Chapter 4: Heteroleptic boryloxide and borylamide alkaline-earth complexes

This chapter describes the synthesis of heteroleptic alkaline-earth complexes bearing bulky boryloxide and borylamide co-ligands. The two families of complexes were characterised in solution and in the solid state, displaying different behaviours.
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General introduction

The alkaline-earth metals consist of the elements of group 2 in the periodic table: Be, Mg, Ca, Sr, Ba and Ra. The isolation of the large metals (Mg, Ca, Sr and Ba) was first established in 19 th century, by Sir Humphry Davy. His approach consisted on decomposing lime and baryta by electrolysing a mixture of alkaline earths with mercury. The prepared amalgams were further distilled from mercury, to give the isolated metals, magnesium, calcium, strontium and barium. [1] The organometallic chemistry of the group 2 metals was long dominated by magnesium compounds, especially with the different applications of Grignard reagents since the 1900's. [2] Beryllium is a highly toxic metal, that demands many precautions to handle it safely. [3] Yet, it was not well developed in organometallic chemistry. In the same manner, no organometallic compounds have been reported for radium, being a radioactive element.

Regarding complexes of the so-called "heavy" alkaline-earth metals calcium, strontium and barium, they are more difficult to prepare than magnesium compounds due to their sensitivity and low stability. The large ionic radii of these elements along with high electropositivity increase their tendency to aggregation, causing speciation and solubility issues. It is not until 1980, after preparing soluble bis(cyclopentadienyl) complexes, [4] that the heavier alkaline-earth metals harvested interest, and started to be further explored in a variety of applications towards synthetic chemistry, materials, and polymer chemistry. [5,6,7] This introduction chapter presents the different properties of the heavy alkaline-earth metals, calcium, strontium and barium, along with the preparation of diverse kinds of relatively stable molecular complexes built around these metals and applications in homogeneous catalysis.

Alkaline-earth metals: properties and challenges

Group 2 elements are exclusively found in nature in the +II oxidation state. The heavy alkalineearth elements calcium, strontium and barium are characterised by their large ionic radii, strong electropositivity and strong polarisability, that increase while descending in the group 2. In contrast, their relative Lewis acidity decreases due to the increase of the volume of the cation (Scheme 1.1). Owing to the small size of magnesium (rMg2+ = 0.72 Å), [8] magnesium Grignard reagents feature low number of coordination and high solubility. Ethyl and methyl groups can effectively saturate the coordination sphere of magnesium, but it is not the case with the larger alkaline-earth metals. In addition, a large difference exists in the charge/size ratio between the different elements affecting their bond polarities. Magnesium, with a higher ratio, along with the difference in electronegativity between Mg (1.31) and C (2.55), presents essentially covalent interactions in nature. [9] The larger elements, Ca (rCa2+ = 1.00 Å, E.N = 1.00), Sr (rSr2+ = 1.18 Å, E.N = 0.95) and Ba (rBa2+ = 1.35 Å, E.N = 0.89) with their larger ionic radii (and hence lower charge/size ratio) and lower electronegativity, [8,9] lead them to have more ionic character that increases while going down the group 2 (Scheme 1.1).

Scheme 1.1: Variation of the main physico-chemical properties of the alkaline-earth metals.

On the other hand, the chemistry of the large alkaline-earth metals encounters many challenges. [10] Ca, Sr and Ba complexes are extremely sensitive to air and moisture, which required handling them under strictly anhydrous and anaerobic conditions. In addition, the highly ionic character of Ae-C bonds caused poor solubility in common non-polar organic solvents. To overcome this issue, bulky ancillary ligands and neutral co-ligands such as ether and thf were employed. Moreover, the reactivity of heavier alkaline-earth metals is lower than magnesium, yet,

their corresponding organometallic compounds are more reactive. Hence, unlike magnesium, the heavy alkaline-earth elements require metal activation prior to use. [11] In contrast, the high reactivity of the alkaline-earth compounds usually induces ether-cleavage reactions. [12] Along with these difficulties, the most challenging part in the synthetic organometallic alkaline-earth chemistry, is to generate stable heteroleptic species. These compounds are of the generic form [{LX}AeX] with two different ligands: {LX} is an ancillary ligand and X is a monoanionic ligand. The main synthetic difficulty associated to these complexes is related to their dissociation to two, thermodynamically more stable, homoleptic species, via the so-called Schlenk equilibrium, as presented in Scheme 1.2.

Scheme 1.2: Ligand scrambling in heteroleptic Ae complexes, leading to two homoleptic species via a socalled 'Schlenk' equilibrium.

This redistribution of the ligands stems from the high polarity of the ionic bonds between the metal and the ligands. The ionic character of the Ae-X bond increases upon descending in the group 2, in link with the electropositivity of the metal centre. For instance,

[{BDI}Mg{N(SiMe3)2}] and [{BDI}Ca{N(SiMe3)2}.(thf)] do not undergo the redistribution (kinetically more stable), unlike their related heavier analogues [{BDI}Sr{N(SiMe3)2}.(thf)] and

[{BDI}Ba{N(SiMe3)2}.(thf)] (Scheme 1.3). [13] Scheme 1.3: Ligand redistribution with [{BDI}Sr{N(SiMe3)2}.(thf)] and [{BDI}Ba{N(SiMe3)2}.(thf)]. [13] Chapter 1

Different types of alkaline-earth complexes

As it is briefly described in the past section, isolating and handling organometallic compounds of the large alkaline-earth elements presents many challenges, in particular because of their kinetic lability. Hence, employing bulky ligands is a necessity to stabilise the appropriate compounds. To this aim, many ancillary ligands have been developed to generate different types of complexes that can be divided into three main categories: charge-neutral homoleptic and heteroleptic complexes, and cationic species.

a) Homoleptic alkaline-earth complexes

Homoleptic alkaline-earth complexes are the easiest type to generate, because the dissociation via the Schlenk equilibrium is not an issue in this case. The general form of such species is

[AeX2],
where the metal centre is stabilised by the same two monoanionic ligands. Note that this kind of compounds seldom exists as genuine [AeX2]; they are often dinuclear or even polynuclear, or associated to coordinating additional co-ligands. These complexes can be divided into two sections, depending on their usefulness: synthetic precursors, which are the major part of the homoleptic compounds, and the ones related to diverse kinds of homoleptic species, displaying different ligand designs for specific purposes.

i) Synthetic precursors

The synthetic precursors are related to the homoleptic compounds that are starting materials used in the synthesis of more elaborated alkaline-earth compounds. The synthesis of such precursors is usually done via salt metathesis, transmetalation, direct metalation, or deprotonation reactions. [4a,14] The most adopted approach nowadays is salt metathesis reaction between alkalineearth iodides and potassium co-reagents; these reactions are most often conducted in thf, usually employed to ensure the solubility of the AeI2 and the homogeneity of the reactants. Moreover, the potassium iodide generated as a by-product, precipitate cleanly in thf, driving the reaction towards the formation of the desired compounds with high yields (Scheme 1.4). [14c] Chapter 1 Scheme 1.4: Salt metathesis reaction adopted for synthesis of homoleptic rare-earth complexes.

This approach was mostly employed for the synthesis of a wide range of alkaline-earth compounds such as dialkyls, [15] diallyls, [16] dibenzylates, [17] bis(cyclopentadienide)s, [18] bispentadienyls, [19] bisfluorenyls, [18f, 20] bisindenyls, [21] diamides, [11,22] bis(β-diketeminate)s, [22b] bisguanidinates, [23] dialkoxides, [24] diphenolates, [24] disilanides, [15d,25] dithiolates, [26] diphosphanides, [27] diselenolates, [26] and digermanides. [28] The most important alkaline-earth homoleptic species that are used as starting materials are dialkyls and diamides.

The first fully characterised, σ-bonded alkaline-earth dialkyl complexes were obtained by Cloke et al. in 1991. The complex [Ca{CH(SiMe3)2}2.(1.4-dioxane)2] was synthesised via condensation of calcium vapor and the corresponding bromoalkyl at 350 ℃ (Figure 1.1). [29] In 1997, the relatively stable solvent-free complex [Ca{C(SiMe3)3}2] was generated via salt metathesis reaction between CaI2 and potassium alkyl [K{C(SiMe3)3}]. [15a] However, the situation changed when Hill et al. reported the synthesis of the thf adducts, [Ae{CH(SiMe3)2}2.(thf)2] (Ae = Ca, Sr and Ba; Figure 1.1). [15c] These compounds were subsequently adopted as convenient starting materials for the synthesis of further organometallic alkaline-earth compounds. In addition, they proved to be efficient precatalysts in several catalytic reactions such as olefin hydroamination and dehydrocoupling reactions. [30,31] Another form of alkaline-earth dialkyls are the dibenzyl/diphenyl complexes, [6, 3c, 32] but they are seldom used as starting materials due to their difficulty of synthesis and low stability. [10b, 33] Chapter 1

Figure 1.1: Examples of homoleptic alkaline-earth dialkyl complexes. [15a, c, 29] Similar to [Ae{CH(SiMe3)2}2.(thf)2] complexes, Ae disilazides are another popular family of alkaline-earth precursors. They are generated as [Ae{N(SiMe3)2}2]2 free of solvents, [23b, 34] or with coordinating donor molecules, such as the popular [Ae{N(SiMe3)2}2.(thf)2] and the related thp (tetrahydropyran), tmeda (N, N, N', N'-tetramethylethylenediamine), dme (dimethoxyethane), or aminoethers and carbene adducts (Figure 1.2). [12a, 35] Moreover, [Ae{N(SiMe3)2}2]2 and

[Ae{N(SiMe3)2}2.(thf)2] proved to be useful precatalysts in a variety of reactions like olefin and alkyne hydroamination, hydrogenation and hydrophosphination reactions. [30, 31a, d, 36-38] Figure 1.2: Structures of some homoleptic alkaline-earth complexes (Ae = Ca, Sr, Ba) reported in the literature. [34,35] ii) Homoleptic complexes with diverse ligand designs With readily available precursors such as [Ae{N(SiMe3)2}2]2 [23b,34] and [Ae{CH(SiMe3)2}2.(thf)2], [15c] the organometallic chemistry of alkaline-earth metals was further explored. Other forms of homoleptic compounds were generated via protonolysis reactions between the relative precursors and the newly designed proligands. These latter (pro)ligands were established in order to ensure the stability of the desired Ae compounds and to achieve their aimed applications. For instance, Harder et al. reported the synthesis of the homoleptic species of βdiketimenate alkaline-earth complexes [{ Dipp BDI}2Ae] using { Dipp BDI}H as proligand (Figure 1.3). [39] These complexes were useful candidates for CVD process, [40] as well as for the synthesis of the heteroleptic species of this kind, which are described in section 1.3 (b). [13,41] Furthermore, the authors described the application of 2-NMe2-α-Me3Si-benzyl (DMAT) as ligand where the corresponding alkaline-earth complexes showed a good reactivity in polymerisation of styrene. [42] Westerhausen et al. reported the use of a bis(trimethylsilyl)phosphanide ligand, which is able to stabilise group 2 metals via Ae---P interactions. [43] Figure 1.3: Different examples of homoleptic alkaline-earth complexes. [39,42,43] On the other hand, based on their ability to stabilise many other electrophilic metals and their reactivity in polymerisation reactions, [START_REF] Carpentier | Chemistry of Metal Phenolates[END_REF] amino-bisphenolate ligands showed their potential in stabilising the large alkaline-earth metals (Ae = Ca, Sr, Ba), that proved to be efficient precatalysts in ring-opening polymerisation (ROP) of cyclic esters (Figure 1.4). [45] Related to phenolates, alkoxide ligands constitute potent ligand frameworks to stabilise alkaline-earth metals.

Group 2 dialkoxide compounds are versatile precursors in chemical vapour deposition (CVD) for preparing a variety of metal oxides or metal fluoride thin films that are useful for producing laser devices and optical wave-guides. [46] For a better performance as CVD precursors, two essential ]. [47] This is mostly linked to the basicity of the oxygen atoms in alkoxides, that present, in contrast to phenolates, bridging ability between the metal centres. To address this issue, fluorinated alkoxides were used, where the electron-withdrawing CF3 groups decrease the basicity of the oxygen, eventually leading to the formation of mononuclear complexes (Figure 1.4), [48,49] which are also useful candidates for CVD processes. Another derived form of alkoxides, boryloxides, proved their ability to stabilise the highly sensitive barium metal, producing the first low-coordinated soluble barium complex [Ba{OB{CH(SiMe3)2}2}2]. This compound showed its efficiency in catalysing dehydrocoupling reactions between boranes and siloxanes forming borasiloxanes. [37b] Figure 1.4: Examples of homoleptic Ae-bisphenolates, -bis(fluoroalkoxide)s and -diboryloxides. [37b,45,48,49] 

b) Heteroleptic alkaline-earth complexes

Synthesising heteroleptic complexes of the form of [{LX}AeX] remains one of the most challenging part in synthetic alkaline-earth chemistry. The main issue of such species is related to their dissociation into two, usually thermodynamically more stable, homoleptic species [AeX2] via the "Schlenk equilibrium."

Unlike homoleptic species, the modes of synthesis of heteroleptic compounds are limited.

Two methods are known: protonolysis reaction between a defined proligand and alkaline-earth synthetic precursors or salt metathesis between isolated or in situ-generated potassium precursors and AeI2. [50,51] Many (pro)ligand frameworks were reported over the years, as it is presented in Figure 1.5, depending on the aimed applications of the desired compounds, mainly to ensure their stability in diverse catalytic conditions. [37a, d, 50, 52-55] Figure 1.5: Examples of different proligands employed for the synthesis of charge-neutral, heteroleptic alkaline-earth complexes. [37a, d, 50, 52-55] Chapter 1

A specific mention should be made concerning the { Dipp BDI}H (pro)ligand; this one is able to successfully stabilise alkaline-earth elements and manage to present many reactivity in molecular catalysis. It was first introduced by Chisholm et al. in 2003, [56] who managed to generate the corresponding heteroleptic complex [{ Dipp BDI}Ca{N(SiMe3)2}.(thf)] that was further investigated in the ROP of lactide, and afterwards in molecular catalysis such as hydroamination and hydrophosphination reactions. [START_REF] Barrett | For reviews concerning Ae complexes in molecular catalysis[END_REF] Furthermore, Harder et al. reported the synthesis of [{ Dipp BDI}CaX.(thf)]2 heteroleptic species, based on different functionalities: hydrides, hydroxides, and fluorides (Scheme 1.5). [58] The hydroxide complex is useful in sol-gel coating, [59] as well as a potential precursor for the synthesis of heterobimetallic catalysts reactive in polymerisation reactions. [60] [{BDI}CaF.(thf)]2 is a versatile compound in preparing thin layers of CaF2. [58c] However, probably the most important compound is the hydride complex [{ Dipp BDI}CaH.(thf)]2, which showed to be a potent precatalyst in different types of catalytic reactions like hydrogenation and hydrosilylation reactions. [57b, 61] The major achievement in the catalytic activity of this calcium hydride catalyst was performed by the free-thf adduct, [{ Dipp BDI}CaH]2 generated recently by Hill et al.. [62a] The removal of the thf molecule enabled to reach higher reactivity and to broaden the scope in homogeneous catalysis such as nucleophilic alkylation of benzene and C-H activation of arenes. [62] Chapter 1 Scheme 1.5: Functionalisation of the heteroleptic compound [{BDI}Ca{N(SiMe3)2}.thf] into hydride, fluoride and hydroxide derivatives. [56,58] Although the { Dipp BDI}H proligand showed its proficiency in enlarging the reactivity of calcium and strontium complexes, it is however not suited with barium compounds. These latter compounds decompose directly to the unreactive homoleptic [Ba{ Dipp BDI}2]. [13] In order to solve this issue, other forms of N-based mononanionic ligands were employed, such as { Dipep BDI}H, [63] dipyrromethene, [64] or hydrotris(pyrazolyl)borate. [65] Yet, due to synthetic difficulties and stability problems, they are not efficient for Ca and Sr. Our group reported the use of iminocarbazole ligand that proved able to kinetically stabilise heteroleptic complexes of the three alkaline-earth metals, including barium (Figure 1.6). [66] Chapter 1

Figure 1.6: Progress in ligand framework design from the { Dipp BDI}H to the iminocarbazole ligand. [63][64][65][66] c) Cationic alkaline-earth complexes Cationic complexes of the form of [Ae{LX}] + .

[WCA] -({LX} = ancillary ligand and WCA = weakly coordinating anion) are characterised by their high electron-deficiency; they are hence, difficult to synthesise. These kind of complexes are generated in the aim to increase the reactivity of the metal centre to activate nucleophilic substrates. Generally, the optimal two-step synthetic protocol to form the appropriate complexes is a protonation of the proligand, followed by a doubleprotonolysis reaction with alkaline-earth precursors (Scheme 1.6). [67] Chapter 1 Scheme 1.6: General approach for synthesising cationic Ae complexes.

The design of well-defined cationic Ae species is most commonly associated to the presence of a weakly coordinating anion (WCA). There are several types of WCA anions reported in the literature, [67] but the four most commonly used, with higher synthetic/handling efficiency, 1.7). [67a] One important difference between them exists in the crystallisation properties: [B(C6F5)4] - is spherical, does not possess a dipolar moment; thus, crystallisation with this anion is often difficult. On the other hand, [NH2{B(C6F5)3}2] -presents a dipolar moment, which leads to the formation of many crystallisable cationic compounds. As for the very weakly coordinative [Al{OC(CF3)3}4] -, it showed better stability and greater tolerance towards air and moisture. [68] The choice of the WCA impacts the reactivity of the metal centre: the least coordinating the anion, the more electrophilic and reactive the metal centre. B(C6F5)3 is commercially available and can be synthesised on large scales; [69] [NH2{B(C6F5)3}2] - [70] and [Al{OC(CF3)3}4] -can be easily made in the laboratory. [68] Chapter 1

are [RB(C6F5)3] -(R = Me, H), [B(C6F5)4] -, [NH2{B(C6F5)3}2] -and [Al{OC(CF3)3}4] -(Figure
Figure 1.7: Weakly-coordinating anions commonly used to obtain well-defined cationic Ae species. [68][69][70] The first examples of cationic complexes of the large alkaline-earth metals are presented in Figure 1.8. [71][72][73] Different ligand frameworks were implemented in order to insure the stability of the electrophilic metal centres; yet, they are often obtained with coordinating solvent molecules such as pyridine, thf, methanol or even adventitious water.

Chapter 1

Figure 1.8: Some of the first examples of cationic alkaline-earth complexes. [71][72][73] The presence of coordinating solvents affects the reactivity of the corresponding metal complexes, thus making them sometimes ill advised. For this reason, synthesis of cationic species has been directed towards the formation of base-free compounds. By employing the same ligand as Itoh et al., our group generated cationic compounds free of donor solvents by using [NH2{B(C6F5)3}2] -as the WCA. [74] Furthermore, the work was carried on by our group using this same WCA, that managed to generate diverse forms of cationic alkaline-earth species bearing different forms of ancillary ligands, free of donor groups (Figure 1.9). [52f, i, 75] Compared to the charge-neutral species, in particular owing to the high electron deficiency and Lewis acidity of the metal centres, these monocationic compounds showed their ability to promote cyclic esters ringopening polymerisation reactions with enhanced reactivity, [67a] or alkene hydrogenation. [76] in addition to be competent Lewis acid precatalysts. [77] Chapter 1

Figure 1.9: Cationic alkaline-earth complexes with different supporting ligand frameworks. [52f, i, 75] Recently, cationic alkaline-earth species have gained interest as Lewis acid precatalysts. ). [78] Afterwards, Hill et al. described similar systems by changing the WCA to [Al{OC(CF3)3}4] -, [79] in addition to the cationic magnesium hydride

[{( Dipp BDI)Mg}2H] + .[Al{OC(CF3)3}4] -which proved an efficient catalyst for hydrosilylation of 1hexene and diphenylacetylene. [80] In the same manner, Krossing et al. described ). [81] The remarkable dicationic strontium complex

[Sr(DXE)(o-DFB)2] 2+ .2[Al(OR F )4]2 -(DXE = dixylylethylene)
showed to be an effective Lewis acid catalyst in hydrosilylation of CO2 and in isobutylene cationic polymerisation (Figure 1.10). [82] Chapter 1

Figure 1.10: Cationic alkaline-earth complexes employed as Lewis acid catalysts. [78,80,82] 

Stabilisation methods of diverse alkaline-earth complexes

The oxophilic and electrophilic nature of alkaline-earth elements requires to stabilise their compounds in order to inhibit their dissociation or decomposition under different (catalytic)

conditions. Such stabilisation processes can be accomplished according to two factors: sterics and electronics. Steric effects depend on the bulkiness of the ligand used, as it is seen in the previous section with the variety of ligand frameworks. On the other hand, electronic parameters are determined by additional coordination of donor groups (strong primary interactions) or can be achieved by weaker secondary (non-covalent) intermolecular interactions that are useful tools to stabilise low-coordination complexes. In Ae chemistry, these kinds of interactions can be divided into three main types: Ae---F, Ae---Cπ, and Ae---H anagostic interactions. [83] The strength of such interactions usually depends on the metal-ligand bonding. For instance, if the metal-ligand bonding is strong, the influence of these interactions is lesser than with weaker metal-ligand coordination.

a) Ae---F-C interactions

Ae---F secondary interactions are considered to be an efficient tool for stabilising group 2

elements; yet, they are difficult to control. In the past, the use of fluorinated ligands was rarely employed due to possible C-F bond activation side reactions. However, with alkaline-earth elements, this is seldom the case. [84] The electrophilic nature of the alkali and alkaline-earth metals favours the formation of M---F interactions. [85] This is related to the highly polarised bond C-F, and its weak coordination and electrostatic interaction in the presence of hard cations. [86] Ruhlandt-Senge et al. and Caulton et al. reported the coordinative saturation of alkaline earths using perfluoro-tert-butanol as ligand. [49,87] On the other hand, our group described over the years the ability of Ae---F contacts to stabilise cationic complexes, [52f, i, 75] in addition to many other types of alkaline-earth complexes. [15d, 36a, 84a, 88, 89] Recently, our group managed to synthesise homoleptic and low-coordination heteroleptic alkaline-earth complexes based on the perfluorinated amide N(C6F5)2 -that are stabilised by intramolecular Ae---F interactions (Figure 1.11). [90] DFT calculations showed that the Ae---F secondary interactions are mainly electrostatic, with a small covalent component. [90] Moreover, based on structural analyses, they showed to be much stronger than the other types of secondary interactions (Ae---Cπ and Ae---H anagostic interactions). [52h, 75d, e, 90] Figure 1.11: Ae complexes supported by Ae---F interactions. [52f, 90] 

b) Ae---Cπ interactions

Ae…Cπ interactions are divided into two types: anionic and neutral. Anionic ligands such as indenyls, [21,91] allyls, [16a, 92] cyclopentadienyls, [19,93] fluorenyls, [20,94] or benzyls [95] are usually stronger donors than the neutral ones, owing to the coordination to the negative charge (having both σ and π interactions). However, neutral π ligands like olefins [52h, 89, 96] or arenes [53a, 97] are more challenging to synthesise and they are scarce in the literature. The interactions between neutral π

Chapter 1

donors and alkaline earths are mainly electrostatic and weaker than anionic ones. Various types of interactions could be seen in this latter case, depending on the accessibility of the metal centre, as well as its electrophilicity. For instance, [{(2,6-Mes2-C6H3)N3(2-Trip-C6H4}Ae(C6F5).(thf)x] with Ae = Ca (x = 1) , Sr and Ba (x = 0), trip = 2,4,6 triisopropylphenyl, and Mes = 2,4,6-Me3C6H2, show diverse π-arene interactions with the three elements, competing with the coordination of thf molecules. The thf-coordinated calcium complex features η 5 -π-arene interactions with the mesityl moiety. However, the thf-free strontium and barium species display η 5 or η 6 π-arene interactions with one mesityl group and one triisopropylphenyl ring, although the synthetic reaction was carried out in thf as solvent. [53a] c) Ae---H-X (X = C, Si) anagostic interactions

This type of interaction is defined between a metal centre and a covalent bond, either H-C or H-Si, as 3-centre 2-electron. [98] However, this description is not applicable in the case of d 0 metals such as alkaline earths, where this kind of interaction does not involve electrons, hence, cannot be qualified as covalent. These anagostic interactions are considered to be weak (ca. 5 kcal.mol -1 ). [50] Many examples of alkaline-earth species stabilised by either Si-H [15d, 50, 52b, j] or C-H [13, 45a, 99] anagostic interactions have already been described, such as [{LO 3 }AeN(SiMe2H)2] ({LO 3 } = 2-{ (1,4,7,10-tetraoxa-13-azacyclopentadecan-13-yl)-methyl}-4,6-di-tert-butylphenolate; Ae = Ca, Sr, and Ba) where the anagostic interactions were present in both homoleptic and heteroleptic species. [50] A similar situation was detected in [{ Dipp BDI}Ca{NH-2,6-i PrC6H3}.(thf)] where the unsaturated metal centre is further stabilised by additional Ca---H-C interaction with one of the ortho isopropyl group of the anilide ligand. [13] The detection of this kind of interaction is usually difficult to distinguish by X-Ray diffraction crystallography, owing to the uncertainty to locate the H atoms. However, in the case of Si-H interactions, they can be identified using 1 H NMR ( 1JSi-H coupling constant) or FTIR (stretching vibration of the Si-H bond (υSi-H)) spectroscopy (Figure 1.12). 

Applications of alkaline-earth complexes in Lewis acid catalysis

As it is distinguished in section 1.3, most of the alkaline-earth compounds are employed as CVD precursors or in molecular catalysis. This last domain remains the centre of world's chemical industry, as it permits the alleviation of its energy needs. One of the largest homogeneous catalytic processes is the hydroformylation of alkenes mediated by rhodium. In addition, a large part of current homogeneous catalysis is catalysed by precious metals like platinum, rhodium and iridium.

However, these elements are known by their (relative) toxicity, very low abundance and high costs.

Therefore, many investigations have been carried out on alternative catalysts, mostly based on first raw transition metals, and s-, p-elements of the periodic table. Magnesium, calcium, strontium and barium are largely available in the earth's crust, and are known as economical metals.

Alkaline-earth metals, with their stable +II oxidation state, do not undergo readily redox reactions. Hence, unlike transition metals, much fewer side reactions could occur. The catalytic reactivity of alkaline-earth metals can be divided into two types (Scheme 1.7). Owing to their ionic character that increases while descending in the group 2, the σ-bond of these elements (Ae) with anionic residues (X = C, P, O, N) of high nucleophilicity and basicity, is always polarised negatively towards the anion (Ae δ+ -X δ-), which gave them the ability to react catalytically in basic catalysis, displaying different reactivity depending on each of the metal centre and the nature of X Chapter 1

group. [14c, 57, 100] At the same time, the metal itself is a Lewis acid centre, hence, it may mediate Lewis acid catalysis effectively. [77c, 101] Scheme 1.7: Dual reactivity of alkaline-earth complexes bearing a reactive group X.

Over the years, alkaline-earth compounds have been mostly employed as precatalysts in a variety of base catalysis such as olefin and alkyne hydrogenation, hydroelementation (hydroamination, hydroboration, hydrosililylation) and olefin and cyclic ester ring-opening polymerisation reactions. [14c, 57, 67a, 100, 101] Diverse reactivity were seen, depending on the basicity of the ligand and the size of the metal centre where the catalytic reactivity usually increases while going down the group (Mg < Ca < Sr < Ba).

On the other hand, examples of Lewis acid catalysis mediated by alkaline-earth complexes are still scarce, having a growing interest lately. The Lewis acidity of alkaline-earth elements decreases while going down the group; thus, magnesium and calcium present the highest Lewis acidity. For this reason, the Lewis acid precatalysts are mainly based on magnesium and calcium, where strontium and barium with weaker Lewis acidity are seldom employed.

a) Calcium salts as Lewis acid catalysts

The Lewis acidity of alkaline-earth metals is still largely unexplored for organic transformations.

Some interesting results were obtained with alkaline-earth elements paired with weakly coordinating anions such as TfO -, (CF3)2CO -and -NTf2. These kind of salts are known for their stability towards air and moisture, very easy to handle, and their ability to catalyse diverse reactions under mild conditions. The reactivity of this type of catalysts is only reported for calcium complexes, while examples with strontium and barium are still very scarce. [77c, 101] One concept that is highly encouraged by ACS GCI Pharmaceutical Round-table as solution to many environmental issues, is the application of alcohols as alkylating agents. Alcohols are readily available and their conversion into other functional groups in alkylation processes affords only water as a by-product. Note that the hydroxyl group is a poor leaving group, thus, its transformation to a better leaving group such as carbonate and phosphate or related compounds is usually a necessity. This issue was successfully solved via direct substitution of alcohols as electrophilic coupling groups with nucleophiles such as alkynes and ketones, by employing Lewis acids and transition metal catalysts, yet under harsh conditions. [102] In contrast, Ca 2+ showed high efficiency for this reaction at room temperature and neutral reaction conditions. For instance,

[Ca(NTf2)2] and nBu4NPF6, they activate the C-O bond for bond breaking upon coordination to the hydroxyl group. However, due to the high stability of Ca-O bonds, a temporary activating group is formed. Afterwards, the catalyst is restored via protonation of the hydroxide group at calcium and release of a water molecule (Scheme 1.11). [77c] Note that tertiary and secondary alcohols bearing a π functionality like allylic or benzylic groups next to the hydroxyl moiety, are able to stabilise the cationic intermediate, unlike primary alcohols which tend to inhibit the catalyst.

Scheme 1.11: Mechanism of the dehydration of the alcohol. [77c] Chapter 1

The first example of a calcium-catalysed direct substitution of alcohols, investigated in detail, is the Friedel-Crafts reaction, with alcohols instead of the usually used organohalides. The calcium catalysed reaction takes place under mild conditions, within short reaction times, and applies to a large range of substrates (Scheme 1.12, a). [103] As for the synthesis of amines, which remains an active field in organic synthesis, and linked to the synthesis of pharmaceuticals and fine chemicals, calcium catalyses the direct substitution of alcohols with nitrogen-functionalised substrates. [104] Different N-nucleophilic substrates proved to be suitable for this kind of reaction. However, aniline with its high nucleophilicity, caused poisoning of the catalyst upon strong coordination. Therefore, only relatively poor nucleophilic anilines are employed, where the tendency to coordinate to the metal centre is decreased (Scheme 1.12, b).

Furthermore, the substitution of allylsilanes with alcohols showed also satisfactory results.

The olefins produced of this reaction presented retention of the configuration of the double bond (Scheme 1.12, c). [105] Unlike previously mentioned being tertiary alcohols more active in calcium catalysed reactions, however herein, side reactions occurred. To solve this problem, an excess of five equivalents of the nucleophile was necessary to prevent the undesired reactions, and increase the yields.

Another calcium catalysed reaction is dehydroxylation of propargylic alcohols. This represents an alternative procedure than the usually adopted one with gold or ruthenium compounds. [106] Triethylsilane was used as a hydride source, and different conditions (solvents and additives) were implemented depending on the type of alcohols in question in order to afford clean products (Scheme 1.12, d). [107] Chapter 1

In addition, Gandon et al. reported the alkenylation of alcohols using vinylborinic derivatives. [108] The application of vinylborinic acids in the process is mainly related to its ease to handle, availability and compatibility with a broad range of functional groups. [109] This protocol enables the access a variety of alkenes, dienes and enynes under mild conditions (Scheme 1.13, a).

Moreover this group described the aza-Piancatelli reaction, that has the aim to form diverse heterocycles displaying therapeutic and cosmetic values (Scheme 1.13, b). [110] The catalytic activity of the calcium catalyst was found to be improved upon addition of HFIP (hexafluoroisopropanol) as solvent, increasing its Lewis acidity during the reaction. However, the substrate scope is limited to anilines and hydroxylamines.

Scheme 1.13: Calcium catalysed both alkenylation of alcohols and the aza-Piancatelli reaction. [108,110] Moving towards more challenging catalytic reactions, [Ca(NTf2)2] and nBu4NPF6 were also shown to activate efficiently olefins. b). [101] Scheme 1.14: Proposed mechanisms for nucleophilic addition onto olefins by calcium catalysts.

The first example of olefin activation is the hydroarylation of styrenes, dienes and tertiary olefins where it was initially presumed that the reaction follows mechanism (a) (Scheme 1.14, a). [111] However, Gandon et al. managed to catalyse the hydroarylation of deactivated styrene, using [Ca(NTf2)2] and nBu4NPF6, in hexafluoroisopropanol (HFIP), indicating that the mechanism of the reaction likely follows protocol b. [112] The use of HFIP as solvent has proved to be beneficial in calcium Lewis acid-catalysed transformations. Owing to its strong H-bond donor ability, HFIP can disable the trapping of the Lewis acids by unwanted coordination with the substrate or the product, permitting the calcium catalyst to turn over. [113] Scheme 1.15: Calcium-catalysed hydroarylation reaction. [110,111] The same calcium catalyst was able to catalyse intra-and intermolecular hydroamination reactions of unactivated alkenes, with excellent yields and good diasterioselectivities (Scheme Chapter 1 1.16). A large array of functional groups on nitrogen and alkene moieties could be tolerated unlike other procedures. The use of HFIP was again highly beneficial, and the mechanism of the reaction likely takes place via protocol b (Scheme 1.14, b). [114] Scheme 1.16: Calcium-catalysed hydroamination reactions. [114] Another family of Lewis acid catalysts are [Ca(OTf2)2] and [Ca{OCH(CF3)2}2.(thf)1/8] that were used in Luche-type reduction and Pictet-Spengler reactions, respectively (Scheme 1.17). [115,116] Chapter 1 Scheme 1.17: Calcium complexes mediated carbonyl reactions. [115,116] The Luche-type reduction is a procedure for the reduction of α, β-unsaturated carbonyl groups, into allylic alcohols, usually using cerium chloride (CeCl3) as catalyst and NaBH4 as additive. However, the need for cheap and environmentally-benign catalysts oriented the search and the application towards calcium compounds. In 1991, AeCl2 salts (Ae = Mg, Ca, Sr, Ba) were tested, where CaCl2/NaBH4 gave the best results in terms of yield and selectivity. [117] However, [Ca(OTf2)2] and NaBH4 showed to be the most efficient catalyst owing to the formation of completely selective products for most substrates. [115] Finally, the Pictet-Spengler reaction is a synthetic method for generating tetrahydroisoquinoline and β-carbonyl alkaloids. [118] 

b) Chiral alkaline-earth Lewis acids

Asymmetric synthesis is an important approach for formation of optically active molecules. In particular, employing a chiral Lewis acid catalyst in enantioselective synthesis proved to be an efficient methodology for supplying a large variety of optically active molecules. Chiral alkaline- earth complexes (Ca, Sr and Ba) showed their ability to catalyse different types of Lewis acid catalysis such as Mannich, aldol, [3+2] cycloaddition (or 1,4-addition), and epoxidation reactions. [101] The enantioselective aldol reaction remains one of the important reaction for the formation of C-C bonds in organic synthesis. It was performed via a chiral calcium diolate complex generated in situ from [Ca{N(SiMe3)2}.(thf)2] and a chiral diol as ligand. [119] The use of KSCN as additive improved the enantioselectivity. Cold spray ionisation mass spectrometry analysis on the catalyst indicated that catalyst exist in a highly aggregated form. In addition, a chiral barium binolate was able to catalyse the aldol asymmetric reaction with good yield and enantioselectivity (Scheme 1.8). [120] Scheme 1.8: Asymmetric aldol reactions catalysed by a chiral calcium diolate and barium binolate. [119,120] Another C-C bond forming reaction, asymmetric Mannich procedure is a key step in the synthesis of a variety of natural products. Kobayashi et al. reported the asymmetric Mannich reaction catalysed by both chiral calcium and strontium compounds with good yields and enantioselectivities (Scheme 1.9, (a)). [121,122] Calcium alkoxides or aryloxides without Pybox ligand were able to catalyse the reaction, however, with decreased enantioselectivity. These two chiral alkaline-earth catalysts were also able to catalyse asymmetric 1,4-addition reactions with high yields and enantioselectivities. For the chiral calcium catalyst, the catalyst loading could be decreased down to 1 mol% (Scheme 1.9, (b)). [123,124] Chapter 1

Moving forward, calcium Lewis acid catalysts were also able to catalyse the enantioselective oxidation of alkenes with good yields and enantioselectivities, which is known by the most common reactions for the preparation of optically active epoxides (Scheme 1.10). A chiral calcium-binolate complex proved to be an efficient catalyst, with tert-butyl hydrogen peroxide or aqueous hydrogen peroxide solution as oxidant. [125] Another chiral calcium compound, characterised to be water-tolerant, and synthesised from [Ca(NTf2)2] and a Pybox ligand, catalyses cleanly such asymmetric epoxidation reaction, using hydrogen peroxide. [126] Scheme 1.10: Enantioselective epoxidation reactions mediated by chiral calcium catalysts. [125,126] 

Summary and outlook

In summary, this first chapter presents a brief overview of the coordination and organometallic chemistry of alkaline-earth metals, highlighting the different forms of compounds, specificities and difficulties, in addition to their applications as Lewis acids in homogeneous catalysis.

Three types of alkaline-earth compounds are presented: charge-neutral homoleptic and heteroleptic compounds and cationic compounds. Alkaline-earth metals are highly oxophilic and demand to be stabilised, especially in the case of heteroleptic compounds. This can be achieved by adopting different forms of bulky ancillary ligands (steric stabilisation), or electronically by coordination to additional Lewis bases or weak (but useful enough) secondary interactions (Ae---F, Ae---Cπ and Ae---H-X (X = Si or C)). These different forms of alkaline-earth species proved to be efficient precatalysts in a variety of organic transformations. As it is demonstrated, alkalineearth complexes can be adopted in two types of catalysis. Depending on the nucleophilicity of the ligands, they can be adopted in basic transformations. On the hand, the Lewis acidity of the metal centres enabled their application in Lewis acid catalysis, which present a growing attention lately.

In this context, Chapter 2 introduces the synthesis of a family of low-coordinated chargeneutral homoleptic alkaline-earth complexes based on fluorinated alkoxides ligands. Their relative

Lewis acidity and application as potential Lewis acid catalysts are described. The analogous cationic compounds are also synthesised and explored as Lewis acids precatalysts.

Chapter 3 displays three families of molecular alkaline-earth complexes bearing either bis(phenolate) or bis(fluoroalkoxide) multidentate ligands. Upon tuning the nature of the donor atoms in the ligand backbone and of the metal centre, a variety of molecular complexes with different coordination spheres and electrophilicity was generated. They were also tested in Lewis acid catalysis.

Finally, Chapter 4 discusses the synthesis of new heteroleptic Ae compounds based on boryloxide and borylamide ligands. These latter two ligands are seldom explored with alkaline earths, thus leaving the door open to new avenues to be explored.

Chapter 2: Fluorinated alkaline-earth complexes

This chapter describes the synthesis of two different types of fluorinated alkaline-earth species: charge-neutral alkaline-earth complexes and their cationic derivatives. Both families of compounds have been characterised in solution and in the molecular solid state, where different behaviours were detected. Their relative Lewis acidities and their application as Lewis acid catalysts in the aza-Piancatelli reaction are discussed.

Introduction a) Charge-neutral fluorinated alkaline-earth complexes

Fluorinated alkoxides are an important type of ligand framework for stabilising a wide range of oxophilic metals. [1] Employing them with alkaline-earth metals opens the door for diverse applications, notably in CVD processes and homogeneous catalysts.

Metal-organic chemical vapour deposition (MOCVD) of highly volatile alkaline-earth precursors is a field of interest for new discoveries. Oligomeric alkoxides [Ba(OR)2]∞ (R= Me, Et, Pr) showed low volatility and poor solubility. [2] One approach based on employing monodentate bulky fluorinated alkoxides was used in order to decrease the degree of aggregation and attain higher volatility. [2d, 3] The incorporation of electron-withdrawing groups, e.g CF3, C6F5, in α position of the alkoxide, has been shown to increase the volatility and the solubility in many metallic compounds. [1] Fluorocarbon groups, owing to the strength of C-F bond (485 KJ.mol -1 ), present high thermal stability and moisture resistance; both are valuable properties for CVD processes. [1, 3e, 4] Ruhlandt-Senge et al. have reported the formation of mononuclear alkaline-earth compounds, [Ae{OC(CF3)3}2.(S)x] with S = coordinating solvents such as thf and dme (= dimethoxyethane), that are potential CVD precursors. [5] Moreover, the presence of fluorinated electron withdrawing group decreases electronic density at the metal centre, improving its performances in catalytic transformations when electrophilicity is a contributing factor. For instance, [Ca{OCH(CF3)2}2.(thf)1/8] is adopted as Lewis acid catalyst in Pictet-Singler reaction. [6] Elsewhere, Harder et al. and our group independently reported the synthesis of [Ae{N(C6F5)2}2.(S)x] species, with S = coordinating thf and diethyl ether, which presented high Lewis acidity, comparable to that of B(C6F5)3. [7] Alkaline-earth complexes of the form of [Ae{OC(CF3)3}2] (Ae = Ca, Sr, Ba), and

[Ba{OCH(CF3)2}2], free of Lewis bases, have been characterised by only 19 F{ 1 H} NMR, elemental analyses and sublimation studies; where they presented moderate volatility. [8] Yet, the degree of aggregation and structural features were not studied, leading to incomplete assessment of the origin of their volatility. Moreover, their potential application as Lewis acid catalysts was not investigated.

This chapter presents the synthesis and characterisation of base-free [Ae{OCH(CF3)2}2]n and [Ae{OC(CF3)3}2]n (Ae = Ca, Sr, Ba) fluoroalkoxides. Moreover, the relative Lewis acidities, as well their application as Lewis acid catalysts are discussed. In our attempt to generate highly electron-deficient alkaline-earth complexes, these fluorinated charge-neutral compounds have also been employed as starting materials for the synthesis of their derivated cationic compounds.

b) Fluorinated cationic alkaline-earth complexes

Well-defined alkaline-earth cationic complexes are recently new. [9][10][11][12] They have been used to mediate cyclic esters / ethers ring-opening polymerisation (ROP) reactions for the past decade. [9] In this case, the mechanism of this reaction proceeds via a Lewis acid-mediated activated monomer mechanism. Diverse reactivity was described, depending on both the ancillary ligand and the weakly coordinating anion (WCA) that were employed. Since then, the Lewis acidity of such cationic Ae systems, as well their application as Lewis acid catalysts, has attracted growing attention.

Discrete base-free cationic alkaline-earth complexes of the type of [Ae{L}] + .

[WCA] -, are characterised by their high electron deficiency, hence, reactivity of the cationic metal centre, that make them hard to isolate. Yet, they are stabilised by a monoanionic, multidentate ancillary ligand {L} -, while also being paired with a weakly coordinating anion (WCA). [9][10][11][12] The ideal WCA is based on its low nucleophilicity, and basicity, along with its weak interaction with the cation, leading to the formation of highly electrophilic and reactive systems. Diverse WCA have been implemented with group 2 metals, such as

[RB(C6F5)3] -(R = Me, H), [B(C6F5)4] -,
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[NH2{B(C6F5)3}2] -or [Al{OC(CF3)3}4] -, presenting different reactivity in ROP reactions. [9] Recently, cationic magnesium hydride was used as Lewis acid catalyst for CO2 hydrosilylation, [13] whereas cationic calcium hydride was shown to catalyse alkene hydrogenation [14] (Figure 2.1), paving the way to Lewis acid catalysed transformations.

Figure 2.1:

Cationic alkaline-earth species employed as Lewis acid catalysts. [13,14] Harder et al. reported the synthesis of naked magnesium and calcium cations bearing the bulky { Dipp BDI} (diisopropyl β-diketiminate) as supporting ligand and [B(C6F5)4] -as the WCA (Figure 2.2). [15a] The magnesium complex presented high Lewis acidity, according to Gutmann-Beckett method, comparable to that of B(C6F5)3, and further interacted with diverse donors such as 3-hexyne, [15a] silyl ethers, [15b] alkynes, [15f] and arenes. [15d] Several binding forms, from η 3 to η 6 , were detected in the different arene groups, while increasing the methyl substitution, going from benzene, towards toluene, xylene and mesitylene, in addition to Ae---F secondary interactions with the WCA. with donor groups. [15] Inspired by these systems, in the purpose of achieving η 6 binding with different arene groups, without any interaction with the WCA, Hill et al.

presented comparable cationic complexes, [Ae{ Dipp BDI}] + [Al{OC(CF3)3}4] -(Ae = Mg, Ca), changing the WCA from [B(C6F5)4] -to [Al{OC(CF3)3}4] -.
The less coordinating [Al{OC(CF3)3}4] -anion forced the metal centres to interact via further η 6 -binding with different arene moieties. [16] Afterwards, this group reported the synthesis of the cationic magnesium hydride compound, [{(BDI)Mg}2H] +

[Al{OC(CF3)3}4] -, which proved to be an efficient precatalyst for hydrosilylation of 1-hexene and diphenylacetylene. [17] both η 6 binding of arenes and Ae---F interactions with [Al{OC(CF3)3}4] -anion. [18] The Lewis acidity of these systems, in line with FIA technique (FIA = fluoride ion affinity, relies on the interaction of the complex with fluorine atoms in the gas phase), [19] were found to exceed that of superacidic main group compounds, [20] such as dicationic phosphorandiylium [R3P] 2+[20d] (Figure 2.3). The highly Lewis acidic, dicationic Sr salt [Sr(DXE

)(o-DFB)2] 2+ .2[Al(OR F )4]2 -(DXE =
dixylylethylene) was also described. It was used as Lewis acid precatalyst for hydrosilylation of CO2, in addition to isobutylene cationic polymerisation. [21] Figure 2.3: Alkaline-earth complexes presenting both soft and hard interactions, with the arene groups and fluorine atoms, respectively. [18,21] Based on this background, the WCA is seen to present additional Ae---F interactions, that affect the coordination sphere of the metal cations, as well their relative electrophilicity. Although Krossing's anion, [Al{OC(CF3)3}4] -, generated highly Lewis acidic compounds, however, the coordination of additional fluorine atoms from the WCA, is related to the decomposition of this latter, [Al{OC(CF3)3}4] -, to generate the coordinating form [F-Al{OC(CF3)3}3] -. This kind of degradation is usually seen with this WCA, while present with very electrophilic species. [22] For this reason, the dicationic Ae systems were further synthesised, using fluoride bridged anion [μF-{Al(OR F )3}2] -.

Therefore, we ought to further investigate in this field, by generating new series of cationic complexes, using [NH2{B(C6F5)3}2] -as WCA. This anion is very robust, due to the internal N-H---F interactions, along with the delocalisation of the negative charge over a large volume ( 538Å). [23] Besides, it proved its ability to generate stable cationic species with alkaline earths as well as other metals, free of coordinated solvents, in addition to its characteristic dipole moment. [9] This last is significant in [NH2{B(C6F5)3}2] -counterion, where it is oriented towards the cationic metal centre, enhancing the crystallisation properties. [11,23,24] In the following, the preparations of solvated dicationic complexes of the form of [Ae(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -, with Ae = Ca, Sr, and Ba, in addition to monocationic species,

[{tmeda}Ae{X}] + .[NH2{B(C6F5)3}2] -, with X = OCH(CF3)2 -, OC(CF3)3 -, N(C6F5)2 -and O(C6F5) -
, and tmeda = N, N, N', N'-tetramethylethylenediamine, are presented. The characterisation of these compounds and their relative Lewis acidities and an evaluation of their performances as Lewis acid catalysts in the aza-Piancatelli reaction, are described. The aza-Piancatelli reaction is a benchmark reaction adopted by our collaborator Vincent Gandon at University of Paris-Saclay.

As detailed in section 2.4, the importance of this reaction is associated to the formation of diverse heterocyclic products that are valuable for cosmetic and medical industries.

Charge-neutral fluorinated alkaline-earth complexes a) Synthesis and characterisation

The synthesis of the charge-neutral, fluorinated homoleptic alkaline-earth complexes was achieved via protonolysis between [Ae{N(SiMe3)2}2]2 and the appropriate fluoroalcohols (Scheme 2.1). The Compounds 1-7 were obtained as white powders, in good isolated yields (60-80%). Their solubility is poor in hydrocarbon solvents, yet, they are very soluble in polar solvents such as diethyl ether, thf and dichloromethane.

The known [Ca{N(C6F5)2}2] [7] (8) was prepared herein for comparison purposes in Lewis acidity studies, and for its utility as a precursor towards the production of monocationic complex, as detailed in section 2.3. SiMe3)2}]2 complexes are dimeric in the solid state, [25] but the addition of thf yields the monomeric compounds [Ae{N(SiMe3)2}2.(thf)2] stabilised by two additional thf molecules. [26] Moreover, the reported [Ae{CH(SiMe3)2}2.(thf)2] [27] and [Ae{OC(CF3)3}2.(S)x] (S = thf or dme) complexes [5] are only known as monomeric species, upon coordination to solvent molecules. For this reason, we presume here that complexes 1-6 are not mononuclear, and therefore, they will be designated by [Ae{OCH(CF3)2}2]n, with n = the unknown nuclearity. and [Ca{N(C6F5)2}2.(thf)2], with additional four Ae---F interactions. [7] However, Harder et al.

reported the X-ray structure of the magnesium complex [Mg{N(C6F5)2}2]2, which forms a dimer featuring three Ae---F interactions in the solid state. [7b] This behaviour was similar to that of other low coordinated compounds, namely [Ae{N(SiMe3)2}2]2, [25] [Ae{CH(SiMe3)2}2.(thf)2], [27] and [Ae{OC(CF3)3}2.(S)x] (S = thf or dme) complexes. [5] Taken collectively, these data suggest the difficulty of generating these fluorinated alkoxides compounds as monomers devoid of coordinated Lewis base in the solid state. This postulate was further confirmed upon obtaining the X-ray structure of [Ca{OCH(CF3)2}2.(tmeda)2] (1.(tmeda)2), a complex coordinated by two N, N, N', N'-tetramethylethylenediamine (tmeda) molecules (Figure 2.9). Tmeda was used as solvent during the crystallisation process, owing to its bidentate chelating properties as well as its similarity with dme, as seen in [Ae{OC(CF3)3}2.(dme)2] complexes. [5] 9), O11-Ca1-N6: 91.80( 9), N1-Ca1-N6: 72.33 (10).

Complex 1.(tmeda)2 is six-coordinated, presenting a near-perfect octahedral geometry, with C2v symmetry, similar to the geometry of [Ca{CH(SiMe3)2}2.(tmeda)2] complex. [28] The Ca1-N bond length average (2.584(3) Å) is very similar to the reported bond distances for [Ca{CH(SiMe3)2}2.(tmeda)2] (2.607(4) Å). On the other hand, the Ca-Oalkoxide bond distances in reported complex [Ca{OC(CF3)3}2..(dme)2] [5] (2.168(2) -2.196(2) Å) are slightly shorter than in 1.(tmeda)2 (Ca1-O11: 2.227(2) Å), which is presumed to be the outcome of dominating electronic considerations paired with secondary steric factors in the latter, or possibly due to packing effects in the crystal lattice.

b) Lewis acidity of the charge-neutral alkaline-earth complexes

The Lewis acidity of alkaline-earth elements decreases while descending in the group 2, with the gradual increase of the size of the metal and concomitant decrease of the charge/size ratio.

Therefore, for a given ligand framework, the trend in the Lewis acidity of the metal centre in a homologous series of complexes is expected to be Ca > Sr > Ba. The Lewis acidity of complexes 1-8 was assessed according to three methods: Gutmann-Beckett, [29] Childs', [30] and global electrophilicity index (GEI). [31] The Gutmann-Beckett technique is a spectroscopic method that relies on a hard Lewis base, triethylphosphine oxide. [29] The interaction between Et3P=O with a particular Lewis acid (1:1 ratio) will lead to a difference in the chemical shifts in 31 P{ 1 H} NMR. In order to determine the strength of a Lewis acid, a quantitative empirical parameter was introduced, the acceptor number (AN), that depends on the strength of interaction of a defined compound with Et3PO. It can be calculated according to the equation (2.1), where the Gutmann-Beckett solvent scale was arbitrary fixed of hexane (AN = 0) and SbCl5 (AN = 100). [29] AN = (δ(sample) -41.0) × ( 100 86.14 -41.0 ) = (δ(sample) -41.0) × 2.21 (2.1) This approach has been widely explored with boranes, [32] organic molecules such as diaryliodinium salts, [33] and with metal-compounds. [34] The spectroscopic measurements according to this approach were done in dichloromethane-d2 in order to ensure the solubility of the complexes and to prevent the coordination of the deuterated solvent. The resonance of free Et3P=O in CD2Cl2 is 50.35 ppm. The results are presented in Table 2.1. [b] Calculated according to equation (2.1).

In both [Ae{OCH(CF3)2}2]n and [Ae{OC(CF3)3}2]n series, the difference in chemical shifts and hence, according to this method, the Lewis acidity of calcium compounds is found to be the highest (entries 1 and 4), and, as anticipated, it decreases gradually while descending in the group 2. Moreover, with an additional CF3 moiety between both families, a large effect on the Lewis acidity is observed. For instance, [Ca{OC(CF3)3}2]n (4) complex presented a chemical shift of δ31P 61.3 ppm (Δ 31 P = 10.9 ppm, AN = 44.9, entry 4), with a chemical shift gap double than the one obtained with [Ca{OCH(CF3)2}2]n ( 1) complex (δ31P 55.5 ppm, Δ 31 P = 5.2 ppm, AN = 32.0, entry 1). The same trend is seen with the analogous complexes of strontium (entries 2 and 5) and barium (entries 3 and 6).

As for [Ca{O(C6F5)}2]n (7) and [Ca{N(C6F5)2}2] ( 8) complexes (entries 7 and 8), with fluorinated phenyl substituents, they presented a chemical shift of δ31P 56.3 ppm (Δ 31 P = 5.9 ppm, AN = 33.8) and δ31P 58.0 ppm (Δ 31 P = 7.7 ppm, AN = 37.6) respectively. Even though there is a difference in basicity/electronegativity between oxygen and nitrogen atoms, yet, the main effect on the variation in the Lewis acidity of these two compounds, is presumably related to the additional C6F5 group present within the ligand framework in complex 8, as well as the accessibility of the metal between the two moieties (O(C6F5) and N(C6F5)2). It must be noted that the chemical shift obtained for 8 cannot be directly compared to the reported value by Harder et al. as this latter was recorded in C6D6 (δ31P 59.2 ppm, Δ 31 P = 13.8 ppm in C6D6, AN = 40.2). [7b] Yet, in overall, the Lewis acidities evaluated by this method for these compounds, are still much lower than for the benchmark borane B(C6F5)3 (δ31P 77 ppm, AN = 78.1, in CD2Cl2), [32d] hence, they are considered to be weak Lewis acids.

Childs' method is a second NMR spectroscopic approach, which makes use of cyclohex-2-enone as a soft Lewis base, applying the same molar equivalence, 1:1 with the compound to be studied. [30] The evaluation of the Lewis acidity is related to the difference in chemical shifts in 1 H NMR spectroscopy of the H atom in position 3, designated as H a . The Childs' measurements for 1-8 were also carried out in dichloromethane-d2, where the resonance of H a of pure cyclohex-2-enone is found at δ1H 6.97 ppm.

The results are presented in Table 2.2. On the other hand, while comparing between both methods, Gutmann-Beckett and Childs', a reversed trend is seen. For instance, [Ca{OC(CF3)3}2]n ( 4) presented a high value by Gutmann-Beckett (Δ 31 P = 10.9 ppm, AN = 44.9), yet, low value was obtained by Childs' ( Δ 1 H = 0.08 ppm).

The same behaviour is detected with [Ba{OCH(CF3)2}2]n ( 3) and [Ca{O(C6F5)}2]n (7) complexes.

These conflicting results between both methods are in direct correlation to the type of Lewis base in question. According to the hard and soft acids and bases (HSAB) theory, [35] the hardness or the softness of a specific Lewis acid or Lewis base is in direct relation to the atoms attached to it, as well of the type of bonding between them. In Et3PO, the bond P=O is a d𝜋-p𝜋 bond that makes it relatively more ionic, while the C=O in cyclohex-2-enone, is a p𝜋-p𝜋 bond, presenting a greater covalent character. As for complexes 1-8 investigated here, the binding between the group 2 elements with oxygen or nitrogen atoms of the ligands, are ionic, giving them their hardness.

Hence, combining a hard Lewis base with a hard Lewis acid, or soft Lewis base with a soft Lewis acid, present stronger interaction than the mixed hard (e.g alkaline-earth compounds) and soft ones (e.g cyclohex-2-enone). Similar behaviour was also detected while gauging the Lewis acidity of B(C6F5)3 and B(OC6F5)3 boranes, applying both procedures, Gutmann-Beckett and Childs', where contradictory trends were observed. [32b] Finally, the global electrophilicity index (GEI) method is a computational technique recently introduced to assess the Lewis acidity of a defined compound. [31] It does not involve any Lewis base, it only depends on the ability of a given molecule to accept electrons. The metric parameter GEI, abbreviated by 𝜔, is determined by the equation (2.2) :

𝜔 = 𝜇 2 2𝜂 = 𝜒 2 2𝜂 (2.2)
where 𝜇 is the chemical potential and 𝜂 is the chemical hardness. The hardness is the expression of the resistance of a molecule to deformation or change (after an electron transfer), [36] and its inverse, 1/𝜂, is the chemical softness. This last is in direct correlation to the energies of the highest occupied molecular orbital (EHOMO) and lowest unoccupied molecular orbital (ELUMO). Moreover, according to Mulliken's definition, [37] 𝜇 is the opposite of electronegativity 𝜒. Thus, 𝜔 can also be defined by 𝜒 2 /2𝜂. The GEI method is an acidity metric that quantifies the electrophilicity of a given compound. Therefore, a molecule that is more electronegative and softer will have a greater ability to take up electrons. The DFT calculations collated in Table 2.3, carried out by Pr. Vincent Gandon in Saclay, summarise the difference in energies (in eV) of the HOMO and the LUMO of the measured complexes. Two approaches were employed: geometry optimisation on Gaussian 09 using the BP86 functional and the def2-TZVP basis set, where the energy is recalculated at the MP2-def2-TZVPP level, [31a] and the second one, geometry optimisation on Gaussian 09 using the B3LYP functional and the def2-TZVP basis set. [31b] The measurements were done according to both theory levels for [Ae{OCH(CF3)2}2]n complexes 1-3, and for [Ca{N(C6F5)2}2] ( 8).

The results suggest that strontium complex 2 (entry 2) presents a higher Lewis acidity than its calcium and barium analogues, 1 and 3 respectively (entries 1 and 3). It was expected that the GEI values increase monotonously while going down in a group, owing to the increase of the electron deficiency of the metal. Yet, barium complex (3) showed an exception compared to strontium (2), displaying a lower value than this latter. It is unclear what could be the reason of this value, however, it is distinguished that this technique has some limitations, and cannot be compared to other common approaches of Lewis acidity measurements, due to not requiring any Lewis base.

Thus, the GEI is still a new procedure in the field of Lewis acidity, where further improvements in the accuracy of this method are needed, taking into account, the orbital energies and the absolute hardness of the molecule. 

Fluorinated cationic alkaline-earth complexes

The synthesis of cationic compounds, more electrophilic than their neutral counterparts, was performed. Both dicationic and monocationic families were generated using [NH2{B(C6F5)3}2] -as the WCA.

a) Synthesis of dicationic alkaline-earth complexes

The synthetic precursor, Bochmann's acid, [H(OEt2)2] + .[NH2{B(C6F5)3}2] - [23] (Scheme 2.2), was synthesised in 87% yield for the final step and isolated as a white powder. This salt is only soluble in solvents such as diethyl ether and dichloromethane.

Scheme 2.2: Synthesis of the Bochmann's acid [H(OEt2)2] + .[NH2{B(C6F5)3}2] -. [23] Considering the solubility properties of Bochmann's acid and taking in consideration the decomposition of alkaline-earth precursors [Ae{N(SiMe3)2}2]2 in dichloromethane, the synthesis of the dicationic species was carried out via protonolysis reactions in diethyl ether. The complexes [Ae(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -, with Ae = Ca (9), Sr (10) and Ba (11), were obtained as white powders, in good yields (65-75%) (Scheme 2.3). The compounds showed high solubility in diethyl ether and dichloromethane, and were insoluble in aromatic and aliphatic hydrocarbon solvents. In order to determine the number of diethyl ether molecules present within the complex, several approaches were conducted. Considering the integration of the NH2 broad resonance in 1 H NMR, the integrations of the CH2 and CH3 hydrogens associated to diethyl ether, indicated the coordination of four molecules. Additionally, an internal standard, hexamethylbenzene, was employed. The integration based on the NH2 hydrogens, returned the same result as the previous method. Furthermore, combustion analyses were conducted for the three compounds, suggesting the coordination of six molecules of diethyl ether. H and N contents presented an error of 0.2-0.3%; however, the C content presented a large gap of 4-5% to the theoretical value. Although these results are slightly erratic, but, taking into account the reported dicationic calcium complexes, [Ca(thf)6] 2+ .2[B(C6F5)4] -, [11d] and [Ca(thf)6] 2+ .2[Me3Si(fluorenyl)] -, [38] it can be presumed that complexes 9-11 also contain six coordinated molecules of diethyl ether. The aqua adduct [Ca(OEt2)2(H2O)4] 2+ .2[NH2{B(C6F5)3}2] -(9') was characterised by X-ray diffraction crystallography (Figure 2.12). The coordination of (undesirable) water molecules is the result of an adventitious replacement of the diethyl ether molecules, even though the crystallisation process took place under inert atmosphere, using dried dichloromethane. [11f, g] On the other hand, well as the H atoms, except those of H2O molecules. Ellipsoids are drawn at the 50% probability level.

Selected bond lengths (Å) and angles (°): Ca1-O1: 2.371( 4), Ca1-O2: 2.374( 4), Ca1-O3: 2.374(3); O1i-Ca1-O3: 88.78 (13), O3-Ca1-O2: 91.86( 14), O2-Ca1-O2i: 157.5( 2), O1-Ca1-O3: 170.98 (14).

The calcium dication is 6-coordinated, presenting an octahedral geometry, with formally (non-crystallographic) C2v symmetry. The interatomic distance from metal to O-atoms is very comparable for all the oxygen atoms from diethyl ether or water molecules, in the range 2.371(3)- ). [38] It is noticed that, regardless the type of the Lewis base, the coordination sphere of the dicationic calcium is fulfilled with six molecules displaying very comparable interactions. This behaviour is possibly related to the unsaturation of the highly electronic deficient calcium centre, and its ability to coordinate six donor molecules in near-perfect octahedral geometries. 2.726( 3), Ba1-O7: 2.748( 4), O1-Ba1-O2a: 87.38( 12), O7-Ba1-O2a: 77.21( 12), O7-Ba1-O6a: 72.13( 12), O6a-Ba1-O4a: 80.16 (12), O4a-Ba1-O5: 88.30( 13), O5-Ba1-O3: 73.97 (11), O1-Ba1-O3: 75.90 (11), O1-Ba1-O6a: 124.78 (12), O5-Ba1-O7: 127.14 (10).

b) Synthesis of fluorinated monocationic alkaline-earth complexes

The synthesis of fluorinated monocationic complexes [{tmeda}Ca{X}] + .[NH2{B(C6F5)3}2] -, with X = OCH(CF3)2 -, OC(CF3)3 -, N(C6F5)2 -and O(C6F5) -, were targeted. The role of the co-ligand tmeda, a strong chelating Lewis base, is to encourage the stability of the metal centre. It is often an excellent co-ligand for hard, electrophilic metals. [39] The synthesis of the sought cationic compounds [{tmeda}Ca{X}] + .[NH2{B(C6F5)3}2] -can be accomplished according to two procedures, as displayed in Scheme 2.4: [11] i. Method A: synthesis of the protonated form of the co-ligand, followed by a double protonolysis reaction with basic alkaline-earth precursors [AeX2].

ii. Method B: direct protonolysis reaction of the heteroleptic compound [{L}AeX2], upon reaction with the acid salt. 

ii. Synthesis of cationic alkaline-earth complexes

The fluorinated cationic complexes [{tmeda}Ca(X)] + .[NH2{B(C6F5)3}2] -, (X = OCH(CF3)2 -, OC(CF3)3 -, OC6F5 -and N(C6F5)2 -), were generated via an equimolar protonolysis reaction between the protonated co-ligand and each of the charge-neutral, homoleptic alkaline-earth fluorinated alkoxides (Scheme 2.6). Compounds 13-20 were obtained as white powders, in moderate to good yields (44-88%).

All the complexes showed good solubility in thf and dichloromethane, but they are insoluble in diethyl ether and aliphatic solvents.

The different compounds were characterised by multinuclear NMR spectroscopy. In the 1 H and 19 F{ 1 H} NMR spectra at room temperature, in thf-d8, the monocationic complexes generated presented different chemical shifts from that of their homoleptic, charge-neutral parents.

For example, the [{tmeda}Ca{OCH(CF3)2}] + .[NH2{B(C6F5)3}2] -( 13) showed a slight downfield (12) and in the complex 13, that could have an effect on the interaction with tmeda. first set is associated to the fluorinated aryl rings in the WCA (C6F5) that give rise to six easily discernible multiplets, in the range between δ13C 120-150 ppm. The second set was assigned to the OCH(CF3)2 anion. Based on relevant compounds described earlier (1-6), [11b, f, g] it should give a quadruplet at ca. δ13C 125 ppm and a heptet at ca. δ13C 73 ppm, for the CF3 and C(CF3)2 atoms, respectively. These two resonances are not distinguished in the case of calcium complex 13, yet, they are clearly seen with strontium compound 14 (Figure 2.17 was gauged using the Gutmann-Beckett method. [29] Childs' and GEI methods were not considered due to their apparent poor suitability with alkaline-earth metals (vide supra).

The Gutmann-Beckett method relies on Et3PO as a hard Lewis base, and the acidity measurements of the cationic complexes are summarised in Table 2.4. Dichloromethane was used as solvent to ensure the solubility of the compounds, as well for comparison purposes with the charge-neutral parents for which measurements were recorded in this same solvent. As expected, the dicationic complexes [Ae(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -, with Ae = Ca (9), Sr (10) and Ba (11), showed the highest values, with AN = 53. 7-55.7. This is consistent with their most electron-deficient nature. Yet, no significant trend is observed while descending in the group 2 for a series of homologous complexes; the variations of the Lewis acidity seem to be at best marginal. This behaviour is not well understood, however, the values obtained are below the Lewis acidity of the B(C6F5)3 (δ31P 77 ppm in CD2Cl2, AN = 78.1). [32d] For the monocationic complexes, the calcium compounds, 13, 16, 19 and 20, entries 4, 7, 14) (entry 5) being more Lewis acidic then its calcium congener. It can be concluded that this method presents some limitations with the alkalineearth elements, which are not explainable, arising the concept of being not applicable with these metals. [7b, 15a, 18] 

Application as Lewis catalysts in the aza-Piancatelli reaction

Our collaborators, Vincent Gandon and his research group, have made significant input in the area of alkaline-earth mediated Lewis acid catalysis in the past decade. [40] They have adopted the aza-Piancatelli reaction as their benchmark reaction. It can be catalysed by the combination of [Ca(NTf2)2] and nBu4NPF6 (Scheme 2.7). [41] The aza-Piancatelli gained interest in the last decade, as the products, namely aza-cyclopentanones, are useful intermediates for the synthesis of natural products of therapeutic and cosmetic value. For instance, they are potential intermediates toward aminocyclopentitol frameworks that are present in bioactive molecules such as peramivir (antiviral), [42] pactamycin (antibiotic, antiprotozoal, and antiproliferative properties), [43] and trehazolin (glycosidase inhibitor). [START_REF] Carpentier | Chemistry of Metal Phenolates[END_REF] Scheme 2.8: Mechanism of the aza-Piancatelli reaction catalysed by a Lewis acid (LA) such as [Ca(NTf2)2]. [41b] However, the aza-Piancatelli reaction has some limitations. Substrate scope is limited to anilines or hydroxylamines. Moreover, aniline with electron donating groups are generally found to be less reactive, owing to their ability to trap the Lewis acid catalyst, forming off-cycle species. In addition, side-reactions can take place, such as Friedel-Crafts or deoxyamination reaction, as well as decomposition of the oxonium intermediate at high temperature.

The group of Gandon employed [Ca(NTf2)2] as Lewis acid catalyst for the aza-Piancatelli cyclisation, combined with nBu4NPF6. The combination of both species is thought to generate in situ the [Ca(NTf2)] + .[PF6] -salt, [30b] which is the active species in the catalytic manifold (Scheme 2.9). The relative weak Lewis acidity of this salt has been assessed using Childs' method (δ1H 7.28 ppm). In order to enhance this last, (CF3)2CHOH (= HFIP) was added in excess, and a higher Lewis acidity was attained (δ1H 7.76 ppm). [41b] For this reason, HFIP is a solvent of choice in the aza-Piancatelli reaction. Scheme 2.9: Proposed formation of the intermediate complex, [Ca(NTf2)] + .[PF6] -, generated during the catalysed aza-Piancatelli reaction. [30b] Hence, the catalytic activity of the aza-Piancatelli reaction is closely associated to the Lewis acidity of the catalyst. The catalytic performance of [Ca(NTf2)2] on its own is low.

Therefore, we ought to implement new alkaline-earth compounds, mostly based on calcium as metal centre, and explore them in the aza-Piancatelli reaction, in order to possibly enhance its reactivity and to broaden the scope, without any need for additives.

The charge-neutral compounds [Ae{OCH(CF3)2}2]n (1-3), [Ae{OC(CF3)3}2]n (4-6), [Ca{O(C6F5)}2]n (7), and [Ca{N(C6F5)2}2] ( 8), showed similar Lewis acidity values as [Ca(NTf2).(PF6)] salt via Childs' approach, thus, anticipating their ability to catalyse the named reaction. However, unexpectedly, none of these compounds showed catalytic activity. A range of experimental conditions were tested, at room temperature, and at 80 ℃, with a variety of solvents (toluene, HFIP, nitromethane MeNO2), yet, no reactivity was seen. We assume it is probably associated to the trapping of the alkaline-earth Lewis acid by the amine, forming off-cyclic species; however, no experimental evidence to support this hypothesis could be found. 20)). These compounds, with a highly electron deficient metal centre, are expected to present higher affinity towards alcohols and activate effectively the Csp3-O bond (C-OH) for further nucleophilic attack. Thus, higher reactivity was anticipated compared to the benchmark catalyst system [Ca(NTf2)2]/nBu4NPF6. The investigations were done using benchmark reagents: 2-furyl(phenyl)methanol 1 and p-methoxyaniline 2, at 80°C. The results obtained are presented in and6). These solvents were previously tested with [Ca(NTf2)2] where they showed their compatibility for this catalytic reaction, and diverse rates were detected. [41a] In our case, the same behaviour was observed. In MeNO2, the reaction was completed within 4 h at 80 ℃, and the desired product was isolated in 92% yield (entry 4). While using toluene or DCE, the yield decreased to 60 and 30%, respectively, (entries 5 and 6), indicating that MeNO2 is the best solvent to be used. Applying the same conditions as those in entry 4, with the Sr and Ba dicationic analogues 10 and 11, the yield also decreased, to 73 and 76%, respectively (entries 7 and 8). It is tentatively related to the Lewis acidity of the metal centre, where the calcium, being the more Lewis acidic in the group 2, showed higher reactivity. For this reason, for the monocations, only the calcium species 13), X = OC(CF3)3 -( 16), X = N(C6F5)2 - (20) were tested (entries 9, 10 and 11). Unexpectedly, these compounds showed no reactivity. It is possible that these complexes are not as stable in solution as the dicationic ones, leading to their decomposition in solution, or by generating off-cycle species, of the form of [{tmeda}Ca(X)(H2NPh)] + .[NH2{B(C6F5)3}2] -; decomposition of the oxonium intermediate could also be a reason for the observed absence of activity. [45] According to these results, calcium complexes are clearly more effective than their strontium and barium analogues. Although the catalytic activity of these compounds did fall short of expectations, a new Lewis acid catalyst, [Ca(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -( 9) is introduced in the field of calcium-catalysed aza-Piancatelli reaction.

[{tmeda}Ca(X)] + .[NH2{B(C6F5)3}2] -, X = OCH(CF3)2 -(

Conclusion

This chapter presented two families of alkaline-earth compounds: charge-neutral and cationic complexes, presenting their own set of properties. 7) and [Ca{N(C6F5)2}2] (8) [7] were obtained free of coordinating donor groups which is confirmed by NMR spectroscopy. However, difficulties encountered in their characterisation in the solid state, free of Lewis bases, where the molecular more than six Lewis bases. The Lewis acidity of these species was gauged via Gutmann-Beckett method in dichloromethane, revealing higher Lewis acidities compared to the charge-neutral

The fluorinated charge-neutral complexes [Ae{OCH(CF3)2}2]n (1-3), [Ae{OC(CF3)3}2]n (4-6) (Ae = Ca, Sr, Ba), [Ca{O(C6F5)}2]n (
compounds, yet, it also showed some limitations (conflicting values while going down in the group 2). [7b, 15a, 18] Additionally, in terms of catalysis, only the dicationic compounds 9-11) showed some efficiency, with calcium derivative (9) slightly more efficient than its strontium (10) and barium analogues (11). Further studies will be conducted to determine the kinetic stability of compound 9 over time, compared to [Ca(NTf2)2] initially used.

[Ae(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(
Both families of species are useful for other purposes that could be further investigated, such as CVD processes for the charge-neutral compounds (1-7) or other Lewis acid catalysed transformations, such as ROP reactions.

Experimental part

General procedures

All manipulations were performed under an inert atmosphere by using standard Schlenk techniques or in a dry, solvent-free glovebox (Jacomex; O2 < 1 ppm, H2O < 5 ppm). CaI2, SrI2 and BaI2 beads (99.999%, Aldrich) were used as purchased.

Solvents (thf, Et2O, pentane and toluene) were purified and dried (water contents all in the range 1-5 ppm) over alumina columns (MBraun SPS). THF was further distilled under argon from Na/benzophenone prior to use. Deuterated solvents (Eurisotop, Saclay, France) were stored in sealed ampoules over activated 3 Å molecular sieves and degassed by several freeze-thaw cycles.

[Ae{N(SiMe3)2}2]2 [46] precursors were prepared following a published literature procedure.

Pentafluorophenol, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and perfluoro-tert-butanol (PFTB)

were purchased from sigma and used directly without further purification. HN(C6F5)2 was synthesised according to a literature procedure. [47] All NMR spectra were recorded on Brüker AM-400 or AM-500 spectrometers; assignment of the resonances was assisted by 1D ( 1 H, 13 C { 1 H}) and 2D (COSY, HMBC, and HMQC) NMR experiments.

Elemental analyses were performed by Muriel Escadeillas at the CRMPO, University of Rennes1.

They were established for the dicationic complexes, [Ae(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -, (Ae = Ca (9), Sr (10), Ba ( 11)) as well as for the protonated ligand, [{tmeda}H] + .[NH2{B(C6F5)3}2] -, and the calcium monocationic complexes, [{tmeda}Ca(X)] + .[NH2{B(C6F5)3}2] -, X = OCH(CF3)2 - ( 13), X = OC(CF3)3 -( 16), X = O(C6F5) -( 19), and X = N(C6F5)2 -( 20)).

[Ca{OCH(CF3)2}2]n (1)

A solution of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (0.23 mL, The reaction mixture was stirred for 2 h and the volatiles were removed under vacuum. The resulting white powder was washed with pentane (3 × 5 mL) and the product was completely dried under vacuum. Yield: 0.30 g, 73%.

1 H NMR (400 MHz thf-d8, 298 K): δ = 4.58 (hept, 3 JHF = 7.0 Hz, CH) ppm. ppm.

19 F{ 1 H} NMR (376 MHz, thf-d8, 298 K): δ = -76.91 (s, 18F, CF3) ppm.

[Ba{OC(CF3)3}2]n (6)

Following the same protocol described for complex 4,

[Ba{OC(CF3)3}2]n ( 6) was obtained by reacting (0. 

[Ca{N(C6F5)2}2] (8)

A solution of HN(C6F5)2 (0.70 g, 2.00 mmol) in toluene ( 20mL) was added to a solution of [Ca{N(SiMe3)2}2]2 (0.36 g, 1.00 mmol) in toluene (20 mL). The reaction mixture was stirred for 3 h and the volatiles were removed under vacuum.

The resulting white powder was washed with pentane (3 × 5 mL) and the product was completely dried under vacuum.

Yield: 0.60 g, 82%. The spectroscopic and analytical data matched the data described in the literature. [7] [Ca(OEt2)6] 2+ . 

[{tmeda}Ba{OCH(CF3)2}] + .[NH2{B(C6F5)3}2] -(15)

Following the same procedure as the complex 

[{tmeda}Ca{OC(CF3)3}] + .[NH2{B(C6F5)3}2] -(16)

Following the same procedure as the complex 13, the complex 

[{tmeda}Ca{OC(CF3)3}] + .[NH2{B(C6F5)3}2] -(

[{tmeda}Ba{OC(CF3)3}] + .[NH2{B(C6F5)3}2] -(18)

Following the same procedure as the complex 

General protocol for the Lewis acidity measurements:

In the glove box, in an NMR tube, one equivalent of the complexes was introduced. Then, under inert atmosphere, one equivalent of a stock solution of the Lewis base in CD2Cl2 (cyclohex-2enone or triethylphosphine oxide) was added, and 0.5 mL of CD2Cl2. Then the tube was sealed and agitated for several minutes, before that it was put on the spectrometer 400MHz and record the corresponding NMR data.

Chapter 3: Molecular charge-neutral alkaline-earth complexes

This chapter discusses the synthesis of molecular charge-neutral alkaline-earth compounds bearing dianionic oxygen-based ligands. Two families of complexes are developed, based on the variation of the substituents and overall donor ability of the dianionic ligands. This fine-tuning aimed at exploring the coordination patterns with three metals, Ca, Sr and Ba, in relation with the variation of the size, electropositivity and charge density of these elements.

Introduction

Over the years, alkaline-earth chemistry has gained attention by generating diverse forms of alkaline-earth compounds (homoleptic, heteroleptic and cationic), where each of them displayed different coordination patterns and reactivity in homogeneously catalysed processes such as hydroelementation, dehydrocoupling and ring-opening polymerisation (ROP) reactions. [1] In these processes, newly-designed ligands with a variety of electronic and steric properties were implemented to control the coordination sphere of the metal centre and to ensure the stability of the metal complexes under different catalytic conditions. Multidentate aminoether-phenolate and aminoether-alkoxide ligands showed to be promising ligand frameworks towards this end. [2][3][4][5] Monoanionic multidentate aminoether-phenolates showed to be a versatile class of chelating ligands that stabilise different oxophilic metals, such as Zn, Mg-Ba, Li-Na, and Al. [5,6] Owing to their chelating and electron donating properties that could be tuned almost at will, depending on the combination of N or O donors, such ligands can greatly affect the coordination behaviour of a given metal. They have also a significant impact on their reactivity in molecular catalysis, notably in the ROP of cyclic esters. [6h] For alkaline-earth elements, molecular bis(phenolate) calcium complexes showed to be efficient precatalysts in this latter reaction. [7] Moreover, our group managed to generate potent heteroleptic precatalysts of the form [{LO x }Ae{N(SiMe3)2}] (Ae = Ca, Sr and Ba) where different coordination spheres were observed, inhibiting undesired ligand redistribution phenomena (Figure 3.1). [2] For instance, [{LO 3 }Ae{N(SiMe3)2}] [2a] compounds are mononuclear in the solid state, while

[{LO 1 }Ca{N(SiMe2H2)2}]2 and [{LO 4 }Ae{N(SiMe2H2)2}]2 (Ae = Sr, Ba) are dimeric. [2c] Figure 3.1: Examples of multidentate aminoether-phenolates used for coordination chemistry of alkalineearth elements. [2a, c] Besides phenolates, alkoxides are also known to be a fundamental ligand framework useful in coordination chemistry of early transition metals. [8] However, they often coordinate to the metal centres as a [1σ-2𝜋] donor group, enabling its contribution up to 6 electrons (however, not to a single metal centre); they are hence not very much suited for electrophilic, large ionic radius elements such as alkaline earths. The hard electronegative 𝜋 donor oxygen atom, with its high basicity and high bridging ability, indeed causes the formation of aggregated structures and illdefined mixture of compounds. [9] For instance, the substituted dialkoxide calcium complex generated from the reaction of calcium and 2-methoxyethanol formed the polynuclear

[Ca9{OCH2CH2OMe}18{HOCH2CH2OMe}2] complex. [10] ]. [11] The only known mononuclear alkaline-earth alkoxide of the large alkaline earths,

[Ca{OC(Ph)2CH2C6H4Cl}{N(SiMe3)2}(thf)3] compound, was reported by Hanusa et al.; the metal centre binds to three additional thf molecules. [12] An attempt to decrease the degree of aggregation of the Oalkoxides atoms has consisted in using multidentate amino-and aminoether-alkoxide ligand frameworks combined with β-diketonato ligands, creating a steric hindrance surrounding the metal centre (Figure 3.2). Dinuclear and trinuclear heteroleptic strontium complexes were generated, affording the formation of discrete metal compounds with reduced nuclearity. [13] Figure 3.2: Diverse amino-/aminoether-alkoxide proligands, in addition to an example of a dinuclear strontium complex derived therefrom. [13] A second approach was applied by incorporating an electron-withdrawing group such as CF3 in the α position of the Oalkoxide, creating an intra-and intermolecular repulsion, and less basic, donating oxygen atoms. The presence of the CF3 moiety decreases their 𝜋 donating and bridging abilities, inducing the formation of mono-or dinuclear complexes similar to phenolate ligands. [14] Fluorinated alkoxides are able to stabilise highly electrophilic transition metals (groups 3, 4 and 13), yielding efficient precatalysts for lactide and olefin polymerisations. [14a] As for alkaline earths, Chi et al. reported the synthesis of the homoleptic, mononuclear strontium and barium species, [Ae{RO 2 }2] ({RO 2 }H = HOC(CF3)2CH2N(CH2CH2OMe)2), free of coordinated Lewis bases such as thf, and presenting additional Ae---F interactions (Figure 3.3). [3] Ruhlandt-Senge et al. reported the synthesis of highly volatile species based on the simple (CF3)3CO -fluoroalkoxide, namely

[Ae{OC(CF3)3}2.(S)x] (Ae = Ca, Sr, and Ba), stabilised by donor ligands (S) such as thf or dme. [15] Our group explored a variety of aminoether-fluoroalkoxides as proligands that are able to stabilise both charge-neutral heteroleptic compounds such as [{RO2 F }Ca{N(SiMe3)2}]2 ({RO2 F }H= HOC(CF3)2CH2N(CH2CH2OMe)2) [4d] or cationic species like [{RO}Ae] + .[NH2{B(C6F5)3}2] - ({RO} = aza-crown-ether). [4c] The complexes were obtained free of coordinating solvents, and exhibited Ae---F interactions (Figure 3.3). These species have also been used in homogeneous catalysis such as for olefin hydrophosphination and cyclic ester ROP reactions. [4] Chapter 3

Figure 3.3:

Examples of alkaline-earth aminoether-fluoroalkoxide complexes. [3,4,15] Hence, aminoether-phenols and aminoether-fluoroalcohols are ligands of choice to stabilise alkaline-earth compounds. Ligands with functionalised side-arms, such as multidentate aza-crown-ethers, have also proved their potential for stabilising the oxophilic nature of alkalineearths, producing mononuclear and dinuclear heteroleptic and cationic compounds that are active in catalytic processes. [2][3][4][5] Pursuing these studies, we decided to investigate different coordination patterns of the alkaline earths Ca, Sr and Ba, using aminoether-phenols and aminoether-fluoroalcohols as proligands where we also modified the number of heteroatoms within the ligand backbone. Thus, in the first part of this chapter, molecular charge-neutral alkaline-earth species, based on azacrown-ether or aminoether-phenols, and aminoether-fluoroalcohols, are described (Figure 3. environments were observed. The Lewis acidity of both families of compounds, in addition to their application as Lewis acid catalysts in the aza-Piancatelli reaction, are also discussed. 

Aminoether-phenolates & aminoether-fluoroalkoxides complexes: synthesis and characterisation a) Ligand synthesis

The two aminoether-phenols {(N2O4)Ar2O2}H2 (1-H2) and {(N2O3)Ar2O2}H2 (2-H2) were synthesised via a Mannich condensation [16] between the appropriate crown ether (4,13-diaza-18crown-6-ether or 4,10-diaza-15-crown-5-ether), formaldehyde and 2,4-t Bu2-C6H3OH (Scheme 3.1). Both proligands were obtained as white powders, with a yield of 47% and 45%, after recrystallisation in cold methanol. They present low solubility in diethyl ether and toluene, but they are highly soluble in thf and dichloromethane. The aminoether-fluoroalcohols {(N2O4)R F 2O2}H2 (3-H2) and {(N2O3)R F 2O2}H2 (4-H2) were synthesised upon reacting the corresponding aminoether with 2 equivalents of 2,2bis(trifluoromethyl)oxirane in diethyl ether, with a yield of 87% (Scheme 3.2). They were also obtained as white powders and present a good solubility in all organic solvents. compatible with the expected molecular structures, and with good resolution, unlike complexes 3-Ae and 4-Ae. These fluoroalkoxide complexes present a dynamic behaviour in solution that affected the resolution of their spectra recorded at room temperature. For instance, in the room temperature 13 C{ 1 H} NMR spectrum of 3-Ca, both CF3 and C(CF3)2 carbon-fluorine couplings were detectable. A quadruplet ( 1 JCF = 296 Hz) and a heptet ( 2 JCF = 25 Hz) were located at δ13C 127. 23 and 83.18 ppm, respectively. These two resonances were lost in the noise and poorly distinguished in the case of the complex 3-Ba and 4-Ae series, even after several attempts (highly concentrated samples which in some cases encountered solubility problems, increasing the relaxation delay). Yet, they were detected by correlation to 2D NMR spectra (HMBC and HSQC). These compounds were found to be hydrolytically stable. Indeed, complex 4-Sr was obtained in the solid state with a coordinating thf molecule, as 4-Sr.thf, see below in section 3.2 (c). Several attempts to obtain a thf free molecular structure failed, yet, a second X-Ray structure 2.1817( 16) and 2.2488(15) Å), [7a] and in the monomeric [Ca{O-2,6-t Bu2-4-Me-C6H2}2.(thf)3] ( 2.201( 6) and 2.210( 6) Å) Ca-phenolate complexes. [17] Deformation of the cap of the crown ether is seen, in addition to the narrow angle of O11-Ca1-O11i (98.30( 6) °) compared to the wide N8-Ca1-N8i (164.03( 6)°). The bond length Ca-N8 of 2.6430( 13) Å in 1-Ca is longer than the Ca-Nmacrocycle ( 2.585(3) Å) in the heteroleptic complex [{LO 3 }CaN(SiMe2H)2]. [2c] It is also observed that all four oxygen atoms of the crown ether are nearly coplanar, where the nitrogen atoms are distant by 1.8881(3) Å from the best average plane defined by O2, O5, O2i, and O5i. Moreover, the encapsulated calcium centre is located at 1.5209(3) Å below the pocket (below O2, O5, O2i, and O5i plane), with the two phenolates substituents positioned on similar sides of the macrocycle. 9), Ca-O41: 2.2540( 9), Ca-O4: 2.4740( 9), Ca-O13: 2.4747( 9), Ca-O7: 2.513( 1), Ca-N10: 2.5690( 11), Ca-N1: 2.7380( 11), N1-Ca1-N10: 128.40( 3), O21-Ca1-O41: 96.11( 4).

With fluorinated alkoxides, complex 3-Ca forms an eight-coordinated monomer, with C2 symmetry, without any sign of Ca---F interactions in the solid state [18] (Figure 3.9). Like 1-Ca, a deformation is seen in the upper rim. However, the four oxygen atoms are no longer coplanar.

Instead, the plane is determined by O3, O3i, N1 and N1i, where the metal centre is found to be in 4), Ba1-O12: 2.844( 4), Ba1-O6: 2.969( 4), Ba1-O26: 2.494( 4), Ba1-O37i: 2.632( 3), Ba1-O37: 2.815( 4), Ba1-N15: 2.990( 4), Ba1-N9: 2.971( 4), Ba1-F30: 2.998( 3), N9-Ba1-N15: 120.46 (12). Both Ba---F30 interactions are shown by dashed bonds.

Finally, the molecular structure of the analogue compound 4-Sr.thf revealed an eightcoordinated mononuclear species, with C1 symmetry (Figure 3.13). Coordinative saturation of the strontium element was fulfilled by an additional interaction with a thf molecule (Sr-O61: 2.5666 (19) Å). No Sr---F interactions are detected, unlike in 3-Sr (shortest bond distance Sr---F is 3.5 Å > than the fixed limit 3.3 Å). [20] The presence of the thf molecule is related to the precursor used during the synthesis, [Sr{N(SiMe3)2}2.(thf)2] (vide supra). Attempts to obtain the free thf- and angles (°): Sr-O4: 2.762( 2), Sr-O13: 2.709( 2), Sr-O10: 2.660( 2), Sr-O21: 2.404( 2), Sr-O41: 2.393( 2), Sr-O61: 2.5666 (19), Sr-N1: 2.896(3), Sr-N7: 2.891(3), N1-Sr1-N7: 120.84 (7), O21-Sr1-O41: 100.37 (9).

As for the molecular structure of 4-Sr.(H2O)2 (Figure 3.14), it is also an eight-coordinated compound, where a water molecule is coordinated to the metal centre, and a second one exhibits hydrogen interactions with the Oalkoxides. The bond distance Sr-Owater (Sr1-O61: 2.525(2) Å) is similar to Sr1-Othf (Sr-O61: 2.5666(19) Å), and this also holds true for all Sr-Nmacrocycle and Sr-Omacrocycle bonds. The difference between both compounds relies on the presence of additional Sr---F interaction (Sr1-F51: 2.8632(19) Å) in the case of 4-Sr.(H2O)2, in addition to a longer distance in one of the Sr-Oalkoxides (Sr1-O41: 2.500(2) Å) as compared to 4-Sr.thf. The bond angles also present an opposite trend, O21-Sr1-O41: 91.70 (7)° in 4-Sr.(H2O)2 is smaller than in 4-Sr.thf (O21-Sr1-O41: 100.37(9)°), however, N10-Sr1-N4 (125.64(7)°) is wider. All these observations are linked to the difference in the spatial conformation, in addition to electronic effects, between each of thf and water molecules.

where RM-X is the empirically determined distance for a given cation-anion pair, [26] and the parameter B is considered > 0.35 Å (close to the softness parameter for halide crystals) [27] and < 0.39 Å (close to the value for hydrogen bonds), [28] where the universal constant B is set at 0.37 Å. [29] dM-X is the observed bond distance between two atoms, obtained from the crystallographic data.

Regarding the aforementioned molecular structures, BVSA was employed to determine the contribution of Ae---F interactions towards the coordination sphere of complexes 3-Sr, 3-Ba and [4-Ba]2. For alkaline-earth elements, the R values of strontium and barium metals are as follows:

RSr-O: 2.118, RSr-F: 2.019, RSr-N: 2.230, RBa-O: 2.290, RBa-F: 2.190, and RBa-N: 2.470 Å. [26] The bond valence sum values of the defined complexes are presented in Table 3.1. [a] Measured distances to X = N, F or O atoms, given in Å, from the X-Ray structures obtained.

[b] Bond valence contribution for atom X. [c] the sum of all contributions for the different atoms: X = N, F and O.

According to the values obtained, the contribution of Ae---F interactions in C6F5)2}]2, that are in the range of 18-20%. [18] Evidently, for a given metal, the contribution of the secondary Ae---F interactions to the overall coordination sphere increases while decreasing the coordination number of the compound. However, these secondary interactions are mostly electrostatic with low covalent component, that are not incorporated in the coordination number of the metal centre. [18] e) Comparative overview A summary of the structural features of the diverse alkaline-earth complexes are presented in Table 3.2 (ionic radius of 1.00 Å), the element was closer to the pocket of the macrocycle than the other two, strontium (1.18 Å) and barium (1.35 Å). Moreover, with the gradual increase of the ionic radii, strontium and barium were stabilised by additional Ae---F interactions, which were also differentiated by their strength related to the variation of the electrophilic character (4-Ba presented stronger secondary interactions).

To conclude, our goal to investigate the coordination behaviours of the alkaline-earth elements, by changing the substituents and the number of heteroatoms within the ligand was achieved. Moreover, these compounds were tested as Lewis acid catalysts, described in section by using the fluoroalcohol HOC(CF3)2CH2N(CH2CH2OMe)2, bearing only three donor atoms. [3] Hence, we decided to investigate the coordination pattern of low coordinated fluoroalkoxide species, having only two or three nitrogen atoms in the ligand framework, to assess how this would affect the coordination sphere of the group 2 elements, as well as their reactivity in molecular catalysis.

Aminofluoro-alkoxide alkaline-earth complexes: Synthesis and characterisation

The diaminofluoro-alcohol proligand 6-H2, (Scheme 3.4) has been previously reported for the preparation of group 4 metal complexes. [30] The resulting compounds were useful precatalysts in olefin polymerisation reactions. [30b] On this basis, the 6-H2 proligand was selected to generate new molecular charge-neutral Ae compounds. The related proligand framework 5-H2 containing a third nitrogen atom was also synthesised in order to compare the impact of number of heteroatoms on the coordination pattern of alkaline-earth elements.

a) Ligand synthesis

The synthesis of the ligand frameworks was performed by reacting the appropriate amine with 2 equivalents of 2,2-bis(trifluoromethyl)oxirane in diethyl ether. The corresponding proligands 5-H2 and 6-H2 were obtained in good yields, ca. 90% (Scheme 3.4).

C(CF3)2 moieties. For instance, 5-Ca showed a quadruplet ( 1 JCF = 294.8 Hz, CF3) at δ13C 128.41 ppm and a heptet ( 2 JCF = 28.5 Hz, C(CF3)2) at 82.26 ppm, respectively.

c) Solid-state investigations

The molecular structures of complexes 5-Ca, 5-Sr and 6-Ca.thf were established. Single-crystals were grown from concentrated solutions in dichloromethane at -20 ℃.

The molecular structure of 5-Ca, having three nitrogen atoms in the ligand backbone (Figure 3.16), shows an unsymmetrical dimer, [5-Ca]2, bridged by two Oalkoxides. Both metal centres are six-coordinated and also exhibit two additional Ca---F interactions. A similar behaviour

was detected in the case of [{RO3 F }Ca{N(SiMe3)2}]2 ({RO3 F }H= HOC(CF3)2CH2N(Me)(CH2CH2OMe)), [Ca{μ 2 -N(SiMe3)2}{N(C6F5)2}]2 and [Ca{μ 2 - OB(CH(SiMe3)2)2}{N(C6F5)2}]2
, where the two calcium metals were not equivalent. [4d, 18] For each metal centre in 5-Ca, one of these secondary interactions is stronger (Ca1-F31: 2.7742 (18) and Ca2-F60: 2.7254( 16) Å) than the other one (Ca1-F54: 3.041( 2) and Ca2-F30: 2.9309(180) Å). These contacts are similar to the values of distances in the dimeric complex, 2), Ca1-O51: 2.2942( 17), Ca1-O32: 2.4133( 17), Ca1-N16: 2.650(3), Ca1-N20: 2.569( 2), Ca1-F31: 2.7742( 18), Ca1-F54: 3.041( 2), Ca1-N12: 3.150(3), Ca2-O51: 2.4072( 17), Ca2-O32: 2.3552( 17), Ca2-O82: 2.2029 (17), Ca2-N70: 2.750(2), Ca2-N62: 2.689(2), Ca2-N66: 2.548(2), Ca2-F60: 2.7254( 16), Ca2-F30: 2.9309 (18). All Ca---F interactions are presented by dashed bonds.

The congener 5-Sr, depicted in Figure 3.17, also forms the dimer [5-Sr]2 in the solid state; it features the same coordination sphere, as well the same number of Ae---F secondary interactions, as [5-Ca]2. However, several differences are detected related to the strength of the secondary interactions. The Sr1 metal centre presents one Sr---F interaction stronger than the other (Sr1-F31: 2.8566 (19) and Sr1-F78: 3.099(2) Å), or the Sr2 centre shows two relatively loose interactions (Sr2-F32: 3.123(2) and Sr2-F28: 3.0054(19) Å). These variations in Sr---F contacts are similar to those reported in [Sr{biak}2]2 ({biak}H = HOC(CF3)2CH2OCH2CH2N(CH2CH2OMe)2) [31] and [{RO 1 }Sr{N(SiMe3)2}]2 ({RO 1 }H = HOC(CF3)2CH2N( i Pr)(CH2CH2CH=CH2) compounds. [4g] The two bond distances Sr-Oalkoxides in [5-Sr]2 (Sr1-O13: 2.332(2) and Sr2-O63: 2.3162(19) Å) are very similar, unlike [5-Ca]2. The Sr-N bonds are longer than the Ca-N, in the range between [a] Measured distances to X = N, F or O atoms, given in Å, from the X-Ray structures obtained, [b] Bond valence contribution for atom X. [c] the sum of all contributions for the different atoms: X = N, F and O. B = 0.37 Å, RCa-O: 1.967, RCa-N: 2.140, RCa-F: 1.842 Å. [26] The Ae---F contribution to the two metal centres in these dimeric compounds are comparable, except in the case of [6-Ca]2.thf , where one calcium has a 10% contribution and the second one only 2.8%. On the other hand, both complexes [5-Ca]2 and [6-Ca]2.thf have a Ca---F contribution higher than that in [{RO2 F }Ca{N(SiMe3)2}]2 ({RO2 F }H= HOC(CF3)2CH2N(CH2CH2OMe)2) (4%). [4d] It is observed that, as anticipated, the contribution of these secondary interactions to the coordination sphere of calcium increases when the coordination number decreases. 

Lewis acidity measurements and application in the aza-Piancatelli reaction

As it is described in chapter 2, the Lewis acidity measurements could be gauged using Gutmann-

Beckett, [33] Childs' [34] or GEI [35] techniques. Each method presents its own ability to determine the Lewis acidity of a given compound, either by introducing a Lewis base, such as triethylphosphine oxide (Gutmann-Beckett) or cyclohex-2-enone (Childs'), or by DFT calculations that depend on the ability of the molecule to accept electrons. These approaches are widely explored mostly with boranes, [35,36] however, some limitations were encountered with alkaline earths, [37] as it was concluded in the previous chapter.

We decided to assess the Lewis acidity of the three families of compounds using to Gutmann-Beckett technique, as it seemed the most appropriate for our compounds based on the concept of hard and soft acids and bases (HSAB) theory. [38] The aminoether-phenolates and aminoether-fluoroalkoxides complexes presented negligible values (chemical shift difference in 31 P{ 1 H} NMR between 0.1 and 1.0 ppm) with no significant trend observed while descending in the group 2. However, the aminofluoro-alkoxides parents that contain fewer heteroatoms showed stronger Lewis acidities as it is presented in Table 3.5. [a] Conditions: mixture of 1eq of the complexes with 1eq of Et3PO, in CD2Cl2, at room temperature. δ31P of free Et3PO in CD2Cl2 is 50.35 ppm.

[b] Calculated according to equation (δ(sample) -41.0) × 2.21.

As seen in Table 3.5, in both [Ae{N3R F 2O2}] and [Ae{N2R F 2O2}] series, calcium compounds (entries 1, 4 and 5) present the highest Lewis acidities values and decrease gradually while going down in the group 2. However, one unexpected result is detected in entry 5, where the thf adduct [Ca{N2R F 2O2}.(thf)] (6-Ca.thf) is more Lewis acidic (Δ 31 P = 9.9 ppm, AN = 42.7) than its analogue free-thf complex [Ca{N2R F 2O2}] (6-Ca) (Δ 31 P = 3.4 ppm, AN = 28.2, entry 4). This result arise again the concept of the incompatibility of this approach with alkaline-earth elements. [37] Furthermore, we tested these compounds in the aza-Piancatelli catalytic reaction. [39] As anticipated aminoether-phenolates and aminoether-fluoroalkoxides complexes were not able to catalyse this reaction since they are weak Lewis acids. However, the aminofluoro-alkoxides compounds, especially [Ca{N3R F 2O2}] (5-Ca) and [Ca{N2R F 2O2}.(thf)] (6-Ca.thf) did not show any catalytic activity in this reaction which is not explainable. It is possibly associated to the formation of the off-cyclic species, yet, with no experimental evidence to support this hypothesis.

Conclusion

This chapter presented the coordination chemistry of three sets of molecular charge-neutral compounds. The aim was to investigate the coordination pattern, related to the variation of different factors: size of the Ae element, number of heteroatoms in the ligand and the impact between phenols and fluorinated alcohols.

Aminoether-phenolates and aminoether-fluoroalkoxides alkaline-earth complexes 1-Ae to 4-Ae evidenced the greater flexibility of fluorinated alcohols compared to phenols. Changing the number of heteroatoms had no influence in the case of bis(phenolates) compounds (1-Ca and 2-Ca) unlike bis(fluoroalkoxides) species. The effect of decreasing the number of oxygen atoms was compensated by additional interaction with a thf molecule, 4-Sr.thf, or by the formation of dimeric complex, [4-Ba]2. Moreover, Ae---F secondary interactions were observed, with distinct numbers and strengths, depending on the difference in their ionic radius and steric availability of the metal centre. The contribution of these electrostatic Ae---F contacts in the coordination spheres range between 3.8 and 6.5% according to bond valence sum analysis (BVSA). In general, the coordination spheres of these compounds was completed with seven or eight coordinations, decreasing their reactivity in catalytic processes, which was further confirmed by evaluation of their Lewis acidity and their reactivity in the aza-Piancatelli reaction. Hence, we could deduce that increasing the number of heteroatoms up to seven or eight heteroatoms within the ligand, proceed towards the formation of less reactive complexes with decreased electrophilicity and Lewis acidity. Therefore, a good compromise between the stability of the complex and its reactivity need to be established and remain a challenging domain.

Hence, a third family of molecular complexes was generated 5-Ae and 6-Ae, based on amino-fluroalcohols with lower number of heteroatoms (two or three nitrogen donors instead of five or six within the crown ethers). Their characterisation by multinuclear NMR spectroscopy, met some difficulties, mostly related to their dynamic behaviour in solution. However, their molecular structures showed different patterns, mainly in the complex [6-Ca]2.thf, which presents two calcium centres with different coordination spheres with a variation in Ae---F interactions; the contributions of the latter to the coordination spheres, as determined by BVSA, reached up to 10%.

These observations indicate the higher affinity of these species compared to the previous two families, evidenced by an increase in the Lewis acidity, however, they were still unreactive in the aza-Piancatelli reaction.

Overall, these variations in the ligands and metal centres, resulted in a variety of compounds that showed different pattern in their coordination spheres. Yet, they were not reactive as Lewis acids catalysts in the aza-Piancatelli reaction, however they could be employed in other catalytic processes such as ROP reactions, which will be further investigated. Moreover, considering the application of [Ae{RO 2 }2] (Ae = Sr, Ba) as CVD precursors, [3] the fluorinated alkoxides species generated herein could be also useful in this field.

Experimental part

General procedures

All manipulations were performed under an inert atmosphere by using standard Schlenk techniques or in a dry, solvent-free glovebox (Jacomex; O2 < 1 ppm, H2O < 5 ppm). CaI2, SrI2 and BaI2 beads (99.999%, Aldrich) were used as purchased.

Solvents (thf, Et2O, pentane and toluene) were purified and dried (water contents all in the range 1-5 ppm) over alumina columns (MBraun SPS). THF was further distilled under argon from Na/benzophenone prior to use. Deuterated solvents (Eurisotop, Saclay, France) were stored in sealed ampoules over activated 3 Å molecular sieves and degassed by several freeze-thaw cycles.

[Ae{N(SiMe3)2}2.(thf)2] [40] and [Ae{N(SiMe3)2}2]2 [41] precursors were prepared following a published literature procedure.

All NMR spectra were recorded with Bruker AM-400 or AM-500 spectrometers; assignment of the resonances was assisted by 1D ( 1 H, 13 C { 1 H}) and 2D (COSY, HMBC, and HMQC) NMR experiments. Mass spectroscopy analyses were done at the CRMPO, University of Rennes 1 by Philippe Jehan and are given for the proligands, 1-H2 to 5-H2. Elemental analyses, performed at the CRMPO, University of Rennes 1, are provided for the proligands; and complexes 1-Ae and 3-Ae. Attempts to obtain the reliable combustion analyses for the complexes 2-Ae and 4-Ae were not successful.

{(N2O4)Ar2O2}H2 (1-H2):

Formaldehyde (0.43 mL, 37 wt. % in H2O, 0.57 mmol) was added to a mixture of 2,4-di-tert-butylphenol (0. 95 g, 4.58 mmol) and 4,13-diaza-18crown-6-ether (0.60 g, 2.29 mmol) in methanol (10 mL). The mixture was refluxed overnight. The volatiles were evaporated under vacuum to afford a sticky oil. Recrystallisation from hot methanol afforded the title compound as a colourless solid. Yield: 0.71 g, 45%. It is moderately soluble in aliphatic solvents, insoluble in diethyl ether, and dissolves well in thf and chlorinated solvents. 

{(N2O3)Ar2O2}H2 (2-H2):

Formaldehyde (0.86 mL, 37 wt. % in H2O, 11.45 mmol) was added to a mixture of 2,4-di-tert-butyl-phenol (1.89 g, 9.16 mmol) and 4,10-diaza-15-crown-5-ether (1.00 g, 4.58 mmol) in methanol (10 mL). The mixture was refluxed overnight. The resulting heavy oil was dried out of solvent, and then recrystallised from hot methanol (reflux). Yield: 1.40 g, 47%. It shows good solubility in aliphatic solvents, diethyl ether, and chlorinated solvents. 

{(N2O4)R F 2O2}H2 (3-H2):

A solution of 2,2-bis(trifluoromethyl)oxirane (0.62 mL, 5.70 mmol) in diethyl ether (10 mL) was added drop-wise to a solution of 4,13-diaza-18-crown-6-ether (0.60 g, 2.29 mmol) in diethyl ether (10 mL) at 0 °C. The reaction mixture was warmed slowly to room temperature and stirred for 2 d. The volatile fraction was then removed under vacuum, and the title product was obtained as a white powder. Yield: 1.24 g, 87%.

It displays excellent solubility in all common organic solvents, including aliphatic hydrocarbons. 1 H NMR (400 MHz, C6D6, 298 K): δ = 6.63 (s, 2H, OH), 3.24 (s, 8H, OCH2CH2O), 3.16 (t, 3 JHH = 5.2 Hz, 8H, OCH2CH2N), 2.72 (s, 4H, C(CF3)2CH2), 2.47 (t, 3 JHH = 4.9 Hz, 8H, NCH2CH2O) ppm. Anal. calc for C20H30F12N2O6 (622.45 g.mol -1 ): C 38.59, H 4.86, N 4.50; found: C 40. 

{(N2O3)R F 2O2}H2 (4-H2):

A solution of 2,2-bis(trifluoromethyl)oxirane (1.25 mL, 11.45 mmol) in diethyl ether (10 mL) was added drop-wise to a solution of 4,10-diaza-15-crown-5-ether (1.00 g, 4.58 mmol) in diethyl ether (10 mL) at 0 °C. The reaction mixture was warmed slowly to room temperature and stirred for 2 d. The volatile fraction was then removed under vacuum, and the title product was obtained as a white powder. Yield: 2.30 g, 87%. It displays excellent solubility in all common organic solvents, including aliphatic hydrocarbons. 1 H NMR (400 MHz, C6D6, 298 K): δ = 6.62 (s, 2H, OH), 3.20 (s, 4H, OCH2CH2O), 3.04 (m, 8H, OCH2CH2N), 2.62 (s, 4H, C(CF3)2CH2), 2. 40 -2.31 (m, 8H, NCH2CH2O). Anal. calc. for C18H26N2O5F12 (578.4 g.mol -1 ): C 37.38, H 4.53, N 4.84; found: C 37.89, H 4.17, N 4.86%.

HR-MS: m/z: 601.4552 [M + Na] + ; calc for C18H26N2O5F12Na: 601.15423.

{N3R F 2O2}H2 (5-H2):

A solution of 2,2-bis(trifluoromethyl)oxirane (0.65 mL, 6.00 mmol) in diethyl ether (5.0 mL) was added drop-wise to a solution of 1,4,7-trimethyldiethylenetriamine (0.50 mL, 3.00 mmol) in diethyl ether (5.0 mL) at 0 °C. The reaction mixture was warmed slowly to room temperature and stirred for 2 d. The volatile fraction was removed under vacuum, and the title product, obtained as a yellow oil, was dried to constant weight. Yield:

1.2 g, 80%. It displays excellent solubility in all common organic solvents. = 6.6 Hz, 4H, NCH2CH2N), 2.51 (t, 3 JHH = 6.6 Hz, 4H, NCH2CH2N), 2.46 (s, 6H, N(CH3)), 2.25 (s, 3H, CH2CH2N(CH3)) ppm. 

{N2R F 2O2}H2 (6-H2):

A solution of 2,2-bis(trifluoromethyl)oxirane (1.80 mL, 16.7 mmol) in diethyl ether (10 mL) was added drop-wise to a solution of N,N′dimethylethylenediamine (tmeda) (0.75 mL, 6.69 mmol) in diethyl ether (10 mL) at 0 °C. The reaction mixture was warmed slowly to room temperature and stirred for 2 d. The volatile fraction was removed under vacuum, and the title product was obtained as a pale yellow powder. Yield: 2.7 g, 91%. The spectroscopic and analytical data matched the data described in the literature. [26] [Ca{(N2O4)Ar2O2}] (1-Ca):

A solution of 1-H2 (0.30 g, 0.42 mmol) in 1.2difluorobenzene (10 mL) was added to a solution of [Ca{N(SiMe3)2}2.(thf)2] (0.22 g, 0.42 mmol) in 1.2difluorobenzene (15 mL). The reaction mixture was stirred for 2 h and the volatiles were removed under vacuum. The resulting white powder was washed with pentane (3 × 5.0 mL) and the product was dried under vacuum to constant weight. Yield: 0.21 g, 66%. The title compound showed good solubility in chlorinated solvents, thf and 1,2-difluorobenzene. However, it was insoluble in aliphatic solvents and diethyl ether. 1 H NMR (400 MHz,298 K): δ = 7.02 (d,4 JHH = 2.7 Hz,2H,6.72 (d,4 JHH = 2.6 Hz,2H,4.76 (d,4 JHH = 11.1 Hz,2H,ArCH2N),4H,OCH2CH2O),3.72 (m,2H,OCH2CH2O),4H,OCH2CH2N),4H,OCH2CH2N),2H,NCH2CH2O),2H,NCH2CH2O),2.94 (d,4 Anal. calc for C42H68CaN2O6 (737.09 g.mol -1 ): C 68.44, H 9.30, N 3.80; found: C 65.3, H 9.0, N 3.4%.

[Sr{(N2O4)Ar2O2}] (1-Sr):

Following the same protocol described for 1-Ca, the complex 1-Sr was obtained by reacting (0.30 g, 0.42 mmol) of 1-H2 in 1.2-difluorobenzene (10 mL) with a solution of [Sr{N(SiMe3)2}2.(thf)2] (0.24 g, 0.42 mmol) in 1.2-difluorobenzene (10 mL). The title compound was obtained as a white powder. Yield: 0.25 g, 73%. It is insoluble in aliphatic solvents and diethyl ether; yet, it presents good solubility in chlorinated solvents, thf, and 1.2difluorobenzene. 1 H NMR (400 MHz, CD2Cl2, 298 K): δ = 7.10 (m, 2H, arom-H), 6.82 (m,2H,4.29 (d,4 JHH = 11.3 Hz,2H,ArCH2N),2H,OCH2CH2O),12H,overlapping 156 Chapter 3

OCH2CH2N & NCH2CH2O), 3.12 (m, 2H, OCH2CH2O), 3.04 (d,4 JHH = 10.8 Hz,2H,ArCH2N),2H,OCH2CH2O),2H,OCH2CH2O),2H,NCH2CH2O),2H,NCH2CH2O),1.48 (s,9H,3), 1.45 (s, 9H, p-C(CH3)3), 1.25 (s, 18H, o-C(CH3)3) ppm. Anal. calc for C42H68N2O6Sr (784.63 g.mol -1 ): C 64.29, H 8.74, N 3.57; found: C 61.0, H 8.5, N 3.3%.

[Ba{(N2O4)Ar2O2}] (1-Ba):

Following the same protocol described for 1-Ca, the complex 1-Ba was obtained by reacting (0.30 g, 0.42 mmol) of 1-H2 in 1.2-difluorobenzene (10 mL) with a solution of [Ba{N(SiMe3)2}2.(thf)2] (0.26 g, 0.42 mmol) in 1.2-difluorobenzene (10 mL). The title compound was obtained as a white powder. Yield: 0.26 g, 73%. The title compound was only soluble in chlorinated solvents. 1 H NMR (400 MHz, CD2Cl2, 298 K): δ = 7.09 (m,2H,6.82 (m,2H,3.80 (m,2H,ArCH2N),16H,overlapping OCH2CH2O & OCH2CH2N),3.31 (d,3 JHH = 7.2 Hz, 2H, NCH2CH2O), 3.00 (d,4 JHH = 10.3 Hz,2H,ArCH2N),2.95 (m,2H,NCH2CH2O),2.51 (m,4H,NCH2CH2O),1.44 (s,6H,3), 1.41 (s, 12H, p-C(CH3)3), 1.25 (s, 12H, o-C(CH3)3), 1.23 (s, 6H, o-C(CH3)3) ppm. 

[Ca{(N2O4)R F 2O2}] (3-Ca):

A solution of 3-H2 (0.30 g, 0.48 mmol) in diethyl ether (15 mL) was added to a solution of [Ca{N(SiMe3)2}2.(thf)2] (0.24 g, 0.48 mmol) in diethyl ether (15 mL). The reaction mixture was stirred for 2 h and the volatiles were removed under vacuum. The resulting white powder was washed with pentane (3 × 10 mL) and the product was completely dried under vacuum. Yield: 0.23 g, 72%. The title compound is insoluble in aliphatic solvents and diethyl ether, and dissolves well in chlorinated solvents and thf. 1 H NMR (400 MHz, CD2Cl2, 298 K): δ = 4.00 (h,3 JHH = 6.3 Hz,4H,OCH2CH2O),8H,OCH2CH2N),3.67 (m,2H,NCH2CH2O),4H,OCH2CH2O),3.06 (m,2H,NCH2CH2O), 2.85 (s, 4H, C(CF3)2CH2), 2.71 (m, 4H, NCH2CH2O) ppm. Anal. calc for C20H28CaF12N2O6 (660.51 g.mol -1 ): C 36.37, H 4.27, N 4.24; found: C 35.9, H 4.5, N 4.1%.

[Sr{(N2O4)R F 2O2}] (3-Sr):

Following the same protocol described for 3-Ca, the complex 3-Sr was obtained by reacting (0. 30 g, 0.48 Following the same protocol described for 3-Ca, the complex 4-Ca was obtained by reacting (0.30 g, 0.52 mmol) of 4-H2 in thf 19 F{ 1 H} NMR (376 MHz, CD2Cl2, 298 K): δ = -78.99 (br q, 6F, CF3), -79.41 (br q, 6F, CF3) ppm.

[Sr{(N2O3)R F 2O2}] (4-Sr):

Following the same protocol described for 3-Ca, the complex 4-Sr was obtained by reacting (0. (0.28 g, 0.51 mmol) in diethyl ether (10 mL). Yield: 0.15 g, 50%.

The title compound is partially soluble in pentane and diethyl ether, and very soluble in toluene, thf and chlorinated solvents. 

General protocol for the Lewis acidity measurements:

In the glove box, in an NMR tube, one equivalent of the complexes was introduced. Then, under inert atmosphere, one equivalent of a stock solution of the Lewis base in CD2Cl2 (cyclohex-2enone or triethylphosphine oxide) was added, and 0.5 mL of CD2Cl2. Then the tube was sealed and agitated for several minutes, before that it was put on the spectrometer 400MHz and record the corresponding NMR data.

General procedure of the aza-Piancatelli reaction:

To a solution of 2-furyl(phenyl)methanol 1 (20 mg, 0.12 mmol) and p-methoxyaniline 2 (28 mg, 0.13 mmol) in solvent (0.3 mL) were added catalyst (5 mol %) and additive (5 mol %). The reaction mixture was stirred at the indicated temperature until TLC showed full conversion. Then, the crude product was purified by flash column chromatography using pentane/EtOAc 8:2 as eluent to give the desired product.

Introduction

Over the years, alkoxides (RO -) and amides (R2N -) have been widely explored as ligands with electrophilic metals such as alkaline earths. [1,2] In the aim to generate stable mononuclear compounds, different R moieties were implemented in these ligands, such as fluorinated groups in the case of alkoxides [3] or bulky R groups incorporated with amines. [2] Another, less developed approach has consisted in introducing a boron atom, forming the derivative forms of each of alkoxides and amines: boryloxides (R2BO -) and borylamides (R2BNR' -) respectively.

a) Boryloxide ligands

Boryloxides are ligands that have been relatively little explored in organometallic chemistry. Yet, their ability to generate stable, electron-deficient metal complexes opens interesting avenues in coordination chemistry and catalytic processes.

Alkoxide ligands (RO -) are widespread ligands in inorganic and coordination chemistry. [1] They coordinate to the metal centre as [1σ-2𝜋] donor groups, enabling a contribution up to 6

electrons (yet, not to a single metal center). The good 𝜋-donating ability of the oxygen atom combined to the pronounced oxophilicity of Ae metals can generate binuclear or, more often, polynuclear complexes. [4] Yet, the ligand properties can be tuned quite readily by varying the identity of the R group. For instance, we among others have previously employed, as seen in the previous chapters, different forms of fluorinated alkoxides, where electron-withdrawing groups bearing fluorine atoms decreased the basicity/donating ability of the Oalkoxide, and hence its propensity to lead to aggregation.

On the other hand, with boryloxide ligands (R2BO -), the lone pairs of the oxygen atom are in good symmetry to be able to combine with the empty orbital 2pz of the boron atom, inducing a partial, yet significant delocalisation of the electrons of the lone pairs. Hence, it decreases the electron-donating ability of oxygen atom towards the metal centre. Therefore, compared to regular alkoxides, boryloxides act as relatively poor electron-donors. Moreover, the presence of boron atom in α position adjacent to oxygen, creates an additional "spacer", shifting the hindrance of the typically bulky alkyl groups (2 bulky alkyl groups "R" on boron compared to a classical -OR alkoxide with only one R moiety) away from the metal centre, while keeping the latter accessible for further catalytic processes (Figure 4.1). Boryloxide complexes, [M]-OBR2, have been developed with transition and main group metals (Figure 4.2). [5] The coordination behaviour observed in these compounds was found to be dependent on the type of R moieties employed (R = Mes = 2,4,6-Me3C6H2, Et, CH(SiMe3)2, cyclononane (9-BBN)). For instance, [Li{μ 2 -OB(Mes)2}(S)]2 with S = coordinating solvents = thf, [6] diethyl ether, pyridine, [7] or 2-methyl-pyridine, [8] in addition to the fluorinated analogue [Li{μ 2 -OB(fmes)2}(thf)]2 (fmes = 2,4,6-(CF3)3C6H2), [9] are (in the solid state) dimeric compounds coordinating additional Lewis bases. However, with the very bulky CH(SiMe3)2 group, [Li{μ 2 -OB{CH(SiMe3)2}2}]2 was generated free of solvent. [10] Moreover, even though all lithium complexes presented the same Li2O2 core, structural variations were seen in the -BR2 groups with respect to the Li2O2 plane. Examples of different boryloxide complexes of main group metals. [5,10] Examples of boryloxide complexes with the alkaline earths were for long limited to magnesium, e.g. [Mg{μ 2 -OB(Mes)2}(R)(thf)]2 (R = Me, n Bu). [7] However, recently, our group successfully used boryloxides with the heavy alkaline-earth elements, in particular with barium (PhD thesis E. Le Coz). [11] The first barium mono-and dinuclear boryloxides complexes

[Ba{OB{CH(SiMe3)2}2}2], [Ba{OB{CH(SiMe3)2}2}2.(thf)2],
and [Ba{μ 2 -N(SiMe3)2}{OB{CH(SiMe3)2}2}]2. were synthesised. [12] They proved competent for catalysing the dehydrocoupling of borinic acids with hydrosilanes, producing borasiloxanes under mild conditions. [12] Diverse forms of homoleptic and heteroleptic alkaline-earth boryloxide compounds were generated, presenting a variety of coordination patterns and catalytic activity. to [Ba{μ 2 -N(SiMe3)2}{OB{CH(SiMe3)2}2}]2, [12a] with Mg, Ca and Sr metals. These compounds were generated in the objective to compare the coordination patterns between the different alkaline-earth elements. A second set of heteroleptic boryloxide calcium complexes was synthesised, inspired by the calcium compound [Ca{μ-OB{CH(SiMe3)2}2}{N(C6F5)2}]2, [13] combining both fluorinated alkoxides and boryloxides, in the purpose of investigating the resulting coordination patterns, notably by taking into consideration the differences in their respective σand π-donating ability.

b) Borylamide ligands

Similar to boryloxides, the incorporation of a boron atom adjacent to the nitrogen enabled to decrease the electron-donating ability of the nitrogen compared to regular amines, hence, permitting the formation of electron-deficient metal complexes. The coordination of these borylamide ligands with alkaline-earth elements is still unexplored.

Regular bulky amide ligands such as -N(SiMe3)2 or -NPh2 have shown their efficiency in stabilising low coordinated species of main transition metals, lanthanides and alkaline-earths. [2] Compared to alkoxides, the M-N bond is weaker than M-O bond, [14] however, amide groups present two R moieties, instead of one in alkoxide ligands (-OR). The presence of these two substituents has the advantage to better sterically stabilise low-coordinated compounds of the form of [M{NR2}2]n (n = 1, 2), especially in the case of bis(trimethylsilyl)amide which often induces the formation of dimeric species. [15] Hence, borylamide ligands were introduced in the field of organometallic chemistry as an alternative type of amido ligands, in the aim to decrease the bridging ability of nitrogen and form mononuclear compounds. Similar to boryloxides, by adding a boron atom to amides, the lone pairs on nitrogen will be delocalised towards boron, enabling the formation of low-coordinate, more electron-deficient metal complexes. In addition to the variation in the bond strength between M-N and M-O bonds, another difference between boryloxides and borylamides is that the second R group on nitrogen atom (R2BNR' -) will have an impact on the accessibility to the metal centre.

The first borylamide complexes reported were obtained with transition metals, e.g.

[M{N(Mes)(BMes2)}2] (M = Mn, Fe, Co, Cr, or Ni) and [M{N(Ph)(BMes2)}2] (M = Cr, Co, and Ca-N bond range 2.430(6) to 2.520(6) Å). [30] Moreover, the distances Ca1-O21: 2.1209(9) Å and Ca2-O41: 2.1228(10) Å) are shorter than the ones reported for the heteroleptic calcium compound (2.243(2) to 2.271(2) Å). [13] These variations are linked to the difference in the interactions of the metal centre with bridging boryloxides and terminal ones. However, unlike Mg (21) and Ba [12a] (21), Ca (22), Sr (23) and Ba [12a] ). [a] Ionic radii given for Ae. [23] The structural arrangement in all four complexes is almost identical. All of them are dimeric in the solid state, displaying bridging amides and terminal boryloxides. Each metal centre is three-coordinated in a distorted trigonal planar geometry. The bond distances Ae-N or Ae-O increase with the gradual increase of the ionic radius of the elements. [23] The O-B bond distances in all four compounds are almost identical with an average of 1.34 Å. This probably indicates that the delocalisation of the lone pairs of electrons on the O atoms into the empty pz orbitals at boron The representative 13 C{ 1 H} NMR spectra of complex 24 features a quadruplet at δ13C 126.08 ( 1 JCF = 290.4 Hz) and a heptet ( 2 JCF = 28.0 Hz) at δ13C 76.75 ppm, or complex 25, a quadruplet and a multiplet at δ13C 124.52 ( 1 JCF = 296.8 Hz) and 84.45 ppm respectively. For the fluorophenolate complex 26, the 13 C{ 1 H} NMR exhibits six different resonances, with different multiplicities due to coupling C-F ( 1 JCF and 2 JCF). These resonances were poorly resolved due to their low intensities. As for the 11 B{ 1 H} NMR spectra, a single resonance was detected in all three complexes: at δ11B 52.36, 52.99 and 53.52 ppm for complexes 24, 25 and 26, respectively.

i. Solid-state investigations

The hydrated complex [Ca{μ 2 -OC6F5}{OB{CH(SiMe3)2}2}.(H2O)]2 (26.(H2O)2) was characterised by X-Ray diffraction crystallography, where the single crystals were obtained upon slow cooling of a hot, concentrated toluene solution. The coordination of undesired water molecules is probably due to an adventitious presence during the crystallisation process. For the other two complexes, the crystals that were obtained were twinned and proved unsuitable for the measurements.

Complex 26.(H2O)2 is a C2v centrosymmetric dimer in the solid state, that is [26.(H2O)]2, displaying bridging pentafluorophenolate and terminal boryloxide ligands (Figure 4.11). This is the opposite trend seen in the reported [Ca{μ-OB(CH(SiMe3)2)2}{N(C6F5)2}]2. [13] It is apparently the result of the higher basicity of the Ophenol compared to N(C6F5)2 -as well to the Our last approach was to prepare the lithiated compound and then to go for a metal exchange using KO t Bu, to reach to the potassium species (Scheme 4.7). According to the NMR data, the reaction worked as no sign of the NH hydrogen was seen (the other resonances are broad to be assigned), which was further confirmed by ICP (inductively coupled plasma) analyses.

Moving forward generate the appropriate calcium complexes, surprisingly, 1 H and B{ 1 H} NMR spectra of the crude products were exactly the same as for the proligands, suggesting that extensive hydrolysis had taken place.

or thf molecules to the lithium metal was ascertained, indicating their presence in solution as well as in the solid state (vide infra). The 7 Li{ 1 H} NMR spectrum recorded in benzene-d6 at 25 ℃ features a sharp resonance at δ7Li 0.74 ppm for compound 27 and at δ7Li 0.78 ppm for compound 28. In addition, one broad resonance was detected in 11 18), Li1-O2: 2.006( 16), Li1-O3: 2.009( 6), Li1-N1: 1.983( 5), N1-B1:

1.527( 6), B1-N1-Li1: 115.7 (2).

The molecular structure of the lithium compound (27) shows a four-coordinated salt, displaying a tetrahedral geometry (τ4= 1.1). [36] The interaction of lithium with the three thf molecules (Li1-O1: 1.932 (18), Li1-O2: 2.006( 16) and Li1-O3: 2.009(6) Å) is equivalent to that in [Li{N(Dipp)(BMes2)}.(thf)2] (1.919( 13) and 1.950(12) Å). [18] The bond distance Li1-N1 (1.983(5) Å) is also similar to that reported (1.943(15) 4.14 shows a four-coordinated metal centre in a tetrahedral geometry (τ4= 1.0), with two thf molecules. [36] The Mg1-N31 bond (2.0410(14) Å) is slightly longer than that in the parent lithium salt (27) (1.983(5) Å); the bond angle B44-N31-Mg1 (114.18(10)°) is also similar to B1-N1-Li1 (115.7(2)°). Although the ionic radii of Mg 2+ (0.57 Å) in tetrahedral geometry is smaller than Li + (0.59 Å), [23] yet, longer bond distance was seen in complex 29. It is probably related to the occupied position of the metal centre in this tetrahedral geometry, along with its diverse interactions with the other donor groups (complex 29 (τ4= 1.0) is perfectly tetrahedral compared to 27 (τ4= 1.1) with a slight deviation). In addition, the bond distance B-N (N31-B44: 1.394(2) Å) in complex 29 is quite shorter than in 27 (N1-B1: 1.527(6) Å). 

Conclusion

In summary, this chapter presented new families of heteroleptic alkaline-earth complexes based on bulky, monoanionic boryloxides and borylamides as supporting ligand frameworks. The initial objective of generating such compounds is related to the weak electron donating ability of the proligands due to the delocalisation of the lone pairs of oxygen or nitrogen to the empty 2pz orbital of boron; hence, less electron donors compared to normal alkoxides and amides compounds. [1,2] Alkaline-earth boryloxides of the type [Ae{μ 2 -N(SiMe3)2}{OB{CH(SiMe3)2}2]2 with Ae = Mg (21), Ca (22), and Sr (23) were synthesised via protonolysis reactions, similar to the route reported for [Ba{μ 2 -N(SiMe3)2}{OB{CH(SiMe3)2}2]2. [12a] Similar to this latter compound, 21-23 were all dimers in the solid state, presenting bridging amides and terminal boryloxides. The main variation detected in the four compounds is related to the B-O-Ae angles, where magnesium and barium were deviated by 20° from the Ae2N2 plane, or calcium and strontium were co-planar (180°). These observations suggest different interactions regarding the orbitals between the elements and the -OBR2 units, which hopefully will be further explained by DFT computations.

Moreover, [Ca{OR}{OB{CH(SiMe3)2}2}] species (OR = OCH(CF3)2 - (24), OC(CF3)3 - ( 25) and OC6F5 -( 26)) were prepared. The aim beyond the synthesis of these species was to investigate the relative σ and π donor ability between both ligand frameworks. However, only the crystal structure of [26.(H2O)]2 was obtained with additional coordination of adventitious water molecules, inhibiting us to achieve our goal.

Relying on the similarity with boryloxides in terms of generating electron-deficient metal complexes, attempts to generate calcium borylamide compounds were conducted; however, they proved all unsuccessful. By contrast, magnesium borylamides species of the type [( t Bu)Mg{N(R')(BR2)}.(S)x] (S = thf (x = 2) or diethyl ether (x = 1)) were obtained, via salt metathesis reactions between t BuMgCl and lithium salts. Only the solid-state structure of complex [( t Bu)Mg{N(Dipp)(9-BBN)}.(thf)2] (29) was obtained.

Hence, future work will be conducted on these two families of heteroleptic complexes. For the boryloxides, taking in consideration the catalytic activity of the reported [Ba{μ 2 -N(SiMe3)2}{OB{CH(SiMe3)2}2}]2 in dehydrocoupling reaction of borinic acids with hydrosilanes, enabling the formation of borasiloxanes under mild conditions, the [Ae{μ 2 -N(SiMe3)2}{OB{CH(SiMe3)2}2]2 (Ae = Mg, Ca, Sr) compounds will be further tested in this catalytic reaction, for comparison studies between the reactivity of the alkaline-earth elements (Scheme 4.10). As for borylamides, other approaches will be employed, in the attempt to generate borylamide alkaline-earth complexes, possibly producing the heteroleptic forms, that present less steric bulk on the metal centre. 1.6 M in hexanes, 0.56 mL, 0.90 mmol). Yield: 0.26 g, 58%. The spectroscopic and analytical data matched the data described in the literature. [15a] in diethyl ether (20 mL), was added t BuMgCl (2 M in diethyl ether, 0.11 mL, 0.22 mmol) at 0 ℃ dropwise. After complete addition, the mixture was cooled down to room temperature and stirred for 12 h. The solution was filtered and the volatiles were removed under vacuum. The resulting white powder was washed with pentane (3 × 5 mL) and the product was completely dried under vacuum. Yield: 0.07 g, 83%.

1 H NMR (400 MHz, C6D6, 298 K): δ = 7. 2H,7.04 (m,1H,3.86 (hept,3 JHH = 6.6 Hz,2H,CHCH3),8H,OCH2CH2 (thf)), 2. 24 -1.66 (m, 14H, BC8H14), 1.53 -1.43 (m, 6H, CH3), 1.41 (s, 9H, CH3 ( t Bu)), 1.37 (d,3 JHH = 6.8 Hz,6H,CH3),1.18 (m,8H,CH2CH2O (thf)) ppm. To a solution of [Li{N(Dipp)(BMes2)}.(Et2O)2] (28) (0.12 g, 0.21 mmol) in diethyl ether (20 mL), was added t BuMgCl (2 M in diethyl ether, 0.12 mL, 0.21 mmol) at 0℃ dropwise. After complete addition, the mixture was cooled down to room temperature and stirred for 12 h. The solution was filtered and the volatiles were removed under vacuum. The resulting white powder was washed with pentane (3 × 5 mL) and the product was completely dried under vacuum. Yield: 0.08 g, 66%.

1 H NMR (400 MHz, C6D6, 298 K): δ = 7. 14 -6.94 (m, 4H, arom-H), 6.84 (s, 1H, arom-H), 6.74 (s, 1H, arom-H), 6.63 (s, 1H, arom-H) To a solution of [Li{N(Mes)(BMes2)}.(Et2O)2] (0.05 g, 0.09 mmol) in diethyl ether (10 mL), was added t BuMgCl (2 M in diethyl ether, 0.05 mL, 0.09 mmol) at 0 ℃ dropwise. After complete addition, the mixture was cooled down to room temperature and stirred for 12 h. The solution was filtered and the volatiles were removed under vacuum. The resulting white powder was washed with pentane (3 × 5 mL) and the product was completely dried under vacuum. Yield: 0.03 g, 60%.

1 H NMR (400 MHz, C6D6, 298 K): δ = 6.93 -6.80 (m, 2H, arom-H), 6.78 (s, 2H, arom-H), 6.66 (s, 2H, arom-H), 3.15 (m, 4H, OCH2CH3 (OEt2)), 2.81 (m, 3H, CH3 (Mes)), 2.45 (m, 3H, CH3 (Mes)), 2.30 (m, 3H, CH3 (Mes)), 2.28 (s, 3H, CH3 (Mes)), 2.24 (s, 3H, CH3 (Mes)), 2.18 (s, 3H, CH3 (Mes)), 2.20 (s, 3H, CH3 (Mes)), 2.15 (s, 3H, CH3 (Mes)), 2.13 (s, 3H, CH3 (Mes)), 1.03 (s, 9H, CH3 ( t Bu)), 0.70 (m, 6H, CH3CH2O (OEt2)) ppm. In overall, we could conclude that the Lewis acidity of alkaline-earth metals cannot be gauged using the common three methods: Gutmann-Beckett, Childs' and GEI (global electrophilicity index), that showed some limitations such as incompatibility of the approaches with alkaline earths or more demanding analyses (GEI). It is deduced that the concept of "Lewis acidity" of a defined compound is not as simple as it sounds, yet, a universal approach should be introduced, giving the ability to compare between all the known Lewis acidic species without displaying any limitations. Although these compounds showed to be inefficient as Lewis acid catalysts in the aza-Piancatelli reaction, however, they could be employed in other disciplines, such as CVD precursors for the charge-neutral species or as catalysts for the ROP reactions for both families (charge-neutral and cationic complexes).

Moreover, charge-neutral molecular alkaline-earth compounds were generated, using aminoether phenols, aminoether fluoro-alcohols and aminofluoro-alcohols as proligands (Figure 5.3). Varying the ligands between phenolates and alkoxides, in addition to the metal centres with different sizes, enabled the formation of diverse molecular complexes with a variety of coordination spheres and electrophilicity. The remarkable difference was detected in the case of fluorinated alkoxides where some complexes were coordinatively saturated with additional coordination to thf molecules (4.Sr.thf, 6-Ca.thf and 6-Sr.thf) or by having many Ae---F secondary interactions with different strengths (3-Sr, 3-Ba, 5-Ca, 5-Sr and 6-Ca.thf). Due to their coordinative saturation, these complexes showed to be weak Lewis acids (measured via Gutmann-Beckett technique), hence, as anticipated, unreactive in the aza-Piancatelli reaction. Yet, they could be useful in other homogeneous catalysis such as ROP reactions. Altogether, increasing the number of heteroatoms within the ligands decrease the electrophilicity of the metal centre and its reactivity. Therefore, the search of a well-designed ligand framework that compromise between the stability of alkaline earths and their reactivity is still challenging. with increased electrophilicity. Furthermore, the relative Lewis acidity of both families of compounds, in addition to their application as Lewis acid catalysts in the aza-Piancatelli reaction are described. The aza-Piancatelli reaction is an important catalytic procedure that produces heterocyclic products with cosmetic and therapeutic values. Next, molecular alkalineearth species [Ae(LX2)] based on dianionic ligands were prepared. Tuning the ligands between fluorinated alkoxides and phenolates along with the metal centre, manage to display a variety of compounds with different electrophilicity and coordination spheres. Finally, the heteroleptic forms of low coordinated alkaline-earth complexes were generated based on the electron-poor boryloxides and borylamide ligands. These lasts proved their ability to stabilise the alkaline-earth metals by their steric hindrance.
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  the synthesis of monocationic complexes of the form of [Ae(η 6 -HMB)(o-DFB)n{f-al}] + .[Al(OR F )4] -where [f-al] - is the bridging [μF-{Al(OR F )3}2] -(Ae = Ca, Sr, and Ba, HMB = hexamethylbenzene, and o-DFB = ortho-difluorobenzene with n = 2, 3). However, the major achievement was probably performed upon generating the base-free dicationic alkaline-earth metal-arene compounds [Ae(η 6 -HMB)(o-DFB)4] 2+ .2[Al(OR F )4]2 -(Ae = Ca and Sr

Chapter 1 Figure 1 . 12 :

 1112 Figure 1.12: Classification of the strength of the Ae---H-Si anagostic interactions via 1 H NMR (top) and IR (bottom) spectroscopy.

Chapter 2 Figure 2 . 2 :

 222 Figure 2.2: Highly Lewis acidic, naked, cationic Mg and Ca complexes, presenting different interactions

  complex [Ca{OCH(CF3)2}2]n (1) was synthesised using diethyl ether as solvent, and isolated without any coordination to this last. Yet, the resulting complex [Ca{OCH(CF3)2}2.(Et2O)x]n (4.(Et2O)x) could not be obtained free of diethyl ether, hence, 1.2-difluorobenzene was used instead in the synthesis of [Ae{OCH(CF3)2}2]n (2-3) and [Ae{OC(CF3)3}2]n (4-6) complexes.

Scheme 2 . 1 :

 21 Scheme 2.1: Synthesis of fluorinated homoleptic alkaline-earth complexes.

Complexes 1 - 8

 18 were characterised by NMR spectroscopy at room temperature in thf-d8 as coordinating solvent. For instance, [Ca{OCH(CF3)2}2]n (1) presented a heptet ( 3 JHF = 7.0 Hz) at δ1H 4.58 ppm in the 1 H NMR spectrum, corresponding to the CH(CF3)2 hydrogens (Figure 2.4). In the 19 F{ 1 H} NMR spectrum, one singlet was seen at δ19F -77.86 ppm (Figure 2.5), indicating that all CF3 groups are equivalent in solution. The 13 C{ 1 H} NMR spectrum of 1 features a quadruplet ( 1 JCF = 290 Hz) at δ13C 126.24 ppm and a heptet ( 2 JCF = 27 Hz) at ca. 77.16 ppm (Figure 2.6). As for the [Ae{OC(CF3)3}2]n complexes 4-6, they were characterised by 19 F{ 1 H} and 13 C{ 1 H} NMR spectroscopy, presenting the same general features as their [Ae{OCH(CF3)2}2]n congeners 1-3, indicating the formation of clean products, devoid of coordinated Lewis base.

Figure 2 . 4 : 1 H

 241 Figure 2.4: 1 H NMR spectrum (400 MHz, thf-d8, 298 K) of [Ca{OCH(CF3)2}2]n (1).

Figure 2 . 7 :

 27 Figure 2.7: 19 F{ 1 H} NMR spectrum (376 MHz, thf-d8, 298 K) of [Ca{O(C6F5)2}]n (7).

Figure 2 . 8 :

 28 Figure 2.8: 13 C{ 1 H} NMR spectrum (100 MHz, thf-d8, 298 K) of [Ca{O(C6F5)2}]n (7).

Figure 2 . 9 :

 29 Figure 2.9: ORTEP representation of the molecular structure of [Ca{OCH(CF3)2}2..(tmeda)2] (1.(tmeda)2). H atoms are omitted for clarity. Ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å) and angles (°): Ca1-O11: 2.227(2), Ca1-N1: 2.580(3), Ca1-N6: 2.588(3); O11-Ca1-O11i: 180.000, O11-Ca1-N1: 87.90(9), O11-Ca1-N6: 91.80(9), N1-Ca1-N6: 72.33(10).

Scheme 2 . 3 :

 23 Scheme 2.3: Synthesis of the dicationic alkaline-earth complexes [Ae(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(Ae = Ca, 9; Sr, 10; Ba, 11).

  The complexes were characterised by multinuclear NMR spectroscopy. Three resonances were detected in 1 H NMR spectra recorded at room temperature in CD2Cl2. For instance, for complex 9, a broad resonance was observed at δ1H 5.68 ppm corresponding to the NH2 hydrogens of the WCA, in addition to the two resonances, at δ1H 3.72 and 1.30 ppm, respectively for each of CH2 and CH3 hydrogens of diethyl ether molecules (Figure2.10). In the19 F{ 1 H} NMR spectrum, three different resonances were detected and were assigned to the anion: a multiplet at δ19F -132.89 ppm for o-F (24 F), a triplet at δ19F -160.19 ppm for p-F ( 3 JFF = 20.3 Hz, 12 F), and a triplet at δ19F -165.74 ppm for m-F atoms ( 3 JFF = 19.3 Hz, 24 F) (Figure 2.11).

Figure 2 .

 2 Figure 2.10: 1 H NMR spectrum (400 MHz, CD2Cl2, 298 K) of [Ca(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(9).

Figure 2 .

 2 Figure 2.11: 19 F{ 1 H} NMR spectrum (376 MHz, CD2Cl2, 298 K) of [Ca(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(9).

  this molecular structure corroborates the presence of coordination of six different Lewis base molecules onto calcium in the dication, and hence also agrees with the presumed formulation [Ca(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -for 9. For the other two Sr(10) and Ba(11) complexes, several attempts were performed, yet, no molecular structure could be obtained. One attempt was carried out on single crystals of 11; yet, a high disorder was detected in the diethyl ether molecules, inhibiting the adequate refinement of the structure.

Figure 2 . 12 :

 212 Figure 2.12: ORTEP representation of the molecular structure of the cation in [Ca(OEt2)2(H2O)4] 2+ .2[NH2{B(C6F5)3}2] -(9'). The anions [NH2{B(C6F5)3}2]2 -are omitted for clarity, as

  It was further confirmed by another X-ray structure (obtained by PhD student: Peter Chapple) of the dicationic barium complex [Ba(thf)7] 2+ .2[NH2{B(C6F5)3}2] -, coordinating seven molecules of thf(Figure 2.13). The bond lengths between barium and the thf molecules in this complex are also quite similar, and relie in the range 2.715(3)-2.748(4) Å, indicating the unsaturation of the larger barium element, and its ability to coordinate more than six donor molecules.

Figure 2 . 13 :

 213 Figure 2.13: ORTEP representation of the molecular structure of the cation in [Ba(thf)7] 2+ .2[NH2{B(C6F5)3}2] -. The anions [NH2{B(C6F5)3}2]2 -are omitted for clarity, as well as the H atoms. Ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å) and angles (°): Ba1-O1: 2.745(4), Ba1-O2a: 2.722(3), Ba1-O3: 2.715(3), Ba1-O4a: 2.741(4), Ba1-O5: 2.740(3), Ba1-O6a:

Chapter 2 Figure 2 . 14 :

 2214 Figure 2.14: ORTEP representation of the molecular structure of the protonated ligand [{tmeda}H] + .[NH2{B(C6F5)3}2] -(12). H atoms except those of NH2 are omitted for clarity. Ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å) and angles (°): N2-H2n: 1.000, N3-H2n: 2.1221, H2n-N2-C39: 106.500.

  Scheme 2.6: Synthesis of fluorinated monocationic alkaline-earth complexes [{tmeda}Ca(X)] + .[NH2{B(C6F5)3}2] -, (X = OCH(CF3)2 -(13-15), OC(CF3)3 -(16-18), OC6F5 -(19), and N(C6F5)2 -(20)).

Figure 2 . 15 :

 215 Figure 2.15: Stacked 1 H NMR spectra (400 MHz, thf-d8, 298 K) between the protonated ligand, [{tmeda}H] + .[NH2{B(C6F5)3}2] - (12, top), the monocationic compound, [{tmeda}Ca{OCH(CF3)2}] + .[NH2{B(C6F5)3}2] -(13, middle) and the homoleptic charge-neutral complex [Ca{OCH(CF3)2}2]n (1, bottom).

Figure 2 . 16 :(

 216 Figure 2.16: Stacked 19 F{ 1 H} NMR spectra (376 MHz, thf-d8, 298 K) between the cationic compound, [{tmeda}Ca{OCH(CF3)2}] + .[NH2{B(C6F5)3}2] -(13, top) and the homoleptic complex [Ca{OCH(CF3)2}2]n (1, bottom).

  ). For this latter compound, a quadruplet ( 1 JCF = 285.4 Hz) at δ13C 123.81 ppm and a broad multiplet instead of an heptet, at δ13C 73.68 ppm, are easily assigned. For complex 13, several attempts were made to determine these two resonances, yet, without any outcome (highly concentrated NMR, increasing the relaxation delay, variable temperature experiments (250-300 K)).

Figure 2 . 17 :

 217 Figure 2.17: Stacked 13 C{ 1 H} NMR spectra (100 MHz, thf-d8, 298 K) for the two cationic complexes, [{tmeda}Sr{OCH(CF3)2}] + .[NH2{B(C6F5)3}2] - (14) (top) and [{tmeda}Ca{OCH(CF3)2}] + .[NH2{B(C6F5)3}2] -(13) (bottom).

[ b ]

 b Calculated according to equation (2.1): (δ(sample) -41.0) × 2.21.

  10, and 11, present the highest values of Lewis acidity, as predicted. The strongest Lewis acid appears to be [{tmeda}Ca{N(C6F5)2}] + .[NH2{B(C6F5)3}2] -(20, entry 11), with an AN = 44.2 (Δ 31 P = 10.7 ppm). Taking in consideration that the Lewis acidity of alkaline earths decreases while going down in the group 2, a conflicting value is detected in the case of [{tmeda}Sr{OCH(CF3)2}] + .[NH2{B(C6F5)3}2] -(

  Furthermore, we tested the dicationic complexes [Ae(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(9-11), along with the different forms of the fluorinated monocationic species [{tmeda}Ca(X)] + .[NH2{B(C6F5)3}2] -, (X = OCH(CF3)2 -(13-15), OC(CF3)3 -(16-18), OC6F5 -(19), and N(C6F5)2 -(

  structure of [Ca{OCH(CF3)2}2.(tmeda)2] (1.tmeda2) was obtained coordinating two tmeda molecules. Furthermore, the study of the relative Lewis acidities via Gutmann-Beckett fits the predicted trend, with calcium compounds more Lewis acidic than their strontium and barium analogues, yet, still below the Lewis acidity of the benchmark borane B(C6F5)3.[32d] Childs' and GEI methods gave conflicting outcomes, revealing the incompatibility of these methods with alkaline earths. Unexpectedly, these different charge-neutral fluorinated complexes did not show any activity in catalysis of the aza-Piancatelli reaction. A possible explanation for this behaviour is the instability of the complexes in the reaction mixture, or their decomposition in the process to unknown species. To make benefit of these compounds, they were used as starting materials for the synthesis of cationic fluorinated alkaline-earth complexes.Two sets of cationic complexes have been generated: dicationic ones of the form [Ae(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(Ae = Ca(9), Sr(10), Ba(11)) and monocationic [{tmeda}Ae(X)] + .[NH2{B(C6F5)3}2] -, (X = OCH(CF3)2 -(13-15), OC(CF3)3 -(16-18), OC6F5 - (19), and N(C6F5)2 -(20)). No suitable crystals for structural analyses in the solid state could be obtained. Only complex 9.(OEt2)2(H2O)4 was procured, presenting an octahedral geometry, and equal interactions with all donor groups. Another molecular structure was presented, [Ba(thf)7] 2+ .2[NH2{B(C6F5)3}2] -, indicating the ability of alkaline-earth elements to coordinate Chapter 2

2 .

 2 22 mmol) in diethyl ether (15 mL) was added to a solution of [Ca{N(SiMe3)2}2]2 (0.40 g, 1.11 mmol) in diethyl ether (15 mL).

13 C{ 1 13 C{ 1 3 )

 1311313 H} NMR (100 MHz, thf-d8, 298 K): δ = 126.24 (q, 1 JCF = 293.58 Hz, CF3), 77.16 (hept, 2 JCF = 28.8 Hz, OCH) ppm.19 F{1 H} NMR (376 MHz, thf-d8, 298 K): δ = -77.86 (s, 12F, CF3) ppm.Following the same protocol described for complex 1,[Sr{OCH(CF3)2}2]n (2) was obtained by reacting (0.15 mL, 1.42 mmol) of HFIP in 1,2-difluorobenzene (10 mL) with a solution of [Sr{N(SiMe3)2}2]2 (0.29 g, 0.71 mmol) in 1,2-difluorobenzene (10 mL). Yield: 0.18 g, 60%. 1 H NMR (400 MHz thf-d8, 298 K): δ = 4.61 (hept, 3 JHF = 7.0 Hz, CH) ppm. H} NMR (100 MHz, thf-d8, 298 K): δ = 126.12 (q, 1 JCF = 288.15 Hz, CF3), 76.07 (hept, 2 JCF = 28.8 Hz, OCH) ppm. 19 F{ 1 H} NMR (376 MHz, thf-d8, 298 K): δ = -79.85 (s, 12F, CF3) ppm. [Ba{OCH(CF3)2}2]n (Following the same protocol described for complex 1, [Ba{OCH(CF3)2}2]n (3) was obtained by reacting (0.18 mL, 1.75 mmol) of HFIP in 1,2-difluorobenzene (10 mL) with a solution of [Ba{N(SiMe3)2}2]2 (0.40 g, 0.87 mmol) in 1,2-difluorobenzene (10 mL). Yield: 0.23 g, 55%. 1 H NMR (400 MHz, thf-d8, 298 K): δ = 4.55 (hept, 3 JHF = 7.0 Hz, CH) ppm. 13 C{ 1 H} NMR (100 MHz, thf-d8, 298 K): δ = 127.41 (q, 1 JCF = 294.8 Hz, CF3), 75.28 (hept, 2 JCF = 28.8, Hz, OCH) ppm. perfluoro-tert-butanol (PFTB) (0.23 mL, 1.66 mmol) in 1,2-difluorobenzene (15 mL) was added to a solution of [Ca{N(SiMe3)2}2]2 (0.30 g, 0.83 mmol) in 1,2-difluorobenzene (15mL). The reaction mixture was stirred for 2 h and the volatiles were removed under vacuum. The resulting white powder was washed with pentane (3 × 5 mL) and the product was completely dried under vacuum. Yield: 0.20 g, 50%.13 C{ 1 H} NMR (100 MHz, thf-d8, 298 K): δ = 124.50 (q, 1 JCF = 297.4 Hz, CF3), 84.48 (m, C(CF3)) ppm.19 F{ 1 H} NMR (376 MHz, thf-d8, 298 K): δ = -76.36 (s, 18F, CF3) ppm. Following the same protocol described for complex 4, [Sr{OC(CF3)3}2]n (5) was obtained by reacting (0.2 mL, 1.47 mmol) of PFTB in 1,2-difluorobenzene (10 mL) with a solution of [Sr{N(SiMe3)2}2]2 (0.30 g, 0.74 mmol) in 1,2-difluorobenzene (10 mL). Yield: 0.26 g, 62%.13 C{ 1 H} NMR (100 MHz, thf-d8, 298 K): δ = 125.79 (q, 1 JCF = 297.36 Hz, CF3), 85.01 (m, C(CF3)) 

13 C{ 1

 131 H} NMR (100 MHz, thf-d8, 298 K): δ = 144.58 (m, arom o-CF), 142.11 (dm, 1 JCF = 231.7 Hz, arom m-CF), 139.75 (dm, 1 JCF = 231.3 Hz, arom p-CF), 129.41 (dm, 2 JCF = 115.65 Hz, arom OC6F5) ppm.19 F{ 1 H} NMR (376 MHz, thf-d8, 298 K): δ = -170.50(m, 4F, o-C6F5), -172.10 (m, 4F, m-C6F5), -188.89 (m, 2F, p-C6F5) ppm.

  4). In the second part, a third family of molecular charge-neutral compounds are introduced, based on "open" aminofluoro-alkoxides, with a lower number of heteroatoms (Figure 3.4). All complexes were characterised via NMR spectroscopy and X-ray diffraction, and different coordination Chapter 3

Figure 3 . 4 :

 34 Figure 3.4: New proligands 1-H2 to 6-H2 for the synthesis of molecular alkaline-earth compounds.

Scheme 3 . 1 :

 31 Scheme 3.1: Synthesis of aminoether-phenol proligands via a Mannich condensation.

Scheme 3 . 2 : 3 in 3 -

 3233 Scheme 3.2: Synthesis of aminoether-fluoroalcohols.

  The19 F{ 1 H} NMR spectra of complexes 3-Ae feature a single resonance in the range δ19F -78.10 to -78.68 ppm indicating that all CF3 groups are equivalent in solution at room temperature. However, different behaviours were observed with the 4-Ae series. The 4-Ca complex presents two poorly resolved quadruplets, with equal intensities at δ19F = -78.99 and -79.41 ppm, indicating the non-equivalence of the CF3 moieties. Complexes 4-Sr and 4-Ba show even more complicated spectra, forming one ill-resolved quadruplet and two sharp singlets with different intensities, possibly related to the formation of aggregates or fluxionality in solution at room temperature. For instance, the 19 F{ 1 H} NMR of 4-Sr at room temperature in thf-d8 displayed a quadruplet at δ19F = -76.98 ppm (2 F) and two broad singlets at δ19F = -79.31 and -80.08 ppm integrating for 5 F respectively. The variable temperature of 19 F{ 1 H} NMR data recorded in thf-d8 for 4-Sr, showed the coalescence of the three resonances into one sharp singlet at 330 K indicating the equivalence of the CF3 groups at high temperature (Figure 3.5). The same trend was observed in the variable temperature 19 F{ 1 H} NMR experiments for 4-Ba compound.

Figure 3 . 5 :

 35 Figure 3.5: Variable temperature 19 F{ 1 H} NMR spectra (376 MHz, thf-d8) of [Sr{(N2O3)R F 2O2}] (4-Sr).

was obtained, 4 -

 4 Sr.H2O, with a coordinated water molecule. The presence of one equivalent of water in the crystal lattice and its inability to hydrolyse the Sr-Oalkoxide bond indicate the nonsensitivity of this compound towards moisture, at least with moderate amounts of water. To obtain a better view of things, 1 H NMR monitoring was carried out, in thf-d8, by exposing both 2-Ba and 4-Ba, for several days, to air. Barium compounds were chosen, since they are generally the most sensitive to moisture in the Ae series. The NMR data obtained for both compounds confirmed the stability of these species towards open air. No sign of degradation was seen in 1 H NMR; only the appearance of a resonance at δ1H 2.51 ppm was detected. It was assigned to H2O, and it increases gradually with greater exposure time (Figure 3.6). It was further confirmed by Chapter 3deliberately recording the NMR experiments in wet thf-d8, instead of a dry one, where very similar spectra were obtained.

Figure 3 . 6 : 1 H 3 -and 4 -

 36134 Figure 3.6: 1 H NMR monitoring (400 MHz, thf-d8, 298 K) of [Ba{(N2O3)Ar2O2}] (2-Ba) upon exposure to air for 4 consecutive days. The singlet at 2.51 ppm corresponds to water in increasing concentration.

Chapter 3 Figure 3 . 8 :

 338 Figure 3.8: ORTEP representation of the molecular structure of [Ca{(N2O3)Ar2O2}] (2-Ca). H atoms are omitted for clarity. Ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å) and angles (°): Ca-O21: 2.2274(9), Ca-O41: 2.2540(9), Ca-O4: 2.4740(9), Ca-O13: 2.4747(9), Ca-O7: 2.513(1), Ca-

a

  very close position to the macrocycle (0.3766(5) Å), yet, still below the pocket, similarly to 1-Ca. These observations are possibly associated to the difference in flexibility and steric hindrance between bis(fluoroalkoxide) and bis(phenolate). The Ca-N1 bond distances (2.8724(15) Å) are longer than the ones in 1-Ca, yet, the Ca-Oalkoxide distances (Ca-O1: 2.2548(12) Å in 3-Ca) are almost identical. The bond angles in 3-Ca, N1-Ca-N1i (173.77(7)°) are similar to 1-Ca, but, O1-Ca1-O1i (111.20(7)°) is different.

Figure 3 . 12 :

 312 Figure 3.12: ORTEP representation of the molecular structure of [Ba{(N2O3)R F 2O2}] (4-Ba). H atoms are omitted for clarity. Ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å) and angles (°): Ba1-O3: 2.792(4), Ba1-O12: 2.844(4), Ba1-O6: 2.969(4), Ba1-O26: 2.494(4), Ba1-O37i: 2.632(3),

  adduct using [Sr{N(SiMe3)2}2]2 as precursor, however, afforded instead another molecular structure where a water molecule instead coordinates to the metal(Figure 3.14). Comparing 4-Sr.thf with its congener 3-Sr with the bigger macrocycle, the Sr-O alkoxide bond distances (Sr-O21: 2.404(2) and Sr-O41: 2.393(2) Å) are quite similar, as well as the diverse bonds of strontium with the heteroatoms of the crown ether. However, the bond angles N1-Sr1-N7 (120.84(7)°) and O21-Sr1-O41 (100.37(9)°) in 4-Sr.thf are more acute than those in 3-Sr. Presumably it is connected to the difference in flexibility related with the size of the crown ethers in both compounds, 4-Sr.thf and 3-Sr.

Figure 3 . 13 :

 313 Figure 3.13: ORTEP representation of the molecular structure of [Sr{(N2O3)R F 2O2}.(thf)] (4-Sr.thf). H atoms are omitted for clarity. Ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å)

1 - 4 -Ba] 2 .

 142 [a] Ionic radii given for Ae.[b] Symmetry.[c] C.N. = coordination number.[d] Ae---F contribution based on BVSA.All the prepared complexes were found to be monomeric in the solid state without any coordination of Lewis bases, except [4-Ba]2 and 4-Sr.thf, where the former was dimeric and the latter coordinated by a thf molecule. The coordination sphere of each compound was completed by all the heteroatoms present. In all species, the metal centre was found to be not inside, but below the pocket of the macrocycle, displaying different strengths with the heteroatoms present. This variety of complexes was generated in the aim to study the effect of three parameters: the influence of the moieties between phenolates and fluoro-alkoxides, the number of heteroatoms implemented, and the size of the metal between Ca, Sr and Ba. For instance, while comparing the bis(phenolates) Ca to the bis(fluoroalkoxides) 3-Ca, it was identified the difference in the flexibility between both substituents, inducing different conformations in the macrocycle. However, in both situations, both anionic moieties are on the same side of the pocket. On the other hand, by varying the number of oxygen atoms within the crown ether from four to three, no influence was detected in the case of bis(phenolates) 1-Ca and 2-Ca (possibly related to the small size of calcium). However, distinct behaviour was found when comparing the bis(fluoro-alkoxides) species, 3-Sr to 4-Sr.thf, or 3-Ba to [In these two examples, the loss of the fourth oxygen donor atom was compensated by an additional thf coordination (4-Sr.thf) or the formation of a dimeric compound ([4-Ba]2). At last, taking into account the molecular structures of 3-Ae complexes, different behaviour was detected, related to the variation of the size of the metal. Expectedly, with the smallest calcium

3. 4 . 2 .

 42 The bis(fluoroalkoxides) species displayed interesting behaviours in the solid state, especially in the case of 4-Sr.thf and [4-Ba]Chi et al. generated mononuclear strontium and barium homoleptic complexes, [Ae{RO 2 }2],

[

  {RO3 F }Ca{N(SiMe3)2}]2.[4d] The Ca2O2 core is also unsymmetrical, probably due to the slight deviation in the symmetry of the dimer, induced by the Ca---F interactions. Moreover, one of Ca-N bond distance (Ca1-N12: 3.150(3) Å) is much longer than the others (in the range 2.548(2) Å (Ca2-N66) to 2.750(2) Å (Ca2-N70)). The terminal Ca1-Oalkoxides (Ca1-O1: 2.162(2) Å) is logically shorter than the bridging Ca2-Oalkoxides (Ca2-O82: 2.2029(17) Å). These observations are presumably issuing from geometrical constraints, in addition to the flexibility of the fluorinated alkoxide substituents (OCH(CF3)2).

Figure 3 . 16 :

 316 Figure 3.16: ORTEP representation of the molecular structure of [Ca{N3R F 2O2}] [5-Ca]2. H atoms are omitted for clarity. Ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å): Ca1-O1: 2.162(2), Ca1-O51: 2.2942(17), Ca1-O32: 2.4133(17), Ca1-N16: 2.650(3), Ca1-N20: 2.569(2), Ca1-F31:

  [a] Ionic radii given for Ae.[b] C.N = coordination number.[c] Ae---F contribution based on BVSA. In summary, in our investigations of the behaviour of "open" bis(fluoroalkoxides) ligands on alkaline-earth coordination chemistry, by decreasing the number of heteroatoms within the ligand, a variety of coordination patterns were obtained. The molecular structures of the three complexes [5-Ca]2, [5-Sr]2 and [6-Ca]2.thf consist of unsymmetrical dimers, coordinating all Nand O-donor atoms, and displaying additional Ae---F interactions. With three nitrogen donor atoms in the ligand framework, a deformation was seen in the case of [5-Ca]2, having one Ca-N bond longer than the other ones. It can be related to the flexibility of the fluoroalkoxide substituents along with the coordination of Ca---F secondary interactions. By decreasing the number of heteroatoms from three to two nitrogen atoms, major changes were seen in [6-Ca]2.thf. The presence of an additional coordinated thf molecule, in addition to the formation of three alkoxy bridges, was observed. In addition, different number of Ca---F interactions were seen, with distinct strengths, indicating the differences in the accessibility and the ability to have additional interactions between both calcium elements.

1 H

 1 NMR (400 MHz, C6D6, 298 K): δ = 11.05 (s, 2H, OH), 7.52(d, 4 JHH = 2.4 Hz, 2H, 6.94 (d, 4 JHH = 2.4 Hz, 2H, 3.57 (s, 4H, ArCH2N), 3.44 (t, 3 JHH = 5.4 Hz, 8H, OCH2CH2O), 3.37 (s, 8H, OCH2CH2N), 2.70 (t, 3 JHH = 5.4 Hz, 8H, NCH2CH2O), 1.74 (s, 18H, o-C(CH3)3), 1.38 (s, 18H, p-C(CH3)3) ppm. 13 C{ 1 H} NMR (100 MHz, C6D6, 298 K): δ = 155.29 (i-COH), 140.61 (p-C(CH3)3), 136.15 (o-C(CH3)3), 123.86 (m-CH), 123.09 (m-CH), 122.47 (o-CCH2N), 71.13 (OCH2CH2O), 69.64 (OCH2CH2N), 59.95 (ArCH2N), 54.02 (NCH2CH2O), 35.41 (o-C(CH3)3), 34.39 (o-C(CH3)3), 32.06 (p-C(CH3)3), 30.11 (p-C(CH3)3) ppm. Anal. calc. for C42H70N2O6 (699.03 g.mol -1 ): C 72.17, H 10.09, N 4.01; found: C 71.77, H 10.25, N 4.10%. HR-MS: m/z: 699.53066 [M + H] + ; calc. forC42H70N2O6: 699.5308; m/z: 721.51261 [M + Na] + ; calc. for C42H70N2O6Na: 721.5125.

1 H

 1 NMR (400 MHz, C6D6, 298 K): δ = 10.93 (s, 2H, OH), 7.52 (d, 4 JHH = 2.4 Hz, 2H, arom-H), 6.93 (d, 4 JHH = 2.4 Hz, 2H, arom-H), 3.46 (s, 4H, ArCH2N), 3.38 (t, 3 JHH = 5.1 Hz, 4H, OCH2CH2O), 3.34 (s, 4H, OCH2CH2N), 3.32 (t, 3 JHH = 5.4 Hz, 4H, OCH2CH2N), 2.64 (s, 4H, NCH2CH2O), 2.57 (t, 3 JHH = 5.1 Hz, 4H, NCH2CH2O), 1.73 (s, 18H, p-C(CH3)3), 1.38 (s, 18H, o-C(CH3)3) ppm. 13 C{ 1 H} NMR (100 MHz, C6D6, 298 K): δ = 203.72 (i-COH), 155.30 (p-CC(CH3)3), 140.58 (o-CC(CH3)3), 136.14 (o-CCH2N), 123.85 (m-CH), 123.12 (m-CH), 122.55 (m-CH), 70.85 (OCH2CH2O), 69.39 (OCH2CH2N), 68.64 (OCH2CH2N), 60.40 (ArCH2N), 54.60 (NCH2CH2O), 54.33 (NCH2CH2O), 35.38 (p-C(CH3)3), 34.39 (o-C(CH3)3), 32.06 (p-C(CH3)3), 30.10 (o-C(CH3)3) ppm.Anal. calc for C40H66N2O5 (654.98 g.mol -1 ): C73.35, H 10.16, N 4.28; found: C 73.08, H 10.08, N 4.19%. HR-MS: m/z: 655.504 [M + H] + ; calc for C40H67N2O5: 655.50445; m/z: 677.4854 [M + Na] + ; calc for C40H66N2O5Na: 677.48639.

13 C{ 1

 131 H} NMR (100 MHz, C6D6, 298 K): δ = 125.97 (q, 1 JCF = 287.6 Hz, CF3), 73.62 (hept, 2 JCF = 28.5 Hz, C(CF3)2), 71.01 (OCH2CH2O), 69.58 (OCH2CH2N), 56.78 (NCH2CH2O), 54.58 (C(CF3)2CH2) ppm. 19 F{ 1 H} NMR (376 MHz, C6D6, 298 K): δ = -77.13 (s, 12F, CF3) ppm.

  : m/z: 623.1985 [M + H] + ; calc for C20H30F12N2O6: 623.1990; m/z: 645.18045 [M + Na] + ; calc for C20H30F12N2O6Na: 645.1811.

13 C{ 1

 131 H} NMR (100 MHz, C6D6, 298 K): δ = 125.90 (q, 1 JCF = 285.0 Hz, CF3), 73.46 (hept, 2 JCF = 28.5 Hz, C(CF3)2), 70.25 (OCH2CH2O), 68.92 (OCH2CH2N), 68.49 (OCH2CH2N), 57.34 (NCH2CH2O), 56.35 (NCH2CH2O), 54.49 (C(CF3)2CH2N) ppm. 19 F{ 1 H} NMR (376 MHz, C6D6, 298 K): δ = -77.19 (s, 12F, CF3) ppm.

13 C{ 1

 131 H} NMR (100 MHz, CDCl3, 298 K): δ = 123.60 (q, 1 JCF = 286.4 Hz, CF3), 73.69 (hept, 2 JCF = 28.3 Hz, C(CF3)2), 55.99 (NCH2CH2N), 55.08 (NCH2CH2N), 54.86 (N(CH3), 44.52 (N(CH3), 40.94 (C(CF3)2CH2N) ppm. 19 F NMR (376 MHz, CDCl3, 298 K): δ = -77.64 (s, 12F, CF3) ppm. HR-MS: m/z: 506.16714 [M + H] + ; calc for C20H30F12N2O6: 506.1671; m/z: 528.14909 [M + Na] + ; calc for C20H30F12N2O6Na: 528.1485.

  JHH = 11.2 Hz, 2H, ArCH2N), 2.76 -2.53 (m, 4H, NCH2CH2O), 2.32 (m, 2H, OCH2CH2O), 1.49 (s, 18H, p-C(CH3)3), 1.20 (s, 18H, o-C(CH3)3) ppm.ZA 13 C{ 1 H} NMR (100 MHz, thf-d8, 298 K): δ = 167.76 (i-CO), 134.99 (p-C(CH3)3), 130.20 (o-CC(CH3)3), 127.11 (m-CH), 124.77 (o-CCH2N), 123.33 (m-CH), 71.90 (OCH2CH2N), 70.62 (OCH2CH2N), 69.41 (NCH2CH2O), 69.35 (OCH2CH2O), 64.99 (ArCH2N), 57.81 (OCH2CH2O), 50.79 (NCH2CH2O), 35.79 (p-C(CH3)3), 34.38 (o-C(CH3)3), 32.80 (o-C(CH3)3), 30.49 (p-C(CH3)3) ppm.

13 C{ 1

 131 H} NMR (100 MHz, CD2Cl2, 298 K): δ = 166.90 (i-CO), 136.13 (p-CC(CH3)3), 135.83 (p-CC(CH3)3), 130.96 (o-CC(CH3)3), 130.62 (o-CC(CH3)3), 127.32 (o-CCH2N), 124.39 (o-CC(CH3)3), 123.67 (m-CH), 123.60 (m-CH), 71.44 (OCH2CH2N), 70.38 (OCH2CH2N), 69.37 (NCH2CH2O), 69.08 (OCH2CH2O), 68.42 (OCH2CH2O), 64.58 (ArCH2N), 58.78 (NCH2CH2O), 57.52 (NCH2CH2O), 54.53 (OCH2CH2O), 50.22 (NCH2CH2O), 35.65 (p-C(CH3)3), 34.11 (o-C(CH3)3), 32.40 (o-C(CH3)3), 30.10 (p-C(CH3)3) ppm.

13 C{ 1

 131 H} NMR (100 MHz, CD2Cl2, 298 K): δ = 166.31 (i-CO), 136.82 (p-CC(CH3)3), 136.56 (p-CC(CH3)3), 130.79 (o-CC(CH3)3), 130.45 (o-CC(CH3)3), 127.28 (o-CCH2N), 126.71 (o-CCH2N), overlapping ArCH2N & OCH2CH2N), 2.95 (t, 3 JHH = 12.2 Hz, 2H, NCH2CH2O), 2.67 -2.49 (m, 4H, NCH2CH2O), 2.37 (d, 3 JHH = 13.9 Hz, 2H, NCH2CH2O), 1.46 (s, 18H, p-C(CH3)3), 1.21 (s, 18H, o-C(CH3)3) ppm. 13 C{ 1 H} NMR (100 MHz, thf-d8, 298 K): δ = 167.80 (i-CO), 135.82 (p-CC(CH3)3), 130.02 (o-CC(CH3)3), 127.04 (o-CCH2N), 124.23 (m-CH), 123.45 (m-CH), 71.09 (OCH2CH2O), 70.77 (OCH2CH2O), 70.29 (OCH2CH2N), 68.14 (OCH2CH2N), 65.31 (ArCH2N), 57.99 (NCH2CH2O), 53.15 (NCH2CH2O), 36.09 (p-C(CH3)3), 34.39 (o-C(CH3)3), 32.83 (o-C(CH3)3), 30.71 (p-C(CH3)3) ppm.

13 C{ 1

 131 H} NMR (100 MHz, CD2Cl2, 298 K): δ = 127.23 (q, 1 JCF = 296.1 Hz, CF3), 83.18 (hept, 2 JCF = 24.9 Hz, C(CF3)2), 69.00 (OCH2CH2O), 68.00 (OCH2CH2N), 56.82 (NCH2CH2O), 56.57 (C(CF3)2CH2) ppm.19 F{ 1 H} NMR (376 MHz, CD2Cl2, 298 K): δ = -78.42 (s, 12F, CF3) ppm.

( 13 C{ 1

 131 10 mL) with a solution of [Ca{N(SiMe3)2}2.(thf)2] (0.26 g, 0.53 mmol) in thf (10 mL). Yield: 0.23 g, 72%. The title compound presented a poor solubility in aliphatic solvents and very high solubility in thf and chlorinated solvents. 1 H NMR (400 MHz, CD2Cl2, 298 K): δ = 4.17 (t, 3 JHH = 10.5 Hz, 2H, OCH2CH2N), 3.93 -3.84 (m, 2H, OCH2CH2O), 3.78 (m, 2H, OCH2CH2O), 3.70 -3.62 (m, 4H, OCH2CH2N), 3.46 (m, 2H, C(CF3)2CH2), 3.10 -2.93 (m, 6H, overlapping C(CF3)2CH2 & NCH2CH2O), 2.83 -2.70 (m, 4H, overlapping NCH2CH2O & OCH2CH2N), 2.48 (m, 2H, NCH2CH2O) ppm. H} NMR (100 MHz, CD2Cl2, 298 K): δ = 127.65 (q, 1 JCF = 290.0 Hz, CF3), 81.40 (hept, 2 JCF = 28.5 Hz, C(CF3)2)2), 68.97 (OCH2CH2O), 58.99 (OCH2CH2N), 56.12 (NCH2CH2O), 55.93 (C(CF3)2CH2) ppm.

  Following the same protocol described for 5-Ca, the complex 5-Sr was obtained by reacting (0.26 g, 0.51 mmol) of 5-H2 in diethyl ether (10 mL) with a solution of [Sr{N(SiMe3)2}2.(thf)2]

Figure 4 . 1 :

 41 Figure 4.1: Electronic and steric differences between alkoxide and boryloxide ligands.

  For example, in [Li{μ 2 -OB(Mes)2}(Et2O)]2 and [Li{μ 2 -OB(Mes)2}(2-Me-Py)]2, the two boron atoms are co-planar with the Li2O2 plane, whereas in ([Li{μ 2 -OB(Mes)2}(S)]2 with S = thf, pyridine, [Li{μ 2 -OB(fmes)2}(thf)]2 and [Li{μ 2 -OB{CH{SiMe3}2)2}]2), the BR2 units are located on opposite sides of the Li2O2 core. This behaviour indicates that, even though the R moieties are distant from the metal, yet, the rotation of the -BR2 can be affected by the other groups coordinated to the metal centre.

Figure 4 . 2 :

 42 Figure 4.2:Examples of different boryloxide complexes of main group metals.[5, 10] 

  These species were characterised by their low coordination number (C.N. = 2 or 4) and, in some cases, they were showed in the solid state additional intra-and intermolecular secondary interactions that, probably, provide further stabilization. For instance, [Ba{OB{CH(SiMe3)2}2}2] displayed Ba---H3C anagostic interactions, [Ba{OB{CH(SiMe3)2}2}2.(toluene)] or [Ba{μ 2 -OB(tripp)2}{N(SiMe3)2}]2

Figure 4 . 7 :

 47 Figure 4.7: ORTEP representation of the molecular structure of [Mg{μ 2 -N(SiMe3)2}{OB{CH(SiMe3)2}2}]2 (21). H atoms are omitted for clarity. Ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å) and angles (°): Mg1-O21: 1.857(3), Mg1-N1: 2.107(4), Mg1-N11: 2.117(4), Mg2-O41: 1.862(3), Mg -N1: 2.132(4), Mg2-N11: 2.121(4), O21-B22: 1.340(5), O41-B42: 1.352(5), O21-Mg1-N1: 131.46(16), O21-Mg1-N11: 136.67(15), N1-Mg1-N11: 91.88(15), B22-O21-Mg1: 157.4(3), O21-B22-C21: 119.5(4), O21-B22-C31: 120.9(4), C21-B22-C31: 119.6(3), O41-Mg2-N11: 130.90(16), O41-Mg2-N1: 137.87(15), N11-Mg2-N1: 91.07(14), B42-O41-Mg2: 158.3(3), O41-B42-C51: 121.0(4), O41-B42-C41: 118.3(4), C51-B42-C41:120.8(3).

[

  Ca{μ-OB(CH(SiMe3)2)2}{N(C6F5)2}]2, bearing the same boryloxide ligand OB{CH(SiMe3)2}2

1 H

 1 NMR spectrum (400 MHz, thf-d8, 298 K) of [Ca{OCH(CF3)2}{OB{CH(SiMe3)2}2}] (24).

Figure 4 . 12 :

 412 Figure 4.12: Stacked 1 H NMR spectra (400 MHz, C6D6, 298 K) for the attempted syntheses of [K{N(R')(BR2).(thf)n] compounds.

  B{ 1 H} NMR, at δ11B 41.08 and δ11B 36.83 ppm respectively. [Li{N(Dipp)(9-BBN)}.(thf)3] (27) was also characterised by X-Ray diffraction, which shows the coordination of Li metal to three thf molecules (Figure 4.13).

Figure 4 . 13 :

 413 Figure 4.13: ORTEP representation of the molecular structure of [Li{N(Dipp)(9-BBN)}.(thf)3] (27). H atoms are omitted for clarity. Ellipsoids are drawn at the 50% probability level. Selected bond lengths(Å) and angles (°): Li1-O1: 1.932(18), Li1-O2: 2.006(16), Li1-O3: 2.009(6), Li1-N1: 1.983(5), N1-B1:

  Å) in [Li{N(Dipp)(BMes2)}.(thf)2]. The N1-B1(1.527(6) Å) in 27 is much longer than the N-B interatomic distance(1.398(5) Å) in [Li{N(SiMe3)(9-BBN)}]3.[17b] The long N-B length in complex 27 is possibly due to the additional coordination of thf molecules compared to the reported trimeric lithium salt, or to the high disorder in the crystal structure of 27. The bond angle C1-N1-Li1 (123.7(2)°) is similar to that reported (125.2(7)°), yet, B1-N1-Li1 (115.7(2)°) is wider than in the case with BMes2 (102.2(7)°). These variations in the bond angles (B-N-Li) and bond distances (N-B) are presumably related to the difference in the R moieties on the boron atom, between mesityl and cyclononane.As for the pertaining magnesium compounds [( t Bu)Mg{N(Dipp)(9-BBN)}.(thf)2] (29), [( t Bu)Mg{N(Dipp)(BMes2)}.(Et2O)] (30) and [( t Bu)Mg{N(Mes)(BMes2)}.(Et2O)] (31), they were generated via a salt metathesis reaction upon reacting t BuMgCl with the appropriate lithium salt (1:1 ratio) in thf or diethyl ether (vide supra). They were obtained as white powders, in good yields(60-83%). They present a good solubility in hydrocarbon solvents and in diethyl ether. They were characterised in solution, displaying1 H NMR spectra consistent with the proposed structures. The coordination of diethyl ether or thf molecules was confirmed by NMR studies, and further corroborated by XRD crystallography in the solid state. The many attempts that were made to obtain suitable crystals for complexes [( t Bu)Mg{N(Dipp)(BMes2)}.(Et2O)] (30) and [( t Bu)Mg{N(Mes)(BMes2)}.(Et2O)] (31) were unsuccessful. Only complex [( t Bu)Mg{N(Dipp)(9-BBN)}.(thf)2] (29) was characterised in the molecular solid state. The single crystals were obtained from a concentrated solution in pentane at -30 ℃. The molecular structure of 29 depicted in Figure

Figure 4 . 14 :

 414 Figure 4.14: ORTEP representation of the molecular structure of [( t Bu)Mg{N(Dipp)(9-BBN)}.(thf)2] (29).H atoms are omitted for clarity. Ellipsoids are drawn at the 50% probability level. Selected bond lengths(Å) and angles (°): Mg1-N31: 2.0410(14), Mg1-O1: 2.0894(14), Mg1-O11a: 2.0894(13), Mg1-C21: 2.178(12), N31-B44: 1.394(2), N31-Mg1-C21: 129.55(7), B44-N31-Mg1: 114.18(10).

Figure 4 . 10 :

 410 Figure 4.10: Dehydrocoupling reaction of borinic acids with hydrosilanes.

2 ]

 2 was obtained by reacting a solution of NH{(Mes)(BMes2)} (0.32 g, 0.82 mmol) in diethyl ether(10 mL) with a solution of n BuLi (

[{ t

 t Bu}Mg{N(Dipp)(9-BBN)}.(thf)2] (29): To a solution of [Li{N(Dipp)(9-BBN)}.(thf)3] (27) (0.10 g, 0.22 mmol)

13 C{ 1

 131 H} NMR (100 MHz, C6D6, 298 K): δ = 152.78 (arom-C, CN), 145.28 (arom-C, o-CCH(CH3)), 141.94 (arom-C, o-CCH(CH3)), 123.37 (arom-C, p-CH), 123.14 (arom-C, p-CH), 120.67 (arom-C, m-CH), 69.54 (OCH2CH2 (thf)), 36.62 (CCH3 ( t Bu), 35.01 (BCH (BC8H14)), 33.87 (BCH (BC8H14)), 28.18 (CH2CHB (BC8H14)), 27.04 (CHCH3), 25.78 (CH3 (dipp)), 25.12 (CH3 ( t Bu)), 23.85 (CH2CH2O (thf)), 23.81 (CH2CH2CHB (BC8H14)) ppm.

  , 3.57 (br hept, 2H, CH(CH3)2), 3.26 (m, 4H, OCH2CH3 (OEt2)), 2.25 (s, 3H, CH3 (Mes)), 2.13 (m, 12H, CH3 (Mes)), 1.34 (s, 3H, CH3(Mes)), 1.23 (m, 6H, CH3CH2O (OEt2)), 1.02 (s, 9H, CH3 ( t Bu)), 0.75 (m, 12H, CH3 (Dipp)) ppm. 13 C{ 1 H} NMR (100 MHz, C6D6, 298 K): δ = 149.82 (arom-C, CN), 141.25 (arom-C, CBMes), 139.88 (arom-C, o-CCH(CH3)), 137.68 (arom-C, p-CCH(CH3)), 136.33 (arom-C, CCH3), 129.21 (arom-C, CH), 128.77 (arom-C, CH), 126.00 (arom-C, CH), 123.82 (arom-C, CH), 121.39 (arom-C, CH), 64.83 (OCH2CH3 (OEt2)), 35.53 (CH3 (Mes)), 34.84 (CCH3 ( t Bu), 28.73 (CH(CH3)2), 24.31 (CH3 ( t Bu)), 23.04 (CH3 (Mes)), 22.44 (CH3 (Mes)), 21.19 (CH3CH2O (OEt2), 19.62 (CH3(Dipp)) ppm. 11 B{ 1 H} NMR (128 MHz, C6D6, 298 K): δ = 40.55 (br, s) ppm.

13 C{ 1

 131 H} NMR (100 MHz, C6D6, 298 K): δ = 150.56 (arom-C, CN), 141.34 (arom-C, CBMes), 140.17 (arom-C, o-CCH3), 139.34 (arom-C, o-CCH3), 136.36 (arom-C, p-CCH3), 129.01 (arom-C, CH), 128.82 (arom-C, CH), 65.12 (OCH2CH3 (OEt2)), 34.52 (C(CH3) ( t Bu)), 23.25 (CH3 (Mes)), 22.61 (CH3 ( t Bu)), 21.10 (CH3 (Mes)), 20.74 (CH3 (Mes)), 16.90 (CH3CH2O (OEt2) ppm. 11 B{ 1 H} NMR (128 MHz, C6D6, 298 K): δ = 40.57 (br, s) ppm.

Figure 5 . 2 :

 52 Figure 5.2: Dicationic and fluorinated monocationic alkaline-earth complexes.

Figure 5 . 3 :

 53 Figure 5.3: Charge-neutral molecular alkaline-earth complexes bearing aminoether phenols, aminoether fluoro-alcohols and aminofluoro-alcohols ligands.

Figure 5 . 4 :

 54 Figure 5.4: Heteroleptic alkaline-earth complexes based on boryloxides and borylamides proligands synthesised throughout this project.
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 21 Difference in chemical shifts by31 P{H} NMR of Et3PO viaGutmann-Beckett. a 

	Entry	Complexes	δ 31 P{ 1 H} NMR (ppm)	Δ 31 P{ 1 H} NMR (ppm)	AN b
	1	[Ca{OCH(CF3)2}2]n (1)	55.5	5.2	32.0
	2	[Sr{OCH(CF3)2}2]n (2)	52.9	2.5	26.3
	3	[Ba{OCH(CF3)2}2]n (3)	51.6	1.3	23.4
	4	[Ca{OC(CF3)3}2]n (4)	61.3	10.9	44.9
	5	[Sr{OC(CF3)3}2]n (5)	57.7	7.4	36.9
	6	[Ba{OC(CF3)3}2]n (6)	52.9	2.5	26.3
	7	[Ca{O(C6F5)}2]n (7)	56.3	5.9	33.8
	8	[Ca{N(C6F5)2}2] (8)	58.0	7.7	37.6

[a] Conditions: mixture of 1eq of the complexes with 1eq of Et3PO, in CD2Cl2, at room temperature. δ31P of free Et3PO in CD2Cl2 is 50.35 ppm.

Table 2 .

 2 

	Entry	Complexes	δ 1 H NMR (ppm)	Δ 1 H NMR (ppm)
	1	[Ca{OCH(CF3)2}2]n (1)	7.25	0.28
	2	[Sr{OCH(CF3)2}2]n (2)	7.06	0.09
	3	[Ba{OCH(CF3)2}2]n (3)	7.11	0.14
	4	[Ca{OC(CF3)3}2]n (4)	7.05	0.08
	5	[Sr{OC(CF3)3}2]n (5)	7.27	0.30
	6	[Ba{OC(CF3)3}2]n (6)	7.16	0.19
	7	[Ca{O(C6F5)}2]n (7)	7.03	0.06
	8	[Ca{N(C6F5)2}2] (8)	7.36	0.39
	[a] Conditions: 1:1 mixture of the complex and cyclohex-2-enone in CD2Cl2 at room
	temperature. δ1H (H a of free cyclohex-2-enone) = 6.97 ppm.	
				δ1H 7.27

2 Difference in 1 H NMR chemical shifts of cyclohex-2-enone according to Childs' method. a As seen in Table 2.2, no clear, meaningful trend can be detected upon changing the nature of the metal or ligand framework. Indeed, according to this procedure, the best Lewis acidic complexes are [Ca{OCH(CF3)2}2]n (1) (δ1H 7.25 ppm, entry 1), [Sr{OC(CF3)3}2]n (5) (

Table 2 .

 2 3 GEI values (𝛚) of complexes 1-3 and 8. All values are in eV.

	Entry	Complex	GEI (𝝎)
	1	[Ca{OCH(CF3)2}2]n (1)	2.383
	2	[Sr{OCH(CF3)2}2]n (2)	2.409
	3	[Ba{OCH(CF3)2}2]n (3)	2.148
	4	[Ca{N(C6F5)2}2] (8)	2.112

  shift in the CH resonance (OCH(CF3)2 anion), from 4.58 to 4.66 ppm, compared to the homoleptic [Ca{OCH(CF3)2}2]n (1)(Figure 2.15). This variation is possibly due to the difference in electron density between the metal centres, affecting their interactions with the CH protons. On the other hand, the two resonances of tmeda were shifted upfield, from 2.88 and 2.57 to 2.43 and 2.23 ppm, for CH3 and CH2 respectively. This modification in the chemical shifts of tmeda group is probably due to the difference in interaction between tmeda and H + and Ca + . Distinct environment are present in the protonated ligand [{tmeda}H] + .[NH2{B(C6F5)3}2] -

	Chapter 2

Table 2 . 4

 24 Lewis acidity measurements of the cationic complexes via Gutmann-Beckett method. a

			δ 31 P{ 1 H}	Δ 31 P{ 1 H}	
	Entry	Complexes	NMR	NMR	AN b
			(ppm)	(ppm)	
	1	[Ca(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(10)	65.9	15.5	55.0
	2	[Sr(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(11)	66.2	15.9	55.7
	3	[Ba(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(12)	65.3	15.0	53.7
	4	[{tmeda}Ca{OCH(CF3)2}] + .[NH2{B(C6F5)3}2] -(13)	58.7	8.4	39.1
	5	[{tmeda}Sr{OCH(CF3)2}] + .[NH2{B(C6F5)3}2] -(14)	59.0	8.7	39.8
	6	[{tmeda}Ba{OCH(CF3)2}] + .[NH2{B(C6F5)3}2] -(15)	56.1	5.7	33.4
	7	[{tmeda}Ca{OC(CF3)3}] + .[NH2{B(C6F5)3}2] -(16)	58.1	7.8	37.8
	8	[{tmeda}Sr{OC(CF3)3}] + .[NH2{B(C6F5)3}2] -(17)	56.5	6.2	34.3
	9	[{tmeda}Ba{OC(CF3)3}] + .[NH2{B(C6F5)3}2] -(18)	54.9	4.6	30.7
	10	[{tmeda}Ca{O(C6F5)}] + .[NH2{B(C6F5)3}2] -(19)	58.7	8.4	39.1
	11	[{tmeda}Ca{N(C6F5)2}] + .[NH2{B(C6F5)3}2] -(20)	61.0	10.7	44.2
	[a] Conditions: equimolar mixtures of the complexes and Et3PO in CD2Cl2, at room temperature.
	δ31P of free Et3PO in CD2Cl2 is 50.35 ppm.			
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 25 Screening of diverse cationic alkaline-earth complexes in the aza-Piancatelli catalytic reaction.

	Entry	Cat.	Solvent	t (h)	Yield a (%)	TON
	1	-	MeNO2	4	nr b	
	2	[Ca(NTf2)2]	MeNO2	4	79	15.8
	3	[Ca(NTf2)2]/nBu4NPF6	MeNO2	3	96	19.4
	4	[Ca(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(9)	MeNO2	4	92	18.4
	5	[Ca(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(9)	Toluene 4	30	6

Entry 1 shows that the reaction does not occur without any Lewis acid catalyst. Entries 2 and 3 illustrate the reactivity of [Ca(NTf2)2] with and without additive. The yield is found to increase from 76% to 96% upon addition of nBu4NPF6. The dicationic complex [Ca(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(

9

) was tested using three type of solvents: nitromethane (MeNO2), toluene and 1.2-dichloroethane (DCE) (entries 4, 5,

  18 mL, 1.31 mmol) of PFTB in 1,2-difluorobenzene (10 mL) with a solution of [Ba{N(SiMe3)2}2]2 (0.30 g, 0.66 mmol) in 1,2-difluorobenzene (10 mL). Yield: 0.23 g, 60%.13 C{ 1 H} NMR (100 MHz, thf-d8, 298 K): δ = 124.78 (q, 1 JCF = 293.4 Hz, CF3),85.63 (m, C(CF3)) 

	ppm.
	19 F{ 1 H} NMR (376 MHz, thf-d8, 298 K): δ = -76.74 (s, 18F, CF3) ppm.
	[Ca{O(C6F5)}2]n (7)
	A solution of pentafluorophenol (0.45 g, 2.46 mmol) in toluene
	(15 mL) was added to a solution of [Ca{N(SiMe3)2}2]2 (0.44 g,

1.23 mmol) in toluene

(15 mL)

. The reaction mixture was stirred for 3 h and the volatiles were removed under vacuum. The resulting white powder was washed with pentane (3 × 5 mL) and the product was completely dried under vacuum. Yield: 0.37 g, 74%.

{tmeda}Ca{OCH(CF3)2}] + .[NH2{B(C6F5)3}2] -(13)

  

	1 H NMR (400 MHz, CD2Cl2, 298 K): δ = 5.68 (br, 2H, NH), 3.72 (q, 3 JHH = 7.0 Hz, 12H, OCH2 [{tmeda}H] + .[NH2{B(C6F5)3}2] -(12) C{ 1 H} NMR (100 MHz, thf-d8, 298 K): δ = 149.98 (arom o-CF), 148.07 (arom o-CF), 141.28
	(OEt2)), 1.30 (t, 3 JHH = 7.1 Hz, 18H, CH3CH2O (OEt2)) ppm. A solution of [H(OEt2)2] + .[NH2{B(C6F5)3}2] -(2.30 g, 1.92 mmol) in (arom m-CF), 138.75 (arom m-CF), 136.71 (arom p-CF), 123.73 (CF3), 121.30 (m, arom C6F5),
	13 C{ 1 H} NMR (100 MHz, CD2Cl2, 298 K): δ = 149.40 (arom o-CF), 147.54 (arom o-CF), 140.68 dichloromethane (10 mL) was added to a solution of TMEDA (0.29 mL, 1.92 58.34 (CH2CH2), 46.00 (CH3) ppm.
	(arom m-CF), 138.37 (arom m-CF), 136.28 (arom p-CF), 121.17 (m, arom C6F5), 66.62 (OCH2 mmol) in dichloromethane (10 mL). The reaction mixture was stirred for 1 h 19 F{ 1 H} NMR (376 MHz, thf-d8, 298 K): δ = -77.41 (s, 6F, CF3), -133.14 (m, 12F, o-C6F5), -2[NH2{B(C6F5)3}2] -(9) (OEt2), 15.11 (CH3CH2O (OEt2)) ppm. and the volatiles were removed under vacuum. The resulting white powder was washed with 161.14 (t, 3 JFF = 20.2 Hz, 6F, p-C6F5), -166.45 (t, 3 JFF = 19.2 Hz, 12F, m-C6F5) ppm.
	A solution of [H(OEt2)2] + .[NH2{B(C6F5)3}2] -(0.30 g, 0.25 mmol) in diethyl ether (10 mL) was added to a solution of [Ca{N(SiMe3)2}2]2 (0.05 19 F{ 1 H} NMR (376 MHz, CD2Cl2, 298 K): δ = -132.80 (m, 24F, o-C6F5), -160.00 (t, 3 JFF = 20.3 pentane (3 × 5 mL) and the product was completely dried under vacuum. Yield: 2.08 g, 95%. Anal. calc. for C45H19N3O1F36B2Ca (1363.31 g.mol -1 ): C 39.65, H 1.40, N 3.03; found: C 37.35,
	g, 0.13 mmol) in diethyl ether (10 mL). The reaction mixture was stirred Hz, 12F, p-C6F5), -165.61 (t, 3 JFF = 19.3 Hz, 24F, m-C6F5) ppm. 1 H NMR (400 MHz, CD2Cl2, 298 K): δ = 7.74 (s, 1H, H + ), 5.67 (br, 2H, NH), 2.89 (s, 4H, H 1.59, N 2.93%.
	for 2 h and the volatiles were removed under vacuum. The resulting white Anal. calc. for C96H64N2O6F60B4Sr (2612.34 g.mol -1 ): C 44.14, H 2.47, N 1.66; found: C 39.51, H CH2CH2), 2.61 (s, 12H, CH3) ppm.
	powder was washed with pentane (3 × 5 mL) and the product was 2.26, N 0.99%. [{tmeda}Sr{OCH(CF3)2}] + .[NH2{B(C6F5)3}2] -(14)
	completely dried under vacuum. Yield: 0.22 g, 72%.
	Following the same procedure as the complex 13, the complex
	[Ba(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(11) [{tmeda}Sr{OCH(CF3)2}] + .[NH2{B(C6F5)3}2]
	Following the same protocol described for complex 9,
	[Ba(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(11) was obtained by reacting (0.30 g,
	0.25 mmol) of [H(OEt2)2] + .[NH2{B(C6F5)3}2] -in diethyl ether (10 mL)
	with a solution of [Ba{N(SiMe3)2}2]2 (0.06 g, 0.13 mmol) in diethyl ether
	(10 mL). Yield: 0.18 g, 57%.
	1 H NMR (400 MHz, CD2Cl2, 298 K): δ = 5.67 (br, 2H, NH), 3.68 (q, 3 JHH
	Anal. calc. for C96H64N2O6F60B4Ca (2564.80 g.mol -1 ): C 44.96, H 1.69, N 1.09; found: C 39.69, = 7.0 Hz, 12H, OCH2 (OEt2)), 1.30 (t, 3 JHH = 7.0 Hz, 18H, CH3CH2O A solution of [{tmeda}H] + .[NH2{B(C6F5)3}2] -(12) (0.25 g, 0.22 mmol) in
	H 2.51, N 0.80%. (OEt2)) ppm. dichloromethane (10 mL) was added to a solution of [Ca{OCH(CF3)2}2]n
	13 C{ 1 H} NMR (100 MHz, CD2Cl2, 298 K): δ = 149.41 (arom o-CF), 147.49 (arom o-CF), 140.66 (0.08 g, 0.22 mmol) in dichloromethane (10 mL). The reaction mixture was
	[Sr(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(10) (arom m-CF), 138.29 (arom m-CF), 136.43 (arom p-CF), 120.89 (m, arom C6F5), 66.56 (OCH2 stirred for 1 h and the volatiles were removed under vacuum. The resulting
	(OEt2), 15.23 (CH3CH2O (OEt2)) ppm. white powder was washed with pentane (3 × 5 mL) and the product was completely dried under
	Following the same protocol described for complex 9, vacuum. Yield: 0.24 g, 80%. 19 F{ 1 H} NMR (376 MHz, CD2Cl2, 298 K): δ = -132.71 (m, 24F, o-C6F5), -159.95 (t, 3 JFF = 20.3 [Sr(OEt2)6] 2+ .2[NH2{B(C6F5)3}2] -(10) was obtained by reacting (0.30 g, 0.25 mmol) of [H(OEt2)2] + .[NH2{B(C6F5)3}2] -in diethyl ether (10 Hz, 12F, p-C6F5), -165.53 (t, 3 JFF = 19.6 Hz, 24F, m-C6F5) ppm. 1 H NMR (400 MHz, thf-d8, 298 K): δ = 5.75 (br, 2H, NH), 4.66 (br, 1H, CH), 2.41 (s, 4H, CH2CH2),
	mL) with a solution of [Sr{N(SiMe3)2}2]2 (0.05 g, 0.13 mmol) in diethyl Anal. calc. for C96H64N2O6F60B4Ba (2662.05 g.mol -1 ): C 43.31, H 2.42, N 1.05; found: C 38.84, 2.23 (s, 12H, CH3) ppm.
	ether (10 mL). Yield: 0.19 g, 62%. H 2.08, N 0.96%.

1 

H NMR (400 MHz, CD2Cl2, 298 K): δ = 5.69 (br, 2H, NH), 3.72 (q, 3 JHH = 6.8 Hz, 12H, OCH2 (OEt2)), 1.30 (t, 3 JHH = 7.0 Hz, 18H, CH3CH2O (OEt2)) ppm. 13 C{ 1 H} NMR (100 MHz, CD2Cl2, 298 K): δ = 149.47 (arom o-CF), 147.50 (arom o-CF), 140.65 (arom m-CF), 138.27 (arom m-CF), 136.22 (arom p-CF), 121.31 (m, arom C6F5), 66.52 (OCH2 (OEt2), 14.84 (CH3CH2O (OEt2)) ppm. 19 F{ 1 H} NMR (376 MHz, CD2Cl2, 298 K): δ = -132.85 (m, 24F, o-C6F5), -160.19 (t, 3 JFF = 20.3 Hz, 12F, p-C6F5), -165.74 (t, 3 JFF = 19.3 Hz, 24F, m-C6F5) ppm. 13 C{ 1 H} NMR (100 MHz, CD2Cl2, 298 K): δ = 149.40 (arom o-CF), 147.45 (arom o-CF), 140.68 (arom m-CF), 138.25 (arom m-CF), 136.24 (arom p-CF), 121.55 (m, arom C6F5), 54.80 (CH2CH2), 45.13 (CH3) ppm. 19 F{ 1 H} NMR (376 MHz, CD2Cl2, 298 K): δ = -132.92 (m, 12F, o-C6F5), -160.27 (t, 3 JFF = 20.3 Hz, 6F, p-C6F5), -165.77 (t, 3 JFF = 19.3 Hz, 12F, m-C6F5) ppm. Anal. calc. for C42H19B2F30N3 (1157.21 g.mol -1 ): C 43.59, H 1.65, N 3.63; found: C 42.67, H 1.81, N 3.57%. [-(14) was obtained by reacting a solution of [{tmeda}H] + .[NH2{B(C6F5)3}2] -(12) (0.25 g, 0.22 mmol) in dichloromethane (10 mL), with a solution of [Sr{OCH(CF3)2}2]n (0.09 g, 0.22 mmol) in dichloromethane (10 mL). Yield: 0.26 g, 86%. 1 H NMR (400 MHz, thf-d8, 298 K): δ = 5.76 (br, 2H, NH), 4.65 (hept, 3 JHF = 6.8 Hz, 1H, CH), 2.37 (s, 4H, CH2CH2), 2.20 (s, 12H, CH3) ppm. 13 C{ 1 H} NMR (100 MHz, thf-d8, 298 K): δ = 149.99 (arom o-CF), 148.07 (arom o-CF), 141.27 (arom m-CF), 138.78 (arom m-CF), 136.62 (arom p-CF), 123.81 (q, 1 JCF = 285.4 Hz, CF3), 121.52 (m, arom C6F5), 73.68 (m, C(CF3)), 58.60 (CH2CH2), 46.13 (CH3) ppm. 19 F{ 1 H} NMR (376 MHz, thf-d8, 298 K): δ = -77.39 (s, 6F, CF3), -133.13 (m, 12F, o-C6F5), -161.17 (t, 3 JFF = 20.2 Hz, 6F, p-C6F5), -166.47 (t, 3 JFF = 19.3 Hz, 12F, m-C6F5) ppm.
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 31 Bond valence sum analysis for complexes 3

-Sr, 3-Ba and [4-Ba]2. Complex Metal dAeN a dAeF a dAeO a νAeN b νAeF b νAeO b Σ(νAe-X)

  

			2.8542	3.1724	2.4279	0.19	0.04	0.43
			-	-	2.7172	-	-	0.20
	3-Sr	Sr1	-2.8542	-3.1724	2.7297 2.4279	-0.19	-0.04	0.19 0.43
			-	-	2.7172	-	-	0.20
			-	-	2.7297	-	-	0.19
	Σ(νSr1-X)					0.38	0.08	1.64	2.10
	%(νSr1-X)					18.1	3.8	78.1	100
			3.0047	3.1351	2.5683	0.24	0.08	0.47
			-	-	2.8278	-	-	0.23
	3-Ba	Ba1	-3.0047	-3.1351	2.8527 2.5683	-0.24	-0.08	0.22 0.47
			-	-	2.8278	-	-	0.23
			-	-	2.8527	-	-	0.22
	Σ(νBa1-X)					0.48	0.16	1.84	2.48
	%(νBa1-X)					19.3	6.5	74.2	100
			2.971	2.998	2.494	0.26	0.11	0.58
			-	-	2.632	-	-	0.40
	[4-Ba]2	Ba1 = Ba1i	-2.990	--	2.815 2.792	-0.25	--	0.24 0.26
			-	-	2.844	-	-	0.22
			-	-	2.969	-	-	0.16
	Σ(νBa1-X)					0.51	0.11	1.86	2.48
	%(νBa1-X)					20.6	4.4	75.0	100

Table 3 .

 3 2 A summary of the structural features of the alkaline-earth complexes prepared.

		1-Ca	2-Ca	3-Ca	3-Sr	3-Ba	[4-Ba]2	4-Sr.thf
	rionic(Ae) a (Å)	1.00	1.00	1.00	1.18	1.35	1.35	1.18
	Sym. b	C2v	C1	C2	C2	C2	Ci	C1
	C.N c	8	7	8	8	8	8	8
	Ae---F (Å)	-	-	-	3.1724 3.1351	2.998	-
	Nb of Ae---F	-	-	-	2	2	1	-
	Ae---F contr. d (%)	-	-	-	3.8	6.5	4.4	-
	 N-Ae-Ni (°)	164.03	128.40 173.77 178.68 175.42 120.46	120.84
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 33 Bond valence sum analysis for complexes [

6-Ca]2.thf, [5-Ca]2 and [5-Sr]2. Complex Ae dAeN a dAeF a dAeO a νAeN b νAeF b νAeO b Σ(νAe-

  

	Chapter 3								
				2.915 2.8566	2.332	0.16	0.10	0.56
			Sr1	2.806	-	2.5255	0.21	-	0.33
				2.725	3.099	2.4527	0.26	0.05	0.40	X)
		Σ(νSr1-X)		2.639 2.7119 2.4483	0.26 0.63	0.10 0.15	0.27 1.29	2.07
	[5-Sr]2	%(νSr1-X)	Ca1	-2.689 2.6526 2.3118 -2.3347 2.868 3.123 2.3162	-30.4 0.23 0.18	-7.30 0.11 0.05	62.3 0.37 0.39 0.59	100
			Sr2	-2.688	--	2.3298 2.4991	-0.29	--	0.38 0.36
		Σ(νCa1-X)		2.774 3.0054 2.5317	0.49 0.23	0.21 0.07	1.41 0.33	2.11
		%(νCa1-X) Σ(νSr2-X)					23.2 0.70	10.0 0.12	66.8 1.28	100 2.10
	[6-Ca]2.thf	%(νSr2-X)		2.566	2.899	2.2777	0.32 33.3	0.06 5.70	0.43 61.0	100
				-	-	2.2642	-	-	0.44
			Ca2						
				2.657	-	2.4162	0.25	-	0.30
				-	-	2.3440	-	-	0.36
		Σ(νCa2-X)					0.57	0.06	1.53	2.16
		%(νCa2-X)					26.4	2.80	70.8	100
				2.650 2.7742	2.162	0.25	0.08	0.59
			Ca1	2.569	-	2.2942	0.31	-	0.41
				3.150	3.041	2.4133	0.07	0.04	0.30
		Σ(νCa1-X)					0.63	0.12	1.30	2.05
		%(νCa1-X)					30.7	5.90	63.4	100
	[5-Ca]2								
				2.750 2.7254 2.4072	0.19	0.09	0.30
			Ca2	2.689	-	2.3552	0.23	-	0.35
				2.548 2.9309 2.2029	0.33	0.05	0.53
		Σ(νCa2-X)					0.75	0.14	1.18	2.07
		%(νCa2-X)					36.2	6.80	57.0	100

Table 3 .

 3 4 A summary of the structural features of the [

6-Ca]2.thf, [5-Ca]2 and [5-Sr]2

  

	complexes.						
	Complex	rionic(Ae) a (Å)	Ae	C.N b	Ae---F (Å)	Nb of Ae---F	Ae---F contr. c (%)
					2.7742		
			Ca1	6		2	5.90
					3.041		
	[5-Ca]2	1.00					
					2.7254		
			Ca2	6		2	6.80
					2.9309		
					2.8566		
			Sr1	6		2	7.30
					3.099		
	[5-Sr]2	1.18					
					3.123		
			Sr2	6		2	5.70
					2.5317		
					2.7119		
			Ca1	6 with thf		2	10.0
	[6-Ca]2.thf	1.00			2.6526		
			Ca2	6	2.899	1	2.80

Table 3 . 5

 35 Difference in chemical shifts by31 P{H} NMR of Et3PO viaGutmann-Beckett. a 

	Entry	Complexes	δ 31 P{ 1 H} NMR (ppm)	Δ 31 P{ 1 H} NMR (ppm)	AN b
	1	[Ca{N3R F 2O2}] (5-Ca)	58.4	8.0	38.5
	2	[Sr{N3R F 2O2}] (5-Sr)	55.0	4.6	30.9
	3	[Ba{N3R F 2O2}] (5-Ba)	51.2	0.8	22.5
	4	[Ca{N2R F 2O2}] (6-Ca)	53.8	3.4	28.2
	5	[Ca{N2R F 2O2}] (6-Ca.thf)	60.3	9.9	42.7
	6	[Sr{N2R F 2O2}] (6-Sr)	53.6	3.2	27.8

Ba{(N2O4)R F 2O2}] (3-Ba):

  

	Chapter 3		
	13 C{ 1 H} NMR (100 MHz, CD2Cl2, 298 K): δ = 127.35 (q, 1 JCF = 295.6 Hz, CF3), 82.42 (hept, 2 JCF
	= 28.5 Hz, C(CF3)2), 70.89 (OCH2CH2O), 69.63 (OCH2CH2N), 59.16 (C(CF3)2CH2), 55.85
	(NCH2CH2O) ppm.	mmol) of 3-H2 in
	diethyl 19 F{ 1 H} NMR (376 MHz, CD2Cl2, 298 K): δ = -78.10 (s, 12F, CF3) ppm. ether (10 mL) with a solution of
	[Sr{N(SiMe3)2}2.(thf)2] (0.27 g, 0.48 mmol) in diethyl ether
	(10 mL). Yield: 0.25 g, 73%. The title compound show good solubility in 1.2-difluorobenzene, thf Anal. calc for C20H28BaF12N2O6 (757.76 g.mol -1 ): C 31.70, H 3.72, N 3.70; found: C 31.2, H 4.1,
	and chlorinated solvents. It is insoluble in aliphatic solvents and diethyl ether. N 3.4%
	1 H NMR (400 MHz, CD2Cl2, 298 K): δ = 4.08 -4.00 (m, 4H, OCH2CH2O), 3.87 (m, 4H,
	OCH2CH2O), 3.66 -3.52 (m, 8H, OCH2CH2N), 2.83 (s, 4H, C(CF3)2CH2), 2.81 -2.69 (m, 8H,
	NCH2CH2O) ppm. [Ca{(N2O3)R F 2O2}] (4-Ca):	
	13 C{ 1 H} NMR (100 MHz, CD2Cl2, 298 K): δ = 126.60 (q, 1 JCF = 296.0 Hz, CF3), 81.62 (hept, 2 JCF
	= 28.5 Hz, C(CF3)2), 69.83 (OCH2CH2O), 68.48 (OCH2CH2N), 59.83 (C(CF3)2CH2), 55.79
	(NCH2CH2O) ppm.	
	19 F{ 1 H} NMR (376 MHz, CD2Cl2, 298 K): δ = -78.36 (s, 12F, CF3) ppm.
	Anal. calc for C20H28F12N2O6Sr (708.05 g.mol -1 ): C 33.93, H 3.99, N 3.96; found: C 32.9, H 3.8,
	N 3.5%		
	[Following the same protocol described for 3-Ca, the complex
	3-Ba was obtained by reacting (0.30 g, 0.48 mmol) of 3-H2 in
	diethyl	ether (10 mL) with a	solution of
	[Ba{N(SiMe3)2}2.(thf)2] (0.29 g, 0.48 mmol) in diethyl ether
	(10 mL). Yield: 0.29 g, 78%. The title compound was only soluble in chlorinated solvents.
	1 H NMR (400 MHz, CD2Cl2, 298 K): δ = 3.86 -3.71 (m, 8H, OCH2CH2O), 3.64 -3.59 (m, 8H,
	OCH2CH2N), 2.81 (s, 4H, C(CF3)2CH2), 2.73 (m, 8H, NCH2CH2O) ppm.
			161

  H} NMR (100 MHz, thf-d8, 298 K): δ = 128.39 (q, 1 JCF = 301.1 Hz, CF3),82.18 (hept, 2 JCF 

	Chapter 3
	1 H NMR (400 MHz, thf-d8, 298 K): δ = 3.13 -2.17 (m, 21H, C(CF3)2CH2) / NCH2CH2N / CH3) ppm. 1 H NMR (400 MHz, thf-d8, 298 K): δ = 3.03 -2.30 (m, 14H, C(CF3)2CH2) / NCH2CH2N / CH3) ppm. 1 H NMR (400 MHz, thf-d8, 298 K): δ = 3.03 -2.29 (m, 14H, C(CF3)2CH2)/ NCH2CH2N / CH3) ppm. 13 C{ 1 = 28.5 Hz, C(CF3)2), 68.10 (NCH2CH2N), 58.52 (NCH2CH2N), 47.82 (C(CF3)2CH2), 46.73 (CH3),
	13 C{ 1 H} NMR (100 MHz, thf-d8, 298 K): δ = 128.66 (m, CF3), 82.94 (hept, 2 JCF = 28.5 Hz, 13 C{ 1 H} NMR (100 MHz, thf-d8, 298 K): δ = 128.66 (m, CF3), 81.95 (hept, 2 JCF = 28.5 Hz, 13 C{ 1 H} NMR (100 MHz, thf-d8, 298 K): δ = 128.66 (m, CF3), 81.40 (hept, 2 JCF = 28.5 Hz, 30.81 (CH3) ppm.
	C(CF3)2), 57.24 (NCH2CH2N), 56.74 (NCH2CH2N), 46.83 (C(CF3)2CH2) 44.45 (CH3) ppm. C(CF3)2), 59.52 (NCH2CH2N), 58.17 (NCH2CH2N), 46.49 (C(CF3)2CH2), 44.24 (CH3), 30.81 C(CF3)2), 60.67 (NCH2CH2N), 58.13 (NCH2CH2N), 45.43 (C(CF3)2CH2), 44.11 (CH3), 43.77 19 F{ 1 H} NMR (376 MHz, thf-d8, 298 K): δ = -75.09 (br q, 2F, CF3), -78.31 (m, 10F, CF3) ppm.
	19 F{ 1 H} NMR (376 MHz, thf-d8, 298 K): δ = -76.23 (m, 2F, CF3), -78.80 (m, 10F, CF3) ppm. (CH3) ppm. (CH3) ppm.
	19 F{ 1 H} NMR (376 MHz, thf-d8, 298 K): δ = -74.50 (br q, 2F, CF3), -79.73 (m, 10F, CF3) ppm. 19 F{ 1 H} NMR (376 MHz, thf-d8, 298 K): δ = -74.31 (br q, 2F, CF3), -79.97 (m, 10F, CF3) ppm.
	[Ba{N3R F 2O2}] (5-Ba):
	Following the same protocol described for 5-Ca, the complex 5-[Ca{N2R F 2O2}.(thf)] (6-Ca.thf): [Sr{N2R F 2O2}.(thf)] (6-Sr.thf):
	Ba was obtained by reacting (0.28 g, 0.47 mmol) of 5-H2 in Following the same protocol described for 6-Ca, the complex 6-Following the same protocol described for 6-Ca, the complex 6-Sr.thf
	diethyl ether (10 mL) with a solution of [Ba{N(SiMe3)2}2.(thf)2] Ca.thf was obtained by reacting (0.28 g, 0.62 mmol) of 6-H2 in diethyl was obtained by reacting (0.11 g, 0.20 mmol) of 6-H2 in diethyl ether
	(0.24 g, 0.47 mmol) in diethyl ether (10 mL). Yield: 0.20 g, ether (10 mL) with a solution of [Ca{N(SiMe3)2}2.(thf)2] (0.31 g, 0.62 (10 mL) with a solution of [Sr{N(SiMe3)2}2(thf)2] (0.92 g, 0.20 mmol)
	67%. The title compound was soluble in all kind of solvents. mmol) in diethyl ether (10 mL). Yield: 0.24 g, 80%. The title in diethyl ether (10 mL). Yield: 0.04 g, 40 %. The title compound is
	1 H NMR (400 MHz, thf-d8, 298 K): δ = 2.99 -2.39 (m, 18H, C(CF3)2CH2N / NCH2CH2N / compound is quite soluble in all kind of solvents. quite soluble in all kind of solvents.
	(CH3)2), 2.26 (s, 3H, CH3) ppm. 1 H NMR (400 MHz, thf-d8, 298 K): δ = 3.62 (s, 4H, OCH2 (thf)), 3.13 -2.15 (m, 14H, 1 H NMR (400 MHz, thf-d8, 298 K): δ = 3.62 (t, 3 JHH = 6.6 Hz, 4H, OCH2 (thf)), 3.13 -2.21 (m,
	13 C{ 1 H} NMR (100 MHz, thf-d8, 298 K): δ = 127.73 (q, 1 JCF = 284.3 Hz, CF3), 82.57 (hept, 2 JCF C(CF3)2CH2)/ NCH2CH2N/ CH3), 1.77 (s, 4H, CH2CH2O (thf)) ppm. 14H, C(CF3)2CH2 / NCH2CH2N / CH3), 1.78 (t, 3 JHH = 4.9 Hz, 4H, CH2CH2O (thf)) ppm.
	= 28.5 Hz, C(CF3)2), 57.80 (NCH2CH2N), 46.15 (C(CF3)2CH2), 43.04 (CH3), 30.81 (CH3) ppm. 13 C{ 1 H} NMR (100 MHz, CD2Cl2, 298 K): δ = 128.35 (m, CF3), 79.17 (hept, 2 JCF = 28.5 Hz, 13 C{ 1 H} NMR (100 MHz, thf-d8, 298 K): δ = 128.67 (m, CF3), 83.19 (hept, 2 JCF = 28.5 Hz,
	19 F{ 1 H} NMR (376 MHz, thf-d8, 298 K): δ = -76.23 (br q, 2F, CF3), -78.29 (m, 10F, CF3) ppm. C(CF3)2, 69.07 (OCH2 (thf)), 62.29 (NCH2CH2N), 60.51 (C(CF3)2CH2), 57.07 (CH3), 25.94 C(CF3)2), 68.39 (NCH2CH2N), 68.10 (OCH2 (thf)), 58.60 (CH3), 45.52 (C(CF3)2CH2), 25.98
	(CH2CH2O (thf)) ppm. (CH2CH2O (thf)) ppm.
	19 F{ 1 H} NMR (376 MHz, thf-d8, 298 K): δ = -74.48 (br q, 2F, CF3), -79.21 (m, 10F, CF3) ppm. 19 F{ 1 H} NMR (376 MHz, thf-d8, 298 K): δ = -74.31 (br q, 2F, CF3), -79.83 (m, 10F, CF3) ppm.
	[Ca{N2R F 2O2}] (6-Ca):
	A solution of 6-H2 (0.18 g, 0.41 mmol) in diethyl ether (10 mL) was
	added to a solution of [Ca{N(SiMe3)2}2] (0.15 g, 0.41 mmol) in diethyl [Sr{N2R F 2O2}] (6-Sr): [Ba{N2R F 2O2}] (6-Ba):
	ether (10 mL). The reaction mixture was stirred for 2 h and the volatiles Following the same protocol described for 6-Ca, the complex 6-Sr was Following the same protocol described for 6-Ca, the complex 6-Ba was
	were removed under vacuum. The resulting white powder was washed obtained by reacting (0.21 g, 0.47 mmol) of 6-H2 in diethyl ether (10 obtained by reacting (0.15 g, 0.34 mmol) of 6-H2 in diethyl ether (10
	with pentane (3 × 5.0 mL) and the product was completely dried under vacuum. Yield: 0.15 g, mL) with a solution of [Sr{N(SiMe3)2}2] (0.19 g, 0.47 mmol) in diethyl mL) with a solution of [Ba{N(SiMe3)2}2] (0.16 g, 0.34 mmol) in diethyl
	77%. The title compound is quite soluble in all kind of solvents. ether (10 mL). Yield: 0.17 g, 68%. The title compound is quite soluble ether (10 mL). Yield: 0.08 g, 40%. The title compound is quite soluble in all kind of solvents.
	in all kind of solvents.
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1 H NMR (400 MHz, thf-d8, 298 K): δ = 3.03 -2.19 (m, 14H, C(CF3)2CH2) / NCH2CH2N / CH3) ppm.

Table 4 .

 4 1 A summary of metric data of the alkaline-earth complexes [Ae{μ 2 -

	N(SiMe3)2}{OB{CH(SiMe3)2}2}]2 (Ae = Mg

H NMR (400 MHz, CDCl3, 

K): δ = 7.94 (s, 2H, OH), 2.96 (s, 4H, C(CF3)2CH2), 2.74 (t, 3 JHH

B{ 1 H} NMR (128 MHz, C6D6, 298 K): δ = 45.22 (br, s) ppm.
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Chapter 1 Scheme 1.12: Different Ca-catalysed substitution reactions of alcohols. [103][104][105]107] Chapter 1 Scheme 1.9: Examples of asymmetric Mannich and 1,4-addition reactions catalysed by chiral calcium and strontium complexes. [121][122][123][124] Chapter 2 The complex [Ca{O(C6F5)}2]n (7) shows three different resonances in the 19 F{ 1 H} NMR spectrum in thf-d8: three broad multiplets at δ19F -170.58, -172.06, and -188.89 ppm for o-F, m-F, and p-F atoms, respectively (Figure 2.7), similarly to the data reported for [Ca{N(C6F5)2}2]. [7] As for the 13 Chapter 2 Scheme 2.4: The two procedures to synthesise alkaline-earth cationic species. [11] Regarding the high stability of charge-neutral compounds [AeX2], compared to heteroleptic ones [{L}AeX2], protocol A was selected here for the preparation of the monocationic complexes.

i. Synthesis of the protonated co-ligand

Tmeda was reacted with one equivalent of Bochmann's acid salt, producing the protonated (acidic) form of the co-ligand, [{tmeda}H] + .[NH2{B(C6F5)3}2] -( 12) (Scheme 2.5). Scheme 2.5: Synthesis of the protonated ligand [{tmeda}H] + .[NH2{B(C6F5)3}2] - (12).

The protonated co-ligand 12 was obtained as a white powder in a near-quantitative yield (95%). It was characterised by NMR spectroscopy in CD2Cl2, where the acidic H-atom is seen at δ1H 7.74 ppm. Compound 12 shows good solubility in dichloromethane and diethyl ether. However, it is not soluble in aliphatic solvents. It was also characterised by X-Ray diffraction crystallography (Figure 2.14). The position of the acidic H + cannot be located, hampering any interpretation. On the other hand, the counterion preserved its stability by the usual intramolecular interactions F---H-N (1.933-2.353 Å), between the ortho-fluorine atoms of the fluorinated phenyl groups and the NH2 atoms. [11,23,24] Chapter 2 Several attempts to grow X-ray quality single crystals for compounds 13-20 proved unsuccessful. Recrystallisation attempts were also attempted in coordinating solvents such as thf and diethyl ether, but also failed to give suitable single crystals. Elemental analyses performed on [{tmeda}Ca(X)] + .[NH2{B(C6F5)3}2] -, 12 (X = OCH(CF3)2 -), 15 (X = OC(CF3)3 -), 18 (X = OC6F5 - ), and 19 (X = N(C6F5)2 -) complexes were consistent for H and N, but substantially below expected values (by 1-3%) for C, note that similar issues are often encountered with complexes of the alkaline/rare-earths.

Chapter 2 Scheme 2.7: Aza-Piancatelli cyclisation: a platform for natural compounds.

Starting from a 2-furylcarbinol, the proposed Lewis acid mechanism of the reaction relies on the formation of an oxonium intermediate, followed by a nucleophilic attack of an aniline or hydroxylamine derivative. The cyclisation process undergoes 4π-conrotary electrocyclisation, affording the stereoselective 4-aminocyclopentenone (Scheme 2.8).

Chapter 2

General procedure for the DFT calculations of GEI (performed by Pr. Vincent Gandon):

The GEI values obtained for complexes 1-3 and 8, two methods were used as described by Stephan and co-workers. The first one, geometry optimisation on Gaussian 09 using the BP86 functional and the def2-TZVP basis set, where the energy is recalculated at the MP2-def2-TZVPP level, [31a] and the second one, geometry optimisation on Gaussian 09 using the B3LYP functional and the def2-TZVP basis set. [31b] General procedure of the aza-Piancatelli reaction:

To a solution of 2-furyl(phenyl)methanol 1 (20 mg, 0.12 mmol) and p-methoxyaniline 2 (28 mg, 0.13 mmol) in solvent (0.3 mL) were added catalyst (5 mol %) and additive (5 mol %). The reaction mixture was stirred at the indicated temperature until TLC showed full conversion. Then, the crude product was purified by flash column chromatography using pentane/EtOAc 8:2 as eluent to give the desired product.

Chapter 3 Molecular charge-neutral alkalineearth complexes

A part of this chapter has appeared in print: J. Hammoud, F. Abou-Khalil, T. Roisnel, V. Dorcet, C. Bour, V. Gandon, D. Leboeuf, J. F. Carpentier, Y. Sarazin, Dalton Trans., 2020, 49, 13017. All the complexes were generated as white powders, free of coordinated solvent, with yields varying between 60 and 80%. They are generally soluble in polar solvents, such as thf and chlorinated solvents, partially soluble in diethyl ether and 1.2-difluorobenzene, and insoluble in aliphatic solvents. The variation in the solubility is correlated to the changes in the substituents, between phenolates and fluoroalkoxides, in addition to the size of the metal centre, where the solubility increases with Ba < Sr < Ca.

All complexes were characterised by NMR spectroscopy. The data were recorded in polar solvents, such as thf-d8 or CD2Cl2, at room temperature, depending on the solubility of the products. Complexes 1-Ae and 2-Ae feature well resolved 1 H and 13 C{ 1 H} NMR spectra and angles (°): Ca1-O2: 2.6167( 13), Ca1-O5: 2.5054 (11), Ca1-O11: 2.2449 (11), Ca1-N8: 2.6430( 13), N8-Ca1-N8i: 164.03( 6), O11-Ca1-O11i: 98.30 (6).

The molecular structure of 2-Ca depicted in Figure 3.8 features a C1-symmetric sevencoordinated mononuclear species. Several similarities are detected between 2-Ca and its congener 1-Ca. The Ophenolates, O21 and O41, are located on the same side below the pocket with similar distances to the metal, Ca-O21: 2.2274 (9) and Ca-O41: 2.2540(9) Å. The range of bond lengths between calcium and the heteroatoms within the macrocycle (oxygen and nitrogen donors) is slightly broad, Ca-O4: 2.4740 (9), Ca-O13: 2.4747 (9), Ca-O7: 2.513(1), Ca-N10: 2.5690 (11), and Ca-N1: 2.7380(11) Å. However, their average values, Ca-Oav: 2.487 and Ca-Nav: 2.653 Å, are quite similar to those of 1-Ca. Moreover, the bond angle O21-Ca1-O41: 96.11(4)° compares well with that in 1-Ca. Overall, there is little influence on the metric parameters upon decreasing from four (1-Ca) to three oxygen (2-Ca) atoms within the macrocycle. 12), Ca-O2: 2.5302( 13), Ca-O3: 2.5984 (12), Ca-N1: 2.8724( 15), O1-Ca1-O1i: 111.20 (7), N1-Ca1-N1i: 173.77 (7).

Complex 3-Sr forms an eight-coordinated complex, with a C2 symmetry in the solid state, presenting two Sr---F interactions (Sr-F20: 3.1724(10) Å) (Figure 3.10), which are longer than the normal range of Sr---F contacts, [4f, 19] such as 2.731(1) and 2.865(1) Å in [Sr{N(C6F5)2}2.(thf)2] complex. [19b] They are rather weak interactions when compared to the sum of van der Waals ionic radii, where the maximum distances for Sr---F interactions are fixed on 3.30 Å (ionic rvdW Sr (1.83 Å) + rvdW F (1.47 Å) = 3.30 Å). [20] Unlike 3-Ca, the presence of these additional interactions in 3-Sr are probably related to the increase of the ionic radii (Ca 2+ 1.00 Å and Sr 2+ 1.18 Å), [21] and the ability of the metal to have additional interactions (Ca---F contacts in 3-Ca are in the range of 3.23 Å, longer than the fixed Ca---F distances of 3.1 Å). [20] Moreover, the Sr-Oalkoxide (Sr-O12: 2.4279(9) Å) are longer than those in 3-Ca, as well as the Sr-Omacrocycle (Sr-O5: 2.7297 (9) and Sr-O2: 2.7172(9) Å), in line with the increase of the ionic radii of the element. Moreover, the bond angle N8-Sr-N8i (178.68(4)°) is almost linear. 9), Sr-O2: 2.7172( 9), Sr-O12: 2.4279( 9), Sr-N8: 2.8542 (11), Sr-F20: 3.1724 (10), O12-Sr1-O12i: 116.59( 5), N8-Sr1-N8i: 178.68 (4). All Sr---F interactions are presented by dashed bonds.

The barium analogue 3-Ba is very similar to 3-Sr (Figure 3.11). It is also an eightcoordinate complex, presenting two additional Ba---F interactions (Ba-F6: 3.1351(15) Å). These values are shorter than within 3-Sr, indicating their strong interactions with barium, however, they are still above the range of Ba---F contacts (2.825(2)-3.014(3) Å found in [Ba{μ-N(C6F5)2}{N(C6F5)2}.toluene]2. [18, 19a] It is presumably associated to the gradual increase of the size of the metal (ionic radii of Ba 2+ 1. 35 Å, compared to Sr 2+ 1.18 Å) [21] and its electrophilicity.

Moreover, the Ba-Oalkoxides (Ba-O1: 2.5683(15) Å) and Ba-Omacrocycle (Ba-O2: 2.8527 (15) and Ba-O3: 2.8278(15) Å) bond distances are slightly longer than in 3-Sr, in line with the increased size of the element. 15), Ba-O2: 2.8527 (15), Ba-O3: 2.8278 (15), Ba-N1: 3.0046 (17), Ba-F6: 3.1351 (15), O1-Ba1-O1i: 111.38(8), N1-Ba1-N1i: 175.42 (7). All Ba---F interactions are presented by dashed bonds.

On the other hand, the fluoroalkoxide [Ba{(N2O4)R F 2O2}] (4-Ba), coordinated to the smaller macrocycle (three oxygen atoms instead of four), forms a centrosymmetric dimer, [4-Ba]2, bridged by two Oalkoxides, in the solid state (Figure 3.12). Each barium centre is eight-coordinated, stabilised by one Ba---F secondary interaction, Ba-F30: 2.998(3) Å. This latter value is shorter than that measured in 3-Ba, indicating a stronger interaction in the former. The same behaviour is detected in the bond lengths of terminal Ba-Oalkoxides (Ba1-O26: 2.494(4) Å), which are shorter than the ones in 3-Ba (Ba-O1: 2.5683(15) Å), revealing stronger bonds. They are even shorter than the bridging Oalkoxides atoms in the Ba2O2 rhomboidal core, which are different than each other, Ba1-O37i: 2.632(3), and Ba1-O37: 2.815(4) Å. Taking into account all these variations between both complexes [4-Ba]2 and 3-Ba, the loss of one oxygen atom from the macrocycle was found to be compensated by the formation of dimeric compound, having stronger interactions with all the heteroatoms. Experiments by DOSY NMR to investigate the nuclearity of 4-Ba in solution failed due to its poor solubility in chlorinated solvents. 19), Sr1-N4: 2.895(3), O21-Sr1-O41: 91.70 (7), N10-Sr1-N4: 125.64 (7). The single Sr---F51 interaction is shown by a dashed bond.

d) Bond valence sum analysis

The bond valence sum analysis (BVSA) is a physical picture of a chemical structure that enables the prediction and interpretation of interatomic distances given by crystallographic data. In general, it can assess the chemical connectivity between different atoms, or in our case, between the metal and the ligand. According to Pauling rules, it was first used to estimate the oxidation state of a defined metal ion, [22] then, it was attributed to relate the length of the bond to its strength. [23] It is not until 1985, Brown and Altermatt introduced a general expression for the prediction of the valence through the sum of all reported bond lengths, [24] that was further developed by O'Keefe and Brese. [25] It assumes that the valence of a named element incorporates individual bond valences (𝜈) that can be calculated according to equation (3.1): The spectroscopic and analytical data of 6-H2 matched the data described in the literature. [30a] As for the new proligand 5-H2, it was isolated as a yellow oil, soluble in all organic solvents. In the Complexes 6-Ae are soluble in common organic solvents, including aromatic and aliphatic hydrocarbons. However, complexes 5-Ae are only partially soluble in diethyl ether and pentane, but they are soluble in toluene, thf and chlorinated solvents.

The solution behaviour of these complexes was studied via multinuclear NMR spectroscopy. In the 1 H NMR spectrum recorded in thf-d8 at room temperature, both compounds 5-Ae and 6-Ae presented broad multiplets in the range between δ1H 2.34 and 3.00 ppm, in, that cannot be clearly assigned to any specific hydrogens of the methylene and methyl groups of the suggested structures. Variable temperature experiments were performed at high and low temperature, where sharper resonances were detected at high temperature, as depicted in Figure 3.15. Although the 1 H NMR spectrum at 320 K showed four singlets, however, they were still not resolved enough to be integrated and assigned. Different solvents were employed, yet, the best data were obtained in the coordinating solvent, thf-d8. It is possibly related to their fluxionality in Chapter 3

solution. For complexes 6-Ca.thf and 6-Sr.thf, the coordination of a thf molecule is easily detected by NMR recorded in thf-d8, indicating its presence in solution as well as in solid state (vide infra). HOC(CF3)2CH2N(CH2CH2OMe)2) (Ae = Sr and Ba). [3] This is possibly due to the formation of aggregated species and the presence of dynamic behaviour in solution. [3, 4d, 31] On the other hand, the room temperature 13 C{ 1 H} NMR spectra displayed the two expected resonances for CF3 and 17), Sr1-F31: 2.8566 (19), Sr1-F78: 3.099(2) Sr2-N51: 2.868(2), Sr2-N66: 2.688(2), Sr2-N70: 2.774(2), Sr2-O63: 2.3162 (19), Sr2-O24: 2.4991( 18), Sr2-O74: 2.5317 (18), Sr2-F32: 3.123(2), Sr2-F28:

3.0054 (19), Sr2-F80: 2.9589 (19). All Sr---F interactions are presented by dashed bonds.

Finally, the complex 6-Ca.thf, which bears two nitrogen atoms instead of three in [5-Ca]2, is dinuclear in the solid state, [6-Ca]2.thf, displaying three bridging Oalkoxides (Figure 3.18).

The formation of the three oxo-bridges have possibly induced the loss of one thf molecule from Ca2 element during the crystallisation process. Both calcium centres are six-coordinated; yet, their respective coordination spheres are very different. Along with three bridging alkoxides, a scenario rarely observed with alkaline earths, [32] Ca1 is found to coordinate an additional thf molecule (Ca1-O1a: 2.4483(17) Å), whereas Ca2 showed a terminal Ca2-Oalkoxide (Ca2-O70: 2.2777(18) Å). The removal of the third nitrogen atom in the ligand framework in 6-H2 compared to 5-H2 most probably induces the formation of such dimeric compound. In addition, Ca1 displayed two Chapter 3 secondary interactions, Ca---F (Ca1-F20: 2.7119( 16) and Ca1-F31: 2.6526(16) Å), unlike Ca2 which exhibits only one Ca---F contact (Ca2-F78: 2.899(2) Å). Ca1-O1a: 2.4483( 17), Ca1-O38: 2.3347( 16), Ca1-O51: 2.3118( 16), Ca1-O12: 2.3298( 16), Ca1-N26: 2.639(2), Ca1-N22: 2.689(2), Ca1-F20: 2.7119( 16), Ca1-F31: 2.6526( 16), Ca2-O70: 2.2777( 18), Ca2-O38: 2.2642( 16), Ca2-O51: 2.4162( 16), Ca2-O12: 2.3440( 16), Ca2-N62: 2.566(2), Ca2-N66: 2.657(2), Ca2-F78: 2.899 (2). All Ca---F interactions are presented by dashed bonds.

d) Bond valence sum analysis

The contribution of Ae---F secondary interactions in [5-Ca]2 [5-Sr]2 and[6-Ca]2.thf was determined by bond valence sum analysis (BVSA), as it is displayed in Table 3.3 Anal. calc for C42H68N2O6Ba (834.34 g.mol -1 ): C 60.46, H 8.22, N 3.36; found: C 57.8, H 7.8, N 3.2%.

[Ca{(N2O3)Ar2O2}] (2-Ca):

Following the same protocol described for 1-Ca, the complex 2-Ca was obtained by reacting (0. SiMe3)3}]2, were produced. [11] This deliberate use of different ligands (various boryloxides such as OB{CH(SiMe3)2}2, OB(tripp)2, OB(fmes)2, amide N(SiMe3)2, siloxide OSi(SiMe3)3) to prepare diverse barium complexes that allowed their empirical classification according to their σ and π donor ability, in addition to their bridging ability. [11] Furthermore, a heteroleptic calcium amido-boryloxide [Ca{μ-OB{CH(SiMe3)2}2}{N(C6F5)2}]2 was prepared. It features bridging boryloxides and terminal fluorinated amides, and is stabilised by intramolecular Ca---F secondary interactions (Figure 4.3). [13] Figure 4.3: Examples of known calcium and barium boryloxides. [11][12][13] Hence, alkaline-earth boryloxide complexes are still scarce, and this chemistry is still open for new insight. For this reason, in this work, we aimed to synthesise heteroleptic compounds akin Chapter 4

Ni). [16] Intramolecular interactions were detected between the metal and the boron-mesityl ipsocarbon (if permitted), with different strengths (2.3-2.8 Å), depending on the steric bulk of the substituents on nitrogen and the ionic radius of the metals. [16a] The synthesis of these compounds was carried out by a treatment of the amine HN(Mes)(BMes2) or HN(Ph)(BMes2) with n BuLi, generating the lithium species [Li{N(R)(BMes2)}.(Et2O)2] (R = Ph or Mes), which were further reacted with the metal-halides MX2 (M = Mn, Ni, Fe, Co and Cr). [16a] In the same concept, lithium species (M = Sn, Pb and Ti). [17] Moreover, a heteroleptic thorium complex having a borylamine NH(p-tolyl)(9-BBN) ligand was described. [17i] Recently, a new proligand was introduced, NH(Dipp)(BMes2) (Dipp = diisopropyl), and the lithium complex

was isolated and characterised (Figure 4.4). [18] Figure 4.4: Examples of borylamide complexes. [16][17][18] As for alkaline earths, owing to the growing interest of ammonia-borane chemistry (NH3-BH3) as a hydrogen storage material, [19] different forms of borylamide derivatives were generated. ) species, which showed their efficiency in intramolecular alkene hydroamination. [21] As for borylamide alkaline-earth complexes, only one calcium complex is known, [{ Dipp BDI}Ca{N(Dipp)(BH2)}.(thf)], that was isolated as a sideproduct (Figure 4.5). [22] To our knowledge, there is not any reported attempts to generate borylamide alkaline-earth species. [20][21][22] Hence, borylamide alkaline-earth complexes are seldom explored. Therefore, we decided to employ the previously reported borylamide ligands, NH(Mes)(BMes2) [16] and NH(Dipp)(BMes2) [18] , and generate the analogues alkaline-earth species Ae = Mg and Ca. The focus on these two elements is related to their small size (ionic radius of Mg 2+ = 0.72 Å and Ca 2+

1.00 Å) compared to Sr 2+ (1. 18 Å) and Ba 2+ (1. 35 Å) elements, [23] taking into account the small size metals (Mn 2+ 0.67 Å , Fe 2+ 0.77 Å and Ni 2+ 0.69 Å etc..) employed in the reported borylamide complexes along with the possible bulkiness of the R group on the nitrogen atom. A third ligand framework was also employed, NH(Dipp)(9-BBN). [24] 

Synthesis of alkaline-earth boryloxides a) Synthesis of the borinic acid {CH(SiMe3)2}2BOH

Based on the previously reported boryloxide barium compound [Ba{μ 2 -N(SiMe3)2}{OB{CH(SiMe3)2}2]2, [12a] the choice of employing the borinic acid Chapter 4

{CH(SiMe3)2}2BOH as proligand was based on different factors: i) the highly bulky CH(SiMe3)2 moiety inhibits both oxidation of the borinic acid towards boronic acid RB(OH)2 and bimolecular dehydration (formation of (R2B)2O anhydride species), which is not the case with less bulky substituents such as n Pr or n Bu; [25] ii) the SiMe3 groups allow high solubility and high electronic stability; iii) possibility of secondary interactions of the type Ae---H-C from the SiMe3

substituents. [26] The synthesis of the borinic acid is based on a two-step procedure, as presented in Scheme 4.1. [27] The first step consists in reacting two equivalents of lithium-alkyl with one equivalent of boron trichloride, to generate the {CH(SiMe3)2}2BCl. This compound is then hydrolysed in a 1:1 mixture of water and dioxane, affording the corresponding borinic acid. Thus, the {CH(SiMe3)2}2BOH proligand was obtained as a white powder in 70% yield. It is very soluble in aliphatic solvents such as benzene and toluene.

Scheme 4.1: Synthesis of the borinic acid {CH(SiMe3)2}2BOH. [27] b) Synthesis of heteroleptic alkaline-earth boryloxide/amide complexes

The synthesis of alkaline-earth compounds was achieved via an equimolar protonolysis between the borinic acid and the alkaline-earth precursors [Ae{N(SiMe3}2)2]2 (Ae = Mg, Ca, Sr), following a protocol established earlier for the synthesis of [Ba{μ 2 -N(SiMe3)2}{OB{CH(SiMe3)2}2}]2 (Scheme 4.2). [12a] Chapter 4 Scheme 4.2: Synthesis of heteroleptic alkaline-earth boryloxide/amide complexes.

The different boryloxides complexes [Ae{μ 2 -N(SiMe3)2}{OB{CH(SiMe3)2}2}]2 based on each, magnesium (21), calcium (22) and strontium (23), were isolated as white powders in 53-84% yields. Rather unexpectedly, the magnesium complex ( 21) was poorly soluble in aliphatic solvents, whereas both calcium and strontium congeners dissolve well in hydrocarbons.

The different complexes were characterised by NMR spectroscopy in thf-d8 (21) All three complexes were obtained as dimers in the solid state, with bridging amides and terminal boryloxides. This is similar to the previously reported barium complex [Ba{μ 2 -N(SiMe3)2}{OB{CH(SiMe3)2}2}]2. [12a] In related cases, comparing these latter to the heteroleptic alkoxide/ amide complexes, [28] it is usually the alkoxide moieties that occupy the bridging position,

Me) [28f] and [Ae(μ 2 -demamp){N(SiMe3)2}]2 (demampH = (Me2NCH2CH2)MeNCH2C(Me)2OH, Ae = Ca, Sr, Ba). [28e] One can infer that the boryloxide ligand employed here, with the bulky {CH(SiMe3)2}2 groups, in addition to the decreased electron density of the oxygen atom, precludes the formation of bridging boryloxides.

In all three complexes, each metal centre is three-coordinated, presenting a distorted ). [29] In addition, the Mg-N bond distances of the bridging amides in complex 21 vary between 2.107(4) and 2.132( 4 14) to 2.0077(15) Å). [7] These variations between both compounds are related to the SiMe3)2}2}]2 [12a] indicating similar behaviour in the -OBR2 units (directions in opposite sides regarding the Ae2N2 plane). 12), O21-B22-C30: 122.17 (12), C23-B22-C30: 115.93 (11), O41-Ca2-N1:

137.32(4), O41-Ca2-N11: 135.47(4), N1-Ca2-N11: 87.21(4), B42-O41-Ca2: 178.92 (10), O41-B42-C43: 122.15 (12), O41-B42-C50: 122.14 (12), C43-B42-C50: 115.71 (11).

The molecular structure of the strontium complex 23 (Figure 4.9) relates well to the [Sr{N(SiMe3)2}2]2 parent. [31] The Sr-N bonds varying between 2.634( 2 compound 22 (2.1209(9) Å and 2.1228(10) Å), in line with the increase of the ionic radius between both elements (Ca 2+ 1.00 Å and Sr 2+ 1.18 Å). [23] Moreover, the bond angles B1-O1-Sr1

(178.90( 16)°) and B2-O2-Sr2 (173.51( 19)°) indicate the formation of a linear axis of -OBR2 units, displaying similar behaviour to that of the calcium complex 22. 

ii. Short summary

The diverse metric parameters of [Ae{μ 2 -N(SiMe3)2}{OB{CH(SiMe3)2}2}]2 species with Ae = Mg (21), Ca (22), Sr (23) and Ba [12a] are summarised in Table 4.1.
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is of the same extent in all four complexes. Yet, the bond angles B-O-Ae are varied from one metal to the other, illustrating structural variations in the -OB(CH(SiMe3)2)2 moieties associated with the Ae2N2 core plane. For instance, it is illustrated a deviation of the boryloxides (-OBR2) in opposite directions with an angle of 0° in magnesium (21) and barium [12a] complexes, however, they are found co-planar to the Ae2N2 plane (178°) in calcium (22) and strontium ( 23) compounds.

These changes possibly suggest the difference in the participation of the lone pairs of oxygen atom to the hybridised orbitals of the elements. Hence, DFT calculations are being carried out at the time of writing of this thesis, in order to study the diverse bonding patterns in all four compounds. OB{CH(SiMe3)2}2 -, in addition to the difference in steric bulk. The coordination of the water molecule, in addition to two Ca---F secondary interactions, reflects the high oxophilicity and electron deficiency of the metal centre. Hence, each metal is formally 4-coordinated and sits in a tetrahedral geometry. These two Ca---F contacts (Ca1-F5: 2.7207( 12) and Ca1-F13: 2.8528( 12)

Å) are longer, and hence likely weaker, than the ones in [Ca{μ-OB(CH(SiMe3)2)2}{N(C6F5)2}]2

(2.544(2) and 2.597(2) Å); this is possibly due to the additional coordination of water molecules, that makes the metal centre less electron-deficient, thus, presenting weaker interactions.

Although the pentafluorophenolate presents a reduced electron density on the Ophenol compared to a normal phenolate, yet, the interatomic distances between the metal centre and Obridging phenolate are quite similar. For example, the Ca1-O2 ( 2.3003( 12 
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Ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å) and angles (°): Ca1-O21:

2.0956 (11), Ca1-O2: 2.3003( 12), Ca1-O1: 2.4642( 16), Ca1-F5: 2.7207( 12), Ca1-F13: 2.8528( 12), O21-B22: 1.329( 2), O21-Ca1-O2: 115.41( 4), O2-Ca1-O2i: 71.81( 4), B22-O21-Ca1: 175.92 (11), O21-B22-C30: 120.72( 14), O21-B22-C23: 120.54( 14), C30-B22-C23: 118.75 (13). Ca---F interactions are presented by dashed bonds.

ii. Bond valence sum analysis

In the same concept described in Chapter 3, [33] the bond valence sum analysis was employed herein to determine the contribution of Ca---F interactions towards the coordination sphere of [Ca{μ [a] Measured distances from Ca to X = O and F atoms, given in Å, from the X-Ray structures obtained. [b] Bond valence contribution for atom X. [c] the sum of all contributions for the different atoms: X = O and F. B = 0.37 Å, RCa-O: 1.967 and RCa-F: 1.842 Å. [33b] Chapter 4

The calculated Ca---F contribution in the dimeric [26.(H2O)]2 is 8.2%. It is lower than that in [Ca{μ-OB(CH(SiMe3)2)2}{N(C6F5)2}]2 for which the calculated contribution is 18%. [13] As discussed above, this variation is presumably associated to the additional coordination of water molecule in [26.(H2O)]2, causing weaker secondary interactions and lower contributions, affecting the coordination sphere of the metal centre.

iii. Short summary

The synthesis of the heteroleptic boryloxide/ alkoxide [Ca{OR}{OB{CH(SiMe3)2}2}] (OR = OCH(CF3)2 -( 24), OC(CF3)3 -( 25) and OC6F5 -( 26)) complexes was achieved in good yields.

Unfortunately, suitable crystals for X-ray diffraction studies of complexes 24 and 25 could not be obtained. The crystal structure of [26.(H2O)]2, a water adduct adventitiously obtained during recrystallisation, features a dimer in the solid state, presenting bridging alkoxides and terminal boryloxides. In addition to the coordination of a water molecule in a tetrahedral geometry, two Ca---F interactions were detected, with a contribution of 8.2%. These additional interactions indicate the strong electrophilicity of the metal centre.

Alkaline-earth borylamide complexes a) Synthesis of borylamide proligands

The synthesis of the borylamine proligands NH(Mes)(BMes2), [16a] NH(Dipp)(BMes2) [18] and NH(Dipp)(9-BBN) [24] were carried out according to literature procedures, as depicted in Scheme 4.4. They were selected to cover a range of different steric requirements (cyclononane in 9-BBN is less sterically hindred than mesityl group).

Chapter 4 Scheme 4.4: Synthesis of the borylamide proligands. [16a,18, 24] The three compounds were obtained as white powders in ca. 70-90% yields. Their spectroscopic data matches the ones reported in the literature. [16a, 18, 24] They are quite soluble in hydrocarbon solvents and diethyl ether.

b) Attempted synthesis of Ae borylamide complexes

In our first attempt to synthesise borylamide alkaline-earth complexes, we aimed to prepare the (pKa = 25.8) is not favourable for this reaction. [34] Similar observations were reported by Harder et al. in their attempt to deprotonate the { Dipp NBN}H2 proligand. [21b] Hence, more basic precursors should be employed.

Furthermore, we tried to do another protonolysis reaction, using [Ca{CH(SiMe3)2}.(thf)2] as precursor, which was expected to be sufficiently basic to deprotonate the borylamine proligand.

The reaction was attempted first in a Young NMR tube, in thf-d8, but no sign of evolution was observed at room temperature after 4 h. However, upon heating at 60 ℃, a decrease in the integration of the NH hydrogen, as well as the release of CH2(SiMe3)2 was observed. The reaction was further repeated in a Schlenk vessel, using the same conditions, and the crude product was isolated. However, the 1 H NMR spectrum of this crude product showed the same signals as those of the proligand with no sign of the calcium precursor. It is possible that hydrolysis occurred while isolating the product, giving back the starting borylamine proligand and aggregated hydrolysis compounds. Although the objective here was to generate homoleptic borylamide compounds, for which the Schlenk equilibrium is not an issue, it is also possible that steric constraints disfavour the formation of the desired products. The diverse attempts are presented in Scheme 4.5.

Scheme 4.5: Attempts to synthesise calcium borylamide complexes via protonolysis reactions.
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In the literature, the general procedure followed for generating borylamide complexes with transition metals involves a lithiation of the borylamine to obtain the Li-borylamide compounds, followed by a salt metathesis using metal chlorides (MClx). [16] With alkaline-earth metals, the best conditions for a salt metathesis reaction most often relies on AeI2 and organopotassium reagents, where the by-product KI precipitates cleanly in thf. [35] For this reason, our next approach focused on the synthesis of potassium borylamides, to engage them subsequently in a salt metathesis reaction with CaI2. Several reactions were carried out between the borylamine proligands, with potassium precursors such as KH and benzyl potassium (Scheme 4.6). With KH, the reaction failed; no sign of deprotonation of the ligand was detected, as shown by the same 1 H and 11 B{ 1 H} NMR spectra as the proligands. However, with benzyl potassium, according to NMR, the reaction proceeded as expected with both NH(Dipp)(9-BBN) and NH(Mes)(BMes2) proligands. Yet, it failed with NH(Dipp)(BMes2) (at room temperature overnight). In this last case, the NH hydrogen is still present in 1 H NMR, integrating for 1H (Figure 4.12). Hence, after the failure of generating alkaline-earth borylamides compounds with these several approaches, we decided to go further and investigate in magnesium borylamides species.

Our first attempt was to generate the homoleptic magnesium compound, using n Bu2Mg, which was reacted with 2 equivalents of the borylamines in toluene at room temperature (Scheme 4.8). The NMR data of the crude product indicated that no reaction occurred ( 1 H and B{ 1 H} NMR spectra were similar to those of the borylamine proligands). Repeating the reaction while heating at 90 ℃ for 12 h did not change anything. It is possibly due to the steric bulk of the ligand, disabling the formation of homoleptic species of this kind. For this reason, we pursued the synthesis of magnesium borylamides, applying similar route as reported, [16] via a lithiation of the proligands followed by a salt metathesis with t BuMgCl (Scheme 4.9).

Chapter 4 Scheme 4.9: Synthesis of the borylamide magnesium complexes.

The [Li{N(Mes)(BMes2)}.(Et2O)2] and [Li{N(Dipp)(BMes2)}.(thf)2] salts are known in the literature. [16a,18] However, [Li{N(Dipp)(9-BBN)}.(thf)3] ( 27) and

[Li{N(Dipp)(BMes2)}.(Et2O)2] (28) are not known. These two new compounds were obtained as white powders via lithiation reactions between the appropriate proligand and n BuLi, in thf or diethyl ether, with yields of 77% and 65%, respectively. They show good solubility in hydrocarbon solvents. They were characterised by multinuclear NMR spectroscopy. In 1 H NMR at room temperature in benzene-d6, no sign of residual NH was detected. The coordination of diethyl ether Chapter 4

Experimental part

General procedures

All manipulations were performed under an inert atmosphere by using standard Schlenk techniques or in a dry, solvent-free glovebox (Jacomex; O2 < 1 ppm, H2O < 5 ppm). CaI2, SrI2 and BaI2 beads (99.999%, Aldrich) were used as purchased.

Solvents (thf, Et2O, pentane and toluene) were purified and dried (water contents all in the range 1-5 ppm) over alumina columns (MBraun SPS). THF was further distilled under argon from Na/benzophenone prior to use. Deuterated solvents (Eurisotop, Saclay, France) were stored in sealed ampoules over activated 3 Å molecular sieves and degassed by several freeze-thaw cycles.

[Ae{N(SiMe3)2}2]2 [37] precursors were prepared following published literature procedure.

All NMR spectra were recorded with Bruker AM-400 or AM-500 spectrometers; assignment of the resonances was assisted by 1D ( 1 H, 13 C { 1 H}) and 2D (COSY, HMBC, and HMQC) NMR experiments.

ClB{CH(SiMe3)2}2:

A solution of [Li{CH(SiMe3)2}] (2.00 g, 12.00 mmol) in toluene (35 mL) was cooled down at -60 ℃ under stirring and a 1 M solution of BCl3 in hexane (5.70 mL, 5.73 mmol) was added drop-wise to the mixture. The reaction mixture was stirred for 1 h at room temperature and then refluxed for 12 h.

The mixture was then cooled down to room temperature, filtered and all the volatiles were removed under vacuum. The title compound was isolated as a white solid. Yield: 1.70 g, 81%. The spectroscopic and analytical data matched the data described in the literature. [27] Chapter 4

HOB{CH(SiMe3)2}2:

Water (10 mL) was added to a solution of ClB{CH(SiMe3)2}2 (1.00 g, 2.73 mmol) in diethyl ether (10 mL). The mixture was stirred at room temperature for 12 h. The mixture was separated in two layers, where the upper layer was transferred in another flask and dried under vacuum to give the title compound as a white solid. Yield: 0.71 g, 76%. The spectroscopic and analytical data matched the data described in the literature. [27] [Mg{μ 2 -N(SiMe3)2}{OB{CH(SiMe3)2}2}]2 (21):

A solution of HOB{CH(SiMe3)2}2 (0.10 g, 0.29 mmol) in toluene (10 mL) was added to a solution of [Mg{N(SiMe3)2}2]2 (0.09 g, 0.29 mmol) in toluene (10 mL). The reaction mixture was stirred for 3 h and the volatiles were removed under vacuum. The resulting white powder was washed with pentane (3 × 5 mL) and the product was completely dried under vacuum. Yield: 0.12 g, 78%.

1 H NMR (400 MHz, thf-d8, 298 K): δ = 0.14 (s, 2H, BCH), 0.13 (s, 36H, CHSiCH3), 0.05 (s, 18H, NSiCH3) ppm. 

NH{(Dipp)(9-BBN)}:

To a solution of 9-BBN (0.40 g, 1.64 mmol) in toluene (10 mL) was added 2,6-diisopropylaniline (0.63 mL, 3.27 mmol). The reaction mixture was heated at 80 ℃ for 3 h. The mixture was then cooled down to room temperature, where all the volatiles were removed under vacuum. The resulting white powder was washed with pentane (3 × 5 mL) and the product was completely dried under vacuum. Yield: 0.40 g, 82%. The spectroscopic and analytical data matched the data described in the literature. [24] NH{(Dipp)(BMes2)}:

To a solution of distilled 2,6-diisopropylaniline (0.25 mL, 1.31 mmol) in diethyl ether (15 ml), n Buli (1.6 M in hexanes, 0.57 mL, 1.44 mmol) was added at -78℃ dropwise. After complete addition, the mixture was cooled down to room temperature and stirred for 1 h. Then a solution of Mes2BF (0.35 g, 1.31 mmol) in diethyl ether (15 mL) was added to the mixture. The reaction mixture was then stirred at room temperature for 12 h. The volatiles were removed under vacuum. The resulting powder was washed with pentane (3 × 5 mL), filtered and all the volatiles were removed under vacuum.

The title compound was obtained as a white powder. Yield: 0.37 g, 67%. The spectroscopic and analytical data matched the data described in the literature. [18] Chapter 4

NH{(Mes)(BMes2)}:

To a solution of distilled 2,4,6-trimethylaniline (0. The spectroscopic and analytical data matched the data described in the literature. [16] [Li{N(Dipp)(9-BBN)}.

(thf)3] (27):

To a solution of NH{(Dipp)(9-BBN)} (0.23 g, 0.79 mmol) in thf (20 mL), was added n BuLi (1.6 M in hexanes, 0.64 mL, 0.87 mmol) at -78℃ drop-wise. After complete addition, the mixture was cooled down to room temperature and stirred for 12 h. The volatiles were removed under vacuum. The resulting white powder was washed with pentane (3 × 5 mL) and the product was completely dried under vacuum.

Yield: 0.27 g, 77%. 

General conclusion & perspectives

The main objectives of this PhD were to tune the electrophilicity and the coordination sphere of the metal in different families of complexes of the large alkaline-earth metals calcium, strontium and barium, namely charge-neutral homoleptic and heteroleptic compounds in addition to the cationic complexes.

Due to their ease of synthesis, the low coordinated charge neutral homoleptic alkaline-earth complexes of the form of [Ae{OCH(CF3)2}2]n (1-3), [Ae{OC(CF3)3}2]n (4-6) (Ae = Ca, Sr, Ba),

[Ca{O(C6F5)}2]n (7) and [Ca{N(C6F5)2}2] ( 8) were generated and were found to be free of Lewis bases according to NMR spectroscopic data (Figure 5.1). The importance of generating them free of donor groups is in the aim to enhance their catalytic activity by preventing the impact of coordinating solvents. However, their characterisation in solid state met some difficulties arising the concept that they cannot be isolated without introducing a Lewis base, which is further confirmed by the X-ray structure of the tmeda adduct [Ca{OCH(CF3)2}2.(tmeda)2] (1.(tmeda)2).

Although these complexes were expected to be highly Lewis acidic, they proved inactive as Lewis acid catalysts in the aza-Piancatelli reaction; a reaction that enable to generate heterocycles as natural products that present important values in cosmetics and therapy. The catalytic work was performed in collaboration with the group of Pr. Vincent Gandon (our collaborator on this ANRfunded project) in Paris-Saclay. The synthesis of these kind of complexes is not straightforward as the boryloxides proligands.

Possible approaches could be directed towards the synthesis of heteroleptic calcium borylamides using for instance [Ca{CH(SiMe3)2}2.(thf)2], that enable to decrease the steric bulk surrounding the metal. Yet, problem of redistribution of the ligands is present, inducing possible difficulties.

After generating heteroleptic boryloxide/fluorinated alkoxides compounds, future work could be performed on simple alkoxides ligands such as tert-butanol, iso-propanol or even methanol in order to generate the relative heteroleptic boryloxide/alkoxide alkaline-earth species.

The formation of these latter constitute a very important class of compounds as they display diverse physical and chemical properties, allowing them to have many applications notably in CVD processes and inorganic chemistry (Scheme 5.1).

Scheme 5.1: Proposed synthesis of heteroleptic alkaline-earth boryloxides or borylamides complexes.

Annexures