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Part I : Generalities on chirality and introduction to spin crossover phenomenon Scheme I.1. Frank model for the evolution of homochirality based on autocatalytic replication and mutual antagonism of enantiomers.

Still many experimental work is going on concerning the origin of homochirality. We will not go into more details within this complicated multidisciplinary and extensive subject.

Mo CO

It would not have been possible to write this doctoral thesis without the help and support of the kind people around me. Those who have made my stay and study in Bordeaux a lot easier than I thought it was going to be. I would like to express my sincere gratitude to Monsieur Mario Maglione (Directeur de l'Institut de Chimie de la Matière Condensée de Bordeaux) for welcoming me in the laboratory of ICMCB and for his participation in my thesis committee as a president. Thank you all the staff of ICMCB who contributed directly or indirectly to this thesis: RX Service (Eric, Stanislav, Philippe), optical Measures temperature / magnetic (Four) (Dominique DENUX), ATG (Philippe), chemical analysis (Laetitia, Patrick)…A big thank you to all the members of ICMCB laboratory who made life easier: Library (Stéphane), Mission (Carole), Secretariat (Sylvie, Frédérique, Virginia), Cryogenics (Christophe), Infrastructure (Laurent Jaques), Fargues Alexandre (Assistant Ingénieur, Group 3 _ICMCB).

I wish you all the best of luck, all the happiness, and good results in your work. I will miss you.

Finally, all this way would not have been possible without the support and love of my family:

I would like to thank my wife Malak Aoude for her support, encouragement, patience and love that were certainly the base upon which the past five years of my life have been built. Her tolerance throughout my hard way is a real evidence of her faithful love and sacrifice. Thanks to my little baby Issa Naim for keeping quiet during writing my thesis; life is beautiful with you Issa. My parents, Mhammad and Zeinab who understand and support me all the time, receive my deepest gratitude and love for all your dedication and support during my undergraduate studies. Also, I would like to thank my uncle Hassan Naim for his financial support from the beginning of my career.

Thank you all for providing me with a pleasant working atmosphere.

Résumé

La synthèse de nouveaux composés à transition de spin est intéressante en particulier pour la compréhension de la physique qui sous-tend les transitions de phase, ainsi que pour les applications technologiques potentielles. L'introduction de chiralité dans ce genre de systèmes ouvre la voie vers des matériaux multifonctionnels. La chiralité est l'absence d'opérations de symétrie du second ordre (centrosymétrie, miroir,…), soit à l'état solide au niveau du cristal, ou même au niveau moléculaire. L'obtention d'un matériau à transition de spin noncentrosymétrique ouvrirait la voie vers des matériaux intelligents qui apparaissent comme un nouveau champ interdisciplinaire. Plus particulièrement, la non-centrosymétrie permettrait une certaine discrimination entre les interactions intermoléculaires et de fournir ainsi un outil très efficace d'ingénierie cristalline. D'autre part, elle pourrait introduire la possibilité de jouer avec polarisation de la lumière dans les processus de photoexcitation. Ceci est à conjuguer d'autre part aux nombreux efforts faits récemment pour la synthèse de composés polynucléaires à transition de spin qui pourraient présenter des propriétés amplifiées. L'interaction entre la chiralité et le magnétisme a été théoriquement prédite il y a environ 50 ans. Mais ce n'est qu'à la fin des années 1990 qu'ont été publiées par Rikken les premières preuves expérimentales de ces effets. De nouveaux effets physico-chimiques inattendus peuvent dériver de l'interaction des propriétés qui existent dans des matériaux noncentrosymétriques: Dichroïsme Circulaire Naturel (NCD) et génération de secondes harmoniques (SHG), piézoélectricité (capacité à générer un potentiel électrique en réponse à une contrainte appliquée mécanique), pyroélectricité (capacité à générer un potentiel électrique lorsque le matériau est refroidi ou chauffé), ferroélectricité (FE) (capacité à présenter une polarisation électrique spontanée qui peut être inversée en appliquant un champ électrique externe). Par interaction avec les propriétés magnétiques, on obtient d'autres propriétés physiques originales: dichroïsme magnéto-chiral (MChD), SHG induite par aimantation (MSHG) ou multiferroicité (Figure 1). La majorité des complexes de transition de spin chiraux reportés à ce jour ont été obtenus par dédoublement spontané aléatoire. Nous avons alors défini trois objectifs importants. Le premier était de synthétiser de nouvelles espèces de composés chiraux de transition de spin grâce à une conception contrôlée et rationnelle. Cela nous a conduit à envisager deux stratégies synthétiques différentes (Figure 2): l'utilisation de ligands chiraux optiquement purs assurant un champ de ligand approprié; l'utilisation d'anions chiraux qui sont capables d'induire la chiralité sur des complexes à transition de spin. L'effort de synthèse envisagé portait donc sur: 1) la synthèse de ligands soit chiraux, avec dédoublement ultérieur en espèces énantiopures, soit achiraux destinés à être utilisés avec des contre-anions chiraux ; 2) la synthèse et le dédoublement d'anions chiraux; 3) la combinaison des ligands synthétisés et des anions avec un précurseur métallique choisi, avec optimisation des conditions de réaction afin d'obtenir des monocristaux du complexe ciblé. Le deuxième objectif était la caractérisation complète des complexes synthétisés: analyse par rayons X, analyse CHNS, analyse spectroscopique, propriétés magnétiques,... disponibles localement à l'ICMCB, avec une attention particulière vis-à-vis de différences possibles de propriétés physiques pour les espèces racémiques et énantiopures.

Le troisième objectif était d'étendre les études optiques de complexes présélectionnés par le biais de collaborations externes. Un axe était de réaliser des études dichroïques avancées: CD/MCD, XNCD (Dichroïsme Circulaire Naturel X) et XMD (Dichroïsme Magnéto-Chiral X).

Un premier chapitre est consacré aux rappels bibliographiques, sur la chiralité et les définitions sous-jacentes, et sur le phénomène de transition de spin ensuite avec des considérations théoriques et physiques. Le chapitre se conclut avec l'état de l'art sur les composés à transition de spin chiraux, et un résumé des techniques expérimentales applicables pour la caractérisation de composés chiraux.

Le second chapitre poursuit le premier des objectifs prévus, avec la synthèse d'anions chiraux (adduits de dioxolènes avec le P(V) -TRISCAT, TRISPHAT-ou l'As(V) -TRISCAS-; adduits de Sb(III) ou As(III) avec l'acide tartrique). En particulier nous avons synthétisé et dédoublé l'anion chiral TRISCAS de symétrie ponctuelle D3 avec un bon excès diastéréomérique de l'isomère  (d.e.=98%) et une pureté optique inférieure pour l'isomère  (d.e.=67%). Nous avons également obtenu un nouveau dérivé du TRISCAS racémique qui est soluble dans les solvants organiques usuels. Des essais pour obtenir les énantiomères correspondant du TRISCAS ont été infructueux car lorsque l'ammonium de l'alcaloïde chiral utilisé pour le dédoublement est neutralisé, ceci conduit à la racémisation de l'anion TRISCAS. Tous les dérivés de TRISCAS ont été analysés par diffraction des rayons X, polarimétrie, analyse 
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Table des matières At the beginning of the 18 th century, developments in crystallography, optics and chemistry in France promote the stage for the discovery of molecular chirality by Louis Pasteur in 1848, [1] when he found that the crystallization of sodium ammonium tartarate 'paratartaric acid' produced two types of hemihedral crystals (Figure I.1) that were mirror image non-superimposable forms of each other. He sorted the two types and found that optical rotations in solution are opposite and equal in absolute magnitude. He also pointed out a basic difference of the hemihedral facets (i.e small surfaces replacing some of edges or corners of the basic crystal form) in the crystals of (+) tartaric acid and the absence of these features in the crystals of PTA and he noticed that the This work was a historical milestone in the chemical science showing the first example of a racemic mixture for PTA where both enantiomers were identified and an early observation of substrate enantioselectivity in biotransformation. A few years later in 1886, an Italian chemist, Arnaldo Piutti, discovered that D -asparagine had an intensely sweet taste, in contrast to L-
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asparagine which is tasteless. [3] This was the first exploration of the stereoselectivity of biological receptors. After this stage of discoveries, the notion of chirality started developing and became more important in different chemical and biochemical domains up to our days.

I.1.1.1 Definition of chirality and asymmetric atom

The term chiral derives from the Greek cheir (hand) and it is related to the concept of "handedness". The definition of chirality that was given and illustrated by Lord Kelvin in 1904 is equivalent to definition given many years later by Valimidir Prelog in his 1975 Noble Prize lecture where he defined "an object is chiral if it cannot be brought into congruence with its mirror image by translation or rotation". [4] Up to now, the definition of chirality that seems more general, has been put forward by Barron,[5] who stated "True chirality is exhibited by systems that exist in two distinct enantiomorphic states that are interconverted by space inversion but not by time reversal combined with any proper spatial rotation". [6] The International Union of Pure and Applied Chemistry (IUPAC) definition of chirality is more restrictive and aimed to characterize chemical chiral molecules. Chirality is defined as the geometric property of a rigid object (or spatial arrangement of points or atoms) being nonsuperposable on its mirror image; such that an object has no symmetry elements of the second kind (a mirror plane, S1 , a centre of inversion, i = S2 , a rotation-reflection axis, S2n). If the object is superposable on its mirror image then the object is described as being achiral. [7] Jacobus Henricus van't Hoff in 1874 discovered what he called asymmetric carbon atom [1] which is defined as a carbon atom that is attached to four different entities (atoms or groups, IUPAC definition), [7] and is known as a chiral center. In the early sixties, R. S. Cahn (England), C. K. Ingold (England), and V. Prelog (Switzerland) introduced the absolute and generally relevant (R,S) system (also called Cahn-Ingold-Prelog or CIP system) for naming the absolute configuration of chirality centers. Modified (R,S) systems can be also applied to chirality axes and planes. [8,9] Priorities are assigned for all substituents based on the atomic number and linkages between atoms.

The chiral center is viewed along the bond linking to the lowest priority substituent, pointing away from the viewer. There are then two possibilities: if the priority of the remaining substituents decrease in clockwise direction, the chiral center is labeled R, if it decreases in counterclockwise direction, it is assigned S (Figure I. 1.2).
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.2. Schematic representation for the assignment of R and S configuration using

Cahn-Ingold-Prelog system.

This system is useful for naming and labeling molecules with more than one stereocenter or chiral center. The older D/L nomenclature is well established for amino acids and sugars and their derivatives. [4] For molecules with other types of chirality, other nomenclature systems are used:

helicoidal and planar chirality can be described by  (and also the obsolete P label) or  (M); molecules with axial chirality can be labelled R and S (or the obsolete P/M nomenclature which is this case follows the opposite convention respective to the helicoidal/planar situation). [7] 

I.1.2 Homochirality and the origin of life

Amino acids and sugars are two of the most abundant chiral molecules in living systems. If these molecules were synthesized by random processes from achiral starting materials, we would find equal amounts of both enantiomers. In fact, proteins in living organisms are made up only of L-amino acids and sugars are present only as the D-form. Life is said to be homochiral, possessing a single handedness out of two. This single handedness and the "symmetry breaking", which is a term used to illustrate an imbalance between the left and the right enantiomeric molecules, has mesmerized many scientists. Some proposals for the origin of this imbalance can be classified as terrestrial or extraterrestrial, [14] being subdivided into either deterministic or random mechanisms.

Terrestrial hypotheses are for example based on spontaneous symmetry breaking by autocatalysis or crystallization, or by asymmetric adsorption or chemical processes on common minerals such as quartz or clays. Evidence exist of small enantiomeric excesses in amino acids found in chondritic meteorites, [10,11] which allowed to build the hypothesis that the initial
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imbalance is not from our earth, although it raises the question of how and where it originated.

One theory in regard is stereoselective photolysis by circularly polarized light, issued from synchrotron radiation in the neighborhood of neutron stars. [16] Otherwise one set of theories can be coined as universal because they rely on fundamental particle physics laws. They derive from symmetry breaking concepts in the quantum field Standard Model: either "parity violation" (P),

where parity is the property of a wave function that it is unchanged by space inversion symmetry, or "charge parity violation" (CP), where inversion of charge is also considered. While CP symmetry breaking has not yet provided a convincing mechanism, parity violation implies small difference of energy between two enantiomers, since in fact the "true" opposite enantiomer of a molecule would be the inverted converted configuration composed of antimatter! Nevertheless this direct explanation is not yet supported by experimental findings, while parity violation effects on the -decay of certain radioactive isotopes produces polarized radiation which is theorized to be the source of the chiral imbalance. [12,13] On the other side, supporters of the "random" process point out that absolute asymmetric synthesis could occur randomly in the absence of chiral directing force, whether this imbalance arises by chance or from another earthly or extraterrestrial origin. Nevertheless for all those theories, an amplified controlled mechanism is the key to propagate the initial imbalance of right and left handed enantiomeric molecules and eventually result in a homochiral state. A mathematical model was elaborated by Frank [17] more than 60 years ago, for an autocatalytic reaction mechanism (Scheme I.1) in which the substance acts as a catalyst in its own synthesis, and suppresses the formation of the second enantiomer by deactivation. [15] This enables the evolution of enantiopure molecules from nearly a racemic mixture. A few years later was reported the first experimental proof for this concept by Soai and coworkers, where they studied the autocatalytic alkylation of pyrimidyl aldehydes with dialkyl zincs. [18] They showed that it was accelerated by the addition of catalytic amounts of its alcohol product, producing high enantiomeric excess of product starting from very low enantiomeric excess of the catalyst.

I.1.3 Stereoisomers and the basics of stereochemistry

Dealing with chirality needs to recall some basics about isomers and especially stereoisomers, as a crucial topic in life, not only in chemistry but also in drug synthesis and operating mode, [19] and biochemical systems which require a high specificity and selectivity.

Stereo-chiral recognition and interactions in cellular systems is indispensable for signal transduction. Enzymes are catalytic proteins that show high specificity, that was explained by Fischer with the 'lock-and-key-concept'. [20] The most important point is that the interaction may be attractive or repulsive ; often steric hindrance play a vital role in chiral recognition. The U.S.

Food and Drug Administration (FDA) regulations, since 1992, requires a clinical trials with racemic mixture and each enantiomer of a chiral drug separately , before approval can be obtained to use the racemic mixture as a drug. The FDA leaves the decision to pursue a racemic mixture or single enantiomer formulation of new drug to its developers, but the choice of racemic mixture versus single enantiomer must be justified. [21] The two enantiomers of a given chiral drug should be considered two different drugs, because they can show a better or worse selectivity and pharmacokinetics. [19] This is one key challenge for chemistry in developing strategies for the enantiomers and diastereomers.

Scheme I.3. Schematic representation of stereoisomers cis and trans-1,2-Dichloroethene

C C H Cl Cl H C C Cl H Cl H cis-1,2-dichloroethene trans-1,2-dichloroethene (C 2 H 2 Cl 2 ) (C 2 H 2 Cl 2 )
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I.1.3.3 Enantiomers

Enantiomers or optical isomers are stereoisomers pairs which are non-superimposable mirror image to each other. When they are in a centrosymmetric environment, they possess identical chemical and physical properties. They differ by their ability to rotate plane-polarized light (+/-) by equal magnitude but in opposite directions, [22] and most often can present different physiological and therapeutic effect. [19] As an example (Scheme I.4), orange and lemon peel both contain a chiral molecule called limonene; limonene molecules in oranges and lemons are mirror images, non-superimposable molecules. The molecule in oranges is "left-handed," and the one in the lemons is "right-handed" version. When interacting with human sensorium, they smell and taste differently. [23] On the other hand, a 50/50 mixture of two enantiomers is called a racemic mixture. The word racemic is derived from latin word 'racemus' for the "bunch of grapes". The term was originally coined by Joseph Louis Gay Lussac to name the acid he isolated from an acidic extract from

Vosges wines sent to him by a chemist. [24] An interchange of groups in a real molecule, if it can be done, requires breaking covalent bonds, and this is something that requires a large input of energy. This means that enantiomers do not interconvert spontaneously.

H H 2 C H 3 C CH 3 H CH 2 CH 3 H 3 C (+) Limonene

Orange (-) Limonene

Lemon

Enantiomers

Scheme I.4. Schematic representation of L-(+)-Limonene and D-(-)-Limonene enantiomers revealing different tastes.

It is worthy to mention an important principle in stereochemistry: No necessary correlation exists between the (R) and (S) designation and the direction of rotation of plane-polarized light.

(R)-2-methyl-1-butanol is dextrorotatory (+) and (R)-1-chloro-2-methylbutane is levorotatory (-).

The relationship between a chiral molecule and its mirror image is defined as enantiomeric.

For a mixture of (+) and (-)-enantiomers, with composition given as molar or weight fractions F(+) Part I : Generalities on chirality and introduction to spin crossover phenomenon and F(-) (where F(+) + F(-) = 1), the enantiomer excess is defined as │F(+) -F(-)│ (and the percent enantiomer excess by 100│F(+) -F(-)│. Frequently this term is abbreviated as e.e. [7] I. 1.3.4 Diastereoisomers Diastereoisomers (or diastereomers) are stereoisomers that are not related as mirror images.

They are characterized by differences in physical properties and some differences in chemical behaviour towards achiral as well as chiral reagents. [7] Cis-1,2-dichloroethene and trans-1,2-dichloroethene shown in (Scheme I.3) are not mirror images of each other and they are called diastereomers. Some molecules have more than one stereogenic center, the total number of stereoisomers of these molecules is up to 2 n , where n represents the number of tetrahedral stereocenter; for 2,3-dibromopentane, [22] we expect to have four stereoisomers as shown in (Scheme I.5 

Scheme I.5. Schematic representation of the four stereoisomers of 2,3-dibromopentane.

Stereoisomers 1 and 2 are non-superimposable mirror images of each other and they are said to be enantiomers, while structures 1 and 3 are stereoisomers that are not mirror image of each other, therefore; they are diastereomers, revealing different physical and chemical properties (melting point, boiling point, solubility,..).

On the other hand some molecules are achiral even though they contain stereocenters. 2,3dibromobutane contains two stereogenic center and it has four stereoisomers. The 1 st and 2 nd stereoisomers are pair of enantiomers while the 3 rd and the 4 th stereoisomers have a plane of symmetry and are identical. Indeed this plane divides the molecule into halves that are mirror images of each other (Scheme I.6). These two stereoisomers are called meso-compounds, meso-is a prefix that indicates the presence of an element of symmetry of the second kind in a chemical species which is usually one of a set of diastereoisomers that also includes a chiral member. This term is for the achiral member(s) of that set, and it is optically inactive. [7] 
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I.1.4 Types of chirality

As mentioned in section (I. 1.3), there are also other types of chirality other than asymmetrically substituted tetravalent carbon. Other types are shown in (Scheme I.7a), with for example 2-bromobutane, in addition to chiral amines and phosphanes. Helices are intrinsically chiral structures, which exist either as enantiomeric left-() or right-() handed forms. A typical example for helical structures is provided by the helicenes. With four rings or more, the steric hinderance at both ends prevents the formation of planar conformation and provides a helical arrangement for helicenes and heptalenes (Scheme I.7b). [25] Some compounds are chiral even though they do not contain an asymmetric atom, if they show two perpendicular planes which are non-symmetrical planes. If these two planes cannot freely rotate respective to each other, then the corresponding compounds are chiral. Compounds of this type show axial chirality, and the corresponding isomers are called atropisomers. Biphenyls and binapthyls are typical examples of this kind of chirality (Scheme I.7c). Planar chirality instead occurs if a suitably substituted planar ring system or group of atoms are bridged by a linker-chain extending into the space above or below this plane. Cyclophanes and ferrocene exhibit such a planar chirality (Scheme I.7d). Moreover, even supramolecular structures which are made up of achiral molecules may show chirality, for example catenanes and molecular knots (Scheme I.7e). [26] 

Part I : Generalities on chirality and introduction to spin crossover phenomenon Scheme I.7. General view of different types of chirality given by examples (a) Assymetric substituted atom a common type of chirality; (b) Helicenes and heptalenes adopting a helical arrangement property; (c) Biphenyls and binapthyls are axially chiral compounds; (d)

Paracyclophane and ferrocene possess a planar chirality; (e) Chiral supramolecular structures of molecular knots and catenanes.[25,26]

We started primarily dealing with the "simple" case of a quaternary carbon, but this notion has extended to tertiary amines and phosphanes and other atoms than carbon (ex : Copper; Silicon; germanium) which can form tetrahedral compounds as carbon does (Scheme I.7a). Chiral transition metal complexes are routinely used in large scale; metallocenes heading the list for their use in catalysis, mainly of the Ziegler-Natta type. [27] The remaining chiral transition metal complexes are usually helicoidal, either the textbook case of three bidentate ligands, or with encapsulating ligands which are hexadentate or more. Those complexes are mainly obtained enantiopure either by spontaneous resolution or by chiral induction with a co-crystallizing chiral molecule or by direct introduction of chiral ligands.
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The chirality with transition metals and lanthanides [28] gets more complex because of the higher coordination number available to those metals and the multitude of possible central atoms.

There are rare examples in coordination chemistry of tetrahedrally coordinated metals, bounded to four different monodentate ligands (Mabcd), [29] where they do not exhibit a geometric isomerism and they are chiral just as the tetrahedral carbon. Usually the lability of substituents makes them difficult to be resolved. 

Scheme I.8. Schematic representation of stereoisomers of cis and trans configuration of [C5H5Mo(CO)2Cl(R * )].[33]

Another interesting example that combines both geometric isomerism and chirality is an optically active molybdenum complex with five independent ligands. This square-pyramidal complex [C5H5Mo(CO)2-{(S)-PN*}Cl] [(S)-PN* = (S)-(+)-Ph2PN(Me)CH(Me)(Ph)] may exist in two isomers (cis and trans), due to the arrangement of four ligands at the square base (Scheme I.8). The cis isomer lacks an improper axis of rotation and therefore it is chiral; meanwhile, the trans isomer has a plane of symmetry and will be achiral in the absence of an assymetric carbon in the phosphine ligand. [31] The cis isomers form an enantiomeric pair as shown in (Scheme I.9). The chirality of Mo was asssigned to be (S) as determined in the X-ray crystal structure of [C5H5Mo(CO)2Cl{(R)- 

Ph2PN(Me)CH(Me)(Ph)].[31]

Other than Molybdenum complexes, there exist also isomerism with ruthenium complexes [32,33] and iron complexes [34]. 

Figure I.8. Schematic representation of seven possible configurational isomers with hexadentate ligands in an octahedral geometry.[29]

Another example is with the well-known square planar coordination geometry, so with coordination number four. This geometry is naturally achiral: if the metal center is coordinated to four different ligands (Mabcd), it does not produce nevertheless a pair of enantiomers as in tetrahedral geometry. However, when this geometry deviates significantly from planarity, it

achiral cis- cis- (1) (2) (3) 
(

) (3) (4) (5) (6) 2 
Part I : Generalities on chirality and introduction to spin crossover phenomenon generates a chiral distorted geometry. The nomenclature of those systems follows then the general IUPAC rules for helicoidal systems, where helicity is specified considering a general "skew-line system" (Figure I.9), which pairs the ligands onto lines. [26] Figure I.9. General definition of configuration  and .

If the line in the back has to turn clockwise (through the acute angle) to be coinciding with the front line, the arrangement is assigned as , while the reverse case is termed . Cambi in 1931, who studied the evolution of magnetic properties as a function of temperature of a series of Fe(III) (3d 5 ) based on dithiocarbamate ligands. [35,36] In 1967, the first spin crossover compound based on Fe(II) (3d 6 ) was described, [Fe(phen)2(NCS)2]. [62] Since that time, this phenomenon has fascinated many chemists and physicists, and many efforts have been devoted

towards synthesizing novel spin crossover compounds, and understanding the changes of properties induced by applying various external stimuli. The explanation of the anomalous magnetic moment behavior as a function of temperature came only later with the ligand field theory.

Spin crossover is most commonly observed with first row octahedral transition metal complexes, with a d 4d 7 electron configuration according to the crossing points observed in the Tanabe-Sugano diagrams [37]: Fe(II), [35,38,39] Fe(III), [40] Co(II), [41,42] Co(III), [43,44] Mn(II), [45,46,47] Mn(III), [48,49] Cr(II). [50] Some few examples are known of lower symmetries, [50] for example for d 8 Ni(II), [51] and for second row transition metal complexes such as Ru(II) [52] or Mo(IV). [53] I.2.1.2 Ligand field theoretical considerations Spin crossover compounds based on Fe(II) are the most studied compounds; they present a large variety of behaviours. Numerous studies have been published on the subject as well as several books. [54,55,56,[START_REF]Spin Crossover in Transition Metal Compounds[END_REF]58] The objective of this part is to present the general principles and some theoretical considerations governing spin crossover using Fe(II) compounds as illustration. We are interested in this manuscript in coordination complexes of cobalt(II) and iron(II). For Fe(II),
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depending on the strength of the ligand field in the complex, this ion may present two distinct spin states. The Fe(II) ion in its free state has an electronic configuration 3d 6 , spectroscopic term 5D0, where all d orbitals have the same energy, but, when it is placed in an octahedral symmetric geometry, the 3d orbitals split into two distinct energy levels, one labelled t2g that includes mainly non bonding orbitals (dxy, dxz, and dyz) and the other eg with antibonding orbitals (dz2 and dx2-y2).

The energy difference between the two levels (t2g and eg) corresponds to the ligand field splitting () or the ligand field strength 10Dq, with  = 10Dq.  depends on both the nature of the metal ion and the symmetry of the ligands around the metal center. In octahedral symmetry Oh, Fe(II) can present a transition between the low spin and the high spin state. According to the magnitude of the ligand field splitting  compared with the pairing energy of the electrons , various situations are possible:

1. If the ligand field splitting energy is greater than the d-d electron-electron repulsion which is often referred to as the pairing energy (>>), a substantial amount of energy is required for an electron to overcome the energy gap (∆) to comply to Hund's rule, so electrons will fill the lower energy t2g level completely. In this case the total electronic spin is equal to zero (S = 0), leading to a diamagnetic state of 1 A1g symmetry label caused by strong ligand field. A classic example is the case of [Fe(CN)6] 4-.

2. If the ligand field splitting energy is lower than the pairing energy (<<), the electrons occupy the d orbitals following Pauli's rule; there are four free electrons, so the total electronic spin is therefore S=2. We have then a paramagnetic state of 5 T2g symmetry label, for example [Fe(H2O)3] 2+ .

3. If the ligand field splitting energy is close to the pairing energy ( ≈ ), the system can exist in the two states (LS or HS). In this case the system can be interconverted between the two spin states under the effect of an external stimulus. [59,60,61,62,63,64] So in order to observe spin crossover, the spin pairing energy  has to be approximately equal to the ligand field strength 10Dq. In fact, the spin pairing energy () varies a little from one compound to another and its value is about  ≈ 15,000 cm -1 ; it changes very little during the spin crossover and is slightly larger in the high spin state due to a smaller nephelauxetic effect caused by the larger bond length. The ligand field strength 10Dq is an important parameter which has to be determined experimentally from the electronic absorption spectrum.
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For instance, the high spin complex [Fe(H2O)6] 2+ presents an absorption band in the nearinfrared which can be assigned to the spin allowed d-d transition 5T2g5Eg. The position of this band gives a 10Dq value of 10400 cm -1 . While the low spin complex [Fe(CN)6] 4-shows two absorption bands, one in the UV region at 320 nm and another band at higher energy that can be attributed to 1 A1g 1 T1g and 1 A1g 1 T2g transitions respectively. Neither band corresponds directly to 10Dq, but from this observation 10Dq can be calculated (10Dq = 33000 cm -1 ). 11), for the high spin state 10Dq HS <10,000 cm -1 and E o HL < 0, while for the low spin state 10Dq LS > 23,000 cm -1 and E o HL> 2000 cm -1 . The range for which the thermal spin crossover can occur is for 10Dq HS ≈ 10,000-12,500 cm -1 and 10Dq LS ≈ 19,000-22,000 cm -1 , and E o HL ≈ 0-2000 cm -1 . It is worth mentioning that a small modification in the chemical nature of a compound Part I : Generalities on chirality and introduction to spin crossover phenomenon can modify and affect strongly the characteristics of the spin crossover due to this narrow energy range.

Figure I.11. Spin state stability regions as a function of ligand field strength. The region of spin crossover compounds is indicated by the shaded area.[65]

Moreover, non-coordinating entities like anions which compensate the charge of the metal ion, or solvent molecules which can interact with the coordination sphere of the metal center, can modify also the characteristics of the spin crossover.

I.2.1.2.1 The case of Fe(II)

Several Fe(II) complexes undergo spin crossover from a low spin diamagnetic state (S =0) to a high spin paramagnetic state (S=2) under the effect of an external stimulus such as a variation of temperature, pressure, light irradiation or the influence of a magnetic field, leading to distinct changes in magnetic, optical and structural properties. In some cases change of color can occur. [66] The low spin (LS) to high spin (HS) crossover is an endothermic process. However, the HS state has greater degeneracy and hence higher entropy, and thus is favored at higher temperatures.

When the difference between the lowest energy potentials (E) is in the order of kBT, spin crossover can be induced thermally.
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Different types of spin crossover behaviors exist. Those differences depend mainly on the ligand field energy and the strength of interactions through the crystal packing in the solid state.

The variation of intermolecular interactions affects the properties of the material through the degree of "cooperativity". These solid phase behaviors can be classified into five families as a function of the strength of cooperativity, i.e interactions can range from weak to strong. Spin crossover can be gradual, abrupt, abrupt with hysteresis, multi-steps or incomplete.

1) Gradual spin crossover (Figure I.12a) is found in compounds showing weak cooperativity, in which the spin conversion centers are away from each other, thus decreasing the possibility of intermolecular "dialogue" between each other. This type of spin crossover is particularly observed in solution and solid solution studies and it is also called spin equilibrium or spin conversion.

2) Abrupt spin crossover (Figure I.12b) is usually associated with strong cooperativity between the Fe(II) centers, which present this type of behavior. In this case, the change of spin state of one complex is transmitted to other through strong intermolecular interactions and this change of spin state is accompanied by distortion between the two states. This is for example the case of complex [Fe(phen)2(NCS)2] (phen = 1,10-phenanthroline) which present an abrupt spin crossover about 175K. [62,38] 3) The thermal spin crossover can be accompanied by a hysteresis loop (Figure I.12c). Often the appearance of such a hysteresis loop is associated with a crystallographic phase transition. This is for example the case of [Fe(PM-PEA)2(NCS)2] (PM-PEA = N-(2'pyridylmethylene)-4-(phenylethynyl)aniline), [66,67] which presents a thermal hysteresis loop associated with a crystallographic phase transition from high spin monoclinic phase (P21/c) to low spin orthorhombic phase (Pccn). The cooperativity in such systems is mediated by hydrogen bonding and  - interactions or through covalent interactions. This type of thermal hysteresis spin crossover compounds are of great interests for industrial applications.

4) The spin crossover phenomenon can also occur in multi-steps (for example, two steps in a gradual and / or abrupt mode) (Figure I.12d) and presenting a plateau between the two spin crossover steps. Three main reasons can explain such type of behavior, first, the presence of many different metallic sites. As example [Fe(dpsme)pt(CN)4]0.66dpsme•xEtOHyH2O (with dpsme = 4,4'-di(pyridyl)thiomethane) which has a 3-D network, presents three Part I : Generalities on chirality and introduction to spin crossover phenomenon different spin crossover steps and a change of symmetry between different steps (break of symmetry). [68] The second reason is derived from the presence of "anti-cooperativity" in certain dinuclear complexes [69] and this is due to a modification in energy between two neighboring complexes. The third reason can be associated to the presence in a same material of short and long range interactions, as is the case in [Fe this case has been observed in some diluted systems. [71] Incomplete spin crossover can be also associated with spin conversion dynamics: at low temperatures the kinetic relaxation from HSLS can become so slow that spin crossover is somehow blocked, we have "spin freezing". This was observed with some Part I : Generalities on chirality and introduction to spin crossover phenomenon compounds [FeL2][BF4]XH2O (L = 2,6-bis{3-methylpyrazol-1-yl}pyridine) where the thermal spin crossover strongly depends on the rate of cooling of the system. [72] 

I.2.2 Physical modifications due to spin crossover

I.2.2.1 Structural modification

The determination of crystal structure by X-ray diffraction of a new spin crossover compound is an essential step in understanding the factors affecting the physical behavior of spin conversion, especially the magnetic properties. The determination of the molecular geometry for both LS and HS states is a crucial analysis for structural properties that gives relevant information on the spin crossover phenomenon itself. The crystal packing description of a given compound allows one to define the intermolecular interactions that could be a potential element for the propagation of the spin crossover over the whole molecules in the crystal system, which is known as the cooperative effect, or it can be a primary explanation for the other magnetic behaviors and properties.

I.2.2.1.1 Classical view (variation of bond length)

The ligand field energy (10Dq), mainly in Fe(II) complexes, is strongly influenced by the distance (noted r) of metal-ligands, because it is inversely proportional to r n (n = 5 -6) in an octahedral geometry. [50] The spin crossover from high spin state to low spin state or vice versa is accompanied by a variation of the coordination sphere of the Fe(II) ion as it was found by crystallographic determination of the crystal structure at LS and HS state. [73] The spin crossover from HS to LS leads to a contraction in the Fe-ligand bond length (rLS ~ 1.95 -2.0 Å) while the spin crossover from LS to HS elongates the bonds ( rHS ~ 2.12 -2.20 Å) by around (r ~ 0.2 Å). This is accounted for by the fact that populating the anti-bonding orbitals (eg) in the high-spin state results in a substantially larger metal-ligand bond length than for the low-spin state. In the low spin state, the occupied t2g orbitals of the metal may interact with empty π* orbitals of the ligand, enabling some π retro-donation leading to a contraction of the metalligand bond. This variation of the Fe-ligand bond length was studied not only by X-ray diffraction but also by spectroscopy, such as vibrational infrared and Raman spectroscopy.
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The contraction of the Fe-N bond during the spin crossover causes a contraction of the coordination sphere (octahedron volume) by about 25%. It also causes an increase in the deformation of the FeN6 polyhedron from a perfect octahedron, which can be quantified by the twist angle theta, and many other parameters that were introduced for the characterization of the structural changes during spin crossover. [74,75] These parameters will be now described in detail.

I.2.2.1.2 Distortion of the coordination polyhedron

The spin crossover is accompanied by a deformation of the FeN6 coordination polyhedron. This is due to the pressure exerted on the iron coordination polyhedron by the shortening or elongation of the iron-ligand distances, thus leading to a change in the overall geometry.

Fe(II) spin crossover complexes with tetrazole monodentate ligands such as [Fe(ptz)6](BF4)2 present almost perfect octahedral geometry in both spin states. The shortening of the Fe-N distances causes a simple isotropic contraction of this octahedron. In the same way Fe-triazole complexes with a crystal structure composed of 1-D chains corresponding to a repeated [Fe(triazole)3] motif do not show a global deformation of the octahedron FeN6. [76] On the other hand, Fe(II) spin crossover complexes with chelate ligands acting as pincers around the metal ion (Figure I.13a) undergo a distortion in their geometries during spin crossover, and they do not present a perfect octahedral geometry in both states. In the low spin state, the geometry is close to the perfect octahedron (Oh) while in the high spin state, the geometry of the complex deviates from perfect octahedral (Oh) towards trigonal prismatic geometry (D3h). S.

Alvarez has described the distortion of tris(bidentate) complexes using a continuous symmetry measure approach, and the symmetry modification is perfectly correlated with the spin crossover.

An important parameter of a bidentate ligand is its normalized bite, defined as the ratio between the donor-donor distance and the average of the metal-donor bond distance (b = d/r ) (Figure I.13b).

Part I : Generalities on chirality and introduction to spin crossover phenomenon Figure I.13. a) Schematic representation of the coordination Iron-N6 polyhedron bounded to three chelate ligands (tris-bidentate complex). b) Definition of the  bite angle and bite parameter b in the case of a bidentate ligand.[77]

The distance between the donor-donor atom for a given ligand is approximately constant.

Thus, the decrease in the M-L bond distances (r) that results from spin crossover implies an increase of the normalized bite. Small bite ligands favor larger distortion toward a trigonal prism, driven by the smaller bond angles in this polyhedron compared to those in the octahedron. Part I : Generalities on chirality and introduction to spin crossover phenomenon coordination complex: Σ = ∑ 𝟏𝟐 𝒊=𝟏 │i -90°│). For an ideal octahedron Σ = 0, and it increases with deformation. In [FeL2(NCS)2], Σ from HS to LS is positive, which implies more distortion in the HS state compared to the LS state.

The second parameter that is used to consider the distortion of the coordination sphere is the trigonal twist angle (θ) which represents the angle between two triangular planes (Figure I.15b) in the coordination sphere. θNCS represents the angle opposite to the NCS ligands. When θNCS is equal to 60°,it represents a perfect octahedron. In [FeL2(NCS)2] these values are lower than 60° and θNCS (LS-HS) is positive, which confirms that the LS octahedron is less distorted than in the HS state. [74] I.2.2.2 Influence of temperature and magnetic field Spin crossover can be induced by different external perturbations. In the case of Fe(II), spin crossover from the LS to the HS state requires energy for two electrons to flip over and populate the higher energy orbitals. This energy can be achieved by heating. Hence, the temperature plays an essential role in inter-conversion between the two spin states. This means that as the temperature is low, the LS state will be the more stable state. And as the temperature increases, more electrons will be populated in the HS state which will be the most stable state at high temperature. 
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The first work studying the effect of magnetic field on the spin crossover of certain complexes was carried out at the beginning of the 80's. It was determined that the application of a magnetic field favors the most magnetic state. P. Gütlich et al. [78] have proved that the spin crossover of [Fe(phen)2(NCS)2] shifts by -0.11±0.04 K when the field is increased from 1 T to The first experiment of photo-switching of a spin crossover Fe(II) complex was realized in solution by J. J. MacGarvey et al. [83] Two years later, S. 

Figure I.17. Schematic illustration of the photophysical mechanism of LIESST (green light) and reverse-LIESST (red light) of [Fe(ptz)6](BF4)2 complex and subsequent relaxations as originally proposed by Hauser.[85]

The life time at low temperature (20K) of the HS metastable state of [Fe(ptz)6](BF4)2 was estimated to be on the order 10 
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directly compared to the Hauser model presented above, with spin-orbit coupling between states calculated in order to gauge the likeliness of the intersystem crossings proposed. While the 5 T2 5 E 3 T1 1 A1 pathway for reverse-LIESST was validated, the parallelism and distance between the excited 1 T1 singlet and 3 T1/ 3 T2 triplet states questioned the 1 T1 3 T1 intersystem crossing proposed for the LIESST mechanism. It was suggested that relaxation from excited 1 T1 to 3 T2/ 3 T1 doesn't occur directly, but either through vibrational overlap, or in an asymmetric vibrational mode.

Figure I.18. CASPT2 relative energies for metal-centred states of [Fe(tz)6] 2+ as a function of the Fe-ligand distance.[93]

Concomitantly, the recents improvements in ultrafast pump-probe experiments have allowed to explore the underlying photo physics of the switching property from LS to HS metastable state, with time-resolved X-ray diffraction or absorption studies or femtosecond time-resolved optical spectroscopy. The relaxation processes of various model complexes in solution [95] have been studied: [Fe(tren)(py)3] 2+ (tren(py) = tris(2-pyridylmethyliminoethyl)amine) in CH3CN; [96] [Fe(bpy)3] 2+ in H2O;[97] [Fe(phen)3] 2+ in CH3CN [98] and [Fe(tpy)2] 2+ in H2O.

[99] For this last complex the exact nature of the quintet state in its Jahn-Teller C2 distorted configuration was investigated.

It is clear from the above discussion that light is able to induce metastable state in specific compounds, mainly Fe(II) complexes. The relaxation process in the solid state, from the HS meta-
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stable state to LS state is strongly influenced by cooperativity. [100,101] For compounds presenting gradual spin crossover, cooperativity is small and the relaxation from HS(metastable)LS can be described by first order kinetics: the system relaxes exponentially. When the system shows strong cooperativity, the relaxation HS(metastable)LS is of sigmoidal type and the time constant of relaxation is dependent on the HS fraction nHS.

For systems with small cooperativity where the interactions in the material is weak. The type of relaxation involved is exponential according to (equation I.1). [102] 

HS = exp[-KHL(T).t] ; KHL(T) = K0 + KHL (T  ) * exp(-Ea/KBT) (Equation I.1)

However, it happens frequently that the experimental behavior can not be described by a simple exponential, but rather by an exponential distribution law. This is the case for example few diluted systems that show a stretching of the relaxation curve due to the presence of defects caused by dilution.

On the other hand, the relaxation from HS(metastable)LS for a system with a strong cooperativity has a relaxation of sigmoidal behavior. A. Hauser et al. have studied the evolution of optical spectra as a function of relaxation. and they showed that the energy difference EHL° varies depending on the converted fraction. [103] The cooperative interaction will tend to stabilize the HS state. In which, at the beginning of the relaxation, the activation energy is maximum. But, during the relaxation, the population of LS state destabilize the HS state by internal pressure deriving a reduction in the activation energy.

To describe this variation of activation energy, A. Hauser has introduced the autoacceleration term (T) in the relaxation equation (equation I.2, I.3 and I.4). [103] 

dHS/dt = -KHL(T,HS).HS (Equation I.2) KHL(T,HS) = KHL(T).exp[(T).(1-HS)] (Equation I.3)

(T) = [Ea * / KBT] and KHL(T) = K0 + KHL(T )exp[Ea / KBT] (Equation I.4) Part I : Generalities on chirality and introduction to spin crossover phenomenon

In contrast to the simple exponential case, the relaxation constant depend not only on the temperature, but also on the LS fraction present in the material at time t. The characteristic parameter of the cooperativity in this type of equation is the additional activation energy Ea* that depend on the term of auto-acceleration (T). The activation energy Ea will therefore decreases as the measured LS fraction increases. The dependence of Ea with LS or HS varies according to the following equations (equation I.5a and I.5b). [103,102] 

Ea(LS) = Ea(LS = 0) -Ea * .LS (Equation I.5a) Ea(HS) = Ea(HS = 1) -Ea * (1-HS) (Equation I.5b)

Many factors influence cooperativity, especially the crystal packing structure, as it will be It was proposed to determine systematically, for compounds presenting the LIESST effect, the temperature on which the photo-induced information is erased. [104] This value is noted T(LIESST) and it allows the comparison of different photomagnetic compounds. Figure I.19 is a schematic representation for a typical experiment. The compound in its HS state is introduced in the SQUID magnetometer (note that this measurement can be reproduced with optical or vibrational spectroscopy, X-ray diffraction or absorption, …). Then, the temperature is lowered to 10K slowly enough to allow thermal spin crossover. The system in the LS state is irradiated at an appropriate wavelength (usually determined upon the absorption spectra) to convert to the HS meta-stable state. When saturation is reached, the irradiation is stopped and the temperature of the system is increased at a constant speed of 0.3-0.5 K / min. The HS fraction remains almost constant except for some slight relaxation by tunnel effect, until at higher temperature the process of relaxation is accelerated (active thermal region) and the HS fraction strongly decreases in a few Kelvin. The value of T(LIESST) is determined by the position of the inflection point of the HS fraction with respect to the temperature. 

. Database of spin crossover compound : Variation of T(LIESST) as a function of T1/2. Influence of coordination sphere on T(LIESST) temperature.[105]

Moreover, Freysz et al. have described the possibility of photo-converting the LS state to the HS state by irradiation with ultrafast laser pulses within the thermal hysteresis loop. The photoexcited state relaxed slowly to a mixture of HS/LS state, then the system can be brought to its initial state by adjusting the temperature. [107] The advantage of this approach is that if the hysteresis is centered at room temperature, the photo-switching provides access to photo-induced states of very long life time. The current efforts in this area focus on the synthesis of new materials in order to obtain large hysteresis of order of 100K compatible with storage application.[55]

I.2.2.3.2 LD-LISC (Ligand derived light induced spin change)

The LD-LISC (Ligand-Driven-Light Induced Spin Change) effect allows obtaining spin crossover by varying the ligand field strength under irradiation. It is based on using ligands exhibiting photo-isomerization property, such as cis-trans photo-isomerization reaction. [108,109,110] The cis-trans isomerization is not only reversible with suitable wavelength but also ensures a long life time of excited states. For example, in the case of the compound 

I.2.2.4 Spin crossover induced by pressure

Pressure can be used as an external stimulus to induce spin conversion, as mentioned before.

The application of pressure induces a modification in the volume of the ion; it favors the state with the smaller volume, that is the LS state. So it will be stabilized by the application of hydrostatic pressure (0 < P < 1-2GPa) resulting in a change of the population of the HS and LS states, leading to a shift of T1/2 to higher temperatures. In contrast, using low pressure favors the HS state and decreases the T1/2 to lower values.

The primary study of the effect of external pressure on the spin crossover was carried out in 1969 by Ewald et al. [112] Since then, different technical set-ups were developed to study the impact of pressure on spin conversion : magnetic susceptibility, [113,114] absorption and optical reflectivity, [115] Mössbauer spectroscopy, [116] and X-ray ray diffraction on monocrystals. [117,118] As illustrated in ( 

Fe(phen)2(SCN)2.[114]

In general, different situations were described. [120,121,122] The majority of studies realized confirm the increase of T1/2 and the decrease of the hysteresis width T1/2 by the application of pressure. For compounds that are fully HS, a stabilization of the LS state was reported. [123] In most cases, after the application of pressure, the return of ambient pressure permits finding the properties of initial spin crossover. Finally it should be noted that LS compounds presenting a strong retrodonation metal-ligand, typically [Fe(phen)3] 2+ undergoes a partial spin crossover to the HS state at elevated high pressure (P > 2 Gpa). [124] This behavior is explained by the thermal occupation of the ligand * orbitals by ligand  electrons inducing a diminution in the ligand field .

I.2.3 Thermodynamics of spin crossover

I.2.3.1 Isolated molecular systems (without interactions)

We have seen that spin crossover materials are influenced by an external perturbation (P, T, B, hv). It is important to realize that this is connected to the variation of entropy of the system, so we will describe the thermodynamic of these systems using the Gibbs-Boltzman model. Each HS and LS configuration is described by its enthalpy H and its entropy S. The spin equilibrium between these two states is governed by the variation of the Gibbs free energy G (equation I.6) :

G = GHS -GLS = H -T.S (Equation I.6)

where H is the variation of enthalpy (H = HHS -HLS) and S is the variation of entropy (S = SHS -SLS). These variations are divided into two principal contributions: electronic (Hel et Sel) and vibrational (Hvib et Svib). [46,125,126] Concerning H, it varies depending on the compound and can be directly estimated from the Hel contribution which is estimated at about 1000 cm -1 , while the vibrational contribution is 10 to 100 times weaker. Sel comes from the changes of orbital moment (Sel orbital ) and spin (Sel spin ) of the molecule: Sel = Sel spin + Sel orbital . For perfect octahedral symmetry, one must take into account both contributions. But in most cases, the symmetry is lower than Oh. In this case, the orbital contribution can be generally neglected. [46,125,126] T1/2 is the temperature where the molar fractions nLS and nHS are equal. Below T1/2, H > TS and G > 0, the enthalpy factor is dominant and the LS state is the most stable state. Above
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T1/2, H < TS and G < 0, the entropy factor is dominant and the HS state is the most stable state. This shows that spin crossover is a molecular process governed by entropy.

I.2.3.2 Influence of intermolecular interactions

The Gibbs-Boltzman model seen in (I.2.3.1) is used to describe the spin crossover phenomenon in solution and in highly diluted solids, in which the Fe(II) centers are far from each other. In the solid state, this approach is not sufficient to describe correctly the different behaviors observed, especially if there exists a strong interaction between iron centers through intermolecular interactions, which is at the origin of cooperative effects. Two aspects should be taken into account for a better description of the system. First the mixing entropy, that accounts for the many possibilities of arrangement of HS and LS molecules in the solid. The second important point is the intermolecular interactions in the crystalline state caused by the arrangement of molecules:

these interactions are at the origin of cooperativity leading to non-linear behavior such as abrupt transition or presence of hysteresis.

Most models found in the literature are based on the Slichter and Drickamer thermodynamical model, who introduced the  cooperativity term. This model assumes a random distribution of N molecules in the solid state with and (1-) being the molar fractions for HS and LS molecules respectively. The total free energy of the system is then the following (equation I.8):

G = N(1-)GLS + NGHS -TSmix + N(1-) (Equation I.8)

where  is the intermolecular interactions term, Smix the entropy of the mixture, 

(>2kBT1/2, blue curve).[126]

1. When  < 2kBT1/2, it corresponds to weak intermolecular interactions, which gives a gradual spin crossover.

2. When  = 2kBT1/2, the spin crossover is a first-order transition, being abrupt with strong intermolecular interactions.

3. When  > 2kBT1/2, the spin crossover is abrupt with a hysteresis, due to the presence of very strong specific intermolecular interactions.

From a thermodynamic point of view, the presence of a hysteresis is correlated to the existence of domains. Various studies have been carried out for the characterization of these domains. [65,66,67] Part I : Generalities on chirality and introduction to spin crossover phenomenon Varret et al. have recently studied spin crossover optically through the formation of domains, [START_REF] Varret | [END_REF] showing in particular that the growth mechanism corresponds to a nucleationexpansion. They have also observed optically the occurrence of spin crossover at the corner of a crystal, which they associated with the formation of LS domains. [START_REF] Varret | [END_REF] The same authors have shown the dependence of the propagation on different influencing factors such as the size of the crystal, its morphology and its history (cycles, thermal treatment,..). Moreover, they have noticed that the presence of defects in crystals which undergo a first order transition assume a more complex propagation than a simple linear propagation.

I.2.3.3 Spin crossover and the origin of cooperativity

Since the discovery of the spin crossover phenomenon, the nature of cooperativity in compounds showing abrupt and hysteretic spin crossover has fascinated many researchers, [69,128,129] impelling the study of the origin of cooperativity as a potential molecular engineering tool for controlling the spin crossover behavior. In particular, electronic or steric effects have been proposed for the origin of these cooperative interactions in the solid state.

Concerning electronic effects, [130] it has been proposed that cooperativity is transmitted from one molecule to another via coupling between electrons and phonons. This coupling involves intra-and intermolecular vibrational modes promoting the formation of molecular domains of same spin state. Domains grow by nucleation/expansion, with the development of these domains depending on this mechanism. As the size of domains becomes larger, the transition is more abrupt.

Recently, it was proposed that interactions of electrostatic origin between different molecules can influence the cooperativity of the system: the interaction between LS molecule and HS molecule will be more repulsive than the average interaction between molecules of the same spin state. [131,132] Concerning steric effects, the elastic model was introduced by Spiering in 1982. [133,134,135] This model describes long distance interactions between molecules using various approximations from solid mechanics. It reflects the changes of volume of the active sites that are considered as spheres [133,136] or hard ellipsoids during the spin crossover, with the volume and the shape of these sites depending on the spin state. These spheres are connected So, The use of building blocks allows from the start the incorporation of a new functionality in molecular materials, in particular chirality that is the absence of improper symmetry operations either in the solid state at crystalline level, or even at the molecular level. More particularly it would allow on one hand for some discrimination between intermolecular interactions and provide thus a very efficient tool of crystal engineering. On the other hand, it could introduce the possibility of playing with light polarization in photoexcitation processes.

Chiral SCO compounds are potential candidates for multifunctional materials that combine two or more physical properties (change of spin and its interesting consequences or/and properties of non-centrosymmetric materials such as non-linear optics, [139,140] hyperpolarizibility, [141] incommensurate spin state ordering, [142] magneto-chiral dichroism [143,144] and other physical properties.

Chiral SCO compounds aim towards multifunctional materials. Different synthetic strategies can be envisioned to obtain chiral SCO compounds, apart from serendipitous spontaneous resolution from achiral building blocks: the use of chiral optically pure ligands ensuring an appropriate ligand field; the use of chiral anions which are able to induce chirality on the spin crossover complexes.
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The interaction between chirality and magnetism was theoretically predicted about 50 years ago. But not until the late 90's were published by Rikken the first experimental evidence of magneto-chiral effects. [145] Obtaining non-centrosymmetic magnetic compounds yields interesting subjects for non-linear optical studies on the effect of unpaired electrons, [140] or for crystallography (recent evidence on incommensurate spin state ordering). [142] New unexpected physicochemical effects might derive from the interaction of properties that exist in noncentrosymmetric materials. The loss of centrosymmetry, depending on the space group of the material, opens the way for interesting optical and electrical properties: Natural Circular Dichroism (NCD) and Second Harmonic Generation (SHG), piezoelectricity (the ability to generate an electric potential in response to an applied mechanical stress), pyroelectricity (the ability to generate an electric potential when the material is cooled or heated) and ferroelectricity (FE)

(property of certain materials to show spontaneous electric polarization that can be reversed by applying an external electric field). Through interaction with the magnetic properties, these properties can give highly desirable original physical properties like magneto-chiral dichroism shows that it undergoes a very incomplete and gradual SCO. Interestingly the nanosecond timeresolved study of the complex in MeOH solution after photoexcitation showed, contrary to other similar complexes, two relaxation processes. However, the influence of the chiral character of the complex was not studied. The authors though drew an analogy with a closely related LS complex, which also undergoes spontaneous resolution (space group P3), but with quick racemisation in solution as shown by NMR 13 C and Circular Dichroism studies [148]. The first designed chiral with either 4-imidazolecarboxaldehyde [151,152] or the methylated derivative2-methyl-1Himidazole-4-carbaldehyde. [153] The series of homochiral complexes based on Schiff bases were characterized using different techniques. Various CD analyses were performed on specific crystals to verify the occurrence of spontaneous resolution.

An unusual non-centrosymmetric mixed valence species {[Fe II (H3L)Fe III (L)]} of Fe II and Fe III was obtained from the H3L ligand using 1.5 eq of NaOH, [148] where 

Figure I.31. Schematic diagram of the heterochiral [(ox)2M(μ-ox)M'(ox)2] moiety that builds the anionic layers.[143] Figure I.32. Schematic representation of natural circular dichroism (NCD) for [N(CH3)(n-C3H7)2((S)-s-C4H9)][()-Mn()-Cr(ox)3] (triangles) and [N(CH3)(n-C3H7)2((R)s-C4H9)][()-Mn()-Cr(ox)3] (diamonds).[143]

Based on the former direct approach, Sunatsuki I.2) where the crystal structure contains an inversion point where for every point (x, y, x) there is an indistinguishable point (-x, -y,-z). The second family comprises the non-centrosymmetric space groups which lack a center of inversion in the crystal structure. These space groups are divided into two classes: the first class is non-Sohncke space groups, which contain operations of symmetry of the second kind (mirror planes, roto-inversions) (Table I.2). This type of symmetry is absent in the second class that is called Sohncke space groups. The latter class contains only symmetry operations of the first Part I : Generalities on chirality and introduction to spin crossover phenomenon kind (C1, C2,….), and is divided in to two subclasses : 1) non-chiral Sohncke space groups, 2) true chiral space groups that can be also called chiral Sohncke space groups. In the non-chiral Sohncke space groups subclass, the crystal structure is chiral, while the space group itself is not chiral: for each symmetry operation, its mirror image is part of the space group. However, in the true chiral subclass, we have 11 pair of enantiomorphic space groups and those pairs are mirror images. For these chiral space groups, sometimes the crystal morphology can present chiral facets that allow to differentiate opposite configurations manually. The non-chiral Sohcke subclass does not show this kind of characteristics at the crystal level. 
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Centrosymmetric space groups : 

P-1, P2/m,

Table I.2. Different classes for the 230 3D space groups: centrosymmetric space groups (red), non-Sohncke non-centrosymmetric space groups (black), achiral Sohncke space groups (magenta), chiral Sohncke space groups (green).
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The most common way of determining the absolute structure of a non-centrosymmetric crystal by way of X-ray diffraction is to exploit the intensity differences between inversion-related Bragg reflections h k l and -h -k -l by way of the Flack parameter. The Flack parameter is a significant factor used to estimate the absolute configuration of a structural model determined by single-crystal structure analysis. It is the molar fraction x in the defining equation C = (1-x)  + x  ̅ , where C represents an oriented two domain-structure crystal, twinned by inversion, consisting of an oriented domain structure  and an oriented inverted domain structure  ̅ . In reciprocal space, the Flack parameter x is defined by the structure-amplitude equation:

G 2 (h,k,l,x) = (1-x)│F(h,k,l)│ 2 +x│F(ℎ ̅ ,𝑘 ̅ ,𝑙 ̅ )│ 2 .[41,42]
The Flack parameter has a physically meaningful value in the range of 0-1 1) If the value is near 0, with a small standard uncertainty, the absolute given structure is likely correct.

2) If the value is near 1, then the inverted structure is likely the correct structure.

3) If the value is near 0.5, the crystal may be racemic or twinned.

It is important to interpret the value of the Flack parameter in the context of its standard uncertainty. From a statistical point of view, a value of 0.2(8) has such a large standard uncertainty (0.8) that one does not know whether the crystal is twinned by inversion or not and whether it is inverted or not. Further analysis shows that before any conclusions regarding absolute structure can be made, the standard uncertainty of the Flack parameter should be less than 0.1, even if a material is known to be enantiopure.

[167]

I.3.2.2 Circular dichroism (CD)

Circular dichroism is a spectroscopic method which measures the difference in absorbance of left-and right-handed circularly polarized light by a material, as a function of the wavelength. [START_REF]IUPAC. Compendium of Chemical Terminology[END_REF] Most biological molecules (proteins, nucleic acids,..) are optically active molecules that preferentially absorb light for one direction of circularly polarized light.

Enantiomers are recognized because they present similar CD spectra but with opposite signs. This

Part I : Generalities on chirality and introduction to spin crossover phenomenon method is not only highly used in the biochemical field to determine the secondary structure of proteins or DNA, but also in molecular chemistry to study the asymmetric induction and chirality of some metal complexes. In addition, it is useful to assign the configuration of metal complexes from specific CD bands.

There is a wavelength dependence of the circular dichroism curve in the neighbourhood of a Gaussian absorption band. If the wavelength is decreased, the ellipticity increases until it reaches a maximum and then decreases, passing through zero at the wavelength at which the maximum of absorption occurs. As the wavelength is decreased further the ellipticity becomes negative, until it reaches a minimum after which it rises again, yielding a characteristic derivative shape. This pattern is called positive Cotton effect. A mirror image of this pattern is called negative Cotton effect.

Light is defined as electromagnetic wave that consists of oscillating electric and magnetic fields perpendicular to each other and the direction of propagation. Linearly polarized light occurs when the electric field vector oscillates in only one plane. Circularly polarized light arises from two orthogonal linear plane polarized light of equal amplitude that are shifted in phase by 90°.

When looked at down the axis of propagation, the vector appears to trace a circle over the period 

Elliptically polarized light (purple) is the superposition of LCP (red) and RCP (blue) light. θ is the angle between the magnitude of the electric field vector at its maximum and its minimum.[164]

𝜃

[𝑟𝑎𝑑𝑖𝑎𝑛𝑠] ≈ 𝑒 ∆𝐴 𝑙𝑛10 2 -1 𝑒 ∆𝐴 𝑙𝑛10 2 + 1 So 𝜃[𝑑𝑒𝑔𝑟𝑒𝑒𝑠] ≈ ∆𝐴 ( 𝑙𝑛10 4 
) ( 180 𝜋 )
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Considering that A=lC, with l in cm, C in mol/L (or mmol/cm 3 ), and  in L.mol -1 .cm -1 (or else cm 2 .mmol -1 )

So we have

∆𝜀 = 𝜃 ( 𝑙𝑛10 4 ) ( 180 𝜋 ) 𝑙𝐶 ∆𝜀 = 𝜃 32.98𝑙𝐶
with l in cm, C in mol/L (or mmol/cm 3 ), and  in L.mol -1 .cm -1 (or cm 2 .mmol -1 ) If  is given in millidegrees (as is the case for the CD spectrometer), then it is truly

∆𝜀 = 𝜃 32980𝑙𝐶

with l in cm, C in mol/L (or mmol/cm 3 ), and  in L.mol -1 .cm -1 (or cm 2 Near-edge dichroism in crystals, i.e. the dependence of X-ray absorption on crystal and/or magnetic orientations with respect to the polarisation of the photon, has been thoroughly investigated at synchrotron radiation sources. The phenomenon occurs when the X-ray energy approaches the value required to excite an inner-shell electron to an empty orbital of its atom's valence shell. X-ray natural circular dichroism (XNCD) is a novel phenomenon that is commonly observed in non-centrosymmetric organic and organometallic crystals. The effect of this phenomenon originates from the interference between E1 and E2 transitions, thus requiring the breaking of space inversion. The chiral or non-centrosymmetric compound could differentially absorb right handed and left handed X-ray irradiation. This kind of measurements is performed with synchrotron radiations. [168,169] Part I : Generalities on chirality and introduction to spin crossover phenomenon I.3.2.6 1 H-NMR 1 HNMR or nuclear magnetic resonance spectroscopy is a technique used to determine the structure of compound. It identifies the carbon-hydrogen framework of an organic compound. This method is used with other analysis methods (like mass spectroscopy, IR,..) to determine the entire structure of a molecule or compounds. The hydrogen atom in this technique act as tiny magnets (spinning charged particle): when an external magnetic field is applied, the part of the proton spins that is aligned with the magnetic field is in the lower energy state (-state), while proton spins that are opposite to the magnetic field are in the higher energy state (-state). The energy difference (Zeeman splitting) between the two spin states is strongly dependent on the strength of the magnetic field (Bo , E ). There is a slight excess of nuclei in the alpha spin state. So, when a short pulse containing a range of different frequencies hits the sample, those excess nuclei absorb energy and flip from the alpha spin state to the beta spin state. The NMR machine can detect the released energy when the nuclei relax to the initial orientation and give a signal as a NMR spectrum. Part I : Generalities on chirality and introduction to spin crossover phenomenon
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Figure I.44. Influence of stereogenic center on chemical shift of neighbour protons

It is very difficult to recognize (Ha and Hb) in one dimensional NMR especially if we have a bulky and sophisticated chiral compounds which contain more than one chiral center. In this case 2D NMR techniques are required such as COSY, which is defined by electronic correlations between protons, HSQC that is very useful to assign the carbon where Ha and Hb are found, as well as HMBC and other different techniques.
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Chapter I.4 Objectives and scope of the thesis

As we have seen, the majority of chiral SCO complexes reported to-date, have been obtained via spontaneous resolution by serendipity, e.g. the fortuitous crystallization of  and  configurations. The absence of a controlled strategy for the synthesis of chiral spin crossover compounds led us to explore how to play with a new variable, chirality, in an already complex subject which is spin crossover compounds.

We defined three significant goals. The first one was to synthesize new species of chiral SCO compounds through controlled and rational design. Since spin crossover is known to be quite an elusive property, the synthesis effort to achieve novel species must not be underestimated : 1)

Synthesis of ligands which are either chiral or to be used with chiral counter-anions, and if necessary their subsequent resolution as enantiopure species; 2) Synthesis and resolution of chiral anions; 3) combination of the synthesized ligands and counteranions with a chosen metallic precursor, with optimisation of the reaction conditions in order to obtain single crystals of respectable dimensions of the targeted complex if possible.

Two subordinated and more difficult objectives were:

1) To check the possibility of using chiral interactions in the crystal to guide or even control elastic intermolecular interactions which mediate cooperativity between metallic centres, that is to use chirality as a toolbox for supramolecular and crystalline engineering.

2) To aim at objects of higher dimensionality; these can prove to be "more chiral" than mononuclear complexes.

The second goal was be the complete characterization of the synthesized species with the whole panel of physical techniques (X-ray analysis, CHNS analysis, spectroscopic analysis, magnetic properties...) which are locally available at ICMCB. We were on the lookout for possible differences in physical properties for racemic and enantiopure species.

The third goal was to extend optical studies of preselected complexes through external collaborations. One axis was to perform advanced dichroic studies (CD, XNCD (X-ray Natural
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Circular Dichroism) and XMD (X-ray Magnetochiral Dichroism)) of complexes, to characterize conformations and chiral interactions. Another axis concerned time-resolved and/or non-linear spectroscopy of chiral species, and in particular regarding the photoexcited states of spin crossover species, for both racemic and chiral configurations. For the latter the effect of using circularly polarized light was planned to be investigated.

According to these planned goals, we defined our strategy to start with the synthesis of chiral anions (TRISCAT, TRISCAS, TRISPHAT, Sb or As tartarates) that were deemed essential to start producing chiral materials revealing SCO. The synthesis and resolution of chiral anions will be the focus of the second chapter, with in particular new lipophilic derivatives of chiral anions that may prove useful to produce chiral materials. We will follow in the third chapter with results that we have obtained on Fe(II) tris(bidentate) complexes based on 1,10-phenanthroline and 2,2'bipyridine ligands with different chiral anions. We will compare solid state properties between racemic and enantiopure complexes and study asymmetric induction and chiral interactions in solution and solid state using CD and 1 H-NMR techniques. Non-linear optical properties of the chiral TRISCAS salt were studied in collaboration with E. Freysz et al. at LOMA in Bordeaux.

The fourth chapter will deal with the synthesis of chiral SCO complexes formed from hexadentate helicoidal ligands derived from tris(2-aminoethyl)amine and azolealdehyde derivatives. The importance of chiral interactions on the magnetic behaviour and its effect on the ligand field of certain complexes will be discussed.

Part II: Synthesis and resolution of chiral anions

a molecular engineering tool to control and modulate the spin crossover behavior at the molecular level, through chiral interactions that would induce some variations in the ligand field of the cationic complex.

II.1.2 Objectives

The objective of this chapter is to present the synthesis of chiral anions, as an essential step for the synthesis of new chiral SCO materials. The second strategy uses chiral inductors (counteranions or co-crystallization molecules) with prochiral complexes (such as helicoidal tris(bidentate), bis(tridentate), helicoidal hexadentate or even polynuclear complexes) and as such needs optically pure chiral anions. We initially identified two potentially useful families of chiral anions: tris(dioxolene)phosphate(V) or arsenate(V) anions; and, based on cheap and easily available tartaric acid, antimonyl or arsenyl tartrate (scheme II.1).

Scheme II.1. Family of used chiral anions : some are based on tris(dioxolene) phosphate (V) or arsenate (V) while others are based on tartaric acid (antimonyl or arsenyl tartrate).

The tris(dioxolene) anions based on catechol are : 1) tris(catecholato)phosphate(V) (TRISCAT) and 2) tris(catecholato)arsenate(V) (TRISCAS). On the other hand, another anion which is based on tetrachlorocatechol is tris(tetrachloro-1,2-benzenediolato)phosphate(V)

Part II: Synthesis and resolution of chiral anions (TRISPHAT). TRISPHAT and some derivatives were characterized and studied extensively by J.

Lacour and collaborators (U. Geneva). [3] These three anions (TRISCAT; TRISCAS; TRISPHAT) are similar to tris(bidentate) iron or cobalt complexes (D3 symmetry). Thus they can exist as two enantiomers  and  (Scheme II.2).

The synthesis of TRISCAT is easier compared to the other anions shown. TRISCAT resolution was performed with the natural alkaloid (-)-brucine, [4] but the same authors showed that the resolved anion epimerizes rather quickly in solution depending on the nature of solvent and acidity of the medium. [5] The X-ray crystal structure of the triethylammonium salt of TRISCAT was published in 1973. [6] Because of its racemization in solution, this anion doesn't provide an adequate candidate for the synthesis of new chiral materials, but recently it showed a role in the protonolysis of metal-alkyl bonds. [7] However, the TRISCAS arsenic derivative of TRISCAT is stable in solution. A. Rosenheim and W. Plato reported the synthesis of the racemic acid of TRISCAS. They resolved the L(-)-and D(+)-acids, using cinchonine and cinchonidine alkaloids respectively. Different TRISCAS ion Part II: Synthesis and resolution of chiral anions pairs were also synthesized. [8] The structure of the racemic acid remained undetermined until 1985. It was originally assumed to be a bis chelate complex with a monodentate protonatedcatechol and a coordinated water ligand, although the tris chelate structure was also considered. an hydronium tight ion pair. [9] In addition, the structure of (-)-K[As(catecholate)3](H2O)1.5 was published. This chiral isomer of TRISCAS crystallizes in the Sohncke space group P212121. [10] Circular dichroism and absorption spectra of both optical forms were studied, in order to assign the absolute configuration of  and  isomers, [11] and it was shown that optical activity is derived from transition moments of the three non-coplanar catechol chromophores. [12] This anion is extremely sensitive to hydrogen ions: a number of kinetic studies were performed by M. M. Jones et al. on the hydrolysis of-(+) and -(-) optically active anions as a function of the pH of the solution. [13,14] They concluded that TRISCAS is stable in strongly basic medium, while, when pH decreases to about 1.2, a fast racemization takes place and even the presence of added asymmetric species doesn't affect the rate of hydrolysis of both -) and -(-) optically resolved anions. [15] TRISCAS was used previously to resolve asymmetric boron derivatives, [16] and recently a dimer and a trimer of copper(I) helicates. [17] On the other hand, J. Part II: Synthesis and resolution of chiral anions depends on alkaloids derivatives, which play a major role in asymmetric chemistry as resolving agents for high levels of induction or recognition in molecular or supramolecular process. The resolution of chiral D3 TRISPHAT was achieved using cinchonidine, yielding the -TRISPHAT anion (d.e > 99%); the opposite isomer was subsequently isolated as (-TRISPHAT)HNBu3 with (d.e > 96%). [18,19] Moreover, different novel C2 and C1 symmetric hexacoordinated phosphate anions consisting of a central phosphorus(V) atom and at least two tetrachlorocatechol ligands were synthesized in a one pot process. These studies evidenced that the resulting derivatives of TRISPHAT are chemically stable only when two electron-withdrawing tetrachlorocatecholate ligands surround the phosphorus atom. [20] Similarly, TRISPHAT has been shown to be stable in solution and it is considered as an efficient NMR chiral shift reagent. Diastereoselective ion pairing of TRISPHAT with diimine low-spin Fe(II) complexes in solution has been studied, it shows a better selectivity with 1,10-phenanthroline than 2,2'-bipyridine. Chiral recognition strongly depends on the backbone and the size and position of substituents. [21] Following this pathway, mannose-derived anions were able to diasteoriomerically control C2-symmetric monomethinium cations (organic helical compounds) and D3-symmetric Fe(II) tris diimine complexes (metalloorganic). [22] Otherwise, two other potentially useful antimonyl [23] or arsenyl [24] anions based on cheap and easily available tartaric acid were identified. The D2-symmetric As(III) and Sb(III) tartrate adducts have been widely used in the past in chiral HPLC separations of metal complexes. [25][26][27][28][29][30] Furthermore, derivatives of tartaric acid [31] were used to obtain a new derivative of Arsenyl and antimonyl tartrates in order to improve the efficiency of chiral separations. [32] Different mechanistic explanations for the chiral recognitions of octahedral metal complexes and [Sb2(tartrate)2] 2-were proposed based upon C2 and C3 association models. [35,36] J. Lacour et al. reported a Fe(II) chiral tetrameric square-shaped self-assembled species based on the hexadentate and ditopic ligand 2,5-bis([2,2']bipyridin-6-yl)pyrazine, where the racemate of this complex was resolved with antimonyl tatrate as a chiral auxiliary. [37] Part II: Synthesis and resolution of chiral anions via cannula, resulting in the dissolution of the white solid. The reaction was stirred for about 48 hr under argon, then dried on a rotoevaporator yielding a pinkish solid which was further dried under high vacuum. The yield of the resulting white powder based on the initial amount of PCl5 is 98% (6. 35 g).

Elemental analysis for C30H39NO6P (540. 60 

II.2.2 Synthesis of the tris-tetrachlorocatechol phosphate(V) (TRISPHAT) anion

J. Lacour et al. synthesized and studied extensively the TRISPHAT family which is based on tetrachlorocatechol. [3] This chiral anion of D3 symmetry is composed of phosphorus(V) bonded to three tetrachlorocatecholate. Electron-withdrawing chlorine atoms on the aromatic rings increase the configurational stability of the resulting tris(tetrachlorobenzenediolato)phosphate(V) in comparison to the TRISCAS anion. The synthesis of this anion proceeds using similar procedure as TRISCAT (Scheme II.5). However, it is a multistep long synthetic procedure.

Scheme II.5. General representation for the synthesis of TRISPHAT anion using tetrachlorocatechol as starting material. Resolution of rac-TRISPHAT is performed using cinchonidine to obtain  and  enantiomers.[19]

Part II: Synthesis and resolution of chiral anions

The reaction of tetrachlorocatechol and phosphorus pentachloride yields an intermediate phosphorus with two chelating tetrachlorocatechol and one tetrachlorocatechol bonded through one oxygen atom. Tributylamine is then added to form (rac-TRISPHAT)HNBu3, which is resolved using the cinchonidine alkaloid to precipitate -TRISPHAT, which is then recrystallized from acetone/EtOAc to improve its optical purity. essentially tetrachlorocatechol as a starting material for the reaction with PCl5. In the last few years tetrachlorocatechol was unavailable commercially and had to be synthesized, using a mixture of HCl/AcOH with hydrogen peroxide to promote the oxidative chlorination of catechol (Scheme II.6). This procedure ended up showing to be rather inefficient as shown below, in addition to the risk of forming 2,3,7,8-tetrachlorodibenzodioxin (TCDD), which is the most toxic of the dibenzodioxins and it is classified as a Group 1 carcinogen by the International Agency for

Research on Cancer (IARC). [33] Scheme II.6. Chlorination of catechol in HCl/ AcOH and its corresponding products (tetrachlorocatechol; trichlorocatechol; TCCD).
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We performed gas chromatography-mass spectrometry (GC-MS) analysis on the product of this chlorination reaction, after recrystallizing many times from methanol. We observed two peaks at 8.30 min and 9. We concluded that this reaction conditions are not suitable to form a pure starting material for the synthesis of TRISPHAT. We selected then a more rational reduction reaction of o-chloranil, that is commercially available. This reaction was reported previously on a small scale (~2 grams of o-chloranil). [34] We scaled up this reaction to 10 grams of o-chloranil, with tin chloride as reductant in HCl/glacial acetic acid (Scheme II.7).

A solution of SnCl2.2H2O ( 70 Elemental analysis for C6H2Cl4O2(H2O)0.7(EtOH)0. The synthesis of lipophilic anions based on tartaric acid is an important step toward chiral complexes. It has already been pointed out that this kind of chiral anions show D2 point group symmetry. The potassium derivative of antimony K2Sb2(tartrate)2 is commercially available but its solubility is limited to aqueous solutions. So, the synthesis of new lipophilic derivative of such anions is important for modulating the solubility of the anion in organic solvents (such as MeOH, EtOH,..) which are commonly used in the crystallization process.

Scheme II.8. General scheme for the synthesis of optically active [Sb2(tartrate)2](NBu4)2. Part II: Synthesis and resolution of chiral anions

We attempted to synthesize both  or -[Sb2(tartrate)2](NBu4)2 isomers using D(-) and L(+)tartaric acid respectively with the following procedure : previously titrated tetrabutylammonium hydroxide (10.86 mL; 20 mmol) was added to a flask containing Sb2O3 (1.97 g; 10 mmol), the solution was stirred for 20 min until all antimony trioxide residues were dissolved, the resulting homogenous solution was transferred to a solution containing L -(+)-tartaric acid (3.00 g; 20 mmol) dissolved in 50 mL H2O. The reaction was stirred for 12 hrs at room temperature. Then the volume of the reaction was reduced to about 30mL using the rotoevaporator. No crystal formation was observed when keeping this solution cold. Many unsuccessful trials aimed to recrystallize the bulk product from THF and acetonitrile as well as methanol. The CHNS analysis of the bulk product was not compatible with the expected product. Those several unsuccessful trials led us to change antimony by arsenic, since we expected it to increase the strength of E-O bonds [41] and form a lipophilic stable anion. 

II.3.2 Synthesis of [
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The optical rotatory power of and [-As2(tartrate)2](NBu4)2 was measured in different solvents (distillated CH2Cl2, deionized water and acetone). We found for It was reported that the infrared spectrum of arsenic tartrate derivatives shows partial splitting and a shift to lower frequencies [1670 cm -1 and 1620 cm -1 ] of the carbonyl vibrational modes, compared with the carbonyl vibrational mode of free (+)-tartaric acid [1740 cm -1 ]. We thus measured the infrared spectrum of and [-As2(tartrate)2](NBu4)2 in the solid state and in solution.
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The infrared spectra of [-As2(tartrate)2](NBu4)2 and [-As2(tartrate)2](NBu4)2 in the solid state using the ATR option (resolution = 2 cm -1 ) show a ν(C=O) stretching band below 1670 cm -1 (Figure II.2). While [-As2(tartrate)2](NBu4)2 shows two strong partially split bands at 1662 cm -1 and 1646 cm -1 , [-As2(tartrate)2](NBu4)2 shows a broader strong band peaking at 1662 cm -1 . These bands are assigned to the C=O stretching mode of tartrate. However, when the infrared spectrum of and [-As2(tartrate)2](NBu4)2 was measured in tetrahydrofuran (THF), it showed a similar significant increase in the frequency of some C=O stretching bands, with two weaker bands at 1748 cm -1 and 1674 cm -1 , and a strong one at 1717 cm -1 . The two bands above 1710 cm -1 are assigned to some tartaric acid species in THF having uncoordinated carboxyles. We suppose that the low rotatory power values in solution are caused by the loss of D2-symmetry of the chiral anion once dissolved, which results in the formation of undetermined uncoordinated/partly coordinated/labile species in solution. Nevertheless we also evidenced by recrystallization experiments that when these anions return back to the solid state they again form the D2-symmetric chiral structure.

Figure II.2. FTIR of [-As2(tartrate)2](NBu4)2 (blue) and [-As2(tartrate)2](NBu4)2 (red) in the solide state (full lines) and in THF (dotted lines).

Part II: Synthesis and resolution of chiral anions arsenic atoms, maybe due to steric hindrance in the heterochiral arrangement. This is supported by a trial to obtain the racemic anion mixing equimolar amounts of L(+) and D(-)-tartaric acid to obtain crystals of the arsenyl tartrate salt. Those crystals are seen to belong to the same noncentrosymmetric space group (P21212) of the enantio-pure chiral anion. The corresponding structure could be refined as an inversion twin with a Flack parameter of 0.010 (9), proving the coexistence of isochiral domains at the microscopic level.

-As2(tartrate)2] (NBu4)2 -As2(tartrate)2] (NBu4)2 [As2(tartrate)2] (NBu4)2

Empirical formula C40H74As2N2O16

Formula weight 988.85

Temperature (K) 120(2)

Crystal system Orthorhombic

Space group P21212

a (Å) 21 
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The average hydrogen bond interactions between oxygen atoms of the tartrates and the hydrogen atoms of the tetrabutylammonium cations, as well as the hydrogen bonding between tartrate and water molecules are similar among the three isomeric anions (Table II.3).

[-As2(tartrate)2](NBu4)2 (H2O)4 [-As2(tartrate)2](NBu4)2 (H2O)4 rac-As2(tartrate)2.(NBu4)2 (H2O)4

C-H 

Table II.3. Table of contacts between [//rac-As2(tartrate)2] and tetrabutylammonium.

II.3.2.2.2 Circular dichroism spectra of -and [-As2(tartarate)2](NBu4)2

The CD spectrum of KBr pellets of [-As2(tartrate)2](NBu4)2 anion (conc. 9.4710 -4 mol/dm 3 ; thickness=0.41 mm) shows a negative Cotton effect in the UV range: 

(235nm) = -0.

Figure II.4. Smoothed circular dichroic spectra of KBr pellets of  (red line) and [-As2(tartrate)2](NBu4)2 (blue line) between 200 nm-350 nm.

These bands at 205 nm and 230nm can be assigned to n-* (forbidden transitions) of the carboxylate group in the tartaric acid moieties of the D2-chiral anion. [38] The difference in the The hydrated racemic acid of tris-catechol arsenate (V) anion was obtained from the reaction of arsenic pentaoxide and catechol in water. [8] It was then resolved with different alkaloids (cinchonine, chinchonidine, brucine, quinine, quinidine,..), but only two alkaloids (cinchonine and cinchonidine) were suitable for the resolution process, providing the highest distereomeric excesses (d.e), Cinchonine and cinchonidine were used to resolve the racemic acid of TRISCAS into the -and -TRISCAS enantiomers respectively (Scheme II.9).

Scheme II.9. Schematic representation for the synthesis and resolution of the racemic acid of TRISCAS using cinchonidine and cinchonine alkaloids.[8]

The water soluble racemic acid was synthesized in water (yield ~ 87%). [8] The TRISCAS anion is extremely sensitive to acidic solutions that induce its racemization, but it is stable in basic conditions. In order to overcome the solubility limitation of the racemic acid, we have undertaken the synthesis of a lipophilic derivative of TRISCAS to utilize this anion in organic solvents (MeOH, EtOH,..) that are often used in the crystallization of metal complexes. 

II.4.1.2 Synthesis of TRISCAS

The optically active salt was prepared by a modification of the procedure of Rosenheim and Plato. [8] The racemic acid of the catechol complex [HAS(C6H4O2)3(H2O)8] was made in 88 % yield by adding 55.00 g (0.50 mol) of sublimated catechol to a boiling solution of 19.19 g (0.083 mol) of As2O5 in 50 mL of deionized water. The solution was cooled to room temperature and the volume of the reaction was reduced on the rotoevaporator (~ 20 mL) and was cooled down in ice for one night. The hydrated product was isolated and the remaining mother liquor was seeded and placed again in ice, in order to recover more product. The crystalline precipitate was dehydrated over CaCl2 in vacuum for 3 hours. Care must be taken with this step, since when this product was dried for a longer time ( > 10 hrs) under vacuum, some greenish solid forms, likely due to some oxidation of TRISCAS. The racemic acid was found to be soluble in cold water and methanol. Operations were performed under argon in order to avoid excessive darkening by oxidation. The yield based on the initial amount of catechol is 88% (~ 79. 80 

g).

Elemental analysis for C18H19AsO9(H2O)3 (454.02 g.mol -1 ) : calculated C 47.57, H 4.21; experimental C 47.60, H 4.39.

II.4.1.2.1 X-ray crystal structure of the racemic acid of TRISCAS

The crystal structure of an optically active potassium derivative of TRISCAS has been published in 1972, [10] while the crystal structure of the racemic acid was not elucidated before 1985. [9]. K. N. Raymond et al. established that the crystal structure of the TRISCAS racemic acid is the tris-chelate formulation ([H7O3] + [As(catecholate)3]p-diox); where p-diox = p-dioxane).

We analyzed a colorless prismatic single crystal suitable for x-ray diffraction, in the centrosymmetric space group (Pbcn), which make it a polymorph of the racemic acid. The obtained crystal structure was heavily solvated by eight disorderd water molecules. The assymetric unit contains the complex ion as a tris-chelate structure (Figure II.5) and indeed not as the bis-chelate structure with a monodentate ligand that was previously reported [13,39]. The complex ion has an approximate D3 symmetry, each catechol molecule is coordinated to the central arsenic atom by two oxygen atoms with average As-O distances of 1.834(4) Å. The crystallographic data is shown in (Table II.4). 
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Empirical formula C36H52As2O27

Formula weight 1066.61

Temperature (K) 150(2)

Crystal system Orthorhombic

Space group Pbcn a (Å) 16.3308( 6 3.381(7) Å) between the ion and surrounding water molecules. Some water molecules are distorted and disordered due to the close contacts between them as well as the anion.
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II.4.1.2.2 Purity of catechol

The purity of starting material for the synthesis of racemic TRISCAS acid is essential to ensure a pure final product, since commercial catechol contains some impurities which can affect the yield of the reaction. For this reason, we have had made a large scale sublimator to purify more than 40 grams per day (Figure II.7). The difference between the pure sublimated catechol and commercial catechol is obvious from the figure below, where the commercial catechol has a brownish-white color while the sublimated pure catechol assumes a clear white color. The sublimated catechol was maintained after sublimation under argon to avoid reoxidation.

Figure II.6. An illustration for the interaction (red lines) between the complex ion and its neighour anions. Hydrogen atoms and water molecules were omitted for clarity. Part II: Synthesis and resolution of chiral anions Figure II.7. Sublimation and purification of commercial catechol

II.4.1.3 KOH (spontaneous resolution)

The synthesis of a lipophilic derivative of TRISCAS was a crucial step in our strategy toward chiral complexes. We first investigated the synthesis of (rac-TRISCAS)(NBu4) through the synthesis of (TRISCAS)K, planning a subsequent metathesis reaction with an alkyl halide derivative (Scheme II.10). 

[rac-TRISCAS] (NBu 4 )

Under Argon

Air sensitive

Step 1

Step 2

Scheme II.10. Synthesis of (rac-TRISCAS)NBu4 by metathesis

Part II: Synthesis and resolution of chiral anions 5 g (11 mmol) of racemic acid of TRISCAS was dissolved in 100 mL of deionized water.

617 mg (11 mmol) of KOH was added to the colorless solution, resulting directly in a change of color to yellow that diminishes after a few minutes of stirring back to colorless. The reaction flask was placed in ice under argon. After 2 hours, we observed the formation of a small precipitate.

The volume of the reaction was reduced to half (~ 50 mL) and placed back in ice to favour precipitation. Colorless single crystals suitable for X-ray diffraction could be obtained. Argon was blown over the solutions during these operations in order to avoid excessive darkening by oxidation. The yield based on the initial amount of K(rac-TRISCAS) is 89% (~ 4.50 g).

Elemental analysisfor KC18H12AsO6(H2O)1. 

II.4.1.3.1 X-ray structure of (TRISCAS)K

We found out that (TRISCAS)K spontaneously resolves in a mixture of enantiopure crystals, that is a conglomerate. A single crystal suitable for x-ray diffraction analysis was isolated from the 

Figure II.8. Asymmetric unit of [-As(C6H4O2)3]K(H2O)1.5. The two TRISCAS anions

represented have a  configuration. Hydrogens are omitted for clarity.
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The crystal is quite highly enriched with -TRISCAS (Flack parameter=0.075(3)). The crystal structure of the analysed [-As(C6H4O2)3]K(H2O)1.5 is isostructural with the previously reported optically active potassium derivative obtained after resolution. [10] The crystallographic data for the x-ray structure of [-As(C6H4O2)3]K are shown in (Table II.5).

[-As(C6H4O2)3]K(H2O)1.5 Empirical formula C36H24As2K2O15

Formula weight 924.59

Temperature (K) 120(2) 

Crystal system Orthorhombic

Space

Crystallographic data for [-As(C6H4O2)3]K(H2O)1.5 measured at 120 K. Figure II.9. Crystal packing of [-As(C6H4O2)3]K(H2O)1.5: (top) •••As2•••K1•••As2•••K1••• (-TRISCAS)K chains as seen along a and b; (bottom) •••As2•••K1•••As2•••K1••• (-TRISCAS)K chains as seen along b and a. -TRISCAS (blue), potassium cations (purple); water molecules (red). As and K are labelled consecutively to help visualizing the helix

handedness.
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The crystal packing of [-As(C6H4O2)3]K(H2O)1.5 (Figure II.9) consists of two perpendicular networks: each non-equivalent -TRISCAS anion (in blue) of the asymmetric unit is linked exclusively by one non-equivalent potassium cation (in purple) into chains, growing along the a

(•••As2•••K1•••As2•••K1•••) and b (•••As1•••K2•••As1•••K2•••) crystallographic axes
respectively. As can be seen in (Figure II.9) those chains are both left-handed helices, with pitches corresponding to the unit cell a and b values respectively. Moreover, while potassium K1 is octacoordinated as is usually the case, potassium K2 has a more unusual helicoidal (O2)3 coordination sphere. This helicity accounts for the spontaneous resolution of (TRISCAS)K: the helicity of both chains is linked through potassium K2 and imposes the same helicity for TRISCAS.

Two of the water molecules (in red) link those perpendicular helices together in a 3D

structure by double-bridging the two potassium cations. The TRISCAS anions interact with the potassium cations through electrostatic interactions with average distances of 3.775 

II.4.2 Synthesis of a new lipophilic derivative of TRISCAS

We first experimented a methathesis reaction for the synthesis of a lipophilic derivative of TRISCAS (Scheme II.8): 0.5 g (1.10 mmol) of racemic conglomerate (rac-TRISCAS)K was dissolved in 5 mL of deionized water. A solution of diethylether containing NBu4Cl (306 mg, 1.10 mmol) was added to the aqueous phase. After 10 min of vigorously stirring the mixture, a white insoluble product was formed at the interphase layer. The reaction was filtered and the white solid was collected and dried under vacuum. Elemental analysis revealed that the white solid was the expected product (rac-TRISCAS)NBu4, that checked to be soluble in acetone. The yield of the reaction was low based on the initial starting material.

Elemental analysisfor C34H48AsNO6(Et2O)0. 
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The second method (Scheme II.11) proved to be more efficient, because it is performed in one step compared to the first two-steps method: we dissolved 10 grams (20 mmol) of rac-TRISCAS acid in 100 mL of deionized water under argon. The addition to the reaction flask of a solution of NBu4OH (11.00 mL, 1.84 M) that was previously carefully titrated, resulted directly in the evolution of a white solid. The reaction was then stirred for one hour under argon at room temperature and placed in ice for 30 min to ensure the complete precipitation of the product. The reaction was then filtered to collect the white solid which was dried under vacuum.

Some impurities were eliminated by recrystallizing the white solid from Ethanol. The yield of the reaction based on the initial amount of H(TRISCAS) was 70% (9.00 g 

Scheme II.11. Direct synthesis of (rac-TRISCAS)NBu4.

We found out that when (rac-TRISCAS)NBu4 is recrystallized from a mixture of CH3CN/H2O, it undergoes spontaneous resolution to generate a conglomerate of achiral crystals, while recrystallization from ethanol delivered centrosymmetric crystals.

II.4.2.1 X-ray crystal structure of (rac-TRISCAS)NBu 4 solvatomorphs

The lipophilic (rac-TRISCAS)NBu4 when recrystallized in ethanol yields centrosymmetric crystals in the centrosymmetric space group P21/c. While recrystallization from a mixture of CH3CN/H2O yields the non-centrosymmetric space group P1. The crystallographic data of both 

Solvatomorph 1 Solvatomorph 2 [rac-As(C6H4O2)3]NBu4 (CH3CH2OH) [-As(C6H4O2)3]NBu4

Empirical formula C36H54AsNO7 C34H45AsNO6 

Part II: Synthesis and resolution of chiral anions Figure II.10. Asymmetric units of solvatomorph 1 [rac-As(C6H4O2)3]NBu4(CH3CH2OH) (P21/c) and solvatomorph 2 [-As(C6H4O2)3]NBu4 (P1). Hydrogen atoms and solvent molecules were omitted for clarity.

Investigating the crystal packing of solvatomorph 1, we found weak interactions between 

II.4.3 Resolution of TRISCAS

While we evidenced two cases of spontaneous resolution for TRISCAS derivatives, we obtained conglomerates of achiral crystals, since the Sohncke space groups of the corresponding structures are not amongst the enantiomorphic space groups, thus preventing a simple mechanical sorting of the crystals by handedness. So chemical resolution was necessary.

II.4.3.1 Resolution of -TRISCAS

II.4.3.1.1 Resolution of -TRISCAS using cinchonine (1 eq) (Procedure A)

The optically active salt of TRISCAS was prepared by a modification of the procedure reported by Rosenheim and Plato [8] along the line followed by A. Graham Lappin and
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coworkers, [17] where they used 0.5 eq of cinchonine in the resolution of -TRISCAS. The results we present here do not follow the latter findings.

Resolution of rac-TRISCAS to optically active -TRISCAS (Procedure A): to a saturated solution of cinchonine (26 mmol, 7.65 g) in boiling ethanol (320 mL) was added (26 mmol, 11.00 g) of racemic arsenic complex H[As(C6H4O2)3](H2O). This resulted in the precipitation of the cinchonine salt of arsenic complex. Three crops of crystals were collected: initial precipitation (~ 5.00 g) was obtained after heating the solution for 10 min, a second precipitation was obtained after concentrating the solution to 215 mL over 1.5 hr boiling, and a third after concentration to It is striking that the resolution procedure actually yields slightly more than 50% of -TRISCAS, when we started from a racemic mixture, all the more so when considering that the resolution uses 1 eq of alkaloid rather than the 0.5 eq that could be expected (see the resolution procedure for TRISPHAT e.g). Precipitation of the diastereomer (-TRISCAS)cinchoninium enrich the solution in -TRISCAS, but as we pointed out previously TRISCAS is sensitive to acidic conditions and racemizes. Thus an optically -enriched (TRISCAS)H in solution is expected to racemize quickly. This raised the question of whether it was possible to increase the yield of the reaction in enriched -TRISCAS by sequential addition of the basic cinchonine, or by substituting part of the cinchonine by an achiral base.
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We found out that the molar ratio of racemic acid of TRISCAS and the cinchonine base should be (1:1) and any increase or decrease lowers the optical purity of the precipitated fractions, as reported below. We also found that the recrystallization of precipitated fractions from ethanol does not increase significantly the optical activity as was reported by Rosenheim and Plato. [8] II. 4.3.1.2 Resolution of -TRISCAS by sequential addition of cinchonine (Procedure B)

13 mmol (3.8 g) of cinchonine was dissolved in boiling solution of ethanol (~ 220 mL). To this solution 26 mmol (11.00 g) of racemic acid of TRISCAS was added, resulting in the appearance of an orange color, which turns to yellow after a few minutes of stirring. A yellow precipitate was obtained and filtered after boiling the solution over 3 hrs (m=10. 70 g). After that, the volume of the reaction was reduced on a rotoevaporator to half the initial volume and 0.25 eq (1.8 g) of cinchonine was poured into the solution flask. A second white precipitate (m=1. 75 g) was isolated after the solution was heated and its volume was reduced. Then, 80 mL of ethanol and 0.25 eq (1.80 g) of cinchonine were added to the remaining solution, a 3rd white precipitate (m = 1.65 g) was obtained after heating the reaction to solubilize and reduce the volume of the reaction. The yield of the reaction based on racemic acid was around 17% (Table II [8] the synthesis of a yellow cinchonine salt of TRISCAS using a proportion 1:2 of cinchonine and (rac-TRISCAS)H, the rotatory power in acetone of which was [α]D = + 62.5°. The sequence in the procedure (adding 0.5 eq of cinchonine to a boiling ethanol solution of the racemic acid) is the same as the one reported by A. Graham Lappin et al. [17] Regardless of the procedure sequence, whether adding (rac-TRISCAS)H to a boiling solution of ethanol containing 0.5 eq of cinchonine or vice versa, our results follow the results reported by Rosenheim and Plato, [8] but contrast the results reported recently by Graham Lappin et al. [17]. We can say that the proportion between the basic cinchonine alkaloid and (rac-TRISCAS)H plays a critical role affecting d.e. and chemical purity of the final product in the resolution. In our experience, the proportion between cinchonine and (rac-TRISCAS)H should be 1:1, to ensure a chemically and optically pure resolved product.

II. 4.3.1.3 Resolution of -TRISCAS using an achiral base (NBu3) (0.5 eq) and cinchonine (0.5 eq) (Procedure C)

We tried to understand the importance of using 1 eq of cinchonine instead of 0.5 eq, so we performed the resolution using an auxiliary organic achiral base.

Isolation of -TRISCAS using an organic achiral base (NBu3 Using an auxiliary organic achiral base together with 0.5 eq of cinchonine (Procedure C)

gives better results than in the case of procedure B, although some optimization of the reaction conditions is needed to improve the optical purity of the final product. But this proves the importance of the 1:1 proportions of the base, cinchonine or a combination of an achiral base and cinchonine, and the racemic TRISCAS acid, in order to prevent racemization and yield a high optical purity.

II.4.3.2 Resolution of -TRISCAS

The second enantiomer of TRISCAS was isolated by Rosenheim and Plato in 1925. [8] Their reported procedure was succinctly described. We prepared the optically active -TRISCAS in two solvents (ethanol and aqueous acetone). The change of solvent induced a variation in optical activity, although we were not able to prepare a highly optically pure compound like in the case of -TRISCAS. But we determined conditions that should be a good starting point for optimization in order to obtain a higher optical purity.

II.4.3.2.1 Resolution of -TRISCAS in aqueous acetone

Resolution of -TRISCAS: 25 mmol (7.50 g) of cinchonidine was dissolved in a 1 L flask containing 320 mL of a boiling mixture of acetone and water (70:30). To the resulting homogenous solution, 24 mmol (10.20 g) of racemic H[As(C6H4O2)3](H2O) was added. A white precipitate was
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isolated after 4 hr of heating the solution (8.9 g). After the mother liquor was left for 48 hr at room temperature, a second precipitate was isolated and dried (1.09 g). From elemental analysis both fractions contained some coprecipitated cinchonidine. Nevertheless it was possible to calculate the rotatory power of the obtained fractions, knowing the cinchonidine fraction and its specific rotatory power [] 20 𝐷 = -109.2°. The first fraction showed to be enriched with -TRISCAS, while the second fraction was slightly enriched with -TRISCAS.

Elemental analysis of fraction 1 for C37H35AsN2O7(C19H22N2O)0. ). The polarimetric measurements of both fractions were performed in a mixture of dichloromethane and methanol (1:1). The yield of the reaction was 28%.

II.4.3.2.2 Resolution of -TRISCAS in ethanol

Resolution of -TRISCAS in ethanol: 26 mmol (7.65 g) of cinchonidine was dissolved in a boiling solution of ethanol (314 mL). 26 mmol (11.00 g) of the racemic arsenic acid were added to the resulting saturated solution. A white precipitate was obtained when the volume of the reaction was reduced to ~ 70 mL after a few hours of heating the solution (6.71 g). The resulting precipitate was isolated and dried. In addition, the mother liquor was also dried (6.16 g).

From the elemental analysis of the precipitated fraction and the mother liquor, they again appeared to contain some impurity of coprecipitated cinchonidine. We calculated nevertheless the rotatory power of the obtained fractions. The first fraction is enriched with -TRISCAS while the mother liquor strangely appears to be highly enriched in -TRISCAS. We performed the resolution of cinchonidinium salt of TRISCAS in two different solvents (aqueous acetone and ethanol). Although in both reactions we got some coprecipitated cinchonidine as impurity, the recrystallization of the precipitates from acetone produces nice single crystals of pure product which are suitable for x-ray diffraction. It seems that the resolution in aqueous acetone provides a somewhat higher optical purity compared to the use of ethanol. Those resolution procedures need to be optimized for a better chemical and optical purity. Quite interestingly, the resolution in ethanol leaves out what appears to be a highly enriched fraction of the  enantiomer; this result may open the way towards a new highly efficient resolution procedure for -TRISCAS. We stress that since the polarimetric analysis always give only an absolute value, that requires a reference value to calculate optical excesses, checking those excesses requires further analysis, the best method being chiral HPLC which would provide a clearer answer. This additional analysis would allow to separate, identify and quantify the components in mother liquors. Then the specific rotation could be measured on pure chiral fractions. 

Elemental analysis of fraction

Figure II.13. Chiral interaction between alkaloids and TRISCAS anion in (left) (-TRISCAS)cinchoninium (solvatomorph 1); (right) (-TRISCAS)cinchonidinium.
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Table II.8. Crystallographic data for the X-ray structures of (-TRISCAS)cinchonidinium and the two solvatomorphs of (-TRISCAS)cinchoninium.

II.4.3.4 Transformation of the cinchonine salt of TRISCAS to lipophilic (-TRISCAS)NBu 4

We tried to transform the cinchoninium salt of TRISCAS to its optically active lipophilic derivative, in order to increase the solubility of the chiral anion in organic solvents that are usually used to synthesize chiral complexes. The reaction was performed according to the following procedure: 4.3 mmol (3.00 g) of (-TRISCAS)cinchoninium (d.e.=90%) was dissolved in a boiling solution of ethanol (130 mL). To the resulting homogenous solution was added 8.9 mmol

(2.34 mL) of NBu4OH. A white precipitate formed after a few hours of heating the solution at 100°C. It was isolated and dried under vacuum (1.75 g). The mother liquor was also dried (0.39 g).

The elemental analysis showed that the white precipitate is contaminated with some cinchonine impurities. Nevertheless knowing the cinchonine specific rotatory power [] 20 𝐷 = +225 ± 5°, we were able to calculate the rotatory power. The obtained mother liquor contained also some cinchonine impurity, and it was impossible to calculate the rotatory power, because the total optical rotation was too small, below the uncertainty of the measurement.

Elemental analysis of white precipitate for C34H48AsNO6(C19H22N2O)0. measured T = -0.102°.From the above results, it is clear that the deprotonation of cinchoninium by TBAOH causes the racemization of the optically active -TRISCAS resulting in a sharp decrease in the diastereomeric excess (90%14%). This was clearly unexpected since TRISCAS was reported to be optically stable in solution. The mechanism remains unclear.

II.4.4 Spectroscopy of TRISCAS

II.4.4.1 UV-vis-NIR of (rac-TRISCAS)NBu 4 in acetonitrile.

The electronic absorption spectrum of (rac-TRISCAS)NBu4 was measured in acetonitrile 

Figure II.15. CD spectra of (-TRISCAS)cinchoninium (black line) and (-TRISCAS)cinchonidinium (red line) in aceonitrile at room temperature. UV spectra of (-TRISCAS)cinchoninium (olive line), (-TRISCAS)cinchonidinium (wine line); cinchoninium (blue line); cinchonidinium (orange line); (rac-TRISCAS)NBu4 (purple line) in acetonitrile.

The two CD spectra are close to being mirror images to each other with respect to the wavelength axis and each CD spectrum shows three features below 300 nm. These features originate from the sum of  -* transitions for the cationic alkaloid (cinchoninium or cinchonidinium) (Figure II.15) and for or -TRISCAS, bands around 230 nm being completely overlapping. For the CD spectrum of the enantiomer we have (280 nm) = +5 L.mol -1 cm -1 ,
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235 nm) = +73 L.mol -1 cm -1 and 206 nm) = +151 L.mol -1 .cm -1 . The CD spectrum of the  enantiomer shows (280 nm) = -3 L.mol -1 .cm -1 , (235 nm) = -46 L.mol -1 .cm -1 and 206 nm) = -96 L.mol -1 .cm -1 . We can only identify a positive (respectively negative) Cotton effect at highest energies for the  enantiomer (), the crossing point at 203 nm coinciding with the maximum seen in the absorption spectrum (Figure II.15). We tentatively assigned this feature to the TRISCAS anion (see below).

The difference in the molar extinction coefficient values between the (-TRISCAS)cinchoninium and -TRISCAS)cinchonidinium is quite normal as seeing that they are in fact diastereomers with different physical properties (see below the differences in spectra between the alkaloids), and is further complicated by the presence of a random small racemic fraction ( about 11% in () salt and 22% in () salt),. Moreover the measurement was performed on very small quantities (~ 0.1 mg-0.2mg) of single crystals of both isomers. 

Chapter II.5 NLO measurement of (-TRISCAS)cinchoninium

In a dielectric medium without free charges, the electric field polarization of an electromagnetic wave can be expressed by:

𝑃 𝑖 = 𝜀 0 𝜒 𝑖𝑗 𝐸 𝑗
where ij (i,j{x,y,z}) are the medium polarizability tensor components. Polarization will depend on field E following a linear law, unless E magnitude is high enough that polarization becomes non-linear. It will be expressed then as:

𝑃 𝑖 = 𝜀 0 𝜒 𝑖𝑗 (𝐸)𝐸 𝑗 ≈ 𝜀 0 (𝜒 𝑖𝑗 𝐸 𝑗 + 𝜒 𝑖𝑗𝑘 𝐸 𝑗 𝐸 𝑘 + 𝜒 𝑖𝑗𝑘𝑙 𝐸 𝑗 𝐸 𝑘 𝐸 𝑙 + ⋯ )

with 𝜒 𝑖𝑗 𝐸 𝑗 ≪ 𝜒 𝑖𝑗𝑘 𝐸 𝑗 𝐸 𝑘 ≪ 𝜒 𝑖𝑗𝑘𝑙 𝐸 𝑗 𝐸 𝑘 𝐸 𝑙

This can be simplified to:

𝑃 𝑖 ≈ 𝜀 0 (𝜒 (1) 𝐸 + 𝜒 (2) 𝐸 2 + 𝜒 (3) 𝐸 3 + ⋯ )

If we only consider up to the 2 nd order, we will find a quadratic dependence of the polarization to the field magnitude. With 
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Chapter II.6 Conclusion of part II

Although we did not perform the synthesis of the TRISPHAT anion, we improved the synthesis of tetrachlorocatechol that is not commercially available using a clean reduction reaction with zinc and o-chloranil. However, we performed the synthesis of D3-symmetric TRISCAT to use it with some low spin complexes such as [Fe(L-L)3] 2+ (L-L=1,10-phenanthroline, 2,2'-bipyridyl).

We have synthesized and resolved the chiral D3-symmetric TRISCAS anion with good diastereomeric excess for the isomer (d.e.=98%) and less optical purity for the  isomer (d.e.=67%). We have also obtained a new derivative of racemic TRISCAS that is soluble in the organic solvents (MeOH, MeCN, DMF,..) that are usually used in crystallization reactions. Trials to obtain chiral organosoluble TRISCAS were unsuccessful since when the chiral alkaloid ammonium is neutralized, it leads to the racemization of the -TRISCAS anion. All TRISCAS derivatives were analyzed by X-ray diffraction, polarimetry, elemental analysis.

We have produced a new family of D2-symmetric organo-soluble anions based on tartaric acid and arsenic trioxide. The study of the specific rotation of derivatives  and [As2(tartarate)2](NBu4)2 shows that on the first hand the tartrates are at least partially decoordinated in solution leading to the loss of the D2 structure, while on the second hand when solvent is evaporated, this structure is reinstated.

The synthesized chiral anions TRISCAS and [As2(tartarate)2](NBu4)2 were studied by electronic absorption spectroscopy and circular dichroism in solution and in the solid state (KBr pellets). Furthermore, a NLO study by the LOMA group shows that (-TRISCAS)cinchoninium is active in Second-Harmonic Generation. and [Fe(terpy)2] 2+ [2]. Indeed the study of the excitation and relaxation pathways and dynamics in these complexes is not purely academic, but it is also motivated by the potential applications in optical writing/magnetic reading in spin crossover (SCO) compounds, [3] it sheds light on photochemical processes such as those found in metalloporphyrins, and such complexes are thought as potential cheaper candidates for Grätzel-type dye-sensitized photovoltaic cells. [4] As we exposed in chapter I, [Fe(bipy)3] 2+ and [Fe(terpy)2] 2+ are diamagnetic complexes that are nevertheless considered as models for Fe(II) SCO complexes, since the latter are usually based on nitrogen heteroaromatic ligands. Moreover, the latest consensus based on ultrafast experiments [5] and advanced ab initio theoretical calculations [6] on [Fe(bipy)3] 2+ have led to a precise description for the photoinduced LIESST process for an octahedral FeN6 d 6 complex that was exposed in Chapter I.22.

Part III : Synthesis and characterization of chiral diamagnetic iron (II) complexes

We crossed those considerations with the fact that symmetry breaking is one of the key strategies toward multifunctional properties. [7] Chiral analogues of those model complexes thus would constitute interesting objects for non-linear optics and ultrafast studies, with potentially the possibility to observe non-linear optical effects in a photoexcited spin state induced by ultrafast optical pumping.

As we mentioned, tris(diimine) and bis(terimine) complex salts comprise one of the major classes of spin crossover compounds. The classical parent complexes of this class are the low spin

[FeN6] 2+ systems that are derived from aromatic imines: 2,2'-bipyridine (bipy), 1,10phenanthroline (phen) and 2,2':6',2''terpyridine (terpy) (Scheme III.1).

Part III : Synthesis and characterization of chiral diamagnetic iron (II) complexes based on 1,10-phenanthroline and 2,2'-bipyridine ligands

N N N N N N N (bipy) (phen) (terpy) 
Scheme III.1. Classical conjugated aromatic imine ligands.

The low spin state and the high stability of these complexes emanate from the intrinsic strong -donor nature and the -back bonding between empty* orbitals of the ligand molecules that are suitably orientated for interaction with the filled d-orbitals of the metal center. This results in a substantial increase of metal-ligand strength and a strong ligand field. [8,9] This is substantiated by the pressure-dependence of Mössbauer and optical spectra of these systems, that was measured by Fisher and Drickamer, who observed partial population of the high spin state for [Fe(phen)3]Cl2 under high pressure. [10] This observation was rationalized on the basis of decreasing the -back donation and increasing the occupancy of the ligand * orbitals by ligand electrons as the pressure increases. This reduces the availability of these orbitals for accepting electronic density from the metal d-orbitals, resulting in a decrease of the strength of metal-ligand coordination bonds, and thus a weak ligand field favoring the high spin configuration.

Modulation of -donor and/or -acceptor characters of the ligand may result in a change of ligand field leading to spin crossover in those [FeN6] 2+ systems. Unfortunately, the electronic spectra of Fe (II) conjugated diimine and terimine complexes usually have ligand field bands overlapped by much more intense charge-transfer bands in the visible range, which does not allow a direct measure of the ligand field strength. Accordingly Busch and co-workers synthesized and measured the spectra of a series of [NiN6] 2+ systems based on such ligands, [11 ] in order to estimate the ligand field strength in these complexes. Spectra reveal generally two d-d transitions 3 T1g(F) 3 A2g and 3 T2g 3 A2g. In regular octahedral nickel(II) complexes, this last transition band has a direct relationship with the ligand field splitting parameter 10Dq(Ni 2+ ). The authors proposed that crossover behavior would be observed in Fe(II) systems for which Dq(Ni 2+ ) values for related Ni(II) complexes would be comprised within the 1120-1240 cm -1 range.
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Ligands bipy, phen and terpy have strong ligand field values of 1265, 1270 and 1235 cm -1 respectively. [8,12] Accordingly, the modification of bipy and phen by substituents at a position relatively far from the donor atoms does not change the low spin nature of [Fe N6] 2+ species. [13] Instead, substitution at adjacent position to the donor atoms has a significant effect on modulating the strong ligand field of bipy and phen. For example comparing compounds of general formula [Fe(2-Xphen)3](ClO4)2, ligand field decreases for substituents X in the order H > CH3O > CH3 >

Cl. [14] This ordering arises from both steric and electronic effects that exert a pivotal influence on the magnetic properties of the central Fe(II) ion.

We will present now the results available in the literature on the dissymetrization of bipy and phen Fe(II) complexes. The TRISPHAT anion was presented in Chapter II.1. [15,16] TRISPHAT has shown a high stability in solution and is considered as an efficient diamagnetic NMR chiral shift reagent. The diastereoselective ion pairing of the TRISPHAT anion with Fe(II) diimine complexes (Figure III.1) in solution was studied by the same group using NMR and CD techniques. It was found that the phen complex shows better selectivity than the bipy one with this anion. [17] The asymmetric induction of the Fe(II) complexes of phen or bipy derivatives depends on the interactions between the chiral TRISPHAT anion and the ligands. The authors elucidated the importance of the backbone and size as well as the position of alkyl substituents that affect the Zeggar. We will show:

1) the synthesis of new chiral diamagnetic materials based on strong ligand field ligands mentioned above.

2) check the difference between racemic and enantiopure complexes in the chiral interactions between the cationic complex and the chiral anion in the solid state and in solution.

3) Show the possible difference in the solid state packing between racemic and enantio-pure chiral complexes.

4) Study the asymmetric induction of complexes by TRISCAS and arsenyl tartarate chiral

counter-ions in polar solvents and in the solid state using CD and NMR techniques.

Chapter III.2 Synthesis and characterization of [Fe(phen)3](TRISCAT)2 1

III.2.1 Synthesis of [Fe(phen)3](TRISCAT)2

Synthesis of [Fe(phen)3](TRISCAT)2 (complex 1): over a freshly prepared solution of 
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III.3.2 Synthesis of [Fe(phen)3](-TRISCAS)2 3

Synthesis of [Fe(phen)3](-TRISCAS)2 (complex 3): a freshly prepared solution of 

III.3.3 Synthesis of [Fe(phen)3](-TRISCAS)2 4

Synthesis of [Fe(phen)3](-TRISCAS)2 (complex 4): Fe(H2O)7(SO4) (100 mg, 0. 
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III.3.4 Crystal structures of complexes 1-4. Comparison of the crystal packing and solid state interactions

Single crystal X-ray diffraction datasets for [Fe(phen)3](X)2(CH2Cl2)2 complexes, where X = TRISCAT (complex 1), rac-TRISCAS (complex 2), -TRISCAS (complex 3), -TRISCAS (complex 4), were collected at 120 K. The X-ray structure of complexes 1, 2, 3 and 4 could be solved and refined to convergence in the non-centrosymmetric Sohncke R32 space group. Except for batch 3B for complex 3, all other structures needed the inclusion of a racemic twinning law to fully converge. The diastereomeric excess of the optically active TRISCAS used in the synthesis of [Fe(phen)3](-TRISCAS)2(CH2Cl2)2 was: 88% (batch 3A) and 86% (batch 3B), and for [Fe(phen)3](-TRISCAS)2(CH2Cl2)2 67%. The X-ray crystallographic refinement data for complexes 1-4 are shown in (Table III.1).

As suggested by almost identical cell parameters, comparison of crystal packing between the five compounds reveals that they are isomorphous. The description of all structures is similar.

Triads are formed by the [Fe(phen)3] 2+ complex and two TRISCAS anions interacting strongly 

Crystal system trigonal

Space group R32

a (Å) 15.1311( Complex number 

Table III.1 Crystallographic data refinement of the X-ray structures for complexes [Fe(phen)3](X)2(CH2Cl2)2. Part III : Synthesis and characterization of chiral diamagnetic iron (II) complexes based on 1,10-phenanthroline and 2,2'-bipyridine ligands

C-H•••Cl 3.72 (1), 3.430(5), 3.113(7) 3.342(7), 2.991(7) 3.349(5), 2.980(4) 3.33(1), 2.99(1) 3.33(1), 2.99(1) 
CH2Cl2•••O(anion) 3.42(3), 2.93(2) ----- ---- ---- ----

Table III.2. Average distances and interactions (Å) for complexes [Fe(phen)3](X)2(CH2Cl2

Table III.3 Comparison of chiral interactions between [Fe(bipy)3](TRISCAS)2 (see chapter III.5) and [Fe(phen)3](TRISCAS)2. Figure III.8. Hydrogen bond details between [Fe(phen)3] 2+ and TRISCAS of the outer shell.

As expected, the interaction of the bulky TRISCAT or TRISCAS counter ions with the [Fe(phen)3] 2+ system does not modify the ligand field splitting energy of the system:

Fe-Navg≈1.97 Å corresponding to the LS state. This is due to the strong -donating and -back bonding capabilities of the ligand molecule.

We checked that these crystalline phases are the only one present through X-ray powder diffraction of complexes 1, 2, 3 and 4. As can be seen in Figure III.6, it is clear that the experimental
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powder diffractograms of the four analyzed complexes agree perfectly with the powder diffraction patterns calculated from the corresponding X-ray structures.

Let us now consider the Flack parameters obtained after full convergence of the structure resolutions (Table III.1). The Flack parameter for the crystal analyzed from batch 3B is statistically equal to zero, which indicates that [-Fe(phen)3] 2+ and -TRISCAS have the right configuration and it is of high optical purity. Instead for complexes 1, 2, the crystal analyzed from batch 3A and complex 4, we had to solve the structures with a racemic twin law, which allowed the Flack parameter to deviate significantly from zero. Observation of single crystals under polarized light did not evidence macroscopic domains of opposite chiralities. The racemic twin implies then the presence of isochiral microscopic domains of opposite handedness that are intimately mixed.

Except for batch 3B, Flack parameters are systematically close to the value expected from the optical purity of the starting anion. in acetonitrile could be solved and refined in the same trigonal Sohncke R32 space group. The relevant crystallographic data is presented in Table III.5. Structures obtained from various crystals of each batch showed that spontaneous resolution occurred, yielding a conglomerate of crystals, racemic when starting from complex 2. R32 being an achiral space group, the crystals themselves are achiral and cannot be sorted mechanically.

III.3.5 Optical properties of complexes

As can be readily seen in Table III.5, the new structures 5-6 are totally isomorphous with the previous structures. The [Fe(phen)3](TRISCAS)2 triads are preserved in the conglomerate crystals, and the surrounding shells of TRISCAS anions (see Table III.6), but acetonitrile molecules have replaced the dichloromethane molecules in the void spaces. The heterochiral interaction is conserved as well between the cationic [Fe(phen)3] 2+ complex and the chiral TRISCAS anions within the triad,(Table III.6) and in the surrounding shell. The average distances and contacts between the TRISCAS anions and the iron complex (Table III. 
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The formed crystals were found to be of high optical purity as compared to the parent compound. Circular dichroism spectra were recorded for two KBr pellets:

Crystal number

-one prepared from a single crystal obtained from the recrystallized product (red line in from the KBr pellet made from the starting complex prior to recrystallization, which supposedly should have been less optically pure. Some reorganization seems thus to take place within the solid when quickly dried from the acetonitrile solution, leading to more intense bands for TRISCAS, but we haven't yet found a reasonable explanation. 

Chapter

III.4.2 Synthesis of [Fe(phen)3][-As2(tartarate)2] 8

The compound [Fe(phen) 

Empirical formula C46H34As2Cl2FeN6O13

Formula weight 1155.38

Temperature (K) 120(2) 

Crystal system trigonal

Space
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The crystal packing is very similar among the three above complexes (Table III The spectrum of 8 shows three overlapped MLCT bands at 510 nm, 470 nm and 430 nm:

510nm)= 1.08x10 4 L.mol -1 cm -1 , 470nm)=9.25x10 3 L.mol -1 cm -1 , (430nm)= 6.64x10 3 L.mol -1 cm -1 .

Complex 9 has similar MLCT bands: 510nm)= 1.00x10 4 L.mol -1 cm -1 , 470nm)= 8.65x10 3 L.mol -1 cm -1 and (430nm)=6.62x10 3 L.mol -1 cm -1 . In the UV region below 350 nm, we notice a small absorption band at 321 nm (321nm)= 3.22 x10 3 L.mol -1 cm -1 and 3.59x10 3 L.mol -1 cm -1 for 8 and 9 respectively). Both spectra reveal a small shoulder at 290 nm overlapped with a strong intense absorption band at 266 nm: for 8 290nm)= 2.74x10 4 L.mol -1 cm -1 and 266nm)= 9.26x10 4 L.mol -1 cm -1 ; for 9 290nm)= 2.42x10 4 L.mol -1 cm -1 and 266nm)= 7.98x10 4 The water-acetonitrile mixture is highly polar and this could lead to ion pair dissociation.

Moreover we were not able to obtain crystals suitable for X-ray diffraction from acetone. So we recrystallized ,  and racemic complexes from distillated acetonitrile, in order to check the integrity of the compound after its deposition on quartz or glass plates. The crystals formed from recrystallization of 8 and 9 in distillated acetonitrile solvent are isomorphous compounds 10 and 11, recrystallizing again in the enantiomorphic space groups P3121/P3221 respectively (Table III.10). They still show high optical purity as indicated by the Flack parameter, ensuring the activity of drop-casts made from this solvent.

In the case of the racemic mixture, we analyzed five different crystals. One crystal was solved and refined to convergence in a chiral space group of lower symmetry, P32, and gave compound 12. The low quality of the diffraction data prevented obtaining a fully satisfying structure, but is enough to qualitatively describe it. The asymmetric unit of 12 has a higher number of water molecules (8) in comparison to compounds 10, 11 and 13, which contain only four water molecules, and comprises one [-Fe(phen)3][-As2(tartarate)2)]. When looking at the packing along the crystallographic a axis, we find that as previously for 7-9 the cations form homochiral layers with anions inserted in-between and water molecules that fill the void spaces in/between layers and interacting with anions and cations. Optical purity is supported by the Flack parameter of -0.002 (7) statistically undistinguishable from zero.

For the other crystals (10, 13), only one was of a quality good enough to provide a high-resolution structure. Nevertheless, the four crystals were found to be isomorphous to the enantiopure complexes 10 and 12, in the chiral space group P3121. Two crystals (13) show a Flack parameter that deviates significantly from zero (~ 0.30), indicating partial racemic twinning, in agreement with the racemic twinning observed for 7. Meanwhile the two other crystals (10) show

Flack parameters essentially close to zero, showing that partial spontaneous resolution occurred.

Since P3121/P3221 are enantiomorphic space groups, there is the possibility of obtaining a conglomerate of chiral crystals susceptible of mechanical triage. But the occurrence of racemic twinning in the starting racemate and even in some of the obtained crystals limit the interest of this observation. The crystal packing of compounds 10, 11 and 12 is as expected very similar to the initial parent complexes (Table III 

III.5.2 Synthesis of [Fe(bipy)3](-TRISCAS)2 15

Synthesis of [Fe(bipy)3](-TRISCAS)2 (complex 15): freshly prepared solutions of 

III.5.6 Recrystallization of [Fe(bipy)3](-TRISCAS)2

As we mentioned, we have had serious problems solving and refining the X-ray structure of [Fe(bipy)3](-TRISCAS)2 16 (Table III.12), which we ascribed to the possibility that crystals were merohedrically twinned. In order to avoid this problem and to improve the refinement quality, we recrystallized the red crystals of [Fe(bipy)3](-TRISCAS)2 in different solvents: acetonitrile As we've seen, here the solvent racemizes [Fe(bipy)3] 2+ but also the chiral -TRISCAS anion. This is opposite to the racemization in acetonitrile in the case of [Fe(phen)3](-TRISCAS)2, where only the cationic complex is racemized in solution, while when the solvent is removed the chiral induction is reintroduced and dominates in the solid state.

(complex 17 
In respect to the crystal packing of the four solvatomorphs (17,18,19,20), each polymorph consists of cationic layers of complexes and anions, which are disposed similarly to the analogous structure of complex 14 discussed above. Analysis of the crystal packing of the four solvatomorphs 

C-H(TRISCAS)•••O(TRISCAS)

C-H(MeOH or EtOH) •••O(TRISCAS)

--------3.481(3) ----

C-H(complex) •••O(MeOHor EtOH)

--------3.256(4) 3.641( 14)

C-H(acetone)•••O(TRISCAS)

----3.4615(5) --------

C-H(complex)•••O(acetone)

------------

C-H(complex) •••O(H2O) ----------------

O(H2O) or N(CH3CN)•••H-O(EtOH or H2O )

--------2.843(5) 3.680 (12) <Fe-N> This average distance is comparable with the low spin iron(II) complex [Fetren(py)3](PF6)2

Figure IV.6. van der Waals representation of (left) heterochiral interactions in [Fetren(py)3](rac-TRISCAS)2(CH2Cl2)2(CH3OH)(H2O) (complex 21) and (middle and right) homochiral interactions in [-Fetren(py)3](-TRISCAS)2(CH2Cl2)2 (complex 22) and [-Fetren(py)3](-TRISCAS)2(CH2Cl2)2 (complex

(<Fe-N>=1.94 Å). [5] We confronted these conclusions from X-ray data to the measured magnetic properties and Mössbauer spectra for both complexes.

IV.2.5. Magnetic properties and Mössbauer spectra of complexes 21 and 22 57 Fe Mössbauer spectroscopy has been proven to be a very powerful tool in probing the 

C-H(complex)•••O(TRISCAS)

>3.20 3.00 -3.60

C-H(TRISCAS)•••O(TRISCAS)

>3.30 3.325, 3.383

C-H(TRISCAS)•••N(tren)

----3.475 

C-H(TRISCAS)•••Cl

(CH2Cl2) ---- 3.539 C-H(disordred-CH2Cl2)••• O(TRISCAS) ---- 3.972 C-H(CH2Cl2)•••Cl(disordred-CH2Cl2) ---- 2 

IV.3.3. Crystal structure and packing of [Fetren(6-Me-py)3](rac-TRISCAS)2 24 and 25

Red crystals suitable for X-ray diffraction were selected under immersion oil in ambient conditions. We were able to identify two types of crystals having different morphologies, 

Goodness-of-fit (S)

IV.3.3.1. Crystal packing of complex 25

As can be seen in Table IV.4, the contact between cation and anions is heterochiral and strongly differentiated by 0.4 Å. Again we identified this closest contact (dFe-As) and color-coded the handedness of the helical moieties (Figure IV.17 The observed behaviour appeared to be unusual. At 10 K, the MT value is 1.0 cm 3 .K.mol -1 . This means that while most of the compound is LS at that temperature, a high spin fraction is conserved.

As the temperature increases MT starts to increase first quickly to 1.48 cm 3 .K.mol -1 at 40 K, a behaviour typical for either intermolecular antiferromagnetic interactions or the magnetic anisotropy of the HS Fe(II). Then MT increases roughly linearly with the temperature, reaching 3 cm 3 .K.mol -1 at 200K. After that, we have a more abrupt transition to reach a MT value of 4.1 cm 3 .K.mol-1 at 290K. This value corresponds to a Landé factor of 2.34, which is a little bit higher than typical for Fe II N6 HS compound (g≈2.1-2.2). We thus have spin crossover for the bulk complex [Fetren(6-Mepy)3](rac-TRISCAS)2, and the coexistence of the two solvatomorphs accounts for this unusual curve shape. We were able to separate the two solvatomorphs using the Apex2 diffractometer to check the phase of each crystal. Once we had collected a reasonable quantity of both solvatomorphs, we measured the magnetic properties for both (Figure IV.19).

The MT curve versus temperature measured for complex 24 (Figure IV.19) shows that it undergoes gradual spin crossover. The complex at 2 K has a MT value of 0.70 cm 3 .K.mol -1 , evidencing a residual HS fraction. This HS residue might be due either to crystal packing defects or thermal quenching. As the temperature increase to 50K, the MT value increases to reach 1.00 cm 3 .K.mol -1 . This first increase is likely due to either intermolecular antiferromagnetic interactions or the known strong magnetic anisotropy of the Fe II N6 HS residue. Then the MT value starts increasing gradually to reach 3.6 cm 3 .K.mol -1 at 273 K, value typical for a HS Fe(II) complex in N6 octahedral surroundings. No hysteretic behaviour was observed. The calculated T1/2 is 186(2) K. )

Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands

The same measurement on solvatomorph 25 shows a quite small partial spin crossover with T1/2 about 110 K for a predominantly HS compound. MT increases sharply from 2.1 cm 3 .K.mol -1 at 5 K to reach a plateau at 3.7 cm 3 .K.mol -1 between 45 and 60 K, again signalling the onset of some intermolecular antiferromagnetic interactions and/or some magnetic anisotropy of the HS Fe II N6 chromophore. We have then a gradual increase likely to correspond to a partial spin crossover above 60 K to reach 4.3 cm 3 .K.mol -1 above 220 K. This MT value obtained for solvatomorph 25 is indicative of a fully HS compound, with however a slightly higher Landé g factor (2.39) than usual for HS d 6 Fe II N6 (2.1-2.3).

IV.3.4.3. Structural evolution with temperature

We confronted the observations made on the magnetic measurements with the variable temperature diffraction data. For solvatomorph 24, the X-ray structures at 100 K and 250 K show an average <Fe-N> bond length of 2.016(2) Å and 2.209(4) Å respectively. The average Fe-N value at 100K is significantly higher than the 1.90-1.95 Å expected for LS octahedral, and confirms that some complexes remain in the high spin state. The value at 250 K is instead in line with the 2.2-2.3 Å usually found for HS octahedral Fe II N6. The average bond length increase of 0.19 Å is highly anisotropic, as expected due to the steric hindrance of the -methyl groups of the pyridine: at 100 K we have <Fe-Nimine> = 1.953(3) Å and <Fe-Npyridine> = 2.080(3) Å, while at 250 K we have <Fe-Nimine> = 2.128(6) Å and <Fe-Npyridine> = 2.290(6) Å.

More globally, the volume of the unit cell is seen to decrease by -5.9% between the two temperatures (Table IV.5). The unit cell parameters a, b, c also decrease by similar amounts (-1 to -3%). Concerning angles,  remains mostly stable while  and  slightly increase when lowering the temperature.
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Fetren(6-Me-py)3](rac-TRISCAS)2(CH2Cl2)5 24 (100 K-250K ) (%)

Temperature (K)

100 250

MT (cm 3 .K.mol -1 ) For solvatomorph 25, the x-ray structures shows between 270 K and 90 K a very small variation of 0.02 Å of the average <Fe-N> bond length (Table IV. All of this indicates that the heterochiral interaction in solvatomorph 25 is stronger than the homochiral interaction in solvatomorph 24. This stronger interaction impacting a bond directly coordinated to the iron cation induces a weaker ligand field and thus mostly a complex trapped in the HS state. The interactions in solvatomorph 24 are weaker, enough to allow spin crossover to occur.

Figure IV.20. Hydrogen bonds between TRISCAS oxygen atoms and imine hydrogen atoms for solvatomorphs 24 (left) and 25 (right).

In order to check the phases present in batch 1 of our bulk sample, we measured the powder diffractogram (Figure IV.22). Surprisingly, we found that this batch comprised three phases: two of them were identified as the two solvatomorphs of the racemic complex, complex 24 (space group P-1) and 25 (space group P21/c) and a third phase which corresponds to complex 26 (space group P212121). 

Type of interaction Homochiral

Fe … As1 (Å) The moderate interactions allow suitable ligand fields for spin crossover to occur in complex 26, 27 and solvatomorph 24 of the racemate complex. This is another illustration that spin crossover is a sensitive phenomenon that may depend on weak interaction such as hydrogen bonding.

IV.3.6. Magnetic properties of bulk [Fetren(6-Me-py)3](-TRISCAS)2

We measured the magnetic properties of bulk samples of [Fetren We evidenced above that those samples are at least triphasic: polymorphs in P212121, P-1 and P21/c space groups. The shapes of the magnetic measurements are again unusual, and this strange behaviour is likely due to the presence of some HS complex (complex 25 in P21/c space Variable temperature reflectance was measured for both compounds and showed a variation in the intensity of the complex MLCT bands corresponding to both thermal spin crossover and photoexcitation at lower temperatures (LIESST effect). The difference in magnetic behaviour was discussed based on the crystallographic data. The importance of the Fe•••As distance for the occurrence of spincrossover in these compounds was discussed. 

Complex

Integration of Stretched exponential (Simpson method).

The idea is to treat the case of molecules presenting a Gaussian distribution of activation. By hypothesis, k∞ will remain constant for all the molecules. The probability for a given molecule to have a given activation energy is:

p(EA) = Nexp(-(EA-EA0) 2 /2 2 )
where N represents the normalization factor, EA0 is the average activation energy and  is the standard deviation of this activation energy.

For a given activation energy, the law of decay of the fraction of concerned molecules will be exp(-k(EA)t).

At the end we should evaluate an integral of the type :

Part V. Experimental details                       0 2 2 0 exp 2 exp A A A A HS dE t E k E E N t n  .
According to the Arrhenius law, k(EA) = k∞exp(-EA/kBT).

The integral becomes

                                     0 2 2 0 exp exp 2 exp A B A A A HS dE T k E tk E E N t n 
99.73% of the population of a Gaussian distribution is between -3 and +3. We will use In our case, h=6/n et xi=EA0-3+i6/n = EA0+i/n)-3.
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With n = 6 the formula becomes
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Figure 1 .

 1 Figure 1. Combinaison de propriétés physico-chimiques des matériaux noncentrosymmétriques.

Figure 2 .

 2 Figure 2. Représentation schématique des deux stratégies pour la synthèse de composés chiraux de transition de spin. La première stratégie utilise des ligands chiraux énantiopurs directement, tandis que la seconde utilise des ligands achiraux, en combinaison avec des anions chiraux résolus.
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 6 élémentaire. Nous avons produit une nouvelle famille d'anions de symétrie ponctuelle D2 solubles dans les solvants organiques à partir d'acide tartrique et de trioxyde d'arsenic. L'étude de la rotation spécifique des dérivés  et [As2(tartrate)2](NBu4)2 montre que les tartrates sont au moins partiellement non coordinés en solution, conduisant à la perte de la structure D2, mais que lorsque le solvant est évaporé cette structure est rétablie. Les anions chiraux synthétisés (TRISCAS, [As2(tartrate)2](NBu4)2) ont été étudiés par spectroscopie d'absorption électronique et dichroïsme circulaire en solution et à l'état solide (pastilles de KBr). En outre, une étude en optique non-linéaire (NLO) par le groupe d'Eric Freysz au Laboratoire Ondes et Matière d'Aquitaine (LOMA) a permis de montrer que le composé (-TRISCAS)cinchoninium est actif en génération de seconde harmonique (SHG). Cette étude est en cours pour les anions [/-As2(tartrate)2](NBu4)2. Le troisième chapitre présente les résultats que nous avons obtenus sur des complexes de Fe(II) tris(bidentes) avec les ligands 1,10-phénanthroline et 2,2'-bipyridine avec différents anions chiraux. Nous avons comparé les propriétés de l'état solide entre les complexes racémique et énantiopurs et étudié l'induction asymétrique et les interactions chirales en solution et à l'état solide à l'aide de CD et de RMN 1 H. Nous avons synthétisé et caractérisé les complexes [Fe(phen)3] 2+ avec les anions chiraux TRISCAS, TRISCAT et arsenyltartrate. Les structures cristallines de ces complexes ont été résolues et affinés dans le groupe d'espace Sohncke R32. L'analyse de l'empilement cristallin des complexes racémiques et énantiopurs révèle qu'ils sont isomorphes. Nous avons montré que les composés dans l'acétonitrile subissent une dissociation anion-cation totale conduisant à la racémisation du complexes [Fe(phen)3] 2+ , alors qu'à l'état solide les interactions chirales sont conservées et maintiennent la configuration du complexe. Nous avons montré les différences dans l'empilement cristallin entre les formes racémiques et énantiopures des complexes [Fe(bipy)3](TRISCAS)2. Les complexes racémique et forment des couches homochirales et des arrangements hélicoïdaux différents. Les cristaux de [-Fe(bipy)3](TRISCAS)2] sont mâclés par mérohédrie et la structure n'a pu être que partiellement résolue et affinée, montrant cependant une interaction hétérochirale beaucoup plus forte entre [-Fe(bipy)3] 2+ et -TRISCAS. Les spectroscopies NLO et résolue dans le temps d'états photo excités des complexes [Fe(phen)3](X)2 (X = -TRISCAS, -TRISCAS, [-As2(tartrate)2], [-(As2(taratarate)2]) sont en cours d'étude au LOMA et les résultats initiaux sont extrêmement prometteurs. Le quatrième chapitre traite de la synthèse de complexes de transition de spin chiraux formés à partir de ligands hélicoïdaux hexadentes dérivés de la tris-(2-aminoéthyl)amine (tren) et des azole-2-carboxaldéhydes. L'importance des interactions chirales sur le comportement magnétique et l'effet sur le champ de ligand pour certains complexes est particulièrement discuté. Nous avons donc synthétisé de nouveaux composés à base de tren et de pyridine-2-carboxaldéhyde, 6-méthyl-2-pyridylcarboxaldéhyde, et de 1-méthylimidazole-2-carboxaldéhyde. L'ajout de méthyles en position ortho sur les fragments Me-py)3](rac-TRISCAS)2, nous avons identifié deux solvatomorphes. Le solvatomorphe primaire est complètement haut-spin, et cristallise dans le groupe d'espace P21/c. Le second solvatomorphe (groupe d'espace P-1) montre une transition de spin. Nous avons pu séparer les deux solvatomorphes et étudier leur comportement magnétique séparément. Pour le composé [Fetren(6-Me-py)3](-TRISCAS)2, nous avons identifié quatre polymorphes (P21/c, P-1, P212121, P213) qui ont été caractérisés par diffraction des rayons X sur monocristal. Cette analyse a montré que les complexes qui cristallisent dans les groupes d'espace de Sohncke P212121 et P213 montrent une transition de spin. La synthèse de [Fetren(1-Me-Imidazole)3](-TRISCAS)2 a abouti à deux types de cristaux (rouge foncé et rouge clair). La diffraction des rayons X montre que les cristaux rouges foncé cristallisent dans le groupe d'espace de Sohncke cubique P213. Ce composé change d'état de spin à environ 380K par désolvatation. La mesure de la réflexion diffuse selon la température pour les deux composés montré une variation de l'intensité des bandes de transfert de charge Métal-Ligand (MLCT) pour les complexes, correspondant à la fois à une transition de spin thermique et à la photoexcitation à des températures plus basses (effet LIESST). La combinaison transition de spin et chiralité offre en théorie des possibilités intéressantes pour l'ingénierie cristalline (interactions isochirales = association clé-serrure). Mais les effets que nous avons constatés ne semblent pas être prédominants sur l'empilement cristallin. La combinaison de propriétés dans un seul complexe par brisure de symétrie est une voie prometteuse. Nous avons montré comment mettre en oeuvre cette possibilité par une méthode rationnelle et contrôlée. Ce travail ouvre la voie vers de nouveaux matériaux non-centrosymétriques en utilisant des contre-ions chiraux qui sont solubles dans les solvants organiques usuels et faciles à synthétiser.
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Figure I. 1 .

 1 Figure I.1. On the left side, a picture of louis pasteur in his laboratory and on the right side, the hemihedral crystals of sodium ammonium tartarate.

Part I :

 : Scheme I.2. Schematic representation of subdivision of isomers.

3 )

 3 are isomers because both compounds have the same molecular formula (C2H2Cl2) but they are different. They cannot be easily interconverted because of the large energy barrier against rotation of the double bond, and the order of connections of the atoms in both compounds is the same. The two forms (cis and trans) of 1,2-dichloroethene isomers differ only in the arrangement of their atoms in space. In cis-1,2dichloroethene the chlorine atoms are on the same side of the molecule, and in trans-1,2dichloroethene the chlorine atoms are on opposite sides. Thus, cis-1,2-dichloroethene and trans-1,2-dichloroethene are stereoisomers.[22] Stereoisomers include two sub-classes (Scheme I.2).

6 .

 6 Scheme I.6. Schematic representation of meso-compounds (3 and 4) pairs of a set of diastereoisomers of 2,3-dibromobutane.

  It has been known that few examples of various geometric and opitcal isomers are possible for coordination number 5. The first example of determination of absolute configuration of squarepyramidal complex [(+)-(C5H5)Mo(CO)2(NN*)]PF6 (NN* = Schiff base derived from pyridine-2carbaldehyde and (S)-(-)--phenylethylamine) was performed by W. A. Herrmann et al.[30] 

Part I : 9 .

 :9 Scheme I.9. Schematic representation of square pyramidal isomers (enantiomers (1a)(-) and (2a)(+)) of [C5H5Mo(CO)2Cl(S-PN * )], where (S)-PN* : (S)-(+)-Ph2PN(Me)CH(Me)(Ph)].

Figure

  Figure I.3. X-ray crystal structure of (-)-isomer [C5H5Mo(CO)2Cl{(R)-PN * }], where (R)-PN* : (R)-(+)-

  Scheme I.10. Chiral Iron complex: acetyl(carbonyl)(cyclopentadienyl)phosphine) iron complex.

Figure I. 4 .Figure I. 5 .Figure I. 6 .Figure I. 7 .

 4567 Figure I.4. Stereoview of X-ray crystal structure of diastereoisomers (A and B) of acetyl(carbonyl)(cyclopentadienyl)phosphine)iron complex.[34] 

  a much studied phenomenon which has accompanied the development of coordination chemistry and mainly the ligand field theory. It deals with the change of spin state of a compound due to an external perturbation. This phenomenon was observed for the first time by

[ 65 ]Figure I. 10 .

 6510 Figure I.10. Simplified Tanabe-Sugano diagram for Fe(II) d 6 ion.

Figure I. 12 .

 12 Figure I.12. Schematic representation of different types of thermal spin crossover as a function of temperature : a) Gradual spin crossover; b) Abrupt spin crossover; c) Abrupt spin crossover with hysteresis; d) Two steps spin crossover; e) Incomplete spin crossover.

  [77] In this way, the normalized bite increases from LSHS, resulting in the formation of D3distored octahedron (Figure I.14).

Figure I. 14 .

 14 Figure I.14. Bailar twist distortion from perfect octahedron (Oh) to trigonal prismatic geometry (D3h) passing through chiral D3-intermediate geometry.[77]

Figure I. 15

 15 Figure I.15. a) Definition of the structural parameters used to characterize the distortion of the FeN6 octahedron.  is calculated from the 12 cis angles. b) For the calculation of NCS,the two triangles represented here are projected on the same plane.[74] 

Figure

  Figure I.16. Temperature dependence of the effective magnetic moment of [Fe(phen)2(NCS)2] measured in magnetic fields of 1 and 5.5 T.[79]

  discussed further on. Parallel to the study of relaxation processes, J.F. Létard et al. have studied the LIESST effect on the spin crossover compound [Fe(PM-BiA)2(NCS)2] (where PM-BiA stands for N-(2-pyridylmethylene)aminobiphenyl). They have observed LIESST at 10K and LITH (Light Induced Thermal Hystersis) effect with 35 < T1/2 < 77 K, upon irradiating the compound by laser light in cooling and warming mode.[104]

Part I : 2 (

 :2 photomagnetic lifetime. This correlation proposed a guideline for the rational design of materials with long photomagnetic lifetimes. A database of more than sixty spin crossover compounds was used to illustrate this correlation. The schematic representation of T(LIESST) as a function of T1/2 (thermal spin transition) is shown in (Figure I.20). It was observed that T(LIESST) and T1/2 are clustered along parallel lines according to the equation T(LIESST) = T0 -0.3T1/2 where the temperature value T0 is linked to the nature of the coordination sphere and the configuration of the complexes (denticity ,..).[105] The same authors stated that the coordination sphere through the denticity of the ligand and/or the octahedral deformation FeN6 plays a critical effect on the T(LIESST) of the system.[106] 

[

  Fe(stpy)4(NCBPh3)] (stpy = 4-styrylpyridine),[108] the [Fe(trans-stpy)4(NCBPh3)] shows a thermal spin crossover around 190K while [Fe(stpy)4(cis-NCBPh3)] remains in the HS state. The ligand is able to photo-isomerize from [Fe(stpy)4(cis-NCBPh3)]-configuration (HS) to [Fe(trans-Part I : Generalities on chirality and introduction to spin crossover phenomenon stpy)4(NCBPh3)] configuration (exhibiting a thermal spin crossover) after irradiation with exc = 260 nm at 140 K (Figure I.21).

Figure I. 21 .

 21 Figure I.21. Temperature dependence of MT for cis and trans isomers of Fe(Stpy)4(NCBPh3)2. At 140 K, photoinduced cis-trans interconversion is expected, resulting in switching between HS and LS of Fe(II) states.[111]

Figure I. 22 )

 22 for the compounds [Fe(hyetrz)3](3nitrophenyl sulfonate)2 (with hyetrz = 4-(2'-hydroxyethyl)1,2,4-triazole) [119] and [Fe(phen)2(SCN)2] (with phen = 1,10-phenanthroline), the effect of increased external pressure induces an increase in the temperature of spin conversion T1/2.[114] In the case of compound Part I : Generalities on chirality and introduction to spin crossover phenomenon [Fe(phen)2(SCN)2] shown in (Figure I.23), the compound is almost entirely transformed to the LS state at room temperature under 5.7 kbar.

Figure I. 22 .Figure I. 23 .

 2223 Figure I.22. Evolution of the MT product as a function of temperature at different applied pressures on the system [Fe(hyetrz)3](3-nitrophenylsulfonate)2.[119]

2 equation

 2 For one mole of Fe(II) ions, with S = 0 or 2, Sel = Sel spin = NAkB[ln{(2S+1)HS/(2S+1)LS}] = R ln5 =13.38 J.K -1 . Nevertheless most often the contribution of vibrational entropy, due to the change in bond lengths and vibrational modes with spin crossover, accounts for a large part of the total change in entropy of the system.At equilibrium G=0, i.e the free energies of the HS and LS forms are equal, yielding the T1/

9 )Figure I. 24 .

 924 Figure I.24. Variation of the HS fraction as a function of temperature for different values of . H = 600 cm -1 , S = 4cm -1 .K -1 ,  = 104 cm -1 (<2kBT1/2, black curve),  = 208.5 cm - 1 (= 2kBT1/2, red curve) and  = 300 cm -1 (>2kBT1/2, blue curve).[126]

Part I :

 : Generalities on chirality and introduction to spin crossover phenomenontogether by springs, schematizing a homogeneous, isotropic and elastic molecular network(Figure I.25). During thermal spin crossover, the change of the volume of the coordination sphere induces internal pressure in the system which propagates through the network via the springs.[137] This behavior reflects the cooperativity within the intermolecular network via the value of the force constant of the springs taken into account. This model is often used, because it helps explaining many behaviors, like the effect of dilution of Fe(II) in a crystal.

Figure I. 25 .I. 3 . 1

 2531 Figure I.25. Schematic representation of steric effects.

(

  MChD), magnetization-induced SHG (MSHG) or multiferroicity (Figure I.26).

Figure I. 26 .

 26 Figure I.26. Combination of physiochemical properties in noncentrosymmetrical materials [146].

  SCO compound was reported by A. Hauser in 2000.[149] It consists of [Co(2,2-bipyridine)3] 2+ cationic units constrained in the cavities of a chiral [LiCr(oxalate) 3 ] 2-anionic network. The observed SCO is gradual between 50 and 200K with no indications of any strong cooperative effect. Partial substitution of Li + by Na + influence the magnetic behaviour of the complex. M. Clemente-Léon et al. have reproduced this approach using salen-based Fe(III) complexes inserted in the cavities of a [Mn II Cr III (oxalate) 3 ] network, but the resulting complexes are ferromagnetic at low temperature, exhibiting a beginning of SCO above 300K.[150] J.P. Tuchages et al. have studied the change of the oxidation state on the spin crossover behaviour and the cooperativity of iron complexes, which undergo a spontaneous resolution under certain conditions, leading to the formation of spontaneously resolved crystals. These complexes are based on Schiff bases ligands, synthesized from condensation of tren (tris(2-aminoethyl)amine)

Part I :

 : Generalities on chirality and introduction to spin crossover phenomenonH3L=tris{[2-{(imidazole-4-yl)methylidene}amino]ethylamine)). It shows a multi-step spin crossover occurring on both mixed valence iron species (Fe II and Fe III ) and a LIESST effect that relaxes above 100K (Figure I.27). The CD analysis on selected crystals of this compound shows the Cotton effect for absorption bands, providing unambiguous evidence for spontaneous resolution (Figure I.28).

Figure I. 27 .

 27 Figure I.27. MT of [Fe II (H3L)Fe III (L)](NO3)2 in cooling (blue triangles) and warming mode (red triangles), showing a multi-step SCO, the LIESST effect at 5 K and the subsequent thermal relaxation (green triangles).[151]

  et al. have synthesized some chiral spin crossover complexes which crystallize in the Sohncke space group P212121. These complexes are based on chiral bidentate chelate ligands, where the chiral ligand denoted by HL is the product of Part I : Generalities on chirality and introduction to spin crossover phenomenon a 1:1 condensation reaction of 2-methyl-4-formylimidazole with either (R) or (S)-(+)-1-phenylethylamine. The X-ray analysis shows that the R-form of the ligand (HL R ) induces the fac--[Fe II (HL R )3] 2+ isomer, while the S-form of the ligand (HL S ) induces the fac--[Fe(HL S )3] 2+ isomer. Magnetic properties of fac--[Fe II (HL R )3](ClO4)2EtOH show a complete abrupt spin crossover between the HS and the LS states with T1/2 = 195K.[158] Likewise, Scott et al. have synthesized different complexes of divalent metals (Mn(II), Co(II), Co(III), Ni(II) and Zn(II)).[159] These complexes are based on chiral imines derived from chiral amines. Mn(II), Co(II) and Ni(II) complexes show paramagnetic behaviour, while Co(III) and Zn(II) are diamagnetic, but the non-centrosymmetric [FeL3](ClO4)2 complex (P21) shows spin crossover (where L results from the condensation of methyl-1H-imidazole-2-carbaldehyde and (R)--methylbenzylamine) (Figure I.33). It undergoes partial conversion over the 10-300 K temperature range (Figure I.34).

Figure I. 33

 33 Figure I.33. X-ray crystal structure of [FeL3](ClO4)2. H atoms, counterions andsolvent molecules are omitted for clarity.[159] 

Figure I. 36 .

 36 Figure I.36. Single crystal CD spectra of -[Fe II (mptpy)2](Cl)2•solv (blue curve) and -Fe II (mptpy)2](Cl)2solv (violet curve); CD spectrum of a bulk sample (dark yellow). Inset: ball and stick drawing of the coordination environments of the Fe atoms and the Hmptpy ligand.[160]
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 3732 Figure I.37. CD spectra of a colloidal solution of nanoparticles (c = 0.1 mmol L -1 ) recorded at different temperatures (298-327K) in heating mode.[162] 

Figure I. 40 .

 40 Figure I.40. Classification of the space groups in crystallography.

  of one wave frequency (Figure I.41a) with the magnitude that stays constant while the direction oscillates. In contrast, the direction of the vector of linearly polarized light stays constant but the magnitude oscillates (Figure I.41b). The superposition of Left Circularly Polarized and Right Circularly Polarized light of the same amplitude results in a linearly polarized wave.

Figure I. 41 .

 41 Figure I.41. Diagram of circularly polarized light (a) and linear polarized light (b).[164]

  Figure I.43. The instrumentation for a common CD spectrometer showing the polarization of light and the differential absorption of LCP and RCP light.[164]

1D 1 H

 1 NMR and 2D 1 HNMR spectroscopies are powerful techniques used to identify chiral sophisticated compounds or complexes. An important effect in 1 H-NMR is the chemical environment of the protons. When considering a chiral compound, the environment around the stereogenic center (C * R1R2R3) (Figure I.44, case A) is important, the protons on a same carbon (Ha and Hb) beside a chiral center are chemically equivalent but magnetically non-equivalent and they appear at different chemical shifts as they present different multiplicity. While if we replace the stereogenic center by C(R1)3 for example, the neighbour protons are said to be chemically and magnetically equivalent (Figure I.44, case B), and they have the same chemical shift. For protons that are magnetically equivalent, they should be also chemically equivalent and appear at the same chemical shift or frequency.[170]

  Scheme II.2. (a) Helicodial chirality of phosphate and arsenate tris(dioxelene) anions based on tetra-chloro-catechol and catechol derivatives respectively. (b) Geometric illustration forand  isomers of TRISCAS and TRISPHAT.

K

  . N. Raymond et al. characterized the crystal structure of the racemic TRISCAS acid and they established the tris-chelate formulation [H7O3] + [As(catecholate)3](p-diox) (p-diox = p-dioxane) as

3 .

 3 Scheme II.3. General synthetic pathways for -TRISPHAT and its related derivative anions.

Scheme II. 7 .

 7 Scheme II.7. Reduction of o-chloranil to tetrachlorocatechol by SnCl2 in a HCl/AcOHmixture.

[

  30° (deionized water, c=0.01 g.mL-1 ). These optical rotatory powers for the D2-chiral anions in the above mentioned solvents (CH2Cl2, acetone, deionized water) is low compared to the commercially available potassium antimony salt analogue K2[Sb2(tartrate)2]XH2O ([] to the values for the original tartaric acids. Thus the question arose to whether the adduct structure was maintained in solution.

  The X-ray structures of the three anion isomers (Figure II.3) show four water molecules in the asymmetric unit. Those water molecules are localized in the void spaces of the lattice, and are part of an hydrogen bond network: between the oxygen atoms of the hydroxyl or carboxyl group of the tartrate and the hydrogen atoms of the long butyl chains of the tetrabutylammonium cation, and the oxygen atoms of the water molecules and the tartrate (Figure II.3).

Figure II. 3 .

 3 Figure II.3. Formation of hydrogen bonding in structure of (left) [-As2(tartrate)2](NBu4)2, (middle) [-As2(tartrate)2](NBu4)2, (right) [rac-As2(tartrate)2](NBu4)2. Short contacts are shown in blue.

  molar extinction coefficient values between [-As2(tartrate)2](NBu4)2 and [-As2(tartrate)2](NBu4)2 is likely due to the presence of a random small racemic fraction ( ~10%), since the L-(+)-or D-(-)-tartaric acid that was used in the synthesis of the anions had an diastereomeric excess of only about 90%.

Figure II. 5 .

 5 Figure II.5. Asymmetric unit of the racemic acid of TRISCAS ion. Water molecules were omitted for clarity.

  The crystal packing shows that the TRISCAS interacts with surrounding anions (Figure II.6) through weak C()-C() interactions (3.458(9) Å, 3.30(1) Å) and forms weak C-H•••O hydrogen bonds (3.343(8) Å), 3.421(8) Å) between the oxygen atoms of catechol and hydrogen atoms of the neighbouring anions. Moreover, there are strong O•••HOH hydrogen bonds (2.835(8) Å;

  batch of the final product of the reaction. This crystal was analysed at 120K. The compound crystallizes in the Sohncke space group P212121. The asymmetric unit of the structure is composed of two -TRISCAS anions surrounded by two potassium and three water molecules (Figure II.8).

(2) Å and 3 .

 3 772(2) Å respectively for each As-K chains. The water molecules are all solvating the potassium ions, with average distance O()•••K + ~ 2.845(2) Å. The non-bridging water molecule also form an hydrogen bond with the TRISCAS anion: O(TRISCAS)•••H-OH = 2.865 Å.

Part II:

  Synthesis and resolution of chiral anions solvatomorphs (solvatomorph 1: recrystallization from ethanol; solvatomorph 2: recrystallization from CH3CN/H2O) is shown in (Table II.6). The asymmetric unit of each solvatomorph are shown in (Figure II.10). The asymmetric unit of solvatomorph 1 consists of the TRISCAS anion with one TBA molecule and one molecule of ethanol. Meanwhile the asymmetric unit of solvatomorph 2 comprises four anions and TBA. Two of the TBA molecules in the asymmetric unit of solvatomorph 2 are disordered.

  the TRISCAS anion and the TBA cation: CH•••O()=3.190(2) Å, 3.464(3) Å and C()•••O()=3.525(3) Å. The ethanol molecule interacts with the anion through hydrogen bonding HO-H•••O=2.832(2) Å. In comparison, the second solvatomorph has also weak interactions between the molecular units of the unit cell. The disordered TBA cations show shorter As•••N distances (5.064(7) Å; 5.105(6) Å) than the ordered TBA cations (5.134(5) Å; 5.570(4) Å). These close contacts are clearly the cause of the disorder in the crystal structure of solvatomorph 2, as can be seen on the displacement ellipsoids of the neighbouring TRISCAS. Solvatomorph 1 has layers of -and -TRISCAS helices surrounded by TBA cations (Figure II.11). In comparison, solvatomorph 2 shows layers made up of  helices only, where the TBA cations are embedded to compensate the charge of the compound.There is no immediate explanation for the spontaneous resolution occurring for solvatomorph 2, as was the case for (TRISCAS)K, all the more so since there are no close contacts between TRISCAS anions.Nevertheless it can be noted that, though one would usually consider the TBA cations as achiral with the central tetrahedral ammonium, the torsion of the long butyle chains breaks the centrosymmetry of the cation. When considering the two pairs of adjacent butyle groups, and Part II: Synthesis and resolution of chiral anions calculating the mean planes passing through all N(C4)2 atoms, then one can see that the angle between those planes is quite far from 90° (on average 78.12°), and all the TBA are . It seems that here simple steric hindrance is enough to transfer chiral information between TRISCAS through the distorsion of the TBA cations from perfect achiral tetrahedral symmetry.

Figure II. 11 .

 11 Figure II.11. Crystal packing of (left) solvatomorph 1 with layers of  and  helices as seen along the a axis (right) solvatomorph 2 with layers of  helices as seen along the b axis. Red: -TRISCAS; blue: -TRISCAS; orange: TBA cation. Hydrogens were omitted for clarity.
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 202020 ) and cinchonine alkaloid (Procedure C) : 13 mmol (2.40 g) of distillated tributylamine and 13 mmol (3.82 g) of cinchonine were added to a boiling solution of ethanol (170 mL). 26 mmol (11.00 g) of racemic arsenic complex H[As(C6H4O2)3](H2O) were added to the resulting solution. A white precipitate was Part II: Synthesis and resolution of chiral anions obtained after heating the solution for 2 hr. The obtained precipitate was kept in solution for one night. It was then filtered and dried under vacuum. The corresponding mother liquor was also dried. The yield of the reaction was 80% based on the initial amount of cinchonine. Elemental analysis of white precipitate for C37H35AsN2O7(H2O)3.2 (752.25 g.mol -1 ) : calculated C 59.07, H 5.54, N 3.72; experimental C 59.02, H 5.57, N 3.88; [] -224° (d.e=87%).The rotatory power of the mother liquor was also determined [] +63°. It is noteworthy that when the precipitate was isolated without waiting overnight, the obtained yield was only 56%, but of the same optical purity [] -226°(d.e=89%).

20 𝐷=

 20 -264.0°) has a d.e = 100%. The polarimetric measurements were performed in a mixture of dichloromethane and methanol (1:1).The cinchonidine salt of TRISCAS is soluble in acetonitrile, pyridine, MeOH/CH2CL2 (1:1), EtOH/CH2CL2 (1:1), hot acetone/H2O (70:30); while it is partially soluble in acetone, ethanol, DMF, MeOH, CH2Cl2, EtOH/MeOH (1:1) and is insoluble in H2O and diethylether. The total yield of the resolution reaction was 65%.

II. 4 . 3 . 3 X

 433 -ray crystal structure of (-TRISCAS)cinchoninium and (-TRISCAS)cinchonidium Two crystals of (-TRISCAS)cinchoninium obtained from two different resolution batches were analyzed by X-ray diffraction. The asymmetric unit of both crystals (Figure II.12) is composed of a -TRISCAS anion and a cinchoninium molecule. The two structures are in fact 3.196(4) Å) moiety and a methylene of the azanorbornane moiety (C-H•••O (3.200(4) Å). The protonated nitrogen atom in the cinchoninium cation instead forms a hydrogen bond with the solvent molecules (H2O and ethanol, N + -H•••O ~ 2.778(2) Å)) in both solvatomorphs.

(concentration: 5 .Figure II. 14 .

 514 Figure II.14. Ultraviolet (UV) region of the electronic absorption spectrum of (rac-TRISCAS)NBu4 measured in acetonitrile.

Figure II. 16 .

 16 Figure II.16. Dichroic spectra of cinchoninium (cinchoninine/TFA 1:1, red line), cinchonidinium (cinchonidine/TFA 1:1, black line) in acetonitrile at room temperature.

Figure II. 17 .

 17 Figure II.17. LOMA optical setup for SHG studies.

Figure II. 18 Figure II. 18 .Figure II. 19 .

 181819 Figure II.18 reports the spectra measured around the 2 nd harmonic at 550 nm for a powder sample of (-TRISCAS)NBu4. The existence of SHG is clearly seen, and plotting the intensity of the signal measured (as the count at the maximum of the spectra) versus the average power of the irradiating beam confirms the expected quadratic dependence (Figure II.19).

based on 1 , 10 -phenanthroline and 2 , 2 ' 1

 110221 State of the artThe recent remarkable advances in femtosecond resolved techniques, combined with the exponential increases of computational facilities available for theoretical calculations, has induced a flurry of studies on the photophysics of transition metal complexes. In particular Fe(II)-based metal complexes have raised much interest, amongst which figure preeminently [Fe(bipy)3] 2+[1] 

Figure III. 1 .III. 1 . 2

 112 Figure III.1. Stereo-control of the metal-centered chirality by association of chiral labile[FeL3] 2+ complexes with -TRISPHAT anions.[17] 

  -H) aromatic]; 1631w [ν( C=N)imine]; 1593w, 1577w, 1516w, 1477s [ν( C=C)aromatic]; 1427m, 1334w, 1238s, 1203m, 1149w, 1099m [δ(C-H), ν(C-O)]; 1014w, 910w, 875w, 864w, 794s, 736s, 721s, 667s[δ (=C-H), δ(C-H)]. [Fe(phen)3](rac-TRISCAS)2 (complex 2') can also be obtained using a layering procedure : freshly prepared solutions of 1,10-phenanthroline (193 mg, 1.07 mmol) in 5 mL CH2Cl2 and (TRISCAS)NBu4 (456 mg, 0.71 mmol) in 7mL CH2Cl2 were mixed in a Schlenck tube under argon, then layered over with 5 mL of 1:1 CH2Cl2/MeOH mixture and a solution of Fe(H2O)7(SO4) (100 mg, 0.35 mmol) in 5 mL MeOH. After a few days, red cubic single crystal were obtained, filtered and washed with cold methanol. Yield : 225 mg (40 %) . Elemental Anal. Calcd. (%) for C72H48As2FeN6O12(CH2Cl2)1.95 (1560.49 g/mol): C 56.91; H 3.35; N 5.38. Found (%): C 56.96; H 3.31; N 5.45.

  -H), δ(C-H)].

35 mmol) in 5 mL

 5 MeOH together with a little amount of ascorbic acid was mixed in a Schlenck tube under argon with freshly prepared solutions of 1,10-phenanthroline (193 mg, 1.07 mmol) in 5mL CH2Cl2 and (-TRISCAS)cinchonidinium (493 mg, 0.71 mmol; d.e=67%) in 7mL CH2Cl2. After a few days, red microcrystalline powder together with red prismatic single crystals were obtained, then filtered and washed with cold methanol. Yield : 372 mg (68%) Elemental Anal. Calcd. (%) forC72H48As2FeN6O12(H2O)1.3(CH2Cl2)1.7 (1562.677 g/mol): As 9.58; Fe 3.57. Found (%): As 9.44; Fe 3.95.

along the complex 3 -

 3 Figure III.2. Axial interactions of -TRISCAS with the ligands  acidic hydrogens of the [-Fe(phen)3] complex in compound [Fe(phen)3](rac-TRISCAS)2.

Figure III. 3 .

 3 Figure III.3. Lateral interactions between -TRISCAS and -Fe(II) complexes in compound [Fe(phen)3](rac-TRISCAS)2.

1 - 4 III. 3 . 5 . 1 4 Solutions of complexes 1 , 2 ,Table III. 4 . 2 3 2 4

 14351412422 Figure III.9. UV-visible spectra of [Fe(phen)3](TRISCAT)2 1 (magenta line), [Fe(phen)3](rac-TRISCAS)2 2 (black line), [Fe(phen)3](-TRISCAS)2 3A (green line), [Fe(phen)3](-TRISCAS)2 4 (blue line), (rac-TRISCAS)NBu4 (red line) measured in acetonitrile at room temperature. Solutions of complexes 1 and 2 were concentrated (saturation below 350 nm).

Figure III. 12 .

 12 Figure III.12. (left) Circular dichroism spectra (200nm-650nm) in acetonitrile of [Fe(phen)3](-TRISCAS)2 (red line), [Fe(phen)3](-TRISCAS)2 (black line) and [Fe(phen)3](-TRISCAS)2 + 10 eq of TFA. (right) zoom of bands in the UV-region.

Figure III. 11 .

 11 Figure III.11. (left) Circular dichroism spectra (200 nm -650 nm) of [Fe(phen)3](-TRISCAS)2 (red line), [Fe(phen)3](-TRISCAS)2 (black line) and [Fe(phen)3](rac-TRISCAS)2 (green line) in acetonitrile at room temperature. (right) zoom in the UV-region.

Figure III. 14 (III. 3 . 6 2

 14362 Figure III.14 (top) 1 H NMR of [Fe(phen)3](-TRISCAS)2 (d.e(TRISCAS) = 88%) complex 3 in acetone-d6; (bottom) detail of the aromatic region.

Figure III. 16 .

 16 Figure III.16. Powder diffractograms measured on a drop-cast of compound [Fe(phen)3](-TRISCAS)2 on glass (black line), and the pattern calculated from the X-ray structure (red line).

7 )

 7 are very similar to the parent compounds [Fe(phen)3](-TRISCAS)2 and [Fe(phen)3](rac-TRISCAS)2 discussed in (section III.3.4).

Table III. 7 .

 7 Comparison of distances and contacts (Å) for structures 5-8 and their parent compounds [Fe(phen)3](TRISCAS)2 (3A) and [Fe(phen)3](racTRISCAS)2) (2).Part III : Synthesis and characterization of chiral diamagnetic iron (

Figure III. 17

 17 Figure III.17).

Part III :

  Synthesis and characterization of chiral diamagnetic iron (II) complexes based on 1,10-phenanthroline and 2,2'-bipyridine ligandsaxis, but its molecular symmetry is also very nearly threefold. The iron atom is coordinated to all six nitrogen atoms of the three phenantroline ligands with an average distance of 1.97 Å.

Figure III. 18 .

 18 Figure III.18. Crystal structures of complexes : (left) [Fe(phen)3][rac-As2(tartarate)2] 7; (middle) [Fe(phen)3][-As2(tartarate)2] 8; (right) [Fe(phen)3][-As2(tartarate)2] 9 and theirassignment configuration  or .

Figure III. 19 .

 19 Figure III.19. van der Waals representation of homochiral interactions between [Fe(phen)3] 2+ and [As2(tartrate)2] 2-: (left) [Fe(phen)3][rac-As2(tartarate)2]; (middle) [Fe(phen)3][-As2(tartarate)2]; (right) [Fe(phen)3][-As2(tartarate)2].  configurations are represented in blue and  configuration in red.

  .9). The cations form layers between which [As2(tartarate)2] anions are embedded in order to compensate the charge of the layers (Figure III.20). Six ([As2(tartarate)2] anions are interacting with the [Fe(phen)3] 2+ and have the same configuration (Figure III.21). Four of them are almost equidistant (Fe-As ≈ 6.1 Å) and two are farther away (Fe-As ≈ 9.5 Å), see Figure III.22. Two [As2(tartarate)2] anions interact with the cation along two of the twofold symmetry axes of the complex and two other anions are close to the threefold symmetry axis of the complex (Fe-As ≈ 6.1 Å). The anions form hydrogen bonds with the complex: O(anion)•••C-H(complex) ~ 3.146(4) Å, 3.337(3) Å. The methanol and dichloromethane molecules also form hydrogen bond with the complex (O(MeOH)•••C-H(complex) ~ 3.228(2) Å, Cl(CH2Cl2)•••C-H(complex) ~ 3.46(5) Å) and the anion (O(anion)•••C-H(MeOH) ~ 2.785(4) Å, Cl(CH2Cl2)•••C-H(anion) ~ 3.65(6) Å) and they are interacting with each other as well (Cl(CH2Cl2)•••C-H(MeOH) ~ 3.01(5) Å).

Part III :FigureIII. 21 .III. 4 . 5 Optical properties of complexes 7- 9 III. 4 . 5 . 1 9

 214594519 FigureIII.21. Homochiral interaction of six [-As2(tartarate)2] and [-Fe(phen)3] 2+

Figure III. 24 .

 24 Figure III.24. Electronic absorption spectrum of [Fe(phen)3](-As2(tartarate)2) (8) and [Fe(phen)3](-As2(tartarate)2) (9) in acetonitrile measured at room temperature

Part III :

  Figure III.27. (top) Chiral layers, as seen along the crystallographic b axis, of  (blue) and -(red) [Fe(bipy)3] 2+ and TRISCAS for complex 14 . Hydrogen atoms and dichloromethane molecules were omitted for clarity. (bottom) Detail of the homochiral interaction between [Fe(bipy)3] 2+ and the two closest -TRISCAS, as seen perpendicularly to the threefold symmetry axis of the cation. The crystallographic twofold symmetry axis (parallel to the b axis) is vertical in this picture.

Figure III. 26 .

 26 Figure III.26. X-ray structures of (A) complex 14 and (B) complex 15. Hydrogen atoms and solvent molecules are omitted for clarity.

Figure III. 28 .

 28 Figure III.28. (top) Homochiral layers of  helices (in red) for [Fe(bipy)3] 2+ (ball-and-stick representation) and TRISCAS as seen along the crystallographic b axis for complex 15. (bottom) interaction between [Fe(bipy)3] 2+ and TRISCAS as seen perpendicular to the threefold symmetry axis of the cation.

The

  CD spectrum was recorded for a KBr pellet of [Fe(bipy)3](-TRISCAS)2 16 (Figure III.30). It exhibits a feature with positive Cotton effect in the visible region (crossing point about 540 nm) that corresponds to the MLCT transition lowest in energy seen in the electronic spectrum at 550 nm. The absorption band at 480 nm is overlapping with the latter, and is likely to show a negative Cotton effect. The other bands at 388 and 345 nm do not appear to give dichroic signals.

Figure III. 30

 30 Figure III.30 circular dichroism of [Fe(bipy)3(-TRISCAS)2 16 mesaured on KBr pellet between 650 nm and 200nm.

14 Complex

 14 shows that [Fe(bipy)3](rac-TRISCAS)2(CH3CN)(EtOH) 19 and [Fe(bipy)3](rac-TRISCAS)2(EtOH)(H2O)2 20 have shorter hydrogen bonds, C-H(complex)•••O(TRISCAS)= 2.90-3.50 Å and 2.90-3.60 Å respectively, than [Fe(bipy)3](rac-TRISCAS)2(CH3CN) 17 and [Fe(bipy)3](TRISCAS)2(CH3)2CO 18: C-H(complex)•••O(TRISCAS)=3.369Å and 3.10-3.50 Å Part III : Synthesis and characterization of chiral diamagnetic iron (II) complexes based on 1,10-phenanthroline and 2,2'-bipyridine ligands respectively. Complex 20 shows stronger C()•••C() interactions (3.10-3.70 Å) respective to complexes 17, 18 and 19. Moreover, the solvent molecules in the four solvatomorphs form hydrogen bonds with C-H of cation and anion as well as with each other. Average interactions and distances (Å) for the four complexes are shown in TableIII.

  spin crossover complexes with helicoidal hexadentate ligands Crystals of complexes 22 and 23 are of high optical purity as shown by the Flack parameters (0.007(2) and -0.010(3) respectively), although the diastereomeric excess of (-TRISCAS)cinchoninium and (-TRISCAS)NBu4 used in the syntheses of these complexe are 93% and only 67%, respectively. The three complexes contain solvent molecules in their asymmetric units. The asymmetric unit of complex 21 contains two dichloromethane, one methanol and one water molecules, complexes 22 and 23 two dichloromethane molecules respectively, though one of the dichloromethane in 23 is particularly disordered. The high solvent content of 21 likely accounts for weakly diffracting crystals that prevented us from obtaining a well-refined structure. Complexes 21 and 22-23 reveal hetero-and homochiral interactions respectively between anions and the cation (Figure IV.6). Accordingly they show different crystal packing arrangements. The racemic complex 21 appears to cristallize in layers parallel to the (ac) plane (Figure IV.7). Within the layer there is no particular arrangement of the anions and cations, the complex being surrounded by anions of different handedness.

  oxidation and spin states of iron in coordination compounds. Two of the most important parameters derived from a Mössbauer spectrum, i.e., the isomer shift δ and the quadrupole splitting ΔEQ, vary significantly for iron(II) between HS and LS states. Integrated area of the resonance signals may be considered proportional to the concentrations of the coexisting spin states if the difference in the Lamb-Mössbauer factor (ratio of recoil-free to total nuclear resonant absorption) is considered

Figure IV. 9 .

 9 Figure IV.9. (top) Mössbauer spectra of [Fetren(py)3](rac-TRISCAS)2•21 measured at 293K and 4.2K. (bottom) Plot of T versus T for complex 21 measured in the range 10-380K under 10 kOe magnetic field.

complexes 24 and 25 (

 25 Figure IV.13). Diffraction data for two crystals of both polymorphs was collected on the Apex2 diffractometer at low and high temperature. Complexes 24 and 25 crystallize in the centrosymmetric space groups P-1 and P21/c respectively. Crystallographic data for both structures are shown in

Figure IV. 15 .

 15 Figure IV.15. van der Waals representation for homo-and heterochiral interaction between cation and anions in solvatomorphs 24 (left) and 25 (right) respectively.

Figure IV. 16 .

 16 Figure IV.16. Crystal packing of complex 24 at 100 K as seen along the crystallographic a axis (top) and the [01-1] axis (bottom). and  configurations are represented in blue and red respectively. The closest ion pairs are emphasized in ball-and-stick representation. Solvent molecules and hydrogen atoms were omitted for clarity.

  ).
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 17342341 Figure IV.17. Crystal packing of complex 25 at 270 K as seen along the crystallographic b axis (left) and c axis (right). and  configurations are represented in blue and red respectively. The closest ion pairs are emphasized in ball-and-stick representation. Solvent molecules and hydrogen atoms were omitted for clarity.

1 )Figure IV. 18 .

 118 Figure IV.18. Plot of MT versus temperature for bulk [Fetren(6-Mepy)3](rac-TRISCAS)2 measured between 10K and 380K under a 10 kOe magnetic field.

Figure IV. 19 .

 19 Figure IV.19. Plot of MT versus temperature for (left) solvatomorph 24, (right) solvatomorph 25 measured on single monocrystals selected by X-ray diffraction.

  6): at 90 K <Fe-N> = 2.210(2) Å and at 270 K <Fe-N> = 2.232(2) Å. The variation is roughly isotropic this time: at 90 K we have <Fe-Nimine> = 2.137(1) Å and <Fe-Npyridine> = 2.282(1) Å, while at 270 K we have <Fe-Nimine> = 2.154(1) Å and <Fe-Npyridine> = 2.309(1) Å. These variations support a very partial spin crossover as suggested by the -7% decrease of MT between 220 and 60 K. The unit cell volume is seen to decrease by 3.3%, a value in line with mostly thermal contraction. Parameters a and b decrease accordingly by -2% , while c and b remains mostly stable. Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands IV.3.4.4. Origin of the difference in magnetic property between solvatomorphs24 and 25To understand the difference in behaviour between the two solvatomorphs, we investigated the elements that could induce a variation of ligand field between them. In this context, we found that the significant interactions are the TRISCAS anion oxygen atoms hydrogen bonding with the imine hydrogen atoms (Figure IV.20). The C-H(imine) … O distance is between 3.0 and 3.3 Å for solvatomorph 25 while it is above 3.3 Å for solvatomorph 24. We already noted that the closest distances between cation and anions were significantly greater in solvatomorph 24 than in 25 (TableIV.4), and the crystallographic analysis performed above also shows that the Fe-N(imine) bond is shorter by 0.03 Å in solvatomorph 24 respective to 25.

Figure IV. 22 .Fetren

 22 Figure IV.22. Powder diffractogram of batch 1.

2 (Fetren

 2 complex 27) and complex 25 obtained from the same batch. Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands IV.3.5.1 Influence of the homochiral interaction on the ligand field of complexes 26 and 27 When considering the crystal structures at 120 K compared to the ones at 250 K, the two polymorphs 26 and 27 show not only a decrease in the volume of the unit cell (-4.4% for 26, -5.5% for 27) but also a shortening of the Fe-N bonds (Fe-N>=0.192 Å and 0.146 Å for 26 and 27 respectively), evidencing spin crossover in both complexes (Table IV.7). The homochiral interaction is slightly stronger in the LS state of the complexes in comparison to the HS state: the average <FeAs> distance in complex 26 is 7.138 Å at 120 K, versus 7.315 Å at 250 K; similarly in complex 27 <FeAs>= 7.213 Å at 120 K and 7.408 Å at 250 K. It remains far from the short FeAs observed in polymorph II of complex 27.

5 Table IV. 7 .

 57 Difference in contacts (Å) and distances (Å) for complexes 26 and 27 measured at 120K and 250K.Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligandsInteractions between the -TRISCAS anion and [-Fetren(6-Me-py)3] 2+ in complexes 26 and 27 occur mainly through hydrogen bonding of the anion basic oxygen atoms with the acidic imine and pyridyl hydrogens (TableIV.7). The distance of these interactions increases with the temperature: for complex 26 <C-H(imine) … O> increases by 0.1-0.15 Å and <C-H(pyridyl) … O> by 0.05-0.1 Å from 120 K to 250 K , following the change in spin state of the iron(II) complex.

( 6 -

 6 Me-py)3](-TRISCAS)2 from the two synthesized batches (Figure IV.25).

Figure IV. 25 .

 25 Figure IV.25. MT versus temperature for bulk [Fetren(6-Me-py)3](-TRISCAS)2, batches 1 and 2.

Figure IV. 26 . 28 Temperature 9 .Figure IV. 27 .

 2628927 Figure IV.26. Crystal structures of complexes [Fetren(1-Me-Im)3](rac-TRISCAS)2 28, (left) and [Fetren(1-Me-Im)3](-TRISCAS)2 29 (right) measured at 120 K and 300 K respectively. Solvent molecules and hydrogen atoms were omitted for clarity.

Figure IV. 33 .

 33 Figure IV.33. The values obtained for the lower temperatures appear to deviate significantly, likely due to temperature-independent tunnelling effects, so we fitted only values obtained above 52 K.The fit give Ea1= 517(15) cm -1 and k1= 297(2) s -1 for the quicker major component (fitted between 50 and 75% at lower temperatures), and Ea1= 469(15) cm -1 and k1= 11(3) s -1 for the slower minor component.

Figure IV. 34 .

 34 Figure IV.34. Plot of T versus temperature for [Fetren(1-Me-Im)3](-TRISCAS)2 29measured in the range 10-380 K under 10 kOe magnetic field.

  in sealed plastic bags, using 30m-thick polyethylene (up to 350 K) or polypropylene (up to 380 K) films. Bulk samples of both plastic were previously measured to accurately know their diamagnetic and low-temperature paramagnetic contributions. Samples were accurately weighed with a Mettler-Toledo MX5 microbalance.The photomagnetic measurements were realized by coupling the SQUID magnetometer described above with a laser diode light source, with wavelengths 405, 510 or 530, 650, 830 and 980 nm. An adapted Quantum Design sample rod is traversed by a multimode optical fiber airtight sealed with Stycast glue. The sample is prepared by depositing a thin layer of powder (about 0.3 mg, weighed by difference with the microbalance) over a horizontal support made of some food wrapping and a measurement straw cut in half and longitudinally. This technique minimizes the diamagnetic contribution of the sample holder typically down to 4-5.10 -5 emu under 10 kOe magnetic field. It also allows the photo-excitation of a big part of the sample. The mass may be checked by comparing the measurement to measurements performed on bulk sample.

  It is proposed to use the approximation of Simpson. , h=(b-a)/n, xi=a+ih (with x0=a and xn=b).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Generalities on chirality and introduction to spin crossover phenomenon

  Table I.1).

	Part I : Molecular Formula	Constitutional Isomers
				CH 3
	C 4 H 10	CH 3 CH 2 CH 2 CH 3	and	CH 3 CHCH 3
		Butane		Isobutane
	C 3 H 7 Cl	CH 3 CH 2 CH 2 Cl	and	CH 3 CHCH 3
		1-Chloropropane		Cl 2-Chloropropane

Table I .1. Examples of constitutional isomers: Butane; Isobutane and 1-Chloropropane.

 I 

	I.1.3.2 Stereoisomers

Stereoisomers are different from constitutional isomers: they have the same bond constituents connected in the same way, but they differ in the arrangement of atoms in space. Cis-1,2-Dichloroethene and trans-1,2-dichloroethene (Scheme I.

  ).

	H	C CH 3	Br	Br	C CH 3	H	Br	C CH 3	H	H	C CH 3	Br
	H	C	Br	Br	C	H	H	C	Br	Br	C	H
		C 2 H 5		C 2 H 5		C 2 H 5		C 2 H 5
		1			2			3			4	

Part I : Generalities on chirality and introduction to spin crossover phenomenon Spin

  State Trapping"(LIESST).[84] This phenomenon is linked to the difference in d-d absorption bands of the Fe(II) HS and LS state (Figure I.17). The irradiation of the Fe(II) LS state at low temperature induces the population of a HS metastable state.[85] 

	Decurtins et al. reported the possibility
	of converting [Fe(ptz)6](BF4)2(ptz = 1-propyltetrazole) from the LS state to the HS metastable
	state in solid state by light irradiation (550 nm) at temperatures well below the thermal spin
	crossover temperature range. They called this photophysical phenomenon "Light Induced Excited

Part I : Generalities on chirality and introduction to spin crossover phenomenon

  

	higher than the available thermal energy. The 5 T2 1 A1 relaxation of the system occurs by
	tunneling, either direct at low temperatures or thermally activated at higher ones. It can also occur
	directly, by irradiation in the 5 E 5 T2 d-d absorption bands of the HS state at 820nm,
	followed by non-radiative relaxation 5 E 3 T1 1 A1, the last relaxation process being less
	favourable than the earlier. This phenomenon was named by Hauser as reverse-LIESST and was
	demonstrated for the first time in 1986.[86] This possibility of reversible switching of LS↔HS
	states by irradiation with light opened a very interesting perceptive of applying this kind of
	materials in potential applications (for example data storage). It should be noted that reverse-
	LIESST is usually not evidenced when the complexes show a Metal to Ligand Charge Transfer
	band (MLCT), that is usually very intense and roughly in the same region of the visible spectrum
	for ligands found in SCO complexes, ending up masking the d-d 5 E 5 T2 band of HS Fe(II).
	However, it has been shown recently by TD-DFT that the position of this band may lie much
	farther in the infrared than previously thought.[87]
	Indeed this initial model has been much expanded upon, mostly since a majority of SCO
	compounds have either lower symmetries or relevant MLCT bands. Several works have been
	published on the study of the photo-switching process of Fe(II) complexes in solution. The relevant
	photophysics is also of interest for molecular-dyes based photovoltaic cells,[88] or for
	understanding the photophysics of metalloporphyrins, which are important co-factors for the
	photosynthetic process.[89] J. J. McGarvey et al. were the first who described the photo-
	conversion of Fe(II) complexes by using laser pulse experiments.[90] Since then numerous 6 s which is greater than 11 days. A. Hauser has extensively studied theoretical investigations have profited from the quasi-exponential increase in computational
	the photophysics of this model complex and proposed a model involving two successive capabilities and tools, allowing the use of very accurate but heavily computationally demanding
	intersystem crossings (Figure I.17).[85] Irradiation at 515 nm in the 1 T1 1 A1 d-d absorption band calculations such as ab initio Complete Active Space Self-Consistent Field/ multiconfigurational
	of the low spin state at low temperature populates the 1 T1 excited state. The system relaxes non-second-order perturbation theory (CASSCF/CASPT2) and Time-Dependent Density Functional
	radiatively by intersystem crossings to the intermediate triplet state 3 T1 then to the metastable HS Theory (TD-DFT). Complete potential energy curves and spin-orbit coupling between metal-
	state 5 T2. The intermediate 3 T1 state was observed spectroscopically and it was evidenced that centred and MLCT states have been explored for SCO compounds: [Fe(pic)3] 2+ (pic=2-
	irradiation in the 3 T1 1 A1 d-d band at 980 nm resulted in the same trapped 5 T2 state. The system picolylamine);[91] [Fe(1-bpp)2] 2+ (1-bpp=2,6-bis(pyrazol-1-yl)pyridine) [92] and [Fe(tz)6] 2+
	remains then trapped because the 5 T2 energy well is displaced from the 1 A1 one by r, (tz=1-H-tetrazole).[93] The low-spin complexes [Fe(bpy)3] 2+ and [Fe(terpy)2] 2+ have been
	corresponding in this system to the Fe-ligand bond elongation. The resulting energy barrier is considered both as models for SCO compounds with MLCT absorption bands and for photovoltaic
	cell dyes based on Ru(II).[94] The calculated Jablonski diagram of [Fe(tz)6] 2+ (Figure I.18) was

Chiral Sohncke space group pairs (enantiomorphs)

  

	P21m, P2/c, P21c, C2/m, C2/c, Pmmm, Pnnn, Pccm, Pban, Pmma, Pnna, Pmna, Pcca, Pbam, Pccn, Pbcm, Pnnm, Pmmn,
	Pbcn, Pbca, Pnma, Cmmm, Cmcm, Cmca, Cccm, Cmma, Ccca, Fmmm, Fddd, Immm, Ibam, Ibcm, Imma, P-3, R-3, P-31m, P-31c, P-
	3m1, P-3c1, R-3m, R-3c,P6/m, P63/m, P6/mmm, P6/mcc, P63/mcm, P63/mmc, Pm-3, Pn-3, Pa-3, Fm-3, Fd-3, Im-3, Ia-3, Pm-3m, Pn-
	3n, Pm-3n, Pn-3m, Fm-3m, Fm-3m, Fd-3m, Fd-3c, Im-3m, Ia-3d, P4/m, P42/m, P4/n, P42/n, I4/m, I41/a, P4/mmm, P4/mcc, P4/nbm,
	P4/nnc, P4/mbm, P4/mnc, P4/nmm, P4/ncc, P42/mmc, P42/mcm, P42/nbc, P42/nnm, P42/mbc, P42/mcm, P42/nmc, P42/ncm, I4/mmm,
	I4/mcm, I41/amd, I41/acd.
	Achiral Sohncke space groups
	P1, P2, P21, C2, P222, P2221, P21212, P212121, C222, C2221, F222, I222, I212121, P3, R3, P312, P321, R32, P6, P622, P6322, P23,
	P213, F23, I23, I213, P432, P4332, F432, F4132, I432, I4132, I4, I41, P422, I422, I4212, P4, P63, P42, P4212, P4222, P42212.
	P41/P43, P4122/P4322, P41212/P43212, P31/ P32, P3121/P3221, P3112/P3212, P61/P65, P6122/P6522, P62/P64, P6222/P6422,
	P4132/P4232.

non-Sohncke non centrosymmetric space groups:

Pm, Pc, 'Cm, Cc, Pmm2, Pmc21, Pcc2, Pma2, Pca21, Pnc2, Pmn21, Pba2, Pna21, Pnn2, Cmm2, Cmc21, Ccc2, Amm2, Abm2, Ama2, Aba2, Fmm2, Fdd2, Imm2, Iba2, Ima2, P31m, P31c, P3m1, P3c1, R3m, R3c, P-6, P6mm, P6cc, P63cm, P63mc, P-6m2, P-6c2, P-62m, P62c, P-43m, P-43n, F-43m, F-43c, I-43m, I-43d, P-4, I-4, P4mm, P4bm, P42cm, P42nm, P4cc, P4nc, P42mc, P42bc, I4mm, I4cm, I41md, I41cd, P-42m, P-42c, P-421m, P-421c, I-42m, I-42d, P-4m2, P-4c2, P-4b2, P-4n2, I-4m2, I-4c2.

  g.mol -1 ) : calculated C 66.53, H 7.44, N 2.59; experimental C 65.94, H 7.42, N 2.57.

  The enantiomer -TRISPHAT remains in the mother liquor, that is chromatographed on SiO2 and recrystallized from dichloromethane. Both

	enantiomeric	anions	were	obtained	with	d.e.>99%	and	e.e.>96%	for
	(-TRISPHAT)cinchonidinium and (-TRISPHAT)HNBu3 respectively.[19]		
	II.2.2.1 Improved synthesis of tetrachlorocatechol			

TRISPHAT has been previously synthesized in our group. But this long procedure requires

  80 min in the GC chromatogram, corresponding to trichlorocatechol and

	tetrachlorocatechol respetively:
	At RT 8.30 min: trichlorocatechol LRMS (EI, 70ev) Theoretical m/z: 213, Measured m/z
	(relative intensity): 212(100) [M + ], 176(50), 148(39), 113(83), 85(55), 49(37).
	At RT 9.80 min: tetrachlorocatechol LRMS (EI, 70ev) Theoretical m/z: 248, Measured m/z
	(relative intensity): 247(98) [M + ], 214(8), 210(12), 182(14), 174(6), 154(16), 147(24), 118(13),
	111(20), 89(6), 84(8), 49(6).

  1 (265.11 g.mol -1 ) : calculated C 28.09, H

	1.52; experimental C 28.01, H 1.43. 1 H NMR (CDCl3, 400 MHz): δ (ppm) : 5.85 (s, broad,
	2H).						
	The GC-MS analysis evidenced the purity of the product, with only one peak at 9.8 min
	which belongs to the tetrachlorocatechol. LRMS (EI, 70ev) Theoretical m/z: 248, Measured m/z
	(relative intensity): 248(98) [M + ], 217(6), 184(8), 154(11), 147(18), 111(14), 87(19), 83(10).
	Chapter	II.3	Synthesis	and	characterization	of	chiral
	[E2(tartrate)2](NBu4)2 (E=As, Sb)				
	II.3.1 Synthesis of [Sb2(tartrate)2](NBu4)2			

  The reaction was stirred for 48 hrs at room temperature. The white precipitate was filtered and purified on silica column chromatography using a MeOH/ diethylether mixture. The collected white powder fractions were dried under vacuum. The mother

	Part II: Synthesis and resolution of chiral anions
	II.3.2.2 Synthesis and characterization of chiral optically active -and
	[-As 2 (tartrate) 2 ](NBu 4 ) 2
	After we synthesized the rac-[As2(tartrate)2](NBu4)2 anion, we replaced the racemic mixture
	of tartaric acid by enantiopure tartaric acid (d.e ~ 90%), using L-(+)-tartaric acid or D-(-)-tartaric
	acid to form the -and [-As2(tartrate)2](NBu4)2 anions respectively.
	The synthesis of [-As2(tartrate)2](NBu4)2 is very similar to synthesis of the [rac-
	As2(tartrate)2](NBu4)2. Titrated tetrabutylammonium hydroxide (10.86 mL; 20 mmol) was added
	to a flask containing As2O3 (1.97 g; 10 mmol), the solution was stirred for 20 min until all arsenic
	trioxide residues were dissolved, the resulting homogenous solution was transferred to a solution
	containing C40H76As2N2O12(H2O)2.5 (926.880 g.mol -1 ) : calculated C 49.43, H 8.40, N 2.88 ; experimental C
	49.37, H 8.16, N 2.98. IR (ATR, cm -1 ): 2961w, 2938w, 2875w [ν(C-H)]; 1662s(sh), 1660s, 1653s
	[ν( C=O)]; 1485m, 1332s [δ(C-H)]; 1124m [ν(C-O)].
	The synthesis of [-As2(tartrate)2](NBu4)2 proceeds similarly. Titrated tetrabutylammonium
	hydroxide (10.86 mL; 20 mmol) was added to a flask containing As2O3 (1.97 g; 10 mmol), the
	solution was stirred for 20 min until all arsenic trioxide residues were dissolved, the resulting
	homogenous solution was transferred to a solution containing D-(-)-tartaric acid (3.00 g ; 20 mmol)
	dissolved in 50 mL H2O. The white precipitate was filtered and purified on silica column
	liquor of the reaction was slowly dried, colorless crystals suitable for X-ray diffraction were chromatography using a MeOH/diethylether mixture, the collected white powder was dried under
	vacuum. The total yield was 65 % (~ 6.00 grams). Elemental analysis for C40H76As2N2O12(H2O)3.3 obtained. The total yield based on the initial amount of As2O3 was 50% (~ 4.61 g). Elemental (986.33 g.mol -1 ): calculated C 48.70, H 8.44, N 2.84; experimental C 48.60, H 8.63, N 2.91. IR analysis for C40H76As2N2O12(H2O)3.5 (989.93 g.mol -1 ) : calculated C 48.53, H 8.45, N 2.82; (ATR, cm -1 ): 2964w, 2935w, 2877w [ν(C-H)]; 1662s(sh), 1652s, 1645s(sh), 1635s(sh) [ν( C=O)];

As2(tartrate)2](NBu4)2 II.3.2.1 Synthesis and characterization of [rac-As 2 (tartrate) 2 ](NBu 4 ) 2 The synthesis of [rac-As2(tartrate)2](NBu4)2 is similar to the synthesis of antimonyl tartrate, with the following procedure: previously titrated tetrabutylammonium hydroxide (10.86 mL; 20 mmol) was added to a flask containing As2O3 (1.97 g; 10 mmol). The solution was stirred for 20 min until all arsenic trioxide residues were dissolved, the resulting homogenous solution was added to a solution containing mixed equimolar amounts of D-(-)-tartaric acid (1.50 g; 10 mmol) and L-(+)-tartaric acid (1.50 g; 10 mmol) dissolved in 50 mL H2O. After few minutes stirring, a white solid started to precipitate. experimental C 48.58, H 8.62, N 2.94. IR (ATR, cm -1 ): 2964w, 2939w, 2922w, 2877w, [ν(C-H)]; 1662s(sh), 1646s [ν( C=O)]; 1486m, 1354s [δ(C-H)]; 1125m [ν(C-O)]. L-(+)-tartaric acid (3.00 g ; 20 mmol; d.e ~ 90%) dissolved in 50 mL H2O. This resulted directly in the formation of a white precipitate. The reaction was stirred for 12 hrs more at room temperature. The white precipitate was filtered and recrystallized from acetone yielding large crystals that were isolated and dried under vacuum. Needle-like crystals formed in the mother liquor under slow evaporation. The total yield was 83 % (~ 7.26 g). Elemental analysis for 1486m, 1341s [δ(C-H)]; 1125m [ν(C-O)].

NBu4)2 Part II: Synthesis and resolution of chiral anions

  Some selected bond distances and angles for the  and  isomers as well as for the racemic arsenyl tartrate are shown in TableII.2a and II.2b respectively. Those distances and angles are very similar along the three isomers (, , racemic) with an average As-O(hydroxyl) distance of

	1.791(4) Å and As-O(carboxyl) around 2.021(4) Å.	
			-As2(tartrate)2] 2-	As2(tartrate)2] 2-	[rac-As2(tartrate)2] 2-
	As1-O5		2.044(4)		1.997(4)	2.001(3)
	As1-O7		1.796(4)		1.794(4)	1.792(3)
	As1-O11		1.791(4)		1.798(4)	1.797(3)
	As1-O13		2.003(4)		2.048(4)	2.040(3)
	As2-O8		1.793(4)		1.784(4)	1.784(3)
	As2-O9		2.000(4)		2.035(5)	2.036(3)
	As2-O14		1.781(4)		1.800(4)	1.801(3)
	As2-O15		2.031(5)		2.010(4)	2.007(3)
	C1-O9		1.284(8)		1.277(9)	1.280(6)
	C2-O8		.0850(14) 1.410(8)		21.099(2) 1.423(7)	21.148(4) 1.414(5)
	b (Å) C3-O7		22.5516(15) 1.421(7)		22.521(3) 1.417(7)	22.484(4) 1.418(5)
	c (Å) C4-O6		10.4629(7) 1.229(8)		10.4663(12) 1.213(7)	10.4604(17) 1.217(5)
	C4-O5		1.292(8)		1.294(7)	1.293(5)
	α=β=γ (°) C5-O12		1.220(7)		90 1.237(7)	1.232(5)
	Volume/Å 3 C5-O13		4975.1(6) 1.281(8)		4973.4(10) 1.286(7)	4973.8(15) 1.288(5)
	Goodness-of-fit (S) C6-O11	1.048 1.417(7)		1.041 1.410(7)	1.059 1.412(5)
	ρcalc (g.cm -3 ) C7-O14		1.32 1.424(8)		1.321 1.409(7)	1.321 1.411(5)
	R1 (all) C8-O15		0.0419 1.281(9)		0.0912 1.297(8)	0.0486 1.284(5)
	C1-C2		1.525(9)		1.541(1)	1.533(6)
	wR2 (all) C2-C3		0.0791 1.527(8)		0.1187 1.516(8)	0.0946 1.522(5)
	(/)max C3-C4		0.007 1.531(9)		0.001 1.525(9)	0.001 1.520(6)
	max / min C5-C6		0.57/-0.24 1.527(9)		0.78/-0.71 1.528(8)	0.90/-0.49 1.539(6)
	Flack parameter C6-C7	0.011(4) 1.523(9)		0.024(4) 1.543(7)	0.010(9) 1.526(5)
	C7-C8		1.525(10)		1.514(8)	1.540(6)
	Table	II.1.	Crystallographic	data	for	[-As2(tartrate)2](NBu4)2,

[-As2(tartrate)2](NBu4)2 and [rac-As2(tartrate)2](Table II.2a. Comparison of bond distances for ,  and

racemic arsenyl tartrate anions. Part II: Synthesis and resolution of chiral anions

  

		[-As2(tartrate)2] 2-	As2(tartrate)2] 2-	[rac-As2(tartrate)2 2-
	O11-As1-O7	102.93(19)	103.62(18)	103.19(13)
	O11-As1-O13	84.69(18)	84.29(16)	84.22(12)
	O7-As1-O13	86.33(18)	83.83(17)	83.88(12)
	O7-As1-O5	84.28(18)	84.81(17)	85.06(12)
	O13-As1-O5	163.19(18)	163.22(17)	163.38(12)
	O14-As2-O9	85.67(19)	84.30(18)	84.08(13)
	O8-As2-O9	84.62(18)	84.7(2)	84.53(14)
	O8-As2-O15	84.09(19)	85.77(18)	85.81(13)
	O9-As2-O15	163.17(19)	163.35(18)	163.24(12)
	O14-As2-O15	84.5(2)	84.44(17)	84.55(12)

O11-As1-O5 83.87(17) 86.42(17) 86.28(12) Table II.2b. Selected angles of ,  and racemic arsenyl tartrate anions.

Table II .6. Crystallographic data for both solvatomorphs of [As(C6H4O2)3]NBu4.

 II 

	Formula weight	687.72	638.63
	Temperature (K)	120(2)	100(2)
	Crystal system	monoclinic	triclinic
	Space group	P21/c	P1
	a (Å)	12.769(3)	9.8611(6)
	b (Å)	17.059(4)	11.9715(8)
	c (Å)	16.946(5)	29.750(2)
	α/β/γ (°)	90/104.351(8)/90	97.018(3)/94.123(3)/111.333(3)
	Volume/Å 3	3576.1(16)	3221.1(4)
	Goodness-of-fit (S)	1.042	1.064
	ρcalc (g.cm -3 )	1.277	1.317
	R1(all)	0.0456	0.0670
	wR2(all)	0.0924	0.1277
	(/)max	0.001	-0.004
	max / min	1.76/ -0.76	1.12/ -0.99
	Flack parameter	------	0.011(3)

Table II .7. Summary of color, mass, optical rotation and elemental for the three fractions obtained using procedure B. 123 Part II: Synthesis and resolution of chiral anions

 II .7).So, as shown from the above TableII.4, procedure B does not provide a product chemically and optically pure. Rosenheim and Plato reported

	CHNS analysis of the three precipitation fractions of procedure B :	
	First precipitation: elemental analysis for (C19H22N2O)0.5As(C6H4O2)3(H2O)1.6 (574.88
	g.mol -1 ) : calculated C 57.40, H 4.59, N 2.43; experimental C 57.31, H 4.49, N 2.70.	
	Second precipitation: elemental analysis for C37H35AsN2O7(C19H22N2O)1.5(H2O)2.8
	(1186.63 g.mol -1 ) : calculated C 66.29, H 6.25, N 5.90; experimental C 66.22, H 6.24, N 5.90.
	Third precipitation : elemental analysis for C19H22N2O (295.39 g.mol -1 ) : calculated C 77.25,
	H 7.84, N 9.48; experimental C 77.24, H 7.83, N 9.41.	
		Color	Mass (g)	Optical rotation (°)	Elemental analysis
	First precipitation	Intense yellow	10.70	+ 0.901 (Conc. 0.5 g/ 25 mL acetone)	Impure
	Second precipitation	White	1.75	-0.357 (Conc. 0.1 g/ 25 mL acetone)	Contains cinchonine
	Third precipitation	White	1.65	+ 1.866 (Conc. 0.1 g/ 25 mL acetone)	Cinchonine

Synthesis and resolution of chiral anions

  

	Elemental analysis of mother liquor for C37H35AsN2O7(C19H22N2O)0.1(H2O)1.1
	(743.86 g.mol -1 ): calculated C 62.80, H 5.33, N 4.14; experimental C 62.86, H 5.52, N 3.83;
	calculated: []	20 𝐷	= -311° (d.e.>100%). The diastereomeric excess of the mother liquor is higher
	than 100% if we assume that the reported value [16] ([]
			1 for C37H35AsN2O7(C19H22N2O)0.07 (715.21 g.mol -1 ):

calculated C 64.36, H 5.14, N 4.19; experimental C 64.34, H 5.26, N 4.28; calculated: []

20 𝐷 = +176° (d.e=67%). The yield of fraction 1 was 35 %.

Part II:

Synthesis and characterization of chiral diamagnetic iron (II) complexes based on 1,10-phenanthroline and 2,2'-bipyridine ligands

  

	1512w, 1485m [ν(C=C)aromatic]; 1427w, 1412w, 1354w, 1246m, 1211m, 1146w, 1099w [δ(C-
	H), ν(C-O)]; 1011w, 980w, 941w, 907w, 875w, 841w, 822m, 725s, 667m [δ (=C-H), δ(C-H)].
	Chapter III.3 Synthesis and characterization of [Fe(phen)3](TRISCAS)2 2-6	
	III.3.1 Synthesis of [Fe(phen)3](rac-TRISCAS)2 2				
	Synthesis of [Fe(phen)3](rac-TRISCAS)2 (complex 2): Fe(H2O)7(SO4) (100 mg, 0.35 mmol)
	in 5 mL MeOH together with a little amount of ascorbic acid was mixed in a Schlenck tube under
	argon with freshly prepared solutions of 1,10-phenanthroline (193 mg, 1.07 mmol) in 5mL CH2Cl2
	and (TRISCAS)NBu4 (456 mg, 0.71 mmol) in 7mL CH2Cl2. After a few days, red microcrystalline
	powder together with red cubic single crystals were obtained, then filtered and washed with cold
	methanol.	Yield	:	235 mg	(42%).	Elemental	Anal.	Calcd.	(%)	for
	C72H48As2FeN6O12(H2O)1.5(CH2Cl2)1.						
	1,10-phenanthroline (216 mg, 1.20 mmol) and [TRISCAT(HNBu3)] (433 mg, 0.80 mmol) in 4 ml
	of distillated dichloromethane in a Schlenck tube under argon, were layered 5 mL of a 1:1
	CH2Cl2/MeOH mixture and then Fe(H2O)7(SO4) (111 mg, 0.40 mmol) in 10 mL MeOH. After a
	few weeks, red plate single crystals were obtained, then filtered and washed with cold methanol.
	Yield: 380 mg (65%) . Elemental Anal. Calcd. (%) for C72H48P2FeN6O12(CH2Cl2)1.1(H2O)3

(1454.

44 

g/mol): C 60.36; H 3.89; N 5.77. Found (%): C 60.38; H 3.76; N 5.71. IR of 1 (ATR, cm -1 ): 3071w, 3055w, 3036w [ν(C-H) aromatic]; 1647w, 1632w, [ν( C=N)imine]; 1600w, 1578w, Part III : 7 (1566.280 g/mol): As 9.56; Fe 3.56; C 56.51; H 3.50; N 5.36. Found (%): As 9.38; Fe 3.75; C 56.53; H 3.49; N 5.53. IR of 2 (ATR, cm -

Table III .6. van der Waals representation of the crystal structure of crystals 2, 3, 5 and 6.  helices are shown in blue and  helices in red.

 III 

	Crystal number	3A	5	6	2	7	8
	Fe-As(triad)	5.720	5.759	5.757	5.716	5.755	5.780
	Fe-As(shell)	9.194	9.196	9.115	9.193	9.109	9.138
	As(shell)-As(shell)	10.426	10.425 10.330	10.423	10.322	10.359
	C-H•••Cl	(3.349(5); 2.980(4))	----	---	(3.342(7); 2.991		

Table III .5. Crystallographic data of crystals obtained from [Fe(phen)3](-TRISCAS)2 and [Fe(phen)3](rac-TRISCAS)2 respectively upon recrystallization from acetonitrile. Part III : Synthesis and characterization of chiral diamagnetic iron (II) complexes based on 1,10-phenanthroline and 2,2'-bipyridine ligands

 III 

	III.3.7.1.1 Circular dichroism of [Fe(phen)3](rac//-TRISCAS)2 recrystallized from acetonitrile in the		
	solid state						
	Empirical formula	C74H52As2Cl4FeN6O12	C76H54As2FeN8O12	C76H48As2FeN8O12	C74H52As2Cl4FeN6O12	C76H54As2FeN8O12
	Formula weight	1564.70	1476.96	1470.91	1564.70	1476.96	
	Temperature (K)		120(2)			200(2)	120(2)
	Crystal system			trigonal		
	Space group			R32			
	a (Å)	15.1477(3)	15.015(3)	15.021(2)	15.147(4)	15.0584(14)	15.0122(18)
	c (Å)	25.6671(5)	25.696(5)	25.691(5)	25.656(7)	25.789(4)	25.676(5)
	α/β/γ (°)			90/90/120		
	Volume/Å 3	5100.4(2)	5017.1(19)	5020.0(18)	5097.5(3)	5064.3(12)	5011.2(15)
	Goodness-of-fit (S)	1.072	1.078	1.046	1.050	1.071	1.071
	ρcalc (g.cm -3 )	1.524	1.467	1.460	1.529	1.453	1.468
	R1 (all)	0.0376	0.0369	0.0477	0.0462	0.0242	0.0309
	wR2 (all)	0.1064	0.0732	0.0797	0.1094	0.0619	0.0740
	(/)max	0	-0.001	0	0.015	-0.002	-0.001
	max / min	0.90/-1.67	0.54 / -0.48	0.75 / -0.61	0.91 / -1.72	0.37 / -0.35	0.44 / -0.72
	Flack parameter	0.161(14)	0.012(4)	-0.004(6)	0.474(15)	0.062(2)	0.007(4)
	<Fe-N> (Å)	1.971	1.971	1.971	1.972	1.972	1.971

Table III .8. Crystallographic data for X-ray structures of complexes 7-9.

 III 

	group	P3121		P3221
	a (Å)	18.415(3)	18.3549(19)	18.324(6)
	c (Å)	11.8794(16)	11.8899(12)	11.894(4)
	α/β/γ (°)		90/90/120	
	Volume/Å 3	3488.8(11)	3469.1(8)	3459(2)
	Goodness-of-fit (S)	1.129	1.182	1.108
	ρcalc (g.cm -3 )	1.648	1.681	1.686
	R1 (all)	0.0478	0.0370	0.0964
	wR2 (all)	0.1252	0.0922	0.1291
	(/)max	0	0	0
	max / min	0.85/-0.45	0.54/-0.39	0.64/-0.79
	Flack parameter	--	0.017(2)	0.018(6)

Table III .9. Comparison of distances and contacts (Å) of complexes 7-9 measured at 120K.

 III 

	•••C-H(complex)	3.140(6); 3.33(1)	3.136(6); 3.341(6)	3.164(1); 3.34(2)
	C()•••C() interactions	3.485(1); 3.718(2)	3.507(4); 3.705(7)	3.42(2); 3.702(2)
	O(MeOH)•••C-H(complex)	3.26(2)	3.23(2)	3.195(3)
	O(anion)•••C-H(MeOH)	2.78(1)	2.777(9)	2.80(2)
	O(anion)•••C-H(CH2Cl2)	3.53(4)	3.55(3)	3.53(4)
	Cl(CH2Cl2)•••C-H(anion)	3.65(5)	3.70(4)	3.61(9)
	Cl(CH2Cl2)•••C-H(MeOH)	2.94(6)	3.03(4)	3.06(6)
	Cl(CH2Cl2)•••C-H(complex)	3.50(5)	3.45(3)	3.44(7)
	Fe-As	6.1175(6), 6.1709(2), 8.0425(8)	6.1180(10), 6.1593(5), 8.0656(7)	6.1279(14), 8.0919(18), 6.1158(6)
	<Fe-N>	1.970	1.969	1.968

Synthesis and characterization of chiral diamagnetic iron (II) complexes based on 1,10-phenanthroline and 2,2'-bipyridine ligands Parent complex [Fe(phen)3] [-As2(tartarate)2] [Fe(phen)3] [-As2(tartarate)2] [Fe(phen)3] [rac-As2(tartarate)2] Solvent Distillated CH3CN

  .11).

	Part III : Recrystallized Complex	[Fe(phen)3] [-As2(tartarate)2] (H2O)4	[Fe(phen)3] [-As2(tartarate)2] (H2O)4	[Fe(phen)3] [rac-As2(tartarate)2] (H2O)8		[Fe(phen)3] [rac-As2(tartarate)2] (H2O)4	
	Complex number	10	11	12	10	13	13	10
	Empirical formula	C44H36As2FeN6O16	C44H36As2FeN6O16	C44H44As2FeN6O20		C44H36As2FeN6O16	
	Formula weight	1110.47	1110.47	1182.53	1110.47	1110.47	1110.47	1110.47
	Temperature (K)			120(2)			
	Crystal system			Trigonal			
	Space group	P3121	P3221	P32		P3121	
	a (Å)	18.408(3)	18.429(4)	18.411(4)	18.398(7)	18.430(2)	18.405(4)	18.410(4)
	c (Å)	11.901(3)	11.886(3)	11.903(3)	11.886(10)	11.9056(17)	11.902(2)	11.895(3)
	α/β/γ (°)			90/90/120			
	Volume/Å 3	3492.6(14)	3496.1(18)	3494.1(18)	3484(4)	3502.1(9)	3491.6(16)	3491.2(18)
	Goodness-of-fit (S)	1.136	1.150	1.012	0.920	1.057	1.008	1.189

ρcalc (g.cm -3 )

  

		1.642	1.695	1.663	1.668	1.676	1.664	1.647
	R1 (all)	0.0506	0.0819	0.1435	0.2589	0.1626	0.1834	0.0844
	wR2 (all)	0.1214	0.1647	0.1221	0.2870	0.1609	0.1466	0.1722
	(/)max	0	0	0	0	0	0	0
	max / min	0.57/-0.57	1.41/-1.49	0.86/-0.90	0.91/-0.68	0.89/-0.75	0.71/-0.92	1.37/-1.48
	Flack parameter	0.020(3)	0.060(4)	-0.002(7)	-0.02(5)	0.302(8)	0.319(7)	0.046(4)
	<Fe-N> (Å)	1.9652(6)	1.9741(6)	1.9679(5)	1.9972(8)	1.96558(13)	1.9633(3)	1.9649(5)

Table III .10. Crystallographic data of compounds 10-13 obtained from recrystallization in distillated acetonitrile. Part III : Synthesis and characterization of chiral diamagnetic iron (II) complexes based on 1,10-phenanthroline and 2,2'-bipyridine ligands Chapter III.5 Synthesis and characterization of [Fe(bipy)3](TRISCAS)2 14-20 III.5.1 Synthesis of [Fe(bipy)3](rac-TRISCAS)2 14

 III 

	Synthesis of [Fe(bipy)3](rac-TRISCAS)2 (complex 14): Fe(H2O)7(SO4) (100 mg,
	0.35 mmol) and a little amount of ascorbic acid in 5mL MeOH was mixed in a Schlenck tube under
	argon with freshly prepared solutions of 2,2'-bipyridyl (164 mg, 1.05 mmol) in 5mL 1:1
	MeOH/CH2Cl2 and (rac-TRISCAS)NBu4 (456 mg, 0.71 mmol) in 5mL 1:1 MeOH/CH2Cl2 . After
	a few days, red powder and red prismatic single crystals were obtained, filtered and washed with
	cold methanol. Yield : 250 mg (52 %). Elemental Anal. Calcd. (%) for
	C66H48As2FeN6O12(H2O)2(CH2Cl2)0.3 (1384.318 g/mol): C 57.52; H 3.82; N 6.07. Found (%): C
	57.57; H 3.80; N 6.09. IR of 14 (ATR, cm -1 ): 3110w, 3074w, 3055w, 3035w, 3008w [ν(C-H)
	aromatic]; 1651w [ν( C=N)imine]; 1602w, 1589w, 1477s [ν( C=C)aromatic]; 1445w, 1337w, 1311w,
	1239s, 1203w, 1173w, 1100w [δ(C-H), ν(C-O)]; 1018w, 920w, 906w, 876w, 865w, 798s, 768m,
	729s, 670s [δ(=C-H), δ(C-H)].

Table III .12. Crystallographic data of complexes 14-16 measured at 120 K. Part III : Synthesis and characterization of chiral diamagnetic iron (II) complexes based on 1,10-phenanthroline and 2,2'-bipyridine ligands below

 III 300 nm can be assigned to overlapping -* transitions bands for both the counteranion and the cationic complex. III.5.5.2 Circular dichroism of complex 16 in solid state

				(H2O)6(CH3OH)2
	Complex number	14	15	16
	Empirical formula C68H52As2Cl4Fe1N6O12 C71H60As2Cl8FeN6O13 C68H68As2FeN6O20
	Formula weight	1492.67	1694.57	1494.98
	Temperature (K)	120(2)	120(2)	120(2)
	Crystal system	monoclinic	orthorhombic	trigonal
	Space group	C2/c	P212121	R3
	a (Å)	13.261(3)	12.9578(10)	29.241(3)
	b (Å)	20.705(3)	19.1720(15)	29.241(3)
	c (Å)	21.617(4)	28.654(2)	25.352(2)
	α/β/γ (°)	90/98.686(10)/90	90/90/90	90/90/120
	Volume/Å 3	5867.4(17)	7118.5(10)	18773(4)
	Goodness-of-fit (S)	1.104	1.121	1.824
	ρcalc (g.cm -3 )	1.594	1.574	1.462
	R1 (all)	0.1377	0.1171	0.1761
	wR2 (all)	0.1942	0.2419	0.4234
	(/)max	0	0	-2.658
	max / min	1.37/-1.04	1.31/-1.15	2.01/-3.47
	Flack parameter	----	0.180(3)	0.25(3)
	<Fe-N> (Å)	1.967	1.968	1.95

Table III .13. Crystallographic data of complexes 17-20. Part III : Synthesis and characterization of chiral diamagnetic iron (II) complexes based on 1,10-phenanthroline and 2,2'-bipyridine ligands

 III 

	Complex	[Fe(bipy)3](racTRISCAS)2 (CH3CN)	[Fe(bipy)3](-TRISCAS)2 (CH3)2CO	[Fe(bipy)3](-TRISCAS)2 (CH3CN)(EtOH)	[Fe(bipy)3](-TRISCAS)2 (EtOH)(H2O)2
	Crystallization Solvent	CH3CN	(CH3)2CO	EtOH/CH3CN	EtOH/CH3CN/NaOH(little)
	Complex Number	17	18	19	20
	C-H(complex)•••O(TRISCAS)	3.369	3.10-3.50	2.90-3.50	2.90-3.60

Table III .14. Average contacts and distances (Å) for complexes 17-20. Part III : Synthesis and characterization of chiral diamagnetic iron (II) complexes based on 1,10-phenanthroline and 2,2'-bipyridine ligands properties

 III of these noncentrossymetric materials, in particular using the possibility of switching to a metastable high-spin state by ultrafast optical pumping in these low spin materials.

	We have shown that some complexes which have a Flack parameter deviating strongly from	
	zero are indeed truly twinned by inversion: [Fe(phen)3](-TRISCAS)2, [Fe(phen)3](rac-	
	TRISCAS)2). Nevertheless some partial spontaneous resolution was observed starting from those	
	complexes when recrystallization in acetronitrile was tried. A similar behaviour was observed with	
	the [Fe(phen)3][rac//-As2(tartarate)2] complexes. A summary for the obtained complexes in	
	this chapter is shown in the table below.			
		1.965	1.975	1.969	1.979
	Fe-As	6.6532(16), 6.6532(16)	6.5126(12), 7.9420(12)	7.240(2), 6.3297(15)	6.4319(18), 7.263(2)
	As-As	7.20-9.00	6.90-8.40	7.00-9.00	7.00-9.00

23) respectively. Blue and red color represent  and -helicoidal configurations respectively. Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands

  

		[Fetren(py)3](rac-TRISCAS)2	[-Fetren(py)3](-TRISCAS)2	[-Fetren(py)3](-TRISCAS)2
		(CH2Cl2)2(CH3OH)(H2O)	(CH2Cl2)2	(CH2Cl2)2
	Complex number	21	22	23	
	Empirical formula	C63H61As2Cl4FeN7O14	C62H55As2Cl4FeN7O12	C62H59As2Cl2FeN7O14
	Formula weight	1487.69	1437.63	1402.76	
	Temperature (K)	120(2)	120(2)	120(2)	250(2)
	Crystal system	triclinic	orthorhombic	
	Space group	P-1		P212121	
	a (Å)	12.6833(10)	11.5502(4)	11.5638(5)	11.6303(7)
	b (Å)	13.7021(11)	19.8202(7)	19.8173(9)	19.9324(14)
	c (Å)	21.1780(16)	25.7160(9)	25.6875(11)	25.8641(18)
	α / β / γ (°)	74.138(3)/84.731(3)/67.081(3)		90/90/90	
	Volume/Å 3	3260.4(4)	5887.1(4)	5886.6(4)	5995.8(7)
	Goodness-of-fit (S)	1.052	1.020	1.035	1.008
	ρcalc (g.cm -3 )	1.451	1.624	1.558	1.530
	R1 (all)	0.1478	0.0474	0.0630	0.0931
	wR2 (all)	0.2921	0.0919	0.0728	0.0854
	(/)max	0.00	0.001	-0.001	0.001
	max / min	1.97/-1.04	1.33/-1.02	0.89/-0.67	0.39/-0.49
	Flack parameter	----	0.007(2)	-0.010(3)	-0.013(4)

Table IV .1. Crystallographic data for complexes 21-23. Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands

 IV The average Fe-N bond length is very similar for complexes 21 (1.974 Å) and 22 (1.963 Å).

Table IV .2. Contacts and selected distances (Å) for the crystal structures of complexes 21 and 22. Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands to

 IV .714, 3.424 be negligible between spin states.[25,26] Magnetic and Mössbauer measurements (at 4.2 K and 293K) were performed on complexes [Fetren(py)3](rac-TRISCAS)2 21 and [-Fetren(py)3](-TRISCAS)2 22 to confirm the low spin state that was deduced from the X-ray crystal structure (TableIV.2).

		Fe-As		7.001(2), 7.009(2), 7.046(2), 7.889(2), 7.935(2)	6.566, 6.993, 7.801, 8.488, 8.952
		As-As			6.70-8.50	6.80-9.60
		<Fe-N>			1.974	1.963
	Complex 21 shows anomalously high MT values for a diamagnetic compound over the
	whole	temperature	range	measured	(10K-380K)	(T(380K= 1.09 cm 3 .K.mol -1 ,
	T					

Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands

  

	H 4.44; N 7.01. Found (%): C 54.74; H 4.39; N 7.28. IR of 26 (ATR, cm -1 ): 3067w, 3028w [ν(C-
	H) aromatic]; 2949w, 2839w [ν(C-H)alkyl];1631 [ν(C=N)imine]; 593w, 1578w, 1516w, 1477s
	[ν( C=C)aromatic]; 1427m, 1334w, 1238s, 1204m, 1149w, 1099m [δ(C-H), ν(C-O)]; 1015w,
	910w, 876w, 864w, 795s, 737s, 668s [δ(=C-H), δ(C-H)].
	Cubic red crystals of [Fetren(6-Me-py)3](-TRISCAS)2 (complex 27) were synthesized in
	the same manner as complex 24: a solution of (-TRISCAS)cinchoninium (333 mg, 0.48 mmol,
	d.e.=93%) dissolved in 5mL of a 3:2 mixture of distillated CH2Cl2/MeOH, was layered over with
	2 mL of a 1:1 mixture of CH2Cl2/MeOH, then with solution B (3 mL, 0.24 mmol). After 10 days,
	the compound was filtered and washed with diethyl ether and cold methanol. Yield: 304 mg (54%).
	Elemental Anal. Calcd. (%) for C63H57As2FeN7O12(CH2Cl2)1.2(H2O)2 (1447.80 g/mol): C 53.25; H
	4.41; N 6.77. Found (%): C, 53.11; H, 4.42; N, 7.00. IR of 27 (ATR, cm -1 ): 3072w, 3058w [ν(C-
	H) aromatic]; 2990w, 2972w, 2901w [ν(C-H)alkyl];1649w [ν( C=N)imine]; 1596w, 1478s

[ν(C=C)aromatic]; 1409w, 1336w 1237s, 1202w, 1171w, 1101m, 1076m, 1046m [δ(C-H), ν(C-O)]; 1018m, 907w, 878w, 865m, 797s, 736s, 669s [δ(=C-H), δ(C-H)].

Mononuclear spin crossover complexes with helicoidal hexadentate ligands Fetren(6-Me-py)3](rac-TRISCAS)2(CH2Cl2)5 Fetren(6-Me-py)3](rac-TRISCAS)2(CH2Cl2)2 Complex 24 25 Empirical formula

  Table IV.3.

	Part IV: C68H67As2Cl10FeN7O12	C65H61As2Cl4FeN7O12	C65H61As2Cl4FeN7O12	C65H61As2Cl4FeN7O12
	Formula weight	1734.51		1479.71	1479.71	1479.71
	Temperature (K)	100	250	90	180	270
	Crystal system	triclinic		monoclinic	monoclinic	monoclinic
	Space group	P-1		P21/c	P21/c	P21/c
	a (Å)	13.2482(6)	13.6309(16)	24.3846(9)	24.5816(11)	24.7932(14)
	b (Å)	14.7125(7)	14.9864(16)	11.9764(4)	12.0543(5)	12.1529(7)
	c (Å)	19.2920(9)	19.529(2)	21.4495(8)	21.4692(10)	21.4622(12)

α/β/γ (°)

ρcalc (g.cm -3 )

  

		1.6070	1.370	1.059	1.031	1.044
		1.252	1.462	1.576	1.551	1.525
	R1 (all)	0.1370	0.2426	0.0500	0.0466	0.0660
	wR2 (all)	0.3695	0.4299	0.1026	0.0884	0.1189
	(/)max	0.044	-0.001	0.002	-0.002	-0.001
	max / min	7.30/ -1.95	2.48/-1.80	1.02/-1.21	0.98/-1.16	0.74/-0.98

Table IV .3. Crystallographic data for polymorph I (complex 24) and II (complex 25). Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands

 IV 

		24		25	
	Temperature (K)	100	250	90	270
	Type of interaction	homochiral	heterochiral
	Fe … As1 (Å)	7.133(1)	7.219(2)	6.4298(6)	6.4890(6)
	Fe … As2 (Å)	7.055(1)	7.346(2)	6.8257(7)	6.8954(8)
	IV.3.3.1. Crystal packing of complex 24		
	Closest interactions for the anions-cation ion pairs are homochiral and almost equivalent
	(Table IV.4), with a difference of only about 0.1 Å. When identifying both the closest anion (As2
	at 100 K) to materialize the ion pair constituted with the iron complex, and color-coding the

handedness of the helices, we obtain Figure IV.16. It can be seen that those ion pairs stack as homochiral columns along the crystallographic a axis. Columns of opposite handedness are paired by the inversion symmetry of the packing, and those column pairs are separated by the remaining

Table IV .4. Significant contacts and distances in solvatomorphs 24 and 25.

 IV 

		
		
	Homochiral Interaction	Heterochiral Interaction

Table IV .5. Variation of unit cell parameters and MT values between 100 K and 250 K for solvatomorph 24, between 90 K and 270 K for solvatomorph 25.

 IV 

		1.2	3.5	-66
	a (Å)	13.2482(6)	13.6309(16)	-2.9
	b (Å)	14.7125(7)	14.9864(16)	-1.9
	c (Å)	19.2920(9)	19.529(2)	-1.2
	α/β/γ(°)	80.639(2)/89.303(3)/ 85.428(3)	80.688(6)/88.777(7)/ 84.204(7)	-0.06/+0.60/+1.40
	Volume/Å 3	3698.4(4)	3916.6(7)	-5.9
	Fetren(6-Me-py)3](rac-TRISCAS)2(CH2Cl2)2 25	(90 K-270 K) (%)
	Temperature (K)	90	270	180
	MT (cm 3 .K.mol -1 )	3.9	4.2	-7.0
	a (Å)	24.3846(9)	24.7932(14)	-1.7
	b (Å)	11.9764(4)	12.1529(7)	-1.5
	c (Å)	21.4495(8)	21.4622(12)	-0.1
	β (°)	95.310(1)	94.756(2)	+0.6
	Volume/Å 3	6237.2(4)	6444.5(6)	-3.3

Table IV .9. Variation of hydrogen bonding contacts and Fe-As distances for complex 28, 29 and 30 at different temperatures. Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands

 IV 

		120(2)	250(2)	300(2)	320(2)	296(2)	120(2)	250(2)
		3.294(3)	3.273(4)	3.287(4)	3.291(6)		3.317(3)	3.331(3)
	C-H(imine)•••O(TRISCAS)( Å)	3.955(3)	3.74(4)	4.077(5)	4.104(7)	3.428(5), 3.500 (5)	3.473(3)	3.494(3)
		4.602(3)	4.072(4)	4.265(5)	4.256(6)		3.524(3)	3.542(3)
	Fe-As1( Å)	6.9921(16) 7.1109(19) 7.1284(13)	7.1375(17)		6.5792(10)	6.6070(14)
	Fe-As2( Å)	7.4587(15) 7.4169(17) 7.4397(14)	7.4447(17)	7.1616(7)	7.283(1)	7.3139(10)
	Fe-As3( Å)	7.515(2)	7.546(2)	7.5593(15)	7.5612(18)		7.4453(10)	7.4837(11)
	Fe-Navg	1.9776(18)	2.178(2)	2.196(3)	2.195(4)	1.971(3)	1.9551(19)	1.9663(19)
	Fe-Napical	3.335(2)	2.969(3)	2.928(3)	2.906(4)	3.303(2)	3.348(2)	3.378(2)
	Type of interaction				Homochiral		
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Part II: Synthesis and resolution of chiral anions

Chapter II.1 : Objectives and strategy

II.1.1 state of the art and Strategy

We have seen in the introduction the few examples reported on the synthesis of chiral SCO compounds. Most of these examples were obtained by serendipity through spontaneous resolution, which mostly generates conglomerates of achiral crystals [1]. Whereas only one compound was obtained in a rational controlled way, using enantiopure chiral ligands [2]. The controlled and rational synthesis of chiral spin crossover compounds is based on two strategies (Figure II.1) :

Figure I.1. Schematic representation of the two strategies towards the synthesis of chiral SCO compounds. The first strategy uses directly enantiopure chiral ligands, while the second uses achiral ligands in combination with resolved chiral anions.

The first strategy uses chiral ligands with appropriate ligand field to favour spin crossover.

The second strategy depends on the combination of chiral counteranions with either achiral or prochiral complexes, since the switching property of interest is located at the metallic complex.

The introduction of chirality with enantiopure anions, instead of using inorganic anions (Cl -, ClO4 - , PF6 -, SO4 2-…), not only should let us obtain chiral enantiopure complexes, but will also provide

Part II: Synthesis and resolution of chiral anions

Chapter II.2 Synthesis of phosphate(V) anions

II.2.1 Synthesis of the tris-catechol phosphate(V) (TRISCAT) anion

The synthesis of TRISCAT is similar to the synthesis of TRISPHAT, starting from catechol instead of tetrachlorocatechol (Scheme II.4). We synthesized racemic TRISCAT using a modified procedure, [19] according to the following reaction below : An oven-dried two-necked 500 mL round-bottomed flask was equipped with a septum, and a condenser connected via a tap to a double-manifold gas/vacuum Schlenk line. A magnetic stirring bar and PCl5 (12 mmol; 2.5 g) were introduced quickly, the reaction was placed under inert atmosphere by repeated sequences of vacuum and argon flushing, and dry toluene (40 mL) was added. The resulting suspension was heated at 50°C to dissolve the reactant. Under a strong flow of argon, the septum was replaced by a small Schlenck tube containing sublimated catechol (36 mmol; 4 g) under argon, using a 90° glass adapter. The tap on top of the condenser was replaced by a gas trap filled with concentrated aqueous NaOH placed in an ice bath. The catechol was then slowly added (~ 40 min) -care was taken to avoid excessive gas evolution (HCl). Once the addition finished, the tube was rinsed with dry toluene (5 mL) and replaced by a stopper. After stirring for 1.5 hr, the NaOH solution was removed and the tap was connected to the Schlenck line and an oil bubbler. The reaction was stirred over night at 50 °C under a small flow of argon. After cooling to room temperature, the toluene was removed slowly under reduced pressure. The resulting white solid was dried under high vacuum, dry CH2Cl2 (60 mL) was added, then a solution of distillated tributylamine (12.60 mmol; 3 mL) dissolved in 30 mL distillated CH2Cl2 was added Scheme II. 4

. Synthesis of tris-catechol phosphate(V) (TRISCAT) anion.

Part II: Synthesis and resolution of chiral anions

II.3.2.2.1 X-ray crystal structure of racemic// [As2(tartrate)2](NBu4)2

Colorless single crystals were selected from three batches of arsenic tartrate anions (,  and racemic). These crystals were analyzed on the Apex II diffractometer at 120K. II.1); both  and  arsenyl tartrate anions present a high optical purity as shown by the Flack parameter (0.011(4) and 0.024(4) for  and  anion respectively). We already mentioned that the commercial tartaric acid we used is not of outstanding enantiopurity (d.e.=90%). The formation of optically pure crystal may point towards the occurrence of some template effect of the two arsenic coordination spheres where bridging by two tartaric acid of the same chirality is a more favourable coordination to

Figure II.3. Asymmetric unit of [-As2(tartrate)2](NBu4)2 (left), [-As2(tartrate)2](NBu4)2 (middle) and [rac-As2(tartrate)2](NBu4)2 (right) measured at 120K. Water molecules were omitted for clarity, displacement ellipsoids are displayed at 50% probability.

Part II: Synthesis and resolution of chiral anions solvatomorphs: the first structure (solvatomorph 1) contains 2.5 molecules of water while the second structure (solvatomorph 2) contains only one molecule of water and a molecule of ethanol.

On the other hand, a crystal of (-TRISCAS)cinchonidium was also analysed. The asymmetric unit of the solved structure comprises a -TRISCAS anion and a cinchonidinium molecule.

All those salts of TRISCAS crystallize in the Sohncke space group P21. The two solvatomorphs of (-TRISCAS)cinchoninium are highly enriched with -TRISCAS as indicated by the Flack parameter (solvatomorph 1: 0.034 (7) and solvatomorph 2: -0.014 (5)). Similarly, the structure obtained for (-TRISCAS)cinchonidinium was also optically pure (Flack parameter: -0.007 (3)). The corresponding crystallographic data are shown in Table II. 8.

The interaction between the TRISCAS anion and the cationic alkaloid for the two TRISCAS enantiomers is quite different. In the case of cinchonine, the interaction is mainly between the hydroxyle and two oxygen atoms of TRISCAS (O-H•••O = 2.867(6) and 3.016(5) Å for solvatomorph 1, 2.938 (8) corresponding to a 2 nd order non-linear effect at twice the frequency (half the wavelength) of the incoming irradiation.

When the dielectric medium is centrosymmetric, since the polarization function is odd, we have:

𝐸 → -𝐸 then 𝑃(-𝐸) = -𝑃(𝐸)

𝜒 𝑖𝑗𝑘 (-𝐸 𝑗 )(-𝐸 𝑘 ) = 𝜒 𝑖𝑗𝑘 𝐸 𝑗 𝐸 𝑘 = -𝜒 𝑖𝑗𝑘 𝐸 𝑗 𝐸 𝑘 ∀𝐸 𝑗,𝑘 ⟹ 𝜒 𝑖𝑗𝑘 ≡ 0

We see that to have 2 nd order non-linear effects the medium must be non-centrosymmetric.

The following simplified setup (Figure II.17) was used by Amine Ould Hamouda, Antonio

Iazzolino and Eric Freysz at LOMA to check the existence of those effects on (-TRISCAS)NBu4.

An OPA (Optical Parametric Amplified) generates the incident electromagnetic pulse (160 fs) at a frequency of 20 kHz. In these measurements the wavelength was fixed at 1100 nm and the sample was monitored at 550 nm.

Part II: Synthesis and resolution of chiral anions

Chapter II.7 References :

Part III : Synthesis and characterization of chiral diamagnetic iron (II) complexes based on 1,10-phenanthroline and 2,2'-bipyridine ligands

homo-or hetero-chiral recognition. They found that preferred associations along the C3 or C2 axes of symmetry result in homochiral and heterochiral interactions respectively. [17] Similarly, ruthenium tris(dimine) complexes were resolved by chromatography on silica when associated with TRISPHAT counterions. [18]. Lacour et al. also reported a novel method of resolution based on the asymmetric extraction of racemic water-soluble [Ru(diimine)3]Cl2 complexes [19] and C2-symmetric ruthenium derivatives using D3-symmetric TRISPHAT as chiral counter-ion. [20] In addition, monocationic ruthenium(II) cyclometallated complexes were also resolved by preparative thin layer chromatography in the presence of TRISPHAT. [21] All over, quite some racemic cations (organic or organometallic complexes) were resolved with the TRISPHAT anion and its derivatives. [22] Chapter II.3 presented the work we performed on the other useful family of anions we identified, antimonyl [23] or arsenyl [24] anions based on tartaric acid. The D2-symmetric

As(III)/Sb(III) tartrate were used in the past in chiral HPLC separations of metal complexes. [25,26,27,28,29,30] Synthesized derivatives of tartaric acid [31] were used to obtain new arsenyl and antimonyl tartarate adducts in order to improve the efficiency of chiral separations. [32] Different mechanistic explanations for the chiral recognition of octahedral metal complexes and [Sb2(tartrate)2] 2-were proposed depending on C2 and C3 association models. [33,34] Lacour et al. synthesized a Fe(II) chiral tetrameric square shaped self-assembled species based on the hexadentate ligand 2,5-bis([2,2']bipyridin-6-yl)pyrazine, and the racemate of this complex was resolved with antimonyl tartarate as chiral auxiliary. [35] Otherwise the enantiomers of [Ru(phen)2py2]Cl2 were also resolved by diastereomeric crystallization with an enantiomer of arsenyl tartrate. [36] The other anion we extensively described in chapter II.4, TRISCAS has never been used in material sciences and rarely in the resolution process of chiral cations. Ryschkewitsch and Garrett used this chiral anion to resolve asymmetric boron derivatives, [37] and more recently dimeric and trimeric Cu(I) helicates were also resolved using -TRISCAS as counter ion. 

Figure III.10. Circular dichroism spectra of KBr pellets of [Fe(phen)3](-TRISCAS)2 3 (red line) and [Fe(phen)3](-TRISCAS)2 4 (black line) between 200 and 650 nm.

Part III : Synthesis and characterization of chiral diamagnetic iron (II) complexes based on 1,10-phenanthroline and 2,2'-bipyridine ligands

The addition of a few drops of trifluoroacetic acid led to a complete loss of optical activity for the [Fe(phen)3](-TRISCAS)2 solution (Figure III.12, blue line). The disappearance of the TRISCAS bands in the UV region is due to the acidic racemization of -TRISCAS, confirming our previous identification. [36] Another powerful method to study chiral induction in solution, as described in chapter I. 

Part III : Synthesis and characterization of chiral diamagnetic iron (II) complexes based on 1,10-phenanthroline and 2,2'-bipyridine ligands

The dichloromethane molecules in complexes 7-9 are disordered, leading to important anisotropic displacement ellipsoids on some carbon atoms of the aromatic ligand. This disorder was treated by splitting positions and refined with suitable occupancies.

Figure III.22. Interaction of [-As2(taratarate)2] anion with [-Fe(phen)3] 2+ along pseudo C3-axis and C2-axis.

We measured the powder diffractograms of Cotton effect ((550nm)= +5.10 L.mol -1 cm -1 , (460nm)= -3.30 L.mol -1 cm -1 ), the crossing point at 529 nm corresponding to the maximum of the absorption band. The two bands at higher energy are overlapping quite much, but are likely to show negative Cotton effects ((460nm)= -3.30 L.mol -1 cm -1 , (405nm)= +1.20 L.mol -1 cm -1) . Another crossing point is seen at 421 nm, corresponding to the shoulder higher in energy of the MLCT band. These features show opposite Cotton effect for complex 9: (550nm)= -3.70 L.mol -1 cm -1 , (460nm)= +2.30 M -1 cm -1 , (405nm)= -0.20 M -1 cm -1 .

In the UV range, complex 8 shows five features at 350 nm, 298 nm, 285 nm, 260 nm and 233 nm: (350nm)= -1.50 L.mol -1 cm -1 , (298nm)= -7.10 L.mol -1 cm -1 , (285nm)= -6.00 L.mol -1 cm -1 , (260nm)= +5.00 L.mol -1 cm -1 , (233nm)= -2.10 L.mol -1 cm -1 . Complex 9 show the same opposite features: (350nm)= +1.50 L.mol -1 cm -1 ,(298nm)= +5.40 L.mol -1 cm -1 ,(285nm)= +4.60 L.mol -1 cm -1 , (260nm)= -3.40 L.mol -1 cm -1 , (233nm)= +1.10 L.mol -1 cm -1 . The corresponding absorption bands are overlapped and can be assigned to  -* transitions of the ligands in [Fe(phen)3] 2+ , overlapped at higher energies with n * (forbidden transitions) of the tartarate carboxylate groups. [41] Two crossing points are nevertheless seen, at 274 and 234 nm, corresponding to absorption maxima. As for [Fe(phen)3](TRISCAS)2, we checked the preparation of thin films for non-linear optical studies. We thus tested the solubility of the two complexes [Fe(phen)3](-As2(tartarate)2)

8 and [Fe(phen)3](-As2(tartarate)2) 9 in different solvents. We found the following decreasing order of solubility: acetone > water > acetonitrile > methanol > THF > cyclohexane ≈ toluene.

When mixing about 2 mL with 5-6 mL of acetonitrile, the order of solubility changes:

water > acetone  methanol. 

Part III : Synthesis and characterization of chiral diamagnetic iron (II) complexes

C-H(complex)••• O(anion)

3.00 -3.40 3.00 -3.40 3.10 -3.40

C()-C()

3.370 ; 3.677 3.425 ; 3.686 3.687 ; 3.794 

C-H(complex) •••O(H2O)

C-H(anion)••• O(H2O)

----3.318 3.149 

H-OH••• H-OH

III.5.3 Synthesis of [Fe(bipy)3](-TRISCAS)2 16

Synthesis of [Fe(bipy)3](-TRISCAS)2 (complex 16): the synthesis was identical to complex 

III.5.4 Crystal structures of complexes 14-16

Crystals of [Fe(bipy)3](rac-TRISCAS)2 (complex 14), [Fe(bipy)3](-TRISCAS)2 (complex 15) and [Fe(bipy)3](-TRISCAS)2 (complex 16) were analyzed by X-ray diffraction. All of them showed to be either weak diffractors or to have symmetry problems as explicated below, explaining the low quality of the structures. The crystallographic refinement data are presented in Table III.12.

The crystal structure of 14 could be solved and refined to convergence in the centrosymmetric C2/c space group. The asymmetric unit includes half a cationic complex that lies at 515 nm and 480 nm (515nm)=9.18x10 3 L.mol -1 cm -1 , 480nm)=7.96x10 3 L.mol -1 cm -1 ). These bands are referred to transitions involving Fe 3d orbitals and ligand   orbitals. We have two further bands at 388 nm and 345 nm with molar extinction coefficients of 3.72x10 3 L.mol -1 cm -1 and 7.02x10 3 L.mol -1 cm -1 respectively.

Below 300 nm, we have an intense band that saturates, then a shoulder at 245 nm of a more intense band at higher energies, with molar extinction coefficients of 2.63x10 4 M -1 cm -1 . The TRISCAS anion -* band is centered at 284 nm, while the bands at 388 nm and 345 nm can be assigned to *-* transitions of the bipyridyl ligand of the complex ion. Meanwhile the region We also succeeded in synthesizing chiral complexes of [Fe(phen)3] 2+ using the lipophilic arsenyl tartarate anion, with complexes crystallizing in the enantiomorphic chiral space groups P3121/P3221 (complex 7, 8 and 9), and also in one case in P32. Those complexes were fully characterized.

Chiral complexes [Fe(phen)3](/-TRISCAS)2 and [Fe(bipy)3](/-TRISCAS)2, as well as

show circular dichroism spectra that appear to be mirror images.

We also established the ground to prepare thin films by drop casting, in order to study optical laser. [7] The effect of the spin state on the electron-transfer properties [8] and the Raman spectroscopy [9] of [Fe ( tren)(6-Mepy)n(py)3-n](PF6)2 (n =0-3) in solution (acetone, benzonitrile, and butyronitrile.) and solid state has been investigated.

Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands Figure IV.2. CD spectra of two pellets prepared using selected crystals of [Fe II (H3L)Fe III (L)](NO3)2.[15]

The ligand field of complex [Fetren(py)3] can be modified toward spin crossover in two ways, either by the introduction of a methyl group at the 6 position of the pyridyl ring, [10] or by replacing the pyridyl moiety with less basic heterocycles like imidazole. An unusual non-centrosymmetric mixed valence species {[Fe II (H3L)Fe III (L)]} was obtained from the H3L ligand (where H3L = tris{[2-{(imidazole-4-l)methylidene}amino]ethylamine)) using 1.5 eq of NaOH. [15] This complex presents a multi-step spin crossover occurring on both mixed valence iron species (Fe II and Fe III ) and the LIESST effect, with a relaxation above 100 K. CD spectra of specific crystals of this compound confirmed enantiomeric CD patterns that provide unambiguous evidence for spontaneous resolution. complexes based on those ligands with chiral anions of TRISCAS will prevent centrosymmetric structures, and as we aimed for we will be able to study the effect of chiral interactions on the spin state on the metal complexes.

Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands

The goals of this chapter are: 1) to combine chirality and SCO complexes by cocrystallizing TRISCAS anion and complexes based on tren condensed with derivatives of pyridine and imidazole; 2) to study the impact of chiral interactions in solid state on the spin state of the synthesized complexes, 3) to focus on differences in the crystal packing of racemic and enantiopure complexes; 4) to study the magnetic and photomagnetic properties of selected complexes. Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands doublet is seen with  = 0.50 mm.s -1 and EQ = 0.82 mm.s -1 , that is likely to correspond to some HS Fe(III)-based impurity. This Fe(III) impurity can originate from scraping with metal spatulas that might be contaminated with rust. The percentages of low spin Fe(II) and HS Fe(III) high spin are 93% and 7% respectively. When lowering the temperature to 4.2 K, the doublet corresponding to the LS Fe(II) site is still present ( = 0.34 mm.s -1 and EQ = 0.42 mm.s -1 ). Some wide component seems to be underlying the foot of the doublet, and may be due to the magnetic ordering of the Fe(III) impurity at low temperature. (T(290K)= 0.12 cm 3 .K.mol -1 ) that confirms the low spin state of complex 22.

Chapter IV.2. Synthesis and characterization of chiral low

K 4.2 K

Note that for both complexes a small temperature-independent paramagnetic contribution (200.10 -6 and 100.10 -6 cm 3 .mol -1 respectively) was substracted, deriving from spin-orbit mixing with the low-lying 3 T1 ligand-field state for those 3d 6 LS complexes. 

Figure IV.11. Dichroic absorption spectra of complexes [Fetren(py)3](-TRISCAS)2(CH2Cl2)2 22 and [Fetren(py)3](-TRISCAS)2(CH2Cl2)2 23.

Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands

The CD spectrum of 22 exhibits three features in the visible region that correspond to the three MLCT transitions seen in the electronic spectrum. The band lowest in energy show a positive Cotton effect ((600nm)= +5.00 L.mol -1 cm -1 , ((490nm)= -8.70 L.mol -1 cm -1 ), the crossing point at 548 nm corresponding to the maximum of the absorption band. The two MLCT transitions higher in energy seem to show negative Cotton effects ((490nm)= -8.70 L.mol -1 cm -1 , (460nm)= -6.70 L.mol -1 cm -1 , (370nm)= -5.20 L.mol -1 cm -1 ). These features show opposite Cotton effects for complex 23 ((600nm)= +5.08 L.mol -1 cm -1 , (490nm)= +6.54 M -1 cm -1 , (423nm)= +5.35

M -1 cm -1 , (370nm)= +3.80 L.mol -1 cm -1 ).

In the UV range, we can distinguish three features at 287 nm, 238 nm and 210nm. The bands at higher energy are well separated and are likely to show negative Cotton effects ((287nm)= -8.10 L.mol -1 cm -1 , (238nm)= -16.53 L.mol -1 cm -1 ,(210nm)= -8.25 L.mol -1 cm -1 ).

Again complex 23 shows the same opposite features: (287nm)= +4.07 L.mol -1 cm -1 , (238nm)= +7.30 L.mol -1 cm -1 , (210nm)= +3.41 L.mol -1 cm -1 . The corresponding absorption bands can be assigned to  -* transitions of the ligands in [Fetren(py)3] 2+ , overlapping at higher energies with n * (forbidden transitions) and  -* of TRISCAS anion. The difference in the molar extinction coefficient values between 22 and 23 is likely due to the difference in diastereomeric excess between the TRISCAS anions used in the synthesis.

IV.2.6.2 Comparison of solid state and solution CD spectra of complex 22.

The CD spectrum was recorded for a solution of complex [-Fetren(py)3](-TRISCAS)2 22 

Figure IV.12. Comparison of dichroic spectra of [Fetren(py)3](-TRISCAS)2(CH2Cl2)2 measured in acetonitrile and Kbr pellet respectively. Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands Figure IV.13. Crystal habits for solvatomorphs 24 and 25 of complex [Fetren(6-Me-py)3](rac-TRISCAS)2. Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands

Both asymmetric units (Figure IV.14) consist of the expected cationic complex [Fetren(6-Me-py)3] with two TRISCAS anions. The two complexes are actually solvatomorphs: they differ in the number of dichloromethane molecules, where complex 24 has highly disordered dichloromethane molecules, at least three as tentatively deduced from the refinement, complex 25 is less solvated with two dichloromethane molecules. The difference in solvation makes complex 25 have significantly higher crystallinity and density than complex 24, which is quite fragile and weakly diffracting. This support a mechanism of formation where solvatomorph 24 forms at the initial stage of the crystallization process, starting after some time to lose dichloromethane molecules and reorganize to yield the more stable denser solvatomorph 25.

The highly solvated complex 24 is a weak diffractor, and refinements were not satisfactory.

We nevertheless investigated comparatively the crystal packing and the FeN6 coordination sphere of solvatomorphs 24 and 25 in function of temperature. The chiral interaction between [Fetren(6-Mepy)3] 2+ and the TRISCAS anions is seen to be quite different between the two solvatomorphs, as seen when considering the two anions closest to the Fe(II) complex (Figure IV.15 and Table IV.4). We will now discuss the crystal packing for each polymorph based on this reading key.

Figure IV.14.Asymmetric units of (left) complex [Fetren(6-Mepy)3](rac-TRISCAS)2(CH2Cl2)5 24, (right) complex [Fetren(6-Mepy)3](rac-TRISCAS)2(CH2Cl2)2 25 measured at 120K.

Solvent molecules were omitted for clarity, displacement ellipsoids are displayed at 50%

probability.

Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands

IV.3.5 Crystal structure and packing of [Fetren(6-Me-py)3](-TRISCAS)2 26 and 27

As reported above, we synthesized [Fetren(6-Me-py)3](-TRISCAS)2 following the same procedure than for the racemate complex. We obtained three distinct crystal habits. Diffraction data for crystals obtained from two batches were collected on an Apex2 diffractometer. Complexes 

Figure IV.21. Crystal structures of (left) [-Fetren(6-Me-py)3](-TRISCAS)(CH2Cl2)2 (complex 26), (right) [-Fetren(6-Me-py)3](-TRISCAS)2(CH2Cl2)(H2O)2 (complex 27).

Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands

The crystal packing of complex 26 does not show particular features (Figure IV.23), anions and cations forms regular orthorhombic grids that are interpenetrated, suggesting weak interactions between anions and cation.

Similarly, in complex 27 anions and cations form regular cubic grids that are interpenetrated, suggesting again weak interactions between anions and cation (Figure IV.24).

Figure IV.23. Crystal packing of [Fetren(6-Me-py)3](-TRISCAS)(CH2Cl2)2 (complex 26) seen along the crystallographic a axis (anions in green, complex in purple).

Figure IV.24. Crystal packing of [Fetren(6-Me-py)3](-TRISCAS)2(CH2Cl2)(H2O)2 (complex 27) seen along the crystallographic a axis (anions in green, complex in purple).

group) and possibly the racemic spin crossover solvatomorph 24 (P-1), in addition to the target complexes that show spin crossover (27 in P213 or 26 in P212121).The non-zero MT values at low temperature (MT= 1.8 and 2.1 cm 3 .K.mol -1 at 10 K for both batches) are pointing towards a likely presence of HS polymorphs in the bulk sample. Values start then increasing to reach a plateau at 45K (MT= 2.05 cm 3 .K.mol -1 and 2.11 cm 3 .K.mol -1 ). After that, MT appears to increase linearly with the temperature till the HS state is reached above 250 K , at 3.60 cm 3 .K.mol -1 and 4.05 This resulted in a light yellow solution which was allowed to stir at room temperature for 1 hr.

After that, the addition of 400 mg (2 mmol) of FeCl2.4H2O gave immediately a violet-red solution.

The reaction was stirred for 20 min before starting the crystallization process. 

Synthesis of [Fetren

IV.4.2 Synthesis of [Fetren(1-Me-Im)3](-TRISCAS)2 29

[Fetren(1-Me-Im)3](-TRISCAS)2 (complex 29) was synthesized by mixing in a Schlenck tube under argon 3 ml (0.24 mmol) of solution (C) with a freshly prepared solution of (- 

IV.4.4. Structures and crystal packing of complexes 28-30

We analysed complexes 28, 29 and 30 by collecting X-ray diffraction data on the Apex2 diffractometer on selected single crystals. Crystallographic data for the three complexes 28, 29 and 30 are shown in Table IV.8.

IV.4.4.1. Structures of complexes 28-30

The crystal of [Fetren(1-Me-Im)3](rac-TRISCAS)2 28 was collected at 120K, 250K, 300K and 320K). Data were indexed in triclinic settings and refined to convergence in the

Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands

We found in the batch of [Fetren(1-Me-Im)3](-TRISCAS)2 two types of crystals. The majority of the crystals are dark red, while the second type of crystals are small light-red crystals that were weak diffractors. A dark red crystal was collected at 293(2) K. The resulting data for complex 29 could be solved and refined to convergence in the Sohncke cubic space group P213.

The asymmetric unit of complex 29 comprises the expected [-[Fetren(1-Me-Im)3] complex and the two -TRISCAS anions, all in special positions on the crystallographic threefold axes, and two dichloromethane molecules in general position. The average <Fe-N> bond length is 1.971(4) Å, characteristic for a low spin compound, and this was confirmed later with the complex magnetic properties measurement (see section IV.3.5).

A crystal of the batch synthesized starting from -TRISCAS was collected. The resulting data could be solved and refined in the same space group P-1 of racemic complex 30. The asymmetric unit of this polymorph of the racemic complex consists of the complex [Fetren(1-Me-Imidazole)3] 2+ and two TRISCAS anion together with a methanol molecule. The average <Fe-N> bond length at 120 K and 250 K is 1.9551(19) Å and 1.9663( 19) respectively.

The Fe-Napical distance was maintained (Fe-Napical(120K)= 3.348(2) Å, Fe-Napical(250K)= 3.378(2) Å), and there is no variation between these temperatures, evidencing that the complex remains in the low spin state up to 250 K.

IV.4.4.2. Crystal packing of complexes 28-30

The 

. Crystal packing of complexes [Fetren(1-Me-Im)3](rac-TRISCAS)2 28 (left), [Fetren(1-Me-Im)3](rac-TRISCAS)2 30 (middle) and [Fetren(1-Me-Im)3](-TRISCAS)2 29 (right), with anions in light green and cations in purple, as seen along the crystallographic a axis for 28 and 30, and [10-1] for compex 29.

In order to understand the difference in the ligand field between the above structures, we investigated the elements that could affect the distance between the iron atom and the donor IV.9). Otherwise there is an increase in the distance for one TRISCAS anion (As1) by 0.1454 (17)Å. This increase in the distance might account for the decrease of the ligand field of the complex and the change of the spin state of the complex.

Similarly, in complex 29, we observe two weak hydrogen bonds at 300 

Figure IV.29. Hydrogen bond interaction between the TRISCAS anion and [Fetren(1-Me-Im)3] 2+ .

Though the picture is less clear than in the case of [Fetren(6-Me-py)3] 2+ , there seems to be an impact of the Fe-As distances on the spin state of the complex: when they decrease, it seems to favour a strong ligand field while increasing allows the complex to have "breathing" space to undergo spin crossover.

Part IV: Mononuclear spin crossover complexes with helicoidal hexadentate ligands

IV.3.5 Optical properties of complexes 28 and 29

The We measured the magnetic property of single crystals of complex [Fetren(6-Me-py)3](rac-TRISCAS)2 28 that were selected by X-ray diffraction (Figure IV.30).

1.188 mg of crystals were mounted for photomagnetic studies (Figure IV.32). The MT value at 10 K, at 0.04 cm 3 .K.mol -1 indicates that the complex is almost completely low spin. When increasing the temperature, the MT value starts increasing only above 120 K, to reach 3.32 cm 3 .K.mol -1 at 250 K, the complex undergoing a gradual smooth spin conversion to the HS state.

Photoirradiation was performed in situ. Green (510 nm,31 mW/cm 2 ) or red (650 nm, 86 mW/cm 2 ) efficiently convert the complex to the metastable HS state, with a MT of 3.79 cm 3 .K.mol -1 . Once photosaturation was more-or-less reached, we checked the effect of infrared light (830 nm, 52 mW/cm 2 , and 980 nm, 66 mW/cm 2 ), but no back-photoconversion (reverse-LIESST) was observed. The temperature was then increased smoothly to record the T(LIESST). MT first increases up to 4.2 cm 3 .K.mol -1 between 25 and 35 K. This first increase is likely to be caused by the anisotropy of the iron complex. The high MT values observed for the photoinduced state may be due to some orientation effet caused by the 20 kOe field. Above 40 K thermal relaxation sets in and it decreases quickly down to reach value close to zero. We find for complex 28 T(LIESST) =61( 1 The addition of methyles to the pyridyl groups destabilizes the low spin state . In the case of complex [Fetren(6-Me-py)3](rac-TRISCAS)2, we identified two solvatomorphs (24 and 25). The primary solvatomorph remains HS over a large temperature range, and it crystallizes in the centrosymmetric space group P21/c. The second solvatomorph (space group P-1) shows spin crossover. We were able to separate the two solvatomorphs and study their magnetic behaviour separately. The origin of the difference between the two magnetic behaviour comes probably from the hydrogen bond interaction between the imine hydrogens and oxygen atoms of the TRISCAS anion: when this interaction is strong, it lengthens the imine-iron bond and weakens the ligand field thus favouring the high spin state. In constrast, when the hydrogen bond becomes weaker, it allows the complex to undergo spin crossover. When investigating compound [Fetren(6-Me-py)3](-TRISCAS)2, we identified four polymorphs (P21/c, P-1, P212121, P213, complexes 26-29) that were characterized by single crystal X-ray diffraction. The analysis showed that complexes that crystallize in Sohncke space groups P212121 and P213 undergo spin crossover as monitored by the Fe-N bond distances between 120K and 250K.

We also synthesized complexes of [Fetren(1-Me-Imidazole)3](rac/-TRISCAS)2 (28-30). 

. CHNS analysis:

The elemental analysis of C, H, N, and S was carried by an automatic elemental analyzer Flash EA1112 ThermoFisher Scientific. A sample of 1 to 2 mg is carefully packaged in ultrapure tin capsules. Then it is placed in an oven at 900 o C under oxygen. The reaction between oxygen and tin capsules at high temperature is an exothermic reaction where the temperature is elevated to 1800 o C in seconds (flash combustion). At this elevated temperature, the organic and inorganic compounds are converted to a mixture of combustion gases, which are converted by oxidation/reduction to N2, CO2, H2O, and SO2. They are separated by column chromatography, and finally identified by a high sensitivity thermal conductivity dectector.

V.1.2. ICP-OES: Inductively Coupled Plasma -Optical Emission

Spectroscopy

The ICP is a chemical analysis method that permits to dose numerous elements. A preliminary preparation of the sample is necessary.

 Dissolution in acidic medium:

The sample is weighed precisely with the help of a Mettler-Toledo MX5 microbalance. 2 to 3 ml of HNO3 acid are then added to completely dissolve the final product (an equivalent quantity of HCl may be added for difficult cases). The solution is transferred to a 100 mL graduated flask and completed with distilled water. A suitable calibration of the apparatus is realized with three solutions of commercial calibrated standards and one blank, diluted accordingly to the concentration of the element to be analyzed. Most elements can be dosed, except for C, H, N, O, halogens and noble gases. The analyzing range of the apparatus is from 0.5 to 150 ppm.

Part V. Experimental details

Principle:

The solution is injected in a spray chamber. An aerosol (mixture of gas and drops) is formed under argon pressure. The drops are subdivided into droplets colliding with the wall of the chamber. This aerosol, finely divided, is transferred to a plasma torch (plasma of argon formed by induction of a magnetic field oscillating a high frequency). Under the action of the plasma, the compounds are desolvated, decomposed then reduced to isolated excited ions. The excess energy is radiated away as photons of wavelengths characteristic of the element. These photons are collected then analyzed by a network polychromator. The intensity of emission for the searched element at a chosen wavelength is compared to the one measured from the calibrated standard solution previously prepared.

A simple example for the calculation of the concentration of a given element, consider compound Sb2O12C16N2H18. The mass percentage of Sb in the Sb2O12C16N2H18 is 36.1%. With an initial mass of sample of 7.82 mg in 100 mL of acid + deionized water, that makes 2.82 mg of Sb.

The concentration of Sb is thus 28.2 mg/L. After that, the calculated concentration is compared to experimental values.

V.2. Spectroscopies

V.2.1. Infrared spectroscopy

The infrared spectra were measured between 400 and 4000 cm -1 using a SHIMADZU FT-IR spectrophotometer IRPrestige-21 IRAffinity-1 with an iTR™ accessory for spectra measured in the solid state, or in transmission mode using a Specac cell for liquids with KBr windows for studies in solution.

V.2.2. UV-Visible Spectroscopy

The absorption measurements were carried out using a UV-Vis-NIR Agilent spectrometer CARY 5000 using Suprasil quartz cells.
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V.2.3. Circular dichroism

Circular dichroic spectra were measured on a Jasco-815 CD spectrometer, using 2 mm path length Suprasil quartz cells qualified for polarimetry in solution, or directly on KBr pellets prepared using carefully dried KBr and a 13mm die and a 2 tons press.

V.2.4. Helium Reflectivity

The reflectivity device, developed in ICMCB, consists of halogen lamp (fiber optic Iluminator model 77501), a compact spectrometer SM240 (Opton Laser International), an optical detector and a temperature regulation system using a helium dewar. The sample is placed in a glass sample holder, the surface of which is continuously illuminated by the white light emitted from the halogen lamp through an optical fiber. The light reflected by the sample is analyzed by the optical detector and the compact spectrometer. This device allows to record simultaneously the diffuse reflectance spectra between 450 and 950 nm at a given temperature but also gives an integrated signal evolution as a function of temperature (10-280K). The scanning speed is 2 K/min. Thermal regulation is ensured by positioning the sample in the liquid helium dewar: in the bottle there is a temperature gradient ranging from temperature "near ambient" (290 K) down to the temperature of liquid helium (4.2 K). By varying the position of a sample in gaseous helium, the temperature may vary from 10 to 290K. The spectrum of the reflected light was calibrated with black carbon as a black standard and barium sulfate (BaSO4) as a white standard.

V.2.5. NMR: Nuclear Magnetic Resonance

NMR spectra were recorded on a Bruker NMR 400 MHz, SB Ultra-shield with a QNP Probe 

V.3.1 Single-crystal X-ray Diffraction

All crystals analyzed by X-ray diffraction were mounted in a stream of nitrogen (90-500 K)

and centered in the X-ray beam using a video camera. Data collections were performed on either Bruker KAPPA APEX II diffractometer or Nonius Kappa CCD diffractometer, operating at 50 kV and 30 mA using graphite monochromated Mo Kα (λ = 0.71073 Å) radiation.

The data on Bruker KAPPA APEX II diffractometer were collected using a routine to survey reciprocal space, and reduction was performed using software included in Bruker Apex2 suite. The structures were solved using direct methods. [1,2] The non-H atoms were refined anisotropically using weighted full-matrix least-squares on F 2 , followed by difference Fourier synthesis. [3,4] All hydrogen atoms were included in the final structure factor calculation at idealized positions and were allowed to ride on the neighboring atoms with relative isotropic displacement coefficients.

The reduction of crystallographic data on the Nonius Kappa CCD diffractometer was carried out using Denzo-SMN [5] for data integration and SCALEPACK [5] for corrections of Lorentz polarization and empirical correction for absorption. The molecular representations were realized using the program MERCURY. [6] The structural factor is related to the intensity observed at the nodes of the reciprocal lattice:

Ihkl ≈ Fhkl.F*hkl R1 is called residual factor, its expression is given by:

wR2 is the Confidence factor:

GooF, refers to the "goodness of fit" of the solution. In addition to the difference in F values, it also takes into account the number of observed reflections and the parameters used :

NRef.: number of independent reflections, NPar: number of parameters S should be around 1.

S > 1: bad model or bad data/parameter ratio.

S < 1: model is better than the data: problems with the absorption correction, space group problems.

Usually good structures have a refinement factors of R1 < 5% , wR2 < 10% and S = 0.9-1.2

V.4. Magnetometry

Magnetic properties were recorded by on a SQUID magnetometer Quantum Design MPMS-5S or MPMS-7XL. The temperature of the measurement may range from 1.8 k to 400 K, under a dc magnetic field ranging up to 7 Tesla. Bulk measurements samples are usually prepared
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To obtain a more precise formula, one needs just to increase the value of n. N is determined by setting nHS(0) = nHS0. For a given temperature T, the fit returns a value of  and k. With the values of k(T), one can trace the Arrhenius ln(k)=f(1/T) and get from a linear fit k∞ and EA0. On the other hand, for a coherent model  should not vary too much with temperature. Finally  should not be too large with respect to EA0, with if possible 3 <EA0.

Part VI. General conclusion

Part VI. General conclusion

General view of objectives :

The work of this thesis reported in this manuscript was devoted to the rational design, synthesis and characterization of chiral spin crossover compounds. It aimed for exploring a new powerful variable, chirality, in an already complex subject and studying the complex physics underlying their phase transitions. Our project had five main objectives:

Objective 

First objective :

We have synthesized and resolved the chiral D3-symmetric TRISCAS anion with good diastereomeric excess for the isomer (d.e.=98%) and less optical purity for the  isomer (d.e.=67%) using the cinchonine and cinchonidine natural alkaloids respectively. We have also obtained a new derivative of racemic TRISCAS that is soluble in the organic solvents (MeOH, MeCN, DMF,..) that are usually used in crystallization reactions. Trials to obtain chiral organosoluble TRISCAS were unsuccessful since when the chiral alkaloid ammonium is neutralized, it leads to the racemization of the -TRISCAS anion. We found that a ratio 1:1 of alkaloid to the racemic acid is critical to achieve an efficient resolution. We evidenced that in the Part VI. General conclusion resolution of the -TRISCAS isomer that the mother liquor has a d.e.>100%, in contrast to the old and recent reported procedures . [1,2,3] This result may open the way towards a new highly efficient resolution procedure for TRISCAS. Further analysis is needed, the best method being chiral HPLC which will allow us to separate, identify and quantify the components in mother liquors. Then the specific rotation could be measured on pure chiral fractions. This would mean that all reported diastereomeric excesses are false since they assumed that previous resolutions were 100% efficient.

We synthesized a family of organo-soluble D2-symmetric arsenyl tartarate based on commercially available tartaric acid. We showed that those anions form decoordinated species in solution while when solvent is removed the D2-structure anion is reassumed.

All these anions where characterized by X-ray diffraction and dichroic spectroscopy.

Second objective :

Bidentate ligands (1,10-phenanthroline and 2,2'-bipyridyl) :

We have synthesized a panel of chiral low spin Fe(II) complexes that are based on D3-symmetric anions (TRISCAS, TRISCAT) and D2-symmetric anions (arsenyl tartarates). The single crystal structures of complexes 1-4 were solved and refined in the Sohncke space group R32. We have studied asymmetric induction of [Fe(phen)3](-TRISCAS)2 (2) in the solid state and in solution. We found that in acetonitrile the complex undergoes ion pair dissociation leading to racemization of the complex while when the solvent was quickly dried the chiral induction was restored. We have shown that some complexes which have a Flack parameter deviating strongly from zero are indeed truly twinned by inversion: [Fe(phen)3](-TRISCAS)2, [Fe(phen)3](rac-TRISCAS)2).

We have synthesized and characterized the family of chiral low spin [Fe(bipy)3](X)2 (X = -TRISCAS, -TRISCAS, rac-TRISCAS) that crystallize in the Sohncke space groups P212121 for complex 15 and R3 for complex 16. The crystals of [-Fe(bipy)3](-TRISCAS)2] are twinned by Part VI. General conclusion merohedry and the structure was difficult to solve and is still in need of much work, but we were able to evidence shorter heterochiral interaction between [-Fe(bipy)3] 2+ and -TRISCAS.

We also synthesized low spin chiral complexes of [Fe(phen)3] 2+ using the lipophilic arsenyl tartarate anions, with complexes crystallizing in the enantiomorphic chiral space groups P3121/P3221 (complex 7, 8 and 9). Those isostructural complexes were fully characterized.

Nevertheless some partial spontaneous resolution from acetronitrile was observed.

Hexadentate ligands (based on imine functionality) :

We changed to hexadentate ligands derived from the condensation of tren and pyridine-2-carboxaldehyde, to yield low spin chiral [Fetren(py)3](//rac-TRISCAS)2 complexes, 

Part VI. General conclusion

We were able in the case of complex [Fetren(6-Me-py)3](rac-TRISCAS)2 to identify two solvatomorphs (24 and 25). The primary solvatomorph remains HS over a large temperature range.

We showed that spin crossover in this complex is dependent on weak interactions such as hydrogen bonding.

For fourth objective :

The study by the LOMA group shows that (-TRISCAS)cinchoninium is active in