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Introduction

Nowadays, there is a constant need for the development of new chemical reactions, for industrial or pharmaceutical applications. The purpose can be to access new kinds of active molecules, or to develop new synthetic routes, for cheaper, less toxic processes, that produce less waste.

Nevertheless, such innovations require a fine understanding of the phenomena involved. This understanding is not always trivial, and many discoveries are made by chance, or in an incremental fashion starting from an already known method, which limits the possibilities of breakthrough discoveries. This thesis has the ambition to help change the way new reactions are developed. In this thesis, we focus on a parallel work between methodology development and mechanistic study. We are half-way between classical conditions for screening and optimization and usual mechanistic studies, that are often done years after the reaction is first published, sometimes by a different research group.

The mechanism of a reaction is the step by step description of the transformations that occur during a chemical reaction. It includes the description of all the intermediates, but also the description of the transition states. A complete reaction mechanism must account for all the reactants and products, but also for the catalysts, and describe the stereochemistry of the products formed. Ideally, the reaction conditions (solvent, temperature…) are also taken into account.

Investigation of mechanisms allows a deeper understanding of the fundamental reactivity of species, especially in catalysis, allowing one to reduce the tedious work of conditions screening. In the ideal case, both conditions optimization and mechanistic studies are made in parallel, avoiding a blind choice of conditions. Mechanistic investigations can be generalized and provide keys for the understanding of several related reactions, and improve the development of new reactions.

Mechanistic studies are already used for industrial processes where they can help anticipate the rate of reactions and the amount of by-products to optimize the processes. This approach may allow to save time and money.

In this thesis, all the mechanistic studies presented use a complementary approach, with both experiments and calculations. Experiments allow one to obtain kinetic data and information on the structure of some intermediates. They are performed in the "true" reaction conditions. For the theoretical part, Density Functional Theory methods are used to answer questions that cannot be addressed experimentally. Theoretical insights for instance allow one to postulate the nature of short-lived species that cannot be isolated or charaterized. On the other hand, one limit of this approach is that it does not account for the actual complexity of the reaction medium. Several mechanistic hypotheses can be tested and compared, in accordance with the experimental results. Complementary experiments can then be performed, with a coming and going between theory and experiments.

For the reactions studied, we focused on solving key points that can be generalized. We are interested in reactions that happen in mild conditions, either in the absence of transition metal catalyst or with copper, which is a cheap metal of low toxicity and which displays interesting reactivity. This thesis is composed of four independent chapters. The first chapter presents the methods that are used in the following ones.

The second chapter presents the mechanistic study of the alpha-arylation of aryl ketones mediated by tBuOK and DMF. This reaction proceeds in the absence of a transition-metal catalyst. The state of the art and the development of the method by Martin Pichette Drapeau under the supervision of Marc Taillefer and Thierry Ollevier is presented. A SRN1 mechanism was suspected but the initiation of the radical process required a fully detailed study. The experimental and theoretical results obtained are presented. The main goal of this chapter is the understanding of the peculiar and unique role of the tBuOK/DMF couple in the initiation of this radical reaction.

The third chapter concerns the mechanistic study of the copper-catalyzed arylation of pyrazoles. The first part presents the optimized conditions for the reaction studied which were developed by Fouad Ouazzani and Marc Taillefer. The advantages of the use of diazonium salts are then presented, along with an overview of their reactivity, with and without transition metal catalysts. The second part of this chapter consists of the mechanistic study of the reaction, done during this thesis. It is composed of both experimental and theoretical results. It involves in particular a screening of the DFT approaches for this reaction, which was one of the goals of

Experimental techniques

In this thesis, we use a combination of various experimental techniques to investigate reaction mechanisms.

Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a routine powerful non-selective and non-destructive analytical tool that allows the determination of molecular structures, concentrations, and interactions. 1 H and 13 C are classically used for the complete characterization of isolated compounds. 1 H represents 99.98 % of naturally abundant hydrogen and has a spin ½. It is highly responsive to NMR spectroscopy. One of the drawbacks of this spectroscopy, in the context of mechanistic study, is that protons are present in all organic chemical species, in particular in solvents (which leads to the use of deuterated solvents). This can make the study of a complex reaction medium difficult because of the high number of signals and because of their possible superposition. Nevertheless, no-deuterium proton NMR is becoming popular for analyzing reactions. 1 13 C has also a spin of ½, but this isotope is naturally present at only 1.1 %, whereas the major isotope of carbon, 12 C (98.93 %), has a spin of zero and is not detectable by NMR. This low sensitivity implies long acquisition times for 13 C NMR spectra. These timescales are not compatible with the study of the mechanisms of reactions that happen within minutes. In addition, the same drawbacks as 1 H NMR relative to the high number of signals exists.

In this context, 19 F is highly responsive to nuclear magnetic resonance spectroscopy. It has a nuclear spin of ½ and this isotope of fluorine represents 100 % of naturally abundant fluorine. For these reasons, 19 F NMR measurements are very fast. 19 F NMR chemical shift range is wide, between -50 and -200 ppm for the most commonly encountered signals.

Fluorine is not present in many organic molecules and solvents. This heteroatom can be selectively introduced on some molecules to study the evolution of a limited number of species, directly in a complex reaction mixture. We typically use a DMSO-d6 insert for the reference for the NMR acquisition, to avoid the use of deuterated solvent inside the reaction medium.

Moreover, the presence of fluorine induces coupling with 13 C and 1 H. The signals can be decoupled, but the coupling can give useful information on the structure of the products. To have quantitative signals for 19 F NMR, the relaxation delay d1 must be long enough, to allow the spins to return at the equilibrium. We typically use d1 of 10 s in all our experiments.

Cyclic voltammetry

Molecular electrochemistry is a powerful tool to study the mechanisms of reactions that imply changes in the oxidation state of species. 2 In this thesis, cyclic voltammetry (CV) was used as an electrochemical analytical method. It consists of the observation of the current of a system at an imposed potential that varies linearly with time. The conditions are non-stationary: the experiments are performed without stirring the solution, which suppresses convection, and the observed properties are governed by the diffusion. The migration of the charged species in the electric field due to the potential between the electrodes is suppressed by the addition of a support electrolyte. This electrolyte is present in the solution at a high concentration (typically 0.3 mol.L -1 , in 100-fold excess with respect to the observed species) to ensure a good conductivity. It also limits the non-faradaic contributions of the measured intensity. The electrolyte must be soluble, nonelectroactive and chemically inert. It must allow the elimination of the migration mode of mass transport, and a high conductivity (with a low ohmic drop) and allow a high and constant ionic strength. In organic solvents, the commonly used electrolytes are ammoniums: R4N + BF4 -or R4N + PF6 -. We generally choose nBu4NBF4 which is non-hygroscopic and easy to handle. The solvent used must be able to conduct with a high dielectric constant, and must be nonelectroactive (or exhibit a large domain of electroactivity). Polar organic solvents are good candidates (DMF, CH3CN, THF, MeOH, CH2Cl2, CHCl3, DMSO), and are compatible with many current reactions.

A three-electrode set up is used (Figure 1.1). The potential is imposed between the working electrode (a gold or glassy carbon disk in our case) and the counter-electrode (a platinum wire). The potential is measured between the working electrode and the reference electrode. We used a saturated calomel electrode (SCE, Eref = 0.244 V/SHE at 25 °C, Hg(l) / Hg2Cl2(s) / KClsaturated). The current is measured between the working electrode and the counterelectrode.

Figure 1.1 -Three-electrode set up for cyclic voltammetry (left) and its equivalent electrical scheme (right)

The reference electrode is separated from the solution by a bridge containing the solvent and the supporting electrolyte. In practice, the imposed potential is an affine function of time, with a chosen scan rate. Starting from an initial potential Ei, at which no reaction occurs, the potential reaches Ef. The obtained voltammogram is called cyclic if the potential reaches Ei again at the end of the measurement (Figure 1.2, left). To avoid any problem of natural convection, the scan rate is chosen greater that 50 mV.s -1 . The change of potential induces the reduction of a species to form by electron transfer, and an electrical current is detected ( -→ ). This current decreases again when all the species in the diffusion layer is consumed. By symmetry a peak is also obtained for the oxidation of in in the case of a reversible system ( → -) (Figure 1.2, right). During the reduction of , the working electrode is the cathode and the counter electrode is the anode. During the oxidation of , it is the opposite.

With this technique, electroactive organometallic species can be characterized by their oxidation or reduction potentials. Cyclic voltammetry can generate short-lived species by electrochemical oxidation or reduction. This allows the investigation of reactive species that cannot be observed with spectroscopic techniques (NMR, UV-vis). Reduction or oxidation Chapter 1 -Methods for mechanistic studies 20 currents are proportional to the concentration of the electroactive species in the bulk, and their reactivity can be followed. 

Radical trapping and radical-clock experiments

Radicals are very reactive and usually short-lived species. When electrochemically generated, radicals tend to adsorb at the surface of the electrode. The grafting of an organic layer on the electrode blocks the access of electroactive species to the electrode for further analysis. Indeed, for example, the grafting of aryl radical starting from diazonium salts is a known and well-developed technique for the functionalization of electrodes and other surfaces. 3,4 This phenomenon makes the study of radical reactions by CV challenging.

Other techniques can be used to evidence the formation of radicals, and to identify their nature. In this thesis we used two strategies: the introduction of radical scavengers, and radical clock experiments.

Radical scavengers

Radical scavengers can be of various nature. Galvinoxyl and (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) (Figure 1.3) are both stable radicals that can be easily introduced in the reaction medium. If radicals are formed during the reaction, a radical-radical coupling is likely to occur and stop the propagation of the reaction. TEMPO is the most commonly used nitroxide. It is commercially available and it is an efficient trap for carboncentered radicals. 3). BHT in easily oxidized, especially with reactive oxygen species, and can form a phenoxy radical. It is a commonly used antioxidant in food, cosmetics, pharmaceuticals and chemicals. p-Dinitrobenzene, when reduced, forms a very stable radical.

Those radical scavengers are typically introduced in stoichiometric amount in the reaction medium of the system studied, with no modification of the reaction conditions. If their introduction greatly affects the yield of the reaction, it is generally considered as a proof that the main mechanistic pathway for the reaction involves free radicals. In some cases, adducts between the radical scavenger and a reactant can be isolated and this gives further information on the nature of the radical species involved. Nevertheless, if the presence of radical scavengers does not affect the yield of the reaction, it does not necessarily imply that the reaction does not involve radicals. Indeed, there is the possibility to produce very short-lived radicals during the reaction, for example in the coordination sphere of transition metal complexes. These radicals might not have time to be trapped by the radical scavenger before they react.

More generally, in the case of radical trapping studies, it is important to keep in mind that the introduction of these radical scavengers can affect the reaction due to their oxidizing or reducing properties, and not only because radicals are formed.

Radical-clock experiments

To address the issue of very short-lived radicals, another possible method is the use of radical-clocks. The term "radical-clock" is used to describe a unimolecular reaction with known kinetics. This reaction can be applied to "time" a given radical reaction. Some typical radicalclock reactions are reported in Figure 1.4.

Figure 1.4 -Typical radical-clock reactions, and their rate constants [START_REF] Renaud | Radicals in Organic Synthesis[END_REF] In opposition to the introduction of radical scavengers, which is straightforward, this method requires the synthesis of new substrates for the reaction studied. For example, if the formation of an alkyl radical is suspected, the substituents from Figure 1.4, equations (2), (3) or ( 4) can be introduced. If an aryl radical is suspected, the substituent from Figure 1.4, equation ( 5) can be introduced. An example is depicted in Figure 1.5.

Figure 1.5 -Radical-clock experiment in the case of gold-catalyzed cross-coupling 6 Radical-clock experiments can also give access to useful kinetic data, since the rate constants for the radical-clock reactions are known and tabulated (Figure 1.4). In our case, we used these reactions for qualitative results only, that is to evidence -or not -the formation of a radical. No kinetic data were therefore derived from these experiments.

Theoretical methods

Theoretical methods are used in combination with experimental techniques for the elucidation of reaction mechanisms.

The theoretical toolbox [7][8][START_REF] Jensen | Introduction to Computational Chemistry[END_REF] Fundamental aspects of the electronic structure

The fundamental equation of quantum mechanics is the Schrödinger equation [START_REF] Schrödinger | [END_REF] which, in its time-independent version, can be written:

̂Ψ ⟩ Ψ ⟩ (1.1)
In this equation, ̂ represents the Hamiltonian of the system, Ψ the total wave-function of the system and the total energy of the system. This equation allows to describe the physical properties of macroscopic systems. It can be exactly solved only for simple systems with one electron. Different approaches exist for the mathematical approximated resolution of this equation for polyelectronic systems.

Usually, methods that do not rely on the use of parameters in the resolution of this equation are called "ab initio". They aim at finding the polyelectronic wave-function of the system. They usually start with the Hartree-Fock (HF) approximation, eventually followed by different corrections aiming at introducing the missing correlation energy in the original HF method (see below for further explanation).

Nonetheless, it has been shown that the ground state of an electrons system can be fully defined by its density (which is actually an observable). The energy can be thus expressed as a functional of the electronic density. Approaches of this type are rooted on Density Functional Theory (DFT).

All HF and post-HF as well as DFT methods that were used in this thesis will be briefly detailed in this section.

The Schrödinger equation

The Hamiltonian of a generic system constituted by electrons and nuclei can be written as the sum of the kinetic ( ) and potential ( ) energy.

̂ (1.2)
These two terms can both be decomposed into their electronic and nuclear contributions.
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̂ represents the electronic kinetic energy and the nuclear kinetic energy. , and represent the nuclei-electron, electron-electron and nuclei-nuclei coulombic electrostatic interaction respectively.

# and / run over the nuclei, -and . run over the electrons of the system. is the mass of the electron, is the mass of the nucleus #, ℏ is the Planck constant divided by 2*, is the charge of the electron, ℰ 0 is the electric constant, ) the charge of the nucleus I and , 1

is the distance between particles a and b. ∇ 2 is the Laplacian operator, defined as a sum of differential operators (in cartesian coordinates).

∇ 2 = 2 2 2( ² + 2 2 2% ² + 2 2 23 ² (1.5)
In atomic units, = 1, ℏ = 1, = 1,

1 46ℰ 7
= 1, and the Hamiltonian of the system can be written:
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The Born-Oppenheimer approximation

In order to simplify the Hamiltonian, the coupling between the movement of the electrons and the nuclei can be neglected. The electrons can be considered as instantaneously moving in the field generated by fixed nuclei. This approximation is known as the Born-Oppenheimer approximation.

Indeed, under typical physical conditions, the nuclei of a molecular system are moving much slower than the electrons, since protons and neutrons are about 1800 times heavier than electrons. The nuclear kinetic energy can be neglected and , the nuclei-nuclei coulombic electrostatic interaction can be considered constant, which leads to a simplification of the total Hamiltonian: 7) with:
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The electronic wave-function of the system can thus be derived as:

: |Ψ : ⟩ = : |Ψ : ⟩ (1.9)
While the total energy of the system reads:

= : + ∑ ; , !" ∑ ) ) 9 , 9 <9 
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By analyzing more carefully the electronic Hamiltonian, it can be decomposed into mono and bielectronic terms, that is:

: = ∑ ℎ 1 (-) , + ∑ , ∑ ℎ 2 (-, .) <8 (1.11)
The monoelectronic operators (ℎ 1 ) collect the kinetic energy and the interactions of each electron with the nuclei.

ℎ 1 = 1 2 ∇ 2 ∑ ) , ; , !"
(1.12)

While the bielectronic term (ℎ 2 ) represents the electron-electron coulombic repulsion.

ℎ 2 = 1 , 8 (1.13) 
For polyelectronic systems, because of the two-electron interactions, the Schrödinger equation cannot be solved exactly. Approximations have been developed to solve this problem.

Variational principle

The variational principle allows to systematically approach the wave-function of the ground state Ψ 0 , which is the state that delivers the lowest energy 0 . It states that, for a normalized wave-function, the computed energy will be an upper bond to the true energy.

⟨Ψ >? : | ̂|Ψ >? : A = >? : ≥ 0 = ⟨Ψ 0 | ̂|Ψ 0 A (1.14)
The equality holds if and only if Ψ >? : = Ψ 0 . In order to find the ground state energy and the ground state wave-function, the functional [Ψ] has to be minimized by searching through all n-electron suitable wave-functions:

0 = min C→ [Ψ] = min C→ ⟨Ψ| ̂|ΨA (1.15)
Ψ → means that Ψ is an allowed n-electrons wave-function. This principle can be applied to a set of chosen possible functions, and the result obtained will be the best approximation to the exact wave-function that can be obtained from this particular set.

The basis set

The ensemble of functions that will be combined to represent the electron wavefunction is called a basis set. The many electrons wave-function can be approximated using mono-electronic wave-functions. The mono-electronic functions D (() are called molecular spin orbitals and are composed of a spatial orbital E (,) and of a spin function F(G) with the following relationship:

D (() = E (,)F(G), F = H, I (1.16) 
It means that for each spatial orbital, two spin orbitals can be obtained, E (,)H(G) and E (,)I(G). ( represents all the coordinates of the electron: the spatial coordinates , and the spin coordinate G. The spin functions have the property of being orthonormal.

∫ H * (G)H(G)LG = ∫ I * (G)I(G)LG = 1 ∫ H * (G)I(G)LG = ∫ I * (G)H(G)LG = 0
(1.17)

The spin orbitals themselves are usually chosen to be orthonormal as well.

∫ D * (()D 8 (()L( = M 8 (1.18) where M 8 is the Kronecker symbol which equals 1 if -= . and 0 otherwise.

In the LCAO (Linear Combination of Atomic Orbitals) approach, the spatial component E(,) of these molecular spin orbitals is expressed as a linear combination of basis functions N O (,), called atomic orbitals.

E (,) = ∑ P Q N O (,) R Q=1 (1.19)
The P Q coefficients are the coefficients for the development of the molecular orbital E (,) on the basis functions N O (,).

The molecular orbital is represented by a finite number T of basis functions. This is an approximation since an accurate representation of this molecular orbital would require a complete basis, with an infinite number of basis functions. The mathematical expression of the basis functions has to account for the physics of the system, but also to be practical when it comes to the calculations of the required integrals.

Exponential functions, with a radial decay in -? are good candidates: they converge to zero as the distance between the electron and the nucleus increases, and they are known to be exact solutions for the hydrogenoic atoms. These are the Slater functions or Slater Type Orbitals (STO), where U, , V and are parameters:

N Q (,, W, N) = X :,Y (W, N), -1 -Z? (1.20)
Unfortunately, they turn out to be computationally challenging for practical application.

Gaussian functions, with a radial decay in -?² , describe less accurately the electronic structure.

Indeed, they have no cusp at the nucleus and their reduction in amplitude with distance is too rapid. Nevertheless, they are much easier to handle computationally. These are the Gaussian Type Orbitals (GTO):

N Q (,, W, N) = X :,Y (W, N), 2 -2-: -Z?² (1.21)
To have a better description of the electronic behavior near the nucleus using GTOs, the behavior of the Slater functions can be reproduced using a linear combination of GTOs.

A basis function composed of a linear combination of GTOs is called a "contracted" basis function. The individual GTOs are called "primitives".

To sum up, the wave-function is represented using mono-electronic molecular spin orbitals. Their spatial components are expressed as linear combinations of basis functions centered on atoms called atomic orbitals. These latter are a linear combination of GTOs. The mathematical expression of the wave-function itself, as a function of the molecular spin orbitals, still remains to be defined.

The Hartree-Fock approach

In the case of the Hartree-Fock approximation, the complicated many-electron wavefunction is approached by an antisymmetrized product of one-electron wave-functions D (( ), referred to as the Slater determinant Φ \] .

Ψ 0 ≈ Φ \] = 1 √ ! det ( D 1 (( 1 ) D 2 (( 1 ) … D (( 1 ) D 1 (( 2 ) D 2 (( 2 ) … D (( 2 ) ⋮ ⋮ ⋮ D 1 (( ) D 2 (( ) … D (( ) ) (1.22)
The prefactor 1 √ ! is a normalization factor. This determinant is antisymmetric since it changes sign when exchanging two rows or two columns. This is in agreement with the fermion nature of the electrons. The Pauli principle is also respected: two electron cannot occupy the same spin orbital. It would mean having two columns identical, and the determinant would equal zero.

With this expression in hand for the wave-function, solving the electronic Schrödinger equation reduces to find the Slater determinant yielding the lowest energy by varying the spin orbitals D under the constraint that they remain orthonormal.

cd = min C ef → [E \] ] (1.23)
The wave-function is optimized variationally by using the molecular orbital coefficients as variational parameters. The variational freedom arises from the choice of the orbitals.

The Hartree-Fock method was the first ab initio method to be developed. The restricted Hartree-Fock (RHF) method is used for systems in which a pair of electrons with opposed spins occupies the same spatial orbital. Using the electronic Hamiltonian defined in equation (1.11) on the Slater determinant of equation (1.22), the HF energy is given by:

: cd [E \] ] = ∫ E \] * : E \] L( (1.24) = ∑ ∫ D * (() [ 1 2 ∇ - 2 ∑ ) # , -# #, $%&'( ] D (() L( =1 + 1 2 ∑ ∑[∫ ∫ D * (( 1 )D 8 * (( 2 ) 1 , 12 8=1 =1 D (( 1 )D 8 (( 2 )L( 1 L( 2 ∫ ∫ D * (( 1 )D 8 * (( 2 ) 1 , 12 D (( 2 )D 8 (( 1 )L( 1 L( 2 ]
The first term is the one-electron energy. The second term is the Coulomb integral, the classical repulsion between the charge of electronand electron .. The third term is the exchange integral, resulting from the antisymmetric nature of the Slater determinant. The two latter represent the two-electron energy.

In a shorter notation:

: cd = ∑ ℎ =1 + 1 2 ∑ ∑i/ 8 T 8 j 8=1 =1 (1.25)
One can notice that / = T , which compensates the Coulombic interaction of an electron with itself. From this expression, the one-electron Fock operator can be introduced:

k l ̂= 1 2 ∇ 2 ∑ ) , + cd (-) (1.26)
The condition of minimal energy for the spin orbitals results in the Hartree-Fock equations:

k l ̂D = m D (1.27)
The m have the physical interpretation of the orbital energies. ))

(1.28)

The Coulomb operator / is defined as:

/ 8 (( 1 ) = ∫ D 8 * (( 2 ) 1 , 12 D 8 (( 2 )L( 2 (1.29)
It represents the potential that an electron at position ( 1 experiences due to the average charge distribution of another electron in the spin orbital D 8 .

The exchange operator T has no classical interpretation and can only be defined through its effect on a spin orbital: operator is spin independent and the spin functions are orthonormal.

T 8 (( 1 )D (( 1 ) = ∫ D
Using the LCAO approximation, the Hartree-Fock equations (1.27) can be written as:

k l ̂∑ P Q D O R Q=1 = m ∑ P Q D O R Q=1 (1.31)
By multiplying from the left by a specific basis function and integrating, one can write under matrix notation the Roothaan-Hall equations:

pq = rqm p sQ = ⟨D s |p |D O A r sQ = 〈D s |D O 〉 (1.32)
The p matrix contains the Fock matrix elements, the r matrix contains the overlap elements between basis functions. The q matrix is the matrix of the P sQ coefficients.

The Fock operator depends on the spin orbitals through the HF potential. For this reason, this set of equations has to be solved iteratively. This technique is called the self-consistent field (SCF) procedure.

Starting from an initial geometry, a guess set of orbitals is chosen. With this set, the HF equations are solved, providing a new set of orbitals and an estimate of the HF energy of the system. This new set of orbitals is used in the next iteration, and a new value for the energy is obtained. These two parameters are controlled and iterations are performed until the convergence criteria are reached.

The restricted Hartree-Fock method described up to now works for closed-shell systems, that is the ones possessing an even number of all paired electrons. In this case, the spatial orbitals are all doubly occupied: two spin orbitals share the same spatial orbital, and have opposite spin functions. They have thus the same orbital energy.

For open-shell systems, in which not all the electrons are paired in one spatial orbital, two methods can be used: the restricted open shell Hartree-Fock (ROHF) method or the unrestricted Hartree-Fock (UHF) method.

The UHF approach allows for a more flexible description of open shell systems. Each spin orbital is allowed to have its own spatial part. The ¡ and ¢ orbitals experience different potentials and can have different orbital energies. The major disadvantage of this method is that the wave-function is no longer an eigenfunction of the total spin operator. This can result in a contamination of the determinant by functions corresponding to states of higher multiplicity, and give less physically meaningful results.

The limits of Hartree-Fock

The HF wave-function is not an exact wave-function, since it consists of a single Slater determinant, describing n electrons in a mean field. Each electron experiences an average field due to the presence of the n-1 other electrons. Therefore, the electron correlation is an electronelectron energy contribution missing in a HF calculation.

v ?? = 0 cd (1.33) The correlation energy is traditionally decomposed in two parts: the so-called dynamical correlation, due to the instantaneous interactions between electrons of opposite spins, and the non-dynamical or static correlation, due to the possible existence of different configurations close in energy, that a single determinant is not able to represent.

To deal with the electron correlation problem, a large variety of methods has been developed during the years. The most computationally affordable approach is the Møller Plesset perturbation theory. This approach has been used in our work and it will be described in the next section.

The Møller Plesset perturbation theory

The Møller Plesset (MP) method is based on the perturbation theory. The main idea of the perturbation theory is that if the Hamiltonian describing our system is very close to one that can be solved (ie for which solutions are known), then the energy associated to the true

Hamiltonian can be computed from the wave-function of the known unperturbed system.

In a more formal way, a given Hamiltonian for which the solution is unknown is separated into two parts: a reference Hamiltonian for which solutions are known ( 0), while the remaining interactions, which can be considered as a perturbation, are collected together ( ′). x is a dimensionless parameter, ranging between 0 and 1, allowing to transform the reference Hamiltonian into the real one.

= 0 + x ′ (1.34)
Defining y as the eigenvalue associated to Ψ y , which is the k-state eigenfunction for :

Ψ y = y Ψ y (1.35)
And knowing that the solutions for the reference Hamiltonian are y (0) and Ψ y (0) :

0 Ψ y (0) = y (0) Ψ y (0) 
( 1.36) It can be demonstrated by making use of a Taylor expansion in power of the perturbation parameter that:

x : 0 Ψ y ( ) + ′Ψ y ( -1) = ∑ y ( ) =0 Ψ y ( -1)
(1.37)

In MP perturbation theory, the unperturbed Hamiltonian is chosen as a sum of Fock operators defined as before (k l ̂= + cd (-)).

0 = ∑ k R =1 (1.38)
Where T is the number of basis functions. Ψ 0 is the ground state eigenfunction for , 0 is the ground state eigenvalue for . Ψ 0 (0) is the ground state eigenfunction for 0 , 0 0) is the ground state eigenvalue for 0 .

Ψ 0 (0) is taken as the HF wave-function, which is a Slater determinant formed of the occupied orbitals. The eigenvalue of 0 when applied to the HF wave-function is the sum of the occupied orbital energies (eigenvalues of k ):

0 Ψ 0 (0) = ∑ m Ψ 0 (0) vv =1 
(1.39)

The MP zeroth order wave-function Ψ 0 (0) is the HF determinant and the zeroth order energy 0 (0) is just a sum of molecular orbitals energies. The orbital energy is the energy of an electron in the field of all the nuclei and mean field all the other electrons. For this reason, the sum of the orbital energies counts the electron-electron repulsion twice.

This will be corrected with the perturbation Hamiltonian, ~, which allows to correctly introduce the electron-electron repulsion.

~= ∑ vv ∑ 1 , 8 vv 8> ∑ ∑ €/ 8 1 2 T 8 • vv 8 vv (1.40)
The first term is the proper way to compute electron repulsion, and the second one arises from computing it by summing over the Fock operators. / and T are the Coulomb and exchange operators.

This way, the energy corrected at the first order by operating on the HF wave-function is 0) ƒ 0 ƒΨ 0 (0) " + 'Ψ 0 (0) ƒ ′ƒΨ 0 (0) " 0

0 (0) + 0 (1) = 'Ψ 0 ( 
(0) + 0 (1) = 'Ψ 0 (0) ƒ 0 + ′ƒΨ 0 (0) " 0 (0) + 0 (1) = 'Ψ 0 (0) ƒ ƒΨ 0 (0) " 0 (0) + 0 (1) = cd (1.41)
The MP first order corrected energy 0 (0) + 0 (1) is the Hartree-Fock energy. To obtain an estimation of the correlation energy, one thus has to go at least up to the second order correction. To achieve that, the first order wave-function is needed. This function can be expressed as a linear combination of the complete set of eigenfunctions of 0 , using the excited Slater determinants, which means for the ground state:

Ψ 0 (1) = ∑ P Ψ (0) 
>0 (1.42) Using this formula and the previous equations, the expression of the second order energy correction can be obtained:

0 (2) = ∑ ƒ'Ψ 8 (0) ƒ ƒΨ 0 (0) "ƒ ² 0 (0) 8 
(0) 8>0 (1.43) According to the Slater-Condon rules, only singly and doubly excited determinants have to be considered. Moreover, according to the Brillouin's theorem, the integrals involving the singly excited determinants will all be zero, which leaves only doubly excited determinants.

The second order MP energy is then:

0 (2) = ∑ ∑ ∑ ∑ [(-.|&…) (-&|.…)]² m + m 8 m m 1 O ?> 1> O ?> vv 8> vv (1.44)
The sum of 0 (0) , 0 (1) and 0 (2) defines the MP2 energy. The MP2 theory is a method that allows to take into account a part of the electron correlation in a computationally-affordable way.

The Density Functional Theory

DFT is today probably the most used quantum approach. DFT relies on the use of the electronic density as basic variable to express the total energy and properties of a given system.

The electronic density can be expressed as a function of the wave-function as:

†(,) = ∫ … ∫|Ψ(( 1 , ( 2 … ( )| 2 L( 1 L( 2 … L( (1.45) 
Where each electron is described by ( = (, , G ), spatial and spin coordinates. The electron density of a system is an observable and represents the probability to find an electron in a volume L, with any spin, the 1 other electrons being at any position in space with any spin.

The basic idea of DFT is that the exact energy of the system is a functional of the electronic density only:

0 = [ †] (1.46)
Historically, the first model of DFT dates back to 1927, even before a formal proof of the energy functional dependence was given. 11,12 It is the Thomas-Fermi model, proposed for a uniform gas of electrons. Indeed, it was only in 1964 13 that the formal proof of DFT was derived by Hohenberg and Kohn.

The first Hohenberg and Kohn theorem states that all properties of the many-body system are determined by the ground state density † 0 . † 0 defines the external potential (except for a constant) and thus all properties. Knowing allows to express the Hamiltonian and to solve the system. Each property is a functional of the ground state density † 0 which is

written as k[ † 0 ].
The second Hohenberg and Kohn theorem states that the ground state density is a variational quantity. The electronic energy is minimal if and only if the electronic density is the one of the ground state. Like for wave-function methods, linear variation techniques can be employed to optimize the density.

The total energy can be expressed as sum of three density functionals: a kinetic term ( ), a term of nucleus-electron coulombic interaction ( ), and a term of electron-electron coulombic interaction ( ).

[

†] = [ †] + [ †] + [ †] (1.47)
According to the variational principle:

0 = min ‡→ min C→ ‡ ⟨Ψ| ̂+ + |ΨA (1.48)
In DFT calculations, variational optimization proceeds with a double minimization of the energy, on all the electronic densities with electrons, and on all the wave-functions for a given density. There is a unique match between the electronic density and the wave-function of the system.

Unfortunately, the first Hohenberg and Kohn theorem provides a proof of existence but does not give any hint concerning the form of the exact energy functional.

The exact expression of the first term [ †] is difficult to determine and is the main problem behind initial DFT formalisms. On the other hand, the second term [ †] can be easily and exactly calculated. A part of the electron-electron interaction [ †] can be represented by the energy of repulsion between two charges / [ †].

/ [ †] = ∬ †(, 1 ) †(, 2 )L 1 L 2 |, 1 , 2 | (1.49)
This interaction does not take into account the correlation (the fact that the movement of two electrons is not independent). The electron has a presence density defined in any point of the space including r1 and r2 meaning that it can interact with itself (self-interaction). It does not take into account the electronic exchange interaction, related to the spin of the electron, which specifies that two electrons with an identical spin cannot be located in the same position.

This can be represented by a second non classical term v [ †].

[

†] = / [ †] + v [ †] (1.50)
Therefore, the formulation proposed by Hohenberg and Kohn is exact but does not provide any real solution.

Kohn and Sham proposed in 1965 to solve this problem by replacing the real system of interacting electrons by a virtual system of non-interacting electrons having an overall groundstate density equal to the density of the real system. This allows to separate the kinetic energy of the electrons in a term that can be calculated exactly, R\ , that considers the electrons as non interacting particles, and a correction calculated with an approximate functional, accounting for the electron-electron interaction.

Equations (1.47) and (1.50) become:

[ †] = R\ [ †] + ( [ †] R\ [ †]) + [ †] + / [ †] + v [ †] (1.51)
Which can be simplified under the form:

[ †] = R\ [ †] + [ †] + / [ †] + ‰Š [ †] (1.52)
Where ‰Š [ †] is called the exchange-correlation functional. It is the only unknown entity and will have to be approximated as well as possible. It expresses the correction to the kinetic energy for the existing interaction between the electrons, and all the non-classical corrections to the electron-electron repulsion term.

With an orbital formulation, the ground state energy of a system with electrons and nuclei can be written:

[ †] = 1 2 ∑ ∫ Ψ * (, 1 )∇ 2 Ψ (, 1 )L, 1 =1 ∑ ∫ ) , †(, 1 )L, 1 + 1 2 =1 ∫ ∫ †(, 1 ) †(, 2 ) , 12 L, 1 L, 2 + ‰Š [ †]
(1.53)

The Ψ are the Kohn-Sham orbitals. The first term is the kinetic energy of the noninteracting electrons. The second term represents the nuclear-electron interactions. The third term is the Coulombic repulsions between the total charge distribution at , 1 and , 2 . The last term is the exchange correlation term. The description of this last term is the current challenge in DFT developments.

The ground-state electron density †(,) can be written making use of Kohn-Sham

orbitals: †(,) = ∑|Ψ (,)| =1 ² (1.54)
The Kohn-Sham orbitals are determined by solving the Kohn-Sham equations: .55) ℎ R\ is the Kohn-Sham monoelectronic operator and m is the Kohn-Sham orbital energy associated. The Kohn-Sham Hamiltonian can be written as:

ℎ R\ Ψ (,) = m Ψ (,) (1 
ℎ R\ = 1 2 ∇ 2 ∑ ) , + =1 ∫ †(, 2 ) , 12 L, 2 + ‰Š (, 1 ) (1.56)
‰Š is the functional derivative of the exchange-correlation energy:

‰Š = 2 ‰Š [ †] 2 †
(1.57)

The Kohn-Sham equations are solved in a self-consistent fashion. The starting point is a guess charge density †, along with a chosen approximate form of the functional to describe the dependence of ‰Š on the electron density that allows to calculate ‰Š with equation (1.57).

The Kohn-Sham equations (1.55) can then be solved, giving an initial set of Kohn-Sham orbitals. This set is used to calculate an improved density from equation (1.54). This entire procedure is then repeated until the density and the exchange-correlation energy satisfy a given convergence criterion. At this point, the electronic energy is calculated from equation (1.53).

There is a strong analogy between the Kohn-Sham method and the Hartree-Fock method presented earlier in terms of resolution of the equations and description of the orbitals. Both methods involve a self-consistent procedure. Like for the Hartree-Fock method, the Kohn-Sham orbitals are expressed in terms of a set of basis functions, and solving the Kohn-Sham equations is determining the coefficients of the linear combination of basis functions.

The exchange-correlation energy

There is no universal analytical form for the exchange-correlation functional ‰Š [ †].

The expression will depend on the system studied.

The dependence of ‰Š [ †] on the electronic density can be expressed as an interaction between an energy density depending on †, which is the exchange-correlation energy per particle of a uniform electron gas, and the electronic density itself, the probability that an electron is at this position:

‰Š [ †] = ∫ † m ‰Š [ †] L, (1.58) 
It is generally divided into two separate terms, an exchange term ‰ and a correlation term Š :

‰Š [ †] = ‰ [ †] + Š [ †] (1.59)
The main source of inaccuracy in DFT is a result of the approximate nature of the exchange-correlation functional. The development of new functionals aims at getting as close as possible to the chemical accuracy.

The simplest way to evaluate the exchange-correlation energy is the Local Density Approximation (LDA) which locally considers the electronic density as a uniform gas of electrons. The advantage is that this is the only system for which there are excellent interpolations of the exchange and correlation energies.

The exchange and correlation energy can be calculated using:

‰Š ‹]; [ †] = ∫ † m ‰Š [ †] L, (1.60) 
In an unrestricted approach, if the system has a different number of electrons H and electrons I, the density is separated in two distinct parts. This is the Local Spin-Density Approximation:

†(,) = † OE (,) + † • (,) (1.61) 
In most systems, the electronic repartition is far from being locally uniform, and the LDA leads to a very bad description of the bonding energies, among others. A more accurate approach it the Generalized Gradient Approximation (GGA) which takes into accounts the spatial variations of the electronic density with the introduction of the first spatial derivative of the density (∇ †) as variable in the exchange correlation functional:

‰Š ŽŽ; [ †] = ∫ † m ‰Š [ †, ∇ †] L, (1.62) 
Both LDA and GGA do not properly consider the self-interaction phenomenon, and the long range correlation effects.

The next improvement for the accuracy of the functionals is the introduction on nonlocal terms: in meta-GGA functionals, the energy density also depends on the Laplacian of the electronic density.

‰Š Y > -ŽŽ; [ †] = ∫ † m ‰Š [ †, ∇ †, ∇² †] L, (1.63) 
Hybrid functionals, on the other hand, describe part of the exchange term with the exchange energy computed in a HF fashion. Indeed, HF theory treats the exchange interaction exactly though it does not take into account the electronic correlation. In such a way a global hybrid general form reads:

‰Š • 1? • [ †] = ‰Š R\ [ †] + & ‰ cd [ †] + (1 &) ‰ ]d' [ †] (1.64)
Contrary to global hybrids, in range-separated functionals, the percentage of HF exchange introduced depends explicitly on the interelectronic distance, giving rise to functional forms slightly more complex than that reported in equation (1.64). The choice of functional strongly depends on the system and property considered and will be detailed for each study of this thesis. The functionals used and their characteristics are given in Table 1.1. 

Selected tools and methods used in this thesis

All the calculations were performed using the Gaussian09 software (Revision A.02). [START_REF] Frisch | Gaussian 09, Revision A.02[END_REF] Choice of the basis set

First rows atoms

In this thesis, for all first rows atoms, we use a Pople triple zeta basis set 6-311+G (d,p). [START_REF] Krishnan | [END_REF]23 Core orbitals are described as a contraction of six primitives GTO while valence orbitals are described using three (which explains the name triple zeta) contracted orbitals, composed of three, one and one primitives respectively. For a better description of the system, polarization and diffuse functions are added.

Polarization functions allow a better description of inter and intra molecular interactions, such as hydrogen bonding. These are orbitals with a secondary quantum number superior to the valence number (atomic orbital p for the hydrogen, atomic orbital d for the second row elements). The level of polarization used in this thesis adds these polarization orbitals on all atoms including hydrogen. This is indicated by the "(d,p)" notation.

A basis set that describes well a neutral molecule will describe equally well its cation, but not necessarily its anion (because an electron is added and not removed). Diffuse orbitals have a broader spatial extension and are able to improve the description of the anions. The basis set chosen in this thesis adds these orbitals on all atoms but hydrogen. This is indicated by the "*" notation.

Copper

For the copper we use the Los-Alamos double zeta basis set Lanld2z and its associated pseudo potential. [24][25][26] The pseudo potential approximation separates the description of the core electrons from the description of the valence electrons. Indeed, for heavy elements, which have a large number of core electrons, the valence electrons can be considered as the only responsible for the reactivity of the molecules and complexes that are studied. The core electrons are not described as particles, but the valence electrons evolve in an average electrostatic potential created by the core electrons.

Basis set superposition error

The basis set superposition error (BSSE) problem arises when the interaction of two distinct chemical species and ′ is computed, where and ′ are not described by the same basis set. We consider , described by the basis set and ′, described by the basis set ′.

When and ′ are separated, their energy is: 

{ + ~} = ' { } + '~{ ′} ( 

{[

~]} = ' " { -[ ~]} + ' " • { ~-[ ~]} (1.66)
The bigger the basis, the lower the energy (and the closest to the energy of the real system). There is for this reason an underestimation of the energy of the system [ ~]. The energy obtained is in fact: 1.67) In this thesis, to evaluate the BSSE energy we use the Counterpoise algorithm in Gaussian09. [27][28][29] The energy of each part of the interacting system is calculated in the "nonpolluted" base, and a value for '\\-is obtained.

{[ ~]} = ' { -[ ~]} + ' • { ~-[ ~]} '\\- ( 

Solvent description

The solvent can be described using different methods. In this work, we used an implicit description of the solvent: the Polarized Continuum Model (PCM). 30 The solvent is described as a continuous medium acting on the solute. Punctual charges surround the Van der Waals cavity of the molecules considered.

The PCM model allows to take into account both electrostatic effects (Keesom forces)

and dispersion-repulsion effects (Debye and London forces). The free energy of solvation is calculated as follows:

-˜ :O > = -: v>? ˜> > v + -• ˜™ ?˜ -? ™!:˜ + -v O > > (1.68)
Solvation effects are particularly important when a reaction involves charge separation, which is very disfavored in vacuum, whereas ions are stabilized in polar solvents. In some cases that are specified in this work, solvent molecules were also added explicitly in order to take into account direct solute-solvent interaction that cannot be described using a continuum model.

Reaction pathway

The elucidation of a reaction path is the computation of keypoints on a potential energy surface. Two families of points are considered:

-the local minima which are stable states and can be reactive species, intermediates or products -the local maxima, linking these minima, which are transition states

For the research of both local extrema, the structure found must be related to a first order derivative of the energy equal to zero relative to all geometry coordinates. The difference between a stable intermediate and a transition state relies in the second order derivatives. If these are all positive, the point is a local minimum (potential well), if one of them is negative (saddle point), it is a first order local maximum. Frequency calculations on optimized structures allow to calculate the second order derivatives of the energy. For the transition states, in order to check that the structure found really links the two considered intermediates, an Intrinsic Reaction Coordinate (IRC) calculation is performed. 31,32 With such a procedure, following the direction of the negative derivative, forward and backward, step by step, the convergence to the intermediates is validated.

Calculated energies and entropy considerations

The Gaussian09 software gives access to the usual thermodynamic functions. In this thesis, depending on the system, we report values for the total energy (E), which includes both electronic energy and the contributions from the repulsions of the nuclei, and values for the enthalpy (H) and the Gibbs free energy (G = H-TS). These are by default calculated considering the system as an ideal gas.

Unser this assumption, the free energy is evaluated as the one of an ideal gas, which introduces major errors in the evaluation of the entropic contribution in condensed phases such as solution.

Indeed, it does not take into account the reorganization of the solvation layer, or the electronic interaction between two reactants getting closer. The accurate estimation of the entropy is particularly problematic when considering association and dissociation reactions.

The PCM model also does not take into account this type of entropic effects. Because all the reactions studied are in solution, this is particularly problematic. For these reasons, in this thesis, we chose to discuss mainly enthalpies.

Several options exist to answer the problem of the accurate evaluation of the entropy.

Maseras and coworkers 33 suggest to perform PCM single-point calculations on gas-phase optimized geometries. To this energy obtained in solution, the entropic correction from the gas phase was added. This method overestimates the entropy, which is greater in gas phase than in solution.

∆-

˜ :O = ∆ ˜ :O + (∆-› ˜ ∆ \Šd,› ˜) (1.69)
Other propositions were done, for example by Sakaki and coworkers who considered that the translational and rotational contributions of entropy were greatly diminished in solution.

They used only the vibrational term of entropy as calculated in gas phase. 34,35 This method underestimates the entropy, since translation and rotation movements are not completely suppressed in solution. The true value would be somewhere between the two methods, closer to the latter method.

In this work we optimized the geometries with the PCM. The effect of the solvent is taken into account for the geometry and for the energy. But the frequencies, and for this reason the entropy, are still calculated by considering the molecules as an ideal gas, and the entropic factor is greatly overestimated by our method.

Chapter 2 -tBuOK/DMF mediated alpha-arylation of enolizable aryl ketones -mechanistic evidence for a radical process and synergistic role of the base and solvent 

State of the art

Alpha-arylation of carbonyl compounds is a transformation of high importance for synthetic organic chemistry, and the alpha-arylation of carbonyl derivatives with aryl halides under metal catalysis has been known for decades. Alpha-arylated carbonyl moieties are present in many organic compounds that exhibit interesting pharmacological and biological properties. 36,37 In the late nineties, the groups of Buchwald, 38 Hartwig, 39 and Miura, 40 inspired by the development of palladium-catalyzed arylation of heteroatom nucleophiles, independently reported methods based on palladium catalysis for the intermolecular alpha-arylation of ketones with aryl halides. Improved palladium 41,42 and nickel-catalyzed 43,44 protocols have since been disclosed. Aryl halides could be replaced by phenol derivatives with nickel catalysts. 45 Moreover, historically difficult mono-alpha-arylation of acetone is now achieved by palladium catalysis, with aryl halides 46,47 but also tosylates, 48 imidazoylsulfonates 49 and mesylates. 50 As a complementary approach, Taillefer and coworkers reported the copper-catalyzed alphaarylation of benzyl phenyl ketones (Figure 2.1). 51,52 Transition metal free methods of alpha-arylation of ketones by SRN1 mechanism Radical methods to synthesize alpha-aryl ketones were known before the use of metal catalysts. 53 Selected examples of these methods are given below.

Metallic Na/K in ammonia

In 1972, Bunnett described the first protocol of radical nucleophilic aromatic substitution (SRN1) using potassium enolate of acetone 2-1 and iodobenzene 2-2 to form phenylacetone 2-3 (Figure 2.2). 54 The reaction was performed in liquid ammonia in the presence of metallic potassium or sodium. One of the drawbacks of these methods is the need to prepare the potassium enolate of the ketone by acid-base reaction with tBuOK before the reaction. Moreover, these reactions use metallic potassium in liquid ammonia which are harsh conditions.

Photochemical stimulation in ammonia or DMSO

Another development of this methodology was done with the generation of the radicals by photochemical stimulation. 62,64 The first case was reported in 1973 by Bunnett where this stimulation was used as an alternative for the generation of radicals using metallic sodium or potassium. 61 Photochemical stimulation is able to assist the intermolecular electron transfer to initiate the reaction.

Rossi, Pierini, and coworkers later reported a method for the arylation of aromatic ketones under photochemical stimulation. 65,66 More recently, the synthesis of benzo-fused heterocycles by intramolecular alpha-arylation of ketone enolates was reported (Figure 2.5). 67 The enolate of pinacolone acts as an electron-donor to generate the radical of the aryl halide under irradiation. The same method of arylation of aliphatic ketones by photo stimulation in ammonia works with halogenated pyrimidines, pyridazines, and pyrazines. 68 tBuOK/DMSO under microwave irradiation

Recently, the alpha-arylation of acetophenone derivatives with iodoarenes using tBuOK and DMSO under microwave conditions was described (Figure 2.6). 69 The yields obtained by this method are modest and seldom above 50 %. According to the authors, this would be due to the competitive reduction of the aryl radical to benzene mediated by the solvent.

They performed a mechanistic study to understand the role of the microwave irradiation in this SRN1 reaction. 70 In the absence of base and ketone, iodobenzene was stable under microwave irradiation. This led them to conclude that the microwave-induced homolytic rupture of the C-I bond was not involved in the radical initiation process. They also showed that the presence of ionic and dipolar species allowed a faster heating rate, but that these species did not participate in the initiation of the reaction. They finally concluded that an electron transfer from the nucleophile or from tBuO -was produced by a thermal effect.

As a general trend, DMSO and liquid ammonia were found to be the best solvents for SRN1 reactions. 71,72 Liquid ammonia has a boiling point of -33 °C, is very basic and corrosive and its inhalation may cause asphyxia. Moreover, it requires distillation prior to use, which implies careful manipulation.

Overall, the arylation of aliphatic ketones is easier than the arylation of aryl ketones.

Very harsh conditions are used, generally involving photochemical stimulation. Simpler and safer conditions to achieve good yields still need to be developed.

tBuOK/DMF-promoted alpha-arylation of aryl ketones

Recently, Martin Pichette-Drapeau, under the supervision of Pr. Thierry Ollevier and Dr. Marc Taillefer, developed a methodology for the potassium tert-butoxide promoted alphaarylation of various enolizable aryl ketones with aryl halides. This reaction proceeds in the absence of metal catalyst and ligand. As listed below, it thus presents several advantages over the methods presented above.

Optimization of the conditions

Optimization studies were performed for the reaction between propiophenone 2-10 and iodobenzene 2-2, as depicted in Figure 2.7. The results are detailed in Table 2.1.

Figure 2.7 -Alpha-arylation of propiophenone with iodobenzene

Without the addition of a metal catalyst, a low yield (24 %) of 2-11 was obtained using a 1.2:1 ratio of propiophenone to iodobenzene, with 3 equiv of tBuOK in DMF at 40 °C (Table 2.1, entry 1). The use of 4 and 5 equiv of tBuOK slightly increased the yield (Table 2.1, entries 2 and 3) while increasing the temperature to 60 °C was also moderately beneficial (Table 2.1, entry 4). A quantitative yield of 2-11 was finally obtained using a 2:1 ratio of propiophenone to iodobenzene, with 5 equiv of tBuOK (Table 2.1, entry 5). The amount of base (5 equiv) could not be lowered. Both propiophenone and the product of the reaction are enolizable ketones deprotonated by the base in the reaction medium.

The reaction also proceeded smoothly using undistilled DMF under an air atmosphere, and an 85 % yield was obtained (Table 2.1, entry 6). The alpha-phenylation could also proceed at room temperature to give 85 % yield of 2-11 after 48 h, the reaction being complete after 72 h (Table 2.1, entry 7).

Among the other bases tested in the conditions of entry 5, tBuOLi and tBuONa gave very poor conversions (Table 2.1, entries 8 and9). Moderate yields were nevertheless obtained at higher temperatures (Table 2.1, entries 10 and11). Cs2CO3, CsOH and NaH were completely ineffective (Table 2.1, entries 12-14). A solvent screening revealed that THF, toluene, acetonitrile and DMSO were unsuitable for this reaction (Table 2.1, entries 15-18). tBuOK and DMF was the combination of choice. 1 60 <1 Reactions performed on 1 mmol scale, in 3 mL solvent during 13 h. a. Yield determined by 1 H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard. The isolated yield for the best entry is given in parentheses. b. The yield was 85% by using undistilled DMF (3 mL) under an air atmosphere. c. The reaction was performed for 48 h. The yield was 99% after 72 h.

Since undesired metal contaminants in commercial tBuOK could catalyze the reaction, 73 the base was resublimed. The use of this purer base led to the same quantitative yield (Table 2.1, entry 5), ensuring that the reaction was not metal-catalyzed.

Scope of the reaction

This reaction has a wide scope and substituted aryl halides and propiophenones could be used. No regiomers were observed when substituted aryl halides were used. Aryl bromides could be used as well as aryl chlorides in a few cases. The latter required higher temperature and gave lower yields than aryl iodides (Table 2.2). Reactions performed on 1 mmol scale, yields of isolated products. Standard conditions of Table 2.1, entry 5. For X = I, T = 60 °C; for X = Br or Cl, T = 120 °C.

A radical chain mechanism, the SRN1 pathway

As the reaction was suspected to proceed through radical intermediates, common radical scavengers were added to the reaction mixture. Complementary experiments showed that the reaction was not inhibited in the dark ( 78% yield of 2-11 after 48 h at room temperature), and good conversions were achieved under UV irradiation (46 % yield after 2 h at room temperature, £ = 365 nm).

This led to the hypothesis of a SRN1 mechanism, like for the other transition metal free methods presented for this reaction. This mechanism is detailed in Figure 2.9. In the initiation step, a benzene radical is generated from the reduction of iodobenzene in the reaction medium.

This aryl radical reacts with the enolate of the ketone to form the radical anion of the product.

Then this radical anion can reduce another molecule of iodobenzene to form the product and regenerate an aryl radical. In this case, the enolate of the ketone plays the role of the nucleophile. presence of a base. These additives can be ligand-type molecules such as 1,10phenanthroline, 75-77 1,2-diamines, 78 alcohols, 79,80 1,2-diols, 81 amino acids, 82,83 hydrazine derivatives, 84,85 N-heterocyclic carbenes 86 or solvents such as pyridine 87 or DMF [88][89][90]. The role of these various additives can be mistaken for a ligand or a solvent role. For this reason, whereas the chain propagation mechanism for radical reactions has been understood for a long time, the radical initiation mechanism is still a problem of interest in radical chemistry. A general mechanistic hypothesis is that the organic additive works as an electron donor or generates an electron donor in the reaction medium. This electron donor can reduce the aryl halide and can generate the aryl radical to initiate the reaction. This is the case for the SRN1 reactions.

This SRN1 mechanism can be part of a much more general family of reactions called "electron-catalyzed reactions". A formal mechanism is depicted in Figure 2.12, where the electron is regenerated at the end of each cycle. 91 The initiator can also be called precatalyst because it generates the actual catalyst, the electron. They concluded that this step plays a significant role in the radical initiation process. For the ethylene-deuterated derivatives, the formation of the initiator 2-14 is slowed down, and the yield of the reaction drops down. Their results are thus consistent with the initiation of the reaction by an organic electron donor that is formed by the oxidation of the amines under basic conditions. Nevertheless, the nature of the oxidant that forms the imine 2-13 is not clear in this study. different conclusions which led them to rule out this simple redox-type initiation pathway. 93 Indeed they reported an activity for the deuterated diamines. They observed an induction period for the global reaction that they linked to the formation of the monoimine 2-13. The mechanism proposed for its formation is described in Figure 2.16. They proposed a double role for this monoimine 2-13, as a radical amplifier (radical proliferation), and as a radical regulator (radical homeostasis), as described in Figure 2.17.

In their experiments, the activity of the deuterated analogs followed the order DMEDA-d4 < DMEDA-d10 < DMEDA < DMEDA-d6. Deuteration on the ethylene bridge made the initiation less effective to form the monoimine 2-13, and also the formation of 2-14, slowing down the radical proliferation. On the opposite, deuteration on the N-Me groups slowed down the consumption of the monoimine 2-13 to form 2-16 which favored the radical proliferation pathway instead of the radical homeostasis and increased the activity. Their study was supported by DFT calculations.

Figure 2.17 -Mechanism of radical proliferation and radical homeostasis starting from DMEDA

This example shows the complexity of the initiation mechanisms, compared to the main chain reaction. Jiao and coworkers suggested that a hydrogen atom donor moiety next to a heteroatom-H bond might be the key structural feature for many successful initiators of radical reactions, including diols, amino alcohols, hydrazines and amino acids.

1,10-Phenanthroline/tBuOK systems

In 2010, Shi and coworkers reported the C-H functionalization of arenes with aryl iodides or bromides. This reaction is mediated by tBuOK as a base and 1,10-phenanthroline as organic additive. 75 The reaction works both in inter and intra molecular version (Figure 2.18). Wilden and coworkers studied the interaction between tBuOK and 1,10-phenanthroline and showed that tert-butoxide rapidly reduced 1,10-phenanthroline to its radical anion, which could then reduce an aryl halide. 94 They suggested that phenanthroline derivatives allow storing electrons temporarily. These conclusions are in agreement with the work of Lei and Jutand who investigated the initiation of the tBuOK/1,10-phenanthroline promoted BHAS reaction using EPR and electrochemistry. 95 They evidenced an inner-sphere electron transfer from the tertbutoxide anion to 1,10-phenanthroline to form the phenanthroline radical anion and the tBuO ¤ . 79 In their suggested mechanism, the tertbutoxide transfers an electron to iodobenzene to form a benzene radical. The role of ethanol as an additive was not clear. tBuOK alone can also promote reactions, without phenanthroline or diamine additives, as described by Wilden and coworkers (see Figure 2.26). 94 In this case the reaction requires higher temperatures. 

Mechanistic study of the tBuOK/DMF promoted alphaarylation of aryl ketones

The main challenge in the mechanistic study of the tBuOK/DMF promoted alpha-arylation of aryl ketones (Figure 2.29) is the identification of the radical initiator. This must be achieved by taking into account the specificity of the base and of its counterion and the specificity of the solvent used, DMF. Indeed, whereas according to the literature DMSO is one of the best solvents for the alpha-arylation of ketones, less than 1 % of product is formed with this solvent in our conditions. 

SRN1 Mechanism

The reaction is completely inhibited by radical scavengers which suggests a radical mechanism. A benzyne intermediate, as proposed by Murphy 96 was in our case not considered as the main mechanistic pathway since a very good regioselectivity was observed on substituted halide derivatives (Table 2.2 and Figure 2.30). Benzyne as an initiator in our case will be discussed at the end of the study. 

DFT computational details

The energy profiles were computed for the SRN1 pathway in DMF using the 6-311+ G (d,p) basis sets for all atoms but I, described using 6-311G (d,p). Bulk solvent effects for DMF were included by means of a PCM. Some explicit molecules of solvent (DMF) were added when the solvent was involved in the reaction steps. Counterpoise correction was included when indicated. Different functionals were used at the beginning of the study: PBE0 16 , M06 20 , M062X 20 , B3LYP. 14,15,17 Total energies, free energies and enthalpies are given for the reactions.

Enthalpies and free energies were calculated for standard conditions at 298.15 K.

Initiation by outer-sphere electron transfer to PhI

We first considered the reduction of iodobenzene by an electron rich species via outersphere electron transfer. The tert-butoxide anion itself is commonly proposed as an electron donor for the initiation of the reaction. 94 Murphy and coworkers suggested that enolates formed from alcohols could be efficient electron donors in the coupling reactions of haloarenes to arenes involving alcohols and 1,2-diols as additives. 92 In our reaction conditions, after deprotonation of the ketone, the base, tert-butoxide, is in three-fold excess and the enolate of the ketone is in two-fold excess. Both can be partially consumed in the initiation step. The same trends are found independently on the functional used. The electron transfer from the enolate (equation (2-2)) is easier as it requires around 10 kcal.mol -1 less energy than the electron transfer from the tert-butoxide (equation (2-1)). Nevertheless, the computed reaction energies and enthalpies are all above 20 kcal.mol -1 , which is too high for this reaction which can proceed at room temperature.

Initiation by inner-sphere electron transfer to PhI

Because the energies required for the outer-sphere electron transfer are too high, an inner-sphere electron transfer was considered. Indeed, a complexation bringing closer the reagents could favor the electron transfer.

For a given complex between an electron rich species and iodobenzene, we computed the transposition of one electron from an occupied orbital localized on the electron donor to an unoccupied orbital localized on the aryl iodide, that we will call alter operation. After relaxation performed in an unrestricted formalism, if the electron transfer is evidenced, the spin density of the molecular complex is different from zero and the negative charge is localized on the iodobenzene (Figure 2.34). We first explored this possibility for the enolate as electron-donor, since the energies for this transfer were lower than the ones for the tert-butoxide. It could form a molecular complex with iodobenzene via halogen bonding. 100 We computed the reaction energies for the formation of the halogen bond, then we performed the alter operation (Table 2.4). The halogen bond between the enolate and iodobenzene induces a small stabilization of the complex (¥H from -1.59 to -5.32 kcal.mol -1 depending on the functional used).

For the alter operation, different combinations of occupied and unoccupied orbitals were considered. For complex 2-43, the highest occupied molecular orbital (HOMO), localized on the enolate, and the lowest unoccupied molecular orbital (LUMO), localized on iodobenzene are represented as an example in Figure 2.35. Relaxation after alter operation always led back to the initial complex 2-43, and no inner-sphere electron transfer could be found. The same methodology was then applied to a similar complex with a potassium cation, since its presence was found necessary for the success of the reaction (Table 2.5). This cation can stabilize the complex before the electron transfer, but also the negative charge after the electron transfer to iodobenzene. In a last step it can also help with the dissociation of the radical anion of iodobenzene into the aryl radical and iodide. The presence of the potassium ion induces a more favorable formation of the complex 2-44, (¥H between -2.24 and -6.85 kcal.mol -1 depending on the functional used). Nevertheless, relaxation after alter operation always led back to the initial complex 2-44, and no inner-sphere electron transfer could be found.

Next, the methodology was applied to a similar complex with a halogen bond between iodobenzene and tert-butoxide stabilized by a potassium cation (Table 2.6). With tert-butoxide, the halogen bonding is more favorable than with the enolate (¥H from -3.34 to -9.71 kcal.mol -1 depending on the functional used). Nevertheless, in this case as well, relaxation always led back to the initial complex 2-45, without electron transfer.

In the results above, Counterpoise correction was estimated for complexes 2-43, 2-44 and 2-45 but found to be very small (below 1.06 kcal.mol -1 ) for all functionals considered.

To conclude from these results, an electron transfer from the enolate of from the tertbutoxide to the aryl iodide seems not energetically favoured.

Initiation by outer-sphere electron transfer to the solvent

In an attempt to justify the specificity of the solvent in our reaction, we then considered that the DMF could be a relay for the electron transfer as an electron acceptor. The tert-butoxide or the enolate could in a first step transfer an electron to the DMF. The computed energies are much higher than the ones obtained for the reduction of the aryl iodide (¥H above 60 kcal.mol -1 in all cases). Therefore, this hypothesis of mechanism cannot be retained.

To sum up, electron transfer from tert-butoxide or from the enolate to iodobenzene or to DMF, by inner-or outer-sphere requires energies that are not compatible with the experimental conditions, especially because our reaction can proceed at room temperature.

Initiation by deprotonation of the solvent

At this point, we turned our attention to a mechanism suggested by Yan et al, 88 in which the base car deprotonate DMF to form a carbamoyl anion.

The first report for the generation of carbamoyl anion was in 1967, when Gerhart and coworkers prepared diethylcarbamoyllithium from bis(diethylcarbamoyl)mercury and trapped it with carbonyl electrophiles. 101 In 1973, Banhidai and coworkers reported the formation of carbamoyl anion by treating formamides with LDA. This anion can be trapped with carbonyl electrophiles. 102,103 The formation of such an intermediate was reported by Reeves and coworkers, in the presence of LDA or tBuLi and the carbamoyl intermediate was characterized by 13 C NMR at low temperature. 104 We considered a deprotonation of the solvent, DMF, by the base, with the hypothesis that the carbamoyl anion could then be the electron-donor. At this point we chose M062X as the functional for all the study, which gives the lowest energies for the deprotonation. The M06 functional gives the highest energies in all studied cases, and it is known to be adapted to the study of organometallic and inorganometallic thermochemistry. The M062X functional is well performing for the study of noncovalent interactions that will occur between the ions present and with the solvent. 20 PBE0 and B3LYP

are known to provide a more balanced description of spectroscopic properties and reactivity.

Experimental observation of the deprotonation of DMF

These promising results led us to the experimental investigation of the deprotonation of the solvent. A solution of tBuOK (100 mg, 0.9 mmol) in 0.5 mL DMF-d7 was monitored by 1 H NMR and 13 C NMR during several hours at room temperature.

We observed an increase of the integration of the formamide proton, which is consistent with a D exchange between the deuterated solvent DMF-d7 and water in the presence of the base (Figure 2.36). Importantly, in the absence of base, no modification of the initial signal was observed by 1 H or 13 C NMR. In the presence of tBuOK, even after prolonged reaction times, no dimerization product of DMF was detected by NMR. It is noteworthy that no proton exchange was observed after 12 hours under the same conditions when tBuONa was used, which might be due to the lower solubility of this base.

These experimental observations confirmed the computational results, and the whole mechanism was more finely described using DFT calculations, with the M062X functional.

Computational results for the deprotonation of DMF

The reaction paths were computed in the absence and in the presence of the cation (K + or Li + ) to understand its role (Figure 2.40). Though the following results reported are neglecting Basis Set Superposition Error (BSSE), the latter was evaluated using Counterpoise method and the values found were always below 1.1 kcal.mol -1 , as presented in the preliminary results. ). However, the presence of a cation leads to much more stable complexes: ¥E = -21.74 kcal.mol -1 for 2-46b with K + and ¥E = -31.30 kcal.mol -1 for 2-46c with Li + . Successive deprotonation is then achievable with a reasonably low activation barrier: Ea = 12.12 kcal.mol -1 (no cation), Ea = 13.80 kcal.mol -1 (K + ), Ea = 18.07 kcal.mol -1 (Li + ). In all cases, the computed transition state is very close in energy to the product of the reaction, a carbamoyl anion stabilized by tert-butanol through hydrogen bonding (2-47a, b and c).

Overall, the computed reaction barriers are consistent with the experimental conditions and clearly show the synergistic role played by the base and the solvent in the initiation process.

Apart from these three distinct pathways, an equilibrium can be envisaged between the intermediates with and without the stabilization by a cation, the deprotonation being easier for the latter. This exchange is more favorable for K + than for Li + because of the higher dissociation energy required for Li + .

After the deprotonation, the electron-rich carbamoyl anions 2-47a, b and c can react with iodobenzene through a SET mechanism to form the corresponding benzene radical 2-41.

Calculations demonstrated that the radical anion of iodobenzene dissociated spontaneously to the corresponding iodide anion and benzene radical.

The variation of the total energy associated with this SET process is computed to be higher in the presence of K + (¥E = 15.86 kcal.mol -1 ) and Li + (¥E = 22.53 kcal.mol -1 ) than in the absence of a cation (¥E = 8.66 kcal.mol -1 ). This step represents the rate-determining step of the reaction. This allows to explain why the reaction is more favorable using tBuOK instead of tBuOLi.

These values (¥E = 8.66 kcal.mol -1 in the absence of cation, and ¥E = 15.86 kcal.mol -1 in the presence of K + ), are much smaller than the one computed with other reducing species in the previous section.

Table 2.9 reports the reaction energies for the complexation and the deprotonation described in Figure 2.40. Reaction energies are lower when the radical formed is stabilized by the MI ion pair: 2-48. Nevertheless, it is important to stress that all issues related to solubility, which can play an important role in this process, cannot be addressed by our computational approach. Owing to the difficulty associated with estimating the energy of formation of LiI and KI in solution using the current theoretical approach, the computed energy values associated with the SET elementary step should be considered as an upper boundary to the reaction energies. However, even if the SET energies are overestimated, the overall conclusions of this mechanistic study will not be affected.

From a thermodynamic point of view, the overall reaction is driven by the last steps, Whereas the roles of the DMF and tBuO -are relatively clear from the computed reaction paths, it is more delicate to define the role of the cation, and to justify the peculiar efficiency observed with K + . It is clear that the cation can help the stabilization of reaction intermediates.

Indeed, the lower barrier found in the presence of potassium with respect to lithium can give some, albeit non exhaustive, information on the role of the cation. Too much stabilization, such as in the case of Li + , can be deleterious, as it translates into too high reaction barriers (for deprotonation) or energies (SET). It is worth noting that deprotonation of DMF was only observed experimentally with tBuOK and not with tBuONa.

Cyclic voltammetry experiments support the fact that the cation promotes the SET process, as the reduction potential of iodobenzene is lowered when alkali salts are added to the reaction mixture (Figure 2.42). The cation can favor the formation of the arene radical 2-41 from iodobenzene by capturing the iodide anion. Aryl bromides and aryl chlorides have a lower reactivity than aryl iodides in this reaction. They require higher temperatures and give lower yields (see Table 2.2). This can be explained with the SET step of the reaction. The energies associated to the SET reactions for PhI, PhBr and PhCl have been computed in absence of counterion and reported in Table 2.12. We evaluated different possibilities for the initiation mechanism of the tBuOK/DMF promoted alpha arylation of aryl ketones. Different reducing agents (enolate, base, solvent)

were envisaged both by inner-and outer-sphere electron transfer. Experiments and calculations

give evidence for the deprotonation of the DMF by the base in the reaction medium, and for the ability of the generated carbamoyl anion to transfer an electron to the aryl iodide. The complete mechanism of the reaction is depicted in Figure 2.43. Our results can be compared with the initiation by the formation of benzyne, as proposed by Murphy and coworkers. 96 They computed a reaction free energy for the formation of benzyne by deprotonation of iodobenzene of 18.6 kcal.mol -1 which is higher than the values obtained for our proposed mechanism. If this reaction can occur, calculations confirm that it is not the main reaction pathway.

Developments and precisions following our work

One year after the publication of our work 106 , Murphy and coworkers investigated the same initiation mechanism 107 for a biaryl coupling reaction (Figure 2.44). In the study by Murphy and coworkers, the reactions are performed in benzene, and not in DMF, which is only present in small amounts, as an additive. This is major difference with our arylation of enolates. The computed reaction energies are in the same range as ours (¥G around 10 kcal.mol -1 ), and do not really show an easier electron transfer with the dianion of DMF. Moreover, no experimental evidence is given to support the formation of the dimeric species 2-54 and the reaction studied by Murphy is an aryl-aryl coupling, proceeding at higher temperatures than our arylation of enolates. Overall, this study provides interesting results that are complementary to ours, and does not contradict our conclusions about an initiation relying on the deprotonation of DMF.

Conclusion

In this chapter, we reported experimental and computational studies providing unambiguous evidence that DMF is an active species in the initiation step of the alpha-arylation of aryl ketones. The deprotonation of the solvent is possible under the experimental conditions, and the carbamoyl anion generated is able to promote the SRN1 process, leading to the product. 

State of the art

Methodology and scope for the copper-catalyzed arylation of nitrogen heterocycles from anilines

The methodology for the copper-catalyzed N-arylation of pyrazoles with arenediazonium salts was developed by Dounia Toummini, Dr. Anis Tlili and Julien Bergès under the supervision of Pr. Fouad Ouazzani and Dr. Marc Taillefer and was published in 2014. 109 This is the first copper-catalyzed reaction involving nitrogen-containing nucleophiles and diazonium salts reported in the literature.

In this reaction, the arylation of pyrazole is achieved by coupling arenediazonium salts generated in situ from aniline using a catalytic system with copper salts. The aniline 3-1 is treated with an excess of tert-butylnitrite and a catalytic amount of acetic acid in methanol at 0 °C for 30 min. The diazonium salt of the aniline is expected to be formed. This solution is then added to a mixture of copper salts and pyrazole 3-2, in methanol (Figure 3.1).

Figure 3.1 -Copper-catalyzed arylation of pyrazole with aniline

This reaction gives a quantitative yield of N-arylpyrazole 3-3 (94 %) after 18 h. It works with a variety of substituents. A small selection of the scope of this reaction is available in Table 3.1. Ortho substituted anilines give lower yields as illustrated by the comparison of entries 2 and 3 of Table 3.1. Various copper sources can be used, at different oxidation states: Cu (0) , Cu (I) , Cu (II) (Table 3.2). The most efficient one is Cu(OAc)2 (Table 3.2, entry 4). The arylation of other nitrogen heterocycles, in particular imidazole derivatives, is less efficient in these conditions (42 % of 3-8 obtained with the imidazole 3-7). Achieving good yields of 3-8 requires a two steps procedure with the presence of an additive (NBu4I), high temperatures (120 °C instead of rt), and the addition of two equivalents of base (Figure 3.2). The reaction in these different conditions may involve the conversion of the arenediazonium in aryl iodide, followed by the reaction with the imidazole catalyzed by copper.

This different mechanism will not be studied in this chapter, but the difference in reactivity observed between both heterocycles will be discussed during the mechanistic study.

Preliminary mechanistic experiments showed that in the absence of copper, the Narylheterocycles are not formed, ruling out uncatalyzed pathways such as aromatic nucleophilic substitution (SNAr) 110 or SRN1. 55 The reaction is regioselective with substituted anilines which also rules out elimination-addition mechanisms via arynes intermediates. 111 In the presence of radical scavengers such as TEMPO or Galvinoxyl, the formation of aryl pyrazoles is not inhibited. A copper-catalyzed pathway involving the formation of radicals seems unlikely, and this will be discussed more in details during the mechanistic study.

Arenediazonium salts as an alternative to aryl halides

In the reaction presented above, an arenediazonium salt is generated in situ from the aniline.

Preparation of arenediazonium salts

Arenediazonium salts constitute a potential alternative to aryl halides as starting materials and have been used for many years. 112 They are very reactive electrophiles displaying various reactivities, from free radical to organometallic synthesis. These compounds exhibit several interesting features; they are prepared from widely available and inexpensive aniline derivatives, they often react under very mild reaction conditions without any additional bases or additives, and the leaving group (N2) is intert towards the reaction mixtures. They can be Chapter 3 -Copper-catalyzed N-arylation of pyrazoles with arenediazonium salts 98 prepared in water using sodium nitrite and a strong acid, or in organic solvents using organic nitrite. The mechanism of their formation is depicted in Figure 3.3. The acid chosen determines the counterion of the diazonium and its reactivity. In some cases, the N2 group is maintained during the reaction. The coupling of arenediazonium with highly nucleophilic tertiary anilines 115 or phenolate 116 can form azo compounds that are used for commercial dyes. 117 The addition of free amines on diazoniums forms triazenes. 118 Some reducing agents, for example Na2SO3, retain the N-N bond to afford aryl hydrazines. 119 Arenediazonium salts can be reduced by alcoholic solvents. Dediazoniation via a homolytic pathway can happen in neutral, 120-124 basic [125][126][127][128] or acidic [129][130][131][132][133][134][135] media, in the presence or not of water. Previous work by DeTar et al. 125,126,129 showed that it is favored by the presence of acetate in methanol, resulting in the formation of arene and formaldehyde. Some studies 125 also suggest a reaction of the acetate on the diazonium to form a covalent bond before radicals formation with release of nitrogen.

A proposed radical mechanism for the homolytic reaction of arenediazonium ions with methanol, with the formation of arene and formaldehyde 135 is detailed in equations (3.1) to (3.4):

, 2 + + oe ↔ Ÿ , = oe + + (3.1) , = oe Ÿ , • + oe • + 2 (3.2) , • + oe Ÿ , + q 2 oe • (3.3) 2 q 2 oe • Ÿ q 3 oe + q 2 oe (3.4)

Reactivity of arenediazonium salts with transition metal catalysts

Arenediazonium salts can also react via non-radical pathways, with transition metal catalysis. They are highly attractive coupling partners that have been used extensively in palladium-catalyzed Heck, Suzuki-Miyaura, Stille and carbonylative cross-coupling reactions (Figure 3.5). [136][137][138] Some reactions involving arenediazonium salts and palladium catalysts are used in industrial processes, 139 showing their attractiveness. Methanesulfonic acid, present in catalytic amount, allows to form a small amount of diazonium salt 3-17. Oxidative addition of the diazonium on Pd (0) forms a Pd (II) complex 3-18

bearing the aryl group. Then the olefin inserts in the metal-carbon bond to form 3-19 and §- elimination forms the product 3-16, regenerating both the Pd (0) catalyst and methanesulfonic acid. The reaction thus proceeds via a double catalytic cycle.

It is noteworthy that in the optimization studies for this reaction, using 4-bromoaniline, led to the formation of triazene due to the coexistence of the diazonium salt in catalytic amount with the unreacted free aniline. The formation of the triazene was not reversible in the experimental conditions, thus inhibiting the reaction. To overcome this issue, a slow addition of the aniline over 24 h was performed. 

Reactivity of arenediazonium salts with copper catalysts

In the presence of Cu (I) , the reactivity of arenediazonium salts is different from their reactivity with other transition metals. Elimination of one nitrogen molecule is frequently observed by SET to the arenediazonium.

Figure 3.12 -Formation of aryl radical from arenediazonium in the presence of Cu (I) The aryl radical formed can then react with various nucleophiles (Sandmeyer reaction 148 ) or with olefins (Meerwein reaction 149 ) (Figure 3.13). The first reaction of arenediazonium salts with stoichiometric amounts of copper for the synthesis of aryl halides was disclosed more than a century ago by Sandmeyer. 148 The first example reported was the synthesis of arylchloride from copper chloride (Figure 3.14). A radical mechanism is generally proposed for the Sandmeyer reaction 151-153 (Figure 3.15). Cu (I) reduces the diazonium to form nitrogen, an aryl radical and Cu (II) . Then the nucleophile reacts with the aryl radical to form the product and Cu (I) is regenerated. The catalyst should be able to enter a new cycle, but the first versions of the Sandmeyer reactions used stoichiometric amounts of copper. 

The Sandmeyer copper-catalyzed reactions

The first catalytic version of the Sandmeyer reaction was described by Beletskaya et al.

who reported the copper/phenanthroline catalyzed formation of aryl halides, 154 aryl nitriles 155 and aryl thiocyanates 156 under very mild conditions (Figure 3.16). All these systems use a mixture of Cu (I) and Cu (II) catalyst with 1,10-phenanthroline as ligand and the crown ether dibenzo-18-crown-6 as phase transfer co-catalyst. In all cases, a Cu (I) /Cu (II) catalytic cycle, involving aryl radical intermediates was proposed, in accordance with the mechanism of the Sandmeyer reaction.

Copper-catalyzed arylation with in situ generated diazonium salts

After the successful development of safe conditions for palladium-catalyzed reactions involving diazonium salts, Felpin and coworkers reported the copper-catalyzed C-H arylation of benzoquinones 159 and pyrroles 160 (Figure 3.18) with arenediazonium salts generated in situ from anilines. However, the need of stoichiometric amounts of copper, high temperatures (often above 200 °C) and polar solvents severely limited the synthetic potential of these reactions.

Nevertheless, in comparison to other transition metals (Pd, Rd, Ru, Ni), copper has an undeniable advantage of cost and toxicity. For this reason, during the last twenty years, extensive work was done to increase the efficiency of these reactions in terms of copper loading, and to widen their scope. The use of copper-based catalytic systems allowed to overcome these drawbacks. [165][166][167][168][169] The main modifications relied on the use of oxygen or nitrogen coordinating ligands.

Existing DFT methods for the study of transition metal catalytic cycles

In this chapter, we use DFT calculations to study the mechanism of the copper-catalyzed N-arylation of pyrazoles. DFT methods, especially when used in conjugation with hybrid exchange-correlation functionals, have become powerful tools to study a large number of catalytic reactions. They provide reliable energetic, structural and electronic values of the intermediates involved at low computational cost. [170][171][172] In particular, DFT approaches have proven their accuracy in the mechanistic investigations of copper catalyzed C-N bond forming reactions, enabling to compare multiple reaction pathways, determine their rate limiting steps and the nature of the active catalyst. 168,173,174 Several studies were focused on Ulmann-type reactions (coupling an aryl halide and an amine or alcohol derivative). Ligand directed selectivities in N-versus O-arylation reactions could be explained with DFT methods by comparing the nucleophile formation and aryl halide activation steps. 175,176 In spite of the many successes of the method, the accuracy obtained strongly depends on the exchange-correlation functional used. This latter has to be carefully chosen, especially when transition metal are involved.

If several benchmark sets were developed in recent years to test exchange correlation functionals performances (such as atomization energies, noncovalent interactions, and thermochemistry and kinetics 177 or excited states 178 ), less extensive benchmark exists in the field of transition metal chemistry, especially in bond activation by transition metal catalysts.

This field was first explored by Siegbahn and Blomberg during the eighties and nineties using as reference ab initio values. [179][180][181] Later, benchmark studies for DFT methodologies on catalytic reactions were made mainly for palladium-based catalysts, 182-187 while less extensive work was performed for nickel, 186 iridium, 185 platinium, 185 rhodium, 185,187 ruthenium 187 or iron 188 -based catalysts. To the best of our knowledge, an extensive analysis of the exchangecorrelation functional effect on copper-catalyzed reactions is still not fully developed. In this respect, we decided to analyze the performance of a selection of representative new generation exchange and correlation functionals for the description of the C-N copper catalyzed reaction reported in this chapter. It will be detailed in the next section.

Mechanistic study of the copper-catalyzed N-arylation of pyrazoles from anilines

The mechanism of the copper-catalyzed N-arylation of pyrazoles is studied in detail in this section. We focused on understanding the double catalytic cycle, by identifying the role of the acid, the oxidation state of copper, and the nature of the complexes involved. We also explain the difference in reactivity observed between the pyrazole and the imidazole. This study leads us to a DFT benchmark of various functionals to choose the most suitable method for our system.

In the reaction (Figure 3.22), the first step is most likely the diazotization of the aniline 3-1 in the presence of tBuONO and acetic acid to form the corresponding diazonium acetate salt 3-30. [189][190][191] The diazonium generated in situ could then be involved in the copper-catalyzed cross-coupling with one equivalent of pyrazole 3-2 to form the desired aryl pyrazole 3-3. Felpin and coworkers 147 showed that when using electron-rich anilines in the palladiumcatalyzed arylation of olefins, triazene species were immediately formed in the reaction medium due to the coexistence of the diazonium salt and excess of aniline. The sensitivity of the triazene species toward acidic conditions (methanesulfonic acid in this case) was suspected to stop the catalytic cycle. Nevertheless, triazenes are not necessarily unreactive species and can be used as concealed diazoniums or protected amines [192][193][194] regenerated by acidic treatment (usually 5 % trifluoroacetic acid, weaker than MeSO3H). As we suspected a similar behavior, the formation of the diazonium acetate salt was monitored by 19 F NMR, choosing the 4-fluoroaniline 3-6 as model substrate, both with a catalytic (standard conditions) and a stoichiometric amount of acetic acid, and with an excess of aniline (Figure 3.24). 1 equiv of tBuONO (black, ■, standard conditions); 1 equiv of aniline, 1 equiv of AcOH, 1.1 equiv of tBuONO (red, ¨); 2.5 equiv of aniline, 1 equiv of AcOH, 1.1 equiv of tBuONO (blue, ▲). ©,©,©-trifluorotoluene was used as internal standard. The relative amount is calculated against the limiting reactant: aniline for ■ and ¨, and tBuONO for ▲.

This species decomposed after a few hours yielding fluorobenzene 3-33 as the main product, regenerating 4-fluoroaniline, (Figure 3.25 and Table 3.3). This result confirms that the triazene is an efficient resting state for the diazonium species. Triazene species can form complexes with copper 193,195 and are stable towards neutral or basic conditions. To verify that the diazonium was the active species and not the triazene, we performed 19 F NMR kinetics of the arylation of pyrazole, starting from the triazene, in different conditions, assuming that the presence of acid favored the equilibrium shift towards the formation of the diazonium intermediate. The results are presented in Figure 3.27 and Table 3.4.

Figure 3.27 -Kinetics of the reactivity of the triazene 3-32 (1 equiv) in MeOH in presence of pyrazole (1.3 equiv) and Cu(OAc)2 (1 equiv) and different additives, as monitored by 19 F NMR spectroscopy: 1 equiv K2CO3 (black, ×), no additive (blue, +), 0.5 equiv AcOH (green,

), 1 equiv AcOH (red, *). ©,©,©-trifluorotoluene was used as internal standard. Dotted decreasing curves show the consumption of the triazene 3-32, solid increasing curves show the formation of 3-34.

The reaction without AcOH proceeded, albeit slowly. The yield of 3-34 was 53 % after 24 hours and 70 % after 48 hours. The addition of an inorganic base (1 equiv K2CO3) instead of acetic acid, decreased the rate and almost shut down the reaction. Indeed, the yield was only In the presence of acid (0.5 equiv or 1 equiv, to be compared with no additive), the decomposition of the triazene, and the formation of the expected 3-34 were faster. With 0.5 equivalents of AcOH, the yield was 61 % after 24 h and 80 % after 48 hours. But when 1 equivalent of AcOH is used, the yield is 48 % after 24 hours with 94 % of conversion of the triazene. This can be explained by the formation of fluorobenzene 3-33, represented in Figure 3.28. After 12 h, almost 30 % of fluorobenzene is formed in this case. When the acidity of the reaction medium decreases, the amounts of fluorobenzene drop down, with less than 10 % after 10 h with 0.5 equivalents of AcOH or no additive, and under 5 % with K2CO3. These results are consistent with the hypothesis that the triazene 3-32 is in equilibrium with the diazonium 3-31 which is the active species: basic conditions prevent the regeneration of the diazonium salt and stop the reaction. 19 F spectroscopy: 1 equiv K2CO3 (blue, ), no additive (red, ¨), 0.5 equiv AcOH (black, ), 1 equiv AcOH (green, ). ©,©,©-trifluorotoluene was used as internal standard.

Solvent and AcOH/AcO -influence on the decomposition of the arenediazonium Acetic acid plays an ambivalent role as it is required to generate the active diazonium from the unreactive triazene but has a deleterious effect at high concentrations (1 equiv) by accelerating its decomposition, increasing the quantity of arene formed, and limiting the final yield (Figure 3.27 and Figure 3.28). Indeed, the amount of arene obtained allows us to explain the moderate yields of phenyl pyrazole observed.

As exposed in the previous section, diazonium salts can be reduced by alcoholic solvents, especially in the presence of acetate. As a supplementary evidence, benzyl alcohol was used as a model alcoholic solvent. The addition of para-fluorophenyldiazonium tetrafluoroborate and tetrabutylammonium benzoate in stoichiometric amounts showed immediate gas evolution (N2) and formation of benzaldehyde was confirmed by both 1 H NMR and GC. 19 F NMR showed total conversion of the diazonium after a few minutes, with fluorobenzene as the main product (see the Appendix page 199-200). This confirms an in situ reduction of the diazonium salt by the alcohol, generating small amounts of radicals.

Nevertheless, MeOH turned out to be the best solvent, mainly for solubility issues.

The oxidation state of the active copper species -at the frontier between radical and non-radical reactions Kinetics under catalytic conditions starting from the aniline

In order to gain further insight into the mechanism, the kinetics of the global reaction under catalytic conditions was followed by 19 F NMR (see Figure 3.29). The formation of the product is rate-limiting compared to the triazene formation. In the previous section, when evaluating the reactivity of the triazene species, its decomposition in the absence 1 The important amount of fluorobenzene formed in these conditions as compared to the reaction performed in optimized Schlenk conditions can be due to the difference in the procedure (addition of the aniline), temperature and concentration. These parameters were adjusted to allow NMR monitoring.

of copper afforded the aniline and the arene. The latter is formed by reduction of the diazonium, and should involve an aryl radical intermediate.

Radical trapping experiments

When optimized conditions are applied, high yields are achieved, meaning that the rate of decomposition of the triazene is slower than the reaction rate, and that only a small amount of radical species is produced by reaction with the solvent. When radical scavengers (Galvinoxyl and TEMPO) were used in the optimized conditions, the formation of the product was not inhibited. This suggests that free radicals are not involved in the cross-coupling process, but rather in a by-path process, explaining the need for an excess of aniline to overcome its loss.

Nevertheless, a negative result in radical trapping experiments by using classical radical scavengers does not necessarily exclude the involvement of very short-lived radicals in the coordination sphere of the metal. Therefore, we performed a radical-clock experiment (Figure 3.30).

Figure 3.30 -Radical-clock experiment

Optimized conditions applied to 2-allyloxyaniline 3-35 formed the cyclized 3methylbenzofurane 3-36 as the main product. Only traces of coupling product 3-37 could be detected by GC-MS. This is consistent with previous results that showed that ortho-substituted arenediazonium salts failed to give efficient coupling (see Table 3 .1). This means that, in addition to the radicals that can be generated from the decomposition of the triazene, one cannot exclude the existence of aryl radicals in the coordination sphere of copper, resulting of the reduction of the diazonium salt and subsequent oxidation of copper. This result led us to propose that Cu (II) constitutes a convenient pre-catalyst to enter the Cu (I) /Cu (III) catalytic cycle (see Figure 3.31).

Figure 3.31 -Generation of aryl radicals from diazonium salts and their reactivity Such a mechanism is proposed even if tBuONO is able to oxidize Cu (I) to Cu (II) in the reaction medium, as was evidenced by cyclic voltammetry experiments (see the Appendix page 202-203). Indeed, the radical by-path is able to regenerate the active form of the Cu (I) catalyst.

Existing mechanisms in the literature and proposition of a Cu (I) /Cu (III) catalytic cycle Thus, we postulated a mechanism consistent with those generally proposed for the activation of diazonium salts by transition metals (Figure 3.32). The Cu (I) catalyst reacts with the diazonium salt according to either an oxidative addition 6,140,146 (a) or a single electron transfer 157,158,196 (SET) (b), with departure of the N2 group as a gas. A SET from another reductive agent source (for example the solvent), can also generate the arene radical. Then reductive elimination (c) can proceed, or SRN1 (d). Both routes are not completely independent since the aryl radical generated by b can interact with Cu (II) to generate Cu (III) .

Figure 3.32 -Mechanisms of the activation of arenediazonium by Cu (I) The choice between a and b is usually motivated by a radical-clock experiment or by a control experiment in presence of a radical scavenger. [197][198][199] In our reaction, Cu (II) is used in the optimized conditions, meaning that, according to Figure 3.32, radicals must be present in the reaction medium. They can initiate the reaction with Cu (II) and the formation of the coupling product along with Cu (I) . Cu (I) is then involved in a Cu (I) /Cu (III) catalytic cycle. On the basis of all these findings, a suitable catalytic cycle involving Cu (I) as active catalytic species can be postulated as depicted in Figure 3.33.

Figure 3.33 -Proposed catalytic cycle

In this rather complex catalytic cycle, all previously identified species play a role. The catalytic cycle for the reaction between the arenediazonium acetate and the Cu (I) active catalyst involve oxidative addition (OA), intramolecular deprotonation (ID) and reductive elimination (RE). Since this reaction proceeds without the addition of an external base, it is reasonable to hypothesize that the nucleophile (pyrazole) is not deprotonated before its complexation on copper. The deprotonation more likely happens on the copper center by intramolecular deprotonation with an acetate ligand acting as a base. The excess of pyrazole in the reaction medium (with respect to the catalyst and to the diazonium acetate) and the affinity of this ligand for copper 200,201 and copper acetate 202 suggests its complexation to form the intermediate After reductive elimination, Cu (I) is formed which can directly undergo oxidative addition with the diazonium salt. This justifies the catalytic activity of CuOAc and CuI as copper sources (see Table 3.2). The lower yield for CuOAc can be explained by the fact that this copper complex is very moisture and air sensitive and decomposes, giving a green product. 203 Attempts to sublimate commercial CuOAc to access a purer Cu (I) source were unfruitful. Interestingly, the catalytic activity of metallic copper (Table 3.2, entry 1) comes from the in situ generation of Cu (I) as well: oxidation of metallic copper by arenediazonium salts is indeed known to promote the formation of Cu (I) species from Cu (0) : 121,204 , 2 + + q' (0) → , • + 2 + q' ( )+

We then explored this catalytic cycle involving copper.

DFT for the study of the Cu (I) /Cu (III) catalytic cycle

Computational details

All calculations were performed using the Gaussian 09 program [START_REF] Frisch | Gaussian 09, Revision A.02[END_REF] . The geometric structures of all minima and transition states of the reactions were fully optimized using 6-311+G(d,p) [START_REF] Krishnan | [END_REF] basis sets on the main group elements (H, C, N, O). Copper atom was described with Los-Alamos double zeta basis and associated pseudo-potential [24][25][26] . Bulk solvent effects (MeOH) were introduced using a Polarizable Continuum model (PCM) 30 . All stationary points were fully characterized via a subsequent analytical harmonic frequency calculation either as minima or as first order transition states (one imaginary frequency). Beside analysis of normal modes, IRC calculations 31,32 were used to confirm the minima linked by the most relevant transition states.

BLYP, 14,15 PBE0 16 ,M06 20 , M062X 20 , B3LYP 14,15,17 , CAM-B3LYP 18 , MPW91 19 functionals were considered as representative of currently applied global and range separated functionals. In order to evaluate the impact of dispersion interaction on barriers and reaction energies, the Grimme empirical dispersion correction was also applied to the B3LYP functional. This dispersion correction 205 has been previously applied for Ni and Pd catalyzed reactions 186 or in Schwartz hydrozirconation reactions 206 and improves the agreement with the experimental data.

Comparison of the functionals on the overall catalytic cycle

The whole catalytic cycle depicted in Figure 3.34 was computed with all above mentioned functionals. In the reaction medium, acetate and pyrazole can both coordinate to copper. The definition of the active catalytic species present in solution is therefore an important question to be addressed. We envisaged an interaction between an anionic copper complex, bearing two pyrazole ligands and two acetate ligands, and a cationic diazonium. One of the pyrazole and one of the acetate ligands are linked by hydrogen bonding. This choice will be justified in the next section with the study of the nature of the active catalyst. The results for the reaction energies and barriers are given under different representations. Table 3.5 gives the reaction energies, for each step of the reaction. 

Effect of the functionals on thermodynamics

The energy for the complexation is very dependent on the functionals (from -5 to -17 kcal.mol -1 ) and, as expected, is significantly increased by applying dispersion correction (from -5.20 kcal.mol -1 to -17.58 kcal.mol -1 ). All functionals show a slightly endergonic intramolecular deprotonation step, while the very favorable reductive elimination drives the reaction. Longrange corrected functionals (such as CAM-B3LYP) behave quite similarly to global hybrids. A poorly favored oxidative addition (from 3-II to 3-V) is observed with M062X: E = -1.17

kcal.mol -1 when all other functionals give results between -12 and -17 kcal.mol -1 . This suggests that this functional may not be particularly adapted for the description of our system.

Effect of the functionals on kinetics

The effect of the functional on the kinetics of the reaction can be evaluated on the three energy barriers involved, the activation energy for: oxidative addition, intramolecular deprotonation and reductive elimination. Results show that the rate-determining step is the oxidative addition, which barrier is the lowest for M06 (among functionals without dispersion correction): EaOA = 21.50 kcal.mol -1 . Intramolecular deprotonation and reductive elimination can be easily achieved in all cases. BLYP gives a particularly high activation energy for the reductive elimination: EaRE = 5.65 kcal.mol -1 . As observed for the thermodynamics, M062X is the less performant functional for our reaction and has the highest activation energy for the oxidative addition: EaOA = 26.62 kcal.mol -1 . The introduction of dispersion correction shows a small effect on the activation energies and lowers the barrier for the OA (compare B3LYP, EaOA = 23.28 kcal.mol -1 . and B3LYP-D, EaOA = 21.57 kcal.mol -1 ).

The relative stabilities of the reaction and products associated to the primary steps of the catalytic cycle depicted in Figure 3.34 were computed with and without Counterpoise [27][28][29] (CP) correction to highlight the impact of basis set superposition error. 207,208 Corrections are reported in Table 3.6 in the case of MP2 and B3LYP-D methods. MP2 is, as expected, more affected by BSSE than DFT based approaches. All results given are in the absence of BSSE correction for DFT methods and with BSSE correction for the MP2 method. MP2 results give the smallest activation energy for the rate-determining step, the oxidative addition (17.84 kcal.mol -1 ), in agreement with the small value obtained with B3LYP-D, confirming the choice of this functional for our system.

Comparaison of the geometries of complexes 3-I and 3-II obtained with different functionals The complexation step shows the most important variations with the functional used. In order to compare different functionals' behavior on this step, we compared the relative structures obtained for compounds 3-I, the active copper complex, and 3-II, the complex with the diazonium on copper, using different DFT approaches. We focused particularly on the Cu coordination sphere as well as on the deformation of the arenediazonium cation on the Cu coordination sphere (see Figure 3.37). The results are reported in Table 3.7.

Table 3.7 -Selected atom-atom distances in complexes 3-I and 3-II in Ångström, and bondbond angles in degrees All these observations can be summarized by computing the root mean square deviation (RMSD) between a structure computed at a given level of thoery and a reference one (here the structure obtained at B3LYP-D). The RMSD measures the average distance between the same atoms in the two superimposed complexes, and allows to evaluate their similarity. To compare two complexes & and …, with atoms of spatial coordinates ((, %, 3), the RMSD is calculated using the following expression:

¢ r£ (&, …) = ¤ 1 ∑(& " … " ) 2 =1 + ¥& … ¦ 2 + (& § … § )²)
The Kabsch algorithm was used. 209 It allows to first find the centroid for each complex, align their center of coordinates and then align the molecules by rotation to minimize the RMSD before its calculation. This allows to take all the distances into account. The results are given in Table 3.8. As already concluded from the previous analysis, for complex 3-I, BLYP shows the largest variation from the reference B3LYP-D geometry, followed by M06 which is also much deviated with a RMSD of 0.312 Å. For complex 3-II, CAM-B3LYP shows the most deviated structure, followed by M062X, B3LYP and BLYP, respectively.

Nonetheless, beside the structural and energetic quantitative difference provided by the different functionals, all of them agree in providing the same qualitative picture, which is that the postulated catalytic cycle is energetically feasible, with the oxidative addition as the rate determining step. In the following sections the B3LYP-D will be used.

Evaluation of alternative mechanisms

Oxidative addition of the triazene

To further confirm the hypothesis of a diazonium salt as an active species, DFT calculations were performed to evaluate the reactivity of the triazene species on a Cu (I) complex bearing one pyrazole and one acetate ligand. The triazene can be stabilized by complexation to copper (-23.10 kcal.mol -1 ), but direct oxidative addition to the C-N bond requires a much higher energy to be achieved under the reaction conditions (Ea = 54.00 kcal.mol -1 ). These results further confirmed that the triazene is a stable reservoir for the diazonium compound, which is the active coupling partner in this reaction.

Pure radical pathway

The possibility of a pure radical pathway, already ruled out by the experiments in the presence or radical scavengers, was eliminated by computing the mechanism for the path d in Figure 3.32. A Cu (II) complex brings together the pyrazole and the acetate for the deprotonation, but there is no change in its oxidation state. The results are detailed in the Appendix (page 205).

The formation of the aryl-nitrogen bond requires 35 kcal.mol -1 and cannot be envisaged in our reaction conditions.

Oxidative addition of the diazonium vs SET to form an aryl radical

We also evaluated the possibility to go through path b in Figure 3.32, with a Cu (I) /Cu (II) /Cu (III) catalytic cycle. In this mechanism, the Cu (I) complex 3-II reduces the diazonium to generate a Cu (II) complex 3-IV' and an aryl radical that stays in the coordination sphere of copper before its addition to form the Cu (III) complex 3-V (Figure 3.38). After deprotonation and reductive elimination, a Cu (I) complex is regenerated like in the Cu (I) /Cu (III) mechanism proposed initially.

Figure 3.38 -Formation of a Cu (III) complex via a Cu (I) /Cu (II) /Cu (III) mechanism (reaction energies in kcal.mol -1 )

The SET to form the radical and Cu (II) requires 0.48 kcal.mol -1 . The products of this reaction are almost isoenergetic to the reagents and this route can be envisaged. The results obtained with the radical-clock experiment suggest that at least part of the diazonium is reduced into aryl radical before its oxidative addition to copper. Nevertheless, we kept the two possible pathways as plausible hypotheses: Cu (I) /Cu (III) or Cu (I) /Cu (II) /Cu (III) .

The nature of the active copper species NMR and cyclic voltammetry evidence for complexation of acetates and pyrazoles

Considering an active Cu (I) species, we investigated the stoichiometry of the active Cu (I) complex 3-I, because acetate and pyrazole can both coordinate copper in the reaction medium.

The preferred formation of a complex was investigated by cyclic voltammetry (CV) performed in methanol with tetrakisacetonitrile copper (I) hexafluorophosphate (Cu I (CH3CN)4 + PF6 -) as the copper source. The observation of the reduction wave of Cu (I) in Cu (0) showed the complexation of acetate (Figure 3.39). Addition of one to six equivalents of pyrazole formed several new copper species in equilibrium (Figure 3.40). The same experiment followed by NMR showed very broad peaks for the pyrazole protons, suggesting the coexistence of various complexes as well. In both cases, by electrochemistry or NMR, the copper complexes could be neither identified nor quantified experimentally.

Comparison of different possible Cu (I) species

To discriminate between different Cu (I) complexes, DFT was applied. The heat of formation for complexes with various numbers of ligands and various conformations was computed according to the following equation:

q' + + Poe -+ ¨%,&3$V → q'(oe P) Y ¨%,&3$V (Y-1
)-(see Table 3.9). Table 3.9 -Computed heat of formation and structures of the complexes considered. Hydrogen atoms were removed for clarity; Intramolecular hydrogen bonds are highlighted with black dashed lines. We assumed that in a first time a neutral Cu (I) PyrazolenOAc complex was formed (complexes 3-Ia to 3-Ie). When the diazonium acetate approaches, its acetate binds to the copper ion so that a favorable electrostatic interaction between the cationic arenediazonium and an anionic Cu (I) complex bearing two acetates (complexes 3-If to 3-Ih) can be envisaged.

Results show that adding one pyrazole to CuOAc is very favorable (3-Ia  3-Ib, E = -34.68 kcal.mol -1 ). Adding a second pyrazole is less stabilizing (3-Ib  3-Ic, 3-Id or 3-Ie, E -10-20 kcal.mol -1 ). When the external acetate from the diazonium complexes to copper, it is more stabilizing when only one pyrazole molecule is already ligated (3-Ib  3-If, E = -18.17 kcal.mol -1 ) than when there are two (3-Ic  3-Ig or 3-Ic  3-Ih, E -10 kcal.mol -1 ). This means that we do not necessarily have the complexation of two pyrazoles on copper before the oxidative addition.

The whole catalytic cycle was then computed starting from complexes 3-If, 3-Ig and 3-Ih (see Figure 3.41). 3-Ig is the one that was used for the benchmark of functionals. -acetate ligands are highlighted in red and some hydrogen atoms have been removed for

The structural parameters have no significant influence on the reaction energies except for the complexation step, which is more favorable when two pyrazoles are present. They have an important effect on the energy barriers. Indeed, the copper complex bearing only one pyrazole molecule (3-f) exhibits significantly lower activation energies for the three key steps of the reaction, and especially for the most energy-demanding one: the oxidative addition (11.81 kcal.mol -1 for 3-f against 21.57 kcal.mol -1 for 3-g and 25.79 kcal.mol -1 for 3-h) which appears to be the rate determining step. This can be related to the steric hindrance. Less space is left to the diazonium cation to approach the copper when increasing the number of pyrazoles. This forces the diazonium to adopt a twisted geometry to be able to undergo the oxidative addition, with a nitrogen atom further apart from the copper center (Cu-N bond of 2.97 Å for 3-IIIg* against 1.98 Å for 3-IIIf*). It is reasonable to think that if 3-Ig or 3-Ih is formed, a pyrazole ligand is released to form 3-If before the oxidative addition.

Analyzing the structure of the transition state 3-III* (Figure 3.41), we can understand the role of each of the two acetates coordinated to the copper: one is stabilizing the approach of the diazonium cation through the oxygen not coordinated to copper (labelled ©), while the other one is H-bonded to the pyrazole to allow the intramolecular deprotonation afterwards (labelled §). It would not be possible for a single acetate ligated to the copper cation to do both actions.

Overall, the proposed reaction mechanism allows to explain the observed reactivity in the case of pyrazole substrate.

Complementary results -the case of imidazole

Nonetheless, to further confirm its validity, it is important to see if the difference in the reactivity observed for imidazole substrates could also be justified by the same mechanism.

Indeed, initial experimental results showed that applying standard conditions to imidazole leads to a lower yield (42 %) and different conditions were applied. An explanation can be found by analyzing the structure of Cu (III) intermediates 3-Vg for pyrazole and for imidazole (see Figure 3.42). In the case of a pyrazole substrate, a hydrogen bond between a copper ligated acetate and the acidic proton of the pyrazole can be formed, allowing a pre-oriented easy intramolecular deprotonation. However, in the case of imidazole such an interaction cannot exist (as depicted in Figure 3.42). The acidic proton of imidazole points outside the copper complex and is too far from the acetate ligand. An intermolecular deprotonation pathway was thus postulated with the participation of a free external acetate. We computed this intermolecular deprotonation starting with 3-Ig for the imidazole substrate, but also for the pyrazole, as a validation of our intramolecular deprotonation mechanism (see Figure 3.43).

The first step of the mechanism is similar, with a complexation of the diazonium on the anionic Cu (I) complex, followed by a favorable oxidative addition with an activation energy EaOA = 23.82 kcal.mol -1 for imidazole (EaOA = 21.57 kcal.mol -1 for the pyrazole). In the case of pyrazole, the acidic proton is involved in an intramolecular hydrogen bond with the acetate.

Twisting (3-V  3-XI), allows to make this acidic proton available for another base. This is kinetically (Eatwist = 10.44 kcal.mol -1 ) and thermodynamically (Etwist = 5.88 kcal.mol -1 ) not favorable. For both substrates, this complex is then stabilized by the presence of an external acetate (3-XII) and intermolecular deprotonation is easily achieved (EaID = 0.48 kcal.mol -1 for imidazole, Ea = 1.20 kcal.mol -1 for pyrazole). The departure of acetic acid (3-XIV  3-XV) is energetically disfavored in both cases (E + 16 kcal.mol -1 ). Reductive elimination can finally proceed easily. The lower yields obtained for imidazole can thus be explained by the fact that very few free acetate molecules are present in the reaction medium due to the quantitative formation of triazene at the beginning of the reaction. It can also be explained by the fact that acetic acid has to leave the coordination sphere of copper to enable the reductive elimination. This departure is energetically disfavored. Furthermore, if we consider an intermolecular deprotonation for the pyrazole, energy barriers for both deprotonation and reductive elimination are lower than for intramolecular deprotonation (1.20 and 1.93 kcal.mol -1 , respectively, with respect to 3.00 and 3.90 kcal.mol -1 for intramolecular deprotonation) but the intervention of an extra acetate introduces two new high barriers: one for the conformational twisting of the pyrazole and one for the departure of the acetic acid. These two steps and the entropy factor disfavor the intermolecular deprotonation mechanism.

We have here a clear indication that the intramolecular mechanism for the deprotonation is favored when possible (case of pyrazole) and that the intermolecular one is more challenging although achievable (explaining lower efficiency of the reaction with imidazole). With these conclusions in hand, we can postulate that better yields should be obtained for imidazole by adding external acetate. Unfortunately, acetate is also playing an important role in the formation of the starting active species, resulting in a slower formation of the triazene (due to the overall lower acidity of the reaction medium). The antagonistic effect of acetate and acetic acid in several steps of the reaction as well as in by-paths explains that their concentrations have to be finely tuned for each family of substrates employed.

Conclusion

Both experimental and computational approaches have been developed as complementary tools to investigate the reaction mechanism of the copper-catalyzed arylation of nitrogen heterocycles from in situ generated diazonium salts. In this reaction, a triazene species is quantitatively formed and acts as a dormant diazonium reservoir. It maintains a low concentration of active species in the reaction medium and thus limits the non-effective parallel formation of arene. The amount of acid is crucial for the reactivity of the diazonium: it is required to generate the diazonium salt, but it accelerates the decomposition of the triazene to arene if introduced at high concentration. The role of radical species is also relevant: they are involved in the initiation step, and we cannot exclude their presence in the coordination sphere of copper. As evidenced by computational outcomes used to investigate the various steps of the reaction, the acetate also plays an important role as a ligand. Indeed, it favors the complexation of the diazonium on copper and allows an easy intramolecular deprotonation of the pyrazole.

The latter step can explain the difference of reactivity observed between pyrazole and imidazole. A DFT benchmark was performed and revealed that B3LYP with dispersion correction was a good candidate to describe our system.

Overall, our investigation allows to show that only a fine tuning of the antagonistic effect played by the AcOH/AcO -couple in the complex reaction mechanism enables the optimization of the reaction conditions. 210 

State of the art

Interest of fluorine and sulfur in drug development

Interest of fluorine

The presence of fluorine in already approved drugs or drug candidates entering clinical trials has been increasing since it first appeared in the 1950's. [211][212][213][214] This atom was found to have unique properties in the biological activity of active compounds, due to its high Penicillin is a group of antibiotics. It was discovered in 1928 and is still widely used today. Ranitidine and Lansoprazole are used to decrease stomach acid production. Quietiapine is used for the treatment of schizophrenia and depression. Tinidazole is used against parasitic infections. Duloxetine is mostly used for major depressive disorders. Dronedarone is indicated for the treatment of cardiac arrhythmias.

Among sulfur-containing molecules, alkenyl thioethers 219 are a versatile chemical platform and represent an interesting motif to access complex sulfur-containing molecules.

Methods of functionalization of alkenyl thioethers

There are only a few reactions developed for the C-H functionalization of alkenyl thioethers (Figure 4.3). 

Anionic method

In the 80's, Julia and coworkers developed the introduction of alkyl, allyl or silyl groups on 1-tert-butylthio-3-methoxy-1-alkenes using metalating agents (Figure 4.4). 220 Two different sets of conditions allow a regioselective substitution either at the C1 or at the C2 position. 

Difluoroacetylation methods by C-H functionalization

For the introduction of fluorinated methyl groups, efforts have first mainly focused on CF3 and CF2R groups. Then, the introduction of pre-functionalized fluorinated building blocks that can be used for further transformations has been developed. In the last few years, literature for fluorination methods has exploded. In this chapter, for clarity, only literature dealing with the introduction of pre-functionalized fluorinated building blocks by C-H functionalization will be developed, focusing on aryl, heteroaryl and olefinic substrates.

Radical methods

CF2R building-blocks can be introduced via a radical pathway. # CF2R radicals can be generated from halogenated or selenium-based X-CF2R reagents.

In 2006, Fuchigami and coworkers reported the photochemical substitution of olefins and aromatic compounds, with difluoromethyl radicals bearing ester and phosphonate groups (Figure 4.9). 229 $,$-difluoro-$-(phenylseleno)acetate 4-4 can be obtained by selenation of ethyl In 2007, Hu and coworkers reported the radical (phenylsulfonyl)difluoromethylation of terminal alkenes. 232 The readily available PhSO2CF2I 4-6, prepared from PhSO2CF2H and I2 in the presence of tBuOK, 233 is used as a PhSO2CF2 # precursor, with Et3B/air as initiating system for the reaction (Figure 4.10). DBU allows the dehydroiodination to give the alkene with a good stereoselectivity. . 234 The reaction is initiated by the generation of a hydroxyl radical from H2O2 by Fe (II) . Under irradiation, the Ru (II) complex is excited and quenched by the amine which plays the role of sacrificial reductant to generate a Ru (I) species, able to reduce BrCF2CO2Et and to form # CF2CO2Et.

In 2014, Wang and coworkers developed a similar methodology for the C-H difluoromethylation of electron-rich heteroarenes (Figure 4.15). 237 The reaction was inhibited by radical scavengers and the authors proposed a Ru (II) /Ru (III) catalytic cycle involving a PhSO2CF2 # radical. In 2014, Cho and coworkers reported a similar reaction on aromatics and heteroaromatics (Figure 4.17). 239 The scope includes benzene, pyrrole, furane, and thiophene derivatives. . 241 The proposed mechanism involves the generation of a long-lived photoexcited state of the Au (I) complex, able to reduce BrCF2FG to deliver the # CF2FG radical.

Palladium-catalyzed methods

A few palladium-catalyzed methods allow the difluoroalkylation of styrene derivatives and heteroarenes.

In 2012, Reutrakul and coworkers reported the palladium-mediated Heck-type reaction of [(bromodifluoromethyl)-sulfonyl]benzene. 242 This reagent is obtained from the reaction between thiophenol and dibromodifluoromethane followed by oxidation. The reaction can be performed on styrene derivatives and heteroaromatic compounds. It is limited by the important amount of Pd-catalyst needed: 35 mol%. In this reaction, initial mechanistic studies tend to rule out a radical mechanism. For all these catalytic systems, a Cu (I) /Cu (III) catalytic cycle was proposed. A radical pathway was ruled out because radical scavengers did not inhibit the reaction. The catalytic cycle proposed is depicted in Figure 4.29 in the case of the difluoroacetylation of enamides. 249 Cyclic voltammetry experiments and mass spectroscopy evidenced the complexation of the enamide on the copper to form 4-23, but completely ruled out a direct oxidative addition of the bromo compound on a copper complex. A deprotonation step is then proposed, before the oxidative addition of BrCF2CO2Et to form a Cu (III) complex. Finally, reductive elimination would provide the product, regenerating the Cu (I) catalyst. In 2016, two closely related studies were reported for the C-H difluoroalkylation of aldehyde-derived hydrazones. Song and coworkers reported a catalytic system with a Cu (II) catalyst and diboron as reductant (Figure 4.30). 252 For these three catalytic systems, the reactions were inhibited by the presence of radical scavengers and, in some cases, the TEMPO-CF2R adduct could be identified. For this reason, a Cu (I) /Cu (II) catalytic cycle involving radical species was proposed as depicted in Figure 4.33. 253 A # CF2R radical is formed by single electron transfer (SET) from Cu (I) , along with Cu (II) . The radical can add to the substrate to form a new radical species, which is able to reduce Cu (II) in Cu (I) to regenerate the catalyst. The resulting cation further evolves through deprotonation to give the desired product. 

Optimization of the conditions

The reaction conditions were first optimized using n-hexyl(styryl)sulfane 4-24a as a model substrate. Standard screening of solvent, catalysts, bases, ligands, temperature and reagent stoichiometries were performed and are detailed below. The desired product 4-25a was isolated in 82 % yield (Figure 4.34) when using Cu2O (10 mol%), 1,10-phenanthroline (12 mol%) as a ligand in the presence of K2CO3 (2 equiv) and BrCF2CO2Et (2 equiv), in acetonitrile at 80 °C for 24 h.

Several copper sources were also found to be efficient: CuI, Cu(CH3CN)4PF6, and Cu(OTf)2 catalyzed the reaction but gave lower yields than Cu2O ( Among the other bases tested, low conversions were observed with other carbonates:

Cs2CO3 and Na2CO3 (Table 4.3, entries 2 and 3), and organic bases (Et3N and 2,6-lutidine, nBu4NOAc) failed to give any adduct (Table 4.3, entries 4-6). A control experiment showed no reactivity in the absence of base (Table 4.3, entry 7).

Several polar solvents were tested since these are usually efficient for this type of reactions. 247,249,250 Only low yields were obtained in DMF and NMP (Table 4.4, entries 2 and3).

Additional optimization tests were then done by changing the temperature, the reaction time or the reagents loadings (Table 4.5). No conversion occurred at room temperature after prolonged reaction time (Table 4.5, entry 2). Shortening the reaction time cut down the yield of the reaction (46 % yield after 6 h of reaction, Table 4.5, entry 3). The reaction could proceed under an air atmosphere, albeit with lower yields (65 %, Table 4.5, entry 4). Lowering the amount of substrate (BrCF2CO2Et) from 2 equiv to 1.3 equiv greatly impacted the reaction yield (Table 4.5, entry 5). The catalyst loading could not be reduced since the yield significantly dropped off when using 2 mol% of copper salt (Table 4.5, entry 6). Overall, the optimization of the reaction conditions confirmed that the best yields were obtained using the conditions previously settled for the ethoxy carbonyl difluoromethylation of enamides, 249 with longer reaction time.

Under this optimized set of experimental conditions, the reaction turned out to be highly regio-and stereoselective. Indeed, the trisubstituted alkene 4-25a was isolated as the major compound with a 5:95 Z/E ratio starting from alkenyl thioether 4-24a as a Z/E (10:90). Having established the optimal reaction conditions (Figure 4.35), the scope of the reaction was further examined with a wide array of alkenyl thioether derivatives (see Table 4.6, the major isomer is represented). Different styryl thioethers were successfully functionalized under these conditions. The reaction turned out to be of similar efficiency when performed with S-secondary (4-25b) or S-tertiary (4-25c) alkyl substituents as well as with benzyl groups (4-25d). Aryl styryl thioethers gave slightly lower yields of isolated adducts (4-25e to 4-25h)

Scope of the reaction

whatever the nature of the substituent on the aromatic ring. When replacing the styryl moiety with an alkyl-substituted olefin, the reaction behaved similarly affording excellent yields of the trisubstituted alkenes 4-25i to 4-25k. However, the electron-deficient sulfanyl acrylate 4-24l

was poorly reactive giving 4-25l in a modest 20 % yield. When the gem-disubstituted alkenyl thioether 4-24m was used, traces of the expected product were obtained (yield about 8 %) along with the product 4-25m (55 % yield) resulting from a subsequent isomerization.

Selectivity of the reaction

The reaction turned out to be highly regio-and stereoselective.

Stereoselectivity

In 

Regioselectivity

Small amounts of by-product were obtained in up to 15 % yield with 4-24a to 4-24l.

This by-product 4-26 was identified as the product that could result from an additiondesulfitation at the C1 position (Figure 4.37). 

4-24c 4 
4-24d 4-24e 7 
4-24f 4-24g 8 
4-24h 4-24i 9 
4-24j 6 
4-24k 7 
4-24l -0 a. $,$,$-trifluorotoluene was used as internal standard.
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The regioselectivity of the reaction and the structure of the by-product was further confirmed using the C2-disubstituted styryl thioether 4-24n. In this case, the compound 4-26n

was isolated in a modest 30 % yield along with diphenyldisulfide. This confirms that substitution at the C1 position results in desulfitation. The functionalization of unactivated alkenes was not explored further. We developed a copper-catalyzed reaction of fluorination of alkenyl thioethers with direct C-H bond functionalization using BrCF2CO2Et. This methodology allows the preparation of trisubstituted olefins with controlled regio-and stereoselectivities. We then turned our attention to the mechanism of this reaction.

Mechanistic study of the copper-catalyzed difluoroacetylation of alkenyl thioethers

Experimental evidence for a radical process

To get more insights into the reaction mechanism, selected reactions were performed in the presence of radical scavengers. When 4-24a was reacted under standard reaction conditions in the presence of Galvinoxyl (1 equiv), no product was formed, while in the presence of TEMPO (1 equiv, Table 4.8, entry 1), traces of product 4-25a were obtained along with 53 % of the TEMPO-adduct 4-38, characterized both by 19 F NMR and Mass Spectrometry. These experimental observations, along with the formation of diphenyldisulfide 4-27 as by-product and the reactivity on 1,1-diphenylethylene 4-34 described in the previous section, suggest that a radical mechanism is involved in the process. These conclusions are consistent with the recent studies of fluorination of hydrazones with analogous copper systems 252,253 and with similar radical reactions mediated by copper [255][256][257] as presented above. 19 F NMR using &,&,&-trifluorotoluene as an internal standard. a. In the presence of 1 equiv of 4-24a. 2 % of 4-25a was formed. b. The copper source was changed for solubility issues in the absence of ligand.

To identify the key players in the radical formation, the trapping by TEMPO was further examined under various conditions (Table 4.8). The yield of 4-38 is only slightly lower (44 %, Table 4.8, entry 2) when the reaction is performed in the absence of the alkenyl thioether 4-reaction medium) included as possible ligands. We chose Cu(CH3CN)4PF6 as a simpler starting complex whose observed reactivity was similar to Cu2O (see Table 4 Because this exchange between acetonitrile and 4-24b results in small energy differences, the complexation of 4-24a to the copper/phenanthroline complex in the absence and in the presence of base was investigated experimentally.

Tetrakis(acetonitrile)copper(I) hexafluorophosphate (1 equiv) and 1,10-phenanthroline (1 equiv) were dissolved in CD3CN. 1,2-dichloroethane was used as an internal standard.

Increasing amounts of 4-24a were added and 1 H NMR spectra were recorded. The same experiment was then performed adding nBu4NOH (1 equiv, solution in water). The chemical shifts for the two vinylic protons were plotted against the amount of 4-24a added, noted as In the presence of a base (red curves in Figure 4.46 and Figure 4.47), there is no obvious influence of the addition of increasing amounts of 4-24a on the chemical shift, and the complexation cannot be proven by 1 H NMR.

Overall, experimentally, in the absence of base, complex 4-IV is formed, but 1 H NMR did not allow to evidence the formation of 4-V.

Mechanism of initiation

To generate radicals from a Cu (I) species and BrCF2CO2Et 4-8, two different mechanisms are possible: a single electron transfer (SET) from the Cu (I) to 4-8 can form a Cu (II) complex and the radical anion [BrCF2CO2Et] #-and a halogen atom transfer (HAT) would result in the formation of a Cu (II) complex bearing the bromine, along with the free radical # CF2CO2Et.

For comparison purposes, an oxidative addition (OA), which does not involve the generation of free radicals, proposed in previous studies, [247][248][249][250][251] was also calculated (Figure 4.50, Table 4.9

and Appendix pages 224-226). SET, HAT and OA were all computed to be endothermic processes ('H > 0). In the absence of the ligand (4-I), the energy required for the SET is very high ('H = 55.2 kcal.mol -1 ).

This energy is lowered by complexation with 1,10-phenanthroline (4-II: 'H = 39.9 kcal.mol -1 and 4-IV: 'H = 39.1 kcal.mol -1 ), and even more favorable when copper is bound to a hydroxide anion (4-III: 'H = 11.7 kcal.mol -1 and 4-V: 'H = 16.7 kcal.mol -1 ). The presence of alkenyl thioether 4-24b has only a tiny effect, as one can see by comparison of the energies computed for 4-II with the ones for 4-IV and of the energies computed for 4-III with the ones for 4-V. In all cases, the reaction energies for HAT reactions were lower than those calculated for SET.

For the OA, both activation energies ('Ha) and reaction energies ('H) were computed. The reaction energies are always higher than the ones for the HAT, and the activation energies are above 30 kcal.mol -1 .

These findings are consistent with the experimental data from Table 4.8, and allow to rule out the OA pathway. In the presence or in the absence of the alkenyl thioether, the same behavior is observed. In the absence of 1,10-phenanthroline, no radical can be formed. The absence of base significantly impacts the radical formation. Overall, complexes 4-III and 4-V are the most likely to initiate the formation of the difluoroacetate radical by HAT (4-III: 'H = 4.7 kcal.mol -1 and 4-V: 'H = 4.1 kcal.mol -1 ).

After HAT, both 4-III and 4-V formed a Cu (II) complex 4-IIIHAT (identical to 4-VHAT), bearing a phenanthroline ligand, a hydroxide and a bromide (see Figure 4.51). Surprisingly, the alkenyl thioether has low affinity for the copper complex and, if present, it is expelled from the coordination sphere of copper at this step for 4-V. This highlights the fact that the presence of the alkenyl thioether does not really affect the reactivity of the copper complex. For this initiation step, we could rationalize the absence of reactivity of BrCF2CONR2 4-29, BrCF2P(O)(OEt)2 4-30 and BrCH2CO2Et 4-31 with the higher reactions energies computed for the HAT from complex 4-III as well as with their higher reduction potential measured by cyclic voltammetry (CV). CV were performed in CH3CN containing n-Bu4NBF4 (0.3 M) at a steady glassy carbon disk electrode (d = 1 mm), at a scan rate of 0.5 V.s -1 , at 20 °C.

Addition on the alkenyl thioether

Complete mechanism

The formed # CF2CO2Et radical can then add to the alkenyl thioether 4-24b. The addition at the C1 position with regards to the sulfur atom ('Ha = 7.6 kcal.mol -1 , TS-1') had a higher activation barrier than the addition at the C2 position ('Ha = 5.1 kcal.mol -1 , TS-1), but appeared achievable under the reaction conditions (Table 4.11 and Figure 4.52). This small difference allowed us to explain the observed regioselectivity with the formation of the disulfide as by-product. The addition of the # CF2CO2Et radical on the alkenyl thioether 4-24b on the Cu (I) complex 4-IV has a higher energy barrier ('Ha = 8.2 kcal.mol - The radical I-1 formed can reduce the Cu (II) complex to regenerate Cu (I) ('H = 12.9 kcal.mol -1 ), the E and Z products can be formed. In agreement with the experiments, the transition state corresponding to the deprotonation step for the E form (that is (E)-TS-3) and leading to the most stable (E)-4-25b product is computed to be lower in energy than the one of the corresponding Z form (Figure 4.52). 

Generalization of the mechanism to other substrates

The fact that the radical initiation did not depend on the presence of the alkenyl thioether led us to surmise that this method is broadly applicable to the generation of # CF2CO2Et radicals using copper catalyst. This hypothesis was confirmed by performing a radical trapping experiment with TEMPO in the presence of enamides (Table 4.12, entry 1) and benzofuranes (Table 4.12, entries 2 and 3) under previously reported conditions. 248,249 For example the adduct 4-38 was isolated in 30 % yield in the case of enamide 4-21 without traces of the desired addition product, revealing a similar mechanism for these substrates. When benzofuranes 4-39 or 4-40 were used, 10 % of 4-38 were obtained. 19 F NMR yield, $,$,$-trifluorotoluene was used as an internal standard

In the initial studies, some reactions were already performed in the presence of radical scavengers. In the case of benzofuranes, TEMPO and tert-butylhydroxytoluene (BHT) were used, in substoichiometric or stoichiometric amount (Table 4.13). The yield dropped from 50 % to 40 % but this small decrease was not considered crucial, the TEMPO-CF2CO2Et adduct 4-38

was not identified and a Cu (I) /Cu (III) In the case of enamides, 249 the reaction was optimized with 2 equivalents of BrCF2CO2Et. In the initial study, when a catalytic amount (20 mol%) of radical inhibitors was added (TEMPO, benzoquinone or BHT), no inhibition of the reaction was observed, and with 1 equivalent of TEMPO the reaction required a much longer reaction time. For this reaction, a more complete mechanistic study was performed. A non-radical mechanism was proposed based on stoichiometric reactions performed in the absence of the base. After ruling out the direct oxidative addition of BrCF2CO2Et with the cationic Cu (I) complex (by both NMR and electrochemistry performed at RT), a pre-complexation of the latter with enamide was established via cyclic voltammetry as was evidenced here earlier by 1 H NMR in the case of the alkenyl thioether (in the absence of the base).

In this initial study on enamides, the cationic copper complex was considered, whereas here the complete experimental conditions are taken into account, in particular the base. Finally, these results are not contradictory and the radical mechanism established herein turns out to be quite general for these systems.

Based on these findings, we proposed the mechanism depicted in Figure 4.53. In the presence of 1,10-phenanthroline and a base, the Cu (I) hydroxo complex reduced BrCF2CO2Et to form a Cu (II) complex and an ethoxy carbonyl difluoromethyl radical. Then, the addition of this radical on the alkenyl thioether 4-24 proceeded according to an outer sphere process and the observed stereoselectivity is related to the relative stability of the two possible isomers after the deprotonation step. 

Perspectives

Reactivity of fluorinated alkenyl thioethers

In an attempt to post-functionalize the fluorinated products, a saponification of 4-25a

was performed with aqueous lithium hydroxide. Surprisingly, the carboxylic acid was not obtained, but two new cyclic compounds 4-42a and 4-43a were isolated. The reaction was performed on a few substrates in these unoptimized conditions to evaluate its scope (Table 4. 14). This reaction turned out to be quite general on our substrates, with the formation of either one or two cyclic products. Increasing the reaction time and the temperature allowed to obtain compound 4-43a only from 4-25a in 70 % yield.

To understand the origin of the product 4-43, the fluorinated cyclized product 4-42a was isolated and treated with aqueous lithium hydroxide. In these same reaction conditions, it was completely converted into 4-43a (Figure 4.54). This is an evidence that 4-42a is most probably an intermediate for the formation of 4-43a, and explains why increasing the reaction time and temperature only gives 4-43a. Functionalized isotetronic acids are also key intermediates for the synthesis of natural products. [260][261][262] This structure has useful pharmacological activities. For example butyrolactone I (Figure 4.57) is a potent inhibitor of CDK1 and CDK2 kinases with an antiproliferative activity, and this molecule has been of interest for antitumoral strategies. 263 A number of synthetic approaches to isotetronic acids are already known. [264][265][266][267] The interest of our reaction mainly lies in the formation of the compound 4-42, which has the structure of an isotetronic acid, with a fluorine atom instead of hydroxide and could have interesting biological activities. Moreover, to our knowledge, this type of isotetronic acids are not known yet and the presence of a mixed acetal on these compounds allows further reactivity.

Efforts are now focused on the optimization of the conditions for its formation only.

Conclusion

We report herein a general regio-and stereoselective method for the ethoxy carbonyl difluoromethylation of alkenyl thioethers. The developed methodology was applied to a broad range of substrates with good yields and excellent selectivities in favor of E isomers.

Mechanistic studies supported by experimental observations and theoretical calculations gave evidences for a radical mechanism. The generation of a difluoroacetate radical promoted by a well-defined copper complex was established by these studies. Compared to other strategies to introduce a fluorine atom or a fluorinated group, this method allowed the generation of a radical under mild conditions, without requirement of light irradiation, expensive metal or radical initiator, which constitutes a real asset. It allows an easy access to fluorinated chemical platform of interest, since post-functionalizations of these substrates are possible thanks to the versatility of the ester moiety. 268 An easy access to fluorinated isotetronic acid is now under study for further optimization.

General conclusion

This thesis aimed at combining synthetic methodology developments and mechanistic studies to improve and rationalize the way reactions are designed. For this purpose, a complementary approach with both experimental and theoretical work was used.

The first study was the tBuOK/DMF mediated alpha-arylation of aryl ketones. The advantage of this reaction lies in the absence of transition metal catalyst. We managed to show why DMF, as a solvent, and tBuOK, as a base, are both necessary for this reaction. Indeed, the radical chain reaction is initiated by an electron-rich species generated by the deprotonation of DMF by tBuOK. This species can reduce iodobenzene to give an aryl radical which initiates the reaction. This deprotonation could be evidenced experimentally by NMR. DFT calculations confirmed the feasibility of this step and also allowed, to some extent, the explanation of why tBuOLi is inefficient in this reaction. One of the benefits taken from this mechanistic study is the possibility to generalize the initiation mechanism of this reaction to other reactions starting with a one-electron reduction of an aryl iodide. Other reducing agents can be replaced by the combination of DMF and tBuOK, and new reactions, for example with a nucleophile different from an enolate, can be imagined.

The second study is the copper-catalyzed arylation of nitrogen heterocycles, starting from anilines. This reaction uses a cheap catalyst of low toxicity and does not require the presence of ligands. Harmless by-products are generated (N2, water, tBuOH). More interestingly, a diazonium is generated in situ with a catalytic amount of acid. This allows to overcome the safety-related issues that are associated with the use of these compounds. The mechanistic study revealed that the formed diazonium is immediately converted into a triazene, which plays the role of safe diazonium reservoir. The regeneration of the diazonium is modulated by the acidity of the medium, due to the presence of acetic acid and acetate.

Experimental data and computational results showed that this diazonium could react with copper, in a Cu (I) /Cu (III) catalytic cycle. The formation of Cu (II) and aryl radical during the catalytic cycle could not be ruled out. The mechanistic study also allowed to understand the different reactivity observed between pyrazole and imidazole substrates. The former undergoes intramolecular deprotonation whereas the latter undergoes intermolecular deprotonation, which is less efficient. A more extensive study of the performance of different DFT approaches was performed and allowed to evidence the quantitative difference that can be found. This study 
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 12 Figure 1.2 -Evolution of the potential during a cycle (left) and intensity/potential answer of the system (right)
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 13 Figure 1.3 -Commonly used radical scavengers

  cd (-) is the Hartree-Fock potential. It is the average repulsive potential experienced by the electrondue to the other 1 electrons. The electron-electron repulsion is taken into account in an average way (mean field approximation) and instantaneous electron-electron interactions are thus neglected if one excepts the exchange interaction term. It has the following expression: cd (( 1 ) = ∑(/ 8 (( 1 ) T 8 (( 1 8=1
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 21 Figure 2.1 -Transition metal-catalyzed alpha-arylation of carbonyl compounds starting from aryl halides
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 22 Figure 2.2 -Phenylacetone synthesis by arylation of potassium enolate of acetone with iodobenzene via SRN1The SRN1 55 mechanism is detailed in Figure2.3. In the initiation step, a radical is generated by the reduction of the aryl halide in the reaction medium. This reduction can be effected electrochemically, 56-60 chemically or photochemically. The two latter mechanisms will be presented in this chapter. The aryl radical generated reacts with the nucleophile, to form a radical anion. In the propagation step, this radical anion can reduce another molecule of aryl halide, form the product and regenerate an aryl radical.
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 2324 Figure 2.3 -The SRN1 mechanism (X = halogen)
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 25 Figure 2.5 -Synthesis of benzo-fused heterocycles by intramolecular alpha-arylation of ketone enolates
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 26 Figure 2.6 -Microwave-induced alpha-arylation of acetophenone
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 26 Di-tert-butyl-¡-(3,5-di-tert-butyl-4-oxo-2,5- cyclohexadien-1-ylidene)-p-tolyloxy (Galvinoxyl) and(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) completely inhibited the coupling of propiophenone with iodobenzene (see structures on Figure 2.8).
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 28 Figure 2.8 -Structures of the radical scavengers used
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 29 Figure 2.9 -SRN1 mechanism for the alpha-arylation of arylketones
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 210 Figure 2.10 -Formation of radicals the radical initiators benzoyl peroxide and AIBN Since 2008, 74 new ways of initiation of radical chain processes have been developed for the metal-free C-C bond formation. They involve small organic molecule additives in the
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 211 Figure 2.11 -Selected examples of additives known to initiate radical processes
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 21278 Figure 2.12 -SRN1 process considering the electron as a catalyst
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 2 Figure 2.13 -DMEDA catalyzed direct C-H arylation of unactivated benzene
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 214 Figure 2.14 -Formation of the radical initiator from DMEDA
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 215 Figure 2.15 -Deuterated derivatives of DMEDA
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 216 Figure 2.16 -Formation of the monoimine 2-13 from the diamine 2-12
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 218 Figure 2.18 -tBuOK/1,10-phenanthroline promoted intra molecular cross-coupling to prepare 6H-benzo[c]chromeneUnder similar reaction conditions, with 1,10-phenanthroline76 or bathophenanthroline77 Heck-type reactions can be achieved(Figure 2.19).
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 219 Figure 2.19 -Potassium tert-butoxide mediated Heck-type cyclization/isomerization to form benzofurans

  radical. The phenanthroline radical anion intermediate reduces aryl bromides by outer-sphere electron transfer to form aryl radicals. They also suggested that the potassium cation is complexed by 1,10-phenanthroline, which brings the tert-butoxide anion closer to favor an inner sphere electron transfer within the intermediate complex(Figure 2.20).
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 220 Figure 2.20 -Formation of aryl radical with tBuOK and 1,10-phenanthroline In their study, 96 Murphy and coworkers computed the free energy change for this reaction between potassium tert-butoxide, 1,10-phenanthroline and iodobenzene (Figure 2.21).
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 221 Figure 2.21 -Computed free energy for the reduction of iodobenzene by a tBuOK/1,10-phenanthroline complex Due to the high energy value obtained (¥G = 59.5 kcal.mol -1 ), they rather suggested the formation of a super electron donor 2-26 by deprotonation of 1,10-phenanthroline to form 2-24 and addition of this nucleophile on another 1,10-phenanthroline molecule. They isolated the oxidized product of the phenanthroline dimer 2-26 (Figure 2.22).
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 22290223 Figure 2.22 -Formation of a super-electron-donor in the presence of 1,10-phenanthroline and tBuOK
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 224 Figure 2.24-Proposed mechanism for the cyclisation of N-2-ethenyl-phenyl tetrahydroisoquinoline in DMF in the presence of tBuOK
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 2 Figure 2.25 -Mizoroki-Heck-type reaction mediated by potassium tert-butoxide in the presence of ethanol
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 226 Figure 2.26 -Transition metal free biaryl coupling promoted by tBuOK in the absence of additives

Figure 2 . 27 -

 227 Figure 2.27 -Computed free energies for the formation of benzyne by deprotonation of iodobenzene
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 2 Figure 2.28 -Proposed mechanism for the generation of radicals from benzyne
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 2 Figure 2.29 -Optimized conditions for the alpha-arylation of propiophenone by iodobenzene
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 2 Figure 2.30 -Expected products in the case of a benzyne or benzene radical intermediate
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 2 Figure 2.31 -Benzene radical formation from iodobenzene
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 2 Figure 2.32 -SRN1 mechanism for the alpha-arylation of aryl ketones
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 2 Figure 2.33 -SET a. outer-sphere electron transfer b. inner-sphere electron transfer
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 2 Figure 2.34 -Schematic representation of the alter operation
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 2 Figure 2.35-HOMO of the complex 2-43, localized on the enolate (left), LUMO of the complex 2-43, localized on the aryl iodide (right)
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 2 Figure 2.36 -Observed deuterium/proton exchange in the presence of base and water
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 2 Figure 2.37-1 H NMR after 4 min (in red) and after 9 h (in blue) of a solution of tBuOK in DMF-d7. The CH3 proton signal integration was calibrated to 3.0.On the13 C NMR spectrum, the triplet for the carbon bearing the formamide deuterium turned into a singlet illustrating the exchange of the deuterium with a proton from water promoted by the presence of the base (Figure2.39).
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 2 Figure 2.38 -Evolution of the formamide proton integration with time. A: Representation of the 1 H NMR integration as a function of time. B: superimposed 1 H NMR spectra of the formamide proton signal.
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 2 Figure 2.39-13 C NMR after 20 min (A) and after 9 h (B) of a solution of tBuOK in DMF-d7.
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 2 Figure 2.40 -Mechanism of the initiation by deprotonation of the solvent. Electronic energies in kcal.mol -1

  which are extremely favorable. Indeed, a ¥E value of -56.57 kcal.mol -1 was computed for the reaction of the enolate 2-10 with the benzene radical 2-41 to form the radical anion 2-42, which can then react (by SET) with iodobenzene (¥E = -9.07 kcal.mol -1 ) to yield the final product 2-11, along with the regeneration of the benzene radical 2-41 (Figure2.41 and Table2.11).
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 2 Figure 2.41 -Radical chain steps of the reaction

Figure 2 .

 2 Figure 2.42-Cyclic voltammetry: reduction of PhI (2 mM) in DMF containing nBu4NBFn (0.3 M) at a steady gold-disk electrode (d = 0.5 mm) at a scan rate of 0.1 V.s -1 at 20°C (in grey) and after addition of tBuOK (6 mM) (in black)
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 2 Figure 2.43 -Mechanism for the tBuOK/DMF promoted alpha-arylation of aryl ketones

Figure 2 .

 2 Figure 2.44 -Reactivity of formamides in a biaryl coupling reaction that uses tBuOK as base Carbamoyl anions are known to act as nucleophiles, 104 and reactions of carbamoyl anions with formamides have already been reported in the literature. 108 For this reason, Murphy and coworkers suggested the attack of the carbamoyl 2-29 on a second DMF molecule, to form the enolate 2-53 that could act as an electron donor. Further deprotonation could form the dianion 2-54, even more electron-rich (Figure 2.45). In our study, no NMR signal for the formation of such a dimeric species could be identified when tBuOK was dissolved in deuterated DMF-d7.
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 2 Figure 2.45 -Formation of electron donors from DMF
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 3 Mechanistic study of the copper-catalyzed Narylation of pyrazoles with arenediazonium salts generated in situ from anilines under ligand-free conditionsThis chapter presents the mechanistic study of a copper-catalyzed C-N bond formation between an aryl group and a nitrogen heterocycle. This reaction involves arenediazonium salts generated in situ from anilines. After a brief presentation of the reaction, an overview of the literature is given, regarding the use of arenediazonium salts and their reactivity in the absence and in the presence of transition metal catalysts.The mechanism of the reaction was investigated using mainly19 F NMR and DFT calculations. A benchmark of functionals was performed to choose the most suitable methodology for our system. The results obtained prove the formation of a triazene in the reaction medium as a safe diazonium reservoir, show the antagonistic role of the acetic acid present in the reaction medium and allow to explain the difference in reactivity observed between pyrazole and imidazole. This work was done in collaboration with the team of Dr. Marc Taillefer (ENSCM) and was published: Antagonistic effect of acetates in C-N bond formation with in situ generated diazonium salts: a combined theoretical and experimental study, I. Fabre, L. A. Perego, J. Bergès, I. Ciofini, L. Grimaud, M. Taillefer, Eur. J.Org. Chem, 2016, 5887-5896. 
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 32 Figure 3.2 -Optimized conditions for the copper-catalyzed arylation of imidazole with aniline
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 3311434 Figure 3.3 -General mechanism of formation of arenediazonium salts
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 35 Figure 3.5 -Reactivity of arenediazonium salts with palladium catalysts
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 36 Figure 3.6 -Ligand-assisted gold-catalyzed cross-coupling with arenediazonium salts
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 37 Figure 3.7 -Iridium-catalyzed C-H arylation of arenes with arenediazonium salts
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 3839310 Figure 3.8 -Palladium-catalyzed C-C bond formation with acetanilides
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 311 Figure 3.11 -Mechanism for the Heck-Matsuda reaction with substoichiometric use of arenediazonium salts via a double catalytic cycle
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 313 Figure 3.13 -Reactivity of arenediazonium salts in the Sandmeyer and Meerwein reactions
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 314 Figure 3.14 -First example of the Sandmeyer reaction
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 315 Figure 3.15 -Mechanism of the Sandmeyer reaction
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 316 Figure 3.16 -Copper/phenanthroline catalyzed formation of aryl halides, aryl nitriles and aryl thiocyanates
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 317 Figure 3.17 -Copper mediated trifluoromethylation and trifluoromethylthiolation of arenediazonium tetrafluoroborates
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 318 Figure 3.18 -Copper-catalyzed C-H arylation of pyrroles with in situ generated diazonium A free-radical pathway is proposed for the arylation of pyrroles. The Cu (I) -catalyzed homolytic dediazoniation of the in situ generated diazonium salt 3-17 gives the corresponding aryl radical 3-22, quickly intercepted by the pyrrole 3-20. The radical intermediate 3-23 is oxidized by Cu(II) into the corresponding cation 3-24, regenerating Cu(I) . After deprotonation, 3-24 provides the coupling product 3-21.
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 319 Figure 3.19 -Mechanism for the copper-catalyzed C-H arylation of pyrroles with in situ generated diazonium salts
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 320 Figure 3.20 -Amination of arylchloride as reported by Ullmann in 1903 161
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 321 Figure 3.21 -Amidification of arylbromide as reported by Goldberg in 1906 162
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 3 Figure 3.22 -Copper-catalyzed arylation of pyrazole with aniline
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 323 Figure 3.23 -Schematic representation of the double catalytic cycle
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 324 Figure 3.24 -Formation of diazonium acetate and triazene from 4-fluoroaniline as monitored by 19 F NMR

Figure 3 .

 3  F NMR monitoring of the formation and decomposition of the triazene starting from 4-fluoroaniline in different conditions: 1 equiv of aniline, 0.2 equiv of AcOH, 1.1 equiv of tBuONO (black, ■, standard conditions); 1 equiv of aniline, 1 equiv of AcOH, 1.1 equiv of tBuONO (red, ¨); 2.5 equiv of aniline, 1 equiv of AcOH, 1.1 equiv of tBuONO (blue, ▲). ©,©,©-trifluorotoluene was used as internal standard. The relative amount is calculated against the limiting reactant: aniline for ■ and ¨, and tBuONO for ▲.

3 2 .

 2 5 equiv of aniline, 1 equiv of AcOH, 1.1 equiv of tBuONO (blue, ) 0 In our standard conditions (fig 1, ■) the triazene species can be quantitatively formed because the substoichiometric amount of acetic acid is consumed by the formation of diazonium but regenerated by the formation of triazene. The rates of both formation and decomposition of the triazene were found faster when low amounts of acetic acid were used (fig 1, ■). The weak acidity of acetic acid (pKa = 4.75 in water), allows a reasonable stability of the triazene and its formation does not stop the reaction with copper. Reactivity of the triazene with copper under different conditions: a safe diazonium reservoir We then explored the ability of the triazene 3-32 to react with the nucleophile 3-2 to give the corresponding coupling product. Gas chromatography (GC) analysis of the reaction between the triazene, Cu(OAc)2 and pyrazole (slight excess, 1.3 equiv) in presence of a catalytic amount of acetic acid (0.5 equiv) proved the slow formation of the desired 4fluorophenylpyrazole 3-34 along with para-fluoroaniline 3-6, confirming the reactivity of the triazene species. 80 % of product (GC yield) were formed after 48 h at room temperature (Figure 3.26).
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 326 Figure 3.26 -Copper-mediated reaction between the triazene and pyrazole

Figure 3 .

 3 Figure 3.28 -Kinetics of the formation of fluorobenzene 3-33 under the following conditions: 0.4 M triazene in MeOH in presence of pyrazole (0.52 M) and Cu(OAc)2 (0.4 M) and different additives as monitored by19 F spectroscopy: 1 equiv K2CO3 (blue, ), no additive (red, ¨), 0.5 equiv AcOH (black, ), 1 equiv AcOH (green, ). ©,©,©-trifluorotoluene was used as internal standard.
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 3 Figure 3.29 -Kinetics of the conversion of 4-fluoroaniline (0.5 mmol) in the presence of Cu(OAc)2 (0.066 mmol), pyrazole (0.33 mmol), tBuONO (0.55 mmol), and AcOH (0.1 mmol) in MeOH (0.5 mL), as monitored by 19 F NMR spectroscopy. ©,©,©-Trifluorotoluene was used as internal standard.

  3-Iprior to the complexation of the diazonium. In a next step, OA yields to the Cu (III) intermediate 3-V with release of a molecule of nitrogen. Alternatively, 3-I can reduce the diazonium by SET to form the Cu (II) intermediate 3-IV', along with arene radical, before the oxidative addition to form the intermediate 3-V. Successive ID of a pyrazole by an acetate enables the formation of 3-VII which can then undergo RE to regenerate the initial Cu(I) complex after ligand exchange (LE). Along with the cross-coupling product, a molecule of acetic acid is expelled from the coordination sphere of copper and can thus participate in the generation of the diazonium salt.

Figure 3 .Figure 3 . 34 -

 3334 Figure 3.34 -Computed reaction mechanism

Figure 3 .Chapter 3 -Figure 3 . 36 -

 33336 Figure 3.35 -Reactions energies and barriers (in kcal.mol -1 ) computed at different levels of theory for the catalytic cycle depicted in Figure 3.34. The bars with a star represent activation energies.

Figure 3 .

 3 Figure 3.37 -Active catalytic species considered for the catalytic cycle (3-I, left) and complexation of the diazonium on copper (3-II, right) (hydrogen atoms were omitted for clarity, the H bond is represented with a dashed line)

Figure 3 .

 3 Figure 3.39 -CV performed in MeOH containing n-Bu4NBF4 (0.3 M) at a steady glassy carbon disk electrode (d = 1 mm), at a scan rate of 0.5 V.s -1 , at 20 °C, starting from the resting potential (a) Reduction of Cu(CH3CN)4PF6 (2 mM) (dashed line); (b) Reduction of Cu(CH3CN)4PF6 (2 mM) in the presence of n-Bu4NOAc (2 mM) (solid line).

Figure 3 .

 3 Figure 3.40 -CV performed in MeOH containing n-Bu4NBF4 (0.3 M) at a steady glassy carbon disk electrode (d = 1 mm), at a scan rate of 0.5 V.s -1 , at 20 °C, starting from the resting potential. Reduction of Cu(CH3CN)4PF6 (2 mM) in the presence of n-Bu4NOAc (2 mM) and 6 equivalents of pyrazole (12 mM). The voltammograms after addition of 1, 2, 3, 4 or 6 equivalents of pyrazole were identical.

3 -

 3 Ig m = 2, n = 2 Hf = -107.19 kcal.mol -1 3-Ih m = 2, n = 2 Hf = -111.31 kcal.mol -1

Figure 3 .

 3 Figure 3.41 -Computed reaction path starting from the selected copper complexes 3-If (solid line), 3-Ig (dashed line), and 3-Ih (dotted line). L = pyrazole ligand or free coordination site. Intermediates with asterisks are transition states. The transition-state structures 3-IIIf*, 3-IIIg* and 3-IIIh* are represented; ! -and "

Figure 3 .

 3 Figure 3.42 -Cu (III) intermediates 3-Vg bearing pyrazole (left) or imidazole (right) ligands and distance for intramolecular deprotonation. The ligands involved in the deprotonation are highlighted in green, and hydrogen atoms on other ligands have been removed for clarity

Chapter 3 -Figure 3 .

 33 Figure 3.43 -Intermolecular deprotonation mechanism for pyrazole (dashed line) and imidazole (solid line) starting from 3-Ig. The circles refer to any of the two nitrogen heterocycles. Intermediates with asterisks are transition states.

Chapter 4 -

 4 Stereoselective access to trisubstituted fluorinated alkenyl thioethersThis chapter presents the development of a general strategy for the synthesis of fluorinated alkenyl thioethers. This method allows to combine the presence of sulfur and fluorine in the same small molecule, which can be of interest in the development of new pharmaceutical compounds. The methodology development is followed by a mechanistic study which reveals a radical mechanism that can be generalized to the difluoroacetylation of other molecules. Post-functionalization of the molecules obtained gives access to isotetronic acids, a core structure for natural and active molecules. This work was done in collaboration with Dr. Thomas Poisson and Pr. Xavier Pannecoucke (INSA Rouen) and Pr. Isabelle Gillaizeau (Université d'Orléans). This work was published: Stereoselective access to trisubstituted fluorinated alkenyl thioethers, I. Fabre, T. Poisson, X. Pannecoucke, I. Gillaizeau, I. Ciofini, L. Grimaud, Catal. Sci. Technol., 2017, DOI:10.1039/C7CY00076F.

  electronegativity and small size. The C-F bond is strong and exhibits metabolic stability. 215 Moreover, fluorine acts as a bioisostere of the hydrogen atom. Incorporation of fluorine generally changes the compounds lipophilicity, and modifies the physical and biological properties of a molecule. More than 25 % of the drugs on the market now contain fluorine. Some examples of these drugs are given in Figure 4.1. Fludrocortisone was the first fluorinecontaining drug approved by the US Food and Drug Administration (FDA), in 1955. Fluoxetine, known as Prozac ® , is a widely used antidepressant. Efavirenz and Emtricitabine are used in the triple combination therapy for the treatment of human immunodeficiency virus (HIV) infection. Tafluoprost is an eye treatment for open-angle glaucoma and ocular hypertension.
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 41 Figure 4.1 -Fluorine-containing drugs, with their names and FDA approval date

Figure 4 . 2 -

 42 Figure 4.2 -Sulfur-containing drugs, with their names and FDA approval date
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 43 Figure 4.3 -C1 and C2 functionalization of alkenyl thioether

Figure 4 . 4 -

 44 Figure 4.4 -Functionalization of 1-tert-butylthio-3-methoxy-1-alkenes using metalating agents

Figure 4 . 5 -

 45 Figure 4.5 -Stereoselective Heck reaction with alkenyl thioethers

Figure 4 . 6 -

 46 Figure 4.6 -Anodic fluorination of alkenyl thioethers

Figure 4 . 7 -

 47 Figure 4.7 -Synthesis and C1-functionalization of alkenyl thioethers bearing C2trifluoromethyl group

Figure 4 . 8 -

 48 Figure 4.8 -Functionalization of alkenyl thioethers by radical allylation

2 -

 2 bromoacetate followed by anodic fluorination.230 Phenylselanyl difluorophosphonate 4-5 can be obtained from commercially available diethyl difluoromethylphosphonate after lithiation and quench by diphenyl diselenide or phenylselanyl chloride.231 

Figure 4 . 9 -

 49 Figure 4.9 -Photochemical substitution of olefins and aromatic compounds with difluoromethyl radicals In this reaction, the light irradiation allows a homolytic cleavage of the Se-C bond. The two radicals formed add to the double bond before elimination of PhSeH. Addition of (PhSe)2 and 2,4,6-trimethylpyridine limits the formation of the saturated by-product. A wide variety of

Figure 4 . 10 -

 410 Figure 4.10 -Radical (phenylsulfonyl)difluoromethylation of terminal alkenes

Figure 4 . 11 -

 411 Figure 4.11 -Ethoxycarbonyldifluoromethylation using Fenton reagent

Figure 4 . 12 -

 412 Figure 4.12 -Ethoxycarbonyldifluoromethylation of anilines using Fenton reagent followed by intramolecular amidation

Figure 4 . 13 -Figure 4 . 14 -

 413414 Figure 4.13 -Silver-mediated C-H difluoromethylation of arenes

Figure 4 . 15 -

 415 Figure 4.15 -Visible light-mediated C-H difluoromethylation of electron-rich heteroarenes

Figure 4 .

 4 Figure 4.16 -C-H functionalization of enamides using visible-light photoredox catalysis

Figure 4 . 17 -

 417 Figure 4.17 -Visible light-induced aromatic difluoroalkylation

Figure 4 . 18 -

 418 Figure 4.18 -Difluoroalkylation of alkenes by using visible light photoredox catalysis

Figure 4 . 19 -

 419 Figure 4.19 -Gold-catalyzed photoredox difluoroalkylation and perfluoroalkylation of hydrazones In 2016, Hashmi and coworkers developed a gold-catalyzed C(sp 2 )-H difluoroalkylation and perfluoroalkylation of hydrazones (Figure 4.19).241 The proposed mechanism involves the

Figure 4 . 20 -

 420 Figure 4.20 -Palladium-mediated synthesis of $-alkenyl $,$-difluoromethyl sulfones

Figure 4 . 21 -

 421 Figure 4.21 -Palladium-catalyzed Heck-type reaction of bromodifluoroacetate with styrene

Figure 4 . 22 -

 422 Figure 4.22 -Pd-catalyzed difluoroalkylation of electron-rich heteroarenes

Figure 4 . 23 -

 423 Figure 4.23 -Palladium-catalyzed carbonylation of (hetero)aryl boronic acid derivatives to access difluoroacylated arenesIn a recent mechanistic study, 246 they proposed a pathway proceeding through singleelectron elementary steps, to form carbon-centered alkyl radicals from the alkyl bromide.
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 424 Figure 4.24 -Copper-catalyzed %-difluoroacetylation of dihydropyrans and glycals

Figure 4 . 25 -

 425 Figure 4.25 -Copper-catalyzed direct C2-difluoromethylation of furans and benzofurans

Figure 4 . 26 -

 426 Figure 4.26 -Copper-catalyzed olefinic C-H difluoroacetylation of enamides

Figure 4 . 27 -

 427 Figure 4.27 -Copper-catalyzed ethoxycarbonyldifluoromethylation of electron-rich arenes

Figure 4 .

 4 Figure 4.28 -Copper-catalyzed C-H ethoxycarbonyldifluoromethylation of imidazoheterocycles

Figure 4 .

 4 Figure 4.29 -Proposed reaction mechanism for the copper-catalyzed difluoroacetylation of enamides

Figure 4 .

 4 Figure 4.30 -Copper-catalyzed C-H difluoroalkylation of aldehyde derived hydrazones with diboron as reductantMonteiro and coworkers reported a catalytic system with Cu (I) and 1,10-phenanthroline that proceeds smoothly with both bromodifluoroacetates and bromodifluoroacetamides (Figure4.31).253 Recently, Jiang and coworkers reported the copper-catalyzed gemdifluoromehylenation of alkenes (Figure4.32).254 

Figure 4 .

 4 Figure 4.31 -Copper-catalyzed C-H difluoroalkylation of aldehyde-derived from hydrazine

Figure 4 .

 4 Figure 4.33 -Proposed mechanism for the copper-catalyzed C-H difluoroalkylation of hydrazones

Figure 4 .

 4 Figure 4.34 -Standard conditions for the difluoroacetylation of alkenyl thioethers

Table 4 . 4 -

 44 yield b. 19 F NMR yield. &,&,&-trifluorotoluene was used as internal standard. Screening of solvents Entry Deviation from the standard conditions Yield of yield b. 19 F NMR yield. &,&,&-trifluorotoluene was used as internal standard.

Figure 4 .

 4 Figure 4.35 -Optimized reaction conditions used for the development of the scope of the reaction

  order to determine the configuration of the trifunctionalized thioethers, Heteronuclear NOESY experiments (HOESY) were performed. They clearly demonstrated a correlation between the fluorine atom and the olefinic proton on 4-25j and 4-25k, enabling us to establish the E selectivity of the reaction (Figure 4.36). All other configurations were assigned by analogy.

Figure 4 .

 4 Figure 4.36 -HOE observed on compounds 4-25j and 4-25k

Figure 4 .

 4 Figure 4.37 -Mixture of products obtained in the optimized conditions

Figure 4 .

 4 Figure 4.38 -Copper-catalyzed difluoroacetylation of 4-24n

Figure 4 .

 4 Figure 4.39 -NOE observed on compounds 4-25a and 4-25i

Figure 4 .

 4 Figure 4.40 -Unreactive alkyl bromides

Figure 4 .

 4 Figure 4.41 -Transformation of the fluorinated alkenyl thioether 4-25e

Figure 4 .

 4 Figure 4.42 -Reactivity of the 1,1-diphenylethylene 4-34 ( 19 F NMR yields are given)

Figure 4 .

 4 Figure 4.43 -Reactivity of styrene and cyclooctene

  .1). The relative stability of complexes 4-I to 4-V is represented in Figure 4.44, and their optimized structure is represented in Figure 4.45. 1,10-Phenanthroline stabilizes the copper complex (4-I  4-II, 'H = -8.0 kcal.mol -1 ). The replacement of a solvent molecule by the thioether 4-24b has no stabilizing effect (4-II  4-IV 'H = +2.6 kcal.mol -1 ), whereas the complexation by a hydroxide, resulting in a neutral complex, is very favorable (4-II  4-III 'H = -11.8 kcal.mol -1 ). From complex 4-III, replacement of the solvent molecule by the thioether 4-24b in the coordination sphere of copper has almost no effect (4-III  4-V 'H = +0.6 kcal.mol -1 ), as 4-III and 4-V are quasi isoenergetic.

Figure 4 .

 4 Figure 4.44 -Relative stability of possible starting complexes (in kcal.mol -1 )

(Figure 4 .

 4 46 and Figure 4.47).

Figure 4 .

 4 Figure 4.46 -NMR 1 H chemical shift of proton 1 of 4-24a as a function of , equivalents of 4-24a added, in the absence (black curve) and presence (red curve) of hydroxide.

Figure 4 .

 4 Figure 4.47 -NMR 1 H chemical shift of proton 2 of 4-24a as a function of , equivalents of 4-24a added, in the absence (black curve) and presence (red curve) of hydroxide. 1 H NMR revealed a displacement of the two vinylic protons upon addition of 0.2 to 8 equivalents of vinylsulfide to CuPhen(CH3CN)4 + PF6 -attesting of the complexation. Proton 1 is more affected by the complexation than proton 2, suggesting that the complexation occurs via the sulfur atom. For both positions, the overall shift is very small (around 0.013 ppm) making the fitting difficult. The data obtained could not be fitted to the partial complexation of one thioether to a copper center, with fast equilibration on the NMR timescale but fitted reasonably

Figure 4 .

 4 Figure 4.48 -Complete complexation of one molecule of 4-24a to the Cu/Phen complex

Figure 4 .

 4 Figure 4.49 -Linear regression for the chemical shift of proton 2 between 1 and 5 equivalents of 4-24a

Figure 4 .

 4 Figure 4.50 -Possible mechanisms for the initiation of the reaction

Figure 4 .

 4 Figure 4.51 -Formation of a Cu (II) complex after the most favored HAT

  kcal.mol -1 to regenerate 4-III, 'H = 13.5 kcal.mol -1 to regenerate 4-V). The resulting carbocation I-2 can then be deprotonated by the base to form the final product 4-25b. The different conformations of the carbocation I-2 are very close in energy ('H = 0.8 kcal.mol-1 ) and are in equilibrium. These conformers are similar whatever the configuration of the starting alkenyl thioether (Z or E). Both can undergo a deprotonation step: after interaction with the base (OH -) leading to two stable and closely lying intermediates (E)-I-3 and (Z)-I-3 ('H = 1.4

Figure 4 .

 4 Figure 4.52 -Computed reaction pathways (in kcal.mol -1 ). Solid line: initiation with 4-III. Dashed line: initiation with 4-V. The last part of the reaction path after regeneration of 4-V by SET is omitted for clarity. This part is the same as for 4-III. Grey: path for the formation of the main by-product. Blue: path for the formation of the minor stereoisomer.

Figure 4 .

 4 Figure 4.53 -Proposed reaction mechanism for the difluoroacetylation of alkenyl thioethers

Figure 4 .

 4 Figure 4.54 -Reactivity of 4-42a in basic medium

Figure 4 .

 4 Figure 4.55 -Proposed mechanism for the reaction

Figure 4 .

 4 Figure 4.56 -General structure of isotetronic acids

Figure 4 .

 4 Figure 4.57 -Natural products with isotetronic acid structure

Figure A11 -

 A11 Figure A11 -Reduction of 2-bromo-2,2-difluoro-1-morpholinoethan-1-one 4-29 (2mM)

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1

 1 

		.1 -Functionals used and their characteristics
	Functional	Family	Characteristics
	BLYP 14,15	GGA	
	PBE0 16	Hybrid GGA	25 % HF exchange
	B3LYP 14,15,17	Hybrid GGA	20 % HF exchange
	CAM-B3LYP 18	Hybrid GGA	Range separated, 19 % HF exchange at short range,
			65 % HF exchange at long-range
	MPW91 19	Hybrid GGA	Improved long-range behavior
	M06 20	Meta hybrid GGA	27 % HF exchange
	M062X 20	Meta hybrid GGA	54 % HF exchange

Table 2 .

 2 

	1	tBuOK (3)	DMF	1.2:1	40	24
	2	tBuOK (4)	DMF	1.2:1	40	31
	3	tBuOK (5)	DMF	1.2:1	40	37
	4	tBuOK (5)	DMF	1.2:1	60	56
	5	tBuOK (5)	DMF	2:1	60	99 (97)
	6	tBuOK (5)	DMF	2:1	60	85 b
	7	tBuOK (5)	DMF	2:1	23	85 c
	8	tBuOLi (5)	DMF	2:1	60	<5
	9	tBuONa (5)	DMF	2:1	60	<5
	10	tBuOLi (5)	DMF	2:1	120	36
	11	tBuONa (5)	DMF	2:1	120	52
	12	Cs2CO3 (5)	DMF	2:1	60	0
	13	CsOH (5)	DMF	2:1	60	0
	14	NaH (5)	DMF	2:1	60	0
	15	tBuOK (5)	THF	2:1	60	0
	16	tBuOK (5)	PhMe	2:1	60	0
	17	tBuOK (5)	MeCN	2:1	60	0
	18	tBuOK (5)	DMSO	2:		

1-Optimization of the conditions of arylation of propiophenone Entry Base (x equiv) Solvent 2-10/2-2 Temperature ( o C) Yield of 2-11 (%) a

Table 2 . 2 -

 22 Selected scope for the arylation of propiophenone 2-10

	Entry	Temperature	ArX	Yield of 2-11
	1	60 °C	PhI	97 %
	2	120 °C	PhBr	75 %
	3	120 °C	PhCl	29 %

Table 2 . 3 -

 23 Reaction energies computed for the outer-sphere electron transfer to iodobenzene (in kcal.mol-1 ) 

	(2-1) Electron transfer										
	from tBuO -											
	(2-2) Electron transfer										
	from the enolate											
			Energy E			Free energy G			Enthalpy H	
		PBE0	B3LYP	M06	M062X	PBE0 B3LYP	M06	M062X	PBE0	B3LYP	M06	M062X
	(2-1)	32.86	31.11	42.45	35.27	22.85	20.97	32.07	25.65	32.38	30.52	41.68	34.98
	(2-2)	23.71	20.74	30.50	26.29	14.13	10.88	20.38	16.76	23.07	20.07	29.76	25.65

Table 2 . 4 -

 24 Computed inner-sphere electron transfer via halogen bond between iodobenzene and the enolate. Reaction energies for the complexation (in kcal.mol-1 ) 

			Energy E			Free energy G			Enthalpy H	
		PBE0	B3LYP	M06	M062X	PBE0 B3LYP	M06	M062X	PBE0	B3LYP	M06	M062X
	(2-3)	-3.51	-1.90	-6.64	-5.38	7.34	9.01	4.83	6.27	-2.23	-0.59	-5.32	-4.03

Table 2 . 5 -

 25 Computed inner-sphere electron transfer via halogen bond between iodobenzene and the enolate with complexation by K + . Reaction energies for the complexation (in kcal.mol -1 )

			Energy E			Free energy G			Enthalpy H	
		PBE0	B3LYP	M06	M062X	PBE0 B3LYP	M06	M062X	PBE0	B3LYP	M06	M062X
	(2-4)	-5.32	-3.24	-8.62	-7.90	13.02	15.06	10.70	12.00	-3.67	-2.24	-6.85	-6.13

Table 2 . 6 -

 26 Computed inner-sphere electron transfer via halogen bond between iodobenzene and tert-butoxide with complexation by K + . Reaction energies for the complexation (in kcal.mol -1 )

			Energy E			Free energy G			Enthalpy H	
		PBE0	B3LYP	M06	M062	PBE0	B3LYP	M06	M062X	PBE0	B3LYP	M06	M062X
					X								
	(2-5)	-8.59	-5.17	-11.57	-10.17	10.16	12.67	7.07	8.11	-6.69	-3.34	-9.71	-8.44

Table 2 . 7 -

 27 Computed reaction energies for the outer-sphere electron transfer to DMF (in kcal.mol-1 ) 

	(2-6) Electron transfer										
	from tBuO -											
	(2-7) Electron transfer										
	from the enolate											
			Energy E			Free energy G			Enthalpy H	
		PBE0	B3LYP	M06	M062X	PBE0	B3LYP	M06	M062X	PBE0	B3LYP	M06	M062X
	(2-6)	78.17	79.40	82.86	81.09	74.85	75.90	79.40	78.76	75.93	77.03	80.39	79.16
	(2-7)	69.03	69.03	70.91	72.11	66.14	65.82	67.72	69.86	66.61	66.58	68.47	69.83

Table 2 . 8 -

 28 Computed reaction energies for the deprotonation of DMF (in kcal.mol-1 ) 

	(2-8)												
			Energy E			Free energy G			Enthalpy H	
		PBE0	B3LYP	M06	M062X	PBE0	B3LY	M06	M062X	PBE0	B3LYP	M06	M062X
							P						
	(2-8)	19.66	20.06	19.11	16.92	18.98	19.15	18.54	16.04	19.44	19.72	18.97	16.59
		These reaction energies (¥H from 16.59 to 19.44 kcal.mol -1 depending on the functional
	used), are lower than those for all previous hypotheses and are compatible with our reaction
	conditions.											

Table 2 . 9 -

 29 Computed reaction energies for the deprotonation of the solvent (in kcal.mol -1 )The SET step was computed in two different ways: with the stabilizing interaction between the cation M (M = K + or Li + ), iodide and the radical from DMF(2-48) as depicted in Figure2.40, and without this interaction and the formation of 2-49 and the MI salt instead. Both results are detailed in Table2.10.

			Energy E			Free energy G		Enthalpy H	
		No cation	K+	Li+	No cation	K+	Li+	No cation	K+	Li+
	Complexation	-4.40	-21.74	-31.30	+ 7.86	-3.64	-11.10	-2.92	-19.64	-28.54
	Ea deprotonation	+ 12.12	+ 13.80	+ 18.07	+ 8.34	+ 10.21	+ 15.76	+ 8.30	+ 9.88	+ 14.54
	E deprotonation	+ 11.82	+ 13.16	+ 17.70	+ 8.67	+ 12.44	+ 17.59	+ 10.21	+ 11.83	+ 16.56

Table 2 .

 2 10 -Computed reaction energies for the electron transfer from 2-47 to iodobenzene (in kcal.mol-1 ) 

		Energy E			Free energy G			Enthalpy H	
	No cation	K+	Li+	No cation	K+	Li+	No cation	K+	Li+
	Stabilization								
	by MI								
	+ 8.66	+ 15.86	+ 22.53	+ 7.76	+ 13.22	+ 20.30	+ 10.46	+ 17.10	+ 23.56
	No								
	stabilization								
	+ 12.10	+ 22.91	+ 28.75	+ 3.51	+ 10.01	+ 13.62	+ 13.82	+ 23.45	+ 28.55

Table 2 .

 2 11 -Computed reaction energies for the radical chain steps of the reaction (in kcal.mol-1 ) 

		Electronic energy ¦E	Free energy ¦G	Enthalpy ¦H
	¦E addition	-56.57	-41.01	-54.05
	¦E SET	-9.07	-16.34	-8.27

Table 2 .

 2 12 -Computed reaction energies (¥E in kcal.mol -1 ) calculated for X = I, Br, Cl, for the reduction of the arylhalide by SET These computed energies are in agreement with the standard reduction potentials of PhI, PhBr and PhCl, which are experimentally known (Table2.13).

	Entry	X	¦E
	1	I	+ 12,10
	2	Br	+ 15,18
	3	Cl	+ 20,73

Table 2 .

 2 13-Reduction potential of PhX measured vs SCE in DMF (0.1 M nBu4NBF4) 105

	Entry	ArX	E 0 (V)
	1	PhI	-1,91
	2	PhBr	-2,43
	3	PhCl	-2,76

These values are in agreement with the experimental results (Table

2

.2), showing that the reaction is more difficult with PhCl than with PhBr and more difficult with PhBr than with PhI.

Table 2 .

 2 14. 

	Figure 2.46-Formation of electron donors from various formamides

Table 2 .

 2 14 -Comparison of the reactivity of DMF and formamides in biaryl coupling reactionThey also computed the reaction energies for different electron donors in benzene: the carbamoyl anion we proposed, the dianion 2-54 (for the Z and E isomers) and 2-60. The results are reported in Table2.15. There is a huge difference with the results they found in DMF (entry 1), highlighting the importance of the solvent. Their results do not explain the very good activity of 2-60 (entry 5).

	Entry	Additive	2-51 + 2-35 (%)
	1	None	0.5
	2	DMF (0.1 mmol)	0.6
	3	2-55 (0.05 mmol)	8.0
	4	2-58 (0.05 mmol)	16.1

Table 2 .

 2 15-Computed free energies for the SET between an electron donor and 2-50 (in kcal.mol-1 ) 

	Entry	Solvent	Electron donor	Ga	¦G
	1	DMF	2-29	23.9	10.2
	2	Benzene	2-29	51.9	49.0
	3	Benzene	2-54 (Z)	30.2	18.5
	4	Benzene	2-54 (E)	23.6	8.7
	5	Benzene	2-60	28.1	16.0

Table 3 . 1 -

 31 Selected scope of the arylation of pyrazole with various anilines

	Entry	Aniline	Yield (%)
	1		94
	2		98
	3		64
	4		90

Table 3 . 2 -

 32 Performance of various copper catalysts for the arylation of pyrazole 3-2 with 3-1

	Entry	[Cu] (20 mol%)	Yield of 3-3 (%)
	1	Cu	78
	2	CuI	50
	3	CuOAc	22
	4	Cu(OAc)2	94

Table 3 .

 3 3 -19 F NMR fluorobenzene yields after 5 h for the experiment inFigure 3.25 

	Entry	Conditions	Fluorobenzene yield (%)
	1	1 equiv of aniline, 0.2 equiv of AcOH, 1.1 equiv of tBuONO (black, )	10
	2	1 equiv of aniline, 1 equiv of AcOH, 1.1 equiv of tBuONO (red, )	

Table 3 . 4 -

 34 Para-fluorophenyl pyrazole yields after prolonged reaction times for the experiment inFigure 3.27 

	Entry	Additive	3-34 yield (%) after 24 h	3-34 yield (%) after 48 h
	1	1 equiv K2CO3	5	5
	2	No additive	53	70
	3	0.5 equiv AcOH	61	80
	4	1 equiv AcOH	48 (94 % conversion of pyrazole)	-

Table 3 .

 3  ) computed at different levels of theory for the catalytic cycle depicted in Figure3.34.

		EC	EaOA	EOA	ENE	EaID	EID	EaRE	ERE	ELE
	BLYP	-9.66	+ 24.78 -14.57 + 0.07	+ 2.03 + 1.91 + 5.65	-40.75 -5.75
	PBE0	-8.66	+ 25.46 -15.15 + 0.53	+1.72	+ 1.64 + 2.86	-49.02 -6.59
	B3LYP -5.20	+ 23.28 -16.67 + 0.08	+ 2.39 + 2.07 + 3.81	-50.09 -4.72
	mPW91 -6.42	+ 24.99 -16.13 + 0.35	+ 1.81 + 1.70 + 2.92	-49.59 -6.86
	CAM-	-5.33	+ 22.94 -17.54 + 0.28	+ 2.57 + 2.39 + 3.37	-52.87 -5.49
	B3LYP								
	B3LYP-	-17.58 + 21.57 -19.26 + 3.09	+ 3.00 + 2.74 + 3.90	-46.80 + 1.36
	D								
	M06	-14.64 + 21.50 -15.45 + 3.14	+ 2.27 + 1.46 + 2.19	-51.19 -0.93
	M062X -14.60 + 26.62 -4.85	+3.67	+ 1.25 + 0.80 + 0.02	-66.66 -2.90
	MP2	-4.60	+ 17.84 -42.17 + 8.59	+ 0.27 -0.04	+ 1.43	-36.89 -12.04

Table 3 .

 3  ) in presence (-CP) and absence of BSSE corrections for the relevant steps of the reaction

		Ec	ENE	ELE
	B3LYP-D	-17.58	+ 3.09	+ 1.36
	B3LYP-D-CP	-14.95	+ 4.55	-2.73
	MP2	-16.59	+ 4.99	+ 3.55
	MP2-CP	-4.60	+ 8.59	-12.04

Table 3 .

 3 

	RMSD (B3LYP-D as reference)	3-I	3-II
	BLYP	1.404	0.246
	PBE0	0.117	0.178
	B3LYP	0.167	0.284
	mPW91	0.116	0.197
	CAM-B3LYP	0.117	0.765
	M06	0.312	0.154
	M062X	0.165	0.381

8 -RMSD (in Å) 

of the structures of 3-I and 3-II taking B3LYP-D as reference

Table 4

 4 Stereoselective access to trisubstituted fluorinated alkenyl thioethers 163 similar to 1,10-phenanthroline, gave no conversion (Table4.2, entry 2), probably due to the steric hindrance of the methyl groups. 2,2'-bipyridine was the only other ligand exhibiting reactivity, with 35 % yield of 4-25a (Table4.2, entry 5). A control experiment established the lack of reactivity without added ligand (Table4.2, entry 6). To confirm that the ligand had an impact on the reactivity and did not only help the solubilization of the catalyst Cu2O, the control experiments were also performed with the reactive Cu(CH3CN)4PF6 and CuI and confirmed the former results (Table4.2, entry 7 and 8).

	.1, entries 2-4). A

heptanedione (TMHD) gave no conversion

(Table 4.2, entry 4)

. Tetramethylethylenediamine (TMEDA) failed to give any product (Table

4

.2, entry 3). Neocuproine, whose structure is very Chapter 4 -

Table 4 . 5 -

 45 Screening of reaction conditions

	Entry Deviation from the standard conditions Yield of 4-25a (%)
	1	none	82 a
	2	RT, 40 h	0
	3	6 h	46 a
	4	Air atmosphere	65 b
	5	1.3 equiv of BrCF2CO2Et	30 b
	6	2 % Cu2O	24 b
	a. Isolated yield b. 19 F NMR yield. &,&,&-trifluorotoluene was used as
	internal standard.		

Table 4 . 6 -

 46 Scope of the reaction

	Name	Structure of 4-24	4-24 (Z/E)	Structure of 4-25	4-25 (Z/E)	Yield a of 4-25 (%)
	a		10 : 90		5 : 95	82
	b		48 : 52		7 : 93	83
	c		64 : 36		5 : 95	81
	d		20 : 80		6 : 94	75
	e		10 : 90		8 : 92	

Table 4 .

 4 7. 

Table 4 . 7 -

 47 Yield for the main by-product

	Starting material	Structure of 4-26	19 F NMR yield of 4-26 (%) a
	4-24a		
	4-24b		

Table 4 . 8 -

 48 Mechanistic experiments performed in the presence of TEMPO

	Entry	[Cu]	Base	Ligand	Yield of 4-38 (%)
	1 a	Cu2O	K2CO3	1,10-Phen	53
	2	Cu2O	K2CO3	1,10-Phen	44
	3 b	Cu(CH3CN)4PF6	K2CO3	-	0
	4	Cu(CH3CN)4PF6	K2CO3	1,10-Phen	61
	5	Cu2O	-	1,10-Phen	15
	6	-	K2CO3	1,10-Phen	0
	Yields were evaluated by			

Table 4 .

 4 9 -Computed reaction energies for the different complexes (in kcal.mol-1 ) 

		4-I	4-II	4-III	4-IV	4-V
	H SET H HAT H OA Ha OA	55.2 ---	39.9 28.4 30.4 35.7	11.7 4.7 16.4 36.5	39.1 25.8 27.2 36.1	16.7 4.1 --

Table 4 .

 4 10 -Reduction potentials and reaction energies for reactive and unreactive alkylhalides

	Entry	Substrate	Reactivity	Measured reduction potential peak (vs ECS)	H (kcal.mol -1 )
	1		Yes	-1.50 V	4.7
	2		No	-1.61 V	5.5
	3		No	-1.68 V	6.1
	4		No	-1.97 V	7.9

Table 4 .

 4 1 , Table 4.11), and is thus less favorable. 11 -Comparison of the reaction energies computed for the addition of the difluoroacetate radical on 4-24b (in kcal.mol -1 )

		Ha addition	H addition
	Free substrate -C1	+7.6	-18.3
	Free substrate -C2	+5.1	-15.0
	4-IV-C2	+8.2	-13.8

Table 4 .

 4 12 -Experiments in the presence of TEMPO for other substrates

	Entry	Substrate	Solvent, time	Yield of 4-38 (%)
	1		CH3CN, 6 h	30
	2		DMF, 20 h	10
	3		DMF, 20 h	10
	a.			

  catalytic cycle was proposed. Nevertheless, in this reaction, 8 equivalents of BrCF2CO2Et 4-8 were used. It means that if one equivalent of # CF2CO2Et is trapped by the radical scavenger, 7 equivalents can still react in the reaction medium.

Table 4 .

 4 13 -Mechanistic experiments initially performed with benzofuranes 248

	Entry	Additive	Quantity	Yield of 4-41 (%)
	1	None	-	50
	2	TEMPO	20 mol%	49
	3	TEMPO	100 mol%	40
	4	BHT	100 mol%	42

Table 4 .

 4 14 -Reactivity of various fluorinated alkenyl thioethers

	Entry	Starting material	Product 4-42	Isolated yield of 4-42	Product 4-43	Isolated yield of 4-43
	1	4-25a		30 %		24 %
	2	4-25b		-		42 %
	3	4-25c		-		31 %
	4	4-25g		19 %		-
	5	4-25j		19 %		26 %

Acknowledgements

24a, suggesting that 4-24a is not essential for the formation of the difluoroacetate radical. In the absence of copper, no radical was generated (Table 4.8, entry 6). As already observed during the optimization process, tetrakis(acetonitrile)copper(I) hexafluorophosphate behaved similarly (Table 4.8, entry 4). This copper source allowed to test the effect of the ligand toward the formation of 4-38. Indeed, the use of Cu2O without ligand was not conclusive due to solubility issues. In the absence of 1,10-phenanthroline, no traces of 4-38 were detected (Table 4.8, entry 3), revealing its crucial role for the generation of the radical species, and explaining the failure of the reaction without any ligand. The formation of 4-38 dropped significantly without base (Table 4.8, entry 5), unveiling its contribution in the generation of the reactive species. These experimental observations suggested that the combination of copper, 1,10phenanthroline and K2CO3 might be responsible for the formation of a radical species in the previously settled reaction conditions.

Study of the initiation of the reaction

For a better understanding of the elementary steps involved in this transformation, further investigations on the Cu (I) complex involved in the reduction of BrCF2CO2Et were performed at the theoretical level using density functional theory (DFT). All geometric structures were fully optimized using the B3LYP functional. The 6-311+G (d,p) basis sets was used for all main group atoms. Copper atom was described using a double zeta basis set (Lanl2dz) and associated pseudo potential. Bulk solvent effects for acetonitrile were included by means of a polarizable continuum model (PCM). Though the approach used here cannot provide a good description of the entropic effects that can play a role in the present case, the energetic -ie enthalpies -associated to these reactions can be trustfully estimated and are discussed herein. An estimate of the associated reaction free energies is reported in the Appendix (page 226-228). Enthalpies and free energies were calculated for standard conditions at 298.15 K.

Starting complex

Evaluation of the starting complexes by DFT calculations

As starting complexes models, 4-I to 4-V were considered, with solvent molecules, alkenyl thioether 4-24b, 1,10-phenanthroline and hydroxide anion (the base formed in the allows one to fully show the complementarity of experiments and calculations and how it helps to have a complete picture of such a complex mechanism. The DFT methodology developed can be applied to other similar systems. This method for the slow generation of diazonium salts can be used for other reactions, even with other catalysts.

The third study is the copper-catalyzed difluoroacetylation of alkenyl thioethers. In this case, the methodology itself was developed in this thesis. Strategies for the introduction of functionalized fluorinated groups are of great interest for pharmaceutical applications, and very few methods exist for the functionalization of alkenyl thioethers. Our method forms trisubstituted alkenyl thioethers with controlled stereoselectivity in mild conditions. We gave access to a new family of compounds. In basic medium, they can cyclize and form unprecedented structures of isotetronic acids. The mechanism of the reaction was studied and revealed a radical pathway. The Cu (I) species which is able to reduce BrCF2CO2Et to form the active radical was identified. Experimental and theoretical results are consistent, and show that this first step does not depend on the substrate. For this reason, we could generalize this mechanism to the difluoroacetylation of enamides and benzofuranes that is achievable in analogous conditions.

With these three studies, we successfully achieved the challenge of extending the methods to design reactions. With this innovative combined work (combination of synthetic methodology development and mechanistic study, and combination of experimental and computational results), which is becoming more and more popular, we believe that great achievements can be done and that a faster development of new reactions will be possible.

Understanding the mechanism of a reaction will not be made only by specialists a posteriori, but will become a real tool in the design of new reactions.

Appendix General considerations

All reagents and solvents were obtained from commercial suppliers and used without further purification, unless otherwise stated. Reactions were monitored by thin-layer chromatography (TLC) analysis using silica gel plates (60 F254). Compounds were visualized by UV irradiation. Column chromatography was performed on silica gel 60 (230-400 mesh, 0.040-0.063 mm).

1 H (300 MHz), 13 C (75.5 MHz) and 19 F (282 MHz) NMR spectra were recorded on a Bruker spectrometer. 13 C NMR spectra were obtained with complete proton decoupling. For 19 F NMR spectra, relaxation delay d1 was adjusted to 10 s for accurate integration, and signals were decoupled from 1 H. 1 H and 13 C chemical shifts (() are given in parts per million (ppm) relative to tetramethylsilane (TMS) using the 1 H (residual) and 13 All calculations were performed using the Gaussian 09 program (Revision A.02). Bulk solvent effects were introduced using a Polarizable Continuum model (PCM). All stationary points were fully characterized via a subsequent analytical frequency calculation either as minima or as first order transition states (one imaginary frequency). IRC calculations were used to confirm the minima linked by each transition state. Enthalpies and free energies were calculated for standard conditions at 298.15 K.

Appendix to chapter 2

General procedure for the α-arylation of aryl ketones To a flame-dried Schlenk flask was added, under argon, tBuOK (561.1 mg, 5.0 mmol, 5.0 equiv). The flask was evacuated and backfilled with argon 3 times, then dry DMF (3 mL) was added by syringe, and the mixture was allowed to stir for 10 minutes at room temperature.

Then, iodobenzene (1.0 mmol, 1.0 equiv), and propiophenone (2.0 mmol, 2.0 equiv or 4.0 mmol, 4.0 equiv), were successively added. The reaction mixture was stirred and heated at 60 °C for 13 h. After allowing the reaction to cool to room temperature, 1N HCl (2 mL) was added and the mixture was allowed to stir for 10 minutes at room temperature. Then, 1,3,5trimethoxybenzene (56.1 mg, 0.33 mmol, 0.33 equiv) was added as internal standard. The resulting mixture was diluted with diethyl ether (10 mL) and washed with water (3 x 2 mL) and brine (1 x 2 mL). The organic layer was dried over anhydrous MgSO4 and diethyl ether was evaporated under reduced pressure (rotary evaporator). The residue was purified by column chromatography to give the desired -aryl ketone.

General procedure for the kinetics of the proton exchange of DMF-d7 in presence of base An oven-dried NMR tube was charged with tBuOK (100 mg, 0.9 mmol). 0.5 mL DMF-d7 were added and the NMR tube was vigorously shaken. 1 H NMR (300 MHz) and 13 C NMR (75 MHz) were then performed at 24 °C immediately after and then from time to time. Synthesis of the reference coupling product 1-phenyl-1H-pyrazole using the general procedure for the arylation of pyrazole from aniline:

Cyclic voltammetry experiments

After standard cycles of evacuation and back-filling with argon, a Schlenk tube equipped with a magnetic stirring bar was charged with Cu(OAc)2 anhydrous (0. 

Synthesis of the triazenes

The aryltriazenes were synthesized according to a reported procedure. 271 In a 25 mL flask were placed water (3 mL) concentrated hydrochloric acid (0.75 mL) and the aniline derivative (5 mmol). After dissolution of the amine, crushed ice (1.5 g) was added. A solution of sodium nitrite (2.5 mmol) in 0.5 mL of water was introduced with constant stirring during a period of 5 minutes. A solution of sodium acetate trihydrate (5.2 mmol) in 1.5 mL of water was added during 5 minutes and the mixture was stirred for 45 min at 5-10 °C. The yellow precipitate 1,3-diaryltriaz-1-ene was filtered off, washed with water (3 x 5 mL) and dried on the filter. The solid was dried under vacuum overnight and used without further purification.

 1,3-diphenyltriaz-1-ene 1 H NMR (300 MHz, CDCl3): ( 9.55 (br s, 1H, H13), 7.44-7.35 (m, 8H, Har), 7.20-7.14 (m, 2H, Har).

 1,3-bis(4-fluorophenyl)triaz-1-ene 1 H NMR (300 MHz, CDCl3): 4H,Har),4H,Har), 4.98 (br s, 1H, H13). 19 F NMR (282 MHz, CDCl3): ( -117.5.

CuOAc mediated formation of 1-phenyl-1H-pyrazole from 1,3-diphenyltriaz-1-ene

After standard cycles of evacuation and back-filling with argon, a Schlenk tube equipped with a magnetic stirring bar was charged with Cu(OAc) (0.15 mmol, 18.5 mg), pyrazole (0.15 mmol, 10 mg), MeOH (1 mL), cooled down to 0 °C and, under stirring, AcOH Appendix 198 (0.15 mmol, 9 L) was added. The mixture was then allowed to warm up to room temperature and stirred for 24 h. The crude reaction mixture was diluted with diethyl ether (10 mL), and ntetradecane was added as an internal standard. GC yield was evaluated to 20 % using calibration curve.

General procedure for the kinetics of the formation and decomposition of the triazene species in the absence of copper under stoichiometric conditions

An oven-dried NMR tube equipped with a DMSO-d6 insert was charged with dry MeOH (0.5 mL), followed by para-fluoroaniline (0.5 mmol, 47 µL), $,$,$-trifluorotoluene as internal standard (5 L, 0.041 mmol), tBuONO (0.55 mmol, 66 L) and AcOH (0.5 mmol, 29 L). The NMR tube was vigorously shaken. 19 F NMR was recorded immediately after and at selected times.

The same procedure was applied with different amounts of reagents for the experiments described in Figure 3.25.

General procedure for the kinetics of arylation of pyrazole with 1,3-bis(4-fluorophenyl)triaz-1-ene mediated by Cu(OAc)2 under stoichiometric conditions:

An oven-dried NMR tube equipped with a DMSO-d6 insert was charged with Cu(OAc)2

(36.3 mg, 0.2 mmol), 1,3-bis(4-fluorophenyl)triaz-1-ene (47 mg, 0.2 mmol) and pyrazole (18 mg, 0.26 mmol). The tube was introduced in a Schlenk and three cycles of vacuum and argon filling were applied. Dry MeOH (0.5 mL) was added, followed by $,$,$-trifluorotoluene as internal standard (5 L, 0.041 mmol), and AcOH (11.4 L, 0.2 mmol). The NMR tube was vigorously shaken until complete dissolution. 19 F NMR was recorded immediately after and the evolution was then followed with time.

The same procedure was applied with different amounts of acid or with K2CO3 for the experiments described in Figure 3.27.
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General procedure for the kinetics of arylation of pyrazole with para-fluoroaniline catalyzed by Cu(OAc)2 under catalytic conditions:

An oven-dried NMR tube equipped with a DMSO-d6 insert was charged with Cu(OAc)2 (12 mg, 0.066 mmol) and pyrazole (23 mg, 0.33 mmol). The tube was introduced in a Schlenk and three cycles of vacuum and argon filling were applied. Dry MeOH (0.5 mL) was added, followed by $,$,$-trifluorotoluene as internal standard (5 L, 0.041 mmol), para-fluoroaniline (47.4 L, 0.5 mmol), tBuONO (66 L, 0.55 mmol) and AcOH (5.7 L, 0.1 mmol). The NMR tube was vigorously shaken until complete dissolution. 19 F NMR was performed immediately after and the evolution was then followed with time.

Reduction of diazonium salt by benzyl alcohol

An oven-dried NMR tube equipped with a DMSO-d6 insert was charged with benzyl alcohol (0.5 mL), para-fluoroarenediazonium tetrafluoroborate (0.1 mmol, 21 mg) and tetrabutyl ammonium benzoate (0.1 mmol, 36 mg). Once the gas evolution was finished, 1 H NMR (300 MHz), 19 F NMR (282 MHz) and gas chromatography were performed. Observed signals were compared to authentic samples. The general procedure for the arylation of pyrazole from aniline was then applied to 2-(allyloxy)aniline and gave the cyclized compound 3-methylbenzofurane as major product. 

Complementary computational results

Table A1 -Reactions free energies and barriers (in kcal.mol -1 ) computed at different levels of theory for the catalytic cycle depicted in Figure 3.34. $,$,$-trifluorotoluene was used as an internal standard for 19 F NMR spectra for the determination of the crude yield of coupling and the ratio of isomers and by-products.

ΔGC

General procedure A for the synthesis of alkenyl thioethers 4-24a to 4-24l:

Alkenyl thioethers 4-24a to 4-24l were synthesized according to a reported procedure. 275 An argon flushed schlenk was charged with KOH (10 mmol) and Cu2O (0.25 mmol).

Then distilled dioxane (2.5 mL) was added, followed by bromostyrene (6 mmol) and then hexanethiol (5 mmol). The schlenk was sealed and heated at 110 °C in a sand bath. After stirring at this temperature for 24 to 72 h, the heterogeneous mixture was cooled to room temperature and diluted with ethyl acetate (100 mL). The resulting solution was filtered through a pad of celite, washed with ethyl acetate (150 mL) and concentrated in vacuo to give the crude material which was then purified by column chromatography (SiO2, EtOAc in cyclohexane 0 to 5 %) to afford the desired product.  (E)-tert-butyl(hex-1-en-1-yl)sulfane (4-24i) Z/E > (1:99) Following the general procedure A, 4-24i was synthesized on a 2 mmol scale in 46 % yield. E isomer: 1 H NMR (300 MHz, CDCl3): ( 6.02 (d, J = 14.7 Hz, 1H, H6), 5.86 (dt, J = 14.7, 6.9 Hz, 1H, H5), 2.08 (dt, J = 6.9, 6.6 Hz, 2H, H4), 1.37-1.28 (m, 13H, H2, H3, H8, H9 and H10), 0.87 (t, J = 7.2, 3H, H1). 13 C NMR (75 MHz, CDCl3): ( 138.1 (C5), 119.8 (C6), 43.5 (C7), 33.0 (C4), 31.4 (C3), 30.8 (C8, C9 and C10), 22.2 (C2), 13.9 (C1).

 (E)-hex-1-en-1-yl(phenyl)sulfane (4-24j) 281 Z/E > (1:99) Following the general procedure A, 4-24j was synthesized on a 3 mmol scale in 84 % yield. E isomer: 1 H NMR (300 MHz, CDCl3): 4H,Har), 7.12-7.07 (m, 1H, Har), 6.06 (d, J = 14.9 Hz, 1H, H6), 5.92 (dt, J = 14.9, 6.7 Hz, 1H, H5), 2.13-2.06 (m, 2H, H4), 1.41 -1.05 (m, 4H, H2 and H3), 0.84 (t, J = 7.1 Hz, 3H, H1). 13 C NMR (75 MHz, CDCl3): ( 137.9 (C5), 136.8 (C7), 129.0 (Car) 128.5 (Car), 126.1 (Car), 120.7 (C6), 32.9 (C4), 31.3 (C3), 22.3 (C2), 14.0 (C1).

 (E)-benzyl(hex-1-en-1-yl)sulfane (4-24k) 278 Z/E > (1:99) Following the general procedure A, 4-24k was synthesized on a 1 mmol scale in 44 % yield. E isomer: 1 H NMR (300 MHz, CDCl3): ( 7. 23-7.13 (m, 5H, Har), 5.81 (dt, J = 15.0, 1.2 Hz, 1H, H6), 5.58 (dt, J = 15.0, 6.9 Hz, 1H, H5), 3.74 (s, 2H, H7), 1.95 (dt, J = 6.9, 6.1 Hz, 2H, H4), 1.27-1.13 (m, 4H, H2 and H3), 0.78 (t, J = 6.9 Hz, 3H, H1). 13 

General procedure B for the difluoroalkylation

An argon flushed schlenk was charged with the starting alkenyl thioether 4-24 (1 mmol, 1.0 equiv). Anhydrous acetonitrile (5 mL) was added, then Cu2O (14.4 mg, 0.1 mmol, 0.10 equiv), 1,10-phenanthroline monohydrate (23.8 mg, 0.12 mmol, 0.12 equiv) and oven-dried potassium carbonate (276.4 mg, 2 mmol, 2 equiv). The mixture was stirred under argon for a few seconds and ethylbromodifluoroacetate (256 )L, 2 mmol, 2 equiv) was added. The Schlenk was sealed and placed in a sand bath at 80 °C, and the mixture was stirred at this temperature for 24 h. The mixture was then cooled to room temperature. Ethyl acetate and water were added; the aqueous layer was separated and extracted with ethyl acetate. The organic layers were gathered, dried over magnesium sulfate and the solvents were evaporated at room temperature. The residue was then purified by column chromatography (SiO2, EtOAc in cyclohexane 0 to 20%) to afford the corresponding fluorine-containing alkenyl thioether 4-25.

Following the general procedure B, 4-25a was synthesized on a 1 mmol scale in 82 % yield. E isomer: 1 H NMR (300 MHz, CDCl3): 5H,Har),6.94 (t,J = 1.7 Hz,1H,H8), 4.09 (q, J = 7.1 Hz, 2H, H17), 2.64 (t, J = 7.4 Hz, 2H, H9), 1.62 -1.45 (m, 2H, H10), 1.36 -1.13 (m, 6H, H11, H12 and H13), 1.05 (t, J = 7.2 Hz, 3H, H18), 0.79 (t, J = 6.7 Hz, 3H, H14). 13 C NMR (75 MHz, CDCl3): ( 163.7 (t, J = 35. 1 Hz, C16), 135.6 (t, J = 9.0 Hz, C8), 133.2 (C6), 129.5 (Car), 128.6 (Car), 128.5 (Car), 127.4 (t, J = 21.8 Hz, C7), 112.9 (t, J = 252.6 Hz, C15), 62.8 (C17), 34.6 (C9), 31.3 (C10), 30.3 (C11), 28.1 (C12), 22.5 (C13), 14.0 (C14), 13.8 (C18). 19 

Following the general procedure B, 4-25b was synthesized on a 1 mmol scale in 83 % yield. E isomer: 1 H NMR (300 MHz, CDCl3): ( 7.27-7.17 (m, 5H, Har), 7.02 (t, J = 1.8 Hz, 1H, H8), 4.05 (q, J = 7.1 Hz, 2H, H17), 2.86 -2.74 (m, 1H, H9), 1.89-1.86 (m, 2H, Hcy), 1.64-1.62 (m, 2H, Hcy), 1.55 -1.06 (m, 6H, Hcy), 1.02 (t, J = 7.1 Hz, 3H, H18). 13 C NMR (75 MHz, CDCl3): ( 163.6 (t,J = 35.4 Hz,C16),133.7 (t,J = 8.9 Hz,C8),133.3 (t,J = 1.6 Hz,C6),129.4 (Car),128.4 (Car),128.3 (Car),127.1 (t,J = 21.3 Hz,C7),113.0 (t,J = 251.3 Hz,C15), 62.7 (C17), 46.6 (C9), 33.7 (Ccy), 25.8 (Ccy), 25.3 (Ccy), 13.7 (C18). 19 yield. E isomer: 1 H NMR (300 MHz, CDCl3): 5H,Har), 7.11 (t, J = 1.9 Hz, 1H, H8), 4.09 (q, J = 7.1 Hz, 2H, H15), 1.29 (s, 9H, H10, H11 and H12), 1.05 (t, J = 7.1 Hz, 3H, H16). (6:94) Following the general procedure B, 4-25d was synthesized on a 1 mmol scale in 75 % yield. E isomer: 1 H NMR (300 MHz, CDCl3): ( 7.30 -7.15 (m, 10H, Har), 6.94 (t, J = 1.9 Hz, 1H, H8), 4.08 (q, J = 7.1 Hz, 2H, H18), 3.87 (s, 2H, H9), 1.05 (t, J = 7.2 Hz, 3H, H19). 13 C NMR (75 MHz, CDCl3): ( 163.7 (t, J = 34.9 Hz, C17), 136.9 (C10), 134.2 (t, J = 9.0 Hz, C8), 133.1 (t, J = 1.6 Hz, C6), 129.6 (Car), 129.0 (Car), 128.9 (Car), 128.8 (Car), 128.6 (Car), 128.3 (C7), 127.7 (Car), 112.9 (t, J = 252.5 Hz, C16), 63.0 (C18), 38.5 (C9), 13.9 (C19). 19 F NMR (282 MHz, CDCl3):

-100.8. HRMS (EI, m/z) [M] calcd. for C19H18F2O2S: 348.0996, found: 348.0995.

Characteristic peak for the Z isomer: 19 Following the general procedure B, 4-25e was synthesized on a 1 mmol scale in 53 % yield. Z isomer: 1 H NMR (300 MHz, CDCl3): ( 7.36 -7.17 (m, 10H, Har), 7.15 (t, J = 1.7 Hz, 1H, H8), 4.09 (q, J = 7.1 Hz, 2H, H17), 1.05 (t, J = 7.1 Hz, 3H, H18). 13 C NMR (75 MHz, CDCl3): 

Following the general procedure B, 4-25f was synthesized on a 1 mmol scale in 73 % yield. E isomer: 1 H NMR (300 MHz, CDCl3): 9H,Har), 7.13 (t, J = 1.8 Hz, 1H, H8), 4.08 (q, J = 7.1 Hz, 2H, H21), 1.20 (s, 9H, H16, H17 and H18), 1.04 (t, J = 7.1 Hz, 3H, H22). 13 Aminolysis of fluorinated alkenyl thioether 4-25e 4-25e (167 mg, 0.5 mmol, 1 equiv) was dissolved in methanol (5 mL) and benzylamine (110 )L, 1 mmol, 2 equiv) was added dropwise at room temperature. After 20 hours, the mixture was diluted with dichloromethane (20 mL) and successively washed with 1N HCl (20 mL), water (20 mL) and brine (20 mL), then dried over magnesium sulfate and evaporated to dryness.

The amide 4-33 was obtained sufficiently pure as a white solid (178 mg, 90 %).

 N-benzyl-2,2-difluoro-3-phenyl-4-(phenylthio)but-3-enamide (4-33), Z/E (> 1:99) 

Radical trapping experiments

Experiments described in Table 4.8 in the presence of TEMPO were conducted according to the general procedure B, with the addition of TEMPO (1 equiv) after the other reagents. The substrate 1a, the ligand or the base, were omitted according to Table 4.8. After concentration in vacuo, $,$,$ trifluorotoluene was added as internal standard, the mixture was diluted with DCM and analyzed by 19 F NMR with a DMSO-d6 insert.

 

Computational details

Reactions related to energies reported in Table 4.9, Table ES2 and Table ES3:

226 The last part of the reaction path after regeneration of 4-V by SET is omitted for clarity. This part is the same as for 4-III. Grey: path for the formation of the main by-product. Blue: path for the formation of the minor stereoisomer.

General procedure C for the preparation of isotetronic acids 0.7 mmol of 4-25 were dissolved in 3 mL acetonitrile. 3 mL of 1 M aqueous LiOH were added and the biphasic mixture was vigorously shaken at room temperature for 4 h. After completion of the reaction, 1 M HCl was added until pH=1, and the reaction mixture was extracted with EtOAc. The organic layers were gathered and dried over magnesium sulfate and the solvents were evaporated. The residue was then purified by column chromatography (SiO2, EtOAc in cyclohexane 5 to 20%) to afford the corresponding cyclized products 4-42 and 4-43.

 3-fluoro-5-(hexylthio)-4-phenylfuran-2(5H)-one (4-42a)

Following the general procedure C, 4-42a was synthesized on a 0.6 mmol scale in 30 % yield.

1 H NMR (300 MHz, CDCl3): ( 7. 73-7.70 (m, 2H, Har), 7.50-7.48 (m, 3H, Har) Following the general procedure C, 4-42g was synthesized on a 0.5 mmol scale in 19 % yield.

1 H NMR (300 MHz, CDCl3): 2H,Har),3H,Har),2H,Har),2H,Har),6.35 (d,J = 5.2 Hz,1H,H3). 13 Following the general procedure C, 4.42j was synthesized on a 0.5 mmol scale in 19 % % yield.  5-(tert-butylthio)-3-hydroxy-4-phenylfuran-2(5H)-one (4-43c)

Following the general procedure C, 4-43c was synthesized on a 0.7 mmol scale in 31 % yield.

1 H NMR (300 MHz, MeOD-d4): 2H,Har),3H,Har),6.75 (s,1H,H3), 1.53 (s, 9H, H13, H14 and H15). H5 not visible in MeOD-d4. 13 C NMR (75 MHz, MeOD-d4): Following the general procedure C, 4-43j was synthesized on a 0.5 mmol scale in 26 % yield.

1 H NMR (300 MHz, CDCl3): 5H,Har) 
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Abstract

In this thesis, synthetic methodology development and mechanistic studies are presented. A complementary approach, using both experiments and theoretical outcomes from DFT, is used. Three reactions were studied.

The first reaction is the transition-metal free alpha-arylation of enolizable ketones. It proceeds using DMF and tBuOK. The mechanistic study reveals the formation of an electron-rich species by deprotonation of the solvent.

The second reaction studied is the coppercatalyzed N-arylation of pyrazoles with arenediazonium salts generated in situ. A benchmark is performed to evaluate the best DFT methodology. A double catalytic cycle is proposed, involving copper and acetic acid.

The last reaction studied is the coppercatalyzed stereoselective access to trisubstituted fluorinated alkenyl thioethers. The development of the methodology is presented. Then a mechanistic study reveals a radical mechanism that can be generalized to other substrates.