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Au cours de cette thèse, nous sommes intéressés à l'étude théorique de l'activation de petites molécules telles que CO2, H2, N2 par des complexes métalliques impliquant des métaux s, d ou encore f. Ce travail a été réalisé en proche collaboration avec des groupes expérimentaux. Le contrôle de la réactivité de ces petites molécules reste un challenge important pour l'industrie chimique mais aussi d'un point de vue sociétal avec par exemple le réchauffement climatique. Nous avons utilisé des techniques de calcul théoriques de mécanisme réactionnels basés sur la théorie de la fonctionnelle de la densité afin de comprendre, expliquer voire prédire l'activité de complexes métalliques vis-à-vis de ces petites molécules. Nous avons par exemple pu montrer que la réduction de O2 par des complexes bimétalliques de fer(II) pouvait se réaliser sous des conditions expérimentales douces par un transfert monoélectronique de chacun des deux centres métalliques. Ce travail a été réalisé en collaboration avec l'équipe du Professeur LaPierre à Atlanta. En collaboration avec le groupe du Professeur Piers à l'université de Calgary, nous avons pu montrer qu'une simple modification d'un ligand sur des complexes de fer ou de cobalt pouvait conduire soit à l'activation facile de la molécule de dioxygène soit à l'activation de la molécule d'ammoniaque (NH3). Ces deux résultats ont marquants car ils montrent que l'on peut facilement moduler la réactivité de complexes de métaux de transition pour permettre ou non d'activer des molécules aussi inertes que O2 ou NH3. Nous avons aussi pu montrer en collaboration avec l'équipe du Professeur Okuda d'Aachen qu'un complexe bimétallique d'hydrure de calcium pouvait réagir avec la molécule de CO et ainsi le fonctionnaliser. Ce travail est une première approche d'une réaction de type Fischer-Tropsch à partir de composé moléculaire.
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Chapter I Introduction

I.1. Research and development of coordination complexes

Coordination complexes are widely used in daily life, industrial production and life science research. The study of these complexes is one of the most active and growing frontier disciplines in chemis [1] because of its multidisciplinarity and the wide range of subjects it covers. Its main research content is the characteristics of metal ions reacting with inorganic/organic ions/molecules to form coordination complexes, as well as the studies of their bonding, structure, reaction, classification and preparation. It is generally believed that a complex is a compound formed by a certain composition and spatial configuration of ligands such as ions (Cl -, CN -, …) or molecules (NH3, H2O,...) around a central metal atoms/ions [1,3,4]. Because of their various spatial structures, valence bonds and peculiar physical, chemical and biological properties, the coordination complexes are of great importance to the further development of both fundamental and applied chemistry [1].

In general, according to the nature of the ligands surrounding the central metal atom, we can classify the complex into conventional (inorganic), organometallic, and bioinorganic complexes. Inorganic complexes mainly refer to compounds whose ligands are ions or molecules bounded to the metal center through an electron lone pair donation of one or more ligand atoms [3]. Organometallic complexes generally refer to compounds with metal-carbon bonds and the ligands are organic groups [5][6][7]. Finally, as an interdisciplinary subject, bioinorganic chemistry is a major research direction. In bioinorganic complex, the ligands around the metal center are of natural origin such as metalloenzymes, porphyrins, ... [8] Historically, coordination chemistry is a very important branch developed on the basis of inorganic chemistry. In 1798, Tazzaret in France accidentally discovered that cobalt salt could be converted into CoCl3•6NH3 in NH4Cl and NH3•H2O solution.

Tazzaret's original experimental scheme was to form cobalt hydroxide precipitation from cobalt divalent ions, and then recombustion cobalt hydroxide to form cobalt oxide to measure the content of Co 2+ . When NaOH was replaced by NH3•H2O, he inadvertently found that orange crystal [Co(NH3)6]Cl3 was generated. The appearance of orange crystal marks the gradual entry of coordination chemistry into people's sight [1,9]. In the following 100 years, people used the method of measuring molar conductivity to study the properties of such substances, thereby deriving the number of ions contained in each compound molecule. During this period, the accumulation of many experiments laid the foundation for coordination chemistry, but it has not been explained theoretically. Until 1893, Werner proposed coordination theory. The true meaning of coordination chemistry has since been established. However, Werner's theory is still unable to explain well the nature of the primary valence state and secondary valence state. Then Sidgwick proposed the Effective Atomic Number (EAN) rule in 1923. That is, the sum of the number of valence electrons of the central atom and the number of electrons donated by the ligand should be equal to the atomic number of the inert atom following it in the periodic table. It revealed the main relationship between the electron number and the coordination number of the central atom, further enriching the coordination theory [10].

In 1951, the research of Pauson and Miller broke the boundary between traditional inorganic and organic compounds and synthesized ferrocene, from which coordination chemistry has gradually leaped from inorganic complexes to a new field of metalorganic chemistry [1,2]. The development of organometallic chemistry in the 60's of the 20th century surpasses the traditional boundary between inorganic chemistry and organic chemistry, making the great barrier between the traditional organic chemistry and inorganic chemistry gradually dissolve. Metal-organic complexes with various structural forms and unique physical and chemical properties have been synthesized and widely usedin pharmaceutical synthesis and chemical production., mainly as catalysts to increase the rate of such reactions.

With the development of many new characterization methods (such as X-ray crystal diffraction, nuclear magnetic resonance (NMR), mass spectrometry (MS), photoelectron spectroscopy (PES), electron spin resonance (ESR) or electron paramagnetic resonance (EPR) spectroscopy, etc.), the characterization and application of complexes conditions are created [12]. At the same time, it also brings development prospects to emerging research fields such as nanocoordination chemistry, photocoordination chemistry, and coordination supramolecular chemistry. Therefore, the study of complexes has been gradually expanded to polydentate chelates (β-diketone complexes), polynuclear complexes, organometallic π-complexes (Zeise salts), metal clusters, macrocyclic complexes, and even all kinds of biomimics complexes [12].

Based on the experimental study of complexes, some simple theories emerged, such as: the simple Lewis acid-base concept, the valence bond theory, the ligand field theory [13][14][15], and semi-empirical and ab initio molecular orbital theory [16,17].

Moreover, some theories can help us to study the reaction mechanism of complexes from the perspective of thermodynamics and kinetics, such as the electron transfer theory of Taube and Marcus [18][19][20][21], the rapid reaction study of Eigen [22,23], the substitution mechanism of Basolo and Pearson [24], and the photochemical study of Adamson et al. [25][26][27].

With the development of science and technology, functional complexes with peculiar properties will be paid more and more attention by chemists. There are a wide variety of complexes with excellent properties, especially in [1,[28][29][30].:

• Analytical chemistry : can be used as ion exchanger, titrant, precipitating agent, extraction agent, chromogenic agent, masking agent and metal indicator, ...

• Catalytic chemistry : can be used as an effective catalyst for a variety of reactions

• Energy chemistry : such as the development of the solar energy conversion, molecular optoelectronic devices and battery research

• Materials chemistry : such as magnetic materials, superconducting materials, excellent nonlinear optical materials and nonlinear conductive material, ...

• Biochemistry : mainly studies reveal the interaction between metal ions and biological systems, such as protein markers of fluorescent probe design

• Pharmaceutical chemistry : such as marine design synthesis of coordination compound drugs, cancer drugs and new medical preparations such as MRI contrast agents

• Important application in the field of electroplating industry, etc And various metal complexes have huge research content in each different field, especially in the field of catalytic chemistry. But from the perspective of green chemistry, the activation of small molecules such as hydrogen molecules, oxygen molecules, carbon monoxide, and carbon dioxide is particularly important.

I.2. Small molecule activation catalyzed by metal complexes

The essence of chemical reaction is the rearrangement of bonding electrons to break old bonds and form new bonds. How to achieve the rupture and synthesis of chemical bonds with high activity and selectivity is the pursuit of researchers for a long time. However, small molecules usually have very high bond dissociation energy, such as inorganic or organic small molecules containing C≡O, N≡N, C = O, O=N, C-H, C-C, O-H and H-H bonds. Therefore, how to activate small molecules has become an interesting research field. Thus these kinds of small molecules can be used as basic precursors of chemical products or basic reagents of chemical reactions, and become more and more important in the development of green chemical industry and energy economy.

Therefore, activation of small molecules is widely used in pharmaceutical chemistry and chemical synthesis. For example, acetylene and propyne in petroleum cracked gas can be partially hydrogenated through catalyst to produce high-purity ethylene and propylene; or as the most important carbon source in the chemical industry, carbon monoxide and carbon dioxide are activated to generate methanol, methane, formic acid, and carbon. Green energy products such as acid salts.

Due to the different structures and application fields of each small molecule, the activation of each small molecule has its own characteristics, and there is no unified activation mode. For example, the use of carbon dioxide in industrial applications remains rare due to the low reactivity of this molecule. Few reactions involving CO2 are thermodynamically feasible. A very promising approach to promote its activation is its coordination to transition metal complexes. Indeed, the coordination of CO2 to metal centers decreases the activation energy necessary to perform many catalytic reactions.

It is therefore possible to transform this "inert" molecule into useful chemicals.

Although we are unable to make a systematic generalization of a unified reaction model for small molecule activation, we can nevertheless understand the reactions that can take place between these molecules and metal complexes.

I.2.1. Oxidative addition reaction

The oxidative addition reaction of metal complex refers to the reaction of a molecule X-Y with a metal complex M n Lm to form XM (n+2) YL. In this reaction, the original X-Y bond breaks, resulting in the formation of new M-X and M-Y bonds .

Then the valence state of the metal increases by 2 and the coordination number also increases by 2 (scheme 1.1). Thus, in order to perform the oxidative addition process, the starting metal complex must be electronically and coordinatively unsaturated or formed by the dissociation of a two-electron donor ligand prior to the oxidative addition step and the metal must have a stable oxidation state that is two units higher. A high variety of substrates, including both electrophilic and non-electrophilic molecules, are susceptible to be used in oxidative addition processes. The higher the electron cloud density is, the more favorable the oxidation addition reaction is [31][32][33].

Scheme 1.1 Oxidative addition reaction

Oxidation addition reactions can also occur on binuclear metal complexes. In this case, each of the two metals changes its oxidation state, electron count and coordination number by 1 unit instead of 2. The total number of electrons in the coordination layer of the metal atom remains unchanged (Eq2).

Scheme 1.2 Oxidative addition reaction on bimetallic complex

I.2.2. Insertion reaction

The reaction in which the unsaturated group Y is inserted into the adjacent metalligand bond is called the insertion reaction. The insertion reaction is reversible. An insertion reaction is actually the migration of an adjacent group on the metal to an unsaturated group, and the forming a vacancy, which is supplemented by other ligands, as shown in the following equation [34][35][36]. Among them, Y=CO, C2H4, C2H2, C6H6 and cyclopentadienyl, etc.; X=H, R and C(O)R, etc.; L=Lewis base, solvent, PR3, NR3 and R2O, etc. (Eq3)

Scheme 1.3 Insertion reaction

There are two common insert geometrys 1,1 and 1,2, of which 1,2 insert is more popular.

1, 1 insert:

Scheme 1. 4 1,1 insertion reaction 1, 2 insert:

Scheme 1.5 1,2

insertion reaction

The characteristic of the insertion reaction is that the oxidation state of the central metal does not change. The migration and insertion groups must be on ortho position;

The insertion reaction results in the creation of a vacancy; If the migration group X is chiral, its configuration stays the same [36,37].

I.2.3. Reductive elimination reaction

Reductive elimination is the reverse reaction of oxidative addition. In this case, the oxidation state of the metal is reduced by two (or one, in a bimetallic reaction). By reduction elimination, the complex removes two cis-ligands from the central metal atom be combining it to form a stable compound. [31,33,38]. Ligand coordination refers to the process in which ligands with a pair of electrons form coordination bonds with metal. Ligand dissociation is the process by which the ligand detach from the metal with a pair of electrons. Different ligands can be exchanged in two ways:

• Associative mechanism in which the new ligand binds and then the old one leaves.

Scheme 1.7 Associative mechanism

• Dissociative mechanism in which the old ligand leaves and then the new one binds.

Scheme 1.8 Dissociative mechanism

In homogeneous complexation catalytic reactions, metal complexes often dissociate to form a coordination site as shown in Schem1.8, and then the substrate molecules are activated by coordination [39][40][41].

I.3. Overview of the activation of small molecules by different metal complexes

With the further development of science and technology, the research topics in coordination chemistry have broadened and their content has expanded and enriched.

From the original simple low-dimensional study to the current multidimensional topology, organic ligands have also developed from the original simple organic molecules to now contain heteroatom molecules. Metal center atoms or ions have also developed from the initial d 10 electronic structure of transition metals or rare earth metals to the current alkali (alkaline earth) metals and the other main group metals, especially in recent decades. This is because due to the specificity of d orbital valence electrons, chemists once believed that the activation of small molecules must be completed by d/f-block metal compounds. But now chemists have also found effective main group elements to activate small molecules, like alkali (alkaline earth) metals.

Therefore, this thesis focuses on several d-block, f-block and s-block metal complexes catalyzing the activation of small molecules. The rapid development of X-ray singlecrystal diffractometers and the wide application of quantum mechanics theory in recent decades have broken through the bottleneck that it was difficult to determine the spatial structure of the complexes by conventional spectroscopy. As a result, thousands of novel complexes structures are reported every year.

Ligands and metal centers play a very important role in the study of metal complexes. The diversity of ligands and the tunability of metal centers have led to the great enrichment applications in chemistry, materials, biomedicine and other fields. This is because the properties of metal complexes are not only determined by the properties of the metal itself, but also by the ligand.

Ligands can change the catalyst properties by changing the electron density and stereoscopic properties of metal complexes. Generally speaking, according to the different atoms contained, ligands can be divided into nitrogen ligands, oxygen ligands and carbon ligands, etc.. According to the number of coordination atoms, the ligands can be divided into mono-dentate, bidentate and multi-dentate ligands, etc.. According to the ligand and metal coordination form, the ligands can be divided into chelate ligand and amphiphilic ligand, etc. molecule activation reactions will be briefly described.

I.3.1.1. Dianionic Pentadentate Ligand B2Pz4Py

As early as 1997, Professor Jonas and Stack [42] designed and synthesized an Iron complex including a tetrapod pentadentate ligand able to activate the weak C-H bond on cyclohexadiene. Polypyridyl (PY5) consists of five pyridine subunits that bind to a single metal in a nearly idealized pyramidal geometry, leaving a coordination site that can be used to complex a monodentate exogenous ligand, such as: [Fe II (PY5)(X)] n+ , X = MeOH, H2O, MeCN, pyridine, Cl -, OBz -, MeO, PhO -and CN - [43]. The combination of this ligand with molybdenum or cobalt has been successfully used to reduce water to hydrogen by electrochemical or photochemical catalysis [44]. Then a new pentatentate ligand, tetra (tyrazolyl) lutidine (Pz4lut), was synthesized [45]. The electronic properties indicate that the new ligand is a slightly stronger-field donor to the metal center than a related pentadentate ligand with five pyridyl donors. On this basis,

Professor Warren E. Piers and Michael L. Neidig introduced boron to replace the carbon atoms linked to pyridine and pyrazole to generate a new dianionic ligand B2Pz4Py. The iron imido complex formed with this dianionic ligand proved to be a good acceptor of H atoms [46].

Scheme 1.9 Dianionic Pentadentate Ligand B2Pz4Py

Dr. Nurdin [47] reported the cobalt (II) complex with tetrapod pentatentate B2Pz4Py ligand and its reaction with organoazides (Scheme 1.10). The formation of Co 

I.3.1.2. Homoleptic imidophosphorane ligand

Professor Dehnicke and Weller discovered and studied imidophosphorane ligands (as 1σ,2π donors) [50,51]. This ligand is bonded to the metal through a single donor atom and can control the steric effect through a substituent group on the phosphorus. In the early years, a series of wolfram, vanadium, and molybdenum complexes supported by homoleptic imidophosphorane ligands with alkyl or aryl substituents were synthesized and studied by Kurt Dehnicke et al [52][53][54]. In recent years, Professor Pierre's group presented a tris(piperidinyl)imidophosphorane ligand, [NP(pip)3)] 1-(pip = piperidinyl, a six-member ring -N(C5H10)) [55]. Here the piperidine substituent amplifies the zwitterionic character. Their reports on such ligands in the last three years have mainly focused on Ce complexes. For example, they found that the covalent interactions between Ce and ligands give significant stability to tetravalent cerium [START_REF] Hückel | Theory of free radicals of organic chemistry[END_REF].

And The Fe(II) complexes can catalyze the hydroboration of aldehydes and ketones effectively. Co(II) complexes are used as hydrogenation catalyst for alkenes and alkynes under mild conditions [START_REF] Fukui | Tandem deoxygenative hydrosilation of carbon dioxide with a cationic scandium hydridoborate and B (C 6 F 5) 3[END_REF]. However, piperidine has not been reported as a substituent in these Fe or Co complexes. Professor Luis M. Aguirre Quintana recently used this weak-field ligand-supported bimetallic Fe complex to study the reactivity of nitrous oxide.

Scheme 1.13 Tri-t-butyl-phosphoranimidometal(II) dimers.

I.3.2. f-block metal complexes

The lanthanides and actinides are both located in the f block in the periodic table of elements, and their electron configuration is (n-2)f l-14 (n-l)d 1 ns 2 , with equal number of outer shall electrons. For different elements, the electron will fill the (n-2)f orbitals while the nuclear charge is added. The first element of the lanthanide series, lanthanum (La), has an electron configuration of 6s 2 5d 1 and is the only lanthanide element that does not contain f electrons. The lanthanides and actinides have similar electronic configurations, similar atomic and ionic radii. Similar ionic radius contraction phenomenon exists, and chemical differences decrease gradually with increasing atomic number. The unique electronic configuration is responsible for the stability of the physicochemical properties of the lanthanides such as oxidation states, redox potentials and ionic radii. All elements show a stable +3 oxidation state. In the lanthanides, elements that can reach the 4f 0 , 4f 7 or 4f 14 configuration deviate from the +3 oxidation state, and the +2 or +4 oxidation state is stable in these cases.

The coordination numbers of lanthanide metals range from 3 to 12, depending on the steric hindrance requirements of the ligands, with 8 and 9 being the most common coordination numbers. The synthesis of lanthanide metal complexes with specific properties is challenging due to the variable coordination numbers of lanthanide metal ions and the difficult to control coordination environment. In this section, several lanthanide metal complexes will be introduced, including those possessing Nheterocyclic carbene, polydentate tris(tertbutoxy) siloxide, and Lanthanide halogenates.

I.3.2.1. Lanthanide halogenates

Among the many theoretical works on lanthanides, halides are very important. On the one hand, halide as a complex, it has fewer atoms comparing to the organometallic complex, so that the theoretical calculation of halide complex is less difficult. And also, it has abundant experimental data for reference, so it can make a rigorous evaluation of the theoretical results.

SmI2 is a versatile single electron transfer agent that can be used for reductive transformations. Therefore, it is usually used in many different reactions, such as The bond energy of C-F bonds is much higher than that of C-H, C=O bonds, and other common chemical bonds in organic compounds, so researchers expect to find the better ways to activate C-F bonds efficiently. For metal-organic chemistry, the use of metal In 1961, Professor Hall synthesized silica-azatricycles by the alcoholysis of trihydroxyethylamines with trialkoxysilanes and confirmed their structures by X-ray diffraction, with silicon atoms in a five-coordination mode and containing axial reaction sites [START_REF] Frve | Triptych-siloxazolidines: pentacoordinate bridgehead silanes resulting from transannular interaction of nitrogen and silicon[END_REF]. Subsequently, the concept of atranes was proposed, and they were classified into three major groups, atrane, quasi-atrane and pro-atrane, according to the presence or absence of coordination interactions between the central atom E (the main group elements) and N center (scheme 1.19). coordination mode [START_REF] Cousins | Tris (2-dimethylaminoethyl) amine: a simple new tripodal polyamine ligand for Group 1 metals[END_REF]. Through a series of synthesis and characterization of Li and Na complexes, the coordination chemistry of Me6TREN for s-block metals was established.

Professor Ajay Venugopal's group started working on this basis a cationic butylmagnesium complex [Me6TREN-Mg-n-Bu][B(C6F5)4] (scheme 1.20). The β-CH functional group on the butylmagnesium cation can be used for the effective alkylation of CO2 and the quantitative reduction of benzophenone [START_REF] Banerjee | A disguised hydride in a butylmagnesium cation[END_REF]. Then they synthesized and characterized a kind of cationic magnesium amides. And the reaction of benzophenone, CO2 insertion into β-SiH bond was also studied [START_REF] Banerjee | Amidomagnesium cations[END_REF].

Scheme 1. 20 The alkylation of CO2 and reduction of benzophenone for Mg complex

Another NNNN-type macrocyclic ligand used for dicalcium trihydride cation , [Ca2H3(Me4TACD)2](SiPh3), was first reported by Professor Okuda (scheme 1.21) [START_REF] Leich | Molecular Calcium Hydride: Dicalcium Trihydride Cation Stabilized by a Neutral NNNN-Type Macrocyclic Ligand[END_REF].

Professor Okuda and Maron then investigated the catalytic properties of NNNN-type macrocyclic cation [CaH] + for the catalytic properties of selective hydrogenation of olefins [START_REF] Schuhknecht | Calcium Hydride Cation [CaH]+ Stabilized by an NNNN-type Macrocyclic Ligand: A Selective Catalyst for Olefin Hydrogenation[END_REF].

Scheme 1. 21 The Ca complex with NNNN-type macrocyclic ligand

In this thesis, DFT calculations will be used to study the activation of small molecules catalyzed by d/f/s-block complexes with different ligands.

For d-block metals center, there are two kinds of ligands: 1) A pentadentate ligand is proposed that can adjust the charge of the ligand by adding or subtracting boron atoms, namely B2Pz4Py and BPz2Py3. With these ligands, the interconversion of hydroxyl and oxo using scandium complexes, and activation of ammonia and hydrazine using iron complexes are studied. 2) A tris(dialkylamido)-imidophosphoranes ligand is coordinated with iron center. With this ligand, reduction of N2O to N2 using Fe complexes is studied.

For f-block metals center, there are three kinds of complexes: 1) the mechanism of the regioselective addition reaction of benzaldehyde using pentadienyl lanthanum metal complex; 2) the mechanism of direct coupling of benzophenone and Nheterocycle (such as pyridine and phenanthroline) to form methanol using SmI2; 3) the reduction mechanism of CO2 and CS2 on a bimetallic coordination complexes (samarium or ytterbium).

For s-block metals center, there are two kinds of complexes :1) the mechanism of CO reduction using calcium complexes supported by NNNN-type macrocyclic ligands;

2) the mechanism of ketone hydroboration using Magnesium complexes supported by multi-dentate N heterocyclic ligands. 

II.1. Quantum mechanics method

The preparation and study of a variety of metal complexes and their derivatives have demonstrated that they can act as effective catalysts for many reactions, speeding up the reaction rate by reducing the activation energy. These metal-centered reactions often contain one or more radical reactions, such as substitution, oxidative addition, reductive elimination, migratory insertion, oxygen exchange, transfer, bond complexation, and nucleophilic addition. To understand these fundamental transformations, scientists have conducted numerous experimental and theoretical studies. The ability to predict them through computer technology is particularly important when experimental phenomena and certain important intermediates cannot be explained with current characterization tools and experimental equipment [1-5] [6].

The impact of quantum chemistry is mainly in two aspects: (1) A conceptual aspect, such as the concept of orbitals, the concept of bonding and antibonding, the concept of electron density, the concept of energy levels, etc. These concepts have become an important part of the understanding of the electronic structure of molecules, geometric structure and chemical reactions. (2) The computational aspect, which can be calculated to understand and predict the properties of molecules and the principles of chemical reactions, etc. .

At present, the key to real chemical reaction mechanism calculation and material design calculation is to solve Schrödinger's equation, which is what we call the first principle calculation (ab-initio calculation) [6]. The system consists of N particles, assuming that the nucleus is at the coordinate origin and that infinity is zero potential energy. Hartree and Fock et al. separated the electron and nuclear motions in the stationary Schrödinger equation and decomposed the multi-electron problem into several single-electron problems to obtain the Hartree-Fock equation [7][8][9][10][11].

𝐻^𝜓(𝑥 1 ⃗⃗⃗ , 𝑥 2 ⃗⃗⃗⃗ … , 𝑥 𝑁 ⃗⃗⃗⃗ ) = 𝐸𝜓(𝑥 1 ⃗⃗⃗ , 𝑥 2 ⃗⃗⃗⃗ … , 𝑥 𝑁 ⃗⃗⃗⃗ ) (2.1)
where 𝜓(𝑥 1 ⃗⃗⃗ , 𝑥 2 ⃗⃗⃗⃗ … , 𝑥 𝑁 ⃗⃗⃗⃗ ) denotes the wave function of the ground state of the system, and

𝑥 𝑖
⃗⃗⃗ denotes the spatial coordinates 𝑟 𝑖 ⃗ ⃗ of the electron i and the corresponding spin 𝜎 𝑖 ⃗⃗⃗ .

The Hamiltonian 𝐻^ inside the equation is shown in equation (2.2) below:

𝐻 ̂= - ℏ 2 2𝑚 𝑒 ∑ ∇ 𝑟 𝑖 2 𝑖 -∑ 𝑍𝑒 2 |𝑟 𝑖 -𝑅 𝑗 | 𝑖,𝑗 + 1 2 ∑ 𝑍 2 𝑒 2 |𝑅 𝑗 -𝑅 𝑗 ′ | 𝑗,𝑗 ′ -∑ ℏ 2 2𝑀 𝑗 ∇ 𝑅 𝑗 2 𝑗 + 1 2 ∑ 𝑒 2 |𝑟 𝑖 -𝑟 𝑖 ′ | 𝑖,𝑖 ′ (2.2)
where the coordinates of the nucleus and electron are denoted by R and r respectively, me is the mass of the electron and Mj is the mass of the nucleus.

The right-hand side of the formula is, in order, the kinetic energy term of the electron, the interaction energy term of the electron and the nucleus, the nucleusnucleus interaction energy term, the kinetic energy term of the nucleus, and the oulomb interaction force term between the electron and the electron.

II.1.1. Density Functional Theory (DFT)

Density Functional Theory (DFT) is a method of studying the electronic structure of multielectronic systems using electron density distribution as a basic variable. It is widely used in the field of physics and chemistry, especially for studying the properties of molecules and condensed matter, and is one of the most commonly used methods in the field of computational chemistry and condensed matter physics.

In 1927, Thomas-Fermi's theory [12][13][14] first studied the multielectron system as a basic variable in calculating the structure of electrons in atoms, thus giving a simplified method of processing. If it can be proved that the distribution of the base electron density of any electronic system solely determines the situation of the electronic system, a new theoretical framework for calculating the structure of the electron can be established, which is the starting point for expressing density functional theory.

In 1951, Slater [14,15] proposed to express the Hartree-Fock exchange energy by density functional in order to solve the problem of calculating the exchange term too slowly. Although the Hartree-Fock method can accurately express the exchange terms, it ignores the correlation effect. And with the increase of the number of electrons in the system, the Hartree-Fock method using the one-electron approximation will be difficult to accurately solve the system dealing with more wave functions due to the large amount of calculation.

In 1964, Hohenberg and Kohn [16,17] demonstrated that the system's base energy and other properties can be expressed by electron density, which mathematically, means that energy and other attributes are density dunctional theory, a theory that transforms the solution of Schrödinger's equations into the search for optimal electron density.

However the H -K theory has encountered serious difficulties in its practical implementation. The exchange association, which is primarily an interactive electronic system, can be obtained precisely. In order for the DFT theory to be put into practice, Kohn and Sham [16][17][18] proposed a local density approximation (LDA). Although the K-S equation is simple and computationally only at the level of the Hartree equation, it contains much more profound physical content. One important conceptual result is that the solution of the polymorphic base state is accurately reduced to the solution of the base state density distribution, which is given by the Schrödinger equation of a single particle. Thus, the valid potential in the equation in principle includes all the interaction effects, i.e. Hartree potential, exchange potential (the potential generated by the interaction determined by the Pauli principle) and correlation potential (the potential generated by the influence of a given electron on the entire charge distribution).

In this sense, it is much superior to the Hartree-Fock equation.

The main density flooding theories based on electron density include Thomas-Fermi model, Slater and Hohenberg-Kohn as the three main underlying theories. Due to the difficulty of DFT in finding the exact general function, the total energy of the system can be decomposed as:

𝐸(𝜌) = 𝐸 𝑇 (𝜌) + 𝐸 𝑉 (𝜌) + 𝐸 𝐽 (𝜌) + 𝐸 𝐸𝐶 (𝜌) (2.3)
where 𝐸 𝑇 , 𝐸 𝑉 , 𝐸 𝐽 , 𝐸 𝐸𝐶 denote the electron kinetic energy, the external field energy, the coulomb interaction energy and the exchange-correlation energy, respectively.

The classical coulomb interactions 𝐸 𝑉 and 𝐸 𝐽 can be obtained directly. The remaining two terms, 𝐸 𝑇 and 𝐸 𝑋𝐶 , need to be improved. In order to obtain 𝐸 𝑋𝐶 closer to the real system, it is often necessary to introduce a density gradient into the general function, which can be expressed as:

𝐸 𝑋𝐶 (𝜌) = ∫ 𝑓 (𝜌 𝛼 (𝑟 ), 𝜌 𝛽 (𝑟 ), ∇𝜌 𝛼 (𝑟 ), ∇𝜌 𝛽 (𝑟 ))𝑑 3 𝑟 (2.4)
where 𝜌 𝛼 and 𝜌 𝛽 denote the spin densities of α and β respectively.

The exchange-correlation energy term 𝐸 𝑋𝐶 is usually decomposed into the correlation functional 𝐸 𝐶 and the exchange functional 𝐸 𝑋 .

𝐸 𝑋𝐶 (𝜌) = 𝐸 𝑋 (𝜌) + 𝐸 𝐶 (𝜌)

(2.5)

The B3LYP functional was developed from the exchange functional proposed by

Becke and the related functional proposed by Lee, Weitao Yang and Parr [19][20][21][22][23][24][25], and is one of the most widely used computational methods to date, belonging to the generalized gradient approximation density functional. Therefore, DFT can solve many problems in atomic molecular physics, such as the calculation of ionization potential, vibration spectrum research, chemical reaction problems, the structure of biomolecules, the properties of catalytic active positions, and so on.

II.1.2. Basis set

Basis set is a mathematical description of the orbitals in the system. Most programs use a linear combination of atomic orbitals (LCAO) to construct molecular orbitals, known as:

𝜓 𝑖 = ∑ 𝑐 𝜇𝑖 𝜒 𝜇 𝑁 𝜇-1 (2.7)
where 𝑐 𝜇𝑖 is the molecular orbital combination coefficient. (𝜒 𝜇 , μ=1, 2, 3,…,Ν) is the set of atomic orbital basis functions, including Slater Type orbital (STO) and Gaussian Type orbital (GTO) functions.

In order to combine the advantages of these two functions, several GTOs are generally used to fit one STO. The basis function formed by the linear fitting of the GTO function is called the Contracted Gaussian basis function. STO-KG basis sets, that is, use K (K=3~6) GTOs to fit one STO, and then use one STO to fit an atomic orbital [28,29]. Increasing the number of basis functions in the valence layer can increase the flexibility of the basis set. This basis set is called the split-valence basis sets. The commonly used split-valence basis sets are 3-21G [30][31][32]and 6-31G [33][34][35].

For small systems, in order to improve the calculation accuracy, the outer orbitals with higher angular quantum numbers are often added to the inner orbitals and valence orbitals. This is called the polarization basis set, which is represented by "*" or "**". In addition, there is a diffuse basis set that adds a diffuse function, which is represented by "+" or "++". For example, 6-31G** and 6-311+G** are mainly used in this paper [34,35].

For systems with heavy atoms, the inner electrons of heavy atoms have little influence when they participate in chemical reactions, but a larger number of inner electrons require more basis functions, which leads to more calculations and significant relativistic effects. Therefore, in order to solve this problem, Effective Core Potentials [36][37][38] is introduced into the calculation, that is to say, the nucleus and inner electrons are treated as one nucleus. For example, the SDD used in this paper [39].

II.1.3. Transition State Theory

The transition state theory is a theory proposed by A.G Evans and M. Polanyi in the 1930s to study the elementary reaction mechanism and reaction rate [40]. The basis of this theory is that the reactants will pass through the transition state during the process of forming the product, and the formation of the transition state requires a certain activation energy. If the basic physical quantities such as the vibration frequency of the molecule, the mass of the molecule, and the distance between the nuclei are known, the extreme points of the curved surface on the potential energy surface in the chemical reaction can be found through mathematical analysis. The structures corresponding to the extreme points are reactants, transition states, and products [41,42].

In the actual chemical reaction process, the reactants, transition states and products can be connected by the minimum energy reaction path on the potential energy surface.

In the calculation to verify whether the transition state is the correct structure, the intrinsic reaction coordinate [43,44] and Gonzales-Schlegel integration [45,46] methods are generally used. If the reactant and product are connected to the two ends of the transition state, it means that the transition state is the correct configuration. In general, the configuration and energy changes of reactants, products, transition states and intermediates can also be obtained from the IRC reaction path [47,48].

As shown in scheme 2.1, reactant generates product through the high-energy transition state TS1. When the reaction is in the transition state, some chemical bonds in the reactant molecules are broken, and some chemical bonds are formed in the product. The energy difference between TS1 and reactant is the energy barrier that must be crossed for the reaction to occur. Recently, Professor Piers [10]found in experiments that only the μ-oxo compound can be observed when the alkyl scandium (B2Pz4Py)Sc-CH3 reacts with water in a toluene solution. But when the solid sample is exposed to the atmosphere for a period of time, the μ-oxo compound [(B2Pz4Py)Sc]2O and the dimeric hydroxyl substance Heating this mixed sample will find that [(B2Pz4Py)Sc(μ -OH)]2 slowly disappears. This is because the hydroxyl group continues to react with water which remove during the conversion from [(B2Pz4Py)Sc(μ-OH)]2 to (B2Pz4Py)Sc)2O, and finally a completely hydrolyzed nitrogen (pyridyl) protonated product is formed. In this product, Sc has lost part of its multidentate coordination sites. Therefore, we calculated this transformation mechanism using DFT. The reaction between d-block metal complexes and main group elements to form M=E (E=O, NR, PR, CR) compounds has always been an area worth studying. For the dianion (B2Pz4Py)Sc, it is very difficult to generate the Sc=E double bond. This is because the dianion feature of the ligand leads to the high basicity of Sc=E [11].

Therefore, Professor Piers used a modified new ligand to remove one B atom, and the two pyrazoles in the ligand were replaced by pyridine. This new ligand BPz2Py3 possesses monoanionic properties. The application of the double bond is not limited to the synthesis of Sc=O.

Professor Piers [12] also found that when (BPz2Py3)ScR2 is generated and then 2,6-diiso-propylaniline is added, it still undergoes two equivalents of RH removal, and finally gets the terminal scandium imido complex. Using the same preparation route, 2,6-diiso-propylphenyl phosphine can be added to the Sc terminal. At this time, however, unexpected changes occurred in the product. Through experimental characterization, it was found that in the phosphoalkyl complex, the characteristic of double bond of scandium phosphorus was lost, and the pyridyl group was transferred to the P group through the C-C bond cleavage, thereby forming a new tetradentate ligand. We will calculate the mechanism of this path. Piers [14] used the dianionic pentadentate ligand B2Pz4Py coordinated to iron atom as the catalyst to active the ammonia. The electron-rich B2Pz4Py is easier to obtain higherform oxides. First, ammonia oxidation requires the loss of a hydrogen atom from NH3.

Therefore, 2,4,6-tri-tert-butylphenoxy radical (ArO) was selected to treat the (B2Pz4Py)

Fe-NH3 obtained through a series of preparations. After ArO takes a H from NH3 to form Fe(III)-NH2, excessive ArO will cause itself to lose a t Bu group to form product C. After a series of experimental testing and characterization, Doctor Nurdin found that the NH2 group was connected to the ortho-position t Bu group, and the N-Cortho coupling and the cleavage of the C-C bond in the aromatic group occurred. We will calculate the reaction mechanism for this step.

Scheme 3.5 Activation of ammonia by dianionic iron complex

Due to the dianionic nature of the B2Pz4Py ligand, the divalent iron compound may be a strong reducing agent that can induce the cleavage of the nitrogen-nitrogen bond in hydrazine. Therefore, when H2N-NH2 is added to (B2Pz4Py) Fe, two products will be obtained, trans diazene dimer [(B2Pz4Py)Fe(NH2)]2 and (B2Pz4Py)Fe-NH3. In this section, mechanism calculations will be made on this basis. Conversely, the reaction of the oxo-bridging complex with water is exothermic. The reaction only requires overcoming the transition state from the water adduct [(B2Pz4Py)Sc]2O▪H2O to 12.5 kcal/mol. However, it has been shown that the oxo complex is more readily observed in the reaction products. This is because the eventual removal of water from the hydroxyl group will allow further hydrolysis of the hydroxyl group, a step that renders the otherwise relatively stable [(B2Pz4Py)Sc(OH)]2 kinetically unstable. Although the inverse reaction is thermodynamically more favourable, the presence of the racemization reaction and the fact that the energy barrier is also not high in the positive reaction leads to the hydroxo complex, although more stable, still being readily interconvertible with the oxo complex.

III.1.3.2. The formation of the Sc=E bond by scandium complexes supported by the monoanionic pentadentate ligand BPz2Py3.

We have obtained oxo derivatives from the hydrolysis of scandium alkyl complexes possessing a dianionic ligand. This section will explore the generation of the Sc=O oxide complexes as a monomer, as well as the properties of similar Sc=N imido complexes, and Sc=P phosphorylidene complexes. To obtain neutral Sc=E(O, NR, PR) complex, the monoanionic ligand BPz2Py3 is used here.

The protonated proligand reacts with ScR3 (R=CH2SiMe2Ph) and one equivalent of HR is eliminated to give what we believe to be a complex of bis(BPz2Py3)ScR2; it is subsequently reacted with hydrated B(C6F5)3 and two equivalents of RH are eliminated.

Proton NMR showed that the monoanion ligand was coordinated to the Sc centre in a pentadentate fashion in the product. The 11 B and 19 F NMR spectroscopy also show that B(C6F5)3 has been incorporated into the product, which is the Sc-O-B compound shown. [Sc-N-Ar] and [Sc-P-Ar] ', we can see that the angular bending of Sc-P-Ar is greater (169°). The bond length of Sc-P in the product reaches 2.704 Å, which is much higher than the 2.306 Å in the reactants, indicating that the Sc-P distance in the product is already greater than that of the double bond. This is also verified by the Wiberg bond index, which is 1.978 in the reactants (pointing to the bond level of a double bond), compared to 0.95 in the products (pointing to the bond level of a single bond). We first propose a reaction pathway for the transfer of H from the ortho carbon kcal/mol and the exotherm is 24.3 kcal/mol. In contrast to the first reaction mechanism, it is clearly easier to achieve kinetically. We also performed the same calculation for the imido complex, but in this transition state the energy barrier was as high as 44.8 kcal/mol. It was therefore demonstrated that similar products could not be observed for reactions involving the imido complex in the experiment. First, we calculated several intermediates involved in the activation of NH3 and N2H2. For example, the spin density of Fe(III)-NH2 is mostly concentrated in the trivalent iron centre (78%) as well as in NH2 (22%), indicating that the NH2 fraction gives rise to a radical nature. And from a thermodynamic point of view, the bond dissociation energy of N-H in Fe(III)-NH2 is very high (97.1 kcal/mol), whereas the energy required to dissociate the NH2 group is only 46.5 kcal/mol. Thus it can be demonstrated that it is not easy to further break N-H bond in the Fe-NH2 system. Next we calculated the bond dissociation energy of the ArO-H bond (81.6kcal/mol) after protonation of the hydrogen ion extractant ArO radical. This is higher than the bond dissociation energy of the N-H bond in Fe(II)-NH3 (75.5kcal/mol). Thus the effectiveness of ArO radical as a hydrogen ion extractant can be demonstrated.

As can be seen in the enthalpy profile of the reaction, the ArO radical extracts the first hydrogen atom only through a very small energy barrier (5.1kcal/mol), giving a NH2 group (Fe(III)-NH2 mentioned above) that possesses some radical properties. On this basis an excess of ArO will no longer undergo extraction of the H atom (because of the BDE of the large N-H bond), but instead takes a kind of heterocoupling of C and N. Here the heterocoupling involves two different positions, namely the carbon of ortho and para in the aromatic ring. We calculated these two reaction pathways separately.

The transition states of N-Cortho and N-Cpara were obtained.

It can be seen that the transition state energy barriers for the N-Cortho and N-Cpara heterocouplings are the same, but the energy of the ortho product is 10.0kcal/mol lower than that of the para product. this suggests that the Fe-NH3-ArOortho structure is more stable and that the transition from the initial Fe(II)-NH3 to the ortho product is thermodynamically favoured: ∆ H = -4.2kcal/mol. whereas the para product generation is endothermic, therefore in agreement with the experimentally observed Fe-NH3-ArOortho complex. However this step is unstable, resulting in an energy requirement of 6.6kcal/mol. And the energy barrier of 31.5kcal/mol needs to be overcome to go from the lowest energy Fe-NH2NH2-Fe to the highest energy Fe-NH. Finally we calculated the activation of ammonia and hydrazine through the Fe complexes supported by the double anionic ligand B2Pz4Py. Where the activation pathway for ammonia requires the presence of the hydrogen atom extractant ArO, the ortho carbon in ArO will be coupled to the nitrogen in NH2 after the H atom in Fe-NH3 has been extracted. The calculations verify the validity of this step and explain why the coupling of the para-C to NH2 could not be observed experimentally. And the oxidation process of hydrazine was also investigated by DFT. When Fe-NH2NH2-Fe undergoes hydrogen transfer between the internal hydrazines to give the imido species, this Fe-NH very quickly polymerises into a dimer.

This quadrupedal pentadentate ligand is so robust that it can support the earthabundant transition metals exhibiting variety oxidation states. And these complexes and their derivatives will exhibit better catalytic properties, offering richer possibilities for the activation of small molecules. Following the intrinsic reaction coordinates, the complex 2-Fe is formed in a thermodynamically favorable manner and releases N2 gas. This energy profile indicates that the metal-metal bonding complex 1-Fe is able to participate synergistically in the two-electron reduction of N2O by single-electron oxidation at each metal center. The f-block elements are also known as inner transition elements, referring to the lanthanides and actinides in the periodic table. There is very little difference in properties between elements of the same period in this region, which is evident in the lanthanide elements.

In the past 60 years, there have been important developments in the chemistry of rare earth metals complexes. The auxiliary ligands have evolved from cyclopentadienyl, pentamethylcyclopentadienyl, indenyl to various non metallocene ligands such as βdiimine. The application of non-metallocene ligands not only expand the structural variety of rare earth metal organocomplexes, but also greatly promote the application in organic synthesis. Rare earth metal organocomplexes can effectively catalyze important organic reactions such as selective addition of aldehydes, ketones and olefins.

However, lanthanide/actinide complexes are computationally difficult to SCF converge due to the near-simplification of f-orbitals than transition metal complexes, unless the lanthanide/actinide atoms use large nuclear pseudopotentials, at which point there is no need to describe the f electrons.

In this chapter we will use a computational approach to mechanistically investigate the activation of organic and inorganic small molecules catalyzed by several f-block metal complexes.

IV.1. Lanthanum-assisted selective addition of aldehydes

Organic fluorine compounds have a very wide range of uses, such as Freon, fluorine-containing liquid crystal, optical fibers, polytetrafluoroethylene, pharmaceuticals and agricultural chemicals, etc. [1]. However, its unique properties different from other organic compounds make it attract more and more attention in various fields. Therefore, it is highly desirable to selectively prepare fluorinecontaining compounds under atomic economy and mild conditions. Because fluorine is the most electronegative element in the periodic table of elements, and the C(sp 3 )-F bond has a high dissociation energy [2], the activation research of C-F bond has attracted attention in recent years, especially metal-catalyzed C-F bond activation of aryl and vinyl fluorides. At present, the use of trifluoromethyl-containing compounds for defluorination functionalization has become one of the most direct strategies for the preparation of organic fluorine compounds [3]. In these reactions, the control of regioselectivity and chemoselectivity is crucial.

Professor Jaroschik's group discovered a metal-difluoropentadienyl complex in the C-F activation of CF3-benzofulvene, and this complex can undergo highly regioselective and diastereoselective addition reactions with aldehydes [4]. Existing reports have documented that metal-pentadienyl complexes as nucleophiles can undergo regioselective transformation with electrophiles and their diverse structures [5][6][7][8][9][10][11]. However, no examples of ϵ, ϵ-metal difluoride-difluoropentadienyl derivatives have been reported before。In order to obtain this conjugated nucleophilic species, zerovalent lanthanide metals with strong reduction potential are used, and trifluoromethylated benzofulvene derivatives are used as substrates. However, when only zero-valent metals act on benzofulvenes, the reaction cannot proceed.

However, according to the reports of Professor Joosten [12] and Professor Umeda [13], lanthanide metals can catalyze the formation of C-C in the presence of I2 or AlCl3.

So they tested different lanthanide metals (La, Ce, Nd, Sm, Gd, Dy, Yb, Y), and different Lewis acids (AlCl3, ZrCl4, Sc(OTf)3, TMSOTf, BF3-OEt2, ZnCl3) ) selectively produce branched product and its yield. It is found that when the metal is Dy, it will only produce branched products when it is added to most aromatic aldehydes, f aliphatic aldehydes and other aldehydes. Unless it is aldehydes with very large steric effrct(such as mesitaldehyde and tert-butylaldehyde), mixed linear products and branched products will be generated. And the reaction of 1.3 equiv of benzofulvene with p-Br-benzaldehyd can produce branched products with a yield of up to 93%, by using the system with Dy metal and 3 equiv of AlCl3. This is the best condition for the reaction. It is worth noting that when only excess La and I2 are added to the system, only linear product is formed.

But when AlCl3 was added, the branched product appeared at the same time. In order to further study the reaction conditions of the linear product, Professor Jaroschik's group tested different Lewis acids, such as AlCl3, EtAlCl 2, Et2AlCl, i Bu2AlCl, as well as LaI3(THF)x which contains no aluminum source at all [14].

According to literature reports [15][16][17][18], the reaction of allyl-lanthanide-halide species with aldehydes or ketones selectively produces linear homoallyl alcohols, while allylaluminum species tend to be branched products. It is indeed found in the experiment that in the most basic La/AlCl3 system, when the AlCl3 equivalent drops to 1, the overall yield of all products decreases, but the proportion of linear products is higher than that of branched products.

The bulky Lewis acids, such as Et2AlCl and i Bu2AlCl, will increase the yield of linear products, but cannot completely avoid the formation of branched products.。 However, in the system completely free of aluminum source, LaI3(THF)x is completely used as the Lewis acid, and the formation of branched products is indeed no longer observed. However, the presence of Al can increase the overall product yield and make purification easier. Therefore, 0.2 equivalent of Al source is added to the system after the reduction step and before the addition of aldehydes, linear products are still unique products. Interestingly, when the aromatic ring on the aldehyde has a strong electron withdrawing group, such as p-NO2, an unexpected ipso product is observed. We will use DFT calculations to study the selective addition reaction mechanism of aldehydes with lanthanum metal as a catalyst, explore the production pathways to generate three different products, and make reasonable explanations for the experimental phenomena.

IV.1.1. Computational details

In this section, the density functional theory (DFT/B3PW91) method is used to carry out theoretical calculations on the lanthanum-mediated aldehyde addition reaction [19][20][21]. Among them, the Stuttgart-Dresden-Bonn relativistic small or large effective core potential (RECP) is used as the pseudopotential basis set for the f-block metal La atom and the f-polarization function is added [22][23][24]. For F and I, the large core RECP is used and combined a set of d functions enhance the basis set [25]. The split basis set 6-31G (d, p) is used for atoms such as C, H, 0, and N [26]. The structural optimization and energy correction calculations are carried out for each stagnation point in the reaction, and it is confirmed that the transition state has unique negative frequency and negative eigenvalues. In addition, the intrinsic reaction coordinate calculation (IRC) was performed on the transition state to confirm that the transition state is on the reaction path of the reactants and products [27,28]. All calculations use the Gaussian09 computing software package and are completed on the highperformance computing platform.

IV.1.2. Computational models

First, we choose La metal as the catalytic metal for the mechanism study, trifluoromethylated benzofulvene as the reaction substrate, and benzaldehyde as the electrophile. When the system does not contain aluminum source, only linear products are formed。But when AlCl3 participates in the catalytic system, a mixture of branched products and linear products is observed. When p-NO2-benzaldehyde which with a strong electron withdrawing group was used as the reactant, the special ipso product appeared with a small amount in a large number of linear products. Therefore, we can divide the reaction into three routes, through different α-, γ-, and ε-additions, respectively pointing to linear product, branched product and ipso product.

Scheme 4.3 Three kinds of product formation methods

Therefore, for La and Al, we optimized the structures of the following four intermediates as the basis for mechanism calculations. It can be seen from the optimized structure of the pentadienyl-La intermediate that the metal and the indenyl moiety belong to the η 5 coordination. However, when Al coordinates an indenyl group as the metal center, the bond length between it and the α carbon of the indenyl group is 2.00 Å. However the distance between Al and the ortho-C on the both sides of the α carbon is 2.87 Å and 2.91 Å, respectively. It can be seen that for Al, the coordination mode is no longer η 5 . Instead, it belongs to the η 1 coordination mode, linked to a C in the indene group.. And in [(pdl)2AlCl(THF)], the coordination mode is also the same, the distance between Al metal and non-α carbon C atoms is almost all higher than 2.80 Å. First, a single pentadienyl group [(pdl)LaI2(THF)] was used for mechanism research. It can be seen that the energy of the branched product is higher than that of the reactant in the γ addition pathway(blue line), the reaction entropy ∆H of the branched product is 4.2kcal/mol. So this reaction is thermodynamically unfavorable.

This can well explain why the corresponding branched products cannot be observed when there is no AlCl3 aldehyde addition reaction. The energy barriers of the α addition transition state (black) and the ε addition transition state (pink) are 17.6kcal/mol and 12.8kcal/mol, respectively. The energy difference of 5.0kcal/mol is within an acceptable range. And the linear products and ipso products are both exothermic processes and thermodynamically favorable, and their ∆H is -3.5kcal/mol and -4kcal/mol, respectively. The energy of the two products based on the [(pdl)LaI2(THF)] system is similar. Therefore, it can be said that in the calculation model with [(pdl)LaI2(THF)] as the intermediate, there is still a competitive relationship between the paths of α addition and ε addition. From the calculation results, the product seems to be a mixture of black linear products and pink ipso products. However, according to experiments, if the aldehyde involved in the addition reaction is benzaldehyde without a strong electron-withdrawing group on the aromatic ring, only linear products will be observed without ipso products.

Therefore, it seems that the bis(indenyl) lanthanide complexes must be considered in the study of the reaction mechanism of the α addition and ε addition, as shown in the Figure4.2(b). The two transition states have close energy barriers, however, the energy of the linear product is thermodynamically superior to the ipso product by 7.4kcal/mol, that is to say, the structure of the linear product is more stable. Comparing the reaction enthalpies of the two addition modes, which are -3.6kcal/mol and -12.5kcal/mol, respectively, it can be seen that the exothermic process of α addition is more intense than that of ε addition. Therefore, the transition state mechanism study using [(pdl)2LaI(THF)] as an intermediate proves the experimental phenomenon that linear products are more likely to be generated in the La/I2 system. It also proved that the lanthanum complex with bis-indenyl ligand seems to be a reasonable intermediate in the C-F activation process of trifluoromethylated benzofulvene. When we introduce the electron withdrawing group -NO2, it is same as the phenomenon observed in the experiment, the calculated reaction mechanism reveals that the electron withdrawing group can well reduce the energy barrier of ε addition.

The energy barrier is almost reduced by half. Whether it is the mono-indenyl on the left or the bis-indenyl on the right, it is shown that the ipso product is easier to obtain in this case.

When we are using p-NO2-benzaldehyde for nucleophilic addition with [(pdl)LaI2(THF)] or [(pdl)2LaI(THF)], the energy barrier of the ε addition transition state is only that of α addition half. And the reaction process is an exothermic reaction with favorable thermodynamics. In the [(pdl)LaI2(THF)] catalytic system, the energy barrier difference between the two transition states is 7.0kcal/mol; while in the [(pdl)2LaI(THF)] catalytic system, the energy barrier difference is 8.7kcal/mol. This

shows that ε addition is more dynamic favorable than α addition.

In a more reasonable bis-indenyl lanthanum model, the linear product of α addition still has a great advantage in thermodynamics. The α reaction exotherm is 16.1kcal/mol, while the ε addition exotherm is 6.3kcal/mol. Therefore, combining the viewpoints of kinetics and thermodynamics, the benzaldehyde with strong electron-withdrawing group can better access to the ipso product, and at the same time there is still a considerable part of the linear product. In the experiment, it was found that the addition of aluminum source can produce branched products that never existed in the La/I2 system. In the study of Dy, the content of AlCl3 can also influence the yield of branched products. Therefore, it is believed that the selective formation of branched products in the addition reaction is mainly due to the transmentallation from La to Al. Therefore, by calculating the reaction enthalpy of the conversion process from [(pdl)2LaI(THF)] to [(pdl)AlCl2(THF)], the reaction exotherm is 9.1kcal/mol. This illustrates the good transmetallation between La and Al. to study the transition states of γ addition. For both models, the energies of the transition state and the reactant and product calculated in the internal coordinate calculation are similar. And compared with the lanthanum complex system, the energy barrier of the γ addition transition state on the Al center is very low, and the branched products produced are also very stable. At the La center, the transition state energy barriers of the three addition reactions are much higher than 3.4kcal/mol. Therefore, this can also explain that the presence of Al in the experiment has a decisive influence on the branched products. 

VI.1.4 Conclusion

In this section, the density functional theory method is used to carry out the mechanism of the regioselective addition reaction of benzaldehyde and pentadienyl lanthanum metal complex. Several phenomena in the experiment were explained one by one. For example: (1) In the La/I2 system, the addition of benzaldehyde only produces linear products. [(pdl)LaI2(THF)] is calculated to confirm the three addition methods. Since the formation of branched products on [(pdl)LaI2(THF)] is thermodynamically unfavorable, it is a reversible reaction. (2) In the La/I2 system, the addition of p-EWG-benzaldehyde can generate linear products and unexpected ipso products. This is confirmed in the mechanism study of [(pdl)2LaI(THF)] on the transition state of α addition. The introduction of electron-withdrawing p-NO2benzaldehyde lowers the energy barrier of epsilon attack, and the ε addition transition state is more favorable from a kinetic point of view. (3) In the La/I2/AlCl3 system, the addition of benzaldehyde can generate branched products. By calculating the γ addition that occurs on [(pdl)AlCl2(THF)] and [(pdl)2AlCl(THF)], it is found that it has a lower reaction energy barrier. From the perspective of kinetics and thermodynamics, γ addition is more likely to occur in the aluminum metal center.

IV.2. Samarium-assisted coupling of ketones and N-heterocyclic aromatics

The formation of the C-C bond is the foundation of organic synthesis, and it is also the basis for the construction of colorful organic compounds [29]. Since the French chemist Kagan [30] first introduced samarium diiodide into organic synthesis in 1977, samarium diiodide has played an important role in the synthesis of carbon-carbon bonds as an excellent single electron transfer reagent [31]. Following Kagan's pioneering work, Inanaga, Professor Molander and others have achieved further fruitful research results in this research field, making samarium diiodide rapidly developed into a widely used single electron transfer coupling agent and reducing agent [32,33]. It not only promotes many types of organic reactions and functional group conversions, but also is widely used in the synthesis of natural products [34,35]. It is also one of the most effective and important methods for forming new bonds.

Samarium diiodide is often used to promote the coupling of aldehydes or ketones.

For example, Professor Weitgenantet et al. [36,37] used pyridine, bipyridine, phenanthroline and other N heterocyclic aromatic compounds to react with aldehydes or ketones to produce hydroxyl substituent at the α position. The substituent can be further functionalized under the presence of SmI2. Because multiple N atoms can be used as coordination sites for multidentate chelates, a variety of substituted nitrogen heterocyclic aromatic compounds can enrich the library of organic ligands. Professor

Weitgenantet et al studied the coupling reaction of benzophenone and N-heterocyclic aromatics on this basis [38]. The gray represents the C atom, the red represents the O atom, the green represents the I atom, and the blue represents the N atom. The color of metal Sm is green.

Through structural optimization, we have obtained the distance between the main atoms, as shown in the following table: The distance of Sm-I is 3. Because of the convenience of drawing, the pyridine that is not involved in the reaction is hidden, but it needs to be clear that the calculation uses the complete structure. In order to make up for this loss of aromaticity, a 4-ring structure is formed in the second transition state. The distance between α-C and H gradually increases, and the hydroxyl group gradually forms, obtaining the final product [SmI2(pyr)3(pyralcoholate)] and [SmI2(pyr)2(phen-alcoholate)]. The energy barrier of this step is obviously high which is enough to be the speed determining step of the entire reaction pathway. In phenanthroline, the energy barrier is 29.6kcal/mol, and in pyridine, it reaches 34.8kcal/mol. The reason for this high value is that Sm does not participate in the transfer process of hydrogen atoms, but the stable oxygen coordinated atom will gradually move away from the metal center. The formation of the final product [SmI2(pyr)2(phen-alcoholate)] is thermodynamically favorable, and the reaction is exothermic 9.0kcal/mol. However, the formation of [SmI2(pyr)3(pyr-alcoholate)] thermodynamically endothermics 1.7kcal/mol. And in terms of kinetics, the energy barrier of the speed-determining step is higher than that of the coupling reaction involving phenanthroline. This can well explain the phenomenon observed in the experiment. When phenanthroline is not added, a higher temperature (110°C) is required to drive the reaction.

VI.2.4. Conclusion

We have studied the mechanism of direct coupling of benzophenone and Nheterocycle (such as pyridine and phenanthroline) to form methanol by DFT. In this reaction, there is no other coupling agent participated except SmI2. The electron arrangement of the ketyl radical is verified by spin density analysis. Using ketyl radical as the starting point of the mechanism calculation, the reaction mechanism is divided into two parts. The first step is the formation of C-C bond, and the second step is the transfer of H atoms as the speed determining step. Finally, compared with pyridine, it was verified that the addition of phenanthroline in the experiment can make the coupling reaction occur under mild conditions.

IV.3. Samarium/ytterbium-mediated reductive coupling of CO 2 and CS 2

Due to the extensive use of fossil fuels in human activities, the concentration of carbon dioxide in the earth's atmosphere continues to increase. The resulting air pollution and greenhouse effect are seriously threatening the living environment of human beings [39][40][41][42]. At present, a large amount of carbon dioxide has become the most abundant C1 resource in nature [43,44]. Therefore, the recovery, fixation, utilization and recycling of the emitted carbon dioxide has become an issue of great concern to countries all over the world. The activation and utilization of carbon dioxide has become a problem due to the chemical inertness of carbon dioxide. Carbon disulfide, which is similar to carbon dioxide, is considered a waste gas and a harmful air pollutant.

The oxidation reaction of CS2 in nature will lead to the formation of acid rain. The functionalization of organic substrates using carbon dioxide and carbon disulfide is currently a major research direction.

Lots of research shows that d&f block metal complexes have high catalytic performance. dπ orbital of metal can be well transferred to the π* antibonding orbital of CO2, this form a backdonation effect which makes the combination of metal and CO2 stronger. For f block metal, the bimetallic complex of samarium or uranium reported in the past few years can be proved to convert carbon dioxide into oxos, oxalates (kinetic products), and carbonates (thermodynamic products) [45][46][47][48][49][50][51][52]. According to the data obtained in the experiment, the model structures of the two key intermediates in the Sm-mediated reduction of carbon dioxide and Yb-mediated reduction of CS2 were optimized. Among them, the key intermediate of samarium bimetallic ligand, the CO2 2-part and the two Sm centers are the bonding mode of μ:μ:η(C-O). On the other hand, a dimer with a six-coordinate metal center appears on Yb, and the bonding mode of CS2 2-moiety is μ-μ-η 2 (CS): η 2 (CS′). This coordination mode is different from that of most lanthanide metals coordinated with CS2. We speculated the mechanism based on the crystal structures of the obtained products and intermediates. 

VI.3.3. Results and discussion

Therefore, we calculated the following reaction mechanism. The black profile is the carbonate formation pathway and the red profile is the oxalate formation pathway.

For both pathways, the first step are always to form the key intermediate. This process is exothermic by 106.2kcal/mol. But after that, there occurs a energy difference of 12.8kcal/mol between structure of dioxocarbene intermediate in oxalate formation and the transition state structure in carbonate formation. This is because the two SmL2 fragments in dioxocarbene intermediate is closer and it will increase the steric repulsion.

Therefore, the energy of dioxocarbene as an intermediate is even higher than the transition state on the other reaction pathway. The energy barrier is 15.9kcal/mol from key intermediate to dioxocarbene. So this process is less favorable in kinetic compering with the small energy barrier of first transition state of carbonate formation.

For the black pathway, the first transition state is another CO2 electrophilic attack on the negative charged oxygen, and then form a five-membered ring structure. shows the interaction of the bond between the sulfur atom and Yb. By checking the charge, it was found that there was a negative charge of -0.13 on S, which caused the polarity change seen on CS2. Therefore, when excess CS2 is added, the connection between S-S and C-C is more inclined. And finally formed an [2+2] cycloaddition transition state. It is precisely because of this different addition method that the energy barrier of the transition state is larger, 38.5kcal/mol, which becomes the speed determining step of the entire reaction. This step is slightly unfavorable in terms of kinetics. After the cycloaddition, S2 will move out of the system to form the final special product. The process to generate product from key intermediate is endothermic by 0.2 kcal/mol.

VI.3.4. Conclusion

We used DFT to calculate the reduction mechanism of CO2 and CS2 on a bimetallic coordination compound of a multidentate tris (tertbutoxy) siloxide ligand with samarium or ytterbium. In [Sm2L4], the calculation results support the bimetallic synergistic effect observed in the experiment, which is more conducive to the production of oxalate. And from the theoretical mechanism level, it is explained the reason that why the oxalate is a thermodynamic product, and the carbonate is a kinetic product. In [Yb2L4], we verified the bonding mode of a new key intermediate found in the experiment, and because of this unique intermediate, the reaction experienced a different cycloaddition mechanism, causing the transition state to appear sulfur-tosulfur , carbon to carbon four-membered ring. This will provide new ideas for future experimental directions.

IV.4. Conclusion

For f-block metal complexes, there are three main systems: The first one is the mechanism of the regioselective addition reaction of benzaldehyde and pentadienyl lanthanum metal complex. Several phenomena in the experiment were explained :(

In the La/I2 system, the addition of benzaldehyde only produces linear products. Since the formation of branched products on [(pdl)LaI2(THF)] is thermodynamically unfavorable, it is a reversible reaction. (2) In the La/I2 system, the addition of p-EWGbenzaldehyde can generate linear products and unexpected ipso products. The introduction of electron-withdrawing p-NO2-benzaldehyde lowers the energy barrier of epsilon attack, and the ε addition transition state is more favorable from a kinetic point of view. (3) In the La/I2/AlCl3 system, the addition of benzaldehyde can generate branched products. That is because from the perspective of kinetics and thermodynamics, γ addition is more likely to occur in the aluminum metal center. The second system is the mechanism of direct coupling of benzophenone and N-heterocycle (such as pyridine and phenanthroline) to form methanol by DFT. The reaction mechanism is divided into two parts. The first step is the formation of C-C bond, and the second step is the transfer of H atoms as the speed determining step. Finally, compared with pyridine, it was verified that the addition of phenanthroline in the experiment can make the coupling reaction occur under mild conditions. The third system is the reduction mechanism of CO2 and CS2 on a bimetallic coordination compound of a multidentate tris(tertbutoxy)siloxide ligand with samarium or ytterbium.

In has been reported more recently to catalyze olefin hydrogenation [9]. Such reactive mononuclear calcium hydrides can generally be conceived as the active species in catalytic reactions involving olefinic substrates.

Professor Hill and Professor Mahon [10] have collaborated with our group in a mechanistic study of the reactions of β-diketiminato magnesium and calcium hydrides with CO. The reactions of β-diketiminato-supported heavier alkaline earth (Ca, Sr, Ba)

with CO to form cis-ethenediolate derivatives have been verified by DFT.

Cationic calcium hydride supported by 12-membered macrocyclic and 15membered macrocyclic ligands has been studied by Professor Okuda group [11,12]. First, when benzophenone is added to the system, an adduct is formed in which the ketone binds to the magnesium center and HBpin interacts with the alkoxy group in the catalyst-magnesium complex. This step is endothermic by 9. The energy barrier from the reactants to the transition state (20.0 kcal/mol) is acceptable.

Through an exothermic process, the reaction produces a stable complex C from TS. The release of borate ester will result in the coordination of a second ketone to HBpin, which remains endothermic by 9.2 kcal/mol. Therefore, the borohydride of 2-pentanone is more favorable from both kinetic and thermodynamic points of view, which is consistent with the experiment.

The mechanism of magnesium-catalyzed synergistic ketone borohydride supported by N-polydentate ligands induced us to investigate the catalytic activity of the simple Homoleptic magnesium alkoxides Mg(OR)2. For example, Mg(OCHPh2)2 acts as a catalyst for the reaction with benzophenone and HBpin to produce boron esters in solvent-free conditions. And the yield was up to 90%. This easily available catalyst was shown to possess highly efficient catalytic performance.

Initially, the coordination of HBpin to Mg(OR)2 produced intermediate I. And by investigating the magnesium alkoxide catalyzed ketone hydroboration, we propose an addition mechanism that does not involve metal hydrides. Firstly, the hydroboration of benzophenone and 2-pentanone was investigated still using the N heterocyclic ligand-supported alkylmagnesium complex [(Me6Tren)MgOCHPh2] + as a catalyst. The results demonstrate that the process of Ph2CHO-Bpin generation from benzophenone has a higher energy barrier, while MenPrCHO-Bpin generation from 2pentanone is more stable. Thus the reaction of 2-pentanone is thermodynamically and kinetically more favorable than that of benzophenone. This is consistent with the experiment. At the same time we also proposed a simple catalyst Mg(OCHPh2)2, which proved to be more favorable for the reduction of benzophenone.

catalytic activation of ammonia and hydrazine by iron complexes supported by the same double anionic ligands was calculated. The calculations verify the validity of t activation of ammonia and explain why the coupling of the para-C to NH2 could not be observed experimentally. And in the activation of hydrazine, a reaction mechanism in which hydrogen transfer occurs within hydrazine was proposed. A mechanistic study has also been done for the synthesis process of scandium forming a double bond with a main group element at the terminal of a coordination metal. A perfect mechanism for the generation of Sc=O double bond from a scandium complex with a monoanion In the La/I2 system, the addition of p-EWG-benzaldehyde can generate linear products and unexpected ipso products. The introduction of electron-withdrawing p-NO2benzaldehyde lowers the energy barrier of epsilon attack, and the ε addition transition state is more favorable from a kinetic point of view. (3) In the La/I2/AlCl3 system, the addition of benzaldehyde can generate branched products. That is because from the perspective of kinetics and thermodynamics, γ addition is more likely to occur in the aluminum metal center. The second system is the mechanism of direct coupling of benzophenone and N-heterocycle (such as pyridine and phenanthroline) to form methanol by DFT. The reaction mechanism is divided into two parts. The first step is the formation of C-C bond, and the second step is the transfer of H atoms as the speed determining step. Finally, compared with pyridine, it was verified that the addition of phenanthroline in the experiment can make the coupling reaction occur under mild conditions. The third system is the reduction mechanism of CO2 and CS2 on a bimetallic coordination compound of a multidentate tris(tertbutoxy)siloxide ligand with samarium or ytterbium. In [Sm2L4], the calculation results support the bimetallic synergistic effect observed in the experiment, which is more conducive to the production of oxalate. In more N to monomers in THF leads to a higher catalytic activity of this macrocyclic ligand-supported calcium. Secondly, the mechanism of ketone hydroboration catalyzed by magnesium alkoxide was introduced. the process of Ph2CHO-Bpin generation from benzophenone has a higher energy barrier, while MenPrCHO-Bpin generation from 2pentanone is more stable. Thus the reaction of 2-pentanone is thermodynamically and kinetically more favorable than that of benzophenone. This is consistent with the experiment. At the same time we also proposed a simple catalyst Mg(OCHPh2)2, which proved to be more favorable for the reduction of benzophenone.

In summary, we provide mechanisms for the activation reactions of inorganic/organic small molecules catalyzed by metal complexes of d/f/s-blocks in the periodic table of elements using DFT calculations, respectively. To some extent, the experimental phenomena of activation of small molecules catalyzed by several catalysts are explained separately. For example, the d-block metal di-iron complexes supported by dianionic pentadentate ligand B2Pz4Py were considered as a good catalyst for the activation of ammonia and hydrazine reactions, as well as the reduction reaction with nitrous oxide was used to examine the reactivity of di-iron imidophosphorane complexes as catalysts. Also for example, DFT calculations were used to explain the selectivity of aldehyde addition involving f-block metal lanthanide complexes and the mechanism of samarium/ytterbium-mediated reductive coupling of CO2 and CS2.

Finally for s-block metals, we used the reduction of CO to verify the reactivity of Ca complexes and we also verified the mechanism of ketone hydroboration catalyzed by magnesium alkoxide complexes. 1). (2) Dans le système La/I2, l'addition de p-EWG-benzaldéhyde peut générer des produits linéaires et des produits ipso inattendus. L'introduction de p-NO2benzaldéhyde attracteur d'électrons abaisse la barrière énergétique de l'attaque epsilon, et l'état de transition d'addition ε est plus favorable d'un point de vue cinétique(Figure 7). (3) Dans le système La/I2/AlCl3, l'addition de benzaldéhyde peut générer des produits ramifiés. C'est parce que du point de vue de la cinétique et de la thermodynamique, l'addition γ est plus susceptible de se produire dans le centre métallique de l'aluminium(Figure 8). Le mécanisme d'hydroboration des cétones catalysé par l'alcoxyde de magnésium a été présenté. Le processus de génération de Ph2CHO-Bpin à partir de la benzophénone a une barrière énergétique plus élevée, tandis que la génération de Me n PrCHO-Bpin à partir de la 2-pentanone est plus stable. Ainsi, la réaction de la 2-pentanone est thermodynamiquement et cinétiquement plus favorable que celle de la benzophénone.

La barrière énergétique de TS2' est seulement de 1,7kcal/mol et le produit est stable (-58,5kcal/mol). Par conséquent, le borohydrure de la 2-pentanone est plus favorable du point de vue cinétique et thermodynamique, ce qui est cohérent avec l'expérience. Ceci est cohérent avec l'expérience(Figure 13). 
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 12 Figure 1.2 Computed energy profile (DFT, B3PW91) for the insertion of CO2 into the Sc-H and Sc-C bonds.
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 112 Scheme 1.12 Synthesis of 1-Cu, 1-Ag, 2-Cu, and 2-Ag. Although there have been many studies on the synthesis and properties of such transition metal complexes supported by imidophosphorane ligand, the catalytic properties of such complexes have rarely mentioned. Professor Bai et al. proposed a homoleptic iron (II) and cobalt (II) bis(phosphoranimide) complexes (Scheme 1.13) .
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 34 Scheme 3.4 The formation of [Sc-P-Ar], [Sc-N-Ar] and [Sc-P-Ar]', where R=CH2SiMe2Ph, Ar=2,6-phenylpropyl
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 36 Scheme 3.6 Activation of hydrazine by dianionic iron complex
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 31 Figure 3.1 3D representation of (a) [(B2Pz4Py)Sc(OH)]2 and (b) [(B2Pz4Py)Sc]2O. Red for oxygen atoms, blue for nitrogen atoms, yellow for boron atoms and white for scandium atoms.
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 32 Figure 3.2 Computed enthalpy profile for the interconversion of hydroxo and oxo
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 33 Figure 3.3 3D representation of [Sc-O-B] compound. Red for oxygen atoms, blue for nitrogen atoms, yellow for boron atoms and white for scandium atoms, green for fluorine atoms.
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 34 Figure 3.4 Computed enthalpy profile for the formation of scandium-oxygen double bond
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 36 Figure 3.6 3D representation of (a) reactant [Sc-P-Ar] and (b) product [Sc-P-Ar]'. Orange for phosphorus atoms, blue for nitrogen atoms, yellow for boron atoms and white for scandium atoms.
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 37 Figure 3.7 Computed enthalpy profile for the formation of a new product [Sc-P-Ar]' from phosphinidene [Sc-P-Ar]

  position of pyridine to secondary ortho carbon involving the Sc centre. The phosphorylidene group nucleophilically attacks the ortho-C on the pyridine, which results in the transfer of H from the ortho-C to the Sc centre. The Sc centre, in turn, undergoes a second H-transfer to the other end of the pyridine, ortho-C. This results in the final product [Sc-P-Ar]'. The total exotherm of the reaction is 24.3 kcal/mol. However, four transition states are required to move from the product to the reactant and the high energy barrier of 28.7 kcal/mol from the reactant to the first hydrogen transfer transition state needs to be overcome. and it is clear that the H transfer transition states in which Sc is involved all show a high energy barrier. The mechanism that does not require H-transfer is thus of greater interest.We propose an alternative reaction mechanism in which phosphinidene phosphorus directly nucleophilically attacks secondary ortho carbon. The formation of a bond between P and secondary ortho carbon is accompanied by the breaking of the bond between secondary ortho carbon and C. The transition state in this step is25.6 
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 38 Figure 3.8 Computed enthalpy profile of another pathway for the formation of a new product [Sc-P-Ar]' from phosphinidene [Sc-P-Ar]
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 39 Figure 3.9 3D representation of (a) [Sc-P-Ar] and (b) HOMO of [Sc-P-Ar]. Blue for nitrogen atoms, yellow for boron atoms and white for scandium atoms, orange for phosphorus atoms.
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 3 Figure 3.10 3D representation of (B2Pz4Py)Fe-NH3. Blue for nitrogen atoms, yellow for boron atoms and purple for iron atoms.
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 3 Figure 3.11 (a) 3D representation of Fe(III)-NH2, and (b) the spin density of Fe(III)-NH2. Red for oxygen atoms, blue for nitrogen atoms, yellow for boron atoms and white for scandium atoms. 78% of the unpaired electron density is distributed on Fe and 22% on N.
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 312 Figure 3.12 Computed enthalpy profile for the activation of ammonia
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 3 Figure 3.13 3D representation of Fe(II)-NH2NH2-Fe(II) Red for oxygen atoms, blue for nitrogen atoms, yellow for boron atoms and white for scandium atoms.
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 314 Figure 3.14 Computed enthalpy profile for the activation of hydrazine
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 3 Figure 3.15 (a) 3D representation of transition state of the activation of hydrazine. (b) the spin density of Fe-NH. Red for oxygen atoms, blue for nitrogen atoms, yellow for boron atoms and white for scandium atoms. 46% of the unpaired electron density is distributed on Fe and 54% on N.
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 237 Scheme 3.7 Reaction of [Fe2(μ 2 -NP (pip)3)2(NP (pip)3)2] with N2O
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 317 Figure 3.17 Computed enthalpy profile for the reaction of [1-Fe] with N2O
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 41 Scheme 4.1 Selective addition reaction after C-F activation. Among them, R1 and R2 are groups on benzofulvene and groups on aromatic aldehyde or aliphatic aldehyde, respectively.
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 41 Figure 4.1 3D representation of (a)[(pdl)LaI2(THF)], (b)[(pdl)2LaI(THF)], (c)[(pdl)AlCl2(THF)] and (d)[(pdl)2AlCl(THF)], The gray represents the C atom, the red represents the O atom, the green represents the I atom, and the light blue represents the F atom. The color of metal La is dark blue, and Al is pink.
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 42 Figure 4.2 Reaction mechanism of benzaldehyde addition with (a)[(pdl)LaI2(THF)], (b)[(pdl)2LaI(THF)].
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 43 Figure 4.3 Reaction mechanism of p-NO2-benzaldehyde addition with (a)[(pdl)LaI2(THF)], (b)[(pdl)2LaI(THF)].

(

  pdl)2LaI(THF) + AlCl3(THF) = (pdl)LaICl(THF) + (pdl)AlCl2(THF) Eq 4.1 ∆H = -9.1 kcal/mol We used two aluminum catalysis models [(pdl)AlCl2(THF)] and [(pdl)2AlCl(THF)]
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 44 Figure 4.4 γ addition mechanism of benzaldehyde with (a)[(pdl)AlCl2(THF)] and (b)[(pdl)2AlCl(THF)].
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 4445 Scheme 4.4 Coupling reaction of benzophenone and N-heterocyclic aromatics (pyridine, bipyridine and phenanthroline) in the presence of SmI2/pyridine

Figure 4 . 5

 45 Figure 4.5 3D representation of (a)[SmI2(pyr)3(pyr-alcoholate)], (b) [SmI2(pyr)2(phen-alcoholate)],

  13Å and 3.11Å in G and D respectively, which is more in line with the existence of trivalent samarium. The calculated data of the distance between Sm and N (pyridine) are in good agreement with the experimental data, and they are slightly larger than the distance between Sm and the N on the pyridine or phenanthroline involved in the reaction. The distance between O-C (Ph2) and C-C (Ph2) is about 1.47Å and 1.52Å respectively, which is consistent with the formation of alcoholate and proves that the C-C bond is a single bond. pyr)4(benzophenone)] and [SmI2(pyr)2(phen)(benzophenone)] in Scheme 4.4 is calculated. The energy difference between the different electron arrangement structures in pyridine and phenanthroline is 12.7kcal/mol and 7.8kcal/mol, respectively. This shows that both tend to generate ketyl radicals. And because pyridine has a higher π* energy, the energy difference is lower than phenanthroline. The spin density diagram shows that in the original [SmI2(pyr)4(benzophenone)], unpaired electrons are basically distributed on the O and benzene rings of the ketyl group.
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 46 Figure 4.6 Computed enthalpy for the equilibrium of (a) ketyl-phenanthroline and (b) ketyl-pyridine.
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 47 Figure 4.7 The spin density of [SmI2(pyr)4(benzophenone)].
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 48 Figure 4.8 Computed enthalpy profile for the formation of D (black) and G (pink).

  relativistic effective core potential SDD combined with d polarization function. The 6-31G(d) basis set is adopted by C, H, O atoms. Transition state calculations are verified using intrinsic coordinates. Use natural bond orbital (NBO) analysis to obtain atomic orbital population analysis[55] IV.3.2. Computational models First, we established the reactant model as shown in Figure 4.9. Two Sm/Yb ions are bridged asymmetrically by three oxygen atoms on three different silicon oxide ligands. The Sm-O bond length ranges from 2.15 Å to 2. 48Å. And the Yb-O bond length ranges from 2.27 Å to 2.57 Å.
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 49 Figure 4.9 3D representation of [Sm2L4] (L = (O t Bu)3SiO -). In order to make the structure clearer, the H atom is hidden in the figure.

Figure 4 .

 4 Figure 4.10 3D representation of Sm-(CO2) 2--Sm, Yb-(CS2) 2--Yb. In order to make the structure clearer, the H atom is hidden in the figure. Light green and dark green represent Sm and Yb respectively. And yellow represents S atom.

Figure 4 . 12 Figure 4 .

 4124 Figure 4.12 Computed enthalpy profile for the reaction of [Yb2L4] with CS2

  The former refers to a NNNN-type macrocycle [(Me4TACD)2Ca2(μ-H)2] 2+ (Me4TACD=1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane); and the latter 10,13-pentamethyl-1,4,7,10,13-pentaazacyclopentadecane).The reactivity pattern of a cationic calcium hydride supported by an NNNN macrocycle has been probed with CO. The calcium hydrides underwent a reaction with CO in THF for 5 min and culminated in a colourless cis-ethenediolate complex [(Me4TACD)2Ca2(μ-OCH=CHO)] 2+ . The single crystal structure demonstrates that the cis-ethenediolate complex is a nonsymmetrical dimer, and the calcium centre is seven-coordinated. This reactivity of macrocyclic calcium hydride with CO warrants a computational mechanism study.experimentally, there is an additional C=C double bond formed between the two oxygens in the structure. It has a bond length of 1.377 Å, which is consistent with the bond length of a double bond (1.369 Å in the experiment).
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 51 Figure 5.1 3D representation of computed product cis-ethenediolate complex. Red for oxygen atoms, blue for nitrogen atoms, yellow for calcium atoms.
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 5253132 Figure 5.2 Computed enthalpy profile for the formation of calcium cis-ethenediolate complex

  2 kcal/mol, after which a six-ring transition state (TS) is formed, and the process from adduct to TS requires overcoming an energy barrier of 10.8 kcal/mol. In this transition state the distance between Mg and O (alkoxy) grows and at the same time shortens the B-O distance, demonstrating the interaction between B-O.
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 54 Figure 5.4 Computed enthalpy profile for the hydroboration of benzophenone catalysed by (Me6Tren)MgOCHMePh. Where blue line represents the reaction of benzophenone and black line represents the reaction of 2-pentanone.
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 55 Figure 5.5 3D representation of computed transition state TS. Red for oxygen atoms, blue for
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 56 Figure 5.6 Computed enthalpy profile for the hydroboration of benzophenone catalysed by Mg(OCHPh2)2Computer theory demonstrated that the reaction using simple Mg(OCHPh2)2 catalyzed hydroboration was kinetically and thermodynamically more favorable compared to [(Me6Tren)MgOCHPh2] + , with a final reaction exotherm of 89.4 kcal/mol.

BPz2Py3

  coordination found in the experiment is verified and explained by calculations. This leads to the study of the properties of Sc=P and Sc=N double bonds. It was demonstrated computationally that the Sc=P double bond can induce the breakage of the C-C bond in the ligand to produce the phosphido-pyridyl complex. At the same time we also calculated the reaction mechanism of [Fe2(μ 2 -NP (pip)3)2(NP (pip)3)2] catalyzing the reduction of N2O to N2. A thermodynamically very favorable pathway and stable μ 2 -O product were obtained. And in this product [Fe2(μ 2 -O)(μ2-NP(pip)3)2(NP(pip)3)2] was shown to possess the shortest Fe-Fe distance comparing with other reports.Chapter 4 deals with the reactions involving f-block metal complexes. There are three main systems: The first one is the mechanism of the regioselective addition reaction of benzaldehyde and pentadienyl lanthanum metal complex. Several phenomena in the experiment were explained :(1) In the La/I2 system, the addition of benzaldehyde only produces linear products. Since the formation of branched products on [(pdl)LaI2(THF)] is thermodynamically unfavorable, it is a reversible reaction.(2) 

[

  Yb2L4], we verified the bonding mode of a new key intermediate found in the experiment, and because of this unique intermediate, the reaction experienced a different cycloaddition mechanism, causing the transition state to appear sulfur-tosulfur , carbon to carbon four-membered ring. Chapter 5 focuses on the small-molecule activation reactions of s-block metals Mg and Ca supported by N heterocyclic polydentate ligands. Firstly, for the calcium hydride catalyzed CO reduction reaction, we propose a new reaction pathway in which the dimeric calcium hydride under NNNN-type macrocyclic ligands first dissociates into the monomer [CaH] + possessing high reactivity. CO can be inserted between the metalhydrogen to generate a monomeric intermediate, which dimerizes via a C=C double bond into the final cis-ethenediolate product. This new reaction pathway is mainly based on the generation of monomers, thus the thermodynamically favorable dissociation of the 15-membered macrocyclic dimeric calcium hydroxide possessing
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 2 Figure 2 Profil enthalpique calculé pour l'activation de l'ammoniac
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 3 Figure 3 Profil enthalpique calculé pour l'activation de l'hydrazine
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 4 Figure 4 Profil enthalpique calculé pour la formation de la double liaison scandium-oxygène
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 5 Figure 5 Profil enthalpique calculé d'une autre voie pour la formation d'un nouveau produit [Sc-P-Ar]' à partir du phosphinidène [Sc-P-Ar].
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 6 Figure 6 Profil enthalpique calculé pour la réaction de [1-Fe] avec N2O

Figure 7

 7 Figure 7 Mécanisme de réaction de l'addition du benzaldéhyde avec (a)[(pdl)LaI2(THF)], (b)[(pdl)2LaI(THF)]. Et mécanisme de réaction de l'addition p-NO2-benzaldéhyde avec (c)[(pdl)LaI2(THF)], (d)[(pdl)2LaI(THF)].

Figure 8

 8 Figure 8 Mécanisme d'addition γ du benzaldéhyde avec (a) [(pdl)AlCl2(THF)] et (b) [(pdl)2AlCl(THF)].

Figure 9

 9 Figure 9 Profil enthalpique calculé pour la formation de D (noir) et G (rose).

Figure 10

 10 Figure 10 Profil enthalpique calculé pour la réaction de [Yb2L4] avec le CO2. Le profil noir est la voie de formation du carbonate et le profil rouge est la voie de formation de l'oxalate.

Figure 11

 11 Figure 11 Profil enthalpique calculé pour la réaction de [Yb2L4] avec CS2

Figure 12

 12 Figure12 Profil enthalpique calculé pour la formation du complexe cis-éthènediolate de calcium

Figure 13

 13 Figure13 Profil enthalpique calculé pour l'hydroboration de la benzophénone catalysée par (Me6Tren)MgOCHMePh, où la ligne bleue représente la réaction de la benzophénone et la ligne noire celle de la 2-pentanone.

Figure 14

 14 Figure 14 Profil enthalpique calculé pour l'hydroboration de la benzophénone catalysée par Mg(OCHPh2)2

  

  

  

  

  

  

  

  

  The complexes can divide into transition metals (d-block metals and f-block metals) and main group metals (alkali metals, alkaline earth metals, other main group metals) by the different types of metal centers.

	I.3.1. d-block metal complexes
	According to the properties of metal-ligands, there are covalent σ bonds and π
	antibonds between transition metals and ligands. Transition metal elements with
	partially filled valence layer d orbital or empty d orbital can be used as electrophiles to
	provide vacant orbital or nucleophile to provide lone pair electrons when participating
	in chemical reactions, thus reducing the activation energy of the reaction and speeding

up the reaction. Among them, d-block metal catalysts have strong reactivity, high selectivity and chemical stability, so they are very important for energy materials, chemical synthesis, environmental engineering and petrochemical industry. Transition metals as intermediates have generated a large number of reports due to the diversity of their ligands. In this section, several d-block metal complexes involved in small

Scheme 1.16 Reactivity of 1Ce R with CO2 that forms the triply CO2-NHC inserted adducts irreversibly (2Ce iPr and 2Ce tBu ) and reversibly (2Ce Mes ).

  the reaction mechanism on Sm and U. In general , this reaction take places through the formation of a key intermediate in which the CO2 molecule is doubly reduced . Then, a free CO2 molecule is added to the system to form an oxalate product, or a carbonate product when CO is removed(scheme 1.17)[START_REF] Castro | Insights into the Mechanism of Reaction of [(C5Me5) 2SmII (thf) 2] with CO2 and COS by DFT Studies[END_REF][START_REF] Schmidt | Activation of SO2 and CO2 by trivalent uranium leading to sulfite/dithionite and carbonate/oxalate complexes[END_REF][START_REF] Louyriac | SO 2 and SO 3 reactions with [(C 5 Me 5) 2 Sm-O-Sm (C 5 Me 5) 2]: a DFT investigation and comparison with CO 2 reactivity[END_REF][START_REF] Castro | Activation of Heteroallenes COxS2-x (x= 0-2): Experimental and Theoretical Evidence of the Synthetic Versatility of a Bulky Guanidinato SmII Complex[END_REF][START_REF] Cooper | Multimetallic cooperativity in uranium-mediated CO2 activation[END_REF][START_REF] Castro | Carbonate formation from CO2 via oxo versus oxalate pathway: theoretical investigations into the mechanism of uranium-mediated carbonate formation[END_REF][START_REF] Castro | Insight into the Reaction Mechanisms of (MeC5H4) 3U with Isoelectronic Heteroallenes CS2, COS, PhN3, and PhNCO by DFT Studies: A Unique Pathway that Involves Bimetallic Complexes[END_REF].

	due to the high electronegativity of nitrogen atoms connected with carbene carbon Professor Anwander's group has successively synthesized a series of bulky
	atoms, and the electron density of C-N bond is biased towards nitrogen atoms by the divalent lanthanide ions complexes supported by electron-rich tris(tert-butoxy)siloxide
	electron-withdrawing effect of nitrogen, thus stabilizing the lone pair of Carbene carbon ligands, [Ln II (OSi(O t Bu)3)4K2], and investigated their catalytic properties for the
	atoms. Considering the conjugation effect, the p orbital of nitrogen atom has a pair of reduction reactions of PhNNPh, CS2 and CO2 . Siloxanes are not often used as auxiliary
	unbonded lone electrons, which can provide electrons for the empty p orbital of carbon ligands in lanthanide chemistry, and such ligands can impart stability to homogeneous
	atom, forming a three-center four-electron conjugated system. Secondly, the conjugated metal complexes and enhance the binding of reduction products. The tris(tert-
	system with the presence of a C=C bond can also stabilize the carbene. There is a lone butoxy)siloxide ligands play an important role in CO2 reduction. Thus, the Yb
	pair of electrons in the sp 2 hybrid orbital of the carbene carbon atom, which makes the complexes formed (Figure 1.3) allow the formation of oxalate and carbonate
	nitrogen heterocyclic carbene have strong nucleophilicity. According to its unique products.[77-80]. Numerous experiments and theoretical calculations have also been
	electronic properties, nitrogen-heterocyclic carbene exhibits both strong σ electron-performed to confirm
	donor and weak π acceptor properties.
	Professor Muthukumaran has synthesized and characterized a new o-aryloxide-n-
	heterocyclic Carbene ligand. Moreover, it has been proved to be an effective catalyst
	for transamidation of carboxamides with amines on transition metal center catalysts[67].
	F-block metal complexes with n-heterocyclic Carbene as ligands also can be involved
	in catalytic activation of many small molecules. For example, Professor Arnold, Kühn
	and Smith used cerium n-heterocyclic carbene complexes to selectively catalyze the
	activation of CO2 and heteroallene[68](Scheme1.16). The cerium complexes cleanly
	complexes to participate in the activation and functionalization of C-F bonds in and quantitatively insert carbon dioxide exclusively into all three cerium carbene bonds,
	aromatic and aliphatic fluorides is a hot topic today. Professor Hilmersson have forming Ce(L R •CO2)3. The insertion is reversible only for the mesityl-substituted
	demonstrated the reduction cleavage of C-F bonds by SmI2, and the products vary with complex Ce(L Mes )3. Analysis of the capacity of Ce(L R )3 to insert a range of
	the solvent and Sm sources [65]. Professor Deacon and Junk found that [La (CF3Form)3] heteroallenes that are isoelectronic with CO2 reveals the solvent and ligand size
	(CF3Form=N,N′-bis(2-trifluoromethylphenyl)formamidine) could activate all the F on dependence of the selectivity. This is important because only the complexes capable of
	the CF3 group[66]. In this paper, the C-F bond activation and the effect on selective reversible CO2-insertion are competent catalysts for catalytic conversions of CO2. The
	addition of aldehydes to trifluoromethylated benzofulvenes involved in LaI3 are studied. reversibility of the CO2 insertion appears to be crucial for further reactivity as only
	Ce(L Mes •CO2)3 is an active catalyst for the conversion of propylene oxide to propylene
	I.3.2.2. N-Heterocyclic Carbene carbonate. In the last few years that Ce(III) catalyst was demonstrated to be a great
	catalyst for a lot of really nice organic transformation including C-C bond formation, I.3.2.3. Tris(tert-butoxy)siloxide ligands N-Heterocyclic Carbene (NHC), as a special lewis base catalyst and an effective C-H activation under mild condition or under UVA. This complex exhibits brilliant metal catalyst ligand, has attracted extensive attention in organic synthesis experiments In fact, most of the reported small molecule activation reactions are focused on d-orange color under UV irradiation. and metal-organic chemistry. Compared with conventional electron-deficient carbenes, block metals. f-block metal-mediated small molecule transformations are limited to a
	n-heterocyclic carbenes are electron-rich nucleophilic compounds, more stable than small amount of reactions, such as the reductive capture of dinitrogen, the reduction of
	electron-deficient carbenes. From the perspective of an induction effect, this is mainly carbon dioxide or carbon disulfide, etc[69-76].

Figure 1.3 The Yb complex with tris(tert-butoxy)siloxide ligands Scheme 1.17 Different pathways

  

	I.3.3. s-block metal complexes
	Among the main group metals, most of the complexes mainly used for catalytic
	small molecule activation are focused on the reports for alkali and alkaline earth metals,
	such as magnesium and calcium complexes supported by mutidentate N ligand.
	I.3.3.1. Mutidentate N ligand
	Generally, ligands can be classified into monodentate and multidentate ligands
	depending on the number of coordination atoms (scheme 1.18). In the field of metal-
	organic complex research, multidentate N ligands have received much attention
	because of their properties in stabilizing multiple metal complexes. This is because the
	presence of several N atoms as Lewis acidic donors can lead to ligands with multiple
	coordination sites.
	for the CO2 reduction

Scheme 1.18 Different Mutidentate N ligand

6 Electronic Excited State Theory

  Molecular orbital theory believes that after atoms form a molecule, the electrons in the molecule are no longer confined to the original atomic orbital, but move on the entire orbital of the recombined molecule, and its state of motion is represented by 𝛹.Bonding orbital is formed by superposition of atomic orbitals with the same wave function signs, and the resulting molecular orbital energy is lower than the original atomic orbitals energy; while the antibonding orbital is formed by superimposion of atomic orbitals with opposite wave function signs, and the molecular orbital energy higher than the atomic orbitals. The linear combination of atomic orbitals into molecular orbitals needs to follow the three bonding principles, that is, the principle of symmetry matching, energy approximation, and maximum overlap. For the electron filling after combining the molecular orbitals, the molecular orbital theory believes that the filling should obey minimum energy principle, Pauli exclusion principle and Hund's rule. So the extended density functional method to deal with excited states has become a hot research topic[17,[60][61][62][63][64]. The time-dependent Schrödinger equation is: Since many elements in the d-block have a number of single electrons in their electronic configuration that are easier to lose, these metals have variable valence states, such as iron. These metals can easily form complexes due to the presence of empty dorbitals. Metallic elements adopt hybridized orbitals to accept electrons in order to reach a stable state of 16 or 18 valence electrons.The d-block metals generate complexes with different molecules or groups that can be used to catalyze small molecule activation reactions. These partially filled dorbitals and electrons give them special chemical properties: on the one hand, the empty d-orbitals can accept lone pairs of electrons from the substrate molecule, thus making the substrate molecule electron deficient and increasing its reactivity with can trigger the hydrolysis of scandium complexes. This hydrolysis can generate the desired terminal metal hydroxyl complex LnM-OH. This hydroxyl complex can be used to synthesize oxo bridged complexes LnM-O-M'Ln with different metals. However, such transition metal complexes with terminal hydroxyl groups are rare in reports. The main reason is that the reaction rate of metal-alkyl groups to produce metal-hydroxy groups through hydrolysis is in competition with the reaction rate of metal-hydroxyl dehydration to form bridged oxo, and oxo complexes are favored in both kinetics and thermodynamics[7][8][9].

		in aromatic hydrocarbons. The Journal of Chemical Physics, 1952. 20(4): p.
		722-725.
	59.	Woodward, R.B. and R. Hoffmann, The conservation of orbital symmetry. 2013:
	60.	𝑖 Runge, E. and E.K. Gross, Density-functional theory for time-dependent Elsevier. 𝜕 (2.10) 𝜕𝑡 𝛹(𝑡) = 𝐻^(𝑡)𝛹(𝑡) systems. Physical Review Letters, 1984. 52(12): p. 997.
	2 Perdew, J.P., Density-functional approximation for the correlation energy of the (2.8) where the Hamiltonian function 𝐻^ includes the kinetic energy 𝑇^ , the coulomb 61. inhomogeneous electron gas. Physical Review B, 1986. 33(12): p. 8822. 𝜀 𝑗 -𝜀 𝑖 interaction 𝑊^ and the time-dependent external potential energy 𝑉^(𝑡): 62. Tawada, Y., et al., A long-range-corrected time-dependent density functional
		theory. The Journal of chemical physics, 2004. 120(18): p. 8425-8433.
	where qi is the number of electrons occupied by the donor orbital; εi, εj are the Fock 𝐻^= 𝑇^+ 𝑊^+ 𝑉^(𝑡) 63. Stratmann, R.E., G.E. Scuseria, and M.J. Frisch, An efficient implementation of (2.11) time-dependent density-functional theory for the calculation of excitation diagonal elements (orbital energy) of NBO respectively; F (i, j) is Fock non-diagonal energies of large molecules. The Journal of chemical physics, 1998. 109(19): p.
	elements of NBO. When TD-DFT calculates the excitation energy, only the eigenvalues and orbitals 8218-8224.
	64. of the ground state Kohn-Sham equation are used, and only one self-consistent field Petersilka, M., U. Gossmann, and E. Gross, Excitation energies from time-dependent density-functional theory. Physical review letters, 1996. 76(8): p.
		1212.
		At present, many methods have been proposed to solve the problem of electronic
	excited state. There are roughly two methods that can be widely accepted: Transition-bond mode.
	Molecular orbitals are formed by linear combinations of atomic orbitals, and as many based and State-based. Among them, time-dependent density functional theory (TD-III.1.1. Introduction
	molecular orbitals as there are atomic orbitals, such as atomic orbitals φ1 and φ2, they DFT) is a transition-based method that has developed rapidly and accurately in recent
	can be combined into two molecular orbitals 𝛹 and 𝛹′. years. TD-DFT can give accurate electronic transition excitation energy through the III.1.1.1. Interconversion of hydroxo and oxo using scandium complexes supported by
	calculation of exchange-correlation functional. the dianionic pentadentate ligand B2Pz4Py
		𝛹 = 𝐶 1 𝜑 1 + 𝐶 2 𝜑 2
		𝛹 ′ = 𝐶 1 𝜑 1 -𝐶 2 𝜑 2	(2.9)

Reed A. E et al. called this orbital interaction the Lewis base-Lewis acid interaction.

The theoretical analysis of NBO through the analysis of natural atomic orbital population, natural hybrid orbital analysis and electron transfer model analysis between electron Donor-Acceptor, can clearly give the type of bond between atoms, molecular orbital composition and its interaction. It is suitable for the analysis of neutral hydrogen bonding or non-hydrogen bonding complexes and intramolecular orbital interactions

[52][53][54][55] 

.

II.1.5. Molecular orbital

Molecular orbital theory was proposed by German physicist Hund and American chemist Mulliken in 1932, and is one of the modern covalent bond theories. They used the theory to clarify the nature of molecular bonds and solved the problems that valence bond theory could not solve

[START_REF] Hückel | Theory of free radicals of organic chemistry[END_REF][START_REF] Mulliken | Spectroscopy, molecular orbitals, and chemical bonding[END_REF]

.

In 1951, Japanese theoretical chemist Kenichi Fukui proposed Frontier Molecular Orbital Theory (FMO)

[START_REF] Fukui | Tandem deoxygenative hydrosilation of carbon dioxide with a cationic scandium hydridoborate and B (C 6 F 5) 3[END_REF]

. In 1965, Woodward and Hoffmann proposed the principle of the Orbital Symmetry Conservation[59] . These two theories have a pivotal position in quantum chemistry, because their establishment marks that modern chemistry can no longer only study the static properties of molecules, but the dynamic processes of molecules can also be studied. The frontier orbital theory believes that the electron cloud around molecules can be subdivided into molecular orbitals of different energy levels according to their energy. When the electrons are arranged, they do not occupy the highest energy molecular orbital (Highest Occupied Molecular Orbital, HOMO), but occupy the lowest energy molecular orbital (Lowest Unoccupied Molecular Orbital, LUMO), and the others have little effect on the reaction. HOMO and LUMO are the frontier molecular orbital that play a decisive role in chemical reactions.

2.

In 1978, Peukert first obtained the time-dependent Kohn-Sham equation, before that the traditional Kohn-Sham equation can only deal with ground-state molecules. calculation is required. The above method is to solve the problem of excited state and multi-state structure within the DFT framework. Because of the low-frequency adiabatic approximation to the exchange correlation potential, it can give accurate results for single-electron low-lying states. nucleophilic reagents; on the other hand, the electrons on the d-orbitals can flow to the empty orbitals of the substrate molecule, making the substrate molecule electron rich and increasing its reactivity with electrophilic reagents. Through the interaction with the metal d-orbitals, the electronic properties of the substrate molecule change and activation is achieved, resulting in a higher value product. In this chapter we focus on two kinds of d-block metal complexes and their reactivity to small molecule activation.

III.1. Scandium complex and iron complex supported by pentadentate ligand

Research on d-metal complexes supported by pentadentate ligands B2Pz4Py or BPz2Py3 have been studied. The first row of transition metals has been coordinated and synthesized by such pentadentate ligands

[1][2][3][4][5]

. This chapter mainly discusses the different reaction properties brought by the diversity of the terminal metal linking groups of iron complexes and scandium complexes and the derivatives of the multi-Scandium alkyl complexes supported by the dianionic pentadentate ligand B2Pz4Py can react with proton reagents to form oxo complexes

[3, 6]

, Even trace amounts of water

Table 3 . 1

 31 Bond dissociation energy involving Fe(III)-NH2 and Fe(II)-NH3

		BDE(kcal/mol)	
		Fe-NHn bond	N-H bond
	Fe(II)-NH3	20.3	75.5
	Fe(III)-NH2	46.5	97.1

Table 4 . 1

 41 The distance between the main atoms in calculations and experiments. The bond length unit is Å.

			Calculation	Experiment
		G(pyridine)	D(phenanthroline)	G(pyridine )	D(phenanthroline )
	Sm-I	3.13	3.11	3.12	3.24
	Sm-N(Pyridine)	2.60	2.68	2.63	2.67
	Sm-N(L)	2.41	2.49/2.44	2.57	2.56
	Sm-O	2.51	2.50	2.13	2.15
	O-C(Ph2)	1.47	1.46	1.4	1.4
	C-C(Ph2)	1.52	1.53	1.55	1.54

  [Sm2L4], the calculation results support the bimetallic synergistic effect observed in the experiment, which is more conducive to the production of oxalate. In [Yb2L4], we verified the bonding mode of a new key intermediate found in the experiment, and because of this unique intermediate, the reaction experienced a different cycloaddition mechanism, causing the transition state to appear sulfur-to-sulfur , carbon to carbon

	V.1. Introduction
	Activation of organic or inorganic small molecules catalysed by compounds of
	main group elements has been extensively studied in the last decade. However, main
	group metal catalysts for functionalisation are still underdeveloped compared to
	systems based on transition metals and lanthanides. Some experimental and
	computational studies have however been carried out for main group metals in catalytic
	reactions of small molecules supported by multi-dentate N heterocyclic ligands.
	Molecular hydride calcium contains a variety of co-ligands and has shown activity
	in many relevant catalytic reactions such as olefin hydrogenation and CO reduction[1-
	8]. As an example of a mononuclear calcium hydride with a terminal Ca-H bond,
	[(Tp Ad,iPr )Ca(H)(thp)] (Tp Ad,iPr =hydrotris(3-adamantyl-5-isopropyl-pyrazolyl)borate)
	four-membered ring.

  Two of the HBpins were connected to the Mg center via O, while the other two HBpins interacted with O in the alkoxy group via B. This process exotherms 24.3 kcal/mol. The reaction continued exothermally after the addition of benzophenone, thus producing a stable Intermediate II, in which the benzophenone substitutes the two HBpin ligands on Mg. The boron center hydride then interacts with the carbonyl carbon in Ph2CO to form the six-membered transition state III, which has a very low energy barrier of 3.1 kcal/mol. Intermediate IV is produced after transition state III, where the reduced benzophenone and the boronic acid ester remain bound to the Mg center. the process exotherms 27.6 kcal/mol. The second H-transfer on HBpin occurs on IV, with an energy barrier of 9.6 kcal/mol for the six-membered transition state V. This further leads to a stable intermediate, in which the two boronic esters bind to Mg.We have computed this process using DFT. Initially, the coordination of HBpin to Mg(OR)2 produced intermediate I. This process exotherms 24.3 kcal/mol. The reaction continued exothermally after the addition of benzophenone, thus producing a stable Intermediate II, in which the benzophenone substitutes the two HBpin ligands on Mg.

	The boron center hydride then interacts with the carbonyl carbon in Ph2CO to form the
	six-membered transition state III, which has a very low energy barrier of 3.1 kcal/mol.
	Intermediate IV is produced after transition state III, where the reduced benzophenone
	and the boronic acid ester remain bound to the Mg center. the process exotherms 27.6
	kcal/mol. The second H-transfer on HBpin occurs on IV, with an energy barrier of 9.6
	kcal/mol for the six-membered transition state V. This further leads to a stable
	intermediate,	in	which	the	two	boronic	esters	bind	to	Mg.

de molécules par des complexes mono et multimétalliques ! Une approche théorique résumé

  These work could provide ideas on the mechanism of catalytic small molecule activation for future complexes formed by various ligands combined with metal centers, and could serve as a comparable example. Currently, each of the ligands we calculated is restricted to the same block of the periodic table, and it would be interesting to extend them to the application of different blocks of metal centers in the future.On trouve des petites molécules dans tous les coins de la vie. En raison de la spécificité des électrons de valence de l'orbitale d, les chimistes pensaient autrefois que l'activation des petites molécules devait se faire par des composés métalliques à blocs d/f. Les premiers rapports sur l'activation de petites molécules par les éléments du groupe principal avaient des décennies de retard sur les éléments des métaux de transition. La manière d'activer les liaisons très fortes dans les petites molécules est un défi permanent pour les chimistes organométalliques et de coordination. Ainsi, la BPz2Py3 ont été étudiées. La première rangée de métaux de transition a été coordonnée et synthétisée par de tels ligands pentadentate. Cette section traite principalement des différentes propriétés réactionnelles apportées par la diversité des groupes de liaison

	métalliques terminaux des complexes de fer et des complexes de scandium et des dérivés du mode multiliaison[1-4]. Tout d'abord, un ligand pentadentate est proposé qui peut ajuster la charge du ligand en ajoutant ou en soustrayant des atomes de bore, à savoir B2Pz4Py et BPz2Py3[5-7]. Les réactions d'interconversion des complexes pontés hydroxyle de scandium et des complexes pontés oxo supportés par le ligand dianionique B2Pz4Py en ajoutant ou en soustrayant de l'eau sont tout d'abord calculées. Les calculs DFT démontrent la Activation Le chapitre 1 présente principalement le contexte de la thèse. Le développement stabilité thermodynamique du scandium hydroxyle dimérique et que sa conversion
	et le processus de recherche de plusieurs réactions élémentaires impliquées dans
	l'activation de petites molécules et les catalyseurs complexes impliqués dans la thèse
	sont principalement présentés.
	Le chapitre 2 se concentre sur certaines connaissances théoriques de base
	impliquées dans l'approche computationnelle. Par exemple, la formulation de la DFT,
	la définition des ensembles de base de calcul, le concept des états de transition, et la
	théorie des orbitales de liaison naturelle et des orbitales moléculaires de frontière.

conception de divers ligands pour la coordination des métaux dans différents blocs a considérablement enrichi le domaine de la chimie organique et offre une multitude de possibilités pour l'activation catalytique de petites molécules. Par conséquent, cette thèse se concentre sur les mécanismes théoriques de l'activation de petites molécules catalysée par plusieurs complexes métalliques d-block, f-block et s-block, qui sont résumés ci-dessous pour chaque chapitre. Le chapitre 3 se concentre sur les complexes métalliques à bloc d. Des recherches sur les complexes de métaux d supportés par des ligands pentadentate B2Pz4Py ou hydrolytique en complexes oxo ne nécessite que de surmonter une faible barrière énergétique de 13,2 kcal/mol. Les deux peuvent donc être facilement transformés l'un en l'autre(Figure

Chapter II Theoretical Backgroud

Chapter III d-block metal complexes

When dialkyl scandium (BPz2Py3)ScR2 was reacted with 2,6-di-iso-propylphenyl phosphine to prepare phosphinidene analog [Sc-P-Ar], yet another new product was found [Sc-P-Ar]'. Experimental characterisation illustrated that in this product, no Sc=P was found and the symmetry was significantly lower than in the structure of [Sc-P-Ar].

The structure of the product [Sc-P-Ar]' obtained by optimisation shows that one of the equatorial pyridine groups in the ligand has undergone a C-C bond cleavage, generating a new tetradentate ligand. We have carried out a mechanistic study on the formation of this new tetradentate ligand. 

III.2.2. Computational details

In this section, the density functional theory (DFT/B3PW91) method is used to carry out theoretical calculations on the lanthanum-mediated aldehyde addition reaction [27][28][29]. 6 For Fe, the relativistic energy-consistent pseudopotential of the Stuttgart-Köln ECP library was used in combination with its adapted segmented basis.

The split basis set 6-31G (d, p) is used for atoms such as C, H, O, and N [17]. The structural optimization and energy correction calculations are carried out for each stagnation point in the reaction, and it is confirmed that the transition state has unique negative frequency and negative eigenvalues. In addition, the intrinsic reaction coordinate calculation (IRC) was performed on the transition state to confirm that the transition state is on the reaction path of the reactants and products [30,31]. All The distance between the two Fe and N does not vary much in the reactants and products, while the N-P distance in the products is a little longer than that in the products.

III.2.3. Results and discussion

And it can be seen that the Fe-Fe distance in the products is very short, only 2.236 Å. This is consistent with experiment. The 19 F spectrum proved that in the La/I2/AlCl3 system, there are two different metal dienyl complexes as intermediates. When AlCl3 was added to the La/I2 system, a peak corresponding to Al-dienyl substances gradually appeared in the 19 When bipyridine and phenanthroline, which have a higher reduction potential than pyridine, are added to the purple compound I, the solution gradually changes color to the final yellow color at room temperature, and the alcohol after benzophenone reduction can be obtained by cooling and crystallizing. However, if the I compound solution is heated directly at 110°C for 16 hours, it will also turn yellow. Therefore, in order to understand the mechanism of this change, we will perform theoretical calculations.

Chapter IV f-block metal complexes

IV.2.1. Computational details

In Gaussian 09, the B3PW91 hybrid functional is used to optimize the geometric configuration of the reactants, intermediates and products [19-21, 27, 28]. There is a basic pathways for the conversion of CO2 by reduction at the bimetallic complex [52]. A two-electron reduction of one CO2 molecule to generate a key intermediate M-(CO2 ) 2--M . And then a free CO2 molecule adds into the system to form oxalate, or remove CO to generate carbonate.

Professor Mazzanti [53] reported a bimetallic coordination compound of a multidentate tris (tertbutoxy) siloxide ligand with samarium or ytterbium, which is

[Yb2L4] and [Sm2L4] (L=(O t Bu)3SiO -), respectively. These two complexes react with carbon dioxide to produce oxalate and carbonate, and experiments have confirmed the species that exist as dimers in non-polar solutions are favorable to the formation of oxalate. Professor Mazzantiobtained an unprecedented acetylenedithiolate (C2S2 2-) product through the reductive coupling of [Yb2L4] and CS2 [54]. We will study the mechanism of DFT based on these two reactions. Here Ph2C(H)O is considered as a sacrificial ligand. In their experiments, they extended the aldehydes to generate hydroboration product (R1R2) CHO-Bpin, such as dibenzaldehyde and 2-pentanone. For the alkyl-substituted ketone 2-pentanone, 95% yields could be achieved within half an hour. But for benzophenone, the reaction takes 14 hours and the yield is only 65%. Therefore, we will investigate this mechanistically. 

V.2. Computational details

Calculations were carried out at the DFT level using the hybrid functional B3PW91 [23,24] with the Gaussian 09 suite of programs. Polarized all-electron triple- 

General Conclusion

Generally speaking, compounds with relative molecular mass less than 500 are collectively referred to as small molecules. Small molecules are found in all corners of life. Because of the specificity of the d orbital valence electrons, chemists once thought that the activation of small molecules had to be done by d/f-block metal compounds.

The first reports of activation of small molecules by the main group elements were decades behind the transition metal elements. How to activate very strong bonds in small molecules is a continuous challenge for organometallic and coordination chemists.

Thus, the design of diverse ligands for coordination of metals in different blocks has greatly enriched the field of organic chemistry and offers a wealth of possibilities for catalytic small molecule activation. Therefore, this thesis focuses on the theoretical mechanisms of small molecule activation catalyzed by several d-block, f-block, and sblock metal complexes, which are summarized below for each chapter.

Chapter 1 mainly introduces the background of the thesis. The development and research process of several elementary reactions involved in the activation of small molecules and the complex catalysts involved in the thesis are mainly introduced.

Chapter 2 focuses on some theoretical background knowledge involved in the computational approach. For example, the formulation of DFT, the definition of computational basis sets, the concept of transition states, and the theory of natural bond orbitals and frontier molecular orbitals.