Résumé de thèse en français

Les liaisons carbone-azote sont omniprésentes dans un large éventail de composés biologiquement actifs ainsi que dans divers ligands chiraux. La préparation de ces dérives azotés est généralement basée sur de fastidieuses interconversions de groupes fonctionnels qui rendent les synthèses peu efficaces tant du point de vue économique qu'écologique. Il est donc essentiel de développer de nouvelles méthodologies éco-compatibles pour générer des liaisons C-N. Soucieux de développer des méthodes s'inscrivant dans le domaine d'une chimie plus durable, notre groupe s'intéresse aux nitrènes de fer utilisant des hydroxylamines comme source d'azote, la liaison N-O jouant le rôle d'oxydant endogène et permettant ainsi d'eviter l'usage d'oxydant externe. L'addition oxydante de l'hydroxylamine sur un catalyseur de fer forme un intermédiaire de type nitrène de fer, qui peut ensuite participer à diverses réactions (Schéma 1). Le fer est le métal de transition le plus abondant sur terre, il est donc peu onéreux et son utilisation ne pose pas de problème d'épuisement de ressource. Ce métal est par ailleurs considéré comme non toxique. Les dérivés d'hydroxylamines sont des composés stables facilement accessibles et qui ne requièrent pas l'ajout stoechiométrique d'oxydant exogène pour conduire à des nitrènes. L'association du fer et des hydroxylamines permet donc de développer des processus particulièrement durables vers une chimie plus « verte ».

Notre laboratoire est entré dans le domaine des procédés de transfert de nitrène en utilisant des complexes de fer comme catalyseurs et des hydroxylamines comme source d'azote. Cette stratégie était alors très peu étudiée. L'équipe a ainsi développé une aminobenzoylation d'alcènes intramoléculaire catalysée par le fer puis une aminoazidation intra-intermoléculaire. L'utilisation de dérivés d'hydroxylamine en présence d'un catalyseur au fer pourrait permettre d'accéder à divers composés hétérocycliques à 5 chaînons fonctionnalisés (Schéma 2). 34,35 Schéma 2. Aminobenzoylation intramoléculaire catalysée par le fer et aminoazidation d'alcènes Schéma 1. Formation d'intermédiaire de nitrène de fer à partir de dérivés d'hydroxylamine Lors de l'étude portant sur l'aminobenzoylation intramoléculaire des alcènes, il a été constaté que lorsque la réaction est menée à température ambiante, le produit obtenu est une aziridine bicylique.

Logiquement, il a été émis l'hypothèse que cette aziridine pourrait être un intermédiaire dans la réaction qui subirait l'attaque de l'acide benzoïque formé à partir du clivage de l'hydroxylamine pour former le produit d'aminobenzoylation. Il a en outre été démontré que cette aziridine bicylique pouvait effectivement être ouverte en la soumettant aux conditions réactionnelles de l'aminobenzoylation en présence d'un équivalent d'acide benzoique. (Schéma 3).

(II) (10 mol %) et de la PyBox (10 mol %). Pour cette optimisation l'élément clé est l'utilisation de HFIP en tant que solvant à 50 o C pendant 18 heures. Ces conditions permettent d'isoler l'aziridine issue du hexène avec un bon rendement de 75 %. Le périmètre d'utilisation des alkyl alcènes a ensuite été évalué. Les alcènes substitués par une chaine alkyle plus longue et ceux contenant des groupes plus volumineux ont également bien fonctionné. Il existe cependant des limites à l'étude et en particulier les alcènes disubstitués ne forment pas le produit aziridine correspondant. Une optimisation future de ces substrats d'alcènes serait nécessaire pour étendre la portée du champ d'application.

Schéma 5. Étendue de la réaction d'aziridination

Des études mécanistiques de ce processus ont été réalisées. L'aziridination du styrène cis-et transdeutéré a été effectuée afin d'étudier les aspects stéréochimiques de la réaction (Schéma 6). En effet, les études de la littérature montrent que suivant les conditions réactionnelles et les substrats, la réaction peut être stéréospécifique en suivant un mécanisme concerté ou plus ou moins stéréosélective en suivant un mécanisme séquentiel. Les résultats de nos travaux montrent que les deux processus ont lieu et que le produit majoritaire provient d'une addition formellement concertée.

Pour mieux comprendre cette réaction, nous avons effectué l'aziridination du styrène en utilisant les conditions optimisées, en présence de TEMPO pour prouver ou invalider la voie radicalaire par étapes.

Le TEMPO est un réactif bien connu pour démontrer l'existence d'intermédiaires radicalaires carbonés par leur piégeage. L'adduit attendu, dans ce cas, serait l'ajout de TEMPO en position benzylique, position la plus stabilisée pour un carboradical. L'addition de TEMPO dans le milieu réactionnel a complètement inhibé la réaction. Aucun produit de type aziridine n'est alors isolé bien qu'une consommation complète de l'hydroxylamine 2b soit observée (Schéma 7). Cette expérience tendrait à soutenir le passage par une voie radicalaire cependant, en l'absence d'adduit TEMPO il est difficile d'exclure une cycloaddition concertée (2 + 1).

Après avoir développé avec succès l'aziridination d'alcènes par catalyse au fer nous avons envisagé une version asymétrique de cette réaction. Lors de la mise au point des conditions réactionnelles en série racémique nous avons pu constater l'efficacité du ligand PyBox L1 pour cette réaction. Il était donc intéressant de tester des ligands chiraux de type PyBox pour accéder à une variation asymétrique de notre réaction (Schéma 8). Divers ligands chiraux PyBox contenant des substituants variés en position 4 et 5 du cycle oxazole du ligand ont alors été testés. Bien que la majorité ait donné de bons rendements du produit aziridine, de faibles valeurs de ee ont été observées (L2 -L10). L'excès énantiomérique le plus élevé obtenu lors de cette étude n'était que de 27 % en utilisant le tétra-phényl Les conditions réactionnelles sont robustes et la réaction peut être menée à l'échelle du gramme avec une charge catalytique réduite à 5 %. Le produit souhaité (17a) est alors obtenu avec un excellent rendement de 80 % (Schéma 11). Le temps de réaction, habituellement de 2 h, a été prolongé à 6 h car après 2 h, seule l'aziridine est observée. Celle-ci est complètement consommée après 4 heures supplémentaires pour former le produit d'oxyamination souhaité. Ceci suggère fortement que l'aziridine est en effet un intermédiaire dans ce processus. Nous avons pu démontrer que l'intermédiaire aziridine est ouvert régio-spécifiquement par le groupe benzoate issu de l'hydroxylamine de départ. Lors de la réaction à plus grande échelle, plusieurs produits secondaires ont pu être isolés et caractérisés. La pyrrolidine (24) a été isolée avec un rendement de 13 %. La formation de ce composé pourrait être rationalisée à partir de la cycloaddition dipolaire formelle (3 + 2) entre l'aziridine et une molécule de styrène (10a). Enfin, le produit de l'addition de HFIP sur l'aziridine a également été isolé avec un rendement de 4 % (25). Cette observation est inhabituelle car le HFIP est connu pour être non nucléophile.

Pour élucider le rôle du HFIP dans cette transformation, des expériences d'ouverture du cycle aziridine ont été étudiées. L'utilisation de la phénylaziridine (11a) en présence d'acide benzoïque (1 équiv.) a permis la formation du produit oxyaminé souhaité en présence de triflate de fer (II) et de PyBox dans le solvant HFIP avec un rendement de 79 % (Table . 1, entrée 1). L'ajout du benzoate a également été observé en utilisant HFIP en l'absence du complexe fer-ligand (rendement 82 %, Table . 1, entrée 2).

En revanche, l'utilisation d'ACN sans le complexe fer-PyBox ne forme pas le produit oxyaminé souhaité (Table. 1, entrée 3). Ces résultats démontrent que le fer est bien nécessaire à la formation de l'intermédiaire aminé, très probablement l'aziridine, et que le HFIP active l'ouverture de l'aziridine par le benzoate. De plus il a également été montré au cours de cette étude que l'utilisation du HFIP accélère considérablement la formation de l'aziridine par rapport à l'ACN. En nous appuyant sur les réactions intermoléculaires de transfert de nitrène catalysées par le fer précédemment développées au cours de ma thèse, nous avons cherché à étendre la réactivité de notre méthodologie de transfert de nitrène à l'aide de dérivés d'hydroxylamine. En particulier nous nous sommes intéressés à l'amination des éthers de silylénol pour obtenir des dérivés d'-amino carbonyle particulièrement importants dans le domaine des composés d'intérêt biologique (Schéma 12).

Schéma 11. Réaction à l'échelle du gramme

À cette fin, nous avons testé les conditions préalablement optimisées en utilisant l'éther d'enol triméthylsilylé de l'acétophénone comme composé modèle. L'optimisation de cette réaction est en cours, mais une variété de sels de fer, de ligands et de conditions ont d'ores et déjà pu être étudiés. Les meilleures conditions trouvées jusqu'à présent sont l'utilisation de TsNHOBz (2a), du sulfate de fer (II) (10 mol %) et du ligand PyBox L1 (10 mol %) à température ambiante pendant 18 h. Ces conditions permettent un rendement satisfaisant de 53 % et constituent une base de départ très encourageante (Schéma 13).

Schéma 13. Alpha amination catalysée par le fer des éthers de silylénol Schéma 12. Amination d'éthers de silylénol

En conclusion, au cours de cette thèse, trois réactions différentes de transfert intermoléculaire de nitrène catalysées par le fer ont été développées : l'aziridination des alcènes, l'oxyamination des alcènes et l'optimisation initiale pour l'α-amination des éthers d'énols silylés (Schéma 14). Ces réactions utilisent une simple source de fer et un ligand à base d'azote pour obtenir une réactivité. Des études mécanistiques sont toujours en cours au sein du laboratoire pour avoir une idée plus détaillée du mécanisme de réaction pour chaque processus. En effet, l'optimisation et la portée de l'α-amination des éthers d'énols sont en cours, le développement d'une version asymétrique sera également étudiée.

Schéma 14. Réactions de transfert de nitrène catalysées par le fer

1 General Introduction

Nitrogen-containing molecules are ubiquitous in both nature and organic chemistry. Over the decades, they have gained prominence in the fields of organic and medicinal chemistry, where they are seen in various natural products, biologically active compounds, 1 and chiral ligands 2 (Figure 1). Nitrogen atoms themselves have unique properties, where they are able to participate in hydrogen bonding as a donor or acceptor and also in the weaker van der Waals interactions, making their presence in biologically active molecules incredibly useful. In fact, 84 % of the unique drugs, that are currently in circulation around the globe contain at least one nitrogen atom; 59 % of those drugs contain at least one nitrogen heterocycle. 3 Numerous methods for the effective synthesis of nitrogen-based molecules have been established over the last two decades, owing to extensive research and development. However, with the increased demand for the development of new methods that adhere to the principles of green chemistry, it is critical that new sustainable methods be created in order to access novel C-N bonds. Metallonitrenes can be utilised to synthesise such compounds efficiently and sustainably. 1 Kerru,N.; Gummidi, L.; Maddila, S.; Gangu, K. K.; Jonnalagadda, S. B. Molecules 2020, 25, 1909 2 a) Khan, I. U.; Bibi, R.; Hassan, A. Cur. Org. Chem., 2018, 22, 2460-2486. b) Fache, F.; Schulz, E.; Tommasino, M. L.; Lemaire, M. Chem. Rev. 2000, 100, 2159-2232. 3 Vitaku, E.; Smith, D. T.; Njardarson, J. T. J. Med. Chem. 2014, 57, 10257-10274. Free-nitrenes are neutral monovalent nitrogen species which have six electrons in their valence shell.

Electronically, they can exist in two states, a triplet di-radical state or a singlet state (Figure 2). 4 The reactivity of each state differs due to a difference in reaction pathway. For the triplet state, the nitrene is radical in nature and thus tends to react in a stepwise radical manner that is not stereospecific. The singlet state nitrene, however, contains a pair of electrons and therefore reacts in a concerted stereospecific manner. 5 According to Hund's rule, the triplet state nitrene is lower in energy and hence more stable.

The ability of nitrenes to generate new C-N bonds makes them powerful tools in organic synthetic chemistry. By incorporating nitrogen-containing building blocks into substrates, nitrenes open the door to more structurally complicated compounds. While free-nitrenes have been employed in synthetic organic chemistry, their use is limited due to the necessity for severe conditions and a lack of selectivity due to their high reactivity. These disadvantageous challenges can be addressed by using transition metals to facilitate nitrene transfer processes by forming metallonitrene intermediates (M=N). 5 Metallonitrenes can stabilise these highly reactive nitrenes, meaning they can be more widely used in organic synthesis. The formation of metallonitrenes can be mediated by various transition metals, however, more commonly by late transition metals (Scheme 1). Recently, more emphasis has been made on the development of processes catalysed by first-row metals, to increase sustainability due to their abundance being more so in comparison to the other late-transition metals. 6 It is challenging to accurately describe a general electronic configuration for all metallonitrenes and, consequently, a 4 a) Abramovitch, R. A. Nitrenes. In Organic Chemistry; Elsevier, 1973; Vol. 26, pp 127-192. b) general mechanistic pathway for reactions involving metallonitrenes since the electronic state of the metallonitrene varies depending on the metal/ligand complex. 7 For metal-catalysed nitrene transfer reactions to occur, the initial formation of the metallonitrene is important. This occurs from the decomposition or conversion of a nitrene precursor into a nitrene.

Nitrene precursors typically contain good leaving groups (RNH-LG or RN=LG) where the bond between the nitrogen and the leaving group is cleaved during the formation of the metallonitrene (RN=ML). Frequently used nitrene precursors are iminoiodinanes generated ex situ and in situ, organic azides, chloramine/bromamine-T and more recently hydroxylamine derivatives (Scheme 1). Such intermediates can participate in a variety of nitrene transfer reactions including the addition/insertion onto alkenes, C-H amination and sulfimidation to mention a few. 8 The vast diversity in reactivity of transition-metal mediated nitrene transfer reactions has therefore resulted in numerous efforts being made to the development of methodologies that are efficient, chemo-and enantioselective.

Nitrene Precursors

There are three types of nitrene precursors that are widely documented among the wider set of nitrene precursors employed in metallonitrene processes: iminoiodinanes, including those produced in situ, organic azides, and hydroxylamine derivatives, including the related dioxazolones. Each has been utilised in numerous nitrene transfer processes, using various transition-metal catalysts. Several disadvantages to the use of certain nitrene precursors, and the need for the advancement in more sustainable processes has resulted in the research and development of new types of cleaner and 'saferto-handle' nitrene precursors over the last two decades.

Iminoiodinanes

The oxidation of primary amines bearing an electron-withdrawing group, by hypervalent iodine, affords iminoiodinanes (R'N=IR") as nitrene precursors. In the presence of a transition metal catalyst, they can form metallonitrenes via a nitrene transfer reaction, thus releasing an iodinated by-product. The most commonly used iminoiodinanes are ones generated from readily available oxidants, such as PhI(OAc)2

or PhI=O, either in situ or ex situ (Scheme 2).

The high reactivity of the hypervalent iodine species requires the nitrene precursors to bear electronwithdrawing groups on the nitrogen to stabilise the negatively charged atom. The use of N-acyl protected iminoiodinanes is limited due to the fact that the nitrene formed from such precursors is a key intermediate for the Curtius rearrangement to form isocyanates. In contrast to the rearrangement of the protecting group, the usage of sulfonamide substituents, for example, favours the production of the metal nitrene (Scheme 3). 9 9 Dauban, P.; Dodd, R. H. Synlett. 2003, 11, 1571-1586.

Scheme 3. Curtius rearrangement Scheme 2. Formation of iminoiodinanes

As one of the first nitrene precursors to be used in this context for nitrene transfer reactions, many late transition metals have thus been employed as catalysts to promote the formation of the metallonitrenes (e.g. Rh, Mn, Fe, Ru etc). The pioneering work into the reactivity of metallonitrenes was reported by Breslow 10 and Mansuy 11 who both used iminoiodinanes for an intra-and intermolecular Fe(III) and Mn(III) catalysed C-H amination and aziridination, respectively. Breslow initially reported the intramolecular Fe(TPP)Cl (Iron(tetraphenylporphyrinato) chloride) catalysed C(sp 3 )-H amination of a sulfonamide to the corresponding cyclic product (a02) in an 85 % yield (Scheme 4a). The group used phenyl iodobenzene diacetate (PhI(OAc)2) to generate the (iminoiodo)benzene derivative (a01) as a nitrene precursor. Mansuy then, a year later, reported the intermolecular aziridination of alkenes catalysed by Fe(TPP) or Mn(TPP). Using ex situ generated PhI=NTs as a nitrene precursor to give the corresponding tosyl protected aziridine (a03) in an 80 % yield (Scheme 4b).

Numerous drawbacks restrict the use of ex situ-produced iminoiodinanes. The synthesis of such precursors is often tedious and unreliable resulting in inconsistent yields and qualities, thus, a reduced efficiency. Although most iminoiodinanes are stable at room temperature, their storage is often recommended in a cool inert atmosphere. This is due to certain iminoiodinane derivatives which have been found to be explosive, where violent decomposition also frequently occurs when these substrates are melted. 12 Because of this, a lack of diversity for the formation of such precursors, since aryl amines and aliphatic amines, for example, cannot be used in this context. These hindrances led to the development of the in situ generation of iminoiodinanes from simple nitrogen sources, thus foregoing the need to generate and isolate the nitrene precursor making their use more desirable. 13 An interesting 10 Breslow, R.; Gellman, S. H. J. Chem. Soc., Chem. Commun. 1982, 24, 1400. 11 a) Mansuy, D.; Mahy, J.-P.; Dureault, A.; Bedi, G.; Battioni, P. J. Chem. Soc., Chem. Commun. 1984, 17, 1161 b) Mahy, J. P.; Bedi, G.; Battioni, P.; Mansuy, D. Tetrahedron Lett. 1988, 29, 1927-1930. 12 Stang, P. J.; Zhdankin, V. V. Chem. Rev. 1996, 96, 1123-1178. 13 asymmetric nitrene transfer process using in situ iminoiodinanes as a nitrene precursor was developed by Dauban. They achieved to successfully perform C-H amination of sp 3 carbons in the benzylic position, generating, in situ, the iminoiodinane using PhI(OPiv)2 (bis(tertbutylcarbonyloxy)iodobenzene). It was found, from a screening of various sulfamates, that benzylic sulfamates can lead to the formation of highly reactive nitrene precursors, which can readily be inserted into the C(sp 3 )-H bond. The use of pentafluorobenzyl sulfamate (PfbsNH2) in the presence of PhI(OPiv)2 as an oxidant, allowed them to achieve C(sp 3 )-H amination in excellent yields and enantiomeric ratios (Scheme 5). 14 The utility of such a method was demonstrated when they then were able to apply their method to more complex substrates (a04 and a05), thus proving the effectiveness of nitrene transfer reactions for late-stage functionalisation.

Although the use of iminoiodinanes as nitrene sources is effective for many types of nitrene transfer reactions, their long-term use is troublesome due to their drawbacks; To start, the need for specific functionalities to stabilise the nitrogen atom restricts the diversity of substrates which can be used in this context. In addition, the synthesis of these precursors requires the use of a stoichiometric amount of oxidant to form the metallonitrene, where it then forms a stoichiometric quantity of PhI as a byproduct, which is harmful to human health. Further research into the development and application of other types of nitrene precursors has taken place. 

Azides

Organic azides have been recognised as excellent nitrene precursors and can participate in a wide range of nitrene transfer reactions. They are easily synthesised from readily available reagents 15 , require no external additive for the formation of the metallonitrene, and do not release any by-product from the formation of the metallonitrene other than N2. The attractiveness of such precursors and the increasing pressure to focus on green chemistry, has resulted in the development of methodologies to access new C-N bonds utilising them as nitrene precursors. In terms of the formation of the metallonitrene, the decomposition of an azide cleaving the N-N2 bond, releasing N2 gas, promotes the formation of the metallonitrene in the presence of a transition metal catalyst (Scheme 6).

In 1967, Kwart proposed the formation of a copper-nitrene intermediate through the decomposition of organic azides using copper catalysis. 16 They found that the use of an organic azide as the nitrene precursor can allow for C-H amination or the aziridination of an alkene. There has hence since been various examples of their use as nitrene precursors. A recent example describing an interesting nitrene transfer process was recently reported by Che, where unusually, the presence of the acyl group on the nitrogen is essential the transformation. They developed an intermolecular Ru IV catalysed C-N bond formation using benzoyl-azides containing electron-withdrawing groups in the para-position as nitrene precursors (Scheme 7). 17 The azide in the presence of an excess of an alkene, under using Ru IV (TDCPP)Cl2 (3 mol %) (dichlororuthenium(IV) meso-tetrakis (2,6-dichlorophenyl)porphyin) allowed for the formation of various oxazoline derivatives in excellent yields. After the formal insertion of the nitrene into the alkene, the formation of the oxazoline product is proposed to go through an aminated cationic intermediate which then reacts with the carbonyl group adjacent to the nitrogen.

Interestingly, the use of the ruthenium catalyst with a lower catalytic loading selectively affords the aziridine product suggesting that at a higher catalytic loading the ruthenium acts in a Lewis-acid-type manner to aid in the formation of the oxazoline.

15 a) Scriven, E. F. V.; Turnbull, K. Chem. Rev. 1988, 88, 297-368. b) 16 Kwart, Harold.;Khan, A. A. J. Am. Chem. Soc. 1967, 89, 1951-1953. 17 

Scheme 6. Formation of metallonitrene from organic azides

There is, however, a significant disadvantage to the use of azides as nitrene precursors; Although azides are certainly the most attractive nitrene precursors, in terms of atom economy producing inert N2 gas as a by-product, they are well known to be explosive compounds. For small-scale reactions the use of azides can be done in a controlled and safe manner, however in a large industrial scale the formation of N2 gas can be more difficult to control and hence more dangerous. For these reasons, the use of such a nitrene precursor on an industrial scale is not feasible, further affirming the need for various types of nitrene precursors.

Hydroxylamine Derivatives and Dioxazolones

Continuing along the vein of developing more sustainable methodologies, there has been an increase in the development of new types of nitrene precursors which circumvent the disadvantages of the use of other nitrene precursors. Hydroxylamine derivatives have been found to be a cleaner and safer alternative to other widely used nitrene precursors. The N-O bond acts as an endogenous oxidant which allows for the oxidative addition of this bond onto a metal catalyst forming the metallonitrene intermediate (Scheme 8), what is released is an oxygenated group, whereby in most situations can be recuperated.

Since the use of these molecules to form metallonitrene intermediates does not require the use of an external oxidant and does not produce hazardous by-products, they are an excellent choice for nitrene precursors in the context of the advancement of green chemistry. In addition, the synthesis of such molecules is usually much more straightforward, starting from the readily available, and commercially available hydroxylamine hydrochloride. Due to this, there has been a dramatic increase in their use and the development of a wide range of derivatives. Lebel, in 2005, was the first to report the use of hydroxylamines as a nitrene precursor, when they developed a rhodium-catalysed C-H amination and aziridination. 18 The group initially found that using azidoformates (Scheme 9a, a07) as a nitrene precursor did not allow for the formation of the corresponding metallonitrene with rhodium (Scheme 9a). This suggests that the azide was possibly able to coordinate to the rhodium catalyst, thus then deactivating the catalytic ability. They then, therefore, proposed the use of a less coordinating nitrene precursor for the formation of the nitrene such as ethers and esters. Hydroxylamine derivatives were found to be able to decompose in the presence of rhodium to form the corresponding metallonitrene (Scheme 9b, a08 and a10). A few years after Lebel reported a copper-catalysed inter-and intramolecular aziridination of alkenes, where good to excellent yields were obtained with various substituents (Scheme 9b andc).

An advantage to the use of hydroxylamines as nitrene precursors is the ability to tune the derivative itself to the desired reaction. Indeed, changing the electronic properties of hydroxylamines by using different functional groups on the nitrogen and oxygen of the molecule can drastically change its ability to form a metallonitrene intermediate, and thus its resulting reactivity. Kürti reported a dirhodium catalysed C-H amination of arenes and aziridination of olefins using hydroxylamine derivatives as a nitrene precursor. 19 They found that there was a significant shift in reactivity depending on the hydroxylamine derivative used. The use of O- (2,4-dinitrophenyl)hydroxylamine (Scheme 10, left), in the presence of DuBois' catalyst, afforded the aziridine exclusively from the insertion of the unprotected rhodium-nitrene onto the alkene. Conversely, using N-methyl-O-tosylhydroxylamine (Scheme 10, right) afforded exclusively the aminated product from the C-H amination on the benzene ring. The rationalisation of this is due to the release of [TsO -] for the aryl amination. This weak base promotes the formation of a protonated rhodium-nitrene intermediate which may be sufficiently electrophilic in nature to form the aryl amine. This was then consistent with the fact that the use of bases for this reactivity inhibits aziridination but not amination. Interestingly, this proof-of-concept investigation showed that the use of two different aminated products, under near identical conditions, showed different reactivity and thus selectivity, confirming the versatility of hydroxylamine derivatives as nitrene precursors.

Cyclic derivatives of hydroxylamine nitrene sources are also often used within the literature, an example of this is the use of dioxazolones. Sauer and Mayer first found that dioxazolones can decarboxylatively decompose when heated to react with DMSO to form the corresponding N-acyl sulfoximine. 20 Bolm then, in 2014, predicted the controlled decarboxylation and thus reactivity by the use of transition-metal catalysts forming the corresponding metallonitrene. The group subsequently reported the first use of dioxazolones as a nitrene precursor, where they developed a light-induced ruthenium-catalysed sulfimidation (Scheme 11). 21 The group was able to access a wide range of sulfimides and sulfoximines in excellent yields by using light irradiation and Ru(TPP)CO at only 1 mol %. Since this first demonstration of their use with metal catalysts, there have been many reports on the use and versatility of dioxazolones as nitrene precursors. 

Scheme 10. Rhodium catalysed intermolecular aziridination of alkenes and C-H amination by Kürti

The advantages of the use of hydroxylamine derivatives as an original class of nitrene precursors has thus resulted in their use in numerous nitrene transfer reactions. Since they don't require an external oxidant to form the metallonitrene and the by-products formed are non-hazardous to health, their use represents a step forward in the context of green chemistry.

Intermolecular Nitrene Transfer Reactions

Metallonitrenes can react with numerous substrates in both an inter-and intramolecular fashion. reactions where one of the two reactants is the nitrene precursor (Scheme 12). Within this chapter, selected examples of the use of metallonitrenes to perform C-H amination, sulfonylation, P-N coupling using various transition metals and nitrene precursors will be reported. In addition, a brief description of various other less reported unusual nitrene transfer reactions will also be shown. In the following chapters a more in-depth study will be divulged for the intermolecular aziridination, 1,2difunctionalisation of alkenes and α-amination.

Intermolecular C-H Amination

Intermolecular C-H amination using metallonitrenes is an incredibly useful tool for synthetic chemists, as it allows for direct functionalisation without the need for pre-functionalisation of the C-H bond. 13). 23 They were able to develop a chiral-catalyst based upon Rh2(esp)2 and an ion-paired chiral catalyst (Scheme 13, a16), enabling access to aminated products with high levels of enantioselectivity. 

Scheme 13. Rhodium-catalysed enantioselective C-H amination by Phipps

Mechanistically, the process of how C-H amination occurs after the formation of the metallonitrene differs depending on the substrate, metal catalyst and ligand. However, numerous groups have been successful in postulating various mechanisms of their developed reactions based on experimental data and mechanistic studies. Yu gave an intriguing example of how the C-H amidation of allylic C-H bonds could be rationalised; where they detailed their proposed mechanism of their developed nickelcatalysed C(sp 3 )-H hydroamidation of alkenes utilising dioxazolones as nitrene precursors. 24 The remote amidation of the C-H bond is promoted by the thioether substrate which acts as a directing group to ensure selective gamma-functionalisation (Scheme 14). DFT calculations allowed them to propose a reaction mechanism which is thought to interestingly be firstly initiated by the formation of [NiH],

where typically the formation of the metallonitrene is proposed to be the first process occurring. The

[NiH] can then undergo hydrometallation to form the more stable five-membered metallacycle C (Scheme 14). The coordination of the dioxazolone to the nickel catalyst allows for the formation of the nickel-nitrene E, releasing CO2. This nitrene is then inserted forming the nickel-amide F, which is finally then protonated to give the desired amidated product. 24 25 This operationally simple reaction leads to a variety of sulfoximines derivatives being formed where both electron-withdrawing and electron-donating groups on the phenyl group of the hydroxylamine showed excellent reactivity. These products can then be beneficial in their further functionalisation, as a directing group for the facilitation of the C-H functionalisation. The proposed mechanism commences with the coordination and oxidative addition of the hydroxylamine to the iron, forming the corresponding iron-nitrene intermediate and releasing pivalic acid (Scheme 15, A). The metallonitrene intermediate is then trapped by the sulfoxide via a nucleophilic addition followed by reductive elimination to regenerate the iron (II) catalyst and form the desired sulfoximine product (a19). 25 Sulfimides and sulfoximes are regularly used within the field of chemistry as chiral auxiliaries which can thus help to induce chirality of other molecules. This means, of course, it is important to develop asymmetric methodologies to directly access N-S bonds. Enantioselective versions of this transformation have thus also been developed. An example of this was reported by Bach who developed a silver-catalysed enantioselective sulfimidation using iminoiodinanes as a nitrogen source (Scheme 16). 26 Such compounds are able to exist in pairs of enantiomers due to the significant inversion barrier at ambient temperature. This method allows access to various heterocyclic sulfimides with excellent site selectivity and enantiomeric excess.

Intermolecular P-N Coupling

The formation of P-N bonds using metallonitrenes has been relatively underexplored in comparison to the more obvious transformations which can occur via nitrene transfer. The coupling of a phosphorus nucleophile with a metallonitrene is a straightforward process to access P-N bonds. Where such molecules can be then used further in the synthesis of more complex molecules and chiral ligands, hence why their direct and facile formation is desired within the field of organic chemistry. Recently, in 2020, Li reported a dual copper and photoredox catalysed P(O)-N coupling between organic azides and P(O)-H compounds (Scheme 17). 27 After performing various mechanistic studies the group proposed a mechanism of their developed process. Interestingly, the nitrene is believed to be formed first from the degradation of the organic azide via iridium mediated light irradiation, forming the free nitrene which is then trapped by the copper to form the copper-nitrene intermediate (Scheme 17, A and B). This can then react with the phosphoryl radical, produced also via light irradiation with iridium, to form the P-O bond. This method allowed access to various phosphinamides, phosphonamides and phosphoramides in excellent yields (Scheme 17).

Of course, it is beneficial for the development of new, efficient, and sustainable methods using materials that are easily accessible and safe to use. In this context, Chen developed a nitrene mediated P-N coupling using cheap and abundant iron catalysts and dioxazolones as nitrene precursors (Scheme 18). 28 This versatile method was applicable for the synthesis of a variety of P-N and P=N containing compounds (Scheme 18, a24-26). The only by-product for this process was CO2, which is extruded from the formation of the iron-nitrene. This method shows that such transformations can be performed using simple, and easily accessible reagents. 28 P-chiral compounds are important in chemistry where they can be used as chiral auxiliaries and chiral ligands. 29 It is therefore essential that asymmetric methodologies to access complex phosphorylated compounds are developed. Yin recently developed a copper(I) catalysed method to access aminophosphinites using O-benzoyl hydroxylamines as a nitrogen source (Scheme 19, a27). 30 The use of (R,RP)-Ph-FOXAP ligand allowed to various aminophosphinites with ee values up to 93 % (Scheme 

Miscellaneous Nitrene Transfer Reactions

The easy access to metallonitrenes means their use in synthetic chemistry is ever increasing. This then accounts for the discovery of new reactions to directly aminate a functionality. A compelling example of a process which is similar to that of aziridination is the functionalisation of allenes. Such substrates, although similar to alkenes, show very different reactivity depending on the conditions used. Pérez was the first to develop a silver catalysed intermolecular allene functionalisation giving access to either methylene aziridines or azetidines by varying the equivalents of the nitrene precursor used and the nature of the alkyl or aryl substituents (Scheme 20). 31 The group was able to access a variety of azetidines from aryl allenes containing various substituents on the aromatic ring with moderate to good yields (Scheme 20, right). Conversely the use of alkyl allenes allowed access to a variety of methylene aziridines also in moderate yields (Scheme 20, left). Mechanistic studies of this methodology suggests that methylene aziridines can be formed firstly through the insertion of the nitrene into the C=C bond forming a cyclopropylimine intermediate which could rearrange to form the methylene aziridine. The formation of azetidines occurs through the insertion of another nitrene into the cyclopropylimine intermediate. This proof-of-concept work shows the versatility of nitrene transfer reactions.

Another example of an interesting transformation is the use of metallonitrenes for the formation of N-N bonds to synthesise functionalised hydrazines. Where typically the formation of C-N bonds through nitrene transfer reactions is well described, N-N coupling is less so using this type of chemistry. Chen and Chang developed an iridium-or iron-catalysed N-N coupling using dioxazolones as nitrene precursors (Scheme 21) . 32 This new strategy allowed for direct efficient access to aryl and alkyl hydrazines from the corresponding amines in excellent yields. They discovered that the deprotonation of the amine is mediated by the presence of chlorine atoms in the catalyst allowing for the amine to perform a nucleophilic attack on the electrophilic iridium-nitrene formed during the reaction (Scheme

21).

The use of electrophilic nitrenes has also been described in an unusual fashion by Zhou who developed a silver-catalysed nitrene transfer reaction to synthesise acylurea derivatives from the insertion into isocyanides. 33 Isocyanides are unusual compounds themselves as they contain a negatively charged terminal carbon atom, making them interesting in terms of their functionalisation and the chemistry that they can participate in. products can be recuperated. These are key features to increase the sustainability of this type of chemistry, in the context of atom economy. The use of iron catalysis also aids in the furtherment of sustainable chemistry. Iron is indeed one of the most abundant and cheapest metals on the planet, it is also one of the least toxic in comparison to other widely used metal catalysts.

Our group entered the field of iron-catalysed nitrene transfer reactions when the team reported an intraintermolecular oxyamination of alkenes to access imidazolidinone derivatives (Scheme 23, left). 34 Shortly after this, the lab reported the iron catalysed intra-intermolecular aminoazidation of alkenes (Scheme 23, right). 35 Both of these straightforward reactions could allow for the efficient formation of two new bonds in one step, a C-N and either a C-O or another C-N bond. These methods offer a sustainable and efficient way to access functionalised heterocycles. 34 Stimulated by these results, for my thesis, we decided to explore if more challenging intermolecular iron-catalysed reactions could be developed using hydroxylamine derivatives as clean nitrene sources.

The first part of this project will focus on the development of an intermolecular aziridination of alkenes, including the beginnings of the development of an enantioselective version and the mechanistic investigations related to this process. The following chapter will be focused on the development of an intermolecular oxyamination of alkenes. And finally, the last chapter will be focused on the α-amination of keto-enol ethers. Aziridines are the smallest nitrogen-containing heterocycle. These three membered saturated heterocycles are used as intermediates in a variety of different transformations. Aziridines are also seen in a variety of natural products and biologically active molecules. Some selected examples can be seen (Figure 3); Ficellomycin is an aziridine antibiotic which has been shown to have high in vitro activity for gram-positive bacteria. 36 Azinomycin B is a natural product which shows antitumour activity. The molecule can be isolated from cultures of streptomyces griseofuscus, the electrophilic nature of the aziridine has been shown to play a key role in DNA interaction. 37 Mitomycin C is a naturally occurring chemotherapeutic agent from Streptomyces caespitosus. It is used in the treatment of a variety of tumours such as breast, bladder, and stomach. [START_REF] Avendaño | Anticancer Drugs That Interact with the DNA Minor Groove[END_REF] A final example is miraziridine A which is a natural peptide isolated from a marine sponge. It is a potent protease inhibitor, meaning it can be used in the antiviral medication. 39 The use of aziridines as intermediates in organic synthesis has also been widely utilised. Due to the inherent character of aziridines they can be easily opened to create 1,2 difunctionalised products.

Additionally, the opening of the aziridine can also be performed in a stereoselective manner. As highlighted, aziridines are an important aza-heterocycle both as a synthetic intermediate and in a biological manner, which is why research into their synthesis has been occurring for decades. 40 The general strategies for the preparation of aziridines can be categorised into three main categories (Scheme 25): 1) Cyclisation of 1,2amino alcohols, 1,2amino halides and 1,2 azido alcohols. 2) Carbene transfer to imines 3) via the direct nitrene transfer to olefins using TM catalysts. It is incredibly important to be able to obtain access to aziridines in an efficient and sustainable manner. To do so in an asymmetric manner is also imperative. In this context, due to the ubiquity of alkenes, the direct insertion of a metallonitrene intermediate onto an alkene is the most straightforward way to access aziridines.

Intermolecular Aziridination using Metallonitrenes

The direct aziridination of alkenes using metallonitrenes is regularly performed in both an inter-and intramolecular fashion. It is generally described as the formal insertion of a metallonitrene onto an alkene to form the aziridine. There are two pathways that can occur during the insertion of the metallonitrene intermediate onto the alkene: a concerted stereospecific process from the singlet nitrene, and a stepwise radical process from the triplet nitrene. However, the pathway taken for the aziridination process is heavily dependent on the metal-ligand complex and the substrate used. Various nitrene precursors and transition metal catalysts have been used for the intermolecular aziridination of alkenes.

The use of iminoiodinanes and azides as nitrene precursors is widely reported due to their early presence in the development in metallonitrene processes, hence there has been many transition metals used in conjunction. More recently, there has been a shift in the use of 'greener' TM catalysts and substrates due to the development of green chemistry. In this following introduction, we will present initially the early works for the intermolecular aziridination processes before focusing on more recent studies. These examples describe firstly the use of iminoiodinanes as nitrene precursors, followed by azides and 40 a) hydroxylamines. In terms of the metal catalysts used, there will be a focus on examples using iron catalysis for each nitrene precursor, due to the context of my thesis project.

Using Iminoiodinanes and Azides as Nitrene Precursors a) Iminoiodinanes as Nitrene Precursors

Since the pioneering work of Breslow and Mansuy, 10,11 the use of iminoiodinanes as nitrene precursors for the aziridination of alkenes has been widely developed, promoted by various metal catalysts. Early works were reported by Dauban and Dodd who developed multiple copper-catalysed intermolecular aziridinations using both in situ and ex situ generated iminoiodinanes. In 1999 they developed a copper catalysed intermolecular aziridination of alkenes using SesN=IPh as the ex situ generated nitrene precursor (Scheme 27, left). 41 This process described the first use of N-(alkylsulfonyl)imino phenyliodinane as a nitrene precursor where previously the N-tosyl derivative was widely used. Such a process allowed for the access of various aziridines using either Cu(OTf)2 and CuOTf with good yields from both aryl and alkyl alkenes. A few years later, the group then reported the use of PhI=O as an oxidant to generate the iminoiodinane in situ from primary amines (Scheme 27, right). 42 In this case the use of Cu(MeCN)4PF6 allowed access to various aziridine derivatives. Dubois also reported shortly after reported a dirhodium catalysed intermolecular aziridination of alkenes (Scheme 27, down). 43 A slight excess of trichloroethylsulfamate was used as the precursor to the corresponding iminoiodinane formed in situ by the use of PhI(OAc)2. Their proof of concept showed that this process could perform the aziridination of alkenes efficiently for a variety of styryl and alkyl alkenes. 41 In recent years, the use of iminoiodinanes has reduced for intermolecular aziridination reactions, in comparison to the use of other nitrene precursor. There are, however, examples of recently developed methods that show their utility within this field of chemistry. Driver, in 2021, describes a dirhodium catalysed aziridination of cyclic-alkenes using anilines and PhIO to generate the iminoiodinane in situ (Scheme 28). 44 N-aryl iminoiodinanes were found to work best containing a para-nitro group containing an electron withdrawing groups in the para-position, most likely due to the stabilising effect of the metallonitrene (Scheme 28, b01). Various alkyl and cyclic alkenes were utilised which gave access to a variety of N-aryl aziridines in excellent yields. Interestingly, the reactivity seems to be selective to internal alkenes, which is something that is less regularly seen in such processes due to steric hindrance.

A drawback of this methodology could occur from the use of anilines as nitrene precursors. In terms of post functionalisation, for the removal of this protecting group, more labile protecting groups are required (e.g. Ts, Ns, Boc etc.). 44 Enantiomerically pure aziridines are powerful tools for the construction of stereogenic centres for various compounds. The development of asymmetric aziridination of alkenes mediated by metallonitrenes is essential for direct access to chiral aziridines. There are not, however, many recent examples of asymmetric aziridination using iminoiodinanes. Dauban, described the use a rhodium(II) complex with and alpha-N-(imodoyl)amino acid ligand to catalyse the aziridination of alkenes enantioselectively (Scheme 29). 45 They generated in situ the iminoiodinane from a primary amine protected with an aromatic sulfamate, in the presence of PhI(OPiv)2 as the oxidant. It was found that the use of p-tBu-phenylsulfamate in conjunction with Rh2(S-tfpttl)4 afforded the aziridine from styrene in an excellent 87 % yield with an enantiomeric ratio of 90:10 (Scheme 29). The scope of the reaction showed that the reaction conditions can be efficiently applied to styrene derivatives, including those with mono-, di-, and tri-substituted alkenes. Interestingly, trans-and cis-methyl styrene afforded the corresponding trans-and cis-aziridine suggesting this reaction goes through a concerted, stereospecific pathway indicative of the formation and reaction of a singlet-state metallonitrene intermediate. The efficiency of the method was further proved by performing aziridination on more complex molecules including alkenes that can be easily functionalised.

Iron catalyst used in conjunction with iminoiodinanes for aziridination reactions are not as readily reported as other metals. Non-heme catalysts have also been used less frequently in this context than their heme-counterparts. In comparison to the more commonly used transition metals, iron-catalysed aziridination reactions are mostly non-asymmetric. In 2008, Che reported an Fe(II) catalysed intermolecular aziridination of alkenes using ex situ generated PhI=NTs (Scheme 30). 46 This process gives excellent yields for styryl alkenes while yields for less reactive alkyl alkenes were slightly lower. 45 ) is observed, proving its ability to be formed under these conditions.

Bolm also developed an Fe(OTf)2-catalysed alkene aziridination using PhI=NSO2Py (Scheme 31, b02). 47 Intriguingly, they initially found that the use of 20 mol % of NaCl could promote the formation of the aziridine product, which they therefore decided to see if similar results could be observed using ionic liquids in replacement. They were indeed inspired by the effect of ionic liquids in catalysis. The used of 8 mol % of ethylmethylimidazolium bis((trifluoromethyl)sulfonyl)-amide (emim BTA), as an ionic additive further increased the reactivity. Styryl alkenes containing numerous functionalities were found to show good reactivity, where di-substituted derivatives showed a lower reactivity. The reaction of both cis-and trans-ß-methyl styrene could elucidate whether a singlet-or triplet-nitrene is the reactive species for this reaction (Scheme 31). Retention of the stereochemistry was seen from the aziridination of trans ß-methyl styrene, whereas, of a cis-trans mixture of the aziridine from cis-methyl styrene. This can be rationalised due to ability of the radical intermediate to rotate freely allowing for the formation of both stereoisomers. However, because the trans-aziridine was formed in a single stereoisomer, it suggests the concerted process is occurring. 47 A more recent example of the use of iron-catalysis in conjunction with iminoiodinanes was reported by Roizen who developed an aziridination using N,N′-dimethyl-N, N′-bis (2-pyridinylmethyl)cyclohexane-1,2-diamine (MCP) ligands (Scheme 32). 48 The group found that steric hindrance induced by the ligand around the metal centre allowed the increase of the turnover rate of the reaction. Their developed conditions gave excellent yields for more reactive styryl alkenes and lower yields for more complex and less reactive alkenes, which is typically seen for intermolecular reactions. This methodology is a good example of how ligand tuning can aid in the understanding and reactivity of iron-catalysed nitrene transfer processes.

Although the use of iron catalysts has been used in conjunction with iminoiodinane nitrene precursors, their use typically results in a reduction of the yield of the aziridine products, in comparison to other metals (Rh, Ru etc). 48 Shehata, M. F.; Ayer, S. K.; Roizen, J. L. J. Org. Chem. 2018, 83, 5072-5081. The evolution of nitrene precursors to adhere to the rise in green chemistry, has resulted in an increased use of azides as nitrene precursors. Indeed, due to their facile synthesis and 'green' by-product (N2) they make for very useful substrates in this context. Surprisingly, the use of metallo-porphyrin complexes seems to be highly utilised in processes using organic-azides as precursors. Typically, the formation of the triplet nitrene is seen to be more commonly reported with the use of porphyrin ligands. 49 Zhang has reported, since 2006, numerous methods to synthesise aziridines using various cobalt catalysts to access aziridine products (Scheme 33). 50 Typically using cobalt-porphyrin complexes, with an excess of the alkene various aziridine derivatives can be accessed, although mostly from more activated styrene derivatives. They have shown that cobalt paired with azide precursors are incredibly efficient in numerous conditions and for numerous substrates proving that they indeed developed a robust methodology.

Moreover, Zhang has been able to extend the methodology by developing numerous methods to access aziridines asymmetrically. They developed the use of a chiral cobalt-porphyrin complex in which the Rgroup on the aromatic part of the ligand contains the chirality. Using aryl 50e , phorphoryl 50f , sulfonyl 50d and carbonyl azides 50a as nitrene sources they were able to get access to a variety of aziridine derivatives, however, mainly from styryl alkenes. The most recent example was reported using where they suggested that ruthenium-nitrene insertion into the alkenes occurs via a stepwise-radical manner. In a similar vein, Che, also developed a ruthenium-porphyrin catalysed aziridination of alkenes using aryl azides as a nitrogen precursor (Scheme 35, bottom). 52 The use of ruthenium-porphyrin complexes allowed access to various aziridine derivatives in excellent yields (92 -99 %), however, mostly for the more activated styryl alkenes. They postulated that the use of trans axial N-Heterocyclic carbene (NHC) ligands in conjunction to the porphyrin complex could aid in the stabilisation of the nitrene intermediate. The group do not go into detail as to exactly how this occurs. Their postulation was a result of the DFT studies performed for the reaction developed in parallel with metallocarbenes.

The use of iron in conjunction with azides is less studied than other transition metals which is a common occurrence within the field of nitrene chemistry. Che was able to extend their development of nitrene transfer reactions and reported the use of an iron-porphyrin complex using azides as nitrene precursors (Scheme 36). 53 They postulated that the use of an iron porphyrin complex could indeed form the iron nitrene, as previously reported by the group using a different nitrene precursor (Scheme 30). In this case using arylsulfonyl azides, this methodology could give access to aryl and aziridines, where for the less reactive alkyl alkenes only an extension of the reaction time was necessary. 52 As seen from these reported examples, the use of azides as nitrene precursors typically uses porphyrin ligands. These ligands are much less used in comparison with the other nitrene precursors (iminoiodinanes and hydroxylamines). The development of asymmetric aziridination methodologies is thus much more difficult using these porphyrin complexes. This is due to the planar shape of the ligand meaning a complex functionality would need to be added to make the ligand chiral. The synthesis of such chiral porphyrin ligands are complicated and often results in a very large heavy molecule. Indeed this can defeat the purpose of using a catalytic system to increase reduce atom economy.

Hydroxylamines Derivatives

In comparison to azides and iminoiodinanes, the use of hydroxylamine derivatives as nitrene precursors for the aziridination of alkenes have a shorter history and have been less studied. The first use of hydroxylamines, in this context was seen in 2004. 18 Because of the advantages of hydroxylamine derivatives as nitrene precursors on both a small and large scale, they are a preferred precursor in terms of safety and sustainability. The use of these types of nitrene precursors has been predominantly seen in developed reactions for C-H amination, which is most likely due to the research and development of 'on-trend' reactions. This meant that there is a gap in the research where a lack of methodologies have been developed for aziridination.

Lebel was the first develop the use of hydroxylamines as nitrene precursors, in 2004, and thus has since developed numerous nitrene transfer reactions. The first example of aziridination with hydroxylamines as nitrene precursors was reported in 2007 by Lebel. 18 The group then subsequently developed a rhodium catalysed aziridination of alkenes that was diastereoselective due to the use of chiral hydroxylamines (Scheme 37). 54 The stereocentre on the hydroxylamine, with the help of chiral dirhodium complex can induce double stereo-differentiation. This methodology shows good reactivity on a variety of styrenes containing substituents on the aryl group, affording the corresponding aziridine 54 Azek, E.; Spitz, C.; Ernzerhof, M.; Lebel, H. Adv. Synth. Catal. 2020, 362, 384-397.

Scheme 36. Iron-porphyrin catalysed aziridination of alkenes by Che

products in good to excellent yields. Interestingly, the methodology works well when an excess of either the alkene or the chiral hydroxylamine is used. Although, depending on the substrate used, the best conditions needed varies. A method to elucidate if a reaction is going through a concerted stereospecific or stepwise pathway is to observe the diastereomeric ratio of the aziridine obtained from cis-or transdi-substituted alkenes. Initial mechanistic studies using cis-and trans-ß-methyl styrene showed no isomerisation of the product suggesting that the process goes through a singlet rhodium-nitrene species, thus, a stereospecific pathway (Scheme 37). This was later confirmed when they reported a more indepth mechanistic study, however, DFT calculations in conjunction with experimental studies showed that with certain substrates the process potentially occurs through a triplet nitrene species. Thus showing that for nitrene transfer processes, the mechanism is heavily substrate-dependant as well as being reliant on the metal-ligand complex used. 55 Kürti has also developed a large number of nitrene transfer processes using hydroxylamine derivatives.

Since 2014, they typically focus on the synthesis of free aziridines. Free aziridines can be readily used for post functionalisation reactions, without the need for an addition deprotection step. The group recently reported an updated methodology to access aziridines employing N-H and N-alkyl hydroxylamine-O-sulfonic acids (HOSA) (Scheme 38, left) as nitrene precursors, where previously the group used O- (2,4-dinitrophenyl)hydroxylamine (DPH) as an nitrogen source (Scheme 38, right). 56 These methodologies gave access to a tremendous variety of aziridines from both internal-and terminalalkyl and aromatic alkenes. However, reaction the reaction conditions were not consistent for each substrate, where the catalytic loading, temperature and reactions time varied for each substrate. Of course, the reactivities of aryl, alkyl, terminal and substituted alkenes varies significantly, therefore, it is difficult to find a general methodology for them all. Mechanistic studies showed that the rhodiumnitrene can be formed through coordination of the nitrene substrate, where the rate of formation depends on the substrate used. HOSA saw faster N-O bond cleavage than DPH which used in their earlier developed methodology. However, the difficulty with forming free aziridines is seen in the purification 55 

Scheme 37. Dirhodium catalysed aziridination of cis-and trans-methyl styrene by Lebel

of such compounds. Due to the high polarity of the molecules, the Boc protection of the nitrogen is frequently seen to be able to efficiently purify the aziridine.

Iron-catalysed nitrene transfer reactions using hydroxylamine derivatives as nitrene sources has received little attention in the literature. The combination of the use of hydroxylamine derivatives as nitrene precursors and readily available, non-toxic iron catalyst results in a much more environmentally friendly reaction than previous methods. In fact, to the best of our knowledge, there was no such report for the intermolecular aziridination of alkenes at the start of my thesis. However, Jat, in late 2021 reported an iron(II) catalysed aziridination of alkenes allowing access to free-aziridines.

The methodology utilised O-arylsulfonyl hydroxylamines with cheap iron sulphate heptahydrate catalyst to give access to aziridines from both aryl and alkyl alkenes (Scheme 39). 57 Moderate to excellent yields were achieved in this process, for both free and N-Boc protected aziridines from aryl and alkyl alkenes. This methodology highlights the possibilities of iron catalysis in conjunction with this family of nitrene precursors for their use in nitrene transfer reactions. 57 Chandra, D.; Yadav, A. K.; Singh, V.; Tiwari, B.; Jat, J. L. ChemistrySelect. 2021, 6, 10524-10526.

Scheme 38. Dirhodium catalysed aziridination of alkenes using unprotected nitrene sources by Kürti Scheme 39. Iron catalysed aziridination of alkenes using hydroxylamine derivatives a nitrene precursors by Jat

Indeed as previously seen in the described examples of aziridination reactions using hydroxylamine nitrene precursors, the use of iron catalysis is limited. Of course rhodium complexes have been shown

to be very efficient in such nitrene transfer processes, but their ever increasing cost means it is not a metal of choice. The lack of developed aziridination processes using hydroxylamines and iron catalysts allows for a gap in this field that focuses specifically on the principles of green chemistry. This then how the idea for my thesis project arose.

Iron Catalysed Intermolecular Aziridination of Alkenes

Project Introduction and Objectives

Our lab previously entered the field of iron-catalysed nitrene transfer processes during the PhD thesis of Dr. Anne-Doriane Manick. 34,35 An iron-catalysed intermolecular aminobenzoylation of alkenes was developed which was later compiled with an inter-intramolecular aminoazidation of alkenes (Scheme 40). The use of hydroxylamine derivatives in the presence of an iron catalyst could allow access to various functionalised 5-membered heterocyclic compounds in excellent yields.

From the development of the intramolecular aminobenzoylation of alkenes, it was found that at room temperature the fused-aziridine product could be isolated (Scheme 41). It was hypothesised that this fused-aziridine could be the intermediate in the reaction; the benzoic acid formed from the cleavage of the hydroxylamine would open the aziridine forming the desired product. It was further demonstrated that this fused aziridine was the intermediate when a ring opening reaction was performed.

Scheme 41. Formation of aziridine from aminobenzoylation of alkenes Scheme 40. Iron catalysed amino-benzoylation and amino-azidation of alkenes

The idea was then initiated to develop a more challenging intermolecular iron catalysed aziridination of alkenes. Whereby the use of hydroxylamine derivatives as nitrene precursors allows for the formation of an iron-nitrene intermediate which can then react with an alkene to form an aziridine. The use of cheap, abundant, and non-toxic iron catalysts and hydroxylamine derivatives can allow for direct access to aziridines in a sustainable manner.

Scheme 42 Iron-catalysed intermolecular aziridination of alkenes 3.5 Realisation of the Project

Formation of Nitrene Precursors

The synthesis of the hydroxylamine derivatives was typically performed in two steps starting from the commercially available hydroxylamine hydrochloride. Firstly, the formation of the N-tosyl hydroxylamine derivatives occurs initially through the protection of the nitrogen with tosyl chloride under basic conditions, giving N-Ts hydroxylamine (1) in a good 73 % yield. This compound could then be acylated to form the benzoate, the pivalate and the acetate derivative in good to excellent yields (2a to 2c, 75 %, 86 % and 74 % respectively, Scheme 43a). The N-Piv-O-Bz hydroxylamine 4 was similarly synthesised in two steps starting from hydroxylamine hydrochloride. The nitrogen was first protected by a pivaloyl group using K2CO3 as a base and pivaloyl chloride to afford the N-Piv hydroxylamine 3 in a moderate yield. This was then followed by the benzoylation of the hydroxyl moiety in standard conditions to afford the hydroxylamine 4 (Scheme 43b).

For N-(benzoyloxy)-4-nitrobenzenesulfonamide (6), a slightly different approach was required. This was due to the direct nosylation of hydroxylamine hydrochloride being unsuccessful, as no reaction occurred. Starting from the commercially available N-Boc protected hydroxylamine, the benzoylation of the oxygen was first performed using standard benzoylation method in basic conditions. This At the onset of this study, we used the reaction conditions that were previously developed for the intramolecular oxyamination of alkenes. 35 The hydroxylamine derivative 2a (TsNHOBz) was used as a model nitrene precursor for the optimisation of the reaction conditions allowing for the aziridination of styrene 10a. Mixing the two reactants with iron(II) acetate (10 mol %), phenanthroline (10 mol %) in acetonitrile (ACN) for 18 h at 70 °C, afforded the desired aziridine 11a in an encouraging 47 % yield (Table 1, entry 1). Initially, classical nitrogen-based ligands were trialled, including bi-tri-and tetradentate ligands, to study the effect on the reactivity. Bidentate 2,2'-bipyridine gave only trace amounts of the product seen on the crude NMR (Table 1, entry 2). For the use of this ligand we observe some remaining hydroxylamine substrate as opposed to the use of phenanthroline. Such a difference seems difficult to rationalise apart from a more flexible complex with bipyridine ligand. Tridentate terpyridine was then trialled giving a reduced yield of 13 %, where again full conversion of the hydroxylamine did not occur (Table 1, entry 3). Interestingly, the use of tridentate PyBox gave an excellent yield of 80 % (Table 1, entry 4). Finally, tetradentate ligands porphyrin (TPPH2), salen, and

N 1 , N 2 -dimethyl-N 1 ,N 2 -bis(pyridin-2-ylmethyl)ethane-1,2-diamine (mep)
gave 7 % and trace amounts respectively (Table 1, entry 5-7) which is most likely due to steric hindrance. PyBox was then used as the ligand to continue the optimisation. The nature of the iron source was next evaluated to see which Fe(II) or Fe(III) salts work best for this reactivity. Keeping the PyBox ligand, the use of iron(II) triflate led to a dramatic decrease of reaction efficiency (23 % yield, Table 2, entry 1), whereas iron(II) chloride and iron(III) bromide, despite showing catalytic activity, only gave moderate yields (47 % and50 %, respectively, Table 2, entries 2 and3). These results don't elucidate weather Fe(II) or Fe(III) is the active catalytic species in this process as both give comparable yields, suggesting that both can indeed catalyse this process. To ensure that iron is the catalyst of the process, control experiments were conducted. No aziridine was formed in the absence of the iron salt (Table 2,entry 4); no conversion of the hydroxylamine derivative 2a was seen (i.e. no cleavage of the N-O bond and formation of the nitrene). Since copper is a common contaminant of iron salts, reactions with Cu(I) and Cu(II) were carried out to evaluate if iron is indeed the source of reactivity. Copper(I) iodide and copper(II) acetate only produced trace amounts of the aziridine 11a (Table 2, entries 5 and6), where the majority of the hydroxylamine derivative could be recuperated. These control experiments clearly demonstrate that this aziridination process, and the formation of the metallonitrene, does in fact rely on the action of a catalytically active iron complex.

Finally, lowering of the iron-PyBox complex to 5 mol % showed little change in the yield giving a slightly lower yield of 78 %. Ultimately, iron(II) acetate (10 mol %) was used to continue the optimisation for convenience. c) Solvent and conditions

The solvent system was then evaluated. Based upon the previous study for the intramolecular oxyamination of alkene, several solvents were trialled during this optimisation. We therefore chose to trial a selected number of solvents which were shown to work for the previously developed reaction.

Firstly a mixture of DCM/ACN (9:1) was used giving a slightly lower yield of 60 % (Table 3,entry 1) in comparison to the 80 % acquired using ACN. To assess whether the levels of water within the solvent is affecting reactivity, 4 Å molecular sieves were added to the reaction mixture. This resulted in a lower yield of 66 % (Table 3, entry 2) which may be due to the disruption in stirring the reaction because of the bulkiness of the molecular sieves. Hexafluoroisopropanol was then trialled which has proven to have many distinct characteristics, mainly the ability to form a complex hydrogen bonding network which can aid reactivity in some cases. 58 In this case, for aziridination, the use of HFIP did not lead to the desired aziridine product 11a (Table 3, entry 3). ACN was then kept as the solvent to use in continuing the optimisation. To determine whether the reaction can be performed at a reduced temperature, the reaction was trialled at 50 o C. This slight reduction of temperature didn't significantly change the yield (76 %, Table 4, entry 1), and a complete conversion of the hydroxylamine 2a was observed. To prevent the lowering of the yield through styrene polymerisation, the styrene 10a is used in excess (2.5 equiv.) in our trials. The ratio of equivalents of hydroxylamine 2a and styrene 10a was, therefore, then assessed. Firstly, decreasing the ratio of the styrene initially to 2 equiv. then to 1.5 equiv. gave a slightly reduced yield of 77 % and 63 % respectively (Table 4, entry 2 and3). An inversion of the ratio so that the hydroxylamine is in excess also gave a reduced yield of 58 % (Table 4, entry 4). These experiments 58 Motiwala, H. F.; Armaly, A. M.; Cacioppo, J. G.; Coombs, T. C.; Koehn, K. R. K.; Norwood, V. M.; Aubé, J. Chem. Rev. 2022, 122, 12544-12747. show that the ratio of the styrene to the hydroxylamine is indeed important, where an excess is preferred, in this case 2.5 equivalents. The ability to form a nitrene, starting from a hydroxylamine, is dependent not just on the metal catalyst used, but also on the functional groups attached to the nitrogen and oxygen atoms. Of course, due to the nature of a nitrene precursor, the better the leaving group ability the easier the cleavage of the N-O bond will be. For example, more electron withdrawing groups on the oxygen could result in easier formation of the metallonitrene, thus result in a higher rate of formation of the metallonitrene. The stability and reactivity of the metallonitrene can then be affected by the electronic and steric effects of the group attached to the nitrogen itself. Of course, where the electronic effects of the moiety attached to the nitrogen can radically affects its nature, making it either more electrophilic or nucleophilic in nature depending on the electronic effects. Therefore, it is important to trial a variety of different hydroxylamine derivatives a nitrene precursors to have an idea of what characteristics this reaction prefers and to get a good balance between stability and reactivity.

Numerous hydroxylamines derivatives were thus trialled to assess their reactivity (Scheme 45). Initially tosyl group, it is a good choice for further functionalisation of the aziridine product; 60 % yield of the desired aziridine 11b was isolated using 6 with a complete conversion was seen.

From the synthesis of the hydroxylamines (RNHO-Aryl), three nitrene sources were trialled (Scheme 45, compounds 8a, 8b and 9). For these hydroxylamine derivatives no cleavage of the precursors and hence no reaction was observed for both the N-Ts and N-Boc protected derivatives. The leaving group ability of the O-aryl functionality may have limited the ability for the hydroxylamine to undergo the oxidative addition onto the iron catalyst. The cleavage of both PivNHOBz (4) and BocNHOBz (5) was also not observed, suggesting that for these conditions, the presence of a sulfamide group is essential for the cleavage and thus formation of the nitrene intermediate. Finally, the triflic salt ( 7) was then tested. In this case, there was also no reaction seen and no conversion of the starting material. From this study its was found that the TsNHOPiv (2b) was the most efficient hydroxylamine to use in these conditions. Although the yield is very similar to that achieved when using TsNHOBz (2a), the synthesis and purification of the hydroxylamine is much more straightforward allowing for easier access to the derivative 11a.

Scheme 45. Optimisation of nitrene source

Scope of Reaction: Styrenes

With these optimized conditions in hand (Scheme 45, 2b), the scope and limitations of this transformation were then studied with a wider range of styrene derivatives (Scheme 46). Switching from a phenyl aromatic ring to a naphthyl had a negligible impact on the reaction course, where the aziridine 11b was isolated in a good 77 % yield (Scheme 46, 11c). The effect of electron-withdrawing groups in various positions on the aromatic ring was investigated next. Halogenated styrene derivatives showed good to excellent reactivity, even when in the more sterically demanding ortho-substituted position. 2-, 3-and 4-chlorophenyl aziridines 11d, 11e and 11f were isolated with excellent 87 %, 85

% and 87 % yields, respectively. Additionally, the reaction with 4-fluorostyrene afforded an excellent yield of 84 % of the corresponding aziridine 11g. The use of 4-bromostyrene afforded the corresponding aziridine 11h in a slightly diminished yield of 77 % where within the isolated desired product there was a trace amount of the de-brominated aziridine also. Iron catalysts have been found to efficiently dehalogenate aryl halides via reductive dehalogenation, which may be occurring for this substrate. 59 Aziridines containing electron-withdrawing 4-CF3 (11i) and 4-OAc (11j) groups were also obtained with good yields of 70 % and 78 % respectively. However, the use of a more electron-withdrawing nitro-group on the styrene, for which a mesomeric effect particularly affects positions 2 and 4, induced a significantly lower yield (11k, 59 %).

Nitrogen containing compounds are well known to be able to efficiently coordinate to iron, hence why they are widely used as ligands for iron catalysis. In this case, the coordination of a substrate containing a coordinating substituent could poison the catalyst and reduce, if not completely diminish, the reactivity. Styrene derivatives that contain potentially coordinating substituents were found to limit the catalytic activity, shown by the fact that the aziridines from 4-cyano styrene and 2-vinyl-pyridine were isolated in modest yields of 39 % and 27 %, respectively (11l, and 11m). The influence of electrondonating functional groups was then evaluated. The aziridines formed from 3-and 4-methyl styrene (Scheme 46, 11o and 11p) were obtained in good yields (84 % and 73 % respectively). The 2-methyl phenyl aziridine 11n was also isolated in an excellent 83 % yield, further demonstrating that this reaction is insensitive to substituents in the hindered ortho position. In contrast, the highly electrondonating methoxy group in the ortho-position was found to be detrimental for this process, in which case the aziridine 11q was formed in a low 27 % yield. 59 Czaplik, W. M.; Grupe, S.; Mayer, M.; Wangelin, A. J. von. Chem. Commun. 2010, 46, 6350. Limitations for this method were also found when exploring the scope. Whilst a moderate yield was achieved from the use of ortho-methoxy styrene (Scheme 46, 11q), the use of para-methoxy styrene only gave a trace amount of the aziridine formation (Scheme 46, 10t). Again, reiterating the possibility for electronic effects to affect the reactivity. Vinyl aniline and the acylated derivative was also trialled where no formation of the corresponding aziridine was seen (Scheme 46, 10r and 10s). The same was seen for 4-vinyl pyridine, which in comparison to its derivatives (2-vinyl pyridine) didn't show any reactivity (Scheme 46, 10u). This is not surprising due to the coordinating ability of the nitrogen onto the iron, thus possibly poisoning the catalyst.

Various difunctionalised alkenes were then trialled, firstly from derivatives of styrene. Alpha-methyl styrene did not form the corresponding aziridine product, however beta-methyl styrene gave a low yield of 7% of 11v (Scheme 46, 10v and 10w). Internal cyclic alkenes, 1-indene and 1,2-dihydronapthalene showed no reactivity, where the formation of the products was not seen (Scheme 46, 10x and 10y). This may be due to steric hindrance affecting the ability of the alkene to coordinate or enter the catalytic sphere. These cyclic alkenes are also fairly ridged in comparison to their non-cyclic counterparts, which may also affect the ability of the alkene to react. Stilbene however showed a trace amount of the product formation in these conditions meaning there is some promise in the optimisation of condition to be used for this alkene derivative (Scheme 46, 10z). Aliphatic alkenes also showed diminished reactivity. Linear alkenes, containing various functionalities were also trialled. All showed no formation of the corresponding aziridine product, except for hexene where a trace amount of product was seen (Scheme 46, 12a, 12h, and 12i). Cyclohexene didn't form the corresponding aziridine, and the heterocyclic derivative (3,4dihydropyran) didn't show the formation of the aziridine (Scheme 46, 12j and 12k).

This is most probably due to the lower reactivity of aliphatic alkenes partnered with the fact that there are sterically hindered. Electron poor alkenes (12l and 12m) were also tested. Indeed Jat reported, under copper catalysis a substitution reaction with hydroxylamines though an aza-Michael mediated ring closing. 60 In our hands α-ß unsaturated ketone 12l and ester 12m were found to be unreactive under our conditions. Phenyl diene (14a) was also trialled, to see if aziridination could occur selectively in the terminal alkene or the more hindered internal alkene (Scheme 46, 20a). In these conditions, aziridination did not occur for this alkene however, the oxyamination from the addition of the benzoic acid, released from the formation of the iron-nitrene, was seen. This result will be fully exploited in the upcoming chapter.

From the scope of this reaction, we found that styryl-alkenes containing EWG and EDG showed good reactivity, even with functionalities in the more sterically hindered positions. More hindered di-functionalised alkenes show reduced or no reactivity most likely due to steric effects and less reactive aliphatic alkenes also showed a reduced reactivity. However, trace amounts of the aziridine were seen from stilbene and hexene, suggesting the possibility to optimise the reaction conditions for these alkenes to be able to extend the scope of the reaction to internal-and aliphatic alkenes.

Gram Scale Reaction

The scalability of this reaction was then assessed to confirm the robustness of the developed method.

Starting from 3 mmol of the hydroxylamine 2b, 0.72 g of the desired aziridine 11a could be obtained with an excellent yield of 89 % (Scheme 47). Moreover, where typically the reaction is run using 10 mol % of the iron-PyBox complex, for this large-scale reaction, only 5 mol % of the catalyst could be used affording comparable yields. Additionally, confirming the sustainability of this developed method, the pivalic acid which is formed from the cleavage and formation of the iron-nitrene intermediate, can be retrieved. Using and acid-base work-up, an excellent 75 % yield of pivalic acid was recovered. The ability for the increased scale for this reaction, along with the low catalytic loading and recuperation of the by-product, reinforces the synthetic potential of this sustainable method.

Optimisation of Aziridination of Stilbene

From the initial scope performed using the optimal conditions for the aziridination of styrene, the aziridination of internal gave a trace amount of product. Therefore, an optimisation was undertaken using stilbene as a model substrate. Initially, the hydroxylamine derivative used in the reaction was changed to TsNHOBz as the use of this allowed the isolation of 10 % of the desired aziridine 11z (Table 5, entry 1). The effect of the iron source was next briefly assessed, where it was found that using iron(II) triflate and iron(II) acetylacetonate showed no formation of the desired product, although there was full conversion of the starting TsNHOBz (Table 5, entries 2 and 3). Interestingly, changing the ligand from PyBox to phenanthroline showed an increase in reactivity giving 40 % yield of 11z (Table 5, entry 5).

This may be due to the bulkiness of the alkene requiring a larger space for the coordination to the ironcatalyst.

Scheme 47. Large-scale intermolecular aziridination Keeping Fe(OAc)2 (10 mol %) and phenanthroline (20 mol %) different hydroxylamine derivatives were trialled. We have found, for this reactivity, that the hydroxylamine derivative used can have a major effect on the outcome of the reaction. In certain cases, using our developed conditions, the cleavage and hence the formation of the nitrene is not seen. Changing the hydroxylamine from the N-Ts-O-Bz hydroxylamine 2a to either the N-Ts-O-Ac 2c or N-Ns-O-Bz 6 derivative diminished the reactivity completely and no aziridine 11z was formed (Table 6, entries 1 and 2). Complete conversion for both hydroxylamine derivatives was not seen in these conditions. Maintaining the TsNHOBz derivative 2a as the nitrene precursor the reaction was trialled in DCE instead of ACN, leading to a slightly reduced yield of 33 %. Keeping ACN as the solvent the ratio of the equivalents of hydroxylamine 2a and stilbene 10z were then varied. Similar to the optimisation of the aziridination of styrene, it was found that the alkene is required to be in excess where a reversal of this ratio shows no formation of the aziridine (Table 7, entry 2). Keeping an excess of the alkene but increasing it slightly to 3 equiv. only increased the yield slightly to 43 % (Table 7, entry 3), which suggests that there is an optimal ratio for the excess of the alkene. The reaction was then run at 100 o C which surprisingly reduced the yield to 21 % (Table 7, entry 4), this may be due to the rapid cleavage of the hydroxylamine which then is not able to react as rapidly with the alkene. The use of ACN and an excess of the alkene at 2.5 equivalents was then used to continue with the optimisation. Since phenanthroline was found to be the best ligand for the formation of the aziridine 11z, derivatives of phenanthroline were then trialled to see if steric and electronic effects would change the reactivity.

Interestingly, we found that the substituents on the phenanthroline caused a wide variation in the corresponding yield of the aziridine 11z. Bulkier 4,7-diPhenyl phenanthroline, decreased the yield slightly to 29 % compared to the 40 % achieved with phenanthroline (Table 8, entry 1). The presence of electron donating methoxy groups in the 4-and 7-position on the phenanthroline also reduced the reactivity giving an even lower yield of 20 % (Table 8, entry 2). Surprisingly, the use of the tetramethyl and tetra bromo-phenanthroline derivatives did not form any of the desired aziridine 11z (Table 8, entries 3 and 4). However, there was complete conversion of the hydroxylamine 2a using both ligands, suggesting that there was indeed the formation of the nitrene intermediate, however, the addition onto the alkene itself was limited. The nitrene was thus decomposed to form tosylamine (TsNH2)

Because the derivatives of phenanthroline didn't increase the reactivity, the stoichiometry of the ligand was then assessed. Typically, phenanthroline is used in a ratio of 1:2 with the iron, meaning there is two phenanthroline molecules coordinated to one iron atom. Increasing the amount of phenanthroline used to 40 mol % decreased the yield significantly to 17 % (Table 8,entry 5). This may be attributed to an over stabilisation of the resting state of the catalyst. Limiting thereby the coordination of the hydroxylamine. On this approach, reducing the ratio to 1:1 by using 10 mol % of phenanthroline gave a slight increase of the yield to 50 %, which was the best conditions found from this optimisation (Table 8, entry 6). However, unfortunately, the conditions optimised for stilbene did not increase the range of the scope for other internal alkenes. 

Optimisation of Aziridination of Hexene

We have shown previously that submitting hexene to the best conditions from the aziridination of styrene lead only to trace amounts of the aziridine 13a. Since the reactivity of alkyl alkenes is notable less than the more activated styryl alkenes, it is not completely surprising that the optimised conditions for styrene are not suitable for alkyl alkenes. Therefore, further optimisation of the aziridination of hexene was performed, in the hopes that conditions could be found that could then extend the scope for other alkyl alkenes. First, we sought to use a more electrophilic complex by using a dual-ionic iron(II) species. To this extent FeCl2 was used in the presence of AgSbF6 (20 mol %). A poor 15 % yield was thus observed (Table 9, entry 1). Iron(II) triflate was then trialled which showed an increased reactivity forming 37 % of the aziridine 13a (Table 9, entry 2). Varying the catalytic loading of the iron-PyBox complex by firstly reducing it to 5 mol % then increasing to 20 mol % results in both the lowering of the yield for both (17 % and 30 % respectively (Table 9, entry 3 and 4). Finally trialling phenanthroline instead of PyBox showed trace amounts of the aziridine 13a (Table 9, entry 5). To continue with the optimisation, iron(II) triflate and PyBox both at 10 mol % was used. Various additives were then tested to see if the reactivity could be increased. The use of a base can aid in the formation of the nitrene by abstracting the hydrogen which is on the nitrogen of the hydroxylamine derivative. 18 In our case, the addition of an inorganic or an organic base completely inhibited the reaction (Table 10, entry 1 and 2). Triethylamine might inhibit the reactivity through metal complexation. However in this case complete conversion of the hydroxylamine was observed and the major product formed, from observation by 1 HNMR of the crude mixture was tosylamine. Thus, the triethylamine does not inhibit the production of the nitrene but its reaction with the alkene. The addition of K2CO3 led to only trace amounts of the desired aziridine, without any conversion of the starting material. This suggests that the use of K2CO3 inhibits the formation of the nitrene. The addition of a

Lewis acid was then trialled to see if it aids in the reactivity by possibly stabilising the iron nitrene or coordinating to the alkene substrate. The addition of Sc(OTf)3 reduced the reactivity completely where no aziridine was formed and also no cleavage of the hydroxylamine 2b. Finally, the effect of the solvent was then assessed. The use of DCE reduced the yield slightly and 25 % of 13a was isolated (Table 12, entry 1). The use of methanol and THF however completely inhibited the reactivity (Table 12, entry 2 and 3). HFIP (hexafluoroisopropanol) has shown in the literature to have interesting effects on the reactivity in certain transformations. HFIP is a fairly non-nucleophilic solvent that is able to form various hydrogen bonding interactions generating a hydrogen bonding network which may be able to stabilise transition states or intermediates such as carbocations. To our delight, the use of HFIP in this case increased the yield nearly two-fold to 58 % (Table 12, entry 4). A mixture of ACN:HFIP shows and increased yield in comparison to using solely ACN however decreased from using only HFIP (45 % yield, Table 12, entry 5). Nitromethane was trialled and was shown to give a slightly reduced yield of 47 %. To confirm the role of the iron complex in the process, the reaction was run in the absence of a ligand and metal source. Under this condition neither the aziridine nor tosylamine could not be detected (Table 12, entry 7). 13, entry 1 and 2) was observed. Lowering the reaction temperature to 40 o C completely inhibited the reaction (Table 13, entry 3). At this temperature the cleavage of the hydroxylamine could not be observed. Finally using our optimised reaction conditions a reaction was set up using freshly distilled hexene. Gratifying, this condition allowed an increase of the yield to 75 % (Table 13, entry 4). 

Scope of Reaction: Alkyl Alkenes

Having in hand the optimised conditions for the aziridination of hexene, the scope of alkyl alkenes was then assessed using freshly distilled alkenes. The length of the alkyl chain showed a negligible impact on reactivity. Indeed, the n-pentyl, n-hexyl and n-nonyl substituted aziridines 13c, 13d and 13e were isolated in good yields ranging from 69 to 75 % (Scheme 48). Of note, the reaction was also amenable to the use of an aliphatic alkene possessing a bromine atom in terminal position (13f), which opens the door for further functional group manipulation with 13f which was isolated in 62 % yield. The branched isobutyl aziridine 13g was obtained with an excellent 84 % yield, while the more sterically demanding cyclohexyl group only slightly impeded the formation of 13h (59 % yield). Finally, the allyl benzene substrate was found to produce the corresponding aziridine 13i in a moderate 50 % yield.

Post-functionalisation a) Removal of Protecting Group on Styryl Aziridine

The ability to remove the protecting group on the aziridine is important for post-functionalisation. Being able to access the free nitrogen atom on the aziridine is an advantage to this developed methodology.

The tosyl group is notoriously difficult to remove from nitrogen atoms however there are many methods that have been developed to do so. The tosyl group on the aziridine 11a was found to be removable, in this case, by sonication using magnesium turnings in ethanol to allow the access to the free aziridine in 65 % yield (Scheme 49). 61 The low boiling point of the aziridine might be responsible for the limited however there was observation of the addition on the homo-benzylic position (CH2) and the dinitrogenated product was isolated in an 87 % yield (1:1 ratio of regioisomer) (Scheme 50, right, 16).

Both the free alcohol and the azide can be used for various post functionalisation to synthesise more complex molecules.

Optimisation of an Asymmetric Aziridination of Alkenes a) Optimisation for the Enantioselective Aziridination of Styrene

Since the aziridination of a terminal alkene forms a new stereogenic centre, it is possible that this reaction can be developed in an enantioselective manner. We have previously developed the ironcatalysed aziridination of styrene derivatives. As this process was based on the use of a PyBox ligand, it was thus therefore attractive to test chiral PyBox ligands to access an asymmetric variation of our reaction. Indeed chiral PyBox ligands are well known for their efficiency in numerous asymmetric catalysis. 62 Hence, chiral ligands were thus trialled using the optimised conditions found from the aziridination of styrene, including chiral PyBox, Box and PyMox derivatives containing a variety of substituents (Scheme 51).

Initially, various chiral PyBox ligands were trialled containing various functionalities in the 4-and 5position on the oxazole ring of the ligand. PyBox ligands containing substituent in position 4-of the oxazole ring was trialled (Scheme 51). Changing to the di-isopropyl PyBox L2, showed a slight reduction in the yield of the formation of aziridine 11a where a low enantiomeric excess of 10 % was seen and the (R)-aziridine was the slightly major product. The use of the bulkier di-phenyl PyBox L3

formed the aziridine 10a in a 77 % yield with an increased ee of 26 % ((S)-isomer major). Contrarily, the use of di-phenethyl PyBox L4 allowed access to the aziridine with a poor 3 % ee, although the yield of the aziridine was an excellent 74 %. The use of di-(2,4,6-trimethyl phenyl) (L5) surprisingly gave a reduced yield of the desired aziridine (44 %) and a very low ee of 3 %. In this case a significant amount of tosylamine was observed. An increase of the yield of the aziridine 11a can be achieved using the di-(3,5-dimethyl phenyl) PyBox (L6) where a slight increase of the ee was also seen (16 %, (R)-isomer 62 major). These results suggest that substituents in position 2-and 4-of the phenyl groups on the oxazole ring can hinder the formation of the aziridine due to steric hindrance reducing space within the catalytic sphere.

PyBox ligands with substituents on both position 4-and 5-on the oxazole ring were then trialled. Firstly, the use of di-(4,5-phenyl) PyBox L8 and L9 gave comparable yields of the aziridine product (72 % and 69 % respectively). Interestingly, the use of these ligands gave ee values of 27 % and 25 % for L8 and L9 respectively , suggesting that the presence of substituents in position 5-of the oxazolone ring on the ligand does not affect the outcome of the enantiomeric excess. This can be corroborated by the use of L10 containing methyl groups on position 4-of the oxazolone ring and the di-indeno PyBox L7, which both gave an excellent yield of the aziridine product (81% and 87 % respectively) and comparable ee values (21 % ee for both respectively). The excellent yield reached with LX may be attributed to its rigidity compared to the other ligands trialled.

We then turned our attention to the use of Box ligands. The use of Box ligands L11 and L12 reduce the yield significantly, where the isopropyl Box L11 ligand gave a low 12 % yield and 4 % ee. Trace amounts of the product is observed with L12. The full conversion of the hydroxylamine 2b is also not seen in this case, suggesting the formation of the nitrene is not favourable using this ligand. PyMox ligand L13 also formed the aziridine in a low 33 % yield with a 13 % ee. Surprisingly, full conversion of the hydroxylamine 2b is seen using this ligand. These results suggest that the presence of the pyridine, which is able to coordinate to the iron catalyst, is necessary to achieve good reactivity using this method. These results are also consistent to the results from the optimisation of this reaction where bidentate ligands gave a lower yield than the tridentate PyBox. Finally, the chiral phosphorus-based ligand BINAP (L14) was then trialled to firstly see whether, using these conditions, a phosphorus-based ligand would work in the presence of an iron catalyst. In this case the reactivity was greatly reduced giving 19 % of the desired aziridine, where the aziridine product was basically racemic (1 % ee). The use of this ligand also does not readily promote the formation of the nitrene where the hydroxylamine substrate 2b is still majorly present in the crude mixture.

The very limited ee values obtained with the ligands trialled make any attempt to rationalise the steric and electronic effects very difficult. The high temperature required for the process is certainly a limitation to reach interesting ee values. Nevertheless, this study has revealed the rigid ligand L7 as being very promising for further development. In both cases, it would seem that there is a major transfer of stereochemical information meaning the converted pathway seem like the predominant reaction. However, it appears that the stepwise pathway operates concurrently, as both the cis-and trans-isomer can be formed in the radical pathway, which would account for the formation of the minor diastereomers. This then suggests that there is split between this process occurring in a stepwise and concerted manner. These results and suggest that the iron-nitrene species which is generated coexists on both the singlet and the triplet spin state and, accordingly, that the difference of energy between both remains low. The limited stereospecifity of the process is also in line with the poor ees observed during our asymmetric studies.

Cyclic Voltammetry

It is critical to be able to characterise intermediates formed in order to elucidate or hypothesise the mechanism of a reaction. Typical techniques for doing so, such as NMR, IR, or MS, are only useful for analysing substrates that can be isolated and are relatively stable. Other techniques are thus required for characterising reaction intermediates that cannot be isolated. Cyclic voltammetry is an electrochemical analytical technique and can be used as a tool to accomplish this. If a species is redox active, cyclic voltammetry can be utilised to determine at what potential they are oxidised and reduced and can also allow to quantify how much of the species is present. The use of cyclic voltammetry in this manner can only help to elucidate, for example, the oxidation state of a metal in a complex, as it does not allow for structural realisation. It is therefore used in conjunction with various other mechanistic and analytical techniques to form a bigger picture. 63 Cyclic voltammetry experiments are performed in a cell containing a working electrode, reference electrode and counter electrode (Figure 4). The solution inside the cell must contain an electrolyte to maintain electrical neutrality during the CV experiment via the easy migration of ions. For the series of experiments performed in this case, the working electrode used was a glossy carbon electrode (3 mm), the counter electrode was a stainless steel rod and the reference electrode was an Ag/AgCl electrode.

The supporting electrolyte used was 0.1 M of nBu4NBF4 in ACN. The potential in the cell is scanned linearly over time where firstly the species present is either oxidised or reduced at the electrode surface when the potential reaches a sufficiently positive or negative value. The current is then measured which indicates the amount of the species that it oxidised or reduced, thus meaning that the concentration of the species present can be calculated. The potential is then reversed and scanned in the opposite direction until the initial potential is reached. The scanning of the potential can be performed starting towards the positive (oxidation) or negative (reduction) potential. Initially, cyclic voltammetry of the individual partners that have been utilised in this methodology were performed to assess their redox properties (Figure 5). These voltammograms can be seen as a type of control experiment to be able to understand if when mixing these partners, the oxidation or reduction seen is indeed of a new species formed or that of the original substrates used. Nitrogen based ligand PyBox and phenanthroline, styrene and the hydroxylamine TsNHOBz all showed little to no redox properties within the applied potential range (-1.6 V -1.6 V). The small oxidation peaks around +1 V and -1 corresponds to the presence of small amounts of oxygen present within the solution being oxidised and reduced. The complex of Fe(OAc)2 and PyBox (1:1) was analysed and the oxidation peak corresponding to Fe(II)

to Fe(III) was seen at + 1.30 V. The stoichiometric complex formed seems to not show reversible redox activity. Additionally, the reduction peak is not easily seen or isn't there. However the reduction of the Fe(III) species may not occur readily, thus may be seen at lower potentials. The potential is kept above 0 to avoid the formation of Fe(0) which then deposits onto the working electrode. The addition of another equivalent of PyBox to the complex does not change the intensity of the peak, however there is a slight shift in the potential (1.33 V) (Figure 6, left), suggesting that the coordination is most likely between iron and one molecule of PyBox. The low intensity of the peak seen may be due to the poor solubility of Fe(OAc)2 , thus meaning the complex is not truly formed. The addition of a stoichiometric amount of the hydroxylamine TsNHOBz saturated the initial peak for Fe(II) to Fe(III) however a small oxidation peak appears at around +1.65 V which may be due to the formation of a new iron complex or indeed the oxidation of the hydroxylamine.

Iron(II) triflate, in contrast to the poorly soluble iron(II) acetate, is readily soluble in ACN thus any complex formed would be readily seen using cyclic voltammetry. The cyclic voltammetry of the stoichiometric complex between Fe(OTf)2 and phenanthroline was then analysed. An increase in the current for both the oxidation (+1.13 V) and reduction peak (-1.044 V) of the complex is seen when increasing equivalents of phenanthroline is added (Figure 7, left). Interestingly in comparison to the complex with PyBox, the voltammogram of the complex between iron-phenanthroline is reversible even with increasing concentrations of phenanthroline is added. This means for this analyte electron transfer is fast and occurs relatively freely. The addition of a stoichiometric amount of the hydroxylamine TsNHOBz further increases the intensity of the oxidation peak at +1.13 V (Figure 7, right). However, the corresponding reduction peak seen for Fe(III) to Fe(II) lowers in intensity meaning Using the results and data obtained from the kinetic study of the diminishing oxidation peak a graph can be plotted of Equation 3.3. Fitting a linear line of best fit to the data points also allows for the Rsquare and kobs to be calculated. The rate constant, kobs, is the value of the slope of the linear fit of this plot (Figure 11). If this value is close to 1 then the reaction is indeed a first order reaction. From the treatment of the data from the kinetic study, the kobs value (kobs = -0.14448) and the r-square value was calculated (0.97492). Due to the r-square value being close to 1, it can be assumed that the order of reaction corresponding to the concentration of the iron-PyBox complex is indeed first order, meaning the rate depends linearly on the concentration of the iron-PyBox complex.

The rate equation is thus updates to,

𝒓 = [𝑭𝒆 -𝑷𝒚𝒃𝒐𝒙] 𝟏 [𝑻𝒔𝑵𝑯𝑶𝑩𝒛] 𝒃 [𝑯𝒆𝒙𝒆𝒏𝒆] 𝒄 Equation 3.4
Due to the inability to see the oxidation or reduction peak of hexene or the hydroxylamine TsNHOBz in the kinetic, the calculation of the rate constant for these substrates cannot be performed in this way.

In order to calculate the rate constant corresponding to the concentration of these substances the kinetic study is performed, where only the concentration of only one of the substances added is then changed.

In each case the analysis is under catalytic conditions where the Fe-PyBox complex is 10 mol %. The full kinetic study, including the calculation of 𝑦 𝑜 and 𝐾 𝑜𝑏𝑠 . Initially the kinetic study was performed at varying concentrations of hexene (20, 40, 50, 60, 80, 150 and 325 mM) and their kobs value was calculated at each concentration. A graph of the concentration of hexene used vs the kobs value calculated at each concentration was plotted (Figure 12). From this graph, it was observed that initially between 20 mM and 50 mM there is a dramatic decrease in the rate of the disappearance of the oxidation peak of the complex formed. The rate then increases slightly (between 50 mM and 80mM) before coming to a plateau. The overall difference between the kobs values at the different concentration is small suggesting that there may not be a very big influence on the concentration of hexene on the rate of the reaction. However there is no obvious trend to be seen in the graph due to the 'well' that is seen before the plateau. The kinetic study should be performed at a lower concentration than 20 mM to see whether the initial trend continues at a lower concentration of hexene.

Performing the kinetic study varying the concentration of the hydroxylamine TsNHOBz (40 mM, 60 mM, 80 mM, and 120 mM), gave 4 values of 𝑘 𝑜𝑏𝑠 at concentrations of TsNHOBz. A trend from these results cannot be seen where the 𝑘 𝑜𝑏𝑠 value does not show a tend to decrease or increase (Figure 13).

In fact, the 𝑘 𝑜𝑏𝑠 values seem to oscillate around a horizontal trend line where the difference between the points is, overall, negligible suggesting that the concentration of the hydroxylamine TsNHOBz does not affect the rate of the disappearance of the oxidation peak. However to verify this, more kinetic experiments at both a lower and higher concentration of TsNHOBz is required to see if there is indeed a trend seen or the reaction rate is really 0 in respect to the concentration of hydroxylamine. 

Conclusion

In conclusion, we were able to develop a robust iron-catalysed process in which a simple iron(II) salt and readily available ligands promote the intermolecular aziridination of alkenes. In opposition to currently available methods, hazardous reagents and reaction conditions can be avoided via the implementation of hydroxylamine derivatives as nitrene sources. This sustainable method could be applied to various styryl alkenes in good to excellent yields. Where after further optimisation the scope could be extended to aliphatic alkenes, leading to the corresponding aziridines also in good to excellent yields. The reaction could be easily scaled-up even with a low catalyst loading of 5 mol %, which does not impact the efficiency of the aziridination. The released carboxylic acid could even be recovered, which further reinforces the sustainable and atom-economical character of this method. The beginnings of the development of an asymmetric version of this reaction shows deceptive results at 70 o C. Preliminary mechanistic studies suggest that this iron-catalysed aziridination process involves the formation of an iron-nitrene complex, which competitively reacts with the alkene according to a concerted (2+1) cycloaddition process or a stepwise radical mechanism (Scheme 56). Further studies using cyclic voltammetry showed the formation of a redox active species involving the iron-ligand complex and the hydroxylamine derivative. Upon addition of the alkene this species is completely consumed where the rate of such varies depending on the concentration of the various partners present in the cell. To further elucidate the mechanism, further studies are required to be able to rationalise the data found from the experimental studies that have already been performed. The ability to access functionalised amines crucial in the field of chemistry. The difunctionalisation of alkenes can provide access to a wide range of molecules, which can then be used as building blocks for further functionalisation. These building blocks can be used to synthesise natural products, pharmaceuticals, and ligands. Indeed ß-functionalised amines are privileged structures in organic chemistry and are used as versatile building blocks for the synthesis of more complex molecules. [START_REF]Analogue-based Drug Discovery[END_REF] A few examples can be seen in Figure 14. (R)-salbutamol is a ß2 antagonist that is used to treat asthma.

This widely popular pharmaceutical contains a 1,2-amino oxygen moiety with an unprotected alcohol.

Indinavir is a pharmaceutical compound which contains this moiety, it is used worldwide as an antiretroviral to treat AIDS/HIV. Tamiflu is another example of an antiviral used to treat influenza and contains a 1,2-diamine functionality where one nitrogen is protected by an acetyl group. 66 Finally biotin, or vitamin B7, is a natural product which also contains a 1,2-diamine functionality bridged by a carbonyl group and is involved in a wide range of metabolic pathways in humans and other biological organisms. [START_REF] Dasgupta | Biotin and Other Interferences in Immunoassays: A Concise Guide[END_REF] The use of such ß-functionalised amines is plentiful in the field of chemistry whether to synthesise biologically active molecules or to be used as intermediates for the synthesis of useful molecules in chemistry. An example of the use of chiral 1,2-amino alcohols can be seen with the synthesis of PyBox ligands. These are an important class of nitrogen-based ligands and are widely used in organic synthesis. [START_REF]Analogue-based Drug Discovery[END_REF] The ability to access chiral PyBox ligands relies upon the use of enantiopure 1,2-amino alcohols, which then induces chirality in the final product (Scheme 57). [START_REF] Lou | [END_REF] Additionally, both amino alcohols and diamines can be used as ligands themselves to aid in chemical reactions. The ability for these molecules to be chiral also increases their utility in this sense. Diamine ligands, thus, are widely used in the field of organometallic chemistry, including asymmetric transformations (Figure 15). 69

There has therefore been a large amount of research undertaken to develop methodology for the difunctionalisation of alkenes. As a result, numerous amounts of methods to access these aminated privileged structures have been developed. Classical strategies that are employed for the formation of ß-functionalised amines are typically based upon the alkylation/reduction of -amino aldehydes and hydroxyl imines for 1,2-amino alcohols. 70 For a larger variety of ß-functionalised amines, the ring opening of epoxides/aziridines with nucleophiles is widely used. 71 However, the most straightforward and efficient approach is the direct difunctionalisation of alkenes; Thus referring to a one-pot formal insertion of two functionalities, where in this case one is a nitrogen moiety. This therefore allows for the formation of two new bonds in one step. Metallonitrene chemistry can be utilised to do so via the formal introduction of a nitrogen and a nucleophilic functionality. [START_REF] Lou | [END_REF] 

Intermolecular Difunctionalisation of Alkenes Using Metallonitrenes

The intermolecular difunctionalisation of alkenes via metallonitrene chemistry is a useful method to efficiently generate two new bonds in one process. This reactivity provides access to a diverse range of products that can be easily further functionalised or used within numerous branches of synthetic organic chemistry. The use of metallonitrenes for such transformations is increasing significantly due to the development of various methods for the aziridination of alkenes. Aziridines have been identified as common intermediates in the difunctionalisation of alkenes. The main principle for the use of nitrenes for this reactivity, is first the amination of an alkene forming an aminated intermediate, which can then react with a nucleophile to generate the difunctionalised product (Scheme 58). Undeniably the exact reaction course is both substrate and catalyst dependent. The development of intermolecular difunctionalisation reactions using metallonitrenes has been less reported than their intramolecular counterpart. Of course, intermolecular reactions are much more challenging and when there is a third component introduced (Nu) the difficulty increases further.

a) Iminoiodinanes and Azides as Nitrene Precursors

As previously mentioned in the latter chapter, iminoiodinanes have been thoroughly reported as nitrene precursors. Because they are commonly used for aziridination, it is not then surprising that they have also been widely used for the difunctionalisation of alkenes. As one of the pioneering groups who use iminoiodinanes as nitrene precursors, Dauban has developed numerous nitrene transfer processes. As a result, several robust intermolecular techniques based on the ability to create in situ iminoiodinanes via amine oxidation using PhI derivatives have been reported. The group has found that di-rhodium complexes can efficiently catalyse nitrene transfer processes. In relation to alkene difunctionalisation, Dauban has developed di-rhodium catalysed oxyamination procedures for indoles 72 , enamides 73 and alkenes 74 . The addition of an external nucleophile, in conjunction with their robust conditions for amination, allowed for the formation of a variety of ß-functionalised amines. Mechanistic studies, mainly for the use of alkenes as substrates, suggested that firstly the aziridination of the alkene occurs followed by nucleophilic ring opening. 74 Certain metal catalysed processes, in this context, profit from the ability of the metal to activate the aziridine intermediate. The metal then not only acts as the catalyst 72 for the insertion of the nitrene but also in a Lewis acidic manner. Dauban postulated that the rhodiumnitrene indeed plays a dual role as it also acts to activate the aziridine to allow for the nucleophilic ring opening. Their developed reactions are completely regioselective, based upon the substrate used.

Notably, for the oxyamination of indoles the regio-and stereo-selectivity is dependent on the nucleophile, rhodium complex or the substitution on the substrate (Scheme 59a). It was seen that the addition of methanol favours the trans-isomer whereas the addition of a carboxylic acid favours the cisisomer (c01 and c02). Interestingly, the regio-selectivity with indoles was reversed in the case of 3ethylindole. The extension of the method to enamides, styryl and alkyl alkenes showed its effectiveness as the 1,2-amino alcohols and 1,2-diamines can be obtained in good yields (Scheme 59b).

Another di-rhodium catalysed process which also relies upon the Lewis acid properties of the metal is reported by Zhong. The group, intriguingly, developed an amino hydroxylation reaction in aqueous media (Scheme 60). 75 The use of aqueous media, without an organic co-solvent, is much less reported for metallonitrene chemistry. This may be due to worries about the stability of metallonitrenes. Zong, after seeing that this reactivity indeed goes through an aziridine intermediate, found that to induce the ring opening of the aziridine, a modification of the pH of the reaction medium was required. Using a 75 

Scheme 59. Di-rhodium catalysed oxyamination of indoles and alkenes by Dauban

PBS buffer (pH 4.0) allowed for the ring-opening of the aziridine intermediate to form the hydroaminated product. A variety of amino alcohols were henceforth synthesised using both aryl and alkyl alkenes. A mechanism was then hypothesised, suggesting that the reaction occurs through an 'on-water' mechanism. Water is thought to aid in the elimination of acetic acid (AcOH), thus promoting the formation of the iminoiodinane precursor which then, in the presence of the di-rhodium catalyst, forms the metallonitrene (Scheme 60). The insertion of the metallonitrene (A) into the alkene forms an aziridine intermediate (B), which is synergistically activated via the Brønsted acidity of the PBS buffer and Lewis acidity of the rhodium metal. This dual activation then aids in the ring opening of the aziridine by water. This hypothesis is similar to that suggested by Dauban who proposed that rhodium also acts in a dual role to activate the aziridine. 74 A number of alkene difunctionalisation processes have been created in a 'one-pot' fashion. Although these processes allow for the generation of two new bonds, the atom economy is reduced via the requirement of additional reagents to achieve the desired reactivity. Du Bois developed a methodology to access cyclic sulfamides via the diamination of alkenes (Scheme 61). 76 This process, although classed as a one-pot procedure, commences initially with the aziridination of an alkene followed by the ringopening reaction. The in situ formation of the iminoiodinane nitrene precursor, using PhI(OAc)2 and H2NSO2NHBoc (Scheme 61, b03), is generated selectively on the primary sulfonamide (H2N-R).

Therefore aziridination occurs resulting in an aziridine intermediate bearing a free HN-Boc group.

Addition of NaI to the reaction flask then induces the ring opening via the insertion firstly of the iodine onto the benzylic position of the aziridine. The cyclic sulfamide can finally then be accessed via nucleophilic attack from the Boc protected nitrogen. A collection of cyclic sulfamides from aryl and alkyl alkenes can be obtained from this methodology in moderate to excellent yields. Although this is 76 

Scheme 60. Di-rhodium catalysed amino hydrogenation of alkenes in an aqueous media by Zhong

a one-pot procedure the need for the additional reagents for the desired product to be formed is less desirable then procedures that can achieve the same results in one-step.

Both rhodium and copper have be shown to activate the aziridine intermediates due to their Lewis acid capabilities. This can either be from the metal species that is formed during the reaction or can be induced via the addition of an external additive. Playing upon the oxidation state, and thus the Lewis acidity of copper, Tokuyama developed a tandem copper-mediated difunctionalisation of alkenes (Scheme 62). 77 Copper, in this case, firstly acts as the catalyst to form the metallonitrene via a nitrene transfer between the generated iminoiodinane. The copper-nitrene then is inserted into the alkene forming the aziridine intermediate (Scheme 62, A). Further addition of an oxidant, ammonium persulfate ((NH4)2S2O8), then allows for the formation of a Cu(II) or Cu(III) + complex, which has high Lewis acidity. This Cu species is thus able to promote the ring opening reaction via electrophilic activation. Although the group didn't suggest any mechanistic process for the addition of the coppernitrene onto the alkene, they did elucidate that the ring opening process indeed goes through an SN2 process due to the inversion of stereochemistry after the addition of the nucleophile. This methodology allowed for the isolation of numerous oxyaminated products from styrene derivatives via the addition of several nucleophiles. 77 

Scheme 61. Di-rhodium catalysed diamination of alkenes by Du Bois

In a similar vein, Perez developed a copper catalysed amino alkoxylation of alkenes using iminoiodinanes and a variety of nucleophilic alcohols (Scheme 63). 78 The reaction, although limited to styryl alkenes, gives moderate to excellent yields for a variety of oxyaminated product. Of course, the addition of the nucleophilic alcohol is regioselective due to the presence of a benzylic position in the aziridine intermediate. Interestingly they found that the use of the copper salt in conjunction with molybdenum hexacarbonyl (Mo(CO)6) improves the formation of the aziridine, although the copper salt is essential for its formation. The Lewis acidic copper salt was also shown to be essential for the ring opening reaction. In this case, no additive is required for the ability of copper to activate the aziridine.

The use of azides as nitrene precursors for the intermolecular difunctionalisation of alkenes has been significantly less reported in comparison to iminoiodinanes or hydroxylamine derivatives. This may be due to the risks of using azides as nitrene precursors being too overwhelming for their use in the more recent years. There is however a very recent example from Zhao, whose group developed a three- component tandem oxyamination of alkenes using sulfonyl azides as nitrene precursors (Scheme 64). 79 This regio-selective reaction allowed access to numerous β-alkoxy amines mainly from aryl alkenes.

its noteworthy that the reaction occurs without the presence of a ligand. The group performed a number of mechanistic experiments to see whether they could isolate or see the aziridine intermediate. They

were unable to see the formation of the aziridine using NMR studies, suggesting that the ring opening is fast in these conditions. They were however able to isolate the aziridine from 4-NO2 styrene due to its ring-opening being reported to be difficult. They then postulated a mechanism whereby after the formation of the copper-nitrene (Scheme 64, A), releasing N2 gas, the formation of the aziridine occurs.

From there the copper acts as a Lewis acid to activate the aziridine by which methanol can either react in a concerted or stepwise manner to form the oxyaminated product (Scheme 64, B or C). The group believed, due to their inability to isolate a TEMPO adduct that the reaction is most likely going through a concerted pathway.

For the use of iminoiodinanes and azides as nitrene precursors for intermolecular 1,2 difunctionalisation of alkenes, the most commonly used metal catalysts are copper and rhodium complexes. Commonly these processes go through an aziridine intermediate which is then opened by a nucleophile. Both copper and rhodium complexes have been shown from the various methodologies reported, that they can be used as Lewis acids in conjunction with their use to form the metallonitrene. This dual utility is essential for the specific transformations that have been reported. There is indeed a lack of reports, using these nitrene precursors, using iron catalysis for intermolecular difunctionalisation of alkenes. 79 Fu, X.; Zhao, Q.; Zhao, W. Asian J. Org. Chem. 2021, 10, 1161-1166.

Scheme 64. Copper catalysed oxyamination of alkenes by Zhao b) Hydroxylamines and Dioxazolones as Nitrene Precursors

Surprisingly the use of hydroxylamines for intermolecular difunctionalisation of alkenes seen more so than other families of nitrene precursors within the literature. Most likely due to their benefits over the other families of nitrene precursors and their ease of access. Their practicality and efficiency have been proven by many groups who use a wide variety of hydroxylamine derivates including dioxazolones in this context. Rovis has developed several rhodium catalysed processes using these derivatives as nitrene precursors. In terms of difunctionalisation of alkenes, they developed a diamination of alkenes using a simple hydroxylamine derivative TsNHOPiv (Scheme 65). 80 This method is a one-pot aziridination and ring-opening to access vicinal diamines from alkenes. The group postulated, as seen in various similar methodologies, that the aziridine is firstly formed then addition of an amine occurs via nucleophilic ring opening. Interestingly, the scope of this reaction was performed on aliphatic alkenes giving moderate to excellent yields of the corresponding diamine products. Although not explained, the use of HFIP as a solvent may aid in the addition of the nucleophilic amine due to activation of the aziridine.

Rovis also developed difunctionalisation reactions of 1,3-dienes, including a diastereoselective reaction, using rhodium and dioxazolone derivatives as a nitrene precursor (Scheme 66). 81 Intriguingly, they postulated that the methodology occurs via a Rh(III)-π -allyl complex for the formation of various 3,4 difunctionalised products. The reactivity allowed access to a wide variety of amino alcohols and diaminated products from the addition of various external nucleophiles. The group proposed a mechanism which initially commences with the formation of the π-Lewis acidic Rh complex via the addition of silver(I) tetrafluoroborate (Scheme 66, A). Coordination of the diene then induces the formation of a Rh(III)-π-allyl complex. The nucleophile then regioselectively attacks at position 4 of the dimer due to the terminal π-allyl complex being more stable. The addition of the dioxazolone (b04) then forms the rhodium-nitrene intermediate, releasing CO2 (Scheme 66, B). This results in the migratory nitrene insertion into position 3 and proto-demetallation to afford the difunctionalised product. This reaction occurs differently from other difunctionalisation processes as the formation of the aziridine as an intermediate is usually proposed, however mainly for alkenes and not dienes. In this case, the use of dienes changes the 'normal' mechanistic pathway.

The use of iron catalysis, in this context, is ever increasing because of the increasing need for new green methodologies. Their utility in nitrene chemistry is demonstrated via the developed reactions of several groups. Morandi has developed numerous iron catalysed methods for nitrene transfer reactions, also in conjunction with the use of hydroxylamine derivatives. In this context alone, several methodologies have been reported to access 1,2-difunctionalised products from alkenes. The first was reported in 2016

where the group developed an iron-catalysed amino-hydroxylation of alkenes to access unprotected Scheme 66. Rhodium catalysed diastereoselective oxyamination of dienes by Rovis amino alcohols (Scheme 67). 82 This process is surprising, as free amines are well known to chelate to iron catalysts, thus poisoning them. The group then had the idea to use a protonated nitrogen source, preventing the coordination to the iron and promoting the formation of the metallonitrene. Using PivONH3OTf (Scheme 67, b05) as a nitrene precursor, and iron(II) phthalocyanine as a catalyst, they were able to access amino alcohols from a wide range of styrene derivatives and even extend the scope to enynes and dienes. The addition of an assortment of nucleophilic alcohols was also efficient including those with and expected low nucleophilicity (e.g. t-BuOH). However, there are downsides to the formation of free amines due to the isolation of such products is very difficult. This typically leads to the nitrogen being N-Boc protected by the end of the reaction, and then isolated. In this case the isolated N-Boc products are isolated in a significantly lower yield than that of the free amine.

Building upon their methodology they wear able to develop various amino-chlorination reactions (Scheme 68). 83 Using a simple Fe(acac)2 salt and NaCl as a chlorine source the reaction could be performed efficiently on an impressive number and variety of alkenes. Chlorinated amines from styryl, alkyl and internal alkenes were isolated in moderate to excellent yields, and the reaction was tolerable to numerous functional groups and electronic effects. Circumventing the issue of isolation of the free amine, this methodology also works for N-alkyl nitrene precursors. 84 For mono-alkylated amines, the addition of Sc(OTf)3 as a Lewis acid aids in the aziridine ring opening from the addition of NaCl. They postulated that the use of HFIP could also aid in stabilising, and thus increasing the lifetime of any cationic intermediate. Indeed the use of HFIP increased the yields of secondary amines. For the use of tertiary amines the group found that the use of HFIP completely shut down their reactivity. However this was remedied by using a combination of DCM and n-butanol (Scheme 68). AlCl3 was also used as both a Lewis acid and a chloride source in conjunction with LiCl. The synthesis of tertiary amines raises the question of the involvement of nitrenes in such processes. 82 

Scheme 67. Iron catalysed oxyamination of alkenes by Morandi

The group additionally developed an aminoazidation of alkenes. They were able to synthesise unprotected primary 2-azidoamines from both aliphatic and styryl alkenes (Scheme 69). 85 The methodology used Fe(OTf)2 as a simple iron salt, PivONH3OTf (Scheme 69, b05) as the nitrogen source and NaN3 as the azide source to access the difunctionalised products. Interestingly, methanol is used at the solvent which can, in certain cases, be used as a nucleophilic additive in these reactions to form the oxyaminated product. In this case, the addition of methanol is not seen. Although the yields of this transformation are reduced in comparison to the previous reported processes, the methodology highlights the utility of simple iron salts in conjunction with hydroxylamine derivatives. 85 Makai, S.; Falk, E.; Morandi, B. J. Am. Chem. Soc. 2020, 142, 21548-21555.

Scheme 69. Iron catalysed aminoazidation of alkenes by Morandi Scheme 68. Iron Catalysed amino chlorination of alkenes by Morandi

Morandi also performed a variety of mechanistic studies for each of the developed methodologies. The results seem to suggest that the reaction mechanism is substrate dependent. However from various experimental and computational studies the group postulated that these methods occur via a radical pathway (Scheme 70). 86 The use of a radical clock to detect the formation of a short-lived radical species supported their hypothesis. The ring opening of the cyclopropane was observed in a few of their developed methodologies. In addition, there was a complete loss of stereo-information from the reaction with cis-and trans-ß-methyl styrene. Finally, using numerous analytical and spectroscopic techniques, in addition to DFT studies the group proposed a full hypothesised mechanism. They suggested that there was indeed the formation of an Fe(III) iminyl radical species (Scheme 70, A) which is then inserted into the alkene in a radical stepwise manner.

In terms of sustainability, the ability to generate a completely atom economical process for the difunctionalisation of alkenes is well desired. Hydroxylamines are able to act as a nitrogen and oxygen source for difunctionalisation reactions. The formation of the nitrene releases an oxygenated group, which can act as a nucleophile for oxyamination reactions. Hao Xu thus developed an iron-catalysed oxyamination of alkenes using hydroxylamines in this manner (Scheme 71). 87 A simple Fe(II) source and nitrogen-based ligand allowed for both oxazolidinones and protected 1,2-amino alcohols to be formed. The cleavage of the hydroxylamine to form the iron-nitrene intermediate releases carboxylic acid. This carboxylic acid can act as a nucleophile to form the protected 1,2-amino alcohol. Conversely the presence of an ester group on the nitrogen allows for the nucleophilic attack of the carbonyl onto the aziridine intermediate to form the oxazolidinone. This method tolerates a broad range of alkene substrates and can additionally be efficiently scaled up without any loss of reactivity. However, it seems that there is little to no control over whether the addition of the carboxylate or the cyclisation will occur, where there isn't a trend seen between the formation of the two. The group performed various mechanistic studies to assess whether the process occurs via a radical or concerted pathway (Scheme showed the formation of the product for the ring-opening of the cyclopropyl group, which suggests the presence of a radical species. Interestingly, they hypothesised that the intermediate is not an aziridine, which is commonly hypothesised for this reactivity. This is due to the fact that both the oxazolidinone and 1,2-amino alcohol cannot be accessed from the aziridine precursor. They thus postulated that the nitrene transfer onto an alkene occurs in a radical stepwise process forming a carboradical (Scheme 71,

A and B). The addition of the nucleophile then most likely occurs firstly via the formation of a carbocation which can then be trapped. The addition of the carboxylate from the hydroxylamine is a very interesting example of oxyamination and there has not yet been an intermolecular methodology reporting the selective formation of this said process.

Hao Xu then extended the methodology to the intermolecular amino fluorination of alkenes using a fluoride ion (Scheme 72). 88 Using their previously developed conditions for the oxyamination of alkenes, the addition of triethylamine trihydrofluoride (NEt3.3HF) as a fluorine source didn't result in amino fluorination. They suggested that this was due to the deactivation of the catalyst by the benzoate released via the formation of the nitrene. They then used electrophilic XtalFluor-E ® to suppress the 88 oxyamination reaction by presumable sequestering the benzoate allowing for the generation of the amino fluorinated product. The method tolerates a range of alkenes including those that are non-styryl forming 1,2-fluoro-aminated products good to excellent yields can be obtained.

Although, it seems there are numerous reports on the use of hydroxylamine derivatives as nitrene precursors in such transformations, their use is limited to a small number of research groups. The described reactions using these nitrene precursors show their diversity in their use, where indeed a variety of aminated products can be formed. Additionally, the exploitation of the unique properties of hydroxylamine in the addition of both the nitrene and the nucleophilic oxygen, in conjunction with iron catalysis, is not readily described. 

Project Introduction and Objectives

The development of the iron catalysed intermolecular oxyamination of alkenes using hydroxylamine derivatives will next be described. Indeed we serendipitously found that submitting the alkene 10a to our optimised traction conditions for aziridination replacing ACN for HFIP led to the oxyamination product 17a (Scheme 73). HFIP is a non-nucleophilic acidic solvent with a strong hydrogen bond donor ability which allows for the stabilisation of cationic species to promote addition or substitution reactions. 89 The opening of aziridine in HFIP has also been observed by Rovis for the rhodium catalysed diamination of alkenes. 80 This transformation is very attractive as it allows for the formation of two new bonds in one step, a C- Initially, using the hydroxylamine TsNHOBz (2a), iron(II) acetate and PyBox at 10 mol % in hexafluoroisopropanol (HFIP) at 70 o C for 18 hours, the oxyamination product, 17a, was isolated in a 65 % yield (Table 14, entry 1). Keeping the tosyl group on the nitrogen atom, we first evaluated the influence of the substitution on the oxygen atom of the hydroxylamine. The use of the acetate and pivalate derivatives led to a decrease in the yield (17b, 17c, 45 % and 31 % respectively, Table 14, entry 2 and 3). Keeping TsNHOBz as the model substrate and running the reaction for 1 h at 70 o C led to 61 % yield of the desired product (Table 14, entry 4). However on the crude NMR there was trace amounts of the hydroxylamine substrate seen, therefore the reaction was run again and stopped after 2 hours, giving a slightly increased yield of 64 % with a complete conversion (Table 14, entry 5). This reaction length is drastically different from the previously developed aziridination of alkenes where a reaction time of 18 h was required for complete conversion. This change in reaction time is most likely due to the use of HFIP, which increased the reaction rate dramatically. Although the study of the role of HFIP for aziridination has not been studied in detail, the acceleration of the epoxidation of alkenes by H2O2 in HFIP has been reported. 90 Finally the reaction was run at room temperature to see whether a reduction in temperature would influence both the formation of the nitrene and the formation of the product. At room temperature, after 4 h, the reaction went to complete conversion but gave a moderate yield of 38 % (Table 14, entry 6). Keeping the reaction temperature at 70 o C and a reaction time of 2 h, using the TsNHOBz hydroxylamine (2a), further optimisation of this reaction was performed. 90 Berkessel, A.; Adrio, J. A. J. Am. Chem. Soc. 2006, 128, 13412-13420. To see whether HFIP is indeed necessary for this reactivity, various other polar and non-polar solvents were trialled. Initially, another fluorinated solvent was used to see whether it would have similar effects as HFIP. Trifluoroethanol (TFE) surprisingly didn't allow the formation of the desired product, even if full consumption of the hydroxylamine (2a) was seen. Moreover the aziridine was also not observed.

Nitromethane, being a dipolar aprotic solvent, may also have similar properties to HFIP in terms of stabilising effects or a hydrogen bonding network. However the use of nitromethane in this case didn't form the corresponding oxyaminated product, instead, aziridination occurred, albeit in a low yield (< 40 %) (Table 16, entry 2). This result suggests that using this solvent, the formation of the nitrene readily occurs, however, the insertion of the benzoate does not. The use of non-fluorinated equivalent to HFIP, isopropanol (i-PrOH), was then trialled. i-PrOH gave a trace amount of the desired product without the full conversion of the hydroxylamine (2a). This suggests that indeed the characteristics of HFIP are essential for this specific reactivity and also for the efficient formation of the metallonitrene intermediate. 17, entry 2). This result was great as this iron salt is very stable and is not required to be stored under inert conditions or within a glove box. It is also one of the cheapest iron salts trialled for this optimisation. A slight decrease in the yield was seen for the use of iron(II) chloride where 66 % of the oxyaminated product was isolated (Table 17, entry 3). Overall all the iron(II) salts showed comparable reactivities as there were only slight differences between the salts containing different counterions. Iron(III) also showed reactivity, albeit lower than with iron(II). The desired product, 17a, was obtained in a moderate 45 % yield using iron(III) bromide (Table 17, entry 4). From these experiments, both Fe(II) and Fe(III) salts showed reactivity however iron(II) sulfate heptahydrate gave the best yield.

To see whether the iron salt is key to reactivity, some control experiments were performed. Firstly the use of the iron salt without the presence of PyBox does not form the desired product. In addition, there was also little to no consumption of hydroxylamine (Table 17, entry 5). Since copper salts are a common contaminant of iron salts, both copper(I) and copper(II) were trialled (Table 17, entry 6 and 7). Both experiments showed only a trace amounts of the formation of the desired product, and the conversion of hydroxylamine (2a) was not seen. Finally running the reaction without the presence of iron or the ligand also does not from the desired product, where again no conversion of the hydroxylamine (2a)

was seen (Table 17, entry 8). These control experiments show that the presence of the iron-ligand complex is essential towards the formation of the desired product. Interestingly, any change in the optimal conditions diminishes the reactivity significantly. The effect on the ligand used for the reaction as next assessed. Using iron(II) triflate as the iron catalyst, classical nitrogen-based ligands were initially used, including bi-, tri-and tetra-dentate ligands.

Bidentate phenanthroline showed reactivity as there was full conversion of the hydroxylamine (2a), however, a lower yield of 47 % was achieved (Table 18, entry 1). 2,2'bipyridine surprisingly also showed reactivity and the desired product, 17a, was achieved in a 54 % yield (Table 18, entry 2). This is surprising as with the optimisation of aziridination, this ligand only gave trace amounts of the aziridine product. Tridentate terpyridine gave a slightly lower yield than that of PyBox (59 %, Table 18, entry 3). Similarly to that found from the optimisation of aziridination, the use of tetradentate mep ligand gave a very low yield of 3 %, however, there was full consumption of the hydroxylamine TsNHOBz (Table 18, entry 4). Finally norbornadiene was trialled (Table 18, entry 5). In this case there was no reactivity seen by using this ligand as the formation of the nitrene was also not seen. The tridentate PyBox ligand seems to give the best reactivity and was therefore used as the optimal ligand to continue the optimisation. The hydroxylamine source was then assessed, varying the R-group on both the nitrogen and the oxygen atoms. Initially a more electron donating benzoate group was trialled, TsNH-O- (2,4,6-trimethyl)-Bz (2d). The addition of the benzoate was achieved in a reduced yield of 52 % in comparison to the unsubstituted derivative (Table 19, entry 1). This could be attributed to the bulkiness of the group.

Electron donating groups were then trialled and it was hypothesised that the formation of the nitrene would be more favoured which could increase the rate of reaction. The use of the pentafluoro-benzoyl derivative (2e) gave a slightly increased yield of the oxyaminated product; however, the reactivity is not reproducible as the yield varies (Table 19, entry 2). The (3,5 di-trifluoromethyl)-benzoyl derivative (2f) also gave a slightly reduced yield of 68 % which may be attributed to the bulkiness of the group (Table 19, entry 3). The derivative containing 4-F benzoyl (2g) was not consistent in the yield of the corresponding oxyaminated product. An average of two reactions gave a good yield of 68% (Table 19, entry 4), however the difference between the two reactions was significant. Interestingly, the use of (2,4-dichloro)-benzoyl derivative (2h) didn't form the corresponding oxyaminated product, although there was indeed cleavage observed of the starting hydroxylamine (Table 19, entry 5).

To see if the yield can be increased, the corresponding benzoic acid to that of R 2 was then added (Table 19, entries 6 and 7). The idea was to see if the additive would increase the rate of the addition of the benzoate. In the case of the original hydroxylamine derivative used (TsNHOBz 2a) the addition of benzoic acid (20 mol %) didn't change the yield as a comparable 72 % of the corresponding product was isolated. However, the addition of sodium benzoate reduces the yield slightly giving 63 % of the oxyaminated product. For the pentafluoro hydroxylamine derivative (2e) the addition of pentafluoro benzoic acid reduced the yield to 56 % (Table 19, entry 8). This reaction is most probably not reliable due to the reproducibility issue with that hydroxylamine derivative. These reactions show that this reaction does work with a variety of hydroxylamine derivatives, however the reproducibility and yield vary depending on the functionality on the benzoate. Due to the lack of reproducibility using other hydroxylamine derivatives, the use of TsNHOBz was then used as the model substrate for the ongoing optimisation. The addition of various acids and bases as additives were trialled. Initially, the addition of acids on the reactivity was assessed. The addition of triflic acid was initially trialled to see if the triflate ions from the iron salt could aid in the opening of the aziridine. In this case the addition of triflic acid completely hindered the reaction (Table 20, entry 1). Furthermore, the addition of other acids, trifluoro acetic acid (TFA), p-toluenesulfonic acid and a phosphoric acid all reduced reactivity completely (Table 20, entry 1-4). The total cleavage of the hydroxylamine TsNHOBz is not seen for the use of all these acids. The addition of bases was next assessed. Various groups who use hydroxylamine derivatives as nitrene precursors use bases to aid in the coordination of the metal forming the nitrene. Therefore both inorganic and organic bases were used as an additive to see if this indeed aids the formation of the nitrene for this methodology. Initially sodium carbonate was added to the reaction which significantly lowers the yield to 30 % (Table 20, entry 5). Although there seems to be full conversion of the hydroxylamine, the addition of the nitrene to the alkene is not as efficient. Next the addition of organic bases was trialled.

The addition of pyridine (20 mol %) didn't affect the yield very much (71 %, Table 20, entry 6). The use of 1 equivalent of pyridine was next trialled and resulted in a slight decrease of the yield to 60 % (Table 20,entry 7). Similarly to pyridine, the use of triethylamine (20 mol %) has almost no influence on the reaction course (68 % yield, Table 20, entry 8). Finally, the optimisation of the hydroxylamine source occurred concurrently with the optimisation of the iron salt for this reaction. Therefore the use of iron(II) sulfate heptahydrate was found to be the optimal iron catalyst after the trials with various hydroxylamines (Table 19). Hence why iron(II) sulfate heptahydrate was used in when hydroxylamines (5, 6 and 1b) were trialled (Table 21). The N-Boc-Obenzoyl hydroxylamine ( 5) didn't afford the desired product (Table 21, entry 1). Indeed no consumption of the hydroxylamine was seen for this derivatives. The N-nosyl derivative ( 6) afforded at moderate 61 % yield of the oxyaminated product (Table 21, entry 2). For this hydroxylamine derivative full consumption was observed, however there was the formation a various side products as well as the desired product (Table 21, entry 2). Having in hand the best reaction conditions, the scope of the reaction was next explored. Initially various styryl alkenes were trialled (Scheme 75a). It was found that the reactivity worked well for this class of alkenes. In addition the reaction was completely regiospecific with the addition of the benzoate always occurring on the benzylic position of the styrenes. The naphthyl derivative (17i) showed a slight decrease in reactivity compared to styrene as the oxyaminated product was obtained in a 61 % yield. A variety of electron withdrawing substituents in various positions on the aromatic group were then trialled. The oxyaminated products containing a fluoro-and chloro-substituent in the para-position of the aromatic were obtained in excellent yields of 75 % and 71 % respectively (Scheme 75a, 17j and 17k). However, the 2-and 3-chloro derivatives showed a slower reactivity. A longer reaction time of 72 h was needed for complete conversion. The 2-and 3-chloro oxyaminated products were obtained in with satisfying yields (Scheme 75a , 17l and 17m, 72 % and 56 % respectively). The reaction was also tolerant to electron-donating substituents in various position on the aromatic ring. For 2-, 3-and 4methyl styrene derivatives, the corresponding oxyaminated products (Scheme 75a, 17n, 17o and 17p)

were isolated in a 71 %, 68 % and 68 % yield respectively. These examples demonstrate that the steric hindrance carried by the aromatic ring does not seem to have any effect on the reactivity. Thus confirming that electronic effects influence the reactivity much more. 3-methoxy styrene showed a much lower reactivity as a moderate 45 % yield (Scheme 75a , 17q) was obtained from this derivative.

This also shows that electronic effects may play an important role in this reactivity. Finally, for methyl styrene the reactivity was also reduced (Scheme 75a , 17r, 44 % yield). This may be due to the difficulty in forming the aziridine intermediate. From the previous scope for the aziridination of alkenes, it was found that difunctionalised alkenes showed a lower reactivity. Therefore in this case it was slightly expected that the yield would be reduced.

The reactivity of enyne derivatives was then investigated (Scheme 75b). Interestingly these functionalities show reactivity where it is again completely regioselective to the terminal alkene. No addition to the alkyne was seen in these cases. The use of iron(II) sulfate for dienes results in no reaction occurring. Enynes containing aromatic groups show good reactivity. The phenyl, 4-methyl and 4-chloro phenyl derivatives gave good yield of the corresponding oxyaminated products (Scheme 75b , 19a, 19b and 16c, 71 %, 68 % and 62 % respectively). In contrast, less reactive alkyl enynes were poorly efficient in these conditions. To overcome this, a longer reaction time of 24 h was required. The oxyaminated products from both the shorter and longer chained enynes gave low but comparable yields (Scheme 75b, 19d and 19e, 34 % and 31 % respectively).

Diene derivatives also undergoes this reactivity rather efficiently (Scheme 75c), however, the optimal conditions for the other alkenes did not work for dienes. From the scope of the aziridination of alkenes, the trial of phenyl diene showed the oxyaminated product, albeit in a low yield. Keeping the hydroxylamine derivative the same (2a), it was decided to change the conditions to use Fe(OTf)2

(10 mol %) and PyBox (10 mol %) in ACN at 70 o C for 18 h. This tuning of conditions then allowed for the formation of the oxyaminated product firstly from phenyl butadiene, giving a good yield of 66 % of (Scheme 75c , 21a). The 4-chloro and 2-methoxy derivatives were also isolated in good yields of 55 % and 62 % respectively (Scheme 75c, 21b and 21c). A complete regioselectivity for the terminal alkene was observed in these examples. There was no trace of the addition onto the internal alkene, thus reinforcing that this reactivity is stereoselective to terminal alkenes. Finally, a simpler diene was trialled using the original optimised conditions. 2,3-dimethyl butadiene showed some reactivity and a yield of 48 % of oxyaminated product was isolated (Scheme 75c, 21d). However there was a mixture of regioisomers formed in a 4:1 ratio. The major product was the expected oxyamination product. Its regioisomer is formed from the migration of the double bond causing a rearrangement of the benzoate onto the terminal carbon. From trialling a variety of alkenes for the scope, various limitations were found (Scheme 76). Internal alkenes do not form the desired product. The trial with ß-methyl styrene and trans-stilbene do not form the oxyaminated product (Scheme 76, 10w and 10z). This is not surprising as the amination of such substrates is more difficult, further optimisation would be required to assess what condition would work for difunctionalised alkenes. Oddly, this reactivity also does not occur for alkyl alkenes (Scheme 76, 12h, 12k, 12n). Interestingly, even the aziridination isn't seen for alkyl alkenes in these conditions, which is very similar to the optimised conditions for the aziridination of alkenes but with a different iron salt. The use of 4-vinyl pyridine didn't afford the oxyaminated product (Scheme 76, 10u). This result is rather surprising as we have previously demonstrated that the addition of pyridine, even at 1 equivalent, has little impact on the reaction course. Finally the reactivity does not occur for both 2methoxy and 4-methoxy styrene, which initially suggested that the reaction is very sensitive to electronic effects (Scheme 76, 10q, 10t). However it seems that the concentration of the added stabiliser, 4-tert-butyl catechol, is much higher than that of the other alkenes used for the scope (1000 ppm). Catechols are able to coordinate to the iron, which may be occur in this case, killing the reactivity. 91 Thus the alkenes would need to be trialled again after distillation to rule this out. 91 Matin, M. A.; Islam, M. M.; Bredow, T.; Aziz, M. A. ACES, 2017, 07, 137-153.

Scheme 76. Limitations of scope of reaction b) Addition of External Nucleophiles

To extend the range of the scope, the addition of various other external nucleophiles was trialled. This could give an idea as to the competition between the addition of the benzoic acid or the addition of the external nucleophile. This would also help to elucidate as to whether the process is occurring on the coordination sphere or not. Initially 1.5 equivalents of NaCl was added, using the optimised conditions (Table 22, entry 1). In this case, the addition of the chlorine was not seen and there was a reduction in the addition of the benzoate (67 % yield of product 17a, Table 22, entry 1). Increasing the equivalents of NaCl to three equivalents didn't induce the formation of the chloro-aminated product (Table 22, entry 2). The same result was seen for NaN3, NaI, NaBr and NaOH, hence no formation of the corresponding difunctionalised products were seen (Table 22, entries 3 to 6). These results may be due to the low solubility of the sodium salts in HFIP therefore TMSN3 was trialled. Unfortunately trace amounts of the addition of the azide was observed (Table 22, entry 7). Changing the iron salt to iron(II) triflate also gave a trace amount of the addition of the azide. To prevent the addition of the cleaved nucleophilic group from the hydroxylamine, TsNHOPiv was used instead of TsNHOBz. This derivative was shown to be less efficient for the addition of pivalic acid. In this case a trace amount of the desired product was seen. Finally the addition of allyl TMS, benzyl alcohol and phenol were trialled and all didn't show the formation of the desired di-functionalised product. Next, various nucleophilic solvents were trialled by using a 1:1 mixture of the solvent with HFIP.

Initially using iron(II) sulfate the mixture of methanol and HFIP was trialled (Table 23, entry 1). In this case 36 % of the addition of methanol was isolated. However the addition of TFE and water was not seen using this metal (Table 23, entries 2 and 3). To see whether changing the iron salt would change the reactivity, iron(II) triflate was trialled with all three solvent mixtures (Table 23, entries 4, 5 and 6).

In this case, the addition of methanol, TFE and water were seen with a 54 %, 65 % and 57 % yield respectively (Scheme 77, 26, 27, 15). This shows the influence the iron salt has on the reactivity. 

Gram Scale Reaction

To further demonstrate the robustness of this developed reaction a gram-scale reaction was performed.

Decreasing the catalyst loading to 5 mol % allowed for the oxyaminated product (Scheme 78, 17a) to be obtained in an excellent 80 % yield. The reaction time, usually being 2 h, was extended to 6 h as after 2 h, only the aziridine was seen. The aziridine was then completely consumed after another 4 hours to form the desired product. This strongly suggests that the aziridine is indeed an intermediate in this process. The aziridine intermediate is then opened regio-specifically by the cleaved benzoate group, from the hydroxylamine starting material, to obtain the desired product.

Scheme 77. Insertion of external nucleophile

Typically, for the optimisation of this methodology, various side products were observed. However due to the small scale of these reactions there were never produced sufficiently enough to isolate and characterise them. During the gram scale experiment, the side products were isolated and identified.

Firstly, the pyrrolidine (Scheme 78, 24) was isolated in a 13 % yield. The formation of this compound could be rationalised from the formal [3 + 2] dipolar cycloaddition between the aziridine and another molecule of styrene (10a). 92 Finally, the product from the addition of HFIP onto the aziridine 11a was also isolated in a 4 % yield (Scheme 78, 25). This observation is surprising as HFIP is known to be nonnucleophilic. A control reaction of the aziridine with 1.5 equivalents of styrene was carried out with and without the presence of the iron-ligand complex in HFIP. The pyrrolidine and the addition of HFIP occurs in this case, however, isolation of the products is difficult due to closeness in rf values which also overlap. The ability for both styrene and HFIP to react with the aziridine intermediate was thus confirmed.

Optimisation of an Asymmetric Intermolecular Oxyamination of Alkenes

Since the oxyamination of alkenes generates a new stereogenic centre, it is possible that this reaction can be developed in an enantioselective manner. To see whether chirality could be induced for this reactivity, various chiral PyBox ligands were trialled. For this reaction the chirality would not only need to be controlled for the addition of the nucleophile onto the aziridine, but also for the aziridination itself.

Such a process is highly challenging. Indeed the aziridination of alkenes can occur in a concerted or stepwise manner and the opening of the aziridine could also be concerted or stepwise.

Chiral PyBox ligands were trialled containing various functionalities in the 4-and 5-position on the oxazole ring of the ligand. Initially, PyBox ligands containing substituent in position 4-of the oxazole ring was trialled (Scheme 79). Changing the ligand to the di-isopropyl PyBox L2, showed a significant reduction in the yield of the formation of the oxyaminated product. The induction of chirality in this case didn't occur as a near racemic mixture was isolated (3 % ee). The use of the bulkier di-phenyl PyBox L3 formed the oxyaminated product 17a in a moderate 52 % yield with a slightly increased ee of 9 %. Again this isn't really an induction of chirality, as the product is practically racemic. PyBox ligands with substituents on both position 4-and 5-on the oxazole ring were then trialled. Firstly, use of the di-indeno PyBox L7 gave a yield of 59 % of the oxyaminated product. However, again the ee value was near racemic (7 % ee). And finally, the 4-diphenyl-5-tetramethyl PyBox ligand L10 showed the best reactivity out of the chiral ligands trialled. A yield of 65 % of the desired product was isolated with the highest enantiomeric excess of 12 %. Not unexpectedly, with respect to our previous asymmetric study, the ee values were found to be very low and we did not perdue the study further.

Post-functionalisation

The orthogonal removal of the two protecting groups on the nitrogen and oxygen is important for post functionalisation of the oxyamination product. Of course having access to the free alcohol, the free amine or both the amino alcohol is an important characteristic for the utility of this developed method.

In this context, the selective cleavage of the sulfonyl and the benzoyl group was carried out. The removal of the benzoyl group, for both the N-nosyl and N-tosyl oxyaminated products (17h and 17a), was easily realised using standard debenzoylation conditions. In the presence of potassium carbonate in methanol, the free alcohol was obtained in excellent yields for both derivatives (85 % and 84 % for the N-tosyl and N-nosyl respectively) (Scheme 80, left). The amino alcohol could be achieved in two steps, firstly by the debenzoylation, followed by the removal of the sulfonyl group. Firstly, the N-nosyl derivative (17h) was submitted to saponification conditions using potassium carbonate in methanol.

Scheme 79. Optimisation of the asymmetric oxyamination of alkenes

Then the use of thiophenol and potassium carbonate was required to afford the 1,2 amino alcohol in an excellent 82 % yield in two steps (Scheme 80, right). Finally the removal of the sulfonyl group was attempted using thiophenol and potassium carbonate on 17h. Unexpectedly, in this case the removal of the nosyl group was effective, however, it then resulted in the migration of the benzoyl group from the oxygen to the nitrogen giving the N-benzoylated amino alcohol in an excellent 97 % yield.

It is well known that the removal of nosyl groups occurs much more readily than the removal of tosyl groups. Using the conditions that worked well for the de-tosylation of the N-tosyl aziridine (15l), which was the use of magnesium turnings in methanol under sonication didn't result in the desired free amine product (Scheme 81). The crude NMR suggests that de-tosylation did indeed occur, however there were various products seen that were unable to be isolated.

Control Experiments and Mechanistic Studies a) Control Experiments

To clarify the role of the iron-ligand complex and HFIP in this reaction, control experiments were performed. Since the aziridine was seen in the gram-scale reaction, it is hypothesised that the aziridine is indeed the aminated intermediate that reacts with the benzoic acid produced during the reaction. From the aziridination of alkenes and from the optimisation of the oxyamination of alkenes it is already known that without the presence of the iron-ligand complex the reactivity does not occur. Therefore to elucidate the role of HFIP in this transformation aziridine ring-opening experiments were investigated. Using the phenyl aziridine (11a) in the presence of benzoic acid (1 equiv.) allowed for the formation of the desired oxyaminated product in the presence of iron(II) triflate and PyBox in HFIP giving a 79 % yield (Table 24, entry 1). The addition of the benzoate was also seen using HFIP without the presence of the ironligand complex (82 % yield, Table 24, entry 2). In contrast the use of ACN without the iron-PyBox complex does not form the desired oxyaminated product (Table 24, entry 3). These results demonstrates that iron is indeed necessary for the formation of the aminated intermediate, most likely the aziridine, and that HFIP is then essential for the nucleophilic opening of the aziridine by the benzoate. Moreover it was also shown during this study that the use of HFIP considerable accelerates the formation of the aziridine compared to ACN. It is important to identify whether this process is occurring through a radical pathway or via the formation of the aziridine intermediate, or the ring-opening reaction. TEMPO can be used as a radical trap to demonstrate the involvement of a radical intermediate. TEMPO was thus added to the optimised reaction conditions at increasing concentrations (Table 25). Increasing the equivalents of TEMPO added from 10 mol % to 50 mol % then to 1 equivalent decreases the yield of the oxyaminated product from 61 % to 47 % and 26 % respectively (Table 25, entries 1, 2 and 3). However, in these three cases a TEMPO adduct cannot be identified. Similarly to the reactions from the aziridination of alkenes, TEMPO is most likely degrading the metallonitrene. But in contrast to the previous experiments performed for aziridination, the yield is not completely diminished. These experiments do not give a conclusion as to whether there is a radical pathway within this reaction. Therefore other mechanistic methods are required to assess, mainly, the pathway towards the aziridine intermediate. 

Conclusion

In conclusion we have developed a novel atom-economical oxyamination reaction mediated by iron complexes and using hydroxylamine derivatives as both the nitrogen and oxygen source. The formation of both a C-N and C-O bond can efficiently occur without the addition of any external activator or nucleophile. The process is completely regioselective and chemoselective towards terminal alkenes, with the ability to obtain various oxyaminated products. The orthogonally protected oxyaminated product can be deprotected to isolate the amino alcohol or free alcohol. In addition, a variety of oxygenated nucleophilic solvents can be used as an external nucleophile allowing for a wider range of difunctionalised products to be obtained and allows for easy post functionalisation to be performed.

Combining the knowledge of the previously developed aziridination of alkenes, with the experimental studies performed for the oxyamination of alkenes various suggestions can be made for how this process occurs. A proposed mechanism has been hypothesised from the results of the optimisation (Scheme 82), scale-up reaction and various control experiments performed. Firstly the formation of the iron nitrene occurs releasing a carboxylate group. This nitrene then reacts with the alkene via a nitrene transfer pathway. The exact mechanism of this, i.e. whether it goes through a radical or concerted pathway, is unknown. However, due to previous studies it is likely that both pathways occur. After amination via nitrene transfer, there are two pathways for the addition of the carboxylate. The first is the nucleophilic ring-opening of the aziridine intermediate. The aziridine is postulated to be activated by HFIP (either by one molecule or a network) which also activated the carboxylate allowing for nucleophilic attack forming the oxyaminated product. The second pathway occurs through the opening of the aziridine to form a cationic intermediate. This cationic intermediate is then stabilised by HFIP to allow the nucleophilic addition of the carboxylate. The full investigation of the mechanism, using DFT, EPR and possibly cyclic voltammetry is required to allow a more detailed pathway to be proposed.
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Introduction to α-Amination

1,2-amino carbonyls are incredibly versatile molecules and are widespread in the field of chemistry and biology. Indeed such privileged structures are seen in pharmaceutical compounds, and natural products (Figure 16). Bupropion is an antidepressant used in conjunction to the more common first-line response.

The molecule contains an N-tBu protected α-amino ketone. 93 Cathinone is a natural product found in the leaves of Khat. It is thought to be one of the active ingredients within the plant, which is used recreationally as a stimulant. 94 This simple molecule contains an unprotected amine group in the αposition to a phenyl carbonyl. Prasugrel is an anticoagulant and is used in medicine as a preventative for those who are at risk of blood clotting due to illness. 95 Moreover, the most commonly thought about molecules, when speaking about α-aminated carbonyls, are amino acids. It is well known that these molecules are essential to life.

It has therefore been of prime importance for the development of new methodologies to be able to access these privileged structures, especially in an asymmetric manner. 1,2-amino ketones are typically synthesised via 1) the nucleophilic substitution of an α-brominated ketone with a variety of nucleophiles (Scheme 83a), 2) the hydrolysis of α-aminonitriles synthesised via the Strecker reaction (Scheme 83b), and 3) the electrophilic amination of enolates. For the latter, metallonitrenes can be used as the electrophilic nitrogen source. 96 The use of metallonitrenes for the synthesis of 1,2-aminoketones is very 93 Costa, R.; Oliveira, N. G.; Dinis-Oliveira, R. J. Drug Metab. Rev. 2019, 51, 293-313. 94 interesting as the ketone precursors are abundant and can be used for direct amination without pre functionalisation.

Intermolecular α-Amination Using Metallonitrenes

In terms of the α-amination via nitrene transfer, there are two varieties of the methodology that is reported in the literature. On one hand, there is the direct amination of ketones, diketones, and ketoesters. On the other hand, there is the α-amination of silyl enol ethers. Overall the majority of reports suggest that the π-system of the C=C bond interacts with a metallonitrene to then form α-aminated products through a stepwise or concerted process (Scheme 84). In contrast to the reported nitrene transfer reactions described in the previous chapters, the development of metallonitrene mediated αaminations have not been widely reported. There are indeed reported processes that involve the use of different types of nitrene precursors to those that are focused on in this thesis (e.g. halo-amines 97 ), however, the overall amount of methodologies are not plentiful. For this next chapter, the presentation of an extensive selection of examples of either the direct amination of ketones or the amination of silyl enol ethers and silyl ketene acetals are described using iminoiodinanes, azides and hydroxylamines as nitrene precursors. 

α-Amination of Ketones

The amination of ketones without the initial formation of a silyl enol is obviously a more efficient process avoiding one additional synthetic step. In order to allow the reaction process, the keto-enol equilibrium must be displaced towards the enol form. This can be favoured by the use of specific substrates such as 1,3-diketones, but also by the use of acidic conditions. Chan has developed a copper(II) catalysed amination of 1,3-dicarbonyl compounds, using ex situ generated iminoiodinane PhI=NSO2Ar as a nitrene precursor (Scheme 85). 98 Copper in this case acts not only as the catalyst for the formation of the metallonitrene, but also as a Lewis acid for the formation of a copper-enolate. A copper salt in conjunction with a simple nitrogen-based catalyst, 1,10-phenanthroline afford access to α-aminated products from a variety of beta-keto esters, malonic esters and 1,3-diones. The study of the reaction scope using various acetyl acetophenones suggested that electron donating groups on the aromatic ring increase the rate of reaction whereas electron donating substituents lower the rate. The group then presented a plausible reaction mechanism (Scheme 85). After the initial formation of the Lewis acidic Cu-phenanthroline complex, the complex then coordinates to the beta-keto ester to form the copper-enolate (Scheme 85, d01). Concurrently, the Cu-phenanthroline complex with PhI=NSO2Ar generates the copper-nitrene intermediate. The addition of the nitrene to the C=C bond of the copperenolate via a radical pathway forms an aziridine intermediate (Scheme 85, d02). The acid-labile nature of the aziridine intermediate results in the ring opening resulting in the formation of the product. This process highlights the dual nature of Lewis acidic copper catalysts meaning the ex situ formation of the enolate is not necessary.

In a similar vein, Oshima developed a copper catalysed α-amination of acyl-pyrazoles (Scheme 86). 99 Iminoiodinanes were used as a nitrene precursor as it does not generate a nucleophilic by-product from the formation of the nitrene. In this case, a nucleophilic by-product would react with the electrophilic carbonyl group of the acyl-pyrazole. Their strategy was to use a Lewis acidic metal catalyst which could 98 Ton, T. M. U.; Himawan, F.; Chang, J. W. W.; Chan, P. W. H. Eur. J. Chem. 2012, 18, 12020-12027. 99 Tokumasu, K.; Yazaki, R.; Ohshima, T. J. Am. Chem. Soc. 2016, 138, 2664-2669.

Scheme 85. copper catalysed α-amination of di-ketones by Chan

simultaneously form the enolate from the acyl-pyrazole which would then, upon formation of the copper-nitrene, form the aminated product (Scheme 86, d03). The bidentate coordination that is possible between the copper and the acyl-pyrazole results in a highly chemoselective activation via the copper catalyst. This double coordination is related to that of Chan (Scheme 85). The methodology proved to be compatible with a wide range of functional groups resulting in a variety of aminated products.

Indeed tuning of the metal-ligand complexes used for these transformations can aid in the process by making it much more electrophilic, thus more reactive. In this sense, Chang has developed an iridium catalysed α-amination of 1,3 dicarbonyl compounds using N-Troc azide as a nitrene precursor (Scheme 87). 100 Worthy of note, 1,3-dicarbonyl compounds are well known to favour the enol form. The group focused on ligand tuning to optimise the addition of the iridium-nitrene to the enol. They found that having electron withdrawing substituents on the ligand increases the reactivity. They rationalised this by presuming the use of electron withdrawing substituents lowers the LUMO of the iridium complex, thus making it more electrophilic. They showed the reactions chemo selectivity by performing a large scope where good yields were obtained.

100 Lee, M.; Jung, H.; Kim, D.; Park, J.-W.; Chang, S. J. Am. Chem. Soc. 2020, 142, 11999-12004.

Scheme 86. Copper catalysed α-amination of acyl-pyrazoles by Oshima Scheme 87. Iridium catalysed α-amination of di-carbonyl compounds by Chang

Chang then also developed a new route to access α-amino ketones from alkenyl alcohols (Scheme 95). 101 The unusual reactivity relies on the ability of the iridium catalyst to not only form an iridiumnitrene but to allow for the 'chain-walking' of the terminal alkene to form an iridium-enolate.

Mechanistic investigations revealed that the reaction proceeds initially via the iridium mediated olefin isomerisation to form an iridium-enol (Scheme 88, A and B). Subsequent binding of N-Troc azide, forms the iridium-nitrenoid intermediate and releasing nitrogen gas (Scheme 88, d04). The electrophilic nature of the metallonitrene then interacts favourably with the nucleophilic α-position of the enol. This methodology generates α-aminated ketone derivatives from a wide range of substrates. It was found that the reactivity was efficient for alkynyl alcohols containing methylene linkers d n=2, 3 or 4. In addition the reactivity was highly selective towards the α-amination irrespective of the presence of other functionalities.

The only example of the use of a hydroxylamine derivatives as a nitrene precursor for the α-amination of ketones is described by Naoto. The group described the development and mechanistic studies of an interesting iridium catalysed α-amination (Scheme 89). 102 Using dioxazolone derivatives as a nitrene precursor the α-amination of carbonyls containing an imidazole group was performed. The reactivity works well for carbonyls containing mono-and di-functionalities on the α-position. In addition, a variety of dioxazolone derivatives could be used, including alkyl and aryl derivatives. Based upon the observations from mechanistic experiments, the group proposed a mechanistic pathway for this reaction. They presumed that the catalytically active species is Ir(III) which then coordinates the ketone to form the α-coordinated iridium complex (Scheme 89, A). They found that the imidazole group is essential for the reactivity due to its ability to act as a directing group. catalysed α-amidation of 2-acylimidazoles. 103 This example is more on the lines of C-H functionalisation, due to the lack of involvement of the enolate form of the ketone.

α-Amination of Enol Ethers

The use of silyl enol ethers allows to simplify the system by freezing the reactive form of the substrate.

The pioneering works into the development the α-amination of silyl enol ethers was reported in the early 2000's. Adam was one of the first to develop such a methodology, which was also one of the first reports of an asymmetric approach to the amination of silyl enol ethers (Scheme 90, top). 104 Using chiral copper complexes and ex situ generated iminoiodinanes, a series of acyclic and cyclic enol derivatives were able to be transformed into their corresponding α-amino-ketones. This proof of concept work was able to show the potential in the ability to induce chirality, albeit quite moderate. Not long after, Che also attempted to develop an asymmetric reaction for the asymmetric α-amination of silyl enol ethers (Scheme 90, bottom). 105 Success was encountered by using chiral ruthenium(II)-salen complexes to catalyse the reaction. Iminoiodinanes, generated ex situ were the nitrene precursors of choice for this reactivity. These reaction conditions showed low conversion of the substrates, and thus a low yield.

However, the group was mainly focused on the induction of chirality, whereby moderate to excellent 103 Iron-catalysed α-amination processes have not been widely researched in this context. This is surprising as iron has indeed been described by various groups to be efficient in nitrene transfer reactions. The only iron catalysed intermolecular approach to access 1,2-amino ketones, from our current knowledge, is reported by Bolm in 2008. Bolm was able to develop an iron-catalysed aziridination reaction which they then transferred the methodology to silyl enol ethers (Scheme 94). 110 A simple iron salt partnered with ex situ generated PhI=NTs under mild conditions yielded various N-tosyl amino ketones in good yields. Although the group didn't perform any mechanistic studies, they invoke mainly of the aziridination of silyl enol ethers.

Overall for both the α-amination of ketones and silyl protected ketones there is a very limited number of examples using hydroxylamine derivatives as nitrene precursors. The use of iron catalysts for this transformation is also limited. There are, as seen, many more examples using other late-transition metals. There is thus a gap within the literature for the development and understanding of iron catalysed α-amination reactions using hydroxylamine derivatives. This was then the driving force for our group to develop an iron catalysed intermolecular α-amination of keto enol ethers.

110 Nakanishi, M.; Salit, A.-F.; Bolm, C. Adv. Synth. Catal. 2008, 350, 1835-1840. 

Project Introduction and Objectives

To build upon the intermolecular iron-catalysed nitrene transfer reactions previously developed during my thesis, we aimed to explore the reactivity of our nitrene transfer methodology using hydroxylamine derivatives. Indeed the amination of silyl enol ethers is a logical step forwards after the development of the aziridination of alkenes. To this end, we decided to trial previously optimised conditions to see whether this methodology could indeed be used for this transformation. Reducing the equivalents of the silyl enol ether to 1.5 indeed gave an increased 50 % yield (Table 26, entry 1). The influence of the iron source was next assessed. The use of iron(II) triflate and iron(II) sulfate heptahydrate allowed for the increase of the reaction yield (79 % and 60 % respectively, Table 26, entries 2 and 3). However the use of both of these iron salts led to the formation of impurities that were difficult to remove. This conducted us to pursue the optimisation with iron(II) acetate. o C, surprisingly gave the desired product 30 in a slightly higher yield of 52 % (Table 27, entry 1). To see whether the reaction temperature could be reduced even further the reaction was trialled at room temperature. Typically, from our experience, running these reactions at room temperature significantly increases the reaction time. This is usually due to the reduction of the consumption of the hydroxylamine derivative. In this case, reducing the temperature to room temperature increases the reactivity further, resulting in the desired product (30) being obtained in a good 56 % yield (Table 27, entry 2). Of course in terms of green chemistry and sustainability, running reactions at room temperature is incredibly desirable. The reaction temperature was therefore kept at room temperature for the continuing optimisation. The influence of the ligand used in the reaction was next evaluated. Various classical nitrogen-based ligands were trialled including bi-, tri-, and tetradentate ligands. The use of bidentate phenanthroline was first trialled. Surprisingly the formation of the desired product was not seen. Interestingly, the hydroxylamine derivative (2a) was seen in the crude NMR (Table 29, entry 1), suggesting that under these conditions the cleavage of the N-O bond does not occur. Similar result was seen for the use of bipyridine, where again no formation of the product was obtained (Table 29, entry 2). For both the tridentate and tetradentate ligand, terpyridine and mep, the formation of the product was also not seen (Table 29, entries 3 and 4). In these trials the complete consumption of the hydroxylamine 2a was not seen. These results were supportive of the fact that the use of different ligands and iron salts can significantly affect the reactivity. It was, however, surprising that there was no reactivity seen for any other nitrogen based ligand than the tridentate PyBox ligand. A full evaluation of other families of ligand would be required to assess what exactly would be required for this reactivity. Since PyBox was the only effective ligand, variations of the Pybox ligand were trialled to assess whether sterics and -bonding could aid in the formation of the desired product (Table 30). Of course, many derivatives of PyBox are chiral and used in asymmetric catalysis. In this case, for the α-amination of silyl enol ethers, no chiral centre is formed, thus the use of chiral PyBox ligands would only be for the assessment of their reactivity on the reaction. Initially, the di-phenyl PyBox L2 was trialled (Table

N O N N O N N N N
30, entry 1). This ligand showed a slightly reduced reactivity giving a moderate 45 % yield of the αaminated product, 30 . For the di-indeno ligand L3 once again, a slightly increase yield is seen in comparison to the classical PyBox ligand L1, 59 % of the desired product 30 was isolated (Table 30, entry 2). The use of smaller substituents on position 4 of the oxazoline, as seen with the tetramethyl derivative L4, shows good reactivity (Table 30, entry 3). A moderate yield of 55 % was isolated using this ligand. In contrast, the use of the 4,5 tetraphenyl derivative L5 shows a much lower reactivity (Table 30, entry 4). A low 32 % yield of the product, 30 was obtained.

Even though a slightly higher yield was achieved using the di-indeno PyBox L3, the rationalisation of its use in comparison to the classical PyBox ligand does not make sense. The cost of the di-indeno ligand is much higher, and therefore its use for this reactivity is not worth the slight increase in yield.

The classical PyBox ligand L1 was then used to continue the optimisation. 

O N N O N O N N O N O N N O N O N N O d) Solvents
From the development of the previous projects, it was found the solvent system used can dramatically affect the reactivity. In this case, a drastic change in reactivity is seen when different solvents are used.

Changing the solvent from acetonitrile to dichloromethane reduces the yield of 30 significantly to 15 % (Table 31, entry 1). Dichloroethane is used widely for nitrene transfer reactions, however in this case the use of DCE only gave trace amounts of the desired product (Table 31, entry 2). In addition, the full consumption of the hydroxylamine TsNHOBz (2a) was not seen. Surprisingly, the use of HFIP, which was essential for the oxyamination of alkenes, does not show reactivity for the α-amination reaction (Table 31, entry 3). A trace amount of the desired product was seen, where again the full conversion of the hydroxylamine was not seen. These results may be due to the low solubility of the iron salt at room temperature. Therefore acetonitrile was used to continue the optimisation. The hydroxylamine derivative used for nitrene transfer reactions can have a great effect on the reactivity. Certain derivates can indeed form the metallonitrene more easily than others, solely depending on the functionalities present on the derivative. Therefore variations on the R 1 and R 2 group on the nitrogen and oxygen respectively were trialled. Firstly the use of N-nosyl-O-benzyl hydroxylamine derivative (6) was trialled (Table 32, entry 1). For this derivative, only a trace amount of the desired product was isolated, in a mixture with other side products. Partial conversion of the hydroxylamine NsNHOBz (6) was seen. This suggests that the formation of the iron-nitrene in these conditions is not favourable with this hydroxylamine derivative. Next the use of the N-Boc-O-benzoyl derivative ( 5) was trialled (Table 32, entry 2). The formation of the product, in this case was seen in low yields. Moreover the isolation of the product was incredibly difficult, where flash column chromatography didn't elucidate any fractions containing the product. This could be due to the degradation of the product on the silica, or the loss of the product due to a low yield. The use of the derivative N-Boc-O-Tosyl (31) was then assessed (Table 32, entry 3). This derivative may be able to more easily form the iron-nitrene, due to the significant electron withdrawing effect of the tosyl group on the oxygen. This could increase the leaving group ability of the oxygenated group, making cleavage of the N-O bond more favourable. However the use of this derivative not only didn't form the desired product, but full consumption of the hydroxylamine was not seen. The crude TLC after 18 hours showed the hydroxylamine remained completely unreacted. The reaction was then left to run, however at an increased temperature of 70 o C, for another 6 hours without any change. Finally the use of the cyclic hydroxylamine derivative was trialled. The use of phenyl dioxazolone (32) didn't show any formation of the desired product (Table 32, entry 4). In fact the formation of the iron-nitrene most likely didn't occur as the presence of only the starting material in the crude NMR was observed. The results from the trial of the different hydroxylamine derivatives shows that indeed the formation of the metallonitrene intermediate is sensitive to not only the conditions used but also the type of nitrene precursor.

Table 32 Entry Hydroxylamine derivative Yield 

R 1 =Ts, R 2 =Bz 2a 53 % 1 R 1 =Ns, R 2 =Bz 6 Trace 2 R 1 =Boc, R 2 =Bz 5 -

Conclusion

To conclude, the proof-of-concept of the α-amination of keto enol ethers was performed. This then resulted in the beginnings of the optimisation for the reaction. It was found that the reactivity is incredibly sensitive to the ligand used, where only the PyBox ligand showed reactivity out of the various classical nitrogen based ligands trialled. The further optimisation of these reaction conditions is required to firstly see whether these results are fully reproducible. A wide range of silyl enol ethers will then be assessed, once the optimised conditions are found, to fully assess the scope and limitations of the reaction. Of course, if the reactivity works for substituted silyl enol ethers, the asymmetric version of this reaction will also be optimised using chiral ligands.

Conclusion and Perspectives

The objective of my thesis was to develop new iron catalysed methods to access aminated molecules.

In this context, we have developed three iron-catalysed intermolecular nitrene transfer reactions: aziridination of alkenes, oxyamination of alkenes and α-amination of keto enol ethers (Scheme 96).

Each process uses hydroxylamine derivatives as a nitrene source, which generates the iron-nitrene intermediate in the presence of cheap and abundant iron catalysts.

The first part of this thesis was focused on the development of the iron catalysed intermolecular aziridination of alkenes. The use of hydroxylamines, in the presence of an iron catalyst allowed for the formation of a variety of aziridine derivatives for both styryl and alkyl alkenes in good to excellent yields (Scheme 97). Both electron withdrawing and electron donating groups on the styryl alkenes showed good reactivity, including those with ortho-substitution. For alkyl alkenes, the use of HFIP was key to obtain good yields of the corresponding aziridines. Mechanistically, after the formation of the iron-nitrene intermediate, the aziridination of alkenes can occur through either a concerted stereospecific pathway or a radical stepwise pathway. From the deuterium labelling experiments we can hypothesise that these two pathways are most likely occurring concurrently in these conditions. Further studies using other analytical techniques such as EPR and DFT would be necessary to further elucidate a mechanistic pathway. This, in turn, would then aid in the development of future intermolecular nitrene transfer reactions. Additional studies using cyclic voltammetry allowed for the formation of a complex that is redox active in when there is a solution containing iron(II) triflate, PyBox L1 and TsNHOPiv 2b. This species, over time, is completely consumed upon the addition of hexene. These initial results show that there is indeed the formation of a complex between the partners involved in our methodology. However the exact structure/characterisation is unknown. Further studies would be required to fully understand the results obtained.

The second part of this thesis was on the development of an iron catalysed intermolecular oxyamination of alkenes. This reactivity was serendipitously found when trialling HFIP as a solvent for the aziridination of alkenes. Instead of the aziridination of the alkene, the addition of both the nitrogen and oxygen atoms of the hydroxylamine derivative occurred (Scheme 98). This reaction allows for, in one step, the formation of two new bonds in a completely atom economical manner. Good to excellent yields for a variety of oxyaminated products are obtained from styryl alkenes, enynes and dienes containing both electron withdrawing and electron donating groups. This reactivity shows complete regioselectivity for terminal alkenes, even when in the presence of an internal alkene or alkyne.

Additionally, by simply changing the iron salt used the addition of external nucleophiles can also occur.

Scheme 98. Optimised conditions for the iron-catalysed intermolecular oxyamination of alkenes

The exact mechanism is still unknown for this methodology, especially for the insertion of the ironnitrene intermediate into the alkene. However, from the experimental studies we can hypothesise that the aziridine is indeed an intermediate for the reaction (Scheme 99). Subsequently, there is the nucleophilic opening of the aziridine via the cleaved carboxylate of the hydroxylamine derivative. This is rationalised by the ability of HFIP to stabilise cationic intermediates HFIP, which allows for the facile ring opening of the cleaved carboxylate to the aziridine intermediate. Additionally, from the studies using chiral PyBox ligands, it was found that the use of di-indeno PyBox L7 could induce high yields for all the developed reactions in this thesis. Indeed the tuning of such a ligand to see if the electronic effects, via the addition of substituents onto the aromatic ring, could help or hinder reactivity (Figure 17). This ligand shows great promise for future iron-catalysed nitrene transfer reactions.

Finally the proof-of-concept and beginnings of the optimisation of the α-amination of silyl enol ethers was described. Using the knowledge gained from the previously developed studies the extension of our methodology can be obtained. The optimisation of this reaction is currently ongoing; however, from the current results, reactivity is promising (Scheme 101).

After the optimised conditions will be found, the scope of the reaction will be assessed. Both aryl and alkyl silyl enol ethers will be trialled including those containing functionalities on the alpha position.

Indeed if the reactivity works for alpha-functionalised silyl enol ethers, the development of an asymmetric version of this reaction will occur. A variety of chiral ligand will be trialled to assess their ability in inducing chirality for this transformation. 

Iron(II)-Catalysed Intermolecular Aziridination of Alkenes Employing Hydroxylamine Derivatives as Clean Nitrene Sources

Index of Molecules

Experimental Characterisation

All commercially available reagents were purchased from chemical suppliers. Styrene derivatives were used without further purification. For aziridination reactions the alkyl alkenes were distilled just before using. Reactions were performed under an argon atmosphere. Anhydrous solvents were purchased from chemical suppliers and used without further purification. Analytical thin layer chromatography was performed on commercial silica gel plates 60F254. Flash column chromatography was performed on silica gel 60 (40-63 μm). NMR spectra were recorded on a 500 MHz spectrometer. Chemical shifts (δ) are reported in ppm relative to tetramethylsilane (δ = 0.00 ppm) or the CHCl3 residual peak (δ = 7.26) or the MeOH residual peak (δ = 3.31) for 1 H NMR. Chemical shifts of 13 C NMR are reported relative to CDCl3 (δ = 77.16) or CD3OD (δ = 49.00). Coupling constant (J) are reported in Hertz unit (Hz).

Multiplicities are described with standard following abbreviations: s = singlet, br = broad, d = doublet, t = triplet, q = quadruplet, dd = doublet of doublet, dt = doublet of triplet, m = multiplet. High resolution mass spectra (HRMS) were recorded with a TOF mass analyser under electrospray ionization (ESI) in positive or negative ionization mode detection, atmospheric pressure chemical ionization or atmospheric pressure photoionization (APPI). Melting points were measured on a Köfler bench. IR spectra were recorded on a FT-IR spectrophotometer, and the wavelengths reported in cm -1 .

General Procedure Cyclic Voltammetry

The cyclic voltammetry measurements were performed with a Metrohm Autolab PGSTAT302N workstation and the following analysis was performed with a Nova 2.1 application. For all experiments, a silver/silver chloride (Ag/AgCl) was used as the reference electrode and a glassy-carbon (GC) electrode (3 mm-diameter) was used as the working electrode. The measurements were recorded at a scan rate of 0.5 V/s . The operating temperature was at room temperature. Argon was bubbled through the solutions for at least 5 min before the experiment was performed. Experiments were performed under inert conditions (under flow of argon).

All the potentials are presented with respect to the silver chloride electrode (EAg/AgCl = +0.222 V at 25 o C).

Procedure for the synthesis of p-toluenesulfonyl hydroxylamine -1

This compound was prepared using a modified literature procedure. 112 Pyridine (5 mL) was added to a flask containing hydroxylamine hydrochloride (15.74 mmol, 2 equiv.) at 0 o C. The solution was stirred until the hydroxylamine hydrochloride was mostly dissolved. DMAP (15.74 mmol, 2 equiv.) was then added in one portion to the solution, and the suspension was stirred at 0 o C for an additional 10 min.

Tosyl chloride (7.87 mmol, 1 equiv.) was then added portion-wise, whilst stirring, making sure to keep a flow of argon through the flask. The suspension was left to stir for 1-2 hours (reaction was followed by TLC) until full consumption of tosyl chloride. The reaction mixture was quenched with a 1M aqueous solution of HCl (20 mL) and the aqueous phase was extracted with ethyl acetate. The organic phase was collected and washed twice more with 1M HCl (2 x 20 mL) until the aqueous phase was pH 2-3. The combined acidic aqueous phases were extracted once more with ethyl acetate (20 mL). The combined organic phases were then dried over MgSO4 and concentrated under reduced pressure forming a slightly yellow solid. The solid was washed with cold DCM to afford compound 1 as a white/slightly yellow solid (1.1g, 75 %); Analytical data in accordance with the literature. 112 White solid, m = 1.1 g, 75 % yield ; 1 H NMR (MeOD, 500 MHz, ppm) δ = 7.68 (d, J = 8.0 Hz, 2H, HAr), 7.28 (d, J = 8.00 Hz, 2H, HAr), 2.33 (s, 3H, Hc) ; 13 

General Procedure for the synthesis of compounds 2

To a solution of N-tosyl hydroxylamine 1 (1 equiv.) in DCM (c = 0.2 M) under argon at 0 o C, NEt3 (1.1 equiv.) was added in one portion. The solution was stirred for 5 min until all solids were dissolved. A solution of acyl chloride (1 equiv.) in DCM was slowly added dropwise to the solution containing the hydroxylamine at 0 o C. The reaction was left to stir for 1-2 h allowing the reaction to warm to room temperature. Once the reaction was completed, the solution was washed with saturated aqueous a saturated aqueous NH4Cl solution and the aqueous phase was extracted with DCM (3 x 20 mL). The organic phases were combined, dried over MgSO4 and concentrated under reduced pressure. The crude solid residue was purified by silica gel flash column chromatography using cyclohexane : ethyl acetate (100:0 → 85:15) to afford the product as a white solid.

N-(benzoyloxy)-4-methylbenzenesulfonamide -2a

Analytical data in accordance to the literature. 113 ; This compound was prepared using benzoyl chloride affording compound 2a as a white solid m = 419 mg, 90 % yield: ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 9.21 (s, 1H, NH), 7.92 (d, J = 8.5 Hz, 2H, HAr), 7.83 (d, J = 8.5 Hz, 2H, HAr) 3256, 3152, 1736, 1598, 1453, 1376, 1301, 1259, 1244, 1190, 1176 ; mp. : 91-94 °C. 113 Fan, L.; Hao, J.; Yu, J.; Ma, X.; Liu, J.; Luan, X. J. Am. Chem. Soc. 2020, 142, 6698-6707.

4-methyl-N-((2,4,6-trimethylbenzoyl)oxy)benzenesulfonamide -2d

Analytical data in accordance to the literature. 113 This compound was prepared using 2,4,6 

4-methyl-N-((perfluorobenzoyl)oxy)benzenesulfonamide -2e

Analytical data in accordance to the literature. 116 This compound was prepared using pentafluoro benzoyl chloride affording 2f as a white solid m = 278 mg, 68 % yield ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 8.99 (s, 1H, Ha), 7.87 (d, J = 8.5 Hz, 2H, HAr), 7.38 (d, J = 8.0 Hz, 2H, HAr), 2.47 (s, 3H, Hd), ; 13 C NMR (CDCl3, 125 MHz, ppm) δ = 158.0 (C=O), 146.3 (C-SO2), 132.0 (CAr), 130.08 (CAr), 128.97 (CAr), 21.80 (Cc); mp. : 80.5 -89.5 °C. 116 Hazelden, I. R.; Ma, X.; Langer, T.; Bower, J. F. Angew. Chem. Int. Ed. 2016, 55, 11198-11202.

N-((3,5-bis(trifluoromethyl)benzoyl)oxy)-4-methylbenzenesulfonamide -2f

This compound was prepared using 2,5-di-trifluoromethyl benzoyl chloride affording 2g as a white 

N-((4-fluorobenzoyl)oxy)-4-methylbenzenesulfonamide -2g

Analytical data in accordance to the literature. 113 This compound was prepared using 4-fluoro benzoyl chloride to afford 2h as a white solid m = 160 mg, 65 % yield ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 9.18 (s, 1H, Ha), 7.97-7.94 (m, 2H, HAr), 7.82 (d, J = 8.5 Hz, 2H, HAr), 7.29 (d, J = 8.5 Hz, 2H, HAr), 7.14 (t, J = 8.5 Hz, 2H, HAr), 2.41 (s, 3H, Hb) ; mp. : 113.6 -119.0 °C.

N-((2,4-dichlorobenzoyl)oxy)-4-methylbenzenesulfonamide -2h

This compound was prepared using 2,4-chloro benzoyl chloride to afford 2h as a white solid m = 160 mg, 65 % yield ; 1 

Procedure for the synthesis of O-benzoylhydroxylamine triflic acid -7

This compound was prepared using a modified literature procedure. 118 3112, 2890, 2690, 1777, 1685, 1603, 1587, 1553, 1505, 1494, 1455, 1425, 1306, 1269, 1247, 1228, 1213, 1181, 1155; mp. : 140-142 

Procedure for the synthesis of N-(benzoyloxy)pivalamide -4

This compound was prepared using a modified literature procedure. 119 Hydroxylamine hydrochloride (300 mg, 4.32 mmol) was crushed in a pestle and mortar with K2CO3 (4.32 mmol, 1 equiv.) then added to a flask and placed under argon. A solution of pivaloyl chloride (4.32 mmol, 1 equiv.) in diethyl ether (C = 1.4 M in total, 4.5 mL) was added slowly to the mixture. Water (1.5 ml) was then added to the solution slowly over a period of 1 h, and the reaction was left to stir at room temperature for 5 hours.

Once the reaction was complete the mixture was washed with water (20 mL) and the aqueous phase was extracted using ethyl acetate (3 x 20 mL). The combined organic phases were dried over MgSO4 and concentrated under reduced pressure. The crude solid was purified by silica gel flash column chromatography (eluent: cyclohexane/Ethyl acetate). This afforded N-hydroxypivalamide as a white solid (97 mg, 19 %) which was used directly in the next step.

Benzoyl chloride (0.66 mmol, 1 equiv.), in a solution of diethyl ether (0.5 mL) was added slowly to a mixture of N-hydroxypivalamide (0.66 mmol, 1 equiv.), NEt3 (0.66 mmol, 1 equiv.) and diethyl ether (C = 0.2 M in total, 3 mL). The reaction as left to stir at room temperature and followed by TLC. The reaction was quenched using a saturated aqueous solution of NH4Cl (20 mL) and the aqueous phase was extracted using DCM (3 x 20 mL). The organic phases were combined and dried over MgSO4 and concentrated under reduced pressure to afford 4 as a white solid (122 mg, 84 %) without purification.

White solid, m = 122 mg, 16 % yield over two steps ; 1 2977, 2851, 2607, 1766, 1656, 1600, 1514, 1479, 1451, 1400, 1371, 1316, 1239, 1180 ; mp. : 105-110 

Procedure to Synthesise 3-phenyl-5H-1,4,2-dioxazol-5-one -31

To a stirred solution of N-hydroxy benzamide (2.19 mmol, 1 equiv.) in a solution of DCM (C = 0.24 M, 9 mL) was added 1,1'-carbonyldiimidazole (CDI) (2.19 mmol, 1 equiv.) in one portion at room temperature. After stirring for 30 min. the reaction mixture was quenched with an aqueous 1 N HCl solution and then extracted with DCM (3 x 20 mL). The combined organic phases were then dried over MgSO4. The solvent was removed under reduced pressure to afford 3-phenyl-5H-1,4,2-dioxazol-5-one (31).

Analytical data in accordance with the literature. 24 White solid, m = 95 mg, 26 % yield ; 1 

Procedure to synthesise tert-butyl (tosyloxy)carbamate -32

To a solution of tert-butyl hydroxycarbamate (2.73 mmol, 1 equiv.) and TsCl (2.87 mmol, 1.05 equiv.) in Et2O (C = 0.26 M, 11 mL) at 0 °C was added NEt3 (2.87 mmol, 1.05 equiv.) dropwise. The mixture was stirred at 0 °C for 20 minutes, and then was warmed to room temperature and stirred for 4 hours.

The reaction mixture was filtered through Celite®, and the filter cake was rinsed with Et2O. The filtrate was concentrated under reduced pressure to afford the crude product, which was suspended in hexane and stirred at room temperature for 30 minutes. The mixture was filtered, and the solid was rinsed with hexane. The resulting solid was dried under reduced pressure to afford 32 as a white solid. Procedure for the synthesis of tert-butyl (2,4-dinitrophenoxy)carbamate -8a KOH (5.26 mmol, 1 equiv.) was added to a solution containing BocNHOH (5.26 mmol, 1 equiv.) in ethanol (C = 0.66 M, 8 mL) at 0 °C. A solution of 1-Cl-2,4-diNO2-benzene (5.26 mmol, 1 equiv.) in EtOH (5 mL) dropwise in 30 min. The solution was left to stir at 0 °C for 1.5 h. AcOH (10 mL) was then added until the solution turned yellow in colour. Cold water was added to the solution and the aqueous phase was extracted with ethyl acetate (3 x 20 mL). The organic phases were combined and dried over MgSO4 and concentrated under reduced pressure. The residue was purified by silica gel flash column chromatography (eluent: pentane/Ethyl acetate from 90:10) to give tert-butyl (2,4dinitrophenoxy)carbamate (8a) as a slightly yellow solid (1.3 g, 83 %) Analytical data in accordance with the literature.121 White solid, m = 1.3 g, 83 % yield ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 8.87 (t, J = 2.5 Hz, 1H, HAr), 8.47 (dt, J = 2.5 Hz, 9.0 Hz, 1H, HAr), 7.93 (brs, 1H, Ha), (dd, J = 2. 5 Hz, 7.5, Hz, 1H, HAr), 1.53 (s, 9H, Hb).

Procedure for the synthesis of 4-methyl-N-(4-nitrophenoxy)benzenesulfonamide -9

t-BuOK (5.26 mmol, 1 equiv.) was added to a solution containing BocNHOH (5.26 mmol, 1 equiv.) in DMSO (6.5 mL) at 0 °C. A solution of 4-fluoronitrobenzene (5.26 mmol, 1 equiv.) in DMSO (6.5 mL) was added dropwise. The reaction was stirred at room temperature for 20 h. Cooling the reaction to 0 o C, AcOH was added until the solution reached pH 5. The aqueous phase was extracted with Et2O (3 x 20 mL). The combined organic phase was dried with MgSO4, then concentrated under reduced pressure.

The residue was purified by silica gel flash column chromatography (eluent : pentane :ethyl acetate 90 :10) to afford 8b as a white solid (500 mg, 37 %) Analytical data in accordance with the literature.122 White solid, m = 500 mg, 37 % yield ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 8.22 (dd, J = 1. 5 Hz, 8.0 Hz, 2H, HAr), 7.74 (s, 1H, Ha), 7.23 (dd, J = 2.0 Hz, 7.5 Hz, 2H, HAr), 1.53 (s, 9H, Hb).

4-methyl-N-(4-nitrophenoxy)benzenesulfonamide -9

To a solution of tert-butyl (4-nitrophenoxy)carbamate (0.79 mmol, 1 equiv.) in DCM (C = 0.2 M, 4 mL), DMAP (0.079 mmol, 10 mol %) and TsCl (0.79 mmol, 1 equiv.) was added. This was then followed by the addition of NEt3 (1.57 mmol, 2 equiv.). The solution was left to stir at room temperature until reaction was complete (followed via TLC). The reaction was quenched with saturated aqueous NH4Cl solution and the aqueous phase was extracted with DCM (3 x 20 mL). The organic phases were collected, dried with MgSO4 and evaporated under reduced pressure. The crude residue was used directly for the next step. TFA (15.8 mmol, 20 equiv.) was added slowly to the crude residue in DCM (C = 0.2 M, 4 mL) at rt.

The reaction was left to stir at room temperature for 15 h. The solution was evaporated under reduced pressure then washed with cold DCM to afford a non-soluble solid, which was filtered to give the desired product as a yellow solid (110 mg, 45 % over two steps) White solid, m = 500 mg, 37 % yield ; 1 H NMR (MeOD, 500 MHz, ppm) δ = 8.13 (d, J = 10.0 Hz, 2H, HAr), 7.74 (d, J = 8.0 Hz, 2H, HAr), 7.36 (d, J = 8.0 Hz, 2H, HAr), 7.22 (d, J = 9.5 Hz, 2H, HAr), 2.37 (s, 3H, Hb).

Procedure for the synthesis of PyBox L1

In a round bottom flask at 0 °C was added 2-amino-2-methyl-1-propanol (1.64 mL, 17.16 mmol, 3.5 equiv.) and NEt3 (3.407 mL, 24.51 mmol, 5 equiv.) in DCM (C = 0.2 M in total, 16.5 mL) under an argon atmosphere. A solution of pyridine dicarbonyl dichloride (1 g, 4.90 mmol, 1 equiv.) in DCM ( 8mL) was added dropwise and the resulting solution was stirred for 16 h at room temperature. The reaction was washed with cold water (20 mL) and the aqueous phase was extracted with DCM (3 x 20mL). The combined organic phases were further washed with water (20 mL) and brine (20 mL). The organic phase was dried over MgSO4 and concentrated under reduced pressure to afford the product A as a white solid which was used directly in the next step.

In a round bottom flask, SOCl2 (1.57 mL, 21.61 mmol, 6 equiv.) was added to a solution of 2-N,6-Nbis(1-hydroxy-2-methylpropan-2-yl)pyridine-2,6-dicarboxamide product A (1.11 g, 3.60 mmol, 1 equiv.) in toluene (C = 0.25 M, 14.4 mL) under argon. The reaction was stirred under reflux for 16 h.

The reaction was allowed to cool to 0 °C, then washed with a saturated aqueous NaHCO3 solution (20 mL). The aqueous phase was extracted with ethyl acetate (3 x 20 mL) and the combined organic phases were dried over MgSO4 and concentrated under reduced pressure to afford the chlorinated product as a yellow oil which was used directly in the next step.

The oil residue was placed in a round bottom flask with anhydrous THF (C = 0.2 M, 22 mL) and cooled at 0 °C. Then, NaH (866 mg, 21.70 mmol, 5 equiv.) was added portion-wise and the reaction was left to stir overnight at room temperature (monitored by TLC until the starting material was fully consumed). The reaction mixture was filtered through a pad of celite®, concentrated under reduced pressure and purified using silica gel flash column chromatography (cyclohexane/ethyl acetate/methanol from 50:50:0 to 0:90:10) to give the PyBox ligand L1 as a slightly yellow solid (486 mg, 41 % in two steps).

Analytical data in accordance to the literature. 88 Yellow solid m = 486 mg, 41 % yield ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 8.18 (d, J = 7.5 Hz, 2H, Ha), 7.85 (t, J = 7.5 Hz, 1H, Hb), 4.21 (s, 4H, Hc), 1.39 (s, 12H, Hd); 13 2969, 2930, 2896, 1643, 1576, 1530, 1462, 1388, 1366, 1334, 1301, 1268, 1212, 1189, 1125; mp. : 130-132 °C.

Procedure for the preparation of Trans-Deuterated Styrene

To a solution of styryl-boronic acid (2.03 mmol, 1 equiv.) in acetonitrile (C = 0.2 M, 10.14 mL) at room temperature, NBS (2.43 mmol, 1.05 equiv. ) was added in one portion. The resulting solution was stirred vigorously for 2 h until complete consumption of the boronic acid, reaction was monitored by TLC.

The solution was then washed with a saturated aqueous Na2S2O5 solution (20 mL), and the aqueous phase was extracted with pentane (3 x 20 mL). The combined organic layers were then washed with water (20 mL) dried over MgSO4 and concentrated under reduced pressure to give (E)-2-bromostyrene as a yellow oil (240 mg, 65 %).

To a solution of (E)-2-bromostyrene (1.11 mmol, 1 equiv.) in diethyl ether (C = 0.2 M, 5.5 mL) at -78 o C, t-BuLi (1.6 M in hexanes, 2.51 mmol, 2.25 equiv.) was added carefully within a minute. The solution was stirred at -78 o C for 1h then methanol-d4 (4. 25 mL, 94 equiv.) was added. The solution was allowed to warm to room temperature over 2 h, then stirred at room temperature for another 1 h. The reaction was washed with a saturated aqueous NH4Cl solution (20 mL), and the aqueous phase was extracted with diethyl ether (3 x 20 mL). The combined organic phases were washed with brine (20 mL) and dried over MgSO4. The solvent was reduced under pressure without using heat until approx. 5-10 mL of solvent was left over. Careful evaporation using a flow of air yielded (E)-2-deuterostyrene as a colourless oil (53 mg, 45 %) (to avoid substantial loss of volatile product, traces of solvent were not completely removed).

Procedure for the preparation of Cis-Deuterated Styrene -(cis)-11a-D

Phenylacetylene (15.02 mmol, 1 equiv.) was added slowly to n-butyllithium (1.6 M in hexane, 19.53 mmol, 1.3 equiv.) over 15 minutes at 0 °C. The resulting suspension was stirred at 0 °C for 1 hour, then D2O (41.64 mmol, 3 equiv.) was added slowly. The reaction was stirred at room temperature overnight, then passed through a pad of MgSO4 (eluent: pentane) and carefully concentrated under reduced pressure, without using heat, to afford phenylacetylene-D as a colourless liquid (to avoid substantial loss of volatile product, traces of solvent were not completely removed).

Zirconocene hydrochloride (Schwartz' reagent) (4.27 mmol, 1.1 equiv.) was added in two equal portions to a solution of phenylacetylene-D (3.88 mmol, 1 equiv.) in DCM (C = 0.4 M, 10 mL) at 0 °C.

After stirring at room temperature in the dark for 2 h, water (0.55 mL) was added, and the reaction was stirred for a further 2 h. The reaction was dried over MgSO4, filtered, and concentrated under reduced pressure to approx. 2 mL. Pentane (20 mL) was then added, and the resulting solution was passed through a silica pad (eluent: pentane) and the filtrate was concentrated under reduced pressure (no heating) to afford (Z)-2-deuterostyrene as a pale-yellow oil (367 mg, 90 % yield) (To avoid substantial loss of volatile product, traces of solvent were not completely removed).

(Z)-2-deuterostyrene -(cis)-11a-D

Analytical data in accordance to the literature. 123 Colourless oil, m = 367 mg, 90 % yield over 2 steps; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 7.41 (d, J = 7.5 Hz, 2H, HAr), 7.32 (t, J = 7.5 Hz, 1H, HAr), 7.24-7.27 (m, 2H, HAr), 6.71 (dt, J =2.5 Hz, 11.0 Hz, 1H, Hb), 5.23 (d, J = 10.5 Hz, 1H, Ha); 13 C NMR (CDCl3,125 MHz,ppm) δ = 137.6 (CAr),136.8 (CAr),128.5 (CAr),127.8 (CAr),126.2 (Cb),113.5 (t,J = 24.5 Hz,Ca). 123 Ball, L. T.; Lloyd-Jones, G. C.; Russell, C. A. Eur. J. Chem. 2012, 18, 2931-2937. General Procedure for the synthesis of enynes PdCl2(PPh3)2 (0.06 mmol, 4 mol %), CuI (0.09 mmol, 6 mol %), PPh3 (0.06 mmol, 4 mol %), NEt3 (15 mmol, 10 equiv.), phenylacetylene (1.5 mmol, 1 equiv.), and vinyl bromide (1 M in THF, 3 mmol, 2 equiv.) were stirred in dry THF (C = 0.2 M, 7.5 mL) under argon at 50 °C for 2 hours. The solvent was removed under reduced pressure then saturated aqueous NH4Cl solution (20 mL) was added to the resulting residue and the aqueous layer was extracted three times with DCM. The combined organic layers were dried over anhydrous MgSO4, filtered, and concentrated under reduced pressure. The crude product was purified by silica gel flash column chromatography (eluent: pentane) to afford the product as a colourless oil (133 mg, 69 %).

but-3-en-1-yn-1-ylbenzene -19a

Analytical data in accordance with the literature. 124 Colourless oil, m = 133 mg, 69 % yield ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 7. 46-7.44 (m, 2H, HAr), 7.33-7.30 (m, 3H, HAr), 6.02 (dd, J = 11.0 Hz, 18.0 Hz, 1H, Hb), 5.74 (dd, J = 2.0 Hz, 17.5 Hz, 1H, Hb), 5.55 (dd, J = 2.0 Hz, 11.0 Hz, 1H, Ha) ; 13 C NMR (CDCl3,125 MHz,ppm) δ = 131.6 (CAr),128.3 (CAr),128.3 (CAr),126.9 (CAr),123.1 (Cd). 117.2 (Cc), 89.9 (Cb), 88.1 (Ca). 124 Cheng, J.-K.; Loh, T.-P. J. Am. Chem. Soc. 2015, 137, 42-45. Pd(PPh3) 2 Cl 2 (4 mol%) CuI (6 mol %)

Vinyl bromide (2 equiv.) NEt 3 (10 equiv.) THF, rt, 1.5 h

General procedure for the synthesis of dienes

Methyl-triphenylphosphonium iodide (4.2 mmol, 1 equiv.) was suspended in anhydrous THF (C = 0.2 M, 21 mL) and cooled to -78 °C. n-BuLi (1.6 M in THF, 6.3 mmol, 1.5 equiv.) was added dropwise, and the mixture brought to room temperature and stirred for 30 minutes to give a clear orange-red solution. Trans-cinnamaldehyde (6.3 mmol, 1.5 equiv.) was added in one portion, and the mixture stirred for 18 hours. The reaction was then evaporated under reduced pressure at room temperature, and the crude residue was purified by silica gel flash column chromatography (eluent: pentane). This afforded the product as a colourless oil (365 mg, 67 %). 

General Procedure for iron catalysed aziridination of styryl alkenes

Fe(OAc)2 (0.02 mmol, 10 mol %) and PyBox ligand L1 (0.02 mmol, 10 mol %) were placed in a sealed tube under argon. ACN (0.5 mL) was added to the tube and the suspension was stirred at room temperature for 10 min. N-(pivaloyloxy)-4-methylbenzenesulfonamide (0.2 mmol, 1 equiv.) was then added to the solution and rinsed with ACN (1 mL). Styryl alkene (0.5 mmol, 2.5 equiv.) was then added to the mixture, and the tube was immediately sealed and placed at 70 o C to stir for 18h. The reaction was quenched with saturated aqueous NaHCO3, and the aqueous phase was extracted using DCM (3x 20 mL). The combined organic phases were dried over MgSO4 and concentrated under reduced pressure. The crude residue was purified by silica gel flash column chromatography (eluent: cyclohexane/ethyl acetate from 100:0 to 80:20) to afford 2-phenyl-1-tosylaziridine as a white solid.

Large scale experiment

In a round bottom flask, Fe(OAc)2 (26 mg, 0.15 mmol, 0.05 equiv.) and Pybox ligand L1 (40 mg, 0.15 mmol, 0.05 equiv.) were placed under argon in 15 mL of ACN (C = 0.2 M). The suspension was stirred at room temperature for 10 min, then substrate 2a (800 mg, 3 mmol, 1 equiv.) was added followed by styrene 10a (0.85 mL, 7.40 mmol, 2.5 equiv.) and the flask was sealed and stirred at 70 o C for 18 h. The reaction was quenched with a saturated aqueous NaHCO3 solution, and the aqueous phase was extracted with DCM (3x 30 mL). The combined organic phases were dried over MgSO4 and concentrated under reduced pressure. The crude residue was purified by silica gel flash column chromatography (eluent: cyclohexane/ethyl acetate from 100:0 to 80:20) to afford 720 mg (89 % yield) of tosylaziridine 11a as a white solid. The aqueous phases were acidified to pH 1-2 using a 1 M aqueous HCl solution then extracted with DCM (3x 30 mL). The combined organic phases were dried over MgSO4 and concentrated under reduced pressure to afford 225 mg (75 % yield) of pivalic acid as a white solid.

2-(3-chlorophenyl)-1-tosylaziridine -11e

White solid, m = 74.4, 88 % yield (average of 2) ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 7.86 (d, J = 8.5 Hz, 2H, HAr), 7.34 (d, J = 8.0 Hz, 2H, HAr), 7.26-7.18 (m, 3H, HAr), 7.12-7.11 (m, 1H, HAr) 2921, 1605, 1448, 1378, 1320, 1310, 1192, 1156, 1092, 921; mp. : 59-60 °C.

2-(4-chlorophenyl)-1-tosylaziridine -11f

White solid, m = 73.8 mg, 87 % yield ; 1494, 1322, 1160, 1093, 912, 819, 732 2922, 2854, 1773, 1718, 1598, 1497, 1455, 1394, 1323, 1305, 1292, 1233, 1185, 1161, 1091, 1042, 1019, 974. 2849, 1596, 1496, 1457, 1397, 1326, 1316, 1308, 1292, 1228, 1183, 1155, 1091, 1057, 1028, 1019, 932; mp. : 84 -85 °C. 

2-phenyl

2-phenylaziridine -14

Mg turnings (1.21 mmol, 5.5 equiv.) was added to a solution of 11a (0.22 mmol, 1 equiv.) in MeOH ( 4mL). The solution was then sonicated at room temperature for 1 h 30. The solution was quenched with a saturated aqueous NaCl solution (20 mL) and the aqueous phase was extracted with DCM (3 x 20 mL).

The combined organic phase was dried over MgSO4, filtered, and evaporated under reduced pressure.

Purification using silica gel flash column chromatography (eluent: cyclohexane : ethyl acetate, 80:20) afforded the desired compound 14 as a colourless oil (17 mg, 65 %).

Analytical data in accordance with literature. 130 Colourless oil, m = 17 mg, 65 %; 1 H NMR (CDCl3, 500

MHz, ppm) δ = 7. 34-7.30 (m, 2H, HAr), 7.25-7.22 (m, 3H, HAr), 3.0 (dd, J = 3.5 Hz, 6.0 Hz, 1H, Hb), 2.21 (d, J = 6.0 Hz, 1H, Ha), 1.81 (d, J = 3.0 Hz, 1H, Ha), 0.85 (brs, 1H, Hc).

General Procedure Oxyamination

FeSO4.7H2O (0.023 mmol, 10 mol %) and PyBox ligand L1 (0.023 mmol, 10 mol %) were placed into a sealed tube under argon. HFIP (C = 0.2 M in total, 0.5 mL) was added to the tube and the suspension was stirred at room temperature for 10 min. N-(benzoyloxy)-4-methylbenzenesulfonamide (0.23 mmol, 1 equiv.) was then added to the solution and rinsed with HFIP (1 mL). Styrene (0.35 mmol, 1.5 equiv.) was then added to the mixture, and the tube was immediately sealed and placed at 70 o C to stir for 2 h.

The reaction was quenched with saturated aqueous NaHCO3 solution (20 mL), and the aqueous phase was extracted using DCM (3x 20 mL). The combined organic phases were dried over MgSO4 and concentrated under reduced pressure. The crude residue was purified by silica gel flash column chromatography (eluent: cyclohexane/ethyl acetate from 100:0 to 80:20) to afford 2-(4methylbenzenesulfonamido)-1-phenylethyl benzoate 17a as a white solid.

General Procedure Gram Scale

FeSO4.7H2O (0.17 mmol, 5 mol %) and PyBox ligand L1 (0.17 mmol, 5 mol %) were placed into a sealed tube under argon. HFIP (C = 0.2 M in total, 8.6 mL) was added to the tube and the suspension was stirred at room temperature for 10 min. N-(benzoyloxy)-4-methylbenzenesulfonamide (3.43 mmol, 1 equiv.) was then added to the solution and rinsed with HFIP (1 mL). Styrene (5.15 mmol, 1,5 equiv.) was then added to the mixture, and the tube was immediately sealed and placed at 70 o C to stir for 6 h.

The reaction was quenched with saturated aqueous NaHCO3 solution (20 mL), and the aqueous phase was extracted using DCM (3x 20 mL). The combined organic phases were dried over MgSO4 and concentrated under reduced pressure. The crude residue was purified by silica gel flash column chromatography (eluent: cyclohexane/ethyl acetate from 100:0 to 80:20) to afford 17a as a white solid, 24 and 25 as colourless oils. 2926, 1725, 1604, 1508, 1330, 1271, 1161 ; mp. : 115-118 °C.

2-((4-methylphenyl)sulfonamido)-1-phenylethyl 3-chlorobenzoate -17m

White solid, m = 56.5 mg, 56 % yield ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 7.99 (d, J = 8.0 Hz, 2H, HAr), 7.68 (d, J = 8.0 Hz, 2H, HAr), 7.58-7.55 (m, 1H, HAr), 7.43-7.40 (m, 2H, HAr), 7.25-7.19 (m, 4H, HAr) 5.92-5.90 (m, 1H, Hc), 5.23-5.16 (m, 1H, Ha), 3.50-3.40 (m, 2H, HB) 7.20-7.12 (m, 3H, HAr), 6.14 (dd, J = 4.0 Hz, 8.0 Hz, 1H, Hc), 5.16-5.09 (m, 1H, Ha), 3.48-3.36 (m, 2H, Hb) 
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 6 Marquage au deutérium pour les réactions d'aziridination Schéma 7. Réaction de piégeage du carboradicale avec TEMPO PyBox L8. Pour d'autres types de ligands chiraux, tels que Box, PyMox et BINAP, une faible réactivité a été observée (L11, L12, L13, L14, respectivement). Les valeurs des ee très limitées obtenues avec les ligands testés rendent très difficile toute tentative de rationalisation de l'influence des effets stériques et électroniques induits par les substituants des PyBox testées. La température élevée requise pour le procédé est certainement une limitation pour atteindre des valeurs de ee intéressantes. Néanmoins, cette étude a révélé que le ligand rigide L7 était très prometteur en terme de rendement et pouvait constituer une base de développement intéressante pour un développement ultérieur Schéma 8. Optimisation d'une aziridination asymétrique du styrène Nous avons découvert lors de l'étude précédente que l'utilisation de HFIP comme solvant pour l'aziridination des styrènes induisait la formation du produit d'oxyamination. Ce produit proviendrait de l'ouverture de l'aziridine par l'acide carboxylique, sous-produit de la formation du nitrène. Cette réaction intermoléculaire est totalement économe en atomes et forme, en une seule étape, deux nouvelles liaisons (C-O et C-N) (Schéma 9). Nous avons donc souhaité optimiser cette réaction. Divers catalyseurs de fer, de ligands azotés et autres paramètres ont été évalués pour cette réaction en utilisant le styrène comme alcène modèle. L'utilisation du dérivé d'hydroxylamine TsNHOBz (2b), de sulfate de fer (II) (10 mol %) et de PyBox (10 mol %) à 70 o C pendant 2 heures a donné le produit oxyaminé avec un excellent rendement de 73 % (Schéma 10). L'étendue de la réaction a montré que la réaction est efficace pour les alcènes dérivés de styrène, les énynes et les 1,3-diènes. Fait intéressant, la réaction est complètement régiospécifique pour l'alcène terminal, même en présence d'autres alcènes ou alcynes.

Schéma 9 .

 9 Oxyamination d'alcènes a 72 heures de réaction. b 24 heures de réaction c Fe(OTf)2 (10 mol %), 70 o C, 18 h, ACN Schéma 10. Champs d'application pour la réaction d'oxyamination
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 1 Figure 1. Nitrogen containing molecules

Figure 2 .

 2 Figure 2. Electronic configuration of singlet and triplet nitrenes

Scheme 8 .

 8 Scheme 8. Formation of metallonitrene from hydroxylamine derivatives

  Scheme 12. Classical intermolecular nitrene transfer reactions

2. 4

 4 Introduction to the ProjectOur group has been working on the development of new and sustainable methodologies to access a variety of privileged structures which can be further functionalised. Hydroxylamine derivatives are one of the cleanest and least hazardous nitrene precursors that have been developed to date. The formation of metallonitrenes from such precursors do not require the use of an additional oxidant, and the by-

Scheme 23 .

 23 Scheme 23. Iron catalysed aminobenzoylation (left) and aminoazidation (right) of alkenes

Figure 3 .

 3 Figure 3. Biologically active compounds containing aziridines

Scheme 25 .

 25 Scheme 25. General methods to synthesise aziridines

Scheme 32 .

 32 Scheme 32. Iron catalysed aziridination of alkenes using MCP ligands by Roizen

Scheme 43 .

 43 Scheme 43. Formation of N-tosyl hydroxylamine derivatives

N-

  Ts derivatives with various acyl groups were trialled. Both the O-benzoyl and O-pivaloyl derivatives (2a and 2b) showed excellent reactivity giving 80 and 81 % yield of the aziridine and complete conversion was seen. The O-acetyl hydroxylamine 2c, however, only gave trace amounts of the desired aziridine without complete conversion of the hydroxylamine derivative. The N-nosyl-O-benzoyl derivative 6 was then trialled. Due to the facile deprotection of the nosyl group in comparison to the

  -Opening ReactionsAn interesting feature of aziridines is their ability to be opened in a regiospecific way by various nucleophiles. To show the easiness of this opening, the aziridine 11a was used for two model ring opening reactions. Firstly, refluxing the aziridine in water overnight gives near quantitative yields of the addition of the alcohol on the benzylic position (Scheme 50, left, 15). The addition of an azide was achieved by the addition of NaN3 in the presence of cerium(III) chloride heptahydride, in a 9:1 mixture of ACN and water under reflux for 5 hours. The addition of the azide occurred on the benzylic position,

  Scheme 51. Ligand optimisation for asymmetric aziridination of alkenes

Scheme 52 .

 52 Scheme 52. Optimisation for asymmetric aziridination of hexene

Figure 4 .

 4 Figure 4. Diagram of cyclic voltammetry cell

Figure 5 .

 5 Figure 5. Cyclic voltammetry of a) PyBox L1 ( 4 mM) c) Styrene 10a (10 mM) and d) TsNHOBz 2a (8 mM) towards oxidation and b) Phenanthroline (4 mM) towards reduction in ACN under argon at 24 o C with nBu4NBF4 (0.1 mM) as a supporting electrolyte at a scan rate of 0.5 V/s using a glassy carbon electrode (3 mm)

Figure 6 .

 6 Figure 6. Cyclic voltammetry of a) Fe(OAc)2 (4 mM) and increasing concentrations of PyBox L1 (4mM and 8mM) and b) Fe(OTf)2 (4 mM), PyBox (8mM) and TsNHOBz 2a (4 mM) towards oxidation in ACN under argon at 24 o C with nBu4NBF4 (0.1 mM) as a supporting electrolyte at a scan rate of 0.5 V/s using a glassy carbon electrode (3 mm)
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 7810 Figure 7. Cyclic voltammetry of a) Fe(OTf)2 (4 mM) and increasing concentrations of phenanthroline (4mM, 8mM and 12mM) and b) Fe(OTf)2 (4 mM), phenanthroline (12mM) and TsNHOBz (4 mM) towards oxidation in ACN under argon at 24 o C with nBu4NBF4 (0.1 mM) as a supporting electrolyte at a scan rate of 0.5 V/s using a glassy carbon electrode (3 mm)

Figure 11 .

 11 Figure 11. Data plot of kinetic study

Figure 12 .

 12 Figure 12. kobs of the kinetic study at varying concentrations of hexene

Figure 13 .

 13 Figure 13. kobs of the kinetic study at varying concentrations of TsNHOBz

  Scheme 56. Proposed Mechanism for aziridination of alkenes

Figure 14 .

 14 Figure 14. Natural products and pharmaceuticals containing 1,2-functionalised amines

Figure 15 . 1 , 2 -

 1512 Figure 15. 1,2-diamine and 1,2-amino alcohol ligands

Scheme 72 .

 72 Scheme 72. Iron catalysed amino fluorination of alkenes by Hao Xu

N

  and C-O bond, and is entirely atom economical. This method can be rationalised firstly from the formation of the iron-nitrene from the oxidative addition of the hydroxylamine onto the iron, releasing the oxygenated group (-OR 2 ) (Scheme 74). The iron-nitrene intermediate then can react with the alkene to form an aminated intermediate which then reacts with the cleaved nucleophilic group (-OR 2 ) to form the difunctionalised product.

  89 a) Colomer, I.; Chamberlain, A. E. R.; Haughey, M. B.; Donohoe, T. J. Nat Rev Chem 2017, 1, 0088. b) Motiwala, H. F.; Armaly, A. M.; Cacioppo, J. G.; Coombs, T. C.; Koehn, K. R. K.; Norwood, V. M.; Aubé, J.Chem. Rev. 2022, 122, 12544-12747. 

Scheme 74 .

 74 Scheme 74. General mechanism for iron catalysed intermolecular oxyamination of alkenes

  Scheme 75. Scope of oxyamination reaction

  Scheme 78. Gram-scale oxyamination reaction

Scheme 80 .

 80 Scheme 80. Removal of protecting groups on oxyaminated product

Figure 16 .

 16 Figure 16. Biologically active molecules containing an a-amino moiety

  Scheme 83. General Strategies to synthesise α-amino carbonyl compounds

Scheme 89 .

 89 Scheme 89. Iridium catalysed α-amination of ketones by Naoto

Scheme 93 .

 93 Scheme 93. Iridium catalysed α-amination of silyl enol ethers by Chang

5. 4

 4 Realisation of the Project a) Initial ExperimentsThe initial conditions trialled for the α-amination of silyl enol ethers was the optimised conditions for the aziridination of styrenes. Using 1 equivalent of TsNHOBz (2a) and 2.5 equivalents of the trimethylsilyl enol ether (29), Fe(OAc)2 (10 mol %), Pybox ligand (10 mol %) in ACN at 70 o C for 18 hours, 35 % of the corresponding α-aminated product could be isolated (Scheme 95, 30).

Scheme 95 .

 95 Scheme 95. Initial results for the α-amination of diphenyl diketone and silyl enol ether

  of the reaction was first assessed. Reducing the temperature from 70 o C to 50

  to 70 o C after 18 hours, for 6 hours more.

Scheme 97 .

 97 Scheme 97. Optimised conditions for the iron-catalysed intermolecular aziridination of alkenes

  Scheme 99. Iron-catalysed oxyamination of alkenes
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 8 , 7.63(t, J = 7.5 Hz, 1H, HAr), 7.46 (t, J = 8.0 Hz, 2H, HAr), 7.28 (d, J = 8.0 Hz, 2H, HAr), 2.40 (s, 3H, Hb) ;13 C NMR (CDCl3, 125 MHz, ppm) δ = 165.0 (CO), 145.8 (C-SO2), 134.6 (CAr), 132.2 (CAr), 129.9 (CAr), 128.CAr), 128.7 (CAr), 128.8 (CAr), 125.7 (CAr), 21.7 (Cb) ; HRMS (ESI): m/z calcd for C14H12NO4S [M -H + ] 290.0492 found 290.0492; IR (ν = cm -1 ) 3358,

  -trimethyl benzoyl chloride to afford 2e as a white solid m = 225 mg, 73 % yield ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 9.29 (s, 1H, Ha), 7.85 (d, J = 8.0 Hz, 2H, HAr), 7.34 (d, J = 8.0 Hz, 2H, HAr), 6.83 (s, 2H, HAr), 2.44 (s, 3H, Hb), 2.28 (s, 3H, Hc/d), 2.09 (s, 6H, Hc/d); 13 C NMR (CDCl3, 125 MHz, ppm) δ = 168.1 (CO), 145.7 (C-SO2), 141.4 (CAr), 136.9 (CAr), 132.7 (CAr), 130.0 (CAr), 129.0 (CAr), 128.8 (CAr), 125.4 (CAr), 31.0 (Cd), 21.7 (Cb/c), 21.2 (Cb/c) ; mp. : 110.8-116.9 °C.

  solid m = 344.3 mg, 75 % yield ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 9.06 (s, 1H, Ha), 8.34 (s, 2H, He), 8.14 (s, 1H, HAr), 7.85 (d, J = 8.0 Hz, 2H, HAr), 7.35 (d, J = 8.0 Hz, 2H, HAr), 2.45 (s, 3H, Hb) ; 13 C NMR (CDCl3, 125 MHz, ppm) δ = 162.7 (CO), 146.4 (C-SO2), 133.0 (CAr), 132.8 (q, J = 34.6, CAr), 132.0 (CAr), 130.2 (CAr), 129.8 (q, J = 5.3 Hz, CAr), 128.8 (CAr), 128.2 (CAr), 128.0-127.8 (m, CAr), 122.5 (q, J = 275.6 Hz, CAr), 21.8 (Cb); mp. : 133.2-134.9 o C.

  H NMR (CDCl3, 500 MHz, ppm) δ = 9.16 (s, 1H, Ha), 7.84 (dt, J = 2.0 Hz, 8.5 Hz, 2H, HAr), 7.74(d, J = 8.5 Hz, 1H, HAr), 7.48 (d, J = 2.0 Hz, 2H, HAr), 7.34-7.32 (m, 3H, HAr), 2.43 (s, 3H, Hb) Procedure for the synthesis of N-(benzoyloxy)-4-nitrobenzenesulfonamide -6Triethylamine (4.13 mmol, 1.1 equiv.) was added to a solution of N-Boc hydroxylamine (3.76mmol, 1 equiv.) in Et2O (C = 0.2 M, 12.5 mL) at 0 o C. A solution of benzoyl chloride(4.13 mmol, 1.1 equiv.) in Et2O (1 mL) was then added dropwise to the reaction. The mixture was stirred at 0 o C for 4-8 h. The reaction was followed by TLC until the starting material was fully consumed. The solution was filtered over a pad of celite®. The filtrate was washed with a saturated aqueous NaHCO3 solution(20 mL) and the aqueous phase was extracted with ethyl acetate(3 x 20 mL). The combined organic phases were washed with brine (20 mL), dried over MgSO4, and concentrated under reduced pressure to afford Obenzoyl-N-(pivaloyloxy)-hydroxylamine, 5, as a white solid (750 mg, 84 %). DMAP (15.45 mg, 0.13 mmol, 0.1 equiv.) and NsCl (266.21 mg, 1.201 mmol, 0.95 equiv.) was added to a solution of O-benzoyl-N-(pivaloyloxy)-hydroxylamine (5) (300 mg, 1.26 mmol, 1 equiv.) in DCM (C = 0.2 M, 6.5 mL). Triethylamine (0.35 mL, 2 equiv.) was then added slowly to the mixture and the reaction was left to stir at room temperature for 15 h. The reaction was washed with saturated aqueous NH4Cl solution(3 x 20 mL), and the aqueous phase was extracted with ethyl acetate. The combined organic phases were dried over MgSO4 and concentrated under reduced pressure. The residue was purified by silica gel flash column chromatography (eluent: cyclohexane/Ethyl acetate from 50:50 to 0:100) to give N-(benzoyloxy)-4-nitrobenzenesulfonamide, 6, as a slightly yellow solid (301 mg, 78 %).

  Trifluoromethanesulfonic acid(2.78 mmol, 1.1 equiv.) was added dropwise to a solution of O-benzoyl-N-(pivaloyloxy)hydroxylamine 5(2.53 mmol, 1 equiv.) in Et2O (C = 0.2 M, 13 mL) at 0 o C, where a precipitate was immediately formed. The suspension was stirred at 0 o C for 4 h. The reaction was then filtered and the solid was washed with cold pentane several times to afford the desired product as a white solid (700 mg, 96 %).Analytical data in accordance to the literature.118 White solid, m = 700 mg, 96 % yield ;1 H NMR (CDCl3, 500 MHz, ppm) δ = 8.03 (d, J = 7.5 Hz, 2H, Hc), 7.73 (t, J = 7.5 Hz, 1H, Ha), 7.56 (t, J = 8.0 Hz, 2H, Hb) ; 13 C NMR (CDCl3, 125 MHz, ppm) δ = 164.8 (CO), 136.8 (CAr), 131.3 (CAr), 130.7 (CAr), 126.5 (CAr), 122.1 (q, J = 318.40 Hz, -OTf) ; IR (ν = cm -1 ) 3474,

  H NMR (CDCl3, 500 MHz, ppm) δ = 9.31 (s, 1H, Ha), 8.11 (dd, J = 1.5 Hz, 8.5 Hz, 2H, HAr), 7.63 (tt, J = 1.5 Hz, 7.5 Hz, 1H, HAr), 7.48 (tt, J = 1.5 Hz, 8.5 Hz, 2H, HAr), 1.33 (s, 9H, Hb); 13 C NMR (CDCl3, 125 MHz, ppm) δ = 176.9 (CO), 165.4 (CO), 134.2 (CAr), 130.0 (CAr), 128.7 (CAr), 126.7 (CAr), 38.8 (Cquat), 27.2 (Cb) ; HRMS (ESI): m/z calcd for C12H16NO3 [M + H + ] 222.10855, found 222.11298; IR (ν = cm -1 ) 3190,

6 (

 6 H NMR (CDCl3, 500 MHz, ppm) δ = 7.86 (d, J = 8.0 Hz, 2H, Ha), 7.65 (t, J = 8.0 Hz, 1H, Hc), 7.73 (t, J = 8.0 Hz, 2H, HAr) ; 13 C NMR (CDCl3, 125 MHz, ppm) δ = ; 153.9 (CO), 133.8 (CAr), 129.4 (CAr), 126.CAr), 120.2 (CAr), 63.6 (Cquat).

  Analytical data in accordance to the literature.120 White solid, m = 350 mg, 97 % yield ;1 H NMR (CDCl3, 500 MHz, ppm) δ = 7.88 (d, J = 8.0 Hz, 2H, Ha), 7.64 (s, 1H, Ha), 7.36 (t, J = 8.0 Hz, 2H, HAr), 2.46 (s, 3H, Hb), 1.30 (s, 9H, Hc) ; 13 C NMR (CDCl3, 125 MHz, ppm) δ = ; 154.1 (CO), 146.0 (C-SO2), 130.5 (CAr), 129.7 (CAr), 129.7 (CAr), 83.9 (Cquat), 27.7 (Cb), 21.8 (Cc).

7 (

 7 C NMR (CDCl3, 125 MHz, ppm) δ = 160.8 (Cquat), 147.0 (CAr), 137.2 (CAr), 125.CAr), 79.7 (Cc), 68.0 (Cquat), 28.4 (Cd); HRMS (ESI): m/z calcd for C15H20N3O2 [M + H + ] 274.15108, found 274.15454; IR (ν = cm -1 ) 3430,

( E )

 E -buta-1,3-dien-1-ylbenzene -20a Analytical data in accordance with the literature. 128 Colourless oil, m = 365 mg, 67 % yield ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 7.40 (d, J = 8.0 Hz, 2H, HAr), 7.32 (t, J = 7.5 Hz, 2H, HAr), 7.22 (d, J = 7.5 Hz 1H, HAr), 6.79 (dd, J = 10.5 Hz, 16.0 Hz, 1H, Hd), 6.57(d, J = 16.5 Hz, 1H, Hc), 6.52-6.47 (m, 1H, Hb) 5.34 (d, J = 17.0 Hz, 1H, Ha), 5.18 (d, J = 10.0 Hz, 1H, Ha).128 Zhu, S.; Guo, Z.;Huang, Z.; Jiang, H. Eur. J. Chem. 2014, 20, 2425-2430. 

0 (

 0 1 H NMR (CDCl3, 500 MHz, ppm) δ = 7.85(d, J = 8.5 Hz, 2H, HAr ), 7.33 (d, J = 8.5 Hz, 2H, HAr), 7.28-7.24 (m, 2H, HAr), 7.15 (d, J = 8.0 Hz, 2H, HAr), 3.73 (dd, J = 4.0 Hz, 7.0 Hz, 1H, Hb), 2.98 (d, J = 7.5 Hz, 1H, Ha), 2.44 (s, 3H, Hc), 2.34 (d, J = 4.5 Hz, 1H, Ha); 13 C NMR (CDCl3, 125 MHz, ppm) δ = 144.9 (C-SO2), 135.0 (CAr), 134.4 (CAr), 133.8 (CAr), 130.CAr), 128.9 (CAr), 128.1 (CAr), 128.0 (CAr), 40.4 (Cb), 36.2 (Ca), 21.8 (Cc); IR (ν = cm -1 ): 2922, 1596,

  Analytical data in accordance with the literature.128 White solid, m = 44.6 mg, 81 % yield ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 7.85(d, J = 8.0 Hz, 2H, HAr), 7.31 (d, J = 8.5 Hz, 2H, HAr), 7.27-2.24 (m, 3H, HAr), 7.20-7.19 (m, 2H, HAr), 3.75 (d, J = 7.0 Hz, 1H, Hb), 2.95 (d, J = 7.5 Hz, 1H, Hacis), 2.41 (s, 3H, Hc); 13 C NMR (CDCl3, 125 MHz, ppm) δ = 144.9 (C-SO2), 135.2 (CAr), 135.1 (CAr), 130.0 (CAr), 128.8 (CAr), 128.5 (CAr), 128.1 (CAr), 126.8 (CAr), 41.2 (Cb), 35.9 (t, J = 27.0 Hz, Ca), 21.9 (Cc); HRMS (ESI): m/z calcd for C15H15DNO2S [M + H + ] 275.0920, found 275.0866 ; IR (ν = cm -1 ) 3060, 2926,

1 (

 1 White solid, 78 % yield (cis/trans ratio = 25:75); 1 H NMR (CDCl3, 500 MHz, ppm) δ = 7.87(d, J = 8.5 Hz, 2H, HAr), 7.33 (d, J = 8.0 Hz, 2H, HAr), 7.30-7.27 (m, 3H, HAr), 7.24-7.20 (m, 2H, HAr), 3.77 (d, J = 5.0 Hz, 1H, Hb), 2.43 (s, 3H, Hc), 2.38 (d, J = 4.5 Hz, 1H, Ha-trans); 13 C NMR (CDCl3, 125 MHz, ppm) δ = 144.8 (C-SO2), 135.2 (CAr), 135.1 (CAr), 129.9 (CAr), 128.7 (CAr), 128.4 (CAr), 128.CAr), 126.7 (CAr), 41.1 (Cb), 35.8 (t, J = 25.7 Hz, Ca), 21.9 (Cc); m.p. 84-85 °C.

50 (

 50 White solid, m = 69.6 mg, 73 % yield ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 8.03-8.00(m, 2H, HAr), 7.70 (d, J = 8.0 Hz, 2H, HAr), 7.35-7.30 (m, 5H, HAr), 7.25-7.23 (m, 2H. HAr, HAr), 7.13-7.09 (m, 2H, HAr), 5.95 (dd, J = 4.5 Hz, 8.0 Hz, 1H, Hc), 4.80 (t, J = 6.5 Hz, Ha), 3.55-3.43 (m, 2H, Hb), 2.40 (s, 3H, Hd); 13 C NMR (CDCl3, 125 MHz, ppm) δ = 165.8 (d, J = 254.5 Hz, CAr), 164.56 (CO), 143.59 (C-SO2), 136.8 (d, J = 15.9 Hz, CAr), 132.3 (d, J = 9.5 Hz, CAr), 129.8 (CAr), 128.8 (d, J = 7.8 Hz, CAr), 126.95 (CAr), 126.34 (CAr), 125.7 (d, J = 3.2 Hz, CAr), 115.6 (d, J = 22.0 Hz, CAr), 74.69 (Cc), 47.80 (Cb), 21.Cd); 19 F{H} NMR (CDCl3, 500 MHz, ppm) δ = -104.75; HRMS (ESI): m/z calcd for C22H21FNO4S [M + H + ] 414.1170, found 414.1146; IR (ν = cm -1 ) 3288,

  Analytical data in accordance with the literature.133 White solid, m = 67.8 mg, 71 % yield ;1 H NMR (CDCl3, 500 MHz, ppm) δ = 7.99 (dd, J = 1.0 Hz, 8.0 Hz, 2H, HAr), 7.70 (d, J = 8.0 Hz, 2H, HAr), 7.59-7.54 (m, 1H, HAr), 7.42 (t, J = 8.0 Hz, 2H, HAr), 7.33-7.29 (m, 1H, HAr), 7.22 (d, J = 8.5 Hz, 2H, HAr),

8 ( 5 (

 85 White solid, m = 56 mg, 62 % yield ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 1 H NMR (CDCl3, 500 MHz, ppm) δ = 7.98 (dd, J = 1.5 Hz, 8.0 Hz, 2H, HAr), 7.73 (d, J = 8.5 Hz, 2H, HAr), 7.60-7.54 (m, 1H, HAr), 7.42 (t, J = 8.0 Hz, 2H, HAr), 7.34 (dd, J = 1.5 Hz, 8.0 Hz, 1H, HAr), 7.26-7.22 (m, 1H, HAr), 7.20 (d, J = 8.5 Hz, 2H, HAr), 6.99 (d, J = 16.0 Hz, 1H, HAr), 6.90 (t, J = 7.5 Hz, 1H, HAr), 6.85 (d, J = 8.0 Hz, 1H, He), 6.16 (dd, J = 7.0 Hz, 16.0 Hz, 1H, Hd), 5.66-5.60 (m, 1H, Hc), 5.02-4.92 (m, 1H, Ha), 3.83 (s, 3H, Hg), 3.41 (t, J = 6.0 Hz, 2H, Hb), 2.36 (s, 3H, Hf); 13 C NMR (CDCl 3 , 126 MHz, ppm) δ = 165.CO), 157.1 (CO), 143.6 (C-SO2), 137.0 (CAr), 133.3 (CAr), 130.1 (CAr), 129.9 (CAr), 129.6 (CAr), 128.CAr), 127.5 (CAr), 127.1 (CAr), 124.6 (CAr), 124.2 (CAr), 120.7 (CAr), 110.9 (Ce), 74.0 (Cc), 55.5 (Cg), 46.7 (Cb), 21.6 (Cf); HRMS (ESI): m/z calcd for C25H24NO5S [M -H + ] 450.1381, found 450.1389; IR(ν = cm -1 )3675, 3297, 2988, 2970, 2901, 1716, 1697, 1597, 1067; mp. : 108 -112 °C.Réactions de transfert intermoléculaire de nitrène catalysées par le fer utilisant des dérivés d'hydroxylamine comme sources propres de nitrèneRésumé :Les liaisons carbone-azote sont omniprésentes dans un large éventail de composés biologiquement actifs ainsi que dans divers ligands chiraux. La préparation de ces dérivés azotés est généralement basée sur de fastidieuses interconversions de groupes fonctionnels qui rendent les synthèses peu efficaces. Il est donc primordial de développer de nouvelles méthodologies durables pour générer des liaisons C-N. Soucieux de développer des méthodes s'inscrivant dans le domaine d'une chimie plus durable, notre groupe s'intéresse aux nitrènes de fer utilisant des hydroxylamines comme source d'azote, la liaison N-O jouant le rôle d'oxydant endogène. L'addition oxydante de l'hydroxylamine sur un catalyseur de fer forme un intermédiaire de type nitrène de fer, qui peut ensuite participer à diverses réactions. En utilisant ce concept, nous avons au cours de cette thèse mis au point l'aziridination intermoléculaire d'alcènes ainsi que les applications de cette méthodologie. Cela nous a conduit à la découverte, et au développement réussi d'une réaction d'oxyamination où l'hydroxylamine est à la fois la source d'azote et d'oxygène. De façon remarquable, ce processus est totalement économe en atomes permettant la formation monotope de deux liaisons C-N et C-O sans ajout d'additif externe. L'efficacité des procédés développés est démontrée par la capacité à obtenir une grande variété de molécules aminées avec d'excellents rendements. En outre, des études mécanistiques utilisant notamment la voltamétrie cyclique ont contribué à la proposition d'un mécanisme réactionnel hypothétique pour les deux méthodologies. Enfin, nos résultats préliminaires pour le développement de l'alpha-amination d'éthers d'énol silylés sont aussi présentés.

  

  

  

  

Table . 1

 . Entrée

		Fe/Ligand	Solvent	Rdt
	1	Fe(OTf)2/PyBox (10 mol %)	HFIP	79 %
	2	-	HFIP	82 %
	3	-	ACN	0 %

  2.3.2 Intermolecular SulfonylationSulfonimines and sulfoximines are interesting molecules in synthetic chemistry since they are widely used as directing groups for C-H activation as well as their use as intermediates in organic synthesis.Transition metal-catalysed nitrene transfer reactions can allow for the direct functionalisation of organosulfur compounds. Such transformations have been widely researched after the pioneering work of Sauer and Meyer 20 , using various transition metal catalysts and nitrene sources. Similarly to other transition metal nitrene transfer reactions, the reaction mechanism for such transformations are difficult to generalise, however, the general idea for the amination of sulfonated compounds, after the formation of the metallonitrene intermediate, is very similar due to the simplicity of the reaction. Using hydroxylamine derivatives as a source of nitrogen, Xia developed an intermolecular amination of DMSO catalysed by iron (Scheme 15).

Table 1

 1 

	Entry	Ligand	Yield
	1		
		Phenanthroline (20 mol %)	

Table 2 Entry Fe Cat Yield

 2 

		Fe(OAc)2	80 %
	1	Fe(OTf)2	23 %
	2	Fe(Cl)2	47 %
	3	Fe(Br)3	50 %
	4	-	0 %
	5	Cu(OAc)2	trace
	6	CuI	trace
	7 a	Fe(OAc)2	78 %

a 5 mol % of Fe and PyBox.

Table 3

 3 

	Entry	Solvent	Yield
		ACN	80 %
	1	DCM/ACN (9:1)	60 %
	2	ACN + 4 Å MS	66 %
	3	HFIP	0 %

Table 4

 4 

	Entry	2a (equiv.)	10a (equiv.)	T °C, Time	Yield
		1	2.5	70 o C, 18 h	80 %
	1	1	2.5	50 °C, 18 h	76 %
	2	1	2	70 °C, 18 h	77 %
	3	1	1.5	70 °C, 18 h	63 %
	4	2	1	70 °C, 18 h	58 %
	d) Hydroxylamine Nitrogen Source		

Table 5

 5 

	Entry	R 1 /R 2	Fe	Ligand	Yield
		Ts/Piv	Fe(OAc)2	PyBox	Trace
	1	Ts/Bz	Fe(OAc)2	PyBox	10 % (Trans)
	2	Ts/Bz	Fe(OTf)2	PyBox	0 %
	3 a	Ts/Bz	Fe(acac)2	-	0 %
	4	Ts/Bz	Fe(OAc)2	Phenanthroline (20 mol %)	40 %

a Reaction run for 36 h.

Table 6

 6 

	Entry	R 1 /R 2	Yield
		Ts/Bz	40 % (11z)
	1	Ts/Ac	0 %
	2	Ns/Bz	0 %

Table 7 Entry 1

 71 

		(equiv.)	2 (equiv.)	T °C	Yield
		1	2.5	70 o C	40 %
	1 a	1	2.5	70 o C	33 %
	2	1.5	1	70 o C	0 %
	3	1	3	70 o C	43 %
	4	1	2.5	100 o C	21 %

a DCE used as solvent

Table 8

 8 

	Entry	Ligand	Yield
		N	N	40 %
		Phenanthroline	
	1			29 %
		4,7-Diphenyl phenanthroline	
	2			20 %
		4,7-Dimethoxy phenanthroline	
	3	N	N	0 %
		3,4,7,8-Tetramethyl phenanthroline	
	4			0 %
		3,5,6,8 Tetrabromo phenanthroline	
	5	Phenanthroline (40 mol %)	17 %
	6	Phenanthroline (10 mol %)	50 %

Table 9

 9 

	Entry	Fe Cat	Ligand	Yield
		Fe(OAc)2	PyBox	Trace
	1	FeCl2 + AgSbF6 (20 mol %)	PyBox	15 %
	2	Fe(OTf)2	PyBox	37 %
	3 a	Fe(OTf)2	PyBox	17 %
	4 b	Fe(OTf)2	PyBox	30 %
	5	Fe(OTf)2	Phenanthroline (20 mol %)	Trace
	a Fe(OTf)2 and PyBox (5 mol %). b Fe(OTf)2 and PyBox (20 mol %)	

Table 10

 10 

	Entry	Additive (X equiv.)	Yield
		-	37 %
	1	K2CO3	Trace
	2	NEt3	No aziridine formed
	3	Sc(OTf)3	No aziridine formed

Next, various hydroxylamine derivatives were trialled firstly with varying the acyl groups on the oxygen. The use of N-Ts-O-Bz and N-Ts-O-2,4-dichloro benzoyl substrates gave comparable yields of 39 % and 36 % where the former gave a slightly higher yield than the use of TsNHOPiv (Table

11, entry 1 and 2

). The use of the N-nosyl derivative gave a slightly reduced yield of the corresponding Nnosyl aziridine (Table

11

, entry 3).

Table 12

 12 

	Entry	Solvent	Yield
		ACN	39 %
	1	DCE	25 %
	2	MeOH	Trace
	3	THF	No aziridine formed
	4	HFIP	58 %
	5	ACN/HFIP 4:1	45 %
	6	MeNO2	47 %
	7 a	HFIP	-

a no iron or ligand used.

Although the reactions are performed in a sealed tube, to prevent the evaporation of the reagents and solvent. It is worthy of note that the boiling point of hexene is 63 o C whereas the reactions are stirred at 70 o C. The reaction temperature was then reduced first to 60 o C then to 50 o C and an increase of the yield was observed

(62 % and 68 %, respectively, Table 

Table 13

 13 

	Entry	T °C, Time	Yield
		70 o C	58 %
	1	60 °C	62 %
	2	50 °C	68 %
	3 b	40 °C	-
	4 c	50 o C	75 %

b reaction run for 4 days, c use of distilled hexene.

  Lou, S; Fu, G, C. Org. Synthesis, 2010, 87, 310-316. 
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a) Sabir, S.; Kumar, G.; Verma, V. P.; Jat, J. L. ChemistrySelect. 2018,
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  They initially found that the presence of the NH group is essential for the formation of the ironnitrene intermediate. Additionally, radical clock experiments using a cyclopropyl alkene derivative

86 

Chatterjee, S.; Harden, I.; Bistoni, G.; Castillo, R. G.; Chabbra, S.; van Gastel, M.; Schnegg, A.; Bill, E.; Birrell, J. A.; Morandi, B.; Neese, F.; DeBeer, S. J. Am. Chem. Soc. 2022, 144, 2637-2656. 87 a) Lu, D.-F.; Zhu, C.-L.; Jia, Z.-X.; Xu, H. J. Am. Chem. Soc. 2014, 136, 13186-13189. b) Zhu, C.-L.; Lu, D.-F.; Sears, J.; Jia, Z.-X.; Xu, H. Synthesis 2016, 48, 3031-3041. Scheme 70. Proposed mechanism for the Fe(II)(acac)2 catalysed difunctionalisation of alkenes by Morandi 71).

Table 16

 16 

	Entry	Solvent	Yield
		HFIP	63 %
	1	TFE	0 %
	2	CH3NO2	0 %
	3	iPrOH	trace
	a) Iron Source		

Different iron sources, both Fe(II) and Fe(III), were next evaluated; Keeping the PyBox ligand and changing the iron salt from iron(II) acetate to iron(II) triflate showed a slight increase in reactivity as the yield of the desired product, 17a, increased to 67 % (Table

17

, entry 1). Interestingly, the use of iron(II) sulfate heptahydrate gave an excellent yield of 73 % (Table

Table 17

 17 

	Entry	Iron	Ligand	Yield
		Fe(OAc)2	PyBox	63 %
	1	Fe(OTf)2	PyBox	67 %
	2	Fe(SO4).7H2O	PyBox	73 %
	3	FeCl2	PyBox	66 %
	4	FeBr3	PyBox	45 %
	5	Fe(SO4).7H2O	-	0 %
	6	CuI	PyBox	Trace
	7	Cu(OAc)2	PyBox	Trace
	8	-	-	0 %
	b) Ligand Selection			

Table 18

 18 

	Entry	Ligand	Yield
			63 %
		PyBox	
	1 a		47 %
		Phenanthroline	

Table 20

 20 

	Entry	Additive (20 mol %)	Yield A
		-	73 %
	1	Triflic acid	0 %
	2	TFA	Trace
	3 a	TsOH	0 %
	4 a	Diphenyl-Phosphoric acid	0 %
	5	Na2CO3	30 %
	6	Pyridine	71 %
	7 b	Pyridine	60 %
	8 a	NEt3	68 %

a FeSO2.7H2O (10 mol %) used as catalyst.

b 

1 equiv. of pyridine added.

Table 21

 21 

	Entry	Hydroxylamine	Yield	
	1	Boc/Bz (5)	0 %	17a
	2	Ns/Bz (6)	61 %	17h
	4.3.2 Scope and Limitations		

a) Scope of Alkenes

Table 22

 22 

	Entry	Additive	Solvent	Yield of addition of Nu	Yield of 17a
	1	NaCl	HFIP	0 %	67 %
	2 a	NaCl	HFIP	0 %	50 %
	3	NaN3	HFIP	0 %	55 %
	4	NaI	HFIP	0 %	0 %
	5	NaBr	HFIP	0 %	64 %
	6	NaOH	HFIP	0 %	0 %
	7	TMSN3	HFIP	Trace	0 %
	8 b	TMSN3	HFIP	Trace	0 %
	9 c	TMSN3	HFIP	Trace	0 %
	10	Allyl TMS	HFIP	0 %	20 %
	11	Benzyl alcohol	HFIP	0 %	68 %
	12	Phenol	HFIP	0 %	trace

a 

3 equiv. of additive used. b Fe(OTf)2 (10 mol %). c Fe(OTf)2 (10 mol %) and TsNHOPiv

(1 equiv.) 

Table 23

 23 

	Entry	Fe	Solvent	Product	Yield
	1	FeSO4.7H2O	HFIP/Methanol	26	36 %
	2	FeSO4.7H2O	HFIP/TFE	27	0 %
	3	FeSO4.7H2O	HFIP/H2O	15	0 %
	4	Fe(OTf)2	HFIP/Methanol	26	54 %
	5	Fe(OTf)2	HFIP/TFE	27	65 %
	6	Fe(OTf)2	HFIP:H2O	15	57 %

Table 24

 24 

	Entry	Fe/Ligand	Solvent	Yield
	1	Fe(OTf)2/PyBox (10 mol %)	HFIP	79 %
	2	-	HFIP	82 %
	3	-	ACN	0 %
	b) Mechanistic Experiments		

Table 25

 25 

	Entry	TEMPO (x mol %)	Yield
	1	10 mol %	61 %
	2	50 mol %	47 %
	3	1 equiv.	26 %

  The subsequent coordination of the dioxazolone and N-O bond cleavage forms the iridium-nitrene intermediate. This intermediate was observed via FAB-MS (Scheme 89, d06). The release of carbon dioxide is observed from the formation of the nitrene. Then the insertion of the nitrene to the desired α-position forms the desired α-aminated ketone. These results were further confirmed by Zheng who performed theoretical studies on the iridium 101 Hwang, Y.; Baek, S. B.; Kim, D.; Chang, S. J.Am. Chem. Soc. 2022, 144, 4277-4285. 102 Mahato, S. K.; Ohara, N.; Khake, S. M.; Chatani,N. ACS Catal. 2021, 11, 7126-7131. 

	Scheme 88. Iridium catalysed α-amination of alkenyl alcohols by Chang

Table 26

 26 

	Entry	Iron	Yield
		Fe(OAc)2	35 % a
	1	Fe(OAc)2	50 %
	2	Fe(OTf)2	79 % *
	3	FeSO4.7H2O	60 % *
	a Using 2.5 equiv. of 29. * Product isolated with impurities (approx. 25 %)	
	5.4.2 Optimisation of Intermolecular α-Amination	

Table 27

 27 Next the variation of the iron salt and ligand was then assessed. Commencing with the iron salts, both Fe(II) and Fe(III) show reactivity for this reaction. The use of iron(III) acetyl acetone showed a slightly reduced reactivity. A moderate 43 % yield of the desired product, 30, was obtained using this iron salt (Table28, entry 1). The use of iron(II) salts was then assessed. Where previously at 70 o C iron(II) triflate gave the desired product with the formation of impurities, running the reaction with slightly different conditions with this iron salt gave a yield of 45 % of the desired pure product, 30 (Table28, entry 2). iron(II) chloride showed an reactivity resulting in the desired product 30 being isolated in a low 24 % yield (Table28, entry 3). Moreover the isolated product was not pure. There were numerous amounts of side products in the crude mixture, although it is unsure what impurities are formed due to the inability to completely isolate them. Finally iron(II) sulfate heptahydrate was trialled. The reaction gave a slightly lower, but comparable yield to that seen with iron(II) acetate(53 % yield, Table 28, entry 4). However, the crude NMR and TLC for the reaction with this iron salt were cleaner than with iron(II) acetate. Because of the convenience of using this iron salt, iron(II) sulfate heptahydrate was used to continue the optimisation.

	Entry	Temp o C	Time h	Yield
		70	18	50 %
	1	50	18	52 %
	2	rt	18	56 %

Table 28

 28 

	Entry	Iron Cat (10 mol %)	Yield
		Fe(OAc)2	56 %
	1	Fe(acac)3	43 %
	2	Fe(OTf)2	45 %
	3	FeCl2	24 %
	4	FeSO4.7H2O	53 %

Table 30

 30 

	Entry	Ligand (10 mol %)	Yield
			53 %
		L1	
		N	
	1		45 %
		L2	
	2		59 %
		L3	
	3		55 %
		L4	
	4		32 %
		L5	

Table 31

 31 

	Entry	Solvent	Yield
		ACN	53 %
	1	DCM	15 %
	2	DCE	Trace
	3	HFIP	Trace
	e) Hydroxylamine Derivative		
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Scheme 101. Iron catalysed intermolecular α-amination of silyl enol ethers Figure 17. Possible post functionalisation of L7 Publications 1.
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  ,3.73 (dd, J = 4.5 Hz, 7.0 Hz, 1H, Hb), 2.97 (d, J = 7.0 Hz, 1H, Ha), 2.44 (s, 3H, Hc), 2.34 (d, J = 4.0 Hz, 1H, Ha); 13 C NMR (CDCl3, 125 MHz, ppm) δ = 144.9 (C-SO2), 137.3 (CAr), 134.8 (CAr), 134.6 (CAr), 129.9 (CAr), 129.8 (CAr), 128.5 (CAr), 128.0 (CAr), 126.6 (CAr), 124.9 (CAr), 40.1 (Cb), 36.1 (Ca), 21.7 (Cc) ; HRMS (ESI): m/z calcd for C15H15ClNO2S [M + H + ] 308.0467, found 308.0499; IR (ν = cm -1 ) 3068,

  ; HRMS (ESI): m/z calcd for C15H15ClNO2S [M + H+] 308.0512, found 308.0499. mp. :112-113 °C. White oily solid m = 23.1, 40 % yield ; 1 H NMR (CDCl3, 500 MHz, ppm) δ = 7.68 (d, J = 8.0 Hz, 2H, HAr ), 7.21 (d, J = 8.5 Hz, 2H, HAr), 7.19-7.12 (m, 3H, HAr), 7.09-7.01 (m, 2H, HAr), 2.97-2.92 (m, 1H, Hb), 2.80 (dd, J = 5.5 Hz, 14.5 Hz, 1H, Ha), 2.67-2.71 (m, 2H, Hc), 2.42 (s, 3H, Hd), 2.15 (d, J = 4.5 Hz, 1H, Ha) ; 13 C NMR (CDCl3, 125 MHz, ppm) δ = 144.3 (C-SO2), 136.9 (CAr), 134.7 (CAr), 129.5 (CAr), 128.7 (CAr), 127.8 (CAr), 126.4 (CAr), 41.1 (Cc), 37.4 (Cb), 32.8 (Ca), 21.6 (Cd); HRMS (ESI): m/z calcd for C16H16NO2S [M -H + ] 286.0907, found 286.0915; IR (ν = cm -1 ) 3027,

	2-benzyl-1-(4-methylbenzenesulfonyl)aziridine -13i			
	Compound	was	prepared	using	aziridination	procedure	and	N-(benzoyloxy)-4-
	methylbenzenesulfonamide; Colourless/				

  , 2.38 (s, 3H);13 C NMR (CDCl3, 125 MHz, ppm) δ = 165.39 (CO), 143.78 (C-SO2), 139.05 (CAr), 136.82 (CAr), 134.82 (CAr), 133.61 (CAr), 130.19 (CAr), 129.87 (CAr), 129.22 (CAr), 128.97 (CAr), 128.57 (CAr), 127.00 (CAr), 126.49 (CAr), 124.67 (CAr), 73.96 (Cc), 47.78 (Cb), 21.58 (Cd) ; HRMS (ESI): m/z calcd for C22H19ClNO4S [M -H + ] 428.0729, found 428.0730; IR (ν = cm -1 ) 3674, 3336, 2988, 2901, 1714, 1600; mp. : 103 -108 °C.

  , 2.38 (s, 3H, Hd/e), 2.37 (s, 3H, Hd/e) ;13 C NMR (CDCl3, 125 MHz, ppm) δ = 165.55 (CO), 143.56 (C-SO2), 136.97 (CAr), 135.47 (CAr), 135.32 (CAr), 133.30 (CAr), 130.73 (CAr), 129.77 (CAr), 129.70 

(CAr), 129.

52 (CAr), 128.46 (CAr), 128.42 (CAr), 126.96 (CAr), 125.51 (CAr)

, 72.00 (Cc), 47.06 (Cb), 21.52 (Cd), 19.07 (Ce); HRMS (ESI): m/z calcd for C23H22NO4S [M -H + ] 408.12750, found 408.12804; IR (ν

= cm -1 )

3672, 3301, 2963, 2928, 2347, 1700, 1600; mp. : 119 -124 °C. 

L'objectif de ce travail de thèse était de développer l'utilisation des hydroxylamines pour réaliser des transferts de nitrènes intermoléculaires par catalyse au fer. Dans un premier temps, nous avons souhaité mettre au point une aziridination d'alcènes intermoléculaire (Schéma 4). L'utilisation de dérivés d'hydroxylamine comme précurseurs de nitrène permet la formation d'un intermédiaire fer-nitrène qui peut ensuite réagir avec un alcène pour former une aziridine. L'utilisation de catalyseurs de fer et de dérivés d'hydroxylamine bon marché, abondants et non toxiques peut permettre un accès direct aux aziridines de manière durable. L'optimisation des conditions réactionnelles a été effectuée en utilisant le styrène comme alcène modèle et la N-tosyl-O-pivaloylhydroxylamine (TsNHOPiv) comme source d'azote. Après avoir testé une variété de conditions dont la nature du sel de fer, des ligands et des solvants, la réaction a pu être optimisée. L'utilisation d'acétate de fer (II) (10 mol %) et d'un ligand PyBox (10 mol %), dans de l'acétonitrile à 70 o C pendant 18 heures, permet d'isoler l'aziridine correspondante avec un excellent rendement de 77 %. L'étude de l'étendue de cette réaction a montré qu'elle fonctionnait bien pour les dérivés de styrène contenant à la fois des groupes donneurs et attracteurs d'électrons. Les substituants en position ortho ne semblaient pas affecter la réactivité (Schéma 5). Une optimisation supplémentaire, en utilisant l'hexène comme substrat modèle, a été nécessaire pour étendre le champ d'application aux alkyl alcènes terminaux. Pour ceux-ci l'utilisation du dérivé d'hydroxylamine TsNHOBz comme précurseur de nitrène et d'un excès d'alcène (2,5 équiv.) s'avère efficace en utilisant du triflate de ferSchéma 4. Aziridination d'alcènes catalysée par le fer Schéma 3. Formation d'un intermédiaire aziridine bicyclique

Annapureddy, R. R.; Burg, F.; Gramüller, J.; Golub, T. P.; Merten, C.; Huber, S. M.; Bach, T. Angew.Chem. Int. Ed. 2021, 60, 7920. 

Wu, Y.; Chen, K.; Ge, X.; Ma, P.; Xu, Z.; Lu, H.; Li, G. Org. Lett. 2020, 22, 6143-6149. Scheme 16. Silver-catalysed asymmetric sulfimidation by Bach

Rodríguez, M. R.; Besora, M.; Molina, F.; Maseras, F.; Díaz-Requejo, M. M.; Pérez, P. J. J. Am. Chem. Soc. 2020, 142, 13062-13071.Scheme 20. Silver catalysed intermolecular functionalisation of allenes by Pérez

a) Jat, J. L.; Yadav, A. K.; Pandey, C. B.; Chandra, D.; Tiwari, B. J. Org. Chem. 2022, 87, 3751-3757. b) Jat, J. L.; Chandra, D.; Kumar, P.; Singh, V.; Tiwari, B. Synthesis 2022, 54, 4513-4520.

Elgrishi, N.; Rountree, K. J.; McCarthy, B. D.; Rountree, E. S.; Eisenhart, T. T.; Dempsey, J. L. J.Chem. Educ. 2018, 95, 197-206.Scheme 55. Deuterium labelling experiments

Ma, X.; Hazelden, I. R.; Langer, T.; Munday, R. H.; Bower, J. F. J. Am.Chem. Soc. 2019, 141, 3356-3360. 

Ali, M. A.;Yao, X.;Sun, H.; Lu, H. Org. Lett. 2015, 17, 1513-1516. 

Sheradsky, T.;Salemnick, G.; Nir, Z. Tetrahedron. 1972, 28, 3833-3843. 

Chen, X.; Huang, Z.; Xu, J. Adv. Synth. Catal. 2021, 363, 3098-3108. 

)3296, 3067, 1724, 1602, 1513; mp. : 134 -136 °C. 

Abbreviations and Symbols

1,3-DFB:

1,3-Difluorobenzene

J:

Typically, these experiments were performed under stoichiometric conditions due to practicality. A CV was performed, running the cyclic voltammetry with stoichiometric amounts of iron(II) triflate, PyBox and the hydroxylamine (TsNHOBz) where finally there was the addition of hexene, showed an oxidation peak at + 1.47 V. After time, this oxidation peak decreased and eventually disappeared.

Interestingly, the reduction of the intensity of the peak was observed as soon as the hexene was added to the cell, where the complex formed before the addition was stable. This is most probably due to the formation of a species after the addition of hexene, that is not redox active. This then results in the reduction of intensity of the starting species as it is consumed or degrades. To get a more representative example of what may be occurring in the large scale reactions, the cyclic voltammetry was repeated but under catalytic conditions; Meaning that cyclic voltammetry was performed on Fe(OTf)2 and PyBox ( 4mM) with the addition of hexene (40 mM) where the addition of TsNHOBz (40 mM) marked the start of the kinetic study (t=0) (Figure 9). A voltammogram was performed every three minutes until there was no change in the diminishment of the oxidation peak. In this case, the time it took for the complex/species to be fully consumed and the disappearance of the oxidation peak to occur, was over 30 minutes.

Because the oxidation of Fe(II) to Fe(III) in the complex can be seen in this cyclic voltammetry, the rate order (kobs) can only be calculated in respect to the concentration of the iron-PyBox complex.

Where full rate equation would be, 3, 6, 9, 12, 15, 18, 21, 24, 27 and 30 towards oxidation in ACN under argon at 24 o C with nBu4NBF4 (0.1 mM) as a supporting electrolyte at a scan rate of 0.5 V/s using a glassy carbon electrode (3 mm). Electrode was polished in-between scans. Having in hand these base conditions, the optimal ratio of hydroxylamine (2a) and styrene (10a) was then assessed. Reducing the equivalents of styrene from 2.5 to 1.5 equiv. gave comparable yield of 63 % (Table 15, entry 2) in comparison to 64 % for the former. Reversing the equivalents so that the hydroxylamine was in excess (1.5 equiv.) also gave a comparable yield of 65 % (Table 15, entry 2).

The excess of the alkene was kept at 1.5 equiv., for practical reasons, as the rf of the desired product is very similar to that of the hydroxylamine. The temperature of the reaction was then varied, lowering the temperature to 45 o C and increasing it to 100 o C reduced the yield slightly (Table 15, entries 3 and 4, 60 % and 59 % yield respectively). An excess of the alkene and a reaction temperature of 70 o C was used for continuing the optimisation.

More recent developments of this reactivity have utilised hydroxylamine derivatives as nitrene precursors, although it remains more limited than the use of other nitrene precursors. Kürti has reported numerous metal mediated nitrene transfer reactions utilising the unique properties of hydroxylamine derivatives as nitrene precursors. In terms of the α-amination of ketones, they were able to develop a metal catalysed approach in addition to a non-metal mediated approach. 108 Initially the group focused on the non-metal mediated approach using only the aminating reagent, a base, and a fluorinated solvent (HFIP). The reaction, based on an aza-Rubottom mechanism, works well for electron rich enol ethers.

The use of a metal nitrenoid was then considered for less nucleophilic partners (Scheme 92). Copper or di-rhodium catalysts allowed for the transformation to occur, however with the rhodium catalyst being superior to the former. The reaction worked well with silyl enol ethers containing electron withdrawing carboxylate substituents. Interestingly the reaction is reliant on the use of HFIP as a solvent where the addition of a cosolvent reduces the rate of the reaction. They then predicted that HFIP forms solvent aggregates which can aid in the addition of the nitrogen to the enol. The group, for convenience, formed the HCl salt of the aminated products before isolation.

Chang, adding to their library of developed metal-mediated nitrene transfer reactions, reported an iridium catalysed intermolecular α-amination of silyl ketene acetals (Scheme 93). 109 This method uses 

General procedure for iron catalysed aziridination of alkyl alkenes

Fe(OTf)2 (0.02 mmol, 10 mol %) and PyBox ligand L1 (0.02 mmol, 10 mol %) were placed in a sealed tube under argon. HFIP (0.5 mL) was added to the tube and the suspension was stirred at room temperature for 10 min. N-(benzoyloxy)-4-methylbenzenesulfonamide (0.2 mmol, 1 equiv.) was then added to the solution and rinsed with HFIP (1 mL). Hexene (0.5 mmol, 2.5 equiv.) was then added to the mixture, and the tube was immediately sealed and placed at 50 o C to stir for 18h. The reaction was quenched with a saturated aqueous NaHCO3 solution (20 mL), and the aqueous phase was extracted using DCM (3x 20 mL). The combined organic phases were dried over MgSO4 and concentrated under reduced pressure. The crude residue was purified by silica gel flash column chromatography (eluent: cyclohexane/ethyl acetate from 100:0 to 80:20) to afford 2-butyl-1-tosylaziridine as a colourless oil.

Procedure for the synthesis of N-(2-hydroxy-2-phenylethyl)-4-nitrobenzensulfonamide -26a

To a solution of 17h (0.25 mmol, 1 equiv.) 

General Procedure alpha-amination

FeSO4.7H2O (0.02 mmol) and PyBox ligand L1 (0.02 mmol) were placed in a sealed tube under argon. ACN (0.5 mL) was added to the tube and the suspension was stirred at room temperature for 10 min.

N-(benzoyloxy)-4-methylbenzenesulfonamide (0.2 mmol) was then added to the solution and rinsed with ACN (0.5 mL). Trimethyl[(1-phenylethenyl)oxy]silane (0.3 mmol) was then added to the mixture, and the tube was immediately sealed and stirred for 18h at room temperature. The reaction was quenched with a saturated aqueous NaHCO3 solution, and the aqueous phase was extracted using DCM (3x 20 mL). The combined organic phases were then washed with 1 M NaOH ( 10 aziridination of alkenes along with the applications of this methodology. We next discovered, and thus developed an intermolecular oxyamination of alkenes where the hydroxylamine is both the nitrogenand oxygen-source. Notably, this method is completely atom-economical, whereby, both a C-N and C-O bond can be formed in one step without the need for an external additive. The effectiveness of these developed processes is demonstrated by the ability to obtain a wide variety of oxyaminated molecules in good to excellent yields from simple alkene precursors. In addition, mechanistic studies using cyclic voltammetry and a variety of experimental studies have contributed to the proposition of a reaction mechanism for both methodologies. Finally, our preliminary findings for the development of the alphaamination of keto-enol ethers is discussed.
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