (E)-3-phenyl-2-propyl-prop-2-enoic acid 82c, (Z)-1-phenylpent-1-ene 82a and the starting material in ratio 64:14:9:13, as well as valeric acid 85a. Purification of the crude product (208 mg) was performed by acid-base extraction ABE affording 101 mg of a mixture of 82b (375 µmol, 38%), 82c (108 µmol, 11%) and 85a (85 µmol) in a 66:19:15 ratio as a yellow solid.

Run 2: 1-phenyl-1-pentyne (1.00 equiv, 1.00 mmol, 160 µL) was dissolved in anhydrous THF (10 mL) under Ar in flame-dried flask. Ti(OiPr) 4 (1.00 equiv, 1.00 mmol, 296 µL) was added and the solution cooled down to -78 °C. Then nBuLi (2.34 M in hexanes; 2.00 equiv, 2.00 mmol, 853 µL) was added dropwise over 5 min. at -78 °C and the reaction mixture was stirred for 1 h at rt and for 1h at 50 °C. Next, CO 2 generated from dry ice pellets (dried over MgSO 4 and conducted through a short column of CaCl 2 ) was bubbled through the reaction mixture for 1 h at rt, followed by work-up WF1. 1 H NMR analysis of the crude product (187 mg, red oil) showed production of (E)-2-phenyl-hex-2-enoic acid 82b, (E)-3-phenyl-2-propylprop-2-enoic acid 82c, (Z)-1-phenylpent-1-ene 82a and the starting material in 39:16:4:41 ratio.

1 H NMR (CDCl 3 , 400 MHz) characteristic signals: δ 0.87 (3 H, t, J 7.5, H9), 1.45 (2 H, sext, J 7.5, H8), 2.09 (2 H, q, J 7.5, H7). The compound is described in the literature. LX Run 1: General procedure GF1 was applied with diphenylacetylene (180 mg). Next, a flask containing CuCl (1.5 equiv, 1.5 mmol, 149 mg) was flame-dried flask, cooled down, flushed with N 2 and CO 2 (from gas cylinder) consecutively and solution of titanacycle was cannulated at 0 °C. Then, the ice bath was removed and the reaction mixture was stirred for 1h at rt with continuous bubbling of CO 2 , followed by work-up WF1. 1 H NMR analysis showed presence of (E)-2,3-diphenylpropenoic acid 84, the starting material and (Z)-stilbene 74a in ratio 48:35:17, as well as valeric acid 85a as byproduct. Purification of the crude product (280 mg, brown solid) was obtained by acid-base extraction ABE to afford 114 mg of pure product 84 (508 µmol, 51%).

Run 2: Diphenylacetylene (1.00 equiv, 1.00 mmol, 180 mg) was dissolved in anhydrous THF (10 mL) under Ar in flame-dried flask. Ti(OiPr) 4 (2.20 equiv, 2.20 mmol, 651 µL) was added and the solution cooled down to 0 °C. Then nBuLi (2.2 M in hexanes; 3.30 equiv, 3.30 mmol) was added dropwise over 5 min. at 0 °C and the reaction mixture was stirred for 1 h at rt. Next, CO 2 from gas cylinder was bubbled through the reaction mixture for 5 min., followed by adding a Li 2 CuCl 4 salt (0.05 equiv, 0.05 mmol, 11 mg) dissolved in THF (1 mL) and the reaction mixture was stirred for 1 h at rt with continuous bubbling of CO 2. Subsequently, D 2 O (0.5 mL) was added and the reaction mixture was stirred for 2 h at rt, followed by work-up WF1. 1 H NMR analysis of the crude product (278 mg, pinkish solid) showed presence of (E)-2,3-diphenylpropenoic acid 84, the starting material and (Z)-stilbene 74a in ratio 65:28:7, as well as valeric acid 85a as byproduct (0.37 equiv). No deuterated product or byproducts were observed.

LX J. P. Moerdyk, C. W. Bielawski, J. Am. Chem. Soc., 2012, 134, 14, 6116-6119. Run 3: Diphenylacetylene (1.00 equiv, 1.00 mmol, 180 mg) was dissolved in anhydrous THF (6 mL) under Ar in flame-dried flask. Ti(OiPr) 4 (1.00 equiv, 1.00 mmol, 296 µL) was added and the solution cooled down to -78 °C. Then nBuLi (2.34 M in hexanes; 2.00 equiv, 2.00 mmol) was added dropwise over 5 min. at -78 °C and the reaction mixture was stirred for 1 h at rt and for 1 h at 50 °C. Next, CO 2 , generated from dry ice pellets, dried over MgSO 4 and conducted through short column of CaCl 2 , was bubbled through the reaction mixture for 1 h at 50 °C, followed by cooling down the reaction mixture to rt and work-up WF1. 1 H NMR analysis of the crude product (242 mg, orange solid) showed presence of (E)-2,3diphenylpropenoic acid 84, the starting material and (Z)-stilbene 74a in a 62:31:7 ratio. The compound is described in the literature. LXI This product was observed as byproduct in Cu-mediated carboxylation of alkynes. No attempt was made to isolate it. 40.4 (C11), 137.4, 141.3, 143.4 (C 4, C6, C7). The compound is described in the literature. LXII This compound was obtained as byproduct in carboxylation reactions. No attempt was made to isolate it. 
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with 2M HCl (20 mL), extraction with Et 2 O (3 x 20 mL), drying over MgSO 4 and evaporation of the solvent affording 407 mg of crude product as a yellow oil. Purification by flash column chromatography on silica gel (AcOEt/petroleum ether, gradient from 0 to 20%) afforded pure product 86 (12 mg, 43 µmol, 4%).

Run 2: General procedure GF1 was applied with diphenylacetylene (180 mg). Then Li 2 CuCl 4 (5 mol%, 50 µmol, 11 mg) dissolved in THF (1 mL) and 2-cyclohexen-1-one (1.2 equiv, 1.2 mmol, 115 µL) were added followed by stirring for 2 h at rt. Work-up consisted of quenching with 2M HCl (20 mL), extraction with Et 2 O (3 x 20 mL), drying over MgSO 4 and evaporation of the solvent. 1 H NMR analysis showed the production of estimated 4% of the product 86. The compound is described in the literature. LXIV Run 1: Diphenylacetylene (1.0 equiv, 1.0 mmol, 180 mg) was dissolved in THF (10 mL), Ti(OiPr) 4 (1.4 equiv, 1.4 mmol, 414 µL) was added and the reaction mixture was cooled down to 0 °C. Then nBuLi (2.34M; 2.5 equiv, 2.5 mmol, 1.07 mL) was added dropwise over 3 min. and the reaction mixture was stirred for 2 h at 0 °C. After allyl bromide (2.2 equiv, 2.2 mmol, LXIV L. Ilies, T. Yoshida, E. Nakamura, J. Am. Chem. Soc., 2012, 134, 41, 16951 -16954. 189 µL) was added, followed by stirring for 2h at rt. Next, work-up WF1 was carried out. 1 H NMR analysis showed production of (Z)-1,2-diphenyl-1,4-pentadiene Z-87, (E)-1,2-diphenyl-1,4-pentadiene E-87, (1Z,6Z)-hepta-1,6-diene-1,2,6,7-tetrayltetrabenzene 89, (Z)-4,5diphenyl-1,4,7-octatriene 88, (Z)-stilbene 74a and the remaining starting material in 78:14:3:1:1:3 ratio respectively. Purification of the crude product (brown oil, 243 mg) by flash column chromatography on silica gel (AcOEt/petroleum ether, gradient from 0 to 5%) afforded a mixture of Z-87 and E-87 in 86:14 ratio (172 mg, 781 µmol, 78%).

Run 2: Diphenylacetylene (1.0 equiv, 1.0 mmol, 180 mg) was dissolved in THF (10 mL), Ti(OiPr) 4 (1.4 equiv, 1.4 mmol, 414 µL) was added and reaction cooled down to 0 °C. Then nBuLi (2.34M; 2.5 equiv, 2.5 mmol, 1.07 mL) was added dropwise over 3 min. and the reaction mixture was stirred for 2 h at 0 °C. After, allyl phenyl ether (2.2 equiv, 2.2 mmol, 302 µL) was added, followed by stirring for 2 h at rt. Next, work-up WF1 was carried out. 1 H NMR analysis showed production of (Z)-1,2-diphenyl-1,4-pentadiene Z-87, (1Z,6Z)-hepta-1,6-diene-1,2,6,7-tetrayltetrabenzene 89 and (Z)-stilbene 74a in 89:1:10 ratio. (1 H, ddt, J 17.0, 10.0, 7.0, H12), 6.45 (1 H, s, H5), 6.93-6.95 (2 H, m, Ph), 7.05-7.11 (2 H, m, Ph), 7.16-7.18 (2 H, m, Ph), 7.25-7.29 (4 H, m, Ph). The compound is described in the literature. LXIV General procedure GF2 was applied with diphenylacetylene (180 mg). Next, allyl bromide was added (1.1 equiv, 1.1 mmol, 95 µL) and reaction stirred for 1 h at rt. Then D 2 O (0.5 mL) was added and the reaction mixture was stirred for 2 h at rt, followed by work-up WF1. 1 H NMR analysis showed production of 1-deuterio-(Z)-1,2-diphenyl-1,4-pentadiene 92, (E)-1,2diphenyl-1,4-pentadiene E-87, (Z)-stilbene 74a and the starting material in 51:4:3:42 ratio.

No attempt was made to isolate this compound. 
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Scheme 1 . 8 .

 18 Scheme 1.8. The 1,2-di(pyridin-2-yl)ethane synthesis via formation of the titanacyclopropane species.

Scheme 1 . 16 .

 116 Scheme 1.16. The synthesis of enones and α-methylene ketones from cyclopropanols.

  Meijere and Chaplinski published the first report on the preparation of cyclopropylamines from N,N-dialkylamides (Scheme 1.18.)32 and therefore enabled an access to these biologically attractive compounds.33 This transformation is analogical to the Kulinkovich reaction; however in contrast to its original, it does not proceed well with a substoichiometric amount of titanium alkoxide. Still some examples of catalytic asymmetric reactions are present in the literature. 34 31 M. V. Barysevich, V. V. Kazlova, A. G. Kukel, A. I. Liubina, A. L. Hurski, V. N. Zhabinskii, V. A. Khripach, Chem.

  Scheme 1.29. Reactions mediated by diiso-propyloxy(η 2 -propene)titanium 8.

  X.-Y. Chai, C.-C. Bai, H.-M. Shi, Z.-R. Xu, H.-Y. Ren, F.-F. Li, Y.-N. Lu, Y.-L. Song, P.-F. Tu, Tetrahedron, 2008, 64, 5743-5747.

C,Scheme 3 . 3 .

 33 Scheme 3.3. The regioselectivity pattern in the transition-metal-catalyzed [2+2+2]-homotrimerization.

Scheme 3 . 6 .

 36 Scheme 3.6. The first regioselective Ti-catalyzed homotrimerization.

in 2003 .

 2003 It delivers an access to polysubstituted benzene products by means of a catalytic amount of [Ir(cod)Cl 2 ] in combination with a ligand under mild reaction conditions.

Figure 3 . 1 .

 31 Figure 3.1. The scale of polymerization and reaction purity in the catalytic homotrimerization.

  Direct addition (entry 10): TBME (entry 6): THF (entry 7): 97 yield of the product did not exceed 69%. Conditions specified in entry 7 were found to be the best. Representative comparison of the scale of polymerization and reaction purity in THF, TBME and by direct addition was done by juxtaposition of the crude product spectra using these selected examples and is presented on Figure 3.1.

  outcome and simple protocol, we were pleased to see reduced amounts of polymeric structures in the crude product. In conclusion, Method C gave a similar homotrimerization result to that obtained by the Method A, with the advantage of a one-pot reaction. Comparison of the scale of polymerization is presented in Figure 3.2.

Figure 3 . 2 .

 32 Figure 3.2. The scale of polymerization depending on the method.

3. 3 .

 3 Unfortunately, none of the ways depicted resulted in satisfactory reproducibility of the reaction. Later on, we thought that the content of peroxides in the solvent could cause the problem. However, experiments done with THF distilled over metallic Na and benzophenone were not reproducible either, thus we excluded this possibility.

Figure 3 . 3 .

 33 Figure 3.3. Methods used for improving THF quality.

Scheme 3 .

 3 Scheme 3.19. The scope of 30 mol% reaction with halide-substituted arylacetylenes.

Scheme 3 .

 3 Scheme 3.20. The scope of 30 mol% reaction with alkyl acetylenes.

Scheme 3 . 23 .

 323 Scheme 3.23. Test towards reduction of halide substituted arylbenzene.

Scheme 3 . 26 .

 326 Scheme 3.26. Proposed mechanism of the halide reduction process.

Scheme 3 .

 3 Scheme 3.27. Reduction of 1,2,4-tris(p-fluorophenyl)benzene.

3. 28 .

 28 Scheme 3.28. Preparation of β-deuterated 1-bromododecane.

[Scheme 3 . 33 .

 333 Scheme 3.33. Mechanism of heterotrimerization.

Scheme 4 . 10 .

 410 Scheme 4.10. Reduction of the internal alkyne using Ti(OiPr) 4 /nBuLi.

Scheme 4 . 11 .

 411 Scheme 4.11. Si 3 MeCl as an additive in carboxylation using Ti(OiPr) 4 /nBuLi.

Scheme 4 . 20 .

 420 Scheme 4.20. Allylation of alkynes by Obora et al.

ea

  Scheme 4.24. Plausible mechanism of the formation of the byproduct 89.

  ) 4 /nBuLi reagents combination leads to diminished reactivity. During the course of the project, a study on this nontrivial issue was carried out. Addition of a stoichiometric amount of copper salt improved the formation of carboxylated product via Ti-to-Cu transmetalation. Further on, copper catalysis could be successfully applied in the process. However, the carboxylation reaction suffered from apparent incomplete conversion of the starting material and inaccessibility of the second carbon atom of the triple bond for further functionalization. Partial reaction of the alkyne substrate might be partly attributed to oxidation of an organometallic intermediate by traces of oxygen present in the reaction medium. It is possible that during the course of the reaction, hydrogen abstraction from THF occurs, excluding one carbon atom of the product from further reaction. Next, other reagents were tested in alkyne functionalization. Allylation using allyl bromide was selective depending on application of Cu-catalysis. A problem of generation of the products as mixture of isomers was solved by using allyl ethers instead of allyl halides. Interestingly, a new product, the genesis of which is attributed to a competitive transformation between the allylated product and the titanacyclopropene intermediate, was described. The latter has great potential for the one-pot synthesis of multifunctionalized dienes.
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 131 NMR (CDCl 3 , 100.6 MHz): δ 7.1, 7.2 (C8, C12), 8.9 (C4), 12.8, 13.1 (C7, C11), 15.C3), 122.5, 122.8 (C5, C9), 125.2 (C1), 139.6 (C2), 141.1, 142.3 (C6, C10). IR (neat): 3338 (w), 3080 (w), 3002(m), 2928 (w), 2872 (w), 1703(m), 1672 (w), 1657 (w), 1612 (w), 1565 (w), 1528 (w), 1502(m), 1426 (w), 1459 (w), 1389 (w), 1349 (w), 1245 (w), 1216 (w), 1174(m), 1100 (w), 1046 (s), 1016 (s), 945 (s), 892 (s), 813(s), 739 (w), 689 (w), 661 (w), 626(m), 519 (w).HRMS (EI):m/z 198.1406 (M +• C 15 H 18 +• requires 198.1403). VI S. K. Rodrigo, I. V. Powell, M. G. Coleman, J. A. Krause, H. Guan, Org. Biomol. Chem. 2013, 11, 7653-7657 (SI).

13 C

 13 NMR (CDCl 3 , 100.6 MHz): δ 8.9 (C4),15.3 (C3), 120.2 (C1), 143.8 (C2).

  XIII 

13 C 8 (

 138 NMR (CDCl 3 , 100.6 MHz) characteristic signals: δ 14.1 (C7), 22.6 (C6), 36.0 (C3), 125.C1), 142.7 (C2).

13 C

 13 NMR (CDCl 3 , 100.6 MHz): δ 22.2 (3 C, C6, C14, C22), 23.1 (C7), 23.3 (2 C, C15, C21), 25.73, 25.75 (C13, C23), 25.9 (C5), 27.4 (C8), 29.48, 29.54 (C16, C20), 122.8 (C4), 124.2, 125.3 (C1, C9), 125.76, 125.79 (C12, C24), 128.5 (C17), 136.3 (C3), 139.1, 139.8 (C11, C19), 140.6, 141.0 (C10, C18), 142.4 (C2). HRMS (EI): m/z 318.2357 (M +• C 24 H 30 +• requires 318.2343).

13 C

 13 NMR (CDCl 3 , 100.6 MHz): δ 115.3(2 C, d, J 22.5, C13, C21), 116.2 (d, J 22.5, C5), 123.6 (d, J 3.0, C15 or C23), 123.6 (d, J 3.0, C15 or C23), 124.4 (d, J 3.5, C7), 128.5 (C17), 129.02 (d, J 8.0, C14 or C22), 129.03 (d, J 8.0, C14 or C22), 129.2 (d, J 8.0, C6), 130.8, 130.8 (C1, C9), 131.3 (d, J 2.5, C8), 131.8 (2 C, br s, C16, C24), 135.0, 135.4, 135.8 (C2, C10, C18), 159.4 (d, J 247.0, C12 or C20), 159.5 (d, J 246.5, C12 or C20), 159.8 (d, J 248.0, C4). The signals of carbons C3, C11 and C19 could not be identified with certainty.19 F NMR (CDCl 3 , 282.4 MHz): δ -117.76 (1 F, br m, F4), -115.32 (2 F, br m, F12, F20). HRMS (EI): m/z 360.1130 (M +• C 24 H 15 F 3 +• requires 360.1120). Note: 1,2,4-tris(2-fluorophenyl)benzene is slightly less polar than the 1,2-bis(2-fluorophenyl)-4-phenylbenzene.
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 138 NMR (CDCl 3 , 100.6 MHz): δ 115.3 (2 C, d, J 22.5, C11, C19), 123.5 (d, J 3.0, C13 or C21), 123.6 (d, J 3.0, C13 or C21), 126.5 (C15), 127.2 (C4), 127.5 (C6), 128.8 (C5), 129.4 (C1), 128.9 (d, J 7.5, C12 or C20), 129.0 (d, J 7.5, C12 or C20), 131.1 (C7), 131.7 (2 C, br s, C14, C22), 134.5 (C8 or C16), 136.0 (C8 or C16), 140.3 (C2 or C3), 140.8 (C2 or C3), 159.4 (d, J 247.0, C10 or C18), 159.4 (d, J 247.0, C10 or C18). The signals of carbons C9 and C17 could not be identified with certainty. 19 F NMR (CDCl 3 , 282.4 MHz): δ -115.38 (2 F, br m, F10, F18). HRMS (EI): m/z 342.1221 (M +• C 24 H 16 F 2 +• requires 342.1215); analysis was performed on a sample containing a mixture of compounds 30a and 30b. EtOAc/petroleum ether 2%); anisaldehyde, UV-active Yellow oil

  13C NMR (CDCl 3 , 100.6 MHz) characteristic signals: δ 126.2, 126.8 (C4, C13, C18), 129.5 (C1, C5), 129.8 (C17), 138.1 (C9), 140.9, 141.1 (C3, C15). 543.09 gmol -1 R f 0.5 (EtOAc/petroleum ether 2%); UV-active Colourless oil

  ): m/z calcd for C 33 H 36 +• , 432.2811 [M +• ]; found: 432.2832 (analysis was done using a sample containing a mixture of 42a and 42b). 1,3,5-Tris(3-phenylpropyl)benzene (42b) Chemical Formula: C 33 H 36 Molecular Weight: 432.64 gmol -1 R f 0.3 (EtOAc/petroleum ether 2%); PMA, UV-active This product was obtained as a mixture together with 1,2,4-tris(3-phenylpropyl)benzene 42a (see its procedure description).

1 H

 1 NMR (CDCl 3 , 400 MHz) characteristic signal: 6.85(3 H, s, H1).

  C 33 H 36 O 3 Molecular Weight: 480.64 gmol -1 R f 0.3 (EtOAc/petroleum ether 10%); PMA, UV-active Colourless oil

13 C

 13 NMR (CDCl 3 , 100.6 MHz): δ 32.7, 33.1 (C12, C21), 35.9 (C3), 71.0, 71.3 (C4, C13, C22), 72.9, 73.0 (C5, C14, C23), 127.0 (C1 or C10), 127.5 (2 C, C18, C27), 127.6 (4 C, C7, C9, C16, C25), 128.3 (3 C, C8, C17, C26), 129.8 (C19), 130.5 (C1 or C10), 134.8 (C2),

1 H

 1 NMR (CDCl 3 , 400 MHz) characteristic signals: δ 2.89 (6H, t, J 7.0, H3), 4.52 (6H, s, H5), 6.94 (3H, s, H1).

13 C

 13 NMR (CDCl 3 , 100.6 MHz) characteristic signals: δ 36.2 (C3), 73.0 (C5), 127.5

13 C

 13 NMR (CD 3 OD, 100.6 MHz): δ 36.6, 37.0 (C7, C11), 39.8 (C3), 64.00, 64.04 (C8, C12),64.3 (C4), 128.1 (C9), 131.1, 131.8 (C1, C5), 136.0 (C2), 138.1, 138.3 (C6, C10).IR (neat): 3262 (br m), 2998 (w), 2939 (m), 2870 (m), 2424 (br m), 1499 (w), 1473 (w), 1418(w), 1372 (w), 1276 (w), 1160 (w), 1044 (s), 1020(s), 884 (w), 825 (w), 769 (w), 668 (w), 636 (w), 577 (w), 517 (w); analysis was done on a sample containing a mixture of isomers.MS (ESI): m/z 123, 208, 233 [M-Na] + , 234, 393, 394; analysis was done on a sample containing a mixture of isomers. 1,3,5-Tris(2-hydroxyethyl)benzene (62b) Chemical Formula: C 12 H 18 O 3 Molecular Weight: 210.27 gmol -1 R f 0.2 (MeOH/DCM 5%); PMA, vanillin, UV-active This product was obtained as a mixture together with 1,2,4-tris(2-hydroxyethyl)benzene 62a (see its procedure description).

1 H

 1 NMR (CD 3 OD, 400 MHz) characteristic signal: δ 6.94(3 H, s, H1).

13 C

 13 NMR (CD 3 OD, 100.6 MHz): δ 40.2 (C3), 64.3 (C4), 128.7 (C1), 140.3 (C2).

1 H

 1 NMR (CDCl 3 , 400 MHz): δ 0.24 (9 H, s, H1), 7.26-7.28 (2H, m, H5), 7.38-7.40 (2H, m, H6).

13 C

 13 NMR (CDCl 3 , 100.6 MHz): δ 0.12 (C1), 95.3 (C2), 103.8 (C3), 121.6 (C4), 128.5 (2 C, C6), 133.1 (2 C, C5), 134.5 (C7).

1 H

 1 NMR (CDCl 3 , 400 MHz): δ 3.12 (1 H, s, H1), 7.27-7.30 (2H, m, H5), 7.39-7.42 (2H, m, H4).

13 C 2 C

 132 NMR (CDCl 3 , 100.6 MHz): δ 78.2 (C1), 82.4 (C2), 120.5 (C3), 128.6 (2 C, C5), 133.2 (

1 H

 1 NMR (CDCl 3 , 400 MHz): δ 7.38-7.42(3 H, m, H2, H4), 7.48-7.51 (2 H, m, H5).

13 C

 13 NMR (CDCl 3 , 100.6 MHz): δ 90.5 (C1), 122.6 (C6), 129.8 (2 C, C4), 131.5 181.03 gmol -1 R f 0.5 (petroleum ether); anisaldehyde, UV-active Yellow solid This compound was prepared according to adapted literature procedure and is described in the XXXIX D. Hack, P. Chauhan, K. Deckers, G. Hermann, L. Mertens, G. Raabe, D. Enders, Org. Lett., 2014, 5188-5191 (SI). XL A. K. Morri, Y. Thummala, V. R.Doddi, Org. Lett., 2015, 17, 4640 -4643 (SI).

1 H

 1 NMR (CDCl 3 , 400 MHz): δ 3.12 (1 H, s, H1), 7.33-7.37(2 H, m, H4), 7.44-7.48 (2 H, m, H5).

13 C

 13 NMR (CDCl 3 , 100.6 MHz): δ 78.3 (C1), 82.3 (C8), 121.0 (C3), 123.1 (C6), 131.6 (2 C, C5), 133.5 (2 C, C4).

1 H

 1 NMR (CDCl 3 , 400 MHz): δ 1.69(3 H, m, H5), 1.79 (3 H, m, H6), 2.74 (1 H, s, H1), 6.02(1 H, qd, J 7.0, 1.5, H4).

  152.19 gmol -1 R f 0.3 (EtOAc/petroleum ether 40%); vanillin, PMA-active White crystals

13 C

 13 NMR (CDCl 3 , 100.6 MHz): 21.7 (2 C, C3), 42.0 (C4), 66.5 (2 C, C5), 71.2 (2 C, C1), 80.2 (2 C, C2). XLII S.-H. Kim, Y.-H. Kim, H.-N. Cho, S.-K. Choi,Macromolecules, 1996, 29, 5422-5426. 

  192.25 gmol -1 R f 0.8 (EtOAc/petroleum ether 30%); vanillin, anisaldehyde UV-active Colourless oil

1 H

 1 NMR (CDCl 3 , 400 MHz): δ 1.42 (6 H, s, H7), 2.05 (2 H, t, J 2.5, H1), 2.43(4 H, d, J 2.5, H3), 3.77 (4 H, s, H5).

13 C

 13 NMR (CDCl 3 , 100.6 MHz): δ 22.6 (2 C, C3), 23.7 (2 C, C7), 35.0 (C4), 65.8 (2 C, C5), 71.4 (2 C, C1), 79.7 (C2), 98.2 (C6). XLIII D. Llerena, O. Buisine, M. Malacria, Tetrahedron, 1998, 54, 9373-9392. XLIV S. Das, S. Mandal, S. S. Zade,Tetrahedron Lett., 2012, 53, 1464-1467 (SI).

1 H

 1 NMR (CDCl 3 , 400 MHz) characteristic signals: δ 0.80

  ): m/z 370.2659 (M +• C 28 H 34 +• requires 370.2655); analysis was done on the sample containing a mixture of isomers.

13 C

 13 NMR (CDCl 3 , 400 MHz) characteristic signals: δ 35.7 (C13), 29.1 (C8).

1 H

 1 NMR (CDCl 3 , 400 MHz) characteristic signals: δ 0.57-0.61 (4 H, m, H14 or H18), 1.60 (1H, tt, J 8.5, 5.5, H13 or H17),1.83 (1 H, tt, J 8.5, 5.0, H13 or H17).

13 C

 13 NMR (CDCl 3 , 100.6 MHz) characteristic signals: δ 9.1 (C14 or C18), 9.4 (C14 or C18), 14.0 (C13 or C17),15.3 (C13 or C17), 127.4, 129.8, 131.1 (C2 or C3 or C8 or C9).

  LIV 

  LV 

1 H

 1 NMR (CDCl 3 , 400 MHz) characteristic signals: δ 0.23-0.25 (2 H, m, H14a), 2.97 (2 H, m, H6), 3.48 (1 H, q J 7.5, H5), 4.86(1 H, dd, J 15.5, 8.5, H12), 5.71(1 H, dd, J 15.5, 7.5, H11), 7.01-7.26 (m, 10 H, Ar).

  Molecular Weight: 248.36 gmol-1 

  C 12 H 14 O 2 LVIII V. Rassadin, Y. Six, Tetrahedron, 2014, 70, 787-794.

13 C

 13 NMR (CDCl 3 , 100.6 MHz): δ 13.8 (C9), 22.0 (C8), 31.7 (C7), 127.5 (C1), 128.0, 129.7 (C2, C3), 133.3, 134.7 (C4, C5), 172.8 (C10). HRMS (EI): m/z 190.0992 (M +• C 12 H 14 O 2 +• requires 190.0988); analysis done on the sample containing a mixture of isomers 82b-c and 85a. C 12 H 14 O 2 LIX Y. Six, Eur. J. Org.Chem., 2003, 7, 1157 -1171. 

13 C

 13 NMR (CDCl 3 , 100.6 MHz) characteristic signals: δ 13.9 (C14), 22.2 (C13), 30.0 (C12),

1 H

 1 NMR (CDCl 3 , 400 MHz): δ 3.23 (2 H, dt, J 7.0, 1.0, H11), 5.05-5.13(2 H, m, H13), 5.89 

1 H

 1 NMR (CDCl 3 , 400 MHz): δ 3.23(2 H, d, J 7.0, H11), 5.06-5.12 (2 H, m, H13), 5.89 (1 H, ddt, J 17.0, 10.0, 7.0, H12), 6.45 (0.11 H, s, H5), 6.93-6.95(2 H, m, Ph), 7.05-7.11 (2 H, m, Ph), 7.16-7.18 (2 H, m, Ph), 7.25-7.29 (4 H, m, Ph).

13 C

 13 NMR (CDCl 3 , 100.6 MHz): δ 44.5 (C11), 116.6 (C13), 126.2, 126.9 (C1, C10), 127.0 (C5),127.7, 128.4, 128.5, 128.9 (8 C, C2, C3, C8, C9), 135.7 (C12), 137.1, 140.9, 141.1 (C4, C6, C7).HRMS (EI): m/z 221.1307 (M +• C 17 H 15 D +• requires 221.1309); analysis was done on the sample of the crude product. C 18 H 16 O 2 Molecular Weight: 264.32 gmol -1
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	3.2.2.	Mes	acetyl mesityl
		acac min.	acetylacetonate minute
		AIBN mol	azobisisobutyronitrile mole
		aq. mol%	aqueous molar fraction
		Ar MOM	aryl methoxymethyl ether
		Bn MSP	benzyl metallo-supramolecular polymers
		Boc MTBE	tert-butyloxycarbonyl methyl tert-butyl ether
		BP MW	1,1'-biphenyl microwave
		Bu n-Bu	butyl n-butyl
		Bz n.d.	benzoyl group not detected
		c NMR	cyclo-Nuclear Magnetic Resonance
		cat. Pd/C	catalytic palladium on carbon
		cod Ph	1,5-cyclooctadiene phenyl
		Cp PMB	cyclopentadienyl p-methoxybenzyl
		CPME ppm	cyclopentyl methyl ether parts per million
		dba Pr	dibenzylideneacetone propyl
		DBU pTSA	1,8-diazabicyclo[5.4.0]undec-7-ene p-toluenesulfonic acid
		DCM Pyr	dichloromethane pyridine
		DFT rt (RT)	Density Functional Theory room temperature
		DIAD s-Bu	diisopropyl azodicarboxylate sec-butyl
		DMAP SEM	4-dimethylaminopyridine 2-(trimethylsilyl) ethyl
		dme DMF SET S N 2	dimethoxyethane dimethylformamide single-electron transfer nucleophilic substitution bimolecular Index
		DMSO t	dimethyl sulfoxide time
		DPPE T	1,2-bis(diphenylphosphino)ethane temperature
		dr DVB Taddol	diastereoisomeric ratio divinylbenzene (4R,5R)-2,2-dimethyl-α,α,α′,α′-tetraphenyldioxolane 4,5-dimethanol
		E TBME	electrophile methyl tert-butyl ether
		EDC TBS	N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide tert-butyldimethylsilyl
		ee t-Bu	enantiomeric excess tert-butyl
		equiv. TDS	equivalent thexyl dimethylsilyl
		Et TES	ethyl triethylsilane
		GC TFA	Gas Chromatography trifluoroacetic acid
		HP TLC	high power thin layer chromatography
		HPLC THF	High Performance Liquid Chromatography tetrahydrofuran
		hν TMEDA	photochemical irradiation N,N,N′,N′-tetramethylethylenediamine
		IPNBSH TMS	N-isopropylidene-N′-2-nitrobenzenesulfonyl hydrazine tetramethylsilane
		iPr Tol	isopropyl toluene
		KHMDS TPH	potassium bis(trimethylsilyl)amide tetrahydro-2H-pyran-2-yl
		LDA Ts	lithium diisopropylamide toluenesulfonyl
		LED vol	light-emitting diode volume
		M XPhos	mol per litre 2-dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl
		mCPBA	meta-chloroperoxybenzoic acid
		Me	methyl
			20

3.3. Homotrimerization of alkynes ................................................................................... 3.3.1. Results formerly obtained in our group ............................................................. 3.3.2. Preliminary results ............................................................................................. 3.3.3. Catalytic Ti(OiPr) 4 /nBuLi trimerization ............................................................

  Cho et al., on the basis of their competition studies, reported a pattern of reactivity among unsaturated compounds towards complex 1 as follows: carboxylic ester ≈ acyl chloride, anhydride ≥ carbonate, thioester > formamide > carboxamide.20 Interesting representation of the reactivity of various unsaturated compounds towards complex 4 at low temperature

(-30 °C) 

was presented by Cadoret et al. (Table 1.1.). 21 Table 1.1. The comparison of relative reactivity of various compounds.

  Applications of a cyclopropanol generated in the Kulinkovich reaction without a ligand exchange.

	Compound	Relative rate	Reactivity type
		PhCHO	240	reduction
	Scheme 1.12.	i-PrCHO	16.5	1,2-insertion, ligand exchange Tishchenko reaction, reduction,
		PhCN	5.5	ligand exchange
		BnCN	3.5	1,2-insertion
	Acetophenone	2.5	ligand exchange
	Phenylacetylene	1	ligand exchange
	1-phenyl-pent-1-yne	<0.2	ligand exchange
		Styrene	<510 -3	ligand exchange
	Diethyl carbonate	<10 -4	1,2-insertion

Table 1 . 2 .

 12 The comparison of methods leading to a 1-methycyclopropanol.

	Item	Kulinkovich (1991)	Wright (2013)	This work (2018)
	Starting material	1.85 g	26.6 g	50 g
	amount			
	Solvent (class*)	Et2O (class 1)	Et2O (class 1)	MTBE (class 3)
	Total solvent volume 43 vol	22.9 vol	2.5 vol
	Catalyst	Ti(OiPr)4	Ti[OCH2CH(C2H5)(CH2)3CH3]4	Ti(OMe)4
	m/m substrate	0.38	0.68	0.23
	Grignard	0.88 M/ Et2O	3 M/ Et2O	0.87 M/ MTBE
	Addition mode	Regular addition of Grignard	Portionwise addition of Grignard,	Regular addition of Grignard
		onto methyl acetate/ solvent/	then substrate (repeat until all	onto methyl acetate/ solvent/
		catalyst mixture over 60 min	reagents are added)	catalyst mixture over 160 min
	Quench solution	10% H2SO4	8% H2SO4	10% H2SO4
	V (quench solution)	135 vol	27 vol	15 vol
	Back extraction	2 x 27 vol of Et2O	1.9 vol of Et2O	4 vol of MTBE
	Aqueous washes	Water 27 vol	10% Na2CO3 (0.56 vol) then brine	Water (2 x 5 vol)
			(0.56 vol)	
	Isolation	Dry over Na2SO4;	Dry over Na2SO4; add Bu3N (0.54	Distillation of MTBE +
		Concentration to dryness	x m (substrate)) and mesitylene	volatiles
			(0.37 x m (substrate); Distil. at	
			atmospheric pressure	
	Purification	Column chromatography	Fractional distillation	Fractional distillation
	Yield	76%	59%	64%
	Purity	NA	ca. 95% ( 1 H NMR)	ca. 98% GC
	Aqueous waste/ kg	220 L/kg	49 L/kg	40 L/kg
	product			
	*According to ICHQ3C			

57 R. Adachi, K. Ogawa, S.-I. Matsumoto, Eur. J.

Med. Chem., 2017, 136, 283-293. 

Scheme 2.2.

  Applications of the Ti(OiPr) 4 /nBuLi system proposed by Eisch.

	It is worthy of note that the authors suggested that the solvent, THF, is not complexing
	Ti(OiPr) 2 (11), which has coordination sites available for complexation with C=C, C=O or
	C≡C bonds and thus can mediate reactions with alkenes, alkynes, carbonyl derivatives or
	allylic halides. Furthermore, is was stated that the titanacycle 10 reacts with nitriles and after
	hydrolysis could afford ketone 12 (Scheme 2.2.). 58,59 However, although the quoted
	statements were reported to be proved experimentally by Eisch and co-workers, no other
	research group could reproduce these results. 8
	2.3. Dianionic character
	In 2001 Eisch and co-workers reported the first evidence for the hypothesis that
	transformations initiated by the Ti(OiPr) 4 and nBuLi reagents combination proceed through a
	titanocyclopropane intermediate which has dianionic character. Due to the presence of two
	Ti-C bonds, two consecutive insertions of electrophiles, e.g. benzonitrile and CO 2 , could take
	place (Scheme 2

.3.). 59 57 Scheme 2.3.

  

Scheme 2.6. Reduction of alkynes using Ti(OiPr) 4 and nBuLi reagent system.

  

	4 and an alkyne at -78 °C, followed by heating to
	50 °C during one hour and subsequent hydrolysis, affording exclusively a (Z)-alkene in
	quantitative yield (Scheme 2.6.). This result differed from the outcomes observed when
	Grignard reagents, iPrMgCl and nBuMgBr, were used with this protocol instead of nBuLi,
	affording the products in poor yields. Furthermore, different titanium compounds,
	TiCl 2 (OiPr) 2 and Ti(OtBu) 4 , were used in lieu of Ti(OiPr) 4 and yield of cis-stilbene was less
	than 50%. Afterwards, in order to further demonstrate the thermal stability of the titanacycle
	8, it was subjected to an allylation reaction with 2 equivalents of allylic bromides for 24 h at
	50 °C. Interestingly, mono-and diallylated products were obtained in good to excellent
	yields, although not with total regioselectivy.
	Despite the promising results described above, there are examples of diminished reactivity of
	the titanacycle generated from Ti(OiPr) 4 and nBuLi reagents in comparison with Kulinkovich
	reagent system. Examples delivered by Rassadin et al. include the carboxylation of alkynes
	(Scheme 2.7., A) or the Kulinkovich-de Meijere intramolecular reaction (Scheme 2

.7., B). 8 60 Scheme 2.7.

  Reactions of the Ti(OiPr) 4 and nBuLi reagent system without satisfactory results.

.2. Intramolecular coupling of alkenes with carboxylic imides

  

	species 4, generated from Ti(OiPr) 4 and cC 5 H 9 MgBr with ethyl 2-methoxyacetate, affording
	the corresponding ketone, albeit in a low yield. 18 Furthermore, in 2005 Santra et al.
	mentioned their unpublished results on cyclopropanation reaction of carboxylic esters by
	means of 1:2 mixture of Ti(OiPr) 4 and nBuLi, where the cyclopropanols were obtained in low
	yields (less than 15-20%). 62
	2.7In 2005, Santra and co-workers reported a diastereoselective titanium-mediated cyclization of
	ω-vinyl tethered imides. 62 This work was an improvement over the one previously published
	by the same group, a general stereocontrolled annulation method for preparing nitrogen
	heterocycles, pyrrolizidine, indolizidine and related alkaloids, using the Kulinkovich reagent
	system. 65 This time, yields were enhanced from moderate to very good or even excellent by
	changing the reducing agent from a Grignard reagent to nBuLi (Scheme 2.10.), while good
	diastereoselectivity was obtained starting from cyclic imides bearing a stereocenter at the
	allylic position (Scheme 2
	However, already
	in 2007 Cadoret et al. reported a reaction of the diisopropyloxy(η 2 -cyclopentene)titanium
	63 K. A. Keaton, A. J. Phillips, Org. Lett., 2007, 9, 14, 2717-2719.
	64 J. McCabe, A. J. Phillips, Tetrahedron, 2013, 69, 5710-5714.
	62

.11.). Scheme 2.10. The Kulinkovich conditions contra the Ti(OiPr) 4 /nBuLi system in the annulation of imides.

  

.15.). 68 Scheme 2.15. The

  

	2014, Rassadin et al. reported a convenient method for regioselective cyclotrimerization
	reactions using the relatively cheap Ti(OiPr) 4 /nBuli reagent system. This transformation of
	alkynes led to the formation of 1,2,4-homotrimers in fair to very good yields starting from
	terminal alkynes, what constitute unique report of this type of reaction with the discussed
	reagent system (Scheme 2Ti(OiPr) 4 /nBuLi system in the [2+2+2] homotrimerization reaction. Scheme 2.16. The Ti(OiPr) 4 /nBuLi system in the [2+2+2] heterotrimerization reaction.
	Next, heterotrimers were formed with excellent regioselectivity from internal alkynes in the
	reaction with terminal alkynes or terminal diynes (Scheme 2.16.). Furthermore, it was proved
	that pyridines can be formed when a ω-alkynylnitrile is involved in the reaction with the
	preformed titanacycle 10 (Scheme 2.17.). The great advantage of this method is that the Scheme 2.17. The Ti(OiPr) 4 /nBuLi system in the [2+2+2] heterotrimerization affording pyridines.
	incorporation of an unactivated third alkyne into the diiso-propyloxytitanacyclopentadiene
	intermediate takes place within minutes at room temperature 68 , while methods using 2.7
	Ti(OiPr) 4 /Grignard reagents demand a specially activated reagent, e.g. TsCN 69 , or an
	alkoxide-tethered alkene 70 , and usually require heating for a long time.
	68 V. A. Rassadin, E. Nicolas, Y. Six, Chem. Commun., 2014, 50, 7666-7669.
	69 D. Suzuki, R. Tanaka, H. Urabe, F. Sato, J. Am. Chem. Soc., 2002, 124, 3518-3519.
	70 M. J. Sung, J.-H. Pang, S.-B. Park, J. K. Cha, Org. Lett, 2003, 5, 2137-2140.
	66

.5. Intramolecular coupling of enynes

  

	2.18.). 71 This work was inspired by the previous report by the same group about the
	cyclization of 1,6-(silyloxy)-enynes to give 5-membered cyclic siloxanes, where they utilized
	Barbour et al. reported titanium(II)-mediated annulations of 1,7-(silyloxy)enynes with
	Ti(OiPr) 4 /nBuLi in moderate to good yields and with high diastereoselectivities (Scheme

.7.6.2-2.7.7.4.). The authors showed that the way of quenching reaction plays

  

	[2+2+2] metallacycle-mediated
	annulation in the stereoselective synthesis of decalins, pharmaceutically relevant structural
	motifs. This work was inspired by the previously described syntheses of hydrindanes
	(subsections 2an important role in the selectivity path. When the bridged metalated-intermediate was
	treated with benzaldehyde, product 19 was formed by a formal cheletropic extrusion of
	Ti(OiPr) 2 . Quenching the reaction mixture with MeOH or NH 4 Cl gave protonated products
	19a. A library of highly substituted decalins was prepared (Scheme 2

.26.). 79 Scheme 2.26. Library of highly substituted decalins. 2.7.6.7. Synthesis of trans-fused decalins Soon after the first report about Ti(OiPr) 4 /nBuLi reagent system mediated synthesis of decalins (subsection 2.7.6.6.), Micalizio published the synthesis of angularly substituted trans-fused decalins. In contrast to the synthesis of the trans-fused hydrindanes described previously by the same group (subsection 2.7.6.2.), current annulation demands introduction of

  Me 3 SiCl in order to control the stereochemistry of the final product. It is the first example of an access to such a group of complex compounds in a one pot reaction (Scheme 2

.27.). 80 Scheme 2.27. The library of angularly substituted trans-fused decalins. 2.7.6.8. Alkyne-alkyne coupling accelerated by Me 3 SiCl

  

	Scheme 2.28. The Ti(OiPr) 4 /nBuLi system in the coupling of dienes accelerated by Me 3 SiCl.
	In 2016, Cassidy et al. reported the utilisation of the Ti(OiPr) 4 /nBuLi reagent system in an
	alkyne-alkyne coupling reaction. Interestingly, the first results were in contrast to the known
	reactivity of combination of Ti(OiPr) 4 /Grignard reagents in basic transformation of this type,
	affording dienes in only poor yield after 1 h at -20 °C. The authors found out that LiOiPr,
	which is formed in a superstoichiometric amount in the course of reaction, can inhibit carbon-
	carbon bond formation due to its association with titanium. The problem was solved by
	trapping the salt with an additive, Me 3 SiCl, that accelerated the coupling reaction and
	allowed for obtaining dienes during 1 h at -20 °C with improved yields compared to the
	procedure without Me 3 SiCl (Scheme 2.28.). Furthermore, the reaction can be carried out
	without additional solvent only in 2.4 M nBuLi (Scheme 2.29.). Finally, the improved
	protocol proved to work in the synthesis of substituted hydrindanes. 81

Scheme 2.29. The Ti(OiPr) 4 /nBuLi system in the coupling of dienes without additional solvent. 2.7.6.9. Annulation reaction between enynes and ene-diynes

  

	Scheme 2.30. The Ti(OiPr) 4 /nBuLi system in the coupling of conjugated enyne with an ene-diyne.
	2.7
	Recently, Shalit et al. reported a chemo-, regio-and stereoselective annulation of
	polyunsaturated compounds engaging selectively three from five multiple bonds of the
	coupling substrates (Scheme 2.30.). The authors implied that the driving force of the
	transformation is a ligand exchange between the bridged bicyclic organometallic
	intermediate, which is formed due to [2+2+2] cyclization, with a pendent triple bond of the
	enyne substrate. The presented sequence is unique in the literature and has a great potential
	for the synthesis of the complex molecules. 82

.7. Cross coupling with aryl halides

  

	The first example of use of the Eisch reagent system by another group was reported by Tsuji
	in 2003 (Scheme 2.31.). It was the first publication on transition metal catalysed cross-
	coupling reaction between Ti(II)-alkyne complexes and aryl halides, which was made
	possible due to finding appropriate thermally stable titanium complexes (subsection 2.6.). At
	first, the authors were searching for the most stable titanacycle. 61
	Scheme 2.31. Ni-catalysed cross-coupling of titanocyclopropene complexes 8 and aryl iodides.

3.2.4. Homotrimerization of alkynes 3.2.4.1. Internal alkynes

  Synthesis of hexasubstituted benzenes from symmetrical alkynes is the easiest case regarding regioselectivity. Cobalt and nickel-mediated [2+2+2] cyclotrimerization found applications in various fields of science including organometallic chemistry and material science. A good example of the first group of applications is the synthesis of hexaborylbenzene derivatives by Co-catalysis.89 In material science, cyclotrimerization is applied to the synthesis of dendrimers. Recently, a cobalt catalyst, Co 2 (CO) 8 , gave access to a symmetrical dendrimer used in the synthesis of the first hexapole[7]helicenes, an attractive material due to its

chiroptical and electronic properties (Scheme 3.4.). 90 Scheme 3.4. Recently reported cyclotrimerization of symmetrical alkyne.

Table 3 . 1 .

 31 The cyclopropylacetylene reaction with the stoichiometric Ti(OiPr) 4 /nBuLi.

						Yield	a	
	Entry	Conditions	Work-up							Ratio 25a:25b
				25a 25b	25c	25d Sum
	1	20 min., rt	2M HCl	9%	3%	14%	6%		32%	75:25
	2	1 h, 0 °C	0.5M HCl	3%	1%	25%	24% 53%	75:25
	3	15 min., 0 °C; 45 min., rt	0.5M HCl	20% 1%	14%	11% 46%	95:5
	4	3 h at 0 °C	D2O, then 0.5M HCl 25% 2% 10%	b	13%	c	50%	93:7
										b 2 H
	incorporation took place in 97% affording 25c-d2;						

a Yields were estimated by the

1 

H NMR spectra analysis by means of internal standard (cinnamic acid); C 2 H incorporation took place in 92-95% affording 25d-d2.

Table 3 . 2 .

 32 The direct addition of stoichiometric Ti(OiPr) 4 /nBuLi to various alkynes.

	Entry	R	Conditions	a	Work-up	Result
	1	cC3H5	A		2M HCl	Polymerization; traces of product
	2	nC11H23	A		D2O, then 0.5M HCl	Alkyne reduction
	3	nC3H6Ph	B		0.5M HCl	Dimerization
	4	Ph	B		0.5M HCl	Polymerization
	5	nC11H23	B		0.5M HCl	Alkyne reduction
	6	nC3H6OTPH	B		0.5M HCl	Polymerization
	7	Ph	C		0.5M HCl	Polymerization

Table 3 . 3 .

 33 Optimization of the catalytic reaction conditions.

	Entry	x [mol%]	[mmol]	solvent	V [mL]	V' [mL]	taddition [min.]	T [°C]	T' [°C]	(26a:26c:26d) Ratio	b
	1		20	3.0	THF	1	8	5	15	20	91 : 9 : 0	-
	2		10	6.0	THF	1	8	5	15	20	60 : 7 : 33	-
	3		10	6.0	THF	1	8	2.5	15	reflux	92 : 8 : 0	68%
	4		10	6.0	THF	3	6	2.5	24	reflux	89 : 11 : 0	-
	5		10	6.0	THF	1	4	2.5	24	reflux	90 : 10 : 0	-
	6		10	6.0	TBME	3	6	2.0	26	reflux	85 : 15 : 0	-
	7		10	6.0	THF	3	6	1.5	0	reflux	90 : 10 : 0	69%
	8		10	6.0	TBME	3	6	1.5	0	reflux	73 : 4 : 23	-
	9		5	6.0	THF	1.5	8	1.0	0	reflux	27 : 2 : 71	-
	10	c	10	6.0	THF	9		5.0	15	reflux	81 : 19 : 0	55%

a Yield

Table 3 . 4 .

 34 The optimization of oxidation of intermediate dienes.

	Entry	Reagents a	T	t	Presence of diene (26c)
	1	2M HCl	rt	3 days		Yes
	2	pTSA, H2O	rt	3 days		Yes
	3	conc. HCl, H2O	rt	3 days		Yes
	4	EtOH, 2M HCl	rt	3 days		Yes
	5	EtOH, H2O, pTSA	rt	3 days		Yes
	6	EtOH, conc. H2SO4	rt	3 days		Yes
	7	EtOH, conc. H2SO4	reflux	3 days		No
	8	mCPBA	rt	3 days		Yes
	9	EtOH, conc. H2SO4	µW (70 °C)	30 min.		Yes
	10	conc. H2SO4; then work-up with H2O	rt	15 min.		No
	a Reactions 1-9 were carried out in the presence of CDCl3 in order to control its course by	1 H NMR analysis.

Table 3 .

 3 5. The optimization of homotrimerization under microwave conditions using phenylacetylene.

	Entry	Ti(OiPr)4 [eq]	nBuLi [eq] Cat. [mol%]	Solvent	t [min.]	Ratio (26a:26c:26d)	a	Yield	b
	1	0.2	0.3	10	THF	30	93 : 7 : 0		74%
	2	0.2	0.3	10	THF	10	93 : 7 : 0		-
	3	0.2	0.3	10	THF	45	91 : 9 : 0		-
	4	0.1	0.15	5	THF	10	9 : 1 : 90		-
	5	0.1	0.15	5	THF	90	15 : 1 : 84		-
	6	0.14	0.21	7.5	THF	30	13 : 2 : 85		-
	7	0.2	0.3	10	TBME	30	5 : 1 : 94		-
	8	0.2	0.3	10	CPME	30	0 : 0 : 100		-

Table 3 .

 3 6. Different protocols of the reaction.

	Entry	Cat. [mol%]	Method a	t [min.]	T	Ratio (26a:26c:26d)	
	d	10 mol%	A	30	µW (70 °C)	93:7:0	74%
	2	10 mol%	B	30	µW (100 °C)	100:0:0	-
	3	10 mol%	C	30	µW (100 °C)	91:6:3	72%

b Yield (26a) c 1

Table 3 . 7 .

 37 Variation of the catalytic system.

	Entry	[Ti]	base	t [h]	T	Method	Result
	1	a	Ti(OiPr)4 (0.2 eq)	NaH (0.3 eq),	20	reflux	B	No conversion
	2	a	Ti(OiPr)4 (0.2 eq)	Et3SiH (0.3 eq)	20	reflux	B	No conversion
	3	a	Ti(OiPr)4 (0.2 eq)	NaH (0.2 eq), nBuLi (0.1 eq)	20	reflux	A	No conversion
	4	a	Ti(OiPr)4 (0.2 eq)	Et3SiH (0.2 eq), nBuLi (0.1 eq)	20	reflux	A	No conversion
	5	a	Ti(OiPr)4 (0.2 eq)	NaBH4 (0.2 eq), nBuLi (0.1 eq)	20	reflux	A	No conversion
	6	b	Cp2TiCl2 (0.14 eq)	nBuLi (0.21 eq)	0.5	µW, 100 °C	C	Mixture
	7	b	Cp2TiCl2 (0.14 eq)	nBuLi (0.28 eq)	0.5	µW, 100 °C	C	Polymerization
	8	b	Cp2TiCl2 (0.2 eq)	nBuLi (0.3 eq)	0.5	µW, 100 °C	C	Mixture
	9	b	Ti(OiPr)4 (0.2 eq) + Me3SiCl (0.1 eq)	nBuLi (0.3 eq)	0.5	µW, 100 °C	C	Traces of the product

a THF was predried over 3Å MS;

b THF was distilled over Na and benzophenone.

Table 3 . 8 .

 38 Screening of the catalytic reaction conditions.

	Entry	Ti(OiPr)4 [eq]	nBuLi [eq]	Cat. [mol%]	THF	a	t [min.]	Method	Ratio (26a:26c:26d)	b	Yield
	1	0.3	0.45	15	I		30	B	100 : 0 : 0		-
	2	0.2	0.3	10	I		30	B	100 : 0 : 0		-
	3	0.15	0.3	7.5	I		30	B	100 : 0 : 0		-
	4	0.2	0.3	10	II		30	B	100 : 0 : 0		-
	5	0.1	0.2	10	III		30	B	c	48 : 0 : 52		-
	6	0.15	0.3	7.5	III		30	B	c	71 : 0 : 29		-
	7	0.2	0.3	10	III		30	B	c	80 : 20 : 0		-
	8	0.3	0.6	15	I		30	C	c	100 : 0 : 0		70%
	9	0.1	0.15	5	I		30	C	c	54 : 3 : 43		-
	10	0.1	0.15	5	IV		60	C	c	34 : 3 : 63		-
	11	0.14	0.21	7	IV		30	C	c	95 :5 : 0		71%
	12	0.14	0.21	7	I		30	C	c	87 : 13 : 0		67%
	13	0.07	0.105	3.5	I		30	C	c	13 : 0 : 87		-

a THF: Ifreshly dried by Mbraun purification system; II -THF/PE (PE was dried over MgSO4) in ratio 1:1; IIIfreshly dried by Mbraun purification system with reliable N2 source; IVfreshly distilled over Na;

b Ratio was estimated by

13 

C NMR spectra analysis; c Flame-dried glassware; alkyne dried over MS (3Å).

Table 3 .

 3 9. Regioselectivity shift by changing organometallic compound in catalytic system.

	Entry	R	Ti(OiPr)4	RM	mol%	Ratio (a:b)		b
	1	Ph	0.2 eq	iPrMgCl (0.3 eq)	10 mol%	60 : 40	64%
	2	Ph	0.2 eq	nBuLi (0.2 eq), iPrMgCl (0.1 eq)	10 mol%	100 : 0	-	
	3	Ph	0.2 eq	iPrMgCl (0.2 eq), nBuLi (0.1eq)	10 mol%	64 : 36	92%	a
	4	Ph	0.2 eq	nPrMgCl (0.3 eq)	10 mol%	67 : 33	39%
	5	Ph	0.2 eq	nEtMgCl (0.3 eq)	10 mol%	55 : 45	44%
	6	Ph	0.2 eq	iPrMgCl (0.3 eq), LiCl (0.5 eq)	10 mol%	-	-	
	7	C5H11	0.2 eq	iPrMgCl (0.3 eq)	10 mol%	54 : 46	84%
	8	Ph	0.6 eq	iPrMgCl (0.9 eq)	30 mol%	57 : 43	-	
	9	cyclohexenyl	0.6 eq	iPrMgCl (0.9 eq)	30 mol%	64 : 36	28%	

a Yield c a Estimated by

Table 3 .

 3 10. Aging of the titanacycle 10.

	Entry	t	Ratio (27a:27b)	a
	1	0.5 h	64:36	25%
	2	1 h	61:39	17%

a Yield

Table 3 .

 3 12. Test towards reduction of halide substituted aromatic ring.

	Entry	Conditions	H3O + or D2O	Ratio (54a:54b:54c)	a
	1	2 h at 0°C	H3O +	85 : 15 : 0	
	2	5 min. at 0°C, 20 h at rt	D2O	62 : 38 : 0	
	3	5 min. at 0°C, 20 h at reflux	D2O	0 : 100 : 0	

Table 3 . 13 .

 313 Comparison of the reduction depending on the content of intermediate species 56.

	Entry	X	Ti(OiPr)4	nBuLi	10	56	Ratio	a

Table 3 .

 3 15.Competition experiments between phenylacetylene and heptyne.

						Yield	a
	Entry	26d : 27d					
			27a+27b (27a:27b)	b	60a-d		61	26a	Sum
	1	1 : 1	15% (65:35)		18%	22%	31%	86%
	2	1 : 2	29% (67:33)		20%	18%	18%	85%
	3	2 : 1	2% (50:50)		11%	23%	42%	78%

a Yield after column chromatography;

b Yield and ratio estimated by

1 

H NMR spectra.

Table 3 .

 3 16. Optimization of heterotrimerization of cyclopropylacetylene.

	Entry

Conditions Ratio of the molecules observed in the crude Ratio in crude (73a:73b) a Yield (73a:73b) b Yield b 73c 73a 73b 73c 73d 73e 27a 27b 27c 27d 27e 27f 74a 74b 74c 74d

  

	1	15 h, reflux	2.1 equiv	53	11	3	5	6	11	0	0	3	1	0	2	2	0		83:17	-	-
	2	15 h, reflux	2.5 equiv	54	12	2	3	9	12	<1	0	<1	1	<1	2	2	<1		82:18	-	-
	3	15 h, reflux	3.0 equiv	64	15	0	1	3	7	1	<1	<1	1	0	<1	1	1		81:19	70% (78:22)	-
	4	15 h, reflux	3.5 equiv	69	18	0	1	<1	7	<1	<1	<1	<1	0	<1	1	1		79:21	80% (80:20)	-
	5	3 h, reflux	1.2 equiv	16	2	3	11	25	2	10	0	6	<1	0	19	3	0		89:11	-	-
	6	1 h, 0 °C	1.8 equiv	19	5	49	1	6	2	0	4	5	2	0	7	<1	0	<1	79:21	-	-
	7	1 h, rt	1.8 equiv	11	3	68	0	0	1	0	2	3	2	0	4	0	1		79:21	-	72%
	8	4 h, rt	1.8 equiv	25	7	33	5	5	8	6	0	0	4	1	6	<1	0		78:12	-	-
	9	18 h, rt	1.8 equiv	27	7	11	9	26	6	0	0	4	1	0	7	1	0		79:21	-	18%
	10	3 h, reflux	1.8 equiv	39	8	7	5	22	8	<1	0	2	1	0	5	1	<1		83:17	-	-

a Estimated by

1 

H NMR analysis; b Purified by column chromatography.

Table 3 .

 3 17. Optimization of heterotrimerization of cyclopropylacetylene.

	Entry

Conditions Ratio of the molecules observed in crude Ratio in crude

  

																	Yield (75a+75b)	
																		b
			75a	75b	75c 75d 75e 25a 25b 25c 25d 74a 74b 74c 74d	(75a:75b)	(75a:75b)	
	1	1 h, rt, Ar	29	25	21	6	3	8	1	1	0	1	4	0	1	54:46	-	-
	2	20 h, rt, Ar	29	16	12	18	5	8	1	6	0	2	<1	0	3	65:35	33% (62:38)	77%
	3	48 h, rt, Ar	38.5 32.5	5	3.5	1.5	10	1	4	0	<1	<1	0	4	54:46	43% (60:40)	82%

a Purity a Partially purified by column chromatography and estimated by 1 H NMR analysis; b Purity of fraction containing both trimers.

  with attractive biological activities. Furthermore, this reaction can be carried out in gram scale. An important drawback of the method is the utilization of pyrophoric ZnEt 2 as reductant and the exclusive generation of hydrocarboxylated products (Scheme 4.3.).116 

	Scheme 4.3. Carboxylation of alkynes using Ni(cod) 2 and ZnEt 2 .
	Another approach is represented by Ni(cod) 2 -catalysed carboxylation with organozinc
	reagents, in which the second carbon atom of the triple bond is functionalized with the group
	Scheme 4.1. Structure of findlayine D. carried by the zinc-derivative. 128 Recently, an interesting method of this type was reported by
	Rzymkowski et al. Air-stable Ni(dme)Cl 2 was presented as an alternative to widely utilized
	Ni(cod) 2 catalyst. A disubstituted alkyne was subjected to the nickel-catalyzed carbozincation
	with CO 2 and Et

compounds

There is a limited number of catalytic methods, which allow the functionalization of both carbon atoms of the triple bond of alkynes in an intermolecular manner, described in the literature. For example, in 2016 Nogi et al. reported a cobalt-catalysed carboxyzincation using CO 2 in the presence of zinc powder. The alkenylzinc intermediate can be transformed into various multisubstituted acrylic acids (Scheme 4.4.). 127 Scheme 4.4. Carboxyzincation and further reactions with electrophiles by Nogi et al.

2 

Zn in order to prepare the product as E-isomer exclusively in good isolated yield (Scheme 4.5.). However, in this method the functionalization of the second carbon of 127 K. Nogi, T. Fujihara, J. Terao, Y. Tsuji, J. Am.

Chem. Soc., 2016, 138, 5547-5550. 128 K. Shimizu, M. Takimoto, Y. Sato, M. Mori, Org. Lett., 2005, 7, 195-197. 

  titanium-to-copper transmetalation was reported byArai et al. in 1991. Organotitanium First Ti-to-Cu transmetalation by Arai et al.

	In 1999, Urabe et al. described hydrometalation of 1-silyl-1-alkynes using the Ti(OiPr) 4 /
	Grignard reagent system (Scheme 4.8.). 132
	Scheme 4.8. Copper-mediated addition to hydrotitanated alkenes.
	The importance of this one-pot hydrotitanation was illustrated by several interesting further
	transformations. Namely, copper-catalysed conjugate addition to α,β-unsaturated carbonyl
	compounds and allylation by allyl halides were carried out. 132 Later on, copper-mediated
	compounds exhibit limited nucleophilic reactivity toward ketones, carbonyl group of esters or allylation of dialkoxytitanacyclopentadiene complexes was demonstrated by the same
	organic halides. However, alkyltitanium and titanate reagents participate in S N 2 reaction with group. 133
	allylic halides and phosphates when a copper(I) catalyst is used (Scheme 4.7.). A library of
	compounds illustrating excellent yields and regioselectivities was prepared. 131

129 J.

Rzymkowski, A. Piątek, Helv. Chim. Acta, 2016, 99, 665-673. 130 M. Takimoto, Z. Hou, Chem. Eur. J., 2013, 19, 11439-11445. 131 

M. Arai, E. Nakamura, B. Lipshutz, J.

Org. Chem., 1991, 56, 5489-5491; M. Arai, B. H. Lipshutz, E. Nakamura, Tetrahedron, 1992, 48, 27, 5709-5718. 

137 Scheme 4.7.

132 

H. Urabe, T. Hamada, F. Sato, J. Am.

Chem. Soc., 1999, 121, 2931-2932. 133 

H. Urabe, F. Sato, J. Am.

Chem. Soc., 1999, 121, 1245-1255. 

  2003, Six published a report about the carboxylation of alkynes with carbon dioxide by means of Ti(OiPr) 4 and Grignard reagents applied in excess. Titanalactone 81 formed in this way can undergo reaction with electrophiles, e.g. with an aldehyde (Scheme 4.9.).

	Later on, our group carried out studies on the Ti(OiPr) 4 /nBuLi system. The experimental
	protocol for the preparation of titanacyclopropane species has been improved. It became
	more convenient (2 h at 0 °C) and economical (3.3 equiv. of nBuli instead of 4.0 equiv. of
	cC 5 H 9 MgCl). Unfortunately, preliminary tests of carboxylation of alkynes afforded
	carboxylic acids in poor yields, which did not exceed 21% (Scheme 2.7., A). In principle,
	functionalization of the second carbon atom of the double bond should be possible; however,
	this was not examined experimentally in the discussed publication. 8

134

Scheme 4.9. Carboxylation of alkynes followed by reaction with electrophile by Six.

Our group postulated that the mechanism of the carboxylation includes formation of the mentioned titanalactone intermediate. Still, methods based on the Ti(OiPr) 4 /Grignard reagent combination possess a tedious experimental protocol and require utilization of organometallic reagents in excess. Importantly, reported in 2005 by Yamashita et al. the reagent system utilising a stoichiometric amount of Cp 2 ZrCl 2 reagent in the place of Ti(OiPr) 4 is an adaptation of the method described by our group.

119 

However, due to the limited reserves of zirconium on Earth, titanium derivatives remain an attractive alternative.

134 Y. Six, Eur. J.

Org. Chem., 2003, 2003, 7, 1157-1171. 

Table 4 . 1 .

 41 Optimization of the transmetalation with various salts.

	Entry	Salt	Method	Work-up	Yield (82b:82c)	a	Yield (82e:82f)
	1	MgCl2 (3.5 eq)	A	H3O +	12% (65:35)		-
	2	ZnCl2 (3.5 eq)	A	H3O +	0%		-
	3	CuCl (3.5 eq)	A	H3O +	77% (75:25)		-
	4	CuCl (1.5 eq)	A	H3O +	78% (82:18) b		-
	5	CuCl (0.5 eq)	A	H3O +	53% (79:21)		-
	6	CuCl (1.5 eq)	B	H3O +	0%		-
	7	c	CuCl (1.5 eq)	A	H3O +	72% (81:19)		-
	8	CuCl (1.5 eq)	A	D2O d , then H3O +	85% (82:18)		0%

a Estimated by

1 

H NMR analysis; b Further purified by acid-base extraction affording a mixture of products with valeric acid 85a. Estimated yield of the products 82b and 82c in this purified fraction was 49% in 78:22 ratio; c CO2 was dried using CaCl2; d Reaction mixture was stirred for 1 h at rt with D2O, followed by acidic work-up.

Table 4 . 2 .

 42 Compatibility of various alkynes with carboxylation mediated by CuCl.

	Entry	R 1	R 1	t	T	t'	T'	Ratio (PR:BP:SM)	a	Yield (PR)
	1	b	nC3H7	nC3H7	2 h	0 °C	1 h	rt	79:10:11	-
	2	b	nC3H7	nC3H7	2 h	0 °C	5 min.	rt	71:11:18	-
	3	b	nC3H7	nC3H7	1h	rt	15 min.	rt	85:3:13	52% (83)	c
	4	b	Ph	SiMe3	2 h	0 °C	1 h	rt	0:0:100	-
	5	b	Ph	SiMe3	0.5 h	100 °C	1 h	rt	0:0:100	-
	6	b	Ph	Ph	2 h	0 °C	1 h	rt	48:17:35	51% (84)	d
	7	e	Ph	Ph	2 h	0 °C	1 h	rt	n.d.	17%	d
	8	b,f	Ph	Ph	2 h	0 °C	1 h	rt	n.d.	22%	d
	a Estimated by	1 H NMR;					

b CO2 from gas cylinder was bubbling through solution during given time; c Purified by flash column chromatography;

d Purified by acid-base extraction; e Carboxylation step was relied on saturating reaction mixture with CO2 and maintaining it in the atmosphere of this gas with strong stirring; f CO2 was dried using a short column of CaCl2 during the course of reaction.

Table 4 . 3 .

 43 Copper-catalysed carboxylation.

	Ent ry	Conditions 1. t T		Salt	Conditions 2. CO2	t	T	Work-up	Ratio (84:85:74a:74d) a	85a	a
	1	2 h	0 °C		-		CO2	1 h	rt	H3O +	3 : 0 : 88 : 9	0.18 eq
	2	2 h	0 °C	Li2CuCl4 (5 mol%)	CO2	b	1 h	rt	H3O +	57 : 0 : 13 : 30	0.38 eq
	3	2 h	0 °C	Li2CuCl4 (5 mol%)	CO2	2h	0 °C to rt	H3O +	57 : 0 : 19 : 24	0.09 eq
	4	2 h	rt		Li2CuCl4 (5 mol%)	CO2	1 h	rt	D2O c	65 : 0 : 7 : 28	d, f	0.37 eq
	5	2 h	0 °C	Li2CuCl4 (20 mol%)		-		1 h	rt	H3O +	0 : 0 : 95 : 5	-
	6	2 h	0 °C	Li2CuCl4 (20 mol%)	CO2	1 h	rt	H3O +	59 : 0 : 6 : 35	0.52 eq
	7	2 h	0 °C		CuIP(OEt)3	CO2	1 h	rt	H3O +	61 : 0 : 10 : 29	1.15 eq
						(5 mol%)					
	8	2 h	0 °C	CuIP(OEt)3 (1 eq)	CO2	1 h	rt	D2O e	55 : 4 : 15 : 26 d, f	0.17 eq
	9	2 h	0 °C	CuCl2LiCl (1 eq)	CO2	1 h	rt	D2O c	56 : 0 : 4 : 40	d, f	0.65 eq
	a Estimated by	1 H NMR if not mentioned different;	b Rate of the bubbling of CO2 through the solution was strictly
	controlled and was equal 3 bubbles/sec;	c Reaction was stirred for 2 h with D2O under Ar followed by acidic work-
	up;	d Estimated by	13 C NMR;	e Reaction mixture was stirred for 18 h with D2O under Ar, followed by acidic work-
	up;										

f No deuterated product was observed.

  Reaction of preformed B with D 2 O without CO 2 in the reaction media would lead to the formation of deuterated stilbene I as two isomers E and Z. If the salt J reacts with CO 2 , then the presence of the starting material at the end of the reaction is expected. In the case of Cu II salts, single-electron transfer could cause the formation of radical L (Scheme

	Test 3 was carried out in order to see if longer exposure of the titanacycle to the copper(I) salt
	can affect formation of the intermediate B and the content of the produced acid. However, a
	similar result of 47% yield of 84 and around 30% of unreacted starting material was noted

A could undergo Ti-to-Cu transmetalation affording B. After its reaction with CO 2 and further formation of the oxatitanacycle D, ligand exchange with intermediate E could lead to the formation of F, which undergoes migration of the β-hydrogen of the butyl chain and further provides the reduced acid product H. Furthermore, we are proposing that intermediate B undergoes reversible retro-titanacupration to afford the starting material and titanium salt. 4.14.). This would generate small amount of Cu I , which would enter the catalytic cycle depicted in Scheme 4.13. Scheme 4.13. Plausible routes in the Cu I catalyzed carboxylation. Scheme 4.14. Plausible routes in the Cu II catalyzed carboxylation. Next, additional experiments were carried out to get further insight into the mechanism (Scheme 4.15.). Test 1 resulted mainly in unreacted starting material, alkylated byproduct 85 and very minor unidentified structures, while none of the mono-or dideuterated stilbene was observed. This result might suggest that the presence of Cu II can cause the presence of starting material at the end of the reaction. Test 2 was analogical but with copper(I) salt involved. We could observe mainly dideuterated stilbene 74a-d 2 as a mixture of two isomers Z and E in ratio 95:5, what confirmed the formation of intermediate B under these conditions. together with an increased amount of the alkylated byproduct 85 (test 3 vs.

Table 4.3, entry 9).

Scheme 4.15. Experiments towards mechanism.

Table 4 . 4 .

 44 Generation of the organocuprate.

			Conditions		
	Entry				Result
		2. step	3. step	Work-up	
	1	CuCl2LiCl (1.0 eq)	cyclohexenone (1.2 eq)	D2O, then H3O +	
		0.5 h, 0 °C	2 h, rt		
					86 (0%)
	2	CuCN2LiCl (1.0 eq)	cyclohexenone (1.2 eq)	H3O +	86 (5%)
		0.5 h, -78°C	2.5 h, -78°C		
		Li2CuCl4 (5 mol%), cyclohexenone (1.2 eq)		
	3			H3O +	86 (traces)
			2 h, rt		
		CuCl2LiCl (5 mol%), methyl vinyl ketone (1.0 eq)		
	4			H3O +	86a (0%)
			2 h, rt		

Table 4 .

 4 5. Source of CO 2 in the carboxylation of alkynes.

	Entry	1.step	Atmosphere	2. step	t	T	Ratio (84:74a:74d)	a
	1			A	CO2 (gas cylinder)	1 h	20 °C	21 : 21 : 58
	2			A	Ar			-	-	0 : 100 : 0
	3			A	dry air			1 h	20 °C	0 : 40 : 60
	4			A	CO2 (dry ice)	b	1 h	20 °C	34 : 21 : 45
	5	c		A	CO2 (dry ice)	b	1 h	20 °C	41 : 8 : 51
	6			A	CO2 (dry ice)	b,d	1 h	20 °C	37 : 37 : 26
	7			B1	CO2 (dry ice)	b,d	1 h	20 °C	35 : 31 : 34
	8			B1	CO2 (dry ice)	b,d	1 h	20 °C	29 : 16 : 55	e, f
	9			B1	Ar			-	-	0 : 50 : 50
	10		B2	Ar			-	-	0 : 88 : 12
	11		B3	Ar			-	-	0 : 30 : 70
	12		B2	CO2 (dry ice)	b,d	15 min.	50 °C to rt	45 : 29 : 26
	13		B2	CO2 (dry ice)	b,d	30 min.	-78 to 0 °C	10 : 72 : 18
	14		B2	CO2 (dry ice)	b,d	1 h	50 °C	62 : 7 : 31
	15	g		B2	CO2 (dry ice)	b,d	1 h	50 °C	55 : 4 : 41 h
	a Estimated by	1 H NMR;			

b Dried over MgSO4; c 5 mol% of the CuClLiCl salt was added;

d CO2 conducted through a short column of CaCl2;

Table 4 .

 4 6. Allylation of alkynes.

	Entry		1. Step			2. Step		Ratio	
		Ti(OiPr)4	nBuLi	t	T	Salt	bromide		
	1	2.2 eq	3.3 eq	2 h	0 °C	-	1.0 eq	89 : 0 : 6 : 5 : 0	98 : 2
	2	2.2 eq	3.3 eq	2 h	rt	CuCl2LiCl (5 mol%)	1.0 eq	26 : 21 : 45 : 18 : 0	100 : 0
	3	1.0 eq	2.0 eq	2 h	0 °C	-	1.0 eq	54 : 0 : 0 : 46 : 0	87 : 13
	4	1.6 eq	2.7 eq	2 h	0 °C	-	1.0 eq	81 : 0 : 3 : 16 : 0	97 : 3
	5	1.5 eq	2.6 eq	2 h	rt	-	1.0 eq	92 : 0 : 1 : 7 : 0	90 : 10
	6	1.4 eq	2.5 eq	1 h 1 h	0 °C rt	-	1.0 eq	95 : 0 : 0 : 5 : 0	88 : 12
	7	1.4 eq	2.5 eq	2 h	rt	-	2.2 eq	92 : 1 : 1 : 3 : 3	85 : 15

a 87:88:74a:74d:89 Z:E (87) a a Estimated by 1 H NMR analysis.

Table 4 .

 4 7. Double functionalization of alkynes.

Table 4 . 8 .

 48 Allylation of alkynes using allyl ethers. Addition of nBuLi to Ti(OiPr)4 and alkyne is carried out at 0 °C, followed by stirring for 5 min. at 0 °C;

	En try	A/ B/ C/	[eq]	OM [eq]	1. step a	t, T				R	Allyl	eq	2. step.	Ratio (87:74a :74d:89)
	1	A		1.1	2.2	1 h rt, 1 h 50 °C	OPh	1.1	2 h, rt	36 : 11 : 53 : 0	100:0
	2	A		1.1	2.2	1 h rt, 1 h 50 °C	OEt	1.1	2 h, rt	36 : 39 : 0 : 25	100:0
	3	A		1.1	2.2	1 h rt, 1 h 50 °C	OEt	1.5	2 h, rt	41 : 25 : 0 : 34	100:0
	4	A		1.1	2.2	µW, 0.25 h	c	OEt	1.5	µW, 0.16 h	c	0 : 83 : 17 : 0	-
	5	A		1.1	2.2	µW, 0.5 h	c	OEt	1.5	µW, 0.5 h	c	23 : 49 : 0 : 28	100:0
	6	B		1.1	2.2	µW, 0.5 h	c	OPh	1.5	-	7 : 0 : 74 : 19	100:0
	7	B		1.1	2.2	µW, 1 h	c			Br	1.5	-	3 : 4 : 90 : 3	100:0
	8	C		1.1	2.2	1 h rt, 1 h 50 °C	OEt	1.5	2 h, rt	40 : 40 : 0 : 20	100:0
	9	A		1.4	2.5		2 h, rt				OPh	2.2	2 h, rt	89 : 1 : 0 : 10	100:0
	10	A		1.4	2.5		2 h, rt				OPh	1.5	2 h, rt	68 : 9 : 0 : 23	100:0
	11	A		1.4	2.5		2 h, rt				OEt	2.2	2 h, rt	52 : 10 : 0 : 38	100:0
	12	A		1.1	2.2	1 h rt, 1 h 50 °C	OEt	1.5	2 h, rt	d	52 : 28 : 0: 20	100:0
	13	A		1.4	2.5		2 h, rt				Cl	2.2	2 h, rt	94 : 1 : 0 : 5	96:4
													b
	Estimated by	1 H NMR;							

b Z/E (87) b [Ti]

a c Reaction heated to 50 °C; d Reaction quenched with D2O followed by stirring for 1 h at rt and acidic work-up; Ratio given stands for ratio between deuterated products 87 (95% 2 H) b , 74a (99% 2 H) and 89

Table 4 . 9 .

 49 Optimization of the formation of the compound 89.

	Entry	1.step	a	t, T	2. step	Work-up	b (87:74a:89) Ratio
	1	1 h rt, 1 h 50 °C	2 h, rt	0.5 eq	H3O +	4 : 95 : 1
	2	1 h rt, 1 h 50 °C	1 h, 50 °C	1.0 eq	H3O +	0 : 47 : 53	c
	3	1 h rt, 1 h 50 °C	1 h, 50 °C	1.0 eq	D2O	

d 0 : 51 : 49

  4 /Grignard reagent system were tested with nBuLi in the place of organomagnesium compounds. At first, following an earlier report by our group 110 , reaction with diallylcarbonate was carried out. No carboxylation product 96 was

obtained (Scheme 4.26., A). More surprisingly, the analogical reaction between 2-butyne and dimethylcarbonate did not afford the expected methyl-(Z)-2-methyl-2-butenoate.

Next, a single attempt at Cu II catalysed addition to 1,2-epoxyoctane 97 was made.

Unfortunately, in the reaction mixture no alcohol 98 was observed but only stilbene 74a (Scheme 4.26., B). Scheme 4.26. Reactions of titanacyclopropene with allyl carbonate or epoxide.

  Two new solid-supported NHC catalysts were prepared and tested. Furthermore, a number of attempts at establishing new reactions and catalysts in the subjects of catalysis via enamine intermediate or NHC carbene catalysis were carried out. Titanium(IV) isopropoxide was purchased from Sigma Aldrich, distilled under reduced pressure (2 mbar, 70 °C) and stored under argon for several months. n-BuLi (2.5 M in hexanes), sBuLi(1.4 M in cyclohexane), tBuLi (1.7M in pentane), iPrMgCl (2.0 M in THF), n-PrMgCl (2M in Et 2 O) and n-EtMgCl (3M in Et 2 O) were purchased from Sigma-Aldrich or Acros Organics and titrated according to literature methods I,II once per month. Tetrahydrofuran, DCM and Et 2 O were dried using a MB SPS-800 solvent purification system (MBRAUN). Petroleum ether (40-60 °C fraction) was distilled: 450 mBar, 40 °C. AcOEt, Et 2 O, MeOH, DCM and n-pentane used for flash column chromatography were purchased from VWR Chemicals and used without purification. Other solvents and commercial reagents were used as received. CDCl 3 was purchased from Euroiso-top and contained 0.03% of TMS. The microwave-promoted experiments were run using CEM Discover apparatus or a Microwave Synthesis Reactor Monowave 300 from Anton Paar with the temperature and time parameters indicated. Flash column chromatography was performed on VWR Chemicals silica gel 60 (40-63 μm). Concentration under reduced pressure was carried out using rotary evaporators at 40 °C. Organometallic reactions were carried out under argon or nitrogen pressure in flame-dried glassware, using high vacuum dried microsyringes. NMR spectra were recorded with AVANCE 400 Bruker spectrometers ( 1 H at 400.2 MHz,13 C at 100.6 MHz) or an AVANCE II 300 Bruker spectrometer ( 19 F at 282.4 MHz). Chemical shifts (δ) are reported in ppm and their reference is tetramethylsilane (δ =0.00 ppm) or solvent peak ( 1 H NMR in CDCl 3 : δ =7.26 ppm;1 H NMR in MeOD: δ =3.31 ppm;13 C in CDCl 3 : δ = 77.0 ppm;
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  (EI): m/z 309.1603 (M +• C 24 H 15 D 3 +• requires 309.1591).

XVIII D. Brenna, M. Villa, T. N. Gieshoff, F. Fischer, M. Hapke, A. J. von Wangelin, Angew.

Chem. Int. Ed., 2017, 56, 8451- 

, 40c and 40d. 1-(4-Chlorophenyl)-2,4-diphenyl-benzene (40d)

  

	): m/z 340.1019 (M +• C 24 H 17 35 Cl +• requires 340.1013); this analysis was done using Molecular Weight: 340.84 gmol -1 R f 0.4 (EtOAc/petroleum ether 2%); UV-active This product was obtained with 1,2,4-tris(4-chlorophenyl)benzene 40a (see its procedure a sample containing compounds 40bChemical Formula: C 24 H 17 Cl description).

1,2-Bis(4-bromophenyl)-4-phenylbenzene (41b)

  

	HRMS (EI): m/z 463.9591 (M +• C 24 H 16 Br 2 a sample containing compounds 41b, 41c, 41d. +• requires 461.9613); this analysis was done using 1-(4-Bromophenyl)-2,4-diphenyl-benzene (41d)
	Note: 1,2,4-Tris(4-bromophenyl)phenylbenzene is slightly less polar than the 1,2-bis(4-
	bromophenyl)-4-phenyl-benzene. The latter is slightly less polar than 1-(4-bromophenyl)-2,5-
	diphenyl-benzene or 1-(4-bromophenyl)-2,4-diphenyl-benzene.
	1-(4-Bromophenyl)-2,5-diphenyl-benzene (41c)
	Chemical Formula: C 24 H 17 Br
	Molecular Weight: 385.30 gmol -1
	R f 0.5 (EtOAc/petroleum ether 2%); UV-active
	This product was obtained together with 1,2,4-tris(4-bromophenyl) benzene 41a (see its
	procedure description).
	13 C NMR (CDCl 3 , 100.6 MHz): δ 121.8 or 121.9 (C12), 126.2, 126.6, 126.8 (C4, C13, C18),
	Chemical Formula: C 24 H 17 Br 127.5 (C6), 128.06, 128.09 (C10, C16), 128.6, 129.5 (C1, C5), 129.8 (C17), 130.8 (C7), 131.1
	Molecular Weight: 385.30 gmol -1 or 131.5 (C11), 138.1 (C9 or C15), 139.2, 139.4 (C8, C14), 140.3 (C9, C14, C15), 140.9 (C2),
	R f 0.5 (EtOAc/petroleum ether 2%); UV-active 141.1 (C3).
	The compound is described in the literature. XXII 1,2,4-Tris(3-phenylpropyl)benzene (42a)
	This product was obtained together with 1,2,4-tris(4-bromophenyl)benzene 41a (see its
	procedure description).
	13 C NMR (CDCl 3 , 100.6 MHz): δ 121.8 or 121.9 (C18), 126.4, 126.7 (C12 or C13), 127.1
	(C4), 127.5 or 127.9 (C6), 128.06, 128.09 (C10, C16), 128.8 (C5), 129.1 (C1), 129.8 (C11),
	131.0 (C7), 131.1 or 131.5 (C17), 132.6 (C15), 139.8, 140.0 (C8, C14), 140.5, 140.65, 140.67
	(3 C, C2, C3, C9).
	Chemical Formula: C 24 H 16 Br 2 Molecular Weight: 464.19 gmol -1 HRMS (EI): m/z 384.0519 (M +• C 24 H 17 Br +• requires 384.0508); this analysis was done using a
	sample containing compounds 41b, 41c, 41d. R f 0.5 (EtOAc/petroleum ether 2%); UV-active Chemical Formula: C 33 H 36 Colourless oil Molecular Weight: 432.64 gmol -1
	This product was obtained together with 1,2,4-tris(4-bromophenyl)benzene 41a (see its R f 0.3 (EtOAc/petroleum ether 2%); PMA, UV-active
	procedure description).
	13 C NMR (CDCl 3 , 100.6 MHz): δ 121.0, 121.1, (C12, C18), 126.6 (C13), 127.1 (C4), 127.7
	(C6), 128.9 (C5), 129.3 (C1), 131.0 (C7), 131.28, 131.31 (C10, C16), 131.39, 131.44 (C11,
	C17), 138.0 (C9 or C15), 139.6, 139.7 (2 C, C8, C14), 140.0 (C9 or C15), 140.2 (C2), 140.9
	(C3).

  NMR (CDCl 3 , 400 MHz): δ 1.31 (9 H, s, H4), 1.54 (9 H, s, H8 or H12), 1.56 (9 H, s, H8 or H12), 7.13(1 H, dd, J 8.5, 2.5, H1), 7.51 (1 H, d, J 8.5, H5), 7.62 (1 H, d, J 2.5, H9).

	13 C NMR (CDCl 3 , 100.6 MHz): δ 31.4 (C4), 34.3 (C3), 34.9, 34.9 (C8, C12), 37.3, 38.0 (C7,
	C11), 122.3 (C1), 126.8 (C5), 129.2 (C9), 145.6 (C2), 147.3, 148.1 (C6, C10).
	HRMS (EI): m/z 246.2342 (M +• C 18 H 30	+• requires 246.2342); analysis was performed on a
	sample containing a mixture of isomers.
	1,3,5-Tri(tert-butyl)benzene (46b)
	Chemical Formula: C 18 H 30	
	Molecular Weight: 246.43 gmol -1	
	R f 0.8 (petroleum ether); anisaldehyde, UV-active
	White solid	

1 H

  CDCl 3 , 400 MHz) characteristic signal: δ 7.32(3 H, s, H1).

	13 C NMR (CDCl 3 , 100.6 MHz) characteristic signals: δ 31.6 (C4), 119.5 (C1), 149.9 (C2).

1 H NMR (

XXV SDBSWeb: http://sdbs.db.aist.go.jp (National Institute of Advanced Industrial Science and Technology, accessed on the 29th of January 2018).

  Dideuteriododecyl aldehyde (1.0 equiv, 12.6 mmol, 2.34 g) was dissolved in 1:1 mixture of MeOH and Et 2 O (26 mL). NaBH 4 (2.0 equiv, 25.2 mmol, 0.96 g) was added portionwise. The reaction mixture was stirred for 3 h at rt (control by TLC). Then H 2 O was added slowly at 0 °C (5 mL). After 15 min. of stirring, the solution was acidified with 2M HCl and extracted with AcOEt (3 x 20 mL). Combined organic phases were washed with brine, dried over MgSO 4 and concentrated affording analytically pure product with 93% of2 H incorporation (2.09 g, 11.1 mmol, 88%).This compound was prepared according to adapted literature procedure.XXXIII The compound is described in the literature. XXXIV To 2,2-dideuteriododecanol (1.0 equiv, 10.88 mmol, 2.05 g) in anhydrous DCM (55 mL) was added CBr 4 (1.0 equiv, 10.88 mmol, 3.63 g) and PPh 3(1.0 equiv, 10.88 mmol, 2.84 g) at 0 °C. HRMS (EI): m/z 250.1253 (M +• C 12 H 23 D 2 Br +• requires 250.1259).

	2,2-Dideuteriododecanol (58)
	Chemical Formula: C 12 H 24 D 2 O Molecular Weight: 188.35 gmol -1 R f 0.6 (EtOAc/petroleum ether 20%); PMA-active Colourless oil This compound was prepared according to adapted literature procedure. XXXI 2,2-13 C NMR (CDCl 3 , 100.6 MHz): δ 14.1 (C12), 22.7 (2C, C4-C11), 25.6 (m, C2), 29.4, 29.7, 31.9 (6 C, C4-C11), 63.1 (C1). Quintet of deuterated carbon could not be identified with precision. HRMS (EI): Not found. 1-Bromo-2,2-dideuteriododecane (59) Chemical Formula: C 12 H 23 D 2 Br Molecular Weight: 251.24 gmol -1 affording crude product as an orange oil (8.56 g). Purification by flash column chromatography on silica gel (pentane) afforded pure product with 93% of 2 H incorporation (1.39 g, 5.53 mmol, 51%). 1 H NMR (CDCl 3 , 400 MHz): δ 0.86-0.90 (3 H, m, H12), 1.26-1.40 (18 H, m, H3-H11), 1.79-1.87 (0.15 H, m, H2), 3.39 (2 H, s, H1). 13 C NMR (CDCl 3 , 100.6 MHz): δ 14.1 (C12), 22.7 (C11), 28.0, 28.7, 29.3, 29.45, 29.54, 29.6, 31.9 (8 C, C3-C10), 32.1 (2C), 33.9 (C1). Quintet of deuterated carbon could not be identified with precision. 1-Pentyl-3,4-diphenylbenzene (61) Chemical Formula: C 23 H 24 Molecular Weight: 300.44 gmol -1 R f 0.5 (EtOAc/petroleum ether 1%); UV-active Yellow oil General method G1 with phenylacetylene (0.66 equiv, 2.00 mmol, 220 µL) and 1-heptyne (0.33 equiv, 1.00 mmol, 133 µL) was used and work-up W1 was applied. The crude product (324 mg, orange oil) was purified by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 2 %) affording 15 mg of a mixture of 1,2,4-tripentylbenzene 27a, 1,3,5-tripentylbenzene 27b, (E)-8-methylenetridec-6-ene 27c, (6E,8E)-R Reaction mixture was stirred for 21 h at rt (control by TLC). After, a solvent was evaporated tetradeca-6,8-diene 27d and 5-methylenedecane 27e in ratio 17:17:12:27:27 respectively, 33

1 

H NMR (CDCl 3 , 400 MHz): δ 0.86-0.89

(3 H, m, H12), 1.26-1.28 (18 H, m, H3-H11), 1.59- 1.62 (0.15 H, m, H2), 3.68 (2 H, d, J 44.5, H1)

. f 0.9 (EtOAc/petroleum ether 1%); PMA-active Colourless oil (white crystals in the freezer) XXXIII P. Argyropoulos, F. Bergeret, C. Pardin, J. M.Reimer, A. Pinto, C. N. Boddy, T. M. Schmeing, Biochimica et Biophysica Acta (BBA) -General Subjects, 2016, 1860, 3, 486-497. XXXIV A. C. Bissember, A. Levina, G. C. Fu, J.

,4-Tris(2-hydroxyethyl)benzene (62a) Chemical Formula: C 12 H 18 O 3 Molecular Weight: 210

  .27 gmol -1 R f 0.2 (MeOH/DCM 5%); PMA, vanillin, UV-active This compound was prepared according to adapted literature procedure.XXXV 

	13 C NMR (CDCl 3 , 100.6 MHz): δ 14.1 (C19), 22.6 (C6), 31.2, 31.7 (C4, C5), 35.6 (C3),
	126.2, 126.3 (C12, C18), 127.5 (C13), 127.76, 127.79 (C10, C11), 128.88, 129.90 (C16,
	C17), 130.5, 130.7 (C1, C7), 137.9 (C2), 140.3, 141.5 (C8, C14), 141.7, 142.2 (C9, C15).
	IR (neat): 3057 (w), 3024 (w), 2954 (m), 2925 (m), 2855 (w), 1876 (w), 1803 (w), 1600 (w),
	1575 (w), 1493 (w), 1477 (m), 1443 (m), 1405 (w), 1377 (w), 1179 (w), 1155 (w), 1137 (w),
	1072 (w), 1026 (w), 1008 (w), 911 (w), 892 (w), 827 (w), 777 (w), 762 (s), 742 (m), 697 (s),
	629 (w), 565 (m), 524 (w).
	HRMS (EI): m/z calcd for C 23 H 24 +• , 300.1872 [M +• ]; found: 300.1883.
	1,2

  H NMR analysis. Procedure was repeated during 72 h. Product was used without further purification as 94% solution in Et 2 O and 96% of 2 H incorporation. The yield obtained for 66 after two runs was 1.82 g (17.6 mmol, 48%).

	1 H NMR (CDCl 3 , 400 MHz): δ 3.08 (0.04 H, s, H1), 7.30-7.38 (3 H, m, H5, H6), 7.49-7.52 (2
	H, m, H4).

XXXVI R. Gronheid, H. Zuilhof, M. G. Hellings, J. Cornelisse, G. Lodder, J.

Org. Chem., 2003, 68, 3205 -3215

. XXXVII Y. Wei, A. Tinoco, V. Steck, R. Fasan, Y. Zhang, J. Am.

Chem. Soc., 2018, 140, 1649-1662. 

1-Bromo-4-(2,2-dibromovinyl)benzene (68a)

  

	Chemical Formula: C 8 H 5 Br 3
	Molecular Weight: 340.84 gmol -1
	R f 0.7 (petroleum ether); UV-active
	Yellowish oil

  CDCl 3 , 400 MHz) characteristic signals: δ 0.94 (6 H, t, J 7.0, H12),1.63-1.75 (4 H, m, H9), 2.65-2.71 (2 H, m, H8), 7.04-7.23 (12 H, m, Ph, 6H).

1 H NMR (

XLVIII 1 H

 1 NMR (CDCl 3 , 400 MHz) characteristic signals: δ 2.24 (2 H, m, H8), 2.86 (2 H, m, H7), 3.87 (2 H, s, H13), 5.98 (1 H, t, J 7.0, H6).

  .5 (C2, C3, C8 or C9), 133.1 (C11), 137.2 (C4, C6 or C7), 137.8 (C12), 138.8 (C4, C6 or C7), 141.5 (C4, C6 or C7).

	HRMS (EI): Not found.
	(E)-(4-cyclopropylbut-3-ene-1,2-diyl)dibenzene (75d)
	Chemical Formula: C 19 H 20
	Molecular Weight: 248.36 gmol -1
	13 C NMR (CDCl 3 , 100.6 MHz): δ 7.5 (C14), 14.6 (C13), 126.3 (C1 or C10), 127.1 (C1 or
	C10), 127.8 (C2, C3, C8 or C9), 128.3 (C5), 128.7 (C2, C3, C8 or C9), 129.1 (C3 or C8),

LIV This product is not described in the literature however its NMR data corresponds with [(E, 1Z)-1-benzylideneoct-2enyl]benzene which is reported: V. Rassadin, E. Nicolas, Y.

Six, Chem. Commun., 2014, 50, 7666-7669 (SI)

. 129

  NMR (CDCl 3 , 100.6 MHz): δ 13.88, 13.92 (C1, C8), 22.0, 22.4 (C2, C7), 28.3, 30.7 (C3, C6), 131.7 (C5), 145.6 (C4), 173.6 (C9). HRMS (EI): m/z 156.1150 (M +• C 9 H 16 O 2 +• requires 156.1145).

	(E)-2,3-Diphenylpropenoic acid (84)
	Chemical Formula: C 15 H 12 O 2
	Molecular Weight: 224.25 gmol -1

13 C

  NMR (CDCl 3 , 400 MHz): δ 7.04-7.07(2 H, m, Ph), 7.13-7.25 (5 H, m, Ph), 7.35-7.40 (3 H, m, Ph), 7.95 (1 H, s, H5). 13 C NMR (CDCl 3 , 100.6 MHz): δ 128.0 (C1 or C10), 128.2, 128.7 (C2 or C3, or C8 or C9), 129.4 (C1 or C10), 129.8, 130.8 (C2 or C3, or C8 or C9), 131.7 (C6), 134.3, 135.3 (C4, C7), 142.4 (C5), 173.3 (C11). HRMS (EI): m/z 224.0837 (M +• C 15 H 12 O 2 +• requires 224.0832).

1 H (Z)-1,2-Diphenylhex-1-ene (85)

Chemical Formula: C 18 H 20 Molecular Weight: 236.36 gmol

-1 

  (EI): m/z 236.1571 (M +• C 18 H 20 +• requires 236.1560).

LXI B. C. Chary, S. Kim, D. Shin, P.

H. Lee, Chem. Comm., 2011, 47, 27, 7851 -7853. 

  NMR (CDCl 3 , 400 MHz) characteristic signals: δ 0.94(3 H, m, H5), 1.36 (2 H, m, H4), 2.35 (2 H, t, J 7.5, H2). C 20 H 20 O Molecular Weight: 276.37 gmol -1 R f 0.4 (EtOAc/petroleum ether 10%); anisaldehyde, UV-active Yellowish oilThe compound is described in the literature. General procedure GF1 was applied with diphenylacetylene (180 mg). Then CuCN2LiCl (100 mol%, 1.0 mmol, 174 mg) dissolved in THF (2 mL) was added, followed by stirring for 30 min. at -78 °C. Next, 2-cyclohexen-1-one (1.2 equiv, 1.2 mmol, 115 µL) was added, followed by stirring for 2 h 30 min. at -78 °C. Work-up consisted of quenching

1 H 13 C NMR (CDCl 3 , 100.6 MHz): δ 13.6 (C5), 22.1 (C4), 26.7 (C3), 33.8 (C2), 180.7 (C1). (Z)-3-(1,2-Diphenylvinyl)cyclohexanone (86) Chemical Formula: LXIII Run 1: LXII T. M. Shaikh, F.-E. Hong, Adv. Synth. Catal., 2011, 353, 9 1491 -1496. LXIII H.-T. Chang, T. T. Jayanth, C.-C. Wang, C.-H. Cheng, J.

Am. Chem. Soc., 2007, 129, 39, 12032-12041. 
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Scheme 3.21. Examples of 30 mol% reaction of internal alkynes.

C NMR (CDCl 3 , 100.6 MHz): δ 7.1 (C1), 13.9 (C2), 127.9 (C4), 135.0 (C3).

H NMR (CDCl 3 , 400 MHz): δ 6.93 (2 H, br dd, J 9.0, 8.5, H11 or H17), 6.96 (2 H, br dd, J XXII M. Rehan, S. Maity, L. K. Morya, K. Pal, P. Ghorai, Angew.Chem. Int. Ed., 

2016, 55, 27, 7728-7732. 

C NMR (CDCl 3 , 400 MHz) characteristic signals: δ 50.7 (C5), 42.9 (C13). HRMS (EI): Not found.

H NMR (CDCl 3 , 400 MHz): δ 0.81 (3 H, t, J 7.0, H13),1.09-1.22 (2 H, m, H12), 1.55-1.69 

Acknowledgements

Avant-propos

12

Abbreviations

Chapter II The Ti(OiPr) 4 /nBuLi reagent system Additional chapter V

Organocatalysis

Conclusions and perspectives

Chapter IV: Carboxylation using CO 2

General procedures of heterotrimerization or alkyne functionalization

General procedure GF1: Generation of titanacyclopropene 8 using Ti(OiPr) 4 /nBuLi in 2 : 3 ratio.

Internal alkyne (1.00 equiv, 1.00 mmol) was dissolved in anhydrous THF (10 mL) under inert atmosphere in a flame-dried flask. Ti(OiPr) 4 (2.20 equiv, 2.20 mmol, 651 µL) was added and the solution cooled down to 0 °C. Then nBuLi (2.0 M in hexanes; 3.30 equiv, 3.30 mmol) was added dropwise over 4 min. at 0 °C and the reaction mixture was stirred for 2 h at 0 °C.

General procedure GF2: Generation of titanacyclopropene 8 using Ti(OiPr) 4 /nBuLi in 1 : 2 ratio.

Internal alkyne (1.0 equiv, 1.0 mmol) was dissolved in anhydrous THF (10 mL) under inert atmosphere in a flame-dried flask. Ti(OiPr) 4 (1.1 equiv, 1.1 mmol, 326 µL) was added and reaction cooled down to 0 °C. Then nBuLi (2.0 M in hexanes; 2.2 equiv, 2.2 mmol) was added dropwise over 3 min. and the reaction mixture was stirred for 1 h at rt and then for 1 h at 50 °C.

Work-up procedure WF1: Addition of 2M HCl (20 mL) was followed by extraction with Et 2 O (3 x 20 mL), drying over MgSO 4 , filtration and concentration to afford the crude product.

Acid-base extraction procedure ABE: Crude product was dissolved in Et 2 O (50 mL), extracted with 1M NaOH (3 x 25 mL), the combined aqueous layers were acidified using conc. HCl (until pH 1) and extracted with Et 2 O (2 x 40 mL), followed by drying over MgSO 4 , filtration and evaporation of solvent to afford the product.

Preparation of copper salts

MgCl 2 , ZnCl 2 , CuCl, Li 2 CuCl 4, CuIP(OEt) 3, CuCN2LiCl , CuCl2LiCl salts were stored under Ar. They were flame-dried just before experiments under high vacuum for 10 min., followed by cooling down for 30 min. under high vacuum as well. Next, the desired amount of salt was weighed, the drying procedure repeated, flask flushed with argon and the salt was dissolved in the desired amount of anhydrous solvent.

Dilithium tetrachlorocuprate (II), Li 2 CuCl 4 , was prepared by thorough mixing in a mortar of predried LiCl and CuCl 2 salts in the 2:1 ratio.

Copper(I) chloridebis(lithium chloride), CuCl2LiCl, was prepared by thorough mixing in a mortar of predried LiCl and CuCl salts in the 2:1 ratio.

Iodocopper -triethylphosphite, CuIP(OEt) 3 , was prepared according to a described procedure IV : CuI (1.0 equiv, 10.5 mmol, 2.0 g) was added slowly portionwise to the solution of phosphite (1.0 equiv, 10.5 mmol, 1.8 mL) in toluene (11 mL) at rt, followed by stirring the reaction mixture for 1 h at rt with protection from light. The solution was filtered through celite and concentrated. The product was recrystallized from cyclohexane to afford 645 mg (1.8 mmol, 17%) of the pure complex [m.p. 112-113 °C; 1 H NMR (CDCl 3 , 400 MHz): δ 1.29 (9 H, t, J 7.0, CH 3 ), 4.11 (6 H, q, J 7.0, CH 2 ].

Copper(I) cyanide -di(lithium chloride), CuCN2LiCl, was prepared according to a described literature procedure V : LiCl (1.0 equiv) was dried in the flame-dried flask at 130 °C under vacuum for 2 h. Then, the system was cooled down to rt, flushed with argon and CuCN was added (0.5 equiv) affording, after stirring together for some time, the desired complex.

IV N. F. Langille, T. F. Jamison, Org. Lett., 2006, 8, 17, 3761-3764. V M. C. P. Yeh, H. G. Chen, P. Knochel, Org. Synth. Coll., 1998, 9, 502; Org. Synth., 1992, 70, 195. (Z)-Oct-4-ene (51a) Chemical Formula: C 8 H 16 Molecular Weight: 112.21 gmol -1 The compound is described in the literature. XXIX This compound was obtained as byproduct in the synthesis of hexapropylbenzene 51 and in the synthesis of (E)-2,3-di-n-propylacrylic acid 83. 1 H NMR (CDCl 3 , 400 MHz) characteristic signal: δ 5.35 (2 H, t, J 7.0, H4).

1-Butylbenzene (54b)

Chemical Formula: C 10 H 14 Molecular Weight: 134.22 gmol -1 The compound is described in the literature. XXX To nBuLi (2.27 M in hexanes; 3.0 equiv, 3.00 mmol, 1.320 mL) in THF (4 mL) in a 10 mL flame-dried MW reactor was added fluorobenzene (1.0 equiv, 1.0 mmol, 94 µmol) dropwise at 0 °C. The septum on the vial was quickly replaced with the suitable sealed cap and the vial was immediately heated with the microwave synthesis reactor (100 °C, 15 min). After, the solution was quenched with 2M HCl (20 mL), extracted with Et 2 O (3 x 20 mL), dried over MgSO 4 and concentrated [the pressure in the rotary evaporator was kept above 300 mbar with a bath at 40 °C]. 13 C NMR analysis showed full conversion of the starting material and production of 1-butylbenzene 54b as a main product. No attempt was made to isolate it. XXIX J. Hori, K. Murata, T.Sugai, H.Shinohara, R.Noyori, N. Arai, N. Kurono, T. Ohkuma, Adv. Synth. Catal,. 2009, 351, 3143 -3149. XXX T. N. Gieshoff, U. Chakraborty, M. Villa, A. Jacobi von Wangelin, Angew. Chem. Int. Ed., 2017, 56, 13, 3585 -3589 (SI). 232 13 C NMR (CDCl 3 , 100.6 MHz): δ 13.6 (C8), 22.1 (C7), 33.5 (C6), 35.4 (C5), 125.2 (C1), 127.9, 128.1 (C2, C3), 142.5 (C4). This compound was prepared following an adaptation of a literature procedure. XXXI The compound is described in the literature. XXXII Freshly distilled 1-dodecanal (1.0 equiv, 13.0 mmol, 2.88 mL), DMAP (0.1 equiv, 1.30 mmol, 0.16 g) and D 2 O (10.0 equiv, 130 mmol, 2.30 mL) were heated to 100 °C for 1 h. Then DCM (20 mL) and 1M aqueous solution of HCl (5 mL) were added. The heterogeneous mixture was washed with aqueous saturated solution of NaHCO 3 (15 mL) and next by brine (15 mL), dried over MgSO 4 , filtered and concentrated affording 2.35 g of product deuterated in 70% (as estimated by 1 H NMR analysis). Next, the product was subjected to the same reaction conditions and work-up, affording analytically pure product deuterated in 93% (2.34 g, 12.6 mmol, 97%).

1 H NMR (CDCl 3 , 400 MHz): δ 0.86-0.89 (3 H, m, H12), 1.25-1.33 (16 H, m, H4-H11), 1.61 (2 H, t, J 6.5, H3), 2.39 (0. 15 H, dt, J 9.5, 4.5, H2), 9.76 (1 H, s, H1). 13 C NMR (CDCl 3 , 100.6 MHz): δ 14.1 (C12), 21.9 (C3), 22.7, 29.1, 29.30, 29.33, 29.4, 29.55, 29.56, 31.9 (C4, C5, C6, C7, C8, C9, C10, C11), 43.2 (quint, J 19.0, C2), 203.1 (C1). HRMS (EI): Not found. XXXI E. Ruysbergh, C. V. Stevens, N. De Kimpe, S. Mangelinckx, RSC Adv., 2016, 6, 73717-73730. XXXII M. Tokunaga, T. Suzuki, N. Koga, T. Fukushima, A. Horiuchi, Y. Wakatsuki, J. Am. Chem. Soc., 2001, 123, 48, 11917-11924. 239 13 C NMR (CDCl 3 , 100.6 MHz): δ 76.9 (t, J 38.0, C1), 83.2 (t, J 7.5, C2), 122.1 (C3), 128.3 ( 2C, C5), 128.8 (C6), 132.1 (2 C, C4).

4-Benzyloxybut-1-yne (67)

Chemical Formula: C 11 H 12 O Molecular Weight: 160.21 gmol -1 R f 0.2 (EtOAc/petroleum ether 2%); anisaldehyde, UV-active Colourless oil This compound was prepared following an adaptation of a literature procedure and is described in the same article. XXXVIII NaH (60% in mineral oil; 1.0 equiv, 25.0 mmol, 1.0 g) was added to but-3-yn-1-ol (1.0 equiv, 25.0 mmol, 1.95 mL) in THF (25 mL) at 0 o C portionwise. Then TBAI (0.01 eqiuv, 0.25 mmol, 90 mg) was added, followed by addition of benzyl bromide (1.0 equiv, 25.0 mmol, 3.0 mL). The reaction mixture was stirred at rt for 8 h, then diluted with Et 2 O (25 mL), washed with 0.3 M HCl (25 mL), dried over MgSO 4 and concentrated to afford 5.15 g of crude product as a yellow oil. Purification by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 10%) afforded pure 4-benzyloxybut-1-yne 67 (3.73 g, 23.3 mmol, 93%).

1 H NMR (CDCl 3 , 400 MHz): δ 2.02 (1 H, t, J 2.5, H1), 2.52 (2 H, td, J 7.0, 2.5, H3), 3.62 ( 2H, t, J 7.0, H4), 4.58 (2 H, s, H5), 7.28-7.37 (m, H7-H9). XXXVIII S. W. Johnson, N. P. Jensen, J. Hooz, E. J. Leopold, J. Am. Chem. Soc., 1968, 5872-5881.

Diethyl-2,2-di(prop-2-yn-1-yl)malonate (70a)

Chemical Formula: C 13 H 16 O 4 Molecular Weight: 236.26 gmol -1 R f 0.6 (Et 2 O/petroleum ether 10%, eluted twice); anisaldehyde-active Colourless crystals This compound was prepared according to adapted literature procedure and is described in the same article. XVIII To NaH (60% in mineral oil; 2.0 equiv, 40.0 mmol, 1.6 g) in flame-dried flask under Ar was added anhydrous THF (40 mL) and diethyl malonate (1.0 equiv, 20.0 mmol, 3.04 mL) over 15 min. at 0 °C. The suspension was stirred for 2h at rt. After propargylic bromide was added (80% solution in toluene; 2.5 equiv, 50.0 mmol, 5.57 mL) at 0 ºC dropwise. Suspension was stirred for 16 h at rt. After control by TLC additional NaH was added (0.5 equiv, 10 mmol, 0.4 g) and reaction stirred for 1 h at rt until completion of the starting material. Then 10 mL of H 2 O was added and solution extracted with AcOEt (3 x 10 mL), dried over Na 2 SO 4 and concentrated to deliver 5.9 g of crude product as a yellow oil. Purification by column chromatography (EtOAc/petroleum ether 10%) delivered pure product 70a (4.56 g, 19.3 mmol, 96%).

1 H NMR (CDCl 3 , 400 MHz): δ 1.26 (6 H, t, J 7.0, H7), 2.03 (2 H, t, J 2.5, H1), 2.99 (4 H, d, J 2.5, H3), 4.23 (4H, q, J 7.0, H6). 

2-Methyl-1-buten-3-yne (71)

Chemical Formula: C 5 H 6 Molecular Weight: 66.10 gmol -1 Colourless oil This compound was prepared according to adapted literature procedure and it is described in the same thesis. XLV To a mixture of Ac 2 O (1.3 equiv, 65 mmol, 6.14 mL) and pTSAH 2 O (0.04 equiv, 2.0 mmol, 380 mg) was added 2-methyl-3-butyn-2-ol (1.0 equiv, 50 mmol, 4.9 mL) dropwise slowly (during 10 min.) under Ar at 0 °C. Then, distillation (b.p. 32 °C) was immediately started while collecting the distillate at 0 °C. The latter was washed with cold 3M aqueous solution of NaOH (2 x 10 mL), dried over MgSO 4 and filtered cautiously affording 1.6 g of the pure product (24.2 mmol, 48%). Fessner, M. J. Hernaiz, Chem. Eur. J., 2017, 23, 7, 1623 -1633 (SI).

[(E, 1Z)-1-Benzylideneoct-2-enyl]benzene (73c)

Chemical Formula: C 21 H 24 Molecular Weight: 276.42 gmol -1 The compound is described in the literature. X This product was obtained with 3',5'-dipentyl-1,1':2'1''-terphenyl 73a. 1 H NMR (CDCl 3 , 400 MHz) characteristic signal: δ 6.48 (1 H, br s, H13).

(E)-8-Methylenetridec-6-ene (27c)

Chemical Formula: C 14 H 26 Molecular Weight: 194.36 gmol -1 The compound is described in the literature. X This product was obtained together with 3',5'-dipentyl-1,1':2'1''-terphenyl 73a. The compound is described in the literature. X This product was obtained with 3',5'-dipentyl-1,1':2'1''-terphenyl 73a. 1 H NMR (CDCl 3 , 400 MHz) characteristic signals: δ 5.59 (2 H, m, H6), 6.02 (2 H, m, H7).

5-Methylenedecane (27e)

Chemical Formula: C 11 H 22 Molecular Weight: 154.29 gmol -1 The compound is described in the literature. X This product was obtained with 3',5'-dipentyl-1,1':2'1''-terphenyl 73a. The compound is described in the literature. L This product was obtained as byproduct in the (E)-2,3-diphenylpropenoic acid synthesis reaction. No attempt was made to isolate it. The compound is described in the literature. LI This product was obtained as a mixture together with ((1E,6E)-1,4,7-trideuteriohepta-1,6diene-1,2,6,7-tetrayl)tetrabenzene 89-d 3 (see procedure description of thereof).

This compound was obtained together with 4',5'-dicyclopropyl-1,1':2'1''-terphenyl 75a. LVI Optimized conditions: General procedure GF1 was applied with diphenylacetylene (180 mg). Next, a solution of 2-methyl-1-buten-3-yne (2.10 equiv, 2.1 mmol, 200 µmol) in anhydrous THF (1 mL) was added dropwise and reaction was stirred for 1 h at 0 °C. After, work-up WF1 was applied. Purification of the crude product (386 mg) by flash column chromatography on silica gel (EtOAc/petroleum ether, gradient from 0 to 5%) afforded 107 mg (345 μmol) of a 67:33 mixture of 4',5'-di(prop-1-en-2-yl)-1,1':2'1''-terphenyl 76a and 3',5'-di(prop-1-en-2-yl)-1,1':2'1''-terphenyl 76b as a yellow solid. The yields of obtained compounds are thus 23% (231 μmol, 76a) and 11% (114 μmol, 76b). 1 H NMR (CDCl 3 , 400 MHz): δ 2.11 (6 H, s, H9), 5.10 (2 H, s, H10a), 5.14 (2 H, s, H10b), 6.89-7.24 (10 H, m, H1-H3). IR (neat): 3079 (w), 3059 (w), 3024 (w), 2964 (m), 2924 (m), 1947 (w), 1686 (w), 1634 (w), 1601(w), 1576 (w), 1494 (w), 1479 (m), 1445 (m), 1373 (w), 1317 (w), 1274 (w), 1179 (w), 1156 (w), 1073 (w), 1029 (w), 899 (m), 771 (m), 733 (w), 700 (s), 619 (w) (analysis was done on a sample containing a mixture of isomers). LVI This compound is not described in the literature, however its signals corresponds with the signals of the (E)-non-2-ene-1,2-diyldibenzene (73d), which was identified more certainly.

MS (EI): m/z 310.19 (M +• C 24 H 22

+• requires 310.1716).

3',5'-di(prop-1-en-2-yl)-1,1':2'1''-terphenyl (76b)

Chemical Formula: C 24 H 22 Molecular Weight: 310.43 gmol -1 This compound was obtained together with 4',5'-di(prop-1-en-2-yl)-1,1':2'1''-terphenyl 76a. Molecular Weight: 190.24 gmol -1

The compound is described in the literature. LIX This compound was obtained together with 2-phenyl-hex-2-enoic acid 82b (see description of the procedure of thereof). The compound is described in the literature. LIX 4-octyne (1.00 equiv, 1.00 mmol, 147 µL) was dissolved in anhydrous THF (10 mL) under Ar in flame-dried flask. Ti(OiPr) 4 (2.20 equiv, 2.20 mmol, 651 µL) was added and the solution cooled down to 0 °C. Then nBuLi (2.2 M in hexanes; 3.30 equiv, 3.30 mmol) was added dropwise over 5 min. at 0 °C and the reaction mixture was stirred for 1 h at rt. Next, a flask containing CuCl (1.5 equiv, 1.5 mmol, 149 mg) was flame-dried under vacuum, cooled down, flushed with N 2 and CO 2 consecutively and solution of titanacycle was cannulated at 0 °C. Then, the ice bath was removed and the reaction mixture was stirred for 15 min. at rt, followed by work-up WF1. 1 H NMR analysis of crude product (174 mg) showed presence of (E)-2,3-di-n-propylacrylic acid 83 and valeric acid 85a (conversion of the starting material could not be estimated because of its volatility). Purification by flash column chromatography on silica gel (AcOEt/petroleum ether, gradient from 0 to 20%) afforded pure product 83 (81 mg, 518 µmol, 52%). Optimized conditions: General procedure GF2 was applied with diphenylacetylene (180 mg). After, allyl ethyl ether was added (1.0 equiv, 1.0 mmol, 113 µL) and reaction stirred for 2 h at rt. Work-up: Addition of 2M HCl (20 mL) was followed by extraction with Et 2 O (3 x 20 mL), drying over MgSO 4 , filtration and concentration. 1 H NMR analysis showed full conversion of the starting material and production of (1Z,6Z)-hepta-1,6-diene-1,2,6,7tetrayltetrabenzene 89 and (Z)-stilbene 74a in 53:47 ratio.

Purification: Pure product was isolated by flash column chromatography on silica gel (AcOEt/petroleum ether, gradient from 0 to 20%) as a byproduct of the synthesis of (Z)-1,2diphenyl-1,4-pentadiene Z-87. 1 H NMR (CDCl 3 , 400 MHz): δ 1.50 (2 H, quint, J 7.5, H12), 2.53 (4 H, t, J 7.5, H11), 6.41 ( 2H, s, H5), 6.89-6-91 (4H, m, H3), 7.03-7.40 (16 H, m, H1-H2, H8-H10). General procedure GF2 was applied with diphenylacetylene (180 mg). After, allyl ethyl ether was added (1.0 equiv, 1.0 mmol, 113 µL) and reaction stirred for 2h at rt. Next, addition of D 2 O was followed by stirring for 1h at rt. Work-up: Addition of 2M HCl (20 mL) was followed by extraction with Et 2 O (3 x 20 mL), drying over MgSO 4 , filtration and concentration. 13 C NMR analysis showed full conversion of the starting material and production of ((1E,6E)-1,4,7-trideuteriohepta- The compound is described in the literature. LXVIII General procedure GF2 was applied with diphenylacetylene (180 mg). Next, allyl bromide was added (1.1 equiv, 1.1 mmol, 95 µL) and the reaction mixture stirred for 1h at rt. Then I 2 (1.5 equiv, 1.5 mmol, 380 mg) was added and the reaction mixture stirred for 2 h at rt, followed by work-up WF1. 1 H NMR analysis showed the production of (E)-1,2-diphenyl-1iodo-1,4-pentadiene 91, (E)-1,2-diphenyl-1,4-pentadiene E-87 and the starting material in 83:6:11 ratio. Purification of the crude product (red oil, 620 mg) by flash column chromatography on silica gel (AcOEt/petroleum ether, gradient from 0 to 5%) afforded 148 mg of the pure product 91 (172 mg, 428 µmol, 43%).

1 H NMR (CDCl 3 , 400 MHz): δ 3.59 (2 H, dt, J 6.5, 1.5, H11), 5.11 (1 H, dq, J 10.5, 1.5, H13a), 5.20 (1 H, dq, J 17.0, 1.5, H13b), 5.84 (1 H, ddt, J 17.0, 10.0, 6.5, H12), 6.98-7.12 (10 H, m, Ph). 
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The compound is described in the literature. LXIX General procedure GF2 was applied with diphenylacetylene (180 mg). Next, allyl bromide was added (1.1 equiv, 1.1 mmol, 95 µL) and reaction stirred for 1h at rt. Then solution of CuCl2LiCl (5 mol%, 0.05 mmol, 9 mg) in THF (2 mL) was added and CO 2 was bubbled through the reaction mixture for 1h at rt followed by work-up WF1. 1 H NMR analysis of crude product (247 mg, brown oil) showed production of (Z)-1,2-diphenyl-1,4-pentadiene, (E)-1,2-diphenyl-1,4-pentadiene, (Z)-4,5-diphenyl-1,4,7-octatriene, (E)-2,3-diphenylhexa-2,5dienoic acid and the remaining starting material in 38:15:31:6:10 ratio. No attempt was made to isolate this compound.

1 H NMR (CDCl 3 , 400 MHz) characteristic signal: δ 3.61 (2H, dt, J 6.5, 1.0, H11). To a solution of 1-octene (1.0 equiv, 10.0 mmol, 1.57 mL) in DCM (42 mL) at 0 °C was added a solution of mCPBA (1.2 equiv, 12.0 mmol, 2.07 g) in DCM (42 mL) dropwise. The reaction mixture was stirred for 14 h at rt. Work-up consisted of quenching the reaction mixture with Na 2 SO 3 (20 mL), followed by separation of the layers and washing the organic layer with NaHCO 3 (4 x 20 mL), subsequent drying over MgSO 4 and concentration under reduced pressure (400 mBar) to afford pure product 97 (1.27 g, 99%). Title : Pushing the limits of the organometallic chemistry of titanium: carboxylation of alkynes using carbon dioxide and cyclotrimerization reactions Keywords : carbon dioxide, titanium, catalyse, cyclotrimerisation Abstract : This thesis describes novel [2+2+2] homotrimerisation and heterotrimerisation reactions and carboxylation of alkynes using CO 2 by means of the Ti(OiPr) 4 /nBuLi system. This combination of reagents is especially attractive due to its low cost, particularly when compared with widely used catalysts based on heavier metals, which sometimes also raise toxicity issues and/or may be associated with costs that are dependent on geopolitical considerations (ruthenium, rhodium, vanadium).