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RÉSUMÉ 

1. Introduction 

Avec une production annuelle de plus de 150 millions de tonnes, les polyoléfines sont les 

polymères de synthèse les plus répandus au monde et sont présents dans tous les aspects de la 

vie courante.1,2 Leurs analogues de plus petite taille que sont les α-oléfines linéaires (LAO) 

sont également produits en grande quantité car ils constituent non seulement des intermédiaires 

clés pour la production de détergents et lubrifiants mais sont également des co-monomères 

entrant dans la composition de polyoléfines de structures variées et notamment du polyéthylène 

haute densité et du polyéthylène linéaire de basse densité.3-7 Parallèlement au développement 

de catalyseurs dérivés de métaux de transition de la gauche du Tableau Périodique, tels que le 

titane ou le zirconium à la suite des travaux précurseurs de Ziegler et Natta, et des catalyseurs 

au chrome faisant intervenir des intermédiaires métallacycliques,8-17 les catalyseurs à base de 

métaux de transition de la droite du Tableau Périodique, en particulier le nickel, ont fait l’objet 

d’un intérêt croissant en raison de leur plus grande robustesse et de leur réactivité 

spécifique.15,18-28 En effet, les complexes de nickel favorisent les réactions de terminaison, ce 

qui conduit à des oléfines à chaîne courte, en particulier des butènes et notamment des butènes 

internes. Cependant, en 1995, Brookhart a mis au point des catalyseurs dérivés de nickel(II) et 

de palladium(II) complexés par des ligands bidentes de type diimine stériquement encombrés.29 

Ces derniers se sont montrés très efficaces en polymérisation de l’éthylène, d’α-oléfines et 

d’oléfines disubstituées. Il a notamment montré que les réactions de terminaison pouvaient être 

inhibées dans une certaine mesure, ce qui favorise la propagation de la chaîne 

macromoléculaire.30 De nombreux complexes de nickel(II) and palladium(II) comportant des 

ligands bidentes stériquement encombrés de différentes nature ont depuis lors été synthétisés 

et testés en catalyse d’oligomérisation et de polymérisation de l’éthylène.31-35 

Mon travail de thèse s’inscrit également dans cette démarche et, reprenant en partie les concepts 

énoncés par Brookhart, les applique à des ligands possédant une cavité moléculaire spécifique. 

Mon premier objectif a été de synthétiser et de caractériser des précatalyseurs 

d’oligomérisation de l’éthylène comportant des métaux à configuration électronique d8 (nickel 

et palladium) encapsulés dans une cavité α-cyclodextrine équipée de différents atomes 

donneurs (P,N et P,P). La présence d’un environnement capsulaire autour du métal permet 

d’encombrer les positions axiales des complexes plan carré comme dans les systèmes non 

macrocycliques. Cependant, la présence d’une cavité moléculaire de dimension bien définie 
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devrait être à même de mieux contrôler la première sphère de coordination du métal et par là 

même limiter la croissance de la chaîne carbonée et donc favoriser la formation d’oléfines à 

chaîne courte présentant une distribution de masses étroite et de structure bien définie (α-

oléfines ou oléfines internes, oléfines linéaires ou branchées). Le deuxième objectif de ma thèse 

a donc été de tester les différents précatalyseurs synthétisés en oligomérisation de l’éthylène 

après activation à l’aide d’un co-catalyseur adéquat et d’identifier leurs conditions optimales 

d’utilisation. 

2. Résultats et discussions 

Divisé en deux parties, le premier chapitre du manuscrit de thèse est consacré à l’analyse de 

l’état de l’art sur les ligands bidentes cavitaires et leurs applications, notamment en catalyse 

homogène. La première partie porte sur les cavités moléculaires équipées d’un seul bras 

coordinant conduisant à des complexes chélates relativement flexibles. La deuxième partie a 

trait à des ligands cavitaires comportant deux fragments coordinants directement liés à la 

plateforme macrocyclique qui par chélation fournissent des complexes beaucoup plus rigides. 

L’impact de la cavité et de la nature du ligand chélatant sur les propriétés coordinantes et 

catalytiques est discuté de manière systématique. Faisant suite à cette revue de la littérature sur 

les molécules d’intérêt, les deuxième et troisième chapitre sont consacrés à la synthèse d’une 

série de ligands cavitaires cis-chélatants et de leurs complexes de palladium et de nickel ainsi 

que de leurs analogues non cavitaires, ce qui permet des comparaisons très révélatrices. Le 

dernier chapitre décrit les propriétés catalytiques des différents complexes obtenus en 

oligomérisation de l’éthylène.  

2.1 Synthèse et caractérisation de ligands P,N cis-chélatants et de leurs 

complexes de palladium et de nickel36 

Le premier ligand P,N cavitaire cis-chélatant capable de confiner un centre métallique (L1) a 

été synthétisé selon le schéma réactionnel ci-dessus (Schéma 1) avec un rendement de 63% à 

partir du dimésylate 1b37 et du phosphure résultant de la déprotonation de la phosphine primaire 

fonctionnalisée en position ortho 2.38,39 Une synthèse améliorée de 2 a été développée en partant 

de la 2-bromoaniline par couplage palladocatalysé avec le phosphonate 3 suivi d’une double 

méthylation de l’amine primaire. A des fins de comparaison, l’analogue non cavitaire L2 a 

également été synthétisé avec un rendement de 40% à partir de la 2-bromo-N,N-

diméthylaniline par ortho-lithiation suivie de la substitution nucléophile de la 
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chlorodiéthylphosphine par l’organolithien. Les ligands L1 et L2 ont ensuite été utilisés pour 

la synthèse des complexes de palladium 4, 5, 8-11 ainsi que des complexes du nickel 6 et 12. 

En présence de [PdCl2(COD)] (COD = cycloocta-1,5-diène) ou de [PdMeCl(COD)] dans le 

dichloromethane, le ligand cavitaire L1 ne fournit que les complexes chélates 4 et 5, 

respectivement, même en présence d’un excès de ligand. Au contraire, le ligand non cavitaire 

L2 fournit dans les mêmes conditions avec [PdCl2(COD)] ou [PdMeCl(COD)] un mélange de 

complexes neutres (8 et 10) et cationiques (9, 11, respectivement) dont la composition dépend 

de l’excès de ligand utilisé. Par contre, seul le complexe neutre 12 se forme en présence de 

[NiBr2(DME)] (DME = éthylène glycol diméthyl éther) comme dans le cas du ligand cavitaire 

L1 (complexe 6). 

 

 

Schéma 1. Synthèse des ligands P,N et structures de leurs complexes métalliques 
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Figure 1. Structures moléculaires des complexes cavitaires 4, 6 et 7 

 

La présence d’une cavité cyclodextrine empêche clairement la formation d’un complexe 

bis(phosphine) et permet de ce fait un contrôle efficace de la sphère de coordination du métal. 

La structure moléculaire du complexe cavitaire 6 a été déterminée par diffraction des rayons X 

et montre que les deux ligands halido se trouvent dans des environnements stériques 

radicalement différents, l’un des halogénures étant encapsulé et l’autre pointant vers l’extérieur. 

Dans le cas du complexe 5, le groupe méthyle lié au palladium est encapsulé tandis que 

l’halogénure, en position trans du phosphore en raison de son influence trans, pointe vers 

l’extérieur de la cavité. Le complexe d’or(I) (7) dans lequel L1 se comporte comme un ligand 

monodente a également été synthétisé. Sa structure moléculaire indique clairement que c’est 

bien l’atome de phosphore qui est responsable du confinement du métal et non l’azote car dans 

ce complexe, l’unité NMe2 n’est pas coordinée.  

2.2 Synthèse et caractérisation de diphosphines cis-chélatantes et de leurs 

complexes de palladium et de nickel 

Une méthode de pontage similaire à celle utilisée dans la synthèse du ligand P,N L1 a été 

utilisée pour préparer le ligand L3 à partir de la diphosphine 13 (Schéma 2).40 Ce ligand L3 

présente une structure très proche de L1 avec cependant un encombrement stérique plus 

important. 

 

 

Schéma 2. Synthèse de la diphosphine 13 
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Une deuxième diphosphine métalloconfinante (L4) a également été synthétisée à partir de la 

même diphosphine 13 grâce à un réarrangement de Smiles41,42 qui a lieu en présence d’un excès 

de n-BuLi (Schéma 3). 

 

 

Schéma 3. Réarrangement de type Smiles de la diphosphine 13 en présence d’un excès de n-

BuLi 

 

Comme pour le ligand P,N L1, les diphosphines L3 et L4 (Schéma 4) forment exclusivement 

des complexes chélates neutres (17-22), aussi bien en chimie du palladium, avec les 

précurseurs [PdCl2(COD)] ou [PdMeCl (COD)] que du nickel, avec [NiBr2(DME)].  

 

 

Schéma 4. Synthèse de deux diphosphines métalloconfinantes à partir du dimésylate 1b. 



 RÉSUMÉ 8 

 For references, see page 10. 

 

Bien que les diphosphines L3 et L4 soient toutes les deux capables d’encapsuler un centre 

métallique, l’environnement stérique autour du métal dans les complexes 17-19 est très 

différent de celui présent dans les complexes 20-22. En effet, dans les complexes 17-19, 

comme le montre la structure moléculaire de 17, le plan formé par l’unité chélate P2MX2 est 

parallèle à l’axe passant par le milieu de la cavité, comme dans les complexes formés à partir 

du ligand P,N L1, alors que cette unité est quasiment perpendiculaire au même axe dans les 

complexes 20-22. Comme pour les complexes P,N, les sites axiaux sont protégés par la paroi 

interne de la cavité cyclodextrine dans 17-19 ce qui n’est pas le cas des complexes 20-22. Par 

ailleurs, l’encombrement stérique autour des deux ligands exogènes (méthyle ou chlorido) est 

fortement différencié comme dans les complexes chélates du ligand L1 et contrairement aux 

complexes 20-22. La réaction des diphosphines L3 et L4 avec [PdMeCl(COD)], au contraire 

du ligand P,N, fournit des proportions variables des deux isomères possibles (18a,b pour L3 et 

21a,b pour L4) et nous avons étudié l’influence de la température et la nature du solvant sur la 

composition du mélange. 

 

Figure 2. Complexes de Ni(II) et de Pd(II) des diphosphines L3 et L4. 
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Figure 3. Structures radiocristallographiques des complexes 17, 20 et 22. 

 

2.3  Evaluation des propriétés catalytiques des complexes de nickel en 

oligomérisation de l’éthylène 

 

 

Figure 4. Structures des complexes non cavitaires 23 et 24. 

 

Tous les complexes du nickel, qu’ils soient cavitaires ou non, ont été testés en catalyse 

d’oligomérisation de l’éthylène. A des fins de comparaison, [NiBr2(DPPE)] (24) (DPPE = 1,2-

bis(diphenylphosphino)ethane) et l’analogue non cavitaire de 19 (23) ont également été inclus 

dans l’étude. Nous avons observé que le co-cotalyseur MMAO-12 (méthylaluminoxane 

modifié) donne les meilleurs résultats avec l’ensemble des précatalyseurs étudiés. Une étude 

préliminaire a montré que les conditions standard pouvaient être utilisées (quantité de 

catalyseur : 1 × 10-5 mol, MMAO-12 (400 equiv), toluène, éthylène (10 bar), volume total = 

20 mL) pour ce type de complexes. Contrairement aux précatalyseurs non cavitaires, les 

complexes équipés d’une unité cyclodextrine fournissent presque exclusivement des oléfines 

C4, en particulier les complexes présentant un encombrement stérique important au niveau des 

sites axiaux tels que 19 (jusqu’à 98% d’oléfines C4). Par ailleurs, tous les catalyseurs cavitaires 

conduisent à une forte proportion d’α-oléfines, en particulier 6 et 19 (jusqu’à 91% de 1-butène 

pour 6), ce qui n’est pas le cas de leurs homologues dépourvus de cavité. Par ailleurs, ces 
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mêmes précatalyseurs (6 et 19) après activation par le MMAO sont également les moins actifs 

sur une durée de réaction courte (35 min) mais ne se désactivent que très peu après 24 h de 

réaction, ce qui témoigne de leur robustesse contrairement aux catalyseurs non cavitaires et au 

complexe 11 dans lequel les sites axiaux ne sont pas protégés.  

3. Conclusion générale 

La synthèse d’un nouveau ligand cis-chélatant de type P,N comportant une unité α-

cyclodextrine perméthylée a été mise au point. En plus de ce ligand P,N, deux autres ligands 

cavitaires de type diphosphine ont été utilisés pour cis-chélater des métaux d8 d’intérêt 

catalytique à l’intérieur d’une cavité α-cyclodextrine. La présence du métal à l’intérieur de la 

cavité cyclodextrine a pu être mise en évidence grâce à une caractérisation poussée des 

complexes par RMN 2D et de nombreuses études radiocristallographiques. Une étude portant 

sur l’oligomérisation de l’éthylène a permis de comparer les propriétés catalytiques des 

complexes de nickel métalloconfinés à leurs homologues non cavitaires. Il s’avère que le 

confinement du métal améliore significativement la sélectivité de la réaction, tant en termes de 

longueur de chaîne (C4) que de regiosélectivité (formation d’α-oléfines), ainsi que la robustesse 

des catalyseurs.  
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I. 1. Cavity-shaped molecules within the context of catalysis 

With the continuous development of science and technology, synthetic chemistry is playing an 

increasingly important role in our daily life as it allows the production of structurally very 

diverse molecular objects that are capable of performing a given function. Amongst those, 

synthetic catalysts occupy a place of choice as the development of compounds capable of 

speeding up a given reaction with high selectivity and low catalyst/substrate ratio is a key 

research area within the general context of green chemistry.1 Nature’s own catalysts that are 

enzymes are often a source of inspiration for the design of novel artificial catalysts.2 Enzymes 

are proteins that act as biocatalysts with high catalytic efficiency, high substrate specificity 

compared to man-made catalysts as well as high selectivity (chemo-, regio- and 

stereoselectivity). In addition, natural enzymes work best under physiological conditions, 

namely in aqueous solution, at room temperature or slightly above and neutral pH.3 However, 

the limited number of reactions that they are capable of catalyzing, their lack of robustness, 

their structural complexity and high molecular weight, the difficulty of geting hold of large 

quantities in a pure form and their limited reaction condition range make their use often 

uneconomical. In spite of these drawbacks, the exceptional catalytic properties of enzymes 

have prompted generations of chemists to develop simplified versions of the biocatalysts, in 

particular metal containing ones – the so-called metalloenzymes – since metals, in particular 

transition metals, considerably extent the reactivity and scope of the catalysts.4 As early as the 

1950s, small molecule polyamine copper complexes were used to catalyze the hydrolysis of 

fluorophosphates5. However, the first metal complex mimicking enzymes was not developed 

until 1970 by Breslow who was the first to use the term “artificial enzyme”.6 In order to reach 

the high selectivity displayed by enzymes, control of the steric environment all around the 

active site is needed in these so-called enzyme mimics. This is the reason why chemists 

working in this field focused from an early stage on macrocyclic and later on more 

sophisticated cage-like compounds. As early as 1967, C. J. Pedersen reported the first metal 

complex involving crown ether macrocycles,7 which aroused great interest among chemists, 

and marked the emergence of macrocyclic chemistry within the more general context of 

supramolecular chemistry, the "chemistry beyond molecules" as adequately defined by J.-M. 

Lehn.8 Not long after Pedersen’s discovery, Lehn and Sauvage went a step further by creating 

a three-dimensional macrobicyclic structure, capable of fully encapsulating a metal ion to give 

what they called a cryptate.9 In 1978, inspired by research on the noncovalent complexation of 
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not only metal ions but also organic molecules by macrocyclic ligands, Cram proposed the 

concept of host-guest chemistry that is also key to enzyme mimicry.10 Because of their brilliant 

contributions to supramolecular chemistry and its use in molecular machinery, Pedersen, Lehn 

and Cram were awarded the Nobel Prize in Chemistry in 19878,10-11, and later on Sauvage in 

2016.12 

In order to achieve full steric control of the active site, chemists soon turned their attention to 

macrocyclic compounds with thicker walls than the early macrocycles. Many of these cavity-

shaped molecules can also act a supramolecular host towards organic guests which make them 

particularly attractive for enzyme mimicry since enzymes behave as supramolecular 

catalysts.13 The four most common classes of cavity-shaped compounds are the 

cyclotriveratrilenes (CTVs), calix[n]arenes, and cucurbit[n]urils which are all synthetic 

molecular receptors together with cyclodextrins (CDs) which are naturally occurring. More 

recent representatives are the pillar[n]arenes, etc. although their use for catalytic purposes is 

far less developed. 

 

 

Fig 1. Cavity-shaped molecules that can act as supramolecular hosts. 
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Cyclotriveratrilenes (CTVs) and calix[n]arenes belong to the cyclophane family. They are very 

hydrophobic macrocycles composed of benzene rings linked together by methylene bridges. 

CTVs were first synthesized independently by Ewins and Robinson in 1909 and 1915 

respectively.14 Chemically unmodified CTV is a macrocyclic trimer of veratrole with phenolic 

functions that can be used for introducing different substituents and functional groups. The 

bowl-shaped conformation of CTV and its derivatives allows them to complex guest molecules 

through a variety of non-covalent interactions. Owing to their electron-rich molecular 

concavity and the possibility of functionalizing its wide rim with diverse chemical groups, 

CTV derivatives have raised increasing interest in supramolecular chemistry. 15 

Calix[n]arenes are condensation products between phenol and formaldehyde, and represent the 

third generation of macrocycles after crown ethers and cyclodextrins in the field of 

supramolecular chemistry.16 First reported in 1942, calix[n]arenes are characterized by their 

unique bowl-shaped structure of electron-rich cavities, the presence of two rims of different 

nature, one hydrophobic and one hydrophilic, and the possiblity to control the size of the cavity 

by adjusting the number of repeat units within the macrocycle.17 

Cucurbit[n]urils, commonly made up of 5 to 8 glycoluril monomers linked by methylene 

bridges, are the fourth generation supramolecule obtained by the acid-catalyzed condensation 

reaction between glycoluril and formaldehyde.18 Their shape is reminiscent of a pumpkin (a 

vegetable belonging to the Cucurbitaceae family), hence the name "cucurbituril" that was given 

to them. The cucurbit[n]uril has a rigid structure and hydrophobic cavity, and along the upper 

and lower edges are carbonyl functional groups with strong dipoles, which can efficiently 

complex cations. In addition, cucurbit[n]uril molecules equipped with large cavities can even 

complex two guest molecules to form ternary host-guest complexes, providing the opportunity 

to prepare multidimensional nanomaterials.19 Despite their relatively late discovery, 

cucurbit[n]uril macrocycles have developed very rapidly and are now successfully used in i.a. 

molecular recognition, self-assembly, catalysis, drug delivery, biosensors, and luminescent 

materials.20 

Chronologically, cyclodextrins (CDs) are the second generation of macrocyclic molecules after 

crown ethers, and consist of cyclic oligosaccharides produced from starch by enzymatic 

degradation.21 They contain between 6 to 12 D-glucopyranose units but only the first three 

representatives, which are even commercially available, display a well-defined cavity. These 

are the α-, β- and γ-CDs, made up of 6, 7 or 8 glucopyranose units, respectively.22 The main 

feature of CDs is their unique hydrophobic cavity capable of hosting a wide range of lipophilic 

guests in water and a hydrophilic outer surface that ensures water solubility.23 Since CDs are 
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made of glucose repeat units, they are water-soluble, non-toxic, relatively easy to modify 

thanks to their numerous hydroxyl groups, inexpensive and optically active. They display two 

rims, also called faces. The wider one displays secondary hydroxyl groups hence the name 

secondary face, while the narrow one is endowed with primary hydroxyl groups, hence the 

name primary face. The presence of all these features allows them to serve as ideal macrocyclic 

platforms for the construction of supramolecular assemblies involving diverse organic and 

inorganic molecules in water. 24 Because of their exceptional host-guest properties in this 

medium and their lack of toxicity, they have been widely used in fields as diverse as catalysis, 

including e.g. asymmetric catalysis, polymerization, materials science, drug delivery, and 

nanotechnology.25  

Pillar[n]arenes, which were first reported by Ogoshi’s group in 2008, are a new class of 

supramolecular hosts with a “pillar” type symmetrical structure, formed by hydroquinone units 

bridged in  p-position by methylene bridges26. It has been proven that pillar[n]arenes combine 

many of the interesting features of conventional macrocyclic compounds. Furthermore, 

pillar[n]arenes also possess several other properties, such as excellent host-guest capabilities, 

planar chirality, and the ability to engage in self-assembling processes with a highly 

symmetrical structure due to their shape, which make them promising for applications in life 

sciences, nanoscience, molecular machines, molecular devices, self-assembly, biomaterials 

and fluorescence detection.26-27 

In recent years, additional approaches involving supramolecular or coordination-assembled 

cages have been developed, notably those pioneered by Reek, to create a cavity-like 

environment around the metal center.28 An extension to theese purely molecular systems are 

metal-organic frameworks (MOFs), which represent an important class of novel materials 

consisting of metal centers and organic multifunctional ligands. Over 15000 MOFs have been 

synthesized so far.29 They combine the disciplines of organic and inorganic chemistry as well 

as material science, and display many interesting properties, of which the most important are 

their crystalline nature, permanent porosity, high specific surface area and low density.30 All 

of these are relevant to their potential applications in e.g. gas storage, drug delivery, catalysis, 

and photoluminescence.29,31 

I. 2. Metalloreceptors for catalytic applications 

Metalloreceptors have recently attracted a great deal of attention because they can bind 

substrates through their primary ligand layer (i.e., metal-substrate binding), secondary ligand 
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layer (i.e., ligand-substrate binding), or a combination of both to form a stable supramolecular 

system that provides robust and selective recognition as well as high catalytic efficiency.32 

Amongst all the catalytic systems, metal catalysts, especially those based on transition metals, 

occupy a place of choice including in nature with the so-called metalloenzymes, because of the 

diversity of reactions they can perform.4a,33 Transition metal catalysts can easily give or accept 

electrons from other molecules, and therefore play an important role in electron transfer 

processes that occur in many catalytic reactions. In both natural and artificial systems, control 

of the active site which is the metal center itself is vital for achieving a high degree of selectivity 

in catalytic reactions. Only cavity-shaped ligands, whether supramolecularly assembled or 

purely covalent, decorated with specific donor atoms at given positions within the ligand’s 

framework are capable of fully controlling the metal first coordination sphere.34 To this end, 

several strategies have been devised to design macrocyclic ligands equipped with several and 

different donor atoms. Amongst those, chelating, bidentate systems are the most common as 

they are relatively easy to access and provide increased rigidity and control.35 

I. 3. Cavity-shaped chelating hybrid ligands with differentiated donor 

groups 

Hybrid ligands are bidentate or multidentate ligands containing at least two different types of 

chemical functions that are capable of binding a metal center (Fig 1).36 Hybrid ligands include 

ligands that differ in the nature of the donor atoms such as hard and soft, ass well as those 

possessing similar donor atoms in chemically different moieties.37 Combining different and 

contrasting metal binding functions in the same molecule is a highly desirable goal as hybrid 

ligands often display unique coordination and catalytic properties that cannot be reached with 

homofunctional ligands.36 

 

Fig 1. Homofunctional and hybrid ligands.36 
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In recent years, there has been a proliferation of research work on the synthesis and applications 

of hybrid ligands and their transition metal complexes. The field has become very broad and 

diverse and we will concentrate here on the design and preparation of covalently constructed, 

cavity-shaped bidentate ligands (excluding supramolecularly assembled 

systems25d,25g,28,29b,31h,38), with different coordinating units are differentiated since the new 

molecules that have been synthesized during the course of this thesis all belong to that class of 

compounds. In the following, the cavity-shaped systems will be compared when possible to 

their cavity-free analogs. Particular attention will be put on the capacity of the cavity-shaped 

ligands to force metal encapsulation. 

This particular class of ligands can be divided into two different types according to the 

electronic properties of the donor groups and the way they are connected to the macrocyclic 

structure (Fig 2). Bidentate podands in which a single dangling coordinating arm contains the 

two coordinating units with different or identical donor groups constitute the first type. In the 

second type, two chemically different or identical but nonequivalent coordinating units are 

grafted on two separate locations of the macrocyclic structure. 

 

 

Fig 2. Schematic representation of the two different types of cavity-shaped bidentate ligands 

with nonequivalent coordinating units. 

 

I. 3. 1. Cavity-shaped bidentate ligands equipped with a single coordinating 

arm 

The first chelating ligand containing a molecular cavity was synthesized as early as the 1970s. 

In 1970, Breslow and Overman6 synthesized a metalloenzyme mimic (R1)* called for the first 

                                                 

* The numbering of the compounds described in this chapter is preceded by an “R” (R = review). 
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time “artificial enzyme” by esterification of a secondary alcohol group belonging to the wider 

rim of an -CD with the 5-m-nitrophenyl ester of pyridine-2,5-dicarboxylic acid (Fig 3). Its 

nickel complex R2 was found to be efficient at catalyzing the hydrolysis of p-nitrophenyl 

acetate in water. The effective catalytic cleavage of the ester function (103 times the 

uncatalyzed rate) was believed to result from the presence of the substrate within the CD host 

in water and its binding to the chelated nickel cation. As already postulated by the authors at 

that time, a greater rigidity which cannot be achieved with a dangling coordinating bidentate 

unit should improve the catalytic performance. 

 

 

Fig 3. The first example of a cavity-containing bidentate ligand and its Ni(II) complex. 

 

CDs are an important class of host molecules, and their ability to include guest molecules of 

suitable size, shape and chirality makes them potential chiral discriminating agents.2,24,25g,39 In 

the early 1990s, Rizzarelli and Vecchio reported the synthesis of a series of histamine-modified 

β-CD ligands (R3, R4, R5, R6) (Fig 4) and the copper (II) complexes of the first three ones. 

The chiral discrimination towards the same enantiomeric pairs of amino acids was studied40. 

The authors showed that the unprotonated heterocyclic ring of ligand R3 was located outside 

the cavity. However, the interaction of the imidazole ring with the β-CD cavity becomes 

stronger with an increasing degree of protonation suggesting partial inclusion of the protonated 

imidazole ring in water. In a similar way, the histamine fragment in R3 when coordinated to 

copper(II) appears to interact with the cavity causing a “stiffening” of the whole structure. As 

the copper ion is dragged close to the cavity, the metal-coordinated L- or D-tryptophan guests 

are efficiently discriminated by the chiral CD since the two enantiomers lead to heteroleptic 

metal complexes with R3. These have very different stability constants in aqueous solution. 

While D-tryptophan may be included in the CD hollow, its L counterpart is likely to be located 

outside. The high enantiodiscrimination ability of R4 when bound to copper(II) towards L- and 
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D-tryptophan and the opposite order of elution for the two enantiomers in LEC experiments in 

which tryptophan-free copper CD complexes are present in the mobile phase were suggested 

to result from the “cis-effect”. In such a case, similar donor groups belonging to the CD ligand 

and to the aminoacid guest are cis to each other in the CD/Cu/aminoacid ternary complex (here 

adjacent primary or secondary amino groups). However, because the α value which 

corresponds to the ratio of the stability constants between the L- and D-tryptophan complexes 

is highly dependent on the nature of the CD-based chelating N,N ligand (Table 1), a cis-trans 

equilibrium was postulated although this was not substantiated with an experimental study 

(Scheme 1). 

 

 

Fig 4. A series of histamine-modified β-CD ligands. 

 

Table 1. Enantioselectivity factors α for tryptophan enantiomers in LEC using Cu(II)-L as 

chiral eluent 

L α (K’L / K’D) 

R3 1.41 

R4 2.4 

R5 0.8 
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Scheme 1. Postulated cis-trans equilibrium for the CD/Cu/aminoacid ternary complex. 

 

In 1995, a series of CD-based chelating ligands was reported by Carofiglio.41 Diamines R5, 

R7, diaminophenol R8 and iminoaminophenol R9 were used as chiral ligands for Mo(VI)-

catalyzed asymmetric oxidation of thioanisoles with hydrogen peroxide in three different 

media containing HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid) buffer 

solution at pH 7 – heterogeneous (pure HEPES acid buffer solution), biphasic (HEPES buffer 

solution and 1,2-dichloroethane) and homogeneous (HEPES buffer solution/methanol) 

(Scheme 2). 6-Diamino-β-CD R5 produced ee values above 50% whereas low ee values were 

observed with all the other ligands. Upon changing the reaction medium, only small variations 

of ee values (between 53% and 60% ee) were observed, which points to a scenario where the 

host-guest properties of the CD are not involved in enantiodiscrimination, although the 

inclusion of the substrate in the β-CD cavity even in the presence of methanol (homogeneous 

case) cannot be totally ruled out. 
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Scheme 2. Asymmetric oxidation of thionanisole in the presence of β-CD-based ligands.41 

 

It has been noted that the amino derivatives of cyclodextrins can act as first coordination sphere 

ligands for a number of metal ions. Lincoln et al.42 prepared a 6A-(3-aminopropylamino)-6A-

deoxy-β-CD (R10) (Fig 5) as well as the nickel(II) complex obtained by reacting ligand R10 

with Ni(ClO4)2. Although the structure of the complex is unclear, it was shown from a pH 

titration study that in the presence of the Ni salt, R10 binds the two enantiomers of the 

tryptophan anion with unequal strength and exhibits a tenfold enantioselectivity between (R)-

trp- and (S)-trp- enantiomers in aqueous solution, possibly as a result of the inclusion of the 

indole moiety in the stronger (R)-trp- complex, although this feature was not fully established. 

This study also indicated that the presence of the metal is important for chiral discrimination 

and the cavity has a significant role to play in promoting the formation of heteroleptic 

complexes at the expense of homoleptic ones involving two CD ligands. The influence of the 

metal ion on this enantiodiscrimination process was also examined with M = Co(II), Cu(II) or 

Zn(II)) in the CDligand/M/trp- combination using again pH titration. However, compared to 

Ni(II), the enantiodiscrimination with these metal ions ranged from modest to none in the case 

of Zn(II). This observation was believed to be related to the flexibility of [Zn(R10)(R)-trp]+ 

and [Zn(R10)(S)-trp]+
 caused by the absence of ligand-field-generated geometric constraints 

on d10 Zn2+. 

 



 General Introduction 27 

For references, see page 59. 

 

                    

Fig 5. Bidentate N,N ligands R10 and R11 derived from β-CD. 

 

On the basis of previous studies, three diaminoalkane-type derivatives, including 6-deoxy-6-

[1-(2-amino)ethylamino]-β-CD (R5), 6-deoxy-6-[1-(3-amino)propylamino]-β-CD (R10) and 

6-deoxy-6-[1-(4-amino)butylamino]-β-CD (R11) (Fig 5), were used in 2006, by McNamara et 

al. to investigate the influence of an increasing chain length in the diaminoalkane moiety on 

enantioselectivity.43 Circular dichroism was used to study the inclusion of the enantiomers of 

phenylalanine, tyrosine and DOPA (dihydroxyphenylalanine) in the CD cavity for Cu(II) 

heteroleptic complexes involving the CD ligands and the various aminoacids. Comparison 

between the circular dichroic molar extinction coefficients () of two diastereomeric 

complexes involving enantiomeric aminoacids allowed to assess the degree of guest inclusion 

in each case. The studies point to a scenario in which the D-enantiomer is always more 

encapsulated than the L-enantiomer (scheme 3), knowing that the presence of the known 

competitive guest 1-adamantanol produces most changes in the CD spectra of complexes 

involving D-enantiomers, in particular in the case of D-DOPA. The results also suggest that 

[Cu(R5)] is the most enantioselective host for all of three guests. The order of 

enantioselectivity towards the different guests in the series is as follows: [Cu(R5)] > [Cu(R10)] 

> [Cu(R11)] for phenylalanine and DOPA while for tyrosine the order is: [Cu(R5)] > 

[Cu(R11)] > [Cu(R10)]. Furthermore, due to its d9 configuration, Cu(II) displays a tetragonally 

distorted octahedral coordination sphere and thus should inhibit the inclusion of the L-

enantiomer because of severe steric constraints caused by the coordination of this stereoisomer. 

For [Cu(R10)], the enantioselection process is not possible due to the structure of the 1,3-

diaminopropane moiety, which is too flexible to allow each enantiomer to interact with the 

cavity in a distinc manner. In the case of CuCDBn the length of the alkane chain may prevent 
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the diaminoalkane moiety from acting as a bidentate ligand, thus again facilitating the inclusion 

of both enantiomers in the cavity. 

 

Scheme 3. Proposed structures of the diastereomers [Cu(R5)(D-DOPA)]+ (left) and 

[Cu(R5)(L-DOPA)]+ (right). 

 

Woggon reported water-soluble Ru(II) complexes of the β-CD modified amino alcohols R12 

and R13.44 These Ru(II) catalysts were able to reduce both aromatic and aliphatic ketones with 

high enantioselectivities (ee value up to 97% for R13) in a mixture of H2O/DMF (3:1) (Scheme 

4). Conversely, the CD-free analogous Ru complex only produced 50% ee in favor of the same 

isomer, which points to the fact that β-CD plays an important role in enantiodiscrimination, 

probably via substrate encapsulation. The significance of the N-H group in the coordinating 

arm was also proven since its replacement with a tertiary amine led to an inactive system that 

was unable to activate the carbonyl group through hydrogen transfer. 

 

Scheme 4. Ru(II)-catalyzed asymmetric reduction of ketones using monosubstituted CDs 

R12, R13 as ligands.44 
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In 2012, Ji et al.45 reported similar podands based on amino alcohol-modified -CDs in part 

previously described by Woggon (Fig 6). These ligands were reacted with sodium molybdate 

and the resulting complexes were used for the asymmetric oxidation of thioanisole. A moderate 

ee value (56%) was achieved in aqueous buffer solution for the best performing ligand R14a. 

The enantioselectivity was highly dependent on pH and the structure of the coordinating unit. 

Surprisingly, the presence of an additional stereogenic (S) center in the coordinating arm did 

not improve the enantioselectivity. This moderate result was ascribed to two competing 

catalytic processes taking place within the CD cavity. One of them involved a thioether group 

located near the metal unit at the primary face is intramolecular and highly enantioselective 

whereas the second is intermolecular and poorly selective because the thiophenol function is 

upside down in the inclusion complex, away from the primary face-grafted metal unit. 

 

Fig 6. A series of ligands based on amino alcohol-modified -CDs. 

 

One year later, the same ligands together with R5 were employed by the same group to form 

Ru(II) artificial metalloenzymes, which were then applied to the asymmetric hydrogenation of 

aromatic ketones in DMF/water mixture (Scheme 5).46 Only ee values up to 80% could be 

obtained with the combination of R5 and [RuCl2(Mesitylene)]2 and only with bulky ketones 

such as 2-acetylnaphtalene. As in Woggon’s study44, tertiary amine-based systems proved to 

be nonselective and poorly active. Catalysts with bulky aromatic ligands, such as with a 

mesitylene bound to the metal tend to perform better in terms of enantioselectivity than less 

sterically crowded benzene analogs albeit with reduced activity. 

 

Scheme 5. Ru(II)-catalyzed asymmetric reduction of aromatic methyl ketones using 

monosubstituted CDs R14a-g, R5 as ligands.46 
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Moving away from traditional enzyme mimics which solely deal with biological relevant 

reactions such as hydrolysis, Reetz et al. sought to combine in the same system host-guest 

effects with transition-metal and phase-transfer catalysis in 1993.47 He prepared a water-

soluble phosphine equipped with a β-CD unit (R15) and its corresponding rhodium complex 

R16 (Fig 7). Their intention was to test the catalytic activity of such a potential supramolecular 

catalyst in a two phase (org-H2O) system. However, this Rh-complex was found not to be an 

effective catalyst, but later in 200148, his group conducted a further study on this ligand. The 

crystal structure analysis of R15 revealed selective intramolecular complexation of one of the 

two diastereotopic phenyl groups, which induced chirality at phosphorus. Despite the fact that 

no unequivocal explanation for the observed S-configuration in the crystal was given, this 

phenomenon of diastereotopic group recognition, which occurs when selective recognition of 

heterotopic groups takes place within the same chiral molecule (Scheme 6), was believed to be 

the first such example. As an extension of the ongoing work, a gold (I) complex (R17) derived 

from the same ligand was also prepared49. Further investigations are needed since this complex 

may act as an antiarthritic drug. 

 

 

Fig 7. β-CD-based ligand R15 and its metal complexes R16 and R17. 
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Scheme 6. Diastereotopic group recognition by a chiral host.48 

 

In the same vein, Krepinsky and Jia50 grafted a β-CD unit to a PPM ligand [PPM = (2S, 4S)-

(−)-4-(diphenylphosphino)-2-(diphenylphosphinomethyl)pyrrolidine] (R18), which displays 

good catalytic properties.51 In order to keep the active metal center further away from the β-

CD cavity, another ligand CD-containing PPM ligand (R19) was prepared for comparative 

purposes.52 Rhodium and platinum complexes of these two ligands were then synthesized (Fig 

8). NMR studies revealed that [Rh(COD)(R18)]+ and [PtCl2(R18)] adopt a square-planar four-

coordinate geometry, with two coordinated phosphorus atoms of the CD ligand. As for the 

complexes derived from R19, the coordination sphere of the PtCl2 complex was the same as 

that of R18, but in the case of rhodium, a five-coordinated complex was formed in which the 

nitrogen atom is also coordinated to the metal as in cavity-free PPM53. Significant steric 

hindrance caused by the proximity of the CD unit to the coordinating PPM unit in R18 was 

invoked to explain the difference in coordination behavior between the two ligands. 

Unfortunately, no catalytic study was conducted to compare the performances of these ligands. 
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Fig 8. β-CD-based ligand R18, R19 and their metal complexes. 

 

In 2004, a Pd(II) chelate complex (R20) of a -CD-derived disulfide was synthesized by Kostic 

et al.54 Although the exact structure of the complex is not known, chelation of Pd(II) was 

confirmed by NMR studies. The aqua complex [Pd(H2O)4]
2+ was shown to promote the 

challenging hydrolysis of the X-proline amide bonds in peptides such as bradykinin in neutral 

aqueous solutions albeit in an unselective manner. When the Pd(II) catalytic center was grafted 

on a CD unit as in R20, only one out of the three X-proline bonds of bradykinin was cleaved 

as a result of the inclusion of the aromatic residue of a phenylanaline unit neighboring the 

proline unit undergoing hydrolysis as suggested by ROESY experiments (Fig 9). This work 

exemplifies the fact that when associated with metals, the CD cavity can act as an efficient 

recognition unit and bring selectivity to an otherwise unselective metal-mediated reaction. 
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Fig 9. Pd(II) chelate complex (R20) and prompted sequence-specific, hydrolytic cleavage of 

the X-Pro bond. 

 

Ding et al. prepared a water-soluble triazolyl β-CD supported palladium complex R21a, which 

was then applied in Suzuki-Miyaura cross-coupling reactions in neat water (Scheme 7).55 The 

reaction conditions were optimized using p-bromobenzaldehyde and phenylboronic acid as 

model substrates. The reaction of boronic acids with halobenzenes in the presence of Na2CO3 

as a base and R21a (10-7 mol%) as a catalyst resulted in very high yields of the corresponding 

biaryl products, with turnover numbers (TONs) and turnover frequencies (TOFs) reaching 9.9

╳108 and 4.9╳108 h-1, respectively. Both the cavity-free complex R21b56 and Pd(OAc)2 

performed much more poorly compared to CD containing R21a, in particular with hydrophobic 

substrates, with yields not exceeding 40% vs up to 98% for R21a. This clearly points to an 

active role played by the CD cavity. Obviously, the strongly hydrophilic -CD fragment of the 

complex improves the water solubility of the catalyst, which is likely to act as a phase-transfer-

catalyst capable of accelerating transformations in biphasic media. Moreover, the 2D ROESY 

NMR spectrum of R21a in the presence of the p-bromobenzaldehyde in D2O shows 

correlations between aromatic protons of the substrate and CD inner-cavity protons, indicating 

that the cavity is able to accommodate the substrate and capable of acting as a recognition unit. 
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Scheme 7. Suzuki coupling reaction catalyzed by R21a. 

 

Very recently, Jung synthesized a similar nitrogen ligand, by grafting an aminoethylamino arm 

onto a native -CD platform.57 Again a water-soluble Pd(II) complex (R22) was formed upon 

reaction of the free ligand with Pd(OAc)2. Coordination of the N,N ligand to palladium was 

confirmed by NMR, FT-IR, FE-SEM, DSC and MS studies. This catalyst R22 was used in 

Suzuki-Miyaura cross-coupling reactions between arylboronic acid/arylboronic ester and aryl 

halides in water under mild conditions (Scheme 8). Good catalytic activity (up to 94% yield) 

over a short period of time (1 h) was noted with both aryl bromides and iodides, but as expected 

less so with aryl chlorides (54%). Only traces of cross-coupling products were detected when 

a -CD and Pd(OAc)2 mixture was used as catalyst. It is difficult to assess the importance of 

the cavity in the catalytic reaction since a cavity-free N,N analogous ligand was not tested 

under the same reaction conditions. However, clear evidence for the ability of catalyst R22 to 

form an inclusion complex with the substrate molecule 1-bromo-4-nitrobenzene came from 

ROESY experiments pointing to a reaction taking place, at least in part within the CD cavity. 

The yield of the reaction dropped from 94% to 89% after performing seven recycling runs 

involving the extraction of the organic product from the catalyst-containing aqueous phase with 

ethyl acetate. This indicates a low degree of catalyst leaching from the water phase to the 

organic one. 
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Scheme 8. Suzuki cross-coupling reaction catalyzed by R22. 

 

In the same vein, three novel water-soluble picolinamide-modified -CDs were also 

synthesized and reacted with Pd(OAc)2 by Yang et al.58 The resulting Pd(II) complexes act as 

supramolecular catalysts for Suzuki-Miyaura cross-coupling of aryl, benzyl and allyl halides 

with arylboronic acids in aqueous solution (Scheme 9). The catalytic results showed that the 

length of the spacer linking the picolinamide unit to the CD affects the catalytic activity, with 

the efficiency sharply decreasing with increasing linker length. This might be the result of the 

metal moving away from the cyclodextrin cavity. The complex R23 gave rise to very high 

TONs and TOFs (TON 1.5-2.0╳107, TOF 2.6╳106-2.0╳108 h-1) with low catalyst loadings 

(5╳10-6 mol%). Moreover, as in the previous study, the aqueous phase containing the catalyst 

can be reused for at least eight runs after extraction of the organic products with ethyl acetate 

without a significant loss of activity (97% to 90%). A putative mechanism involving 

Pd(II)/Pd(IV) centers was proposed (Scheme 10) based on experimental observations and DFT 

calculations. 
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Scheme 9. Suzuki-Miyaura cross-couplings with R23 as catalyst.58 
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Scheme 10. Possible mechanism for the Suzuki coupling catalyzed by R23.58 

 

Capitalizing on the fact that randomly-methylated -CDs (RAME-β-CDs) are efficient mass 

transfer agents39 in aqueous biphasic media, Hapiot et al.35b synthesized Pd(II) complexes from 

β-CD-based N,N-bidentate ligands (Fig 10). The water-soluble Na2PdCl4/N,N ligand catalytic 

systems are efficient catalysts for the Heck coupling of aryl iodides with functional olefins 

such as styrene and methyl acrylate in aqueous medium at 100 °C (Scheme 11). Fast 

equilibrium between free ligand R26 and the Pd-species was detected by NMR measurements, 

whereas the observation of three sets of resonances in the 1H spectra revealed a slow 

equilibrium between free ligand R27 and the Pd(II) complexes R28 and R29 on the NMR time 

scale. This difference in coordination behavior was believed to result from the hemilability of 

the amino group of R26 towards the Pd center, which incidentally also makes it a more 

effective catalyst. As in the aforementioned analogous complexes, inclusion of an aryl halide 

substrate such as p-methoxyphenyl iodide in the CD cavity was clearly established by means 

of a 2D T-ROESY NMR experiment in D2O and recyclability of the system was demonstrated 

even if its activity tends to decrease after recycling not because of catalyst desactivation but 

increase of salt concentration (NaI) in the catalyst-containing aqueous phase. The latter three 
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examples prove that CD-based catalysts when sufficiently water-soluble act as true 

supramolecular catalysts for industrially relevant carbon-carbon couplings with the reaction 

likely to take place just above the primary face. Indeed, the efficacy of the catalytic systems is 

greatly reduced if the substrate is too large to fit in the CD cavity. 

 

 

Fig 10. β-CD-based N,N-bidentate ligands R26, R27 and Pd(II) complexes derived from R27. 
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Scheme 11. Heck reaction using R26 or R27 as a water-soluble ligand. 

 

Another palladium complex involving a CD monosubstituted with a N,N chelating ligand 

(R30), namely cyclohexanediamine was designed by Yang and coworkers (Scheme 12)59. 

Although it is not clear whether the catalyst is purely molecular or contains nanoparticule 

formed by reaction with NaBH4, it was used for the reduction of various nitroarenes in the 

presence of NaBH4 in water at room temperature. The catalytic results revealed good yields of 

the desired aromatic amines (up to 99%) without the formation of other reduction products and 

without palladium leaching into the organic solution during the extraction of the organics 

products with ethyl acetate after each run. Moreover, the recycled water-soluble catalyst still 

retains high catalytic activity after five cycles (93%) which makes it environmentally-friendly, 

efficient and recyclable. 

 

 

 

Scheme 12. Pd-catalyzed reduction of nitrobenzenes using R30 as ligand. 
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Finally, another N,N ligand consisting of a -CD monosubstituted with a N’-(pyridine-2-

yl)propane-1,3-diamine unit (R31) was reported by Pichumani and Khan (Scheme 13).60 As 

for the previous systems, the Pd(II) complex is highly soluble in water. It was characterized by 

FI-IR, NMR, mass, UV-vis spectroscopic methods and molecular modeling studies. This 

complex proved to be an efficient catalyst for the transfer hydrogenation of various aromatic 

carbonyl compounds with isopropyl alcohol as a hydrogen source. Up to 96% yield was 

reached with fresh catalyst. Only a slight drop in yield was observed (84% yield after 5 runs) 

using the same catalyst recycling procedure as above. The presence of KOH as a base was 

found to be crucial for product formation as the yield dropped significantly in its absence or 

with other bases. Unlike previous studies on analogous complexes, the authors were not able 

to experimentally prove the formation of inclusion complexes between the Pd(II) complex and 

substrate molecules even if molecular modeling studies point to this possibility. The authors 

mention a significant chiral induction by the chiral cavity during the reduction of prochiral 

ketones without giving further details.  

 

 

 

Scheme 13. Pd-catalyzed transfer hydrogenation of ketones using R31 as ligand. 

 

Cyclodextrins can also be used in supramolecular water-soluble photocatalysis. In 2015, Li, 

Sun et al.61 developed highly active supramolecular assemblies (R34) comprising a β-CD-
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modified ruthenium complex (R32) as the photosensitizer, and a phenyl-modified ruthenium 

complex (R33a/b) as the catalyst together with sodium persulfate which acts as the sacrificial 

electron acceptor (Fig 11). The catalysts and photosensitizers were self-assembled by host-

guest interaction in neutral aqueous buffer solution (H2O/MeCN 9:1), giving a TON and 

quantum yield of up to 267 and 84%, respectively. The corresponding values found with a 

photosensitizer lacking the β-CD cavity were only 28 and 10%, indicating that the host-guest 

interaction is key in facilitating the electron transfer from the catalyst to the photosensitizer, as 

also confirmed by stopped-flow measurements. 

 

 

Fig 11. Photosensitizers and catalyst used for highly active supramolecular assemblies. 

 

Armspach, Matt et al. described the preparation of a range of aza-capped CDs by using the 

nitrogen nucleophile 2-nitrobenzensulfonamide (2-NsNH2) as a capping agent (Scheme 14).62 

Two adjacent glucose units in both methylated α- and β-CD derivatives can be connected 

through the very short NH spacer. In methylated CDs equipped with a tertiary amine cap, 
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nitrogen inversion can be blocked at room temperature provided the aglycone N-substituent is 

bulky enough and the cyclo-oligosaccharide core is sufficiently rigid as in the small α-CD-

based complex, the crystal lattice of which displayed a discrete left-handed, four-folded helix. 

In the case of the larger and more flexible -CD ligand R37a, nitrogen invension cannot be 

blocked and the complex with an encapsulated metal R39a no longer forms helical assemblies 

in the solid state, but columnar arrays instead, as direct connection between the CD units via 

hydrogen bonding does not occur in this case. The endo orientation of the nitrogen lone pair in 

the -CD-derived ligands makes the confinement of metal within the CD cavity possible, thus 

opening the way for nitrogen-based metal catalysts operating in a restricted chiral space. 

 

 

Scheme 14. Synthesis of N,N bidentate ligands and metal complexes.62 

 

Apart from the highly hydrophilic CDs, much more hydrophobic, polyaromatic host molecules 

such as the calixarenes and the resorcinarenes have also been modified to access well-defined 
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cavity-shaped ligands. Among all calix[n]arenes species, the calix[4]arene is one of the most 

popular cavity-shaped platforms in the field of catalysis and supramolecular chemistry even if 

its inner-space is often too small to carry out intra-cavity reactions.63 Furthermore, 

resorcin[4]arenes, which can be obtained by acid-catalyzed condensation of resorcinol with 

aldehyde, display a larger hollow than calix[4]arenes and therefore make them more attractive 

for inner-cavity reactions. In 2001, Rudkevich and Rebek64 reported the synthesis and host-

guest properties of a novel metallocavitand R40 derived from a resorcin[4]arene platform, the 

cavity of which is extended thanks to aromatic walls held together by a cyclic array of 

cooperative hydrogen bonds involving amide substituents (Scheme 15). One of the aromatic 

walls could be equipped with a rigid coordinating phenanthroline unit resulting in a rigid 

cavity-shaped ligand with self-folding capability, relatively large inner space (8 × 10 Å) and 

metal-confining properties as the metal binding site is directed toward the cavity. Whether 

metalated with zinc(II) or not, the cavitand is capable of binding quinuclidine and 1,4-

diazabicyclo[2,2,2]octane within its hollow, though the binding is stronger when the metal is 

present (1 kcal mol-1 additional stability). The inclusion and expulsion of these tertiary amines 

from the cavity, whether metalated or not, was shown to be a slow process on the 1H NMR 

time scale since both complexed and uncomplexed amines are present in the reaction mixture 

at room temperature. The exact coordination geometry of the Zn atom is not known, but this 

zinc-containing cavity was regarded as a promising metalloenzyme mimic for catalyzing 

hydrolysis and esterification reactions in a selective manner.  

 

 

Scheme 15. Reaction of the metallocavitand R40 with ZnCl2.
64 
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One year later, the same group reported a resorcin[4]arene platform, phosphite-oxazoline 

chelator (R42).65 This ligand produced a η3-complex when treated with palladium and various 

allyl acetates. There are two possible ways of coordinating the allyl part (H2C–CH=CHR’), 

one of which involves the allyl terminus cis or trans to the Pd-P bond (R43a, R43b 

respectively) (Scheme 16). The steric hindrance caused by the geminal phenyl groups of the 

oxazoline unit favors a reaction pathway involving a η3-complex (R43a), that eventually results 

in the formation of the linear product. Substrate selectivity was shown to take place thanks to 

competition experiments. It appears that the rate of oxidative addition depends on the 

connectivity of the homoallylic carbon atoms, and it decreased with increasing substrate 

bulkiness in the order R’ = iBu (S1) > iPr (S2) > tBu (S3). The ability of this catalyst to stabilize 

the transition state of the oxidative addition decrease in the order S4 > S2 > S5. Clearly, both 

the substrate and regioselectivity of the allylic substitution is a direct result of the presence of 

a cavity which acts as a molecular recognition unit, making substrate and metal encapsulation 

a promising strategy for the development of regio- and enantioselective catalysts. 

 

Scheme 16. Resorcin[4]arene-based ligand R42 controls the allylic alkylation of various 

substrates.65 
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In 2010, Harvey and Jugé synthesized the first P-chirogenic aminophosphane-phoshinite 

ligand comprising an upper rim-functionalized calix[4]arene platform (Scheme 17).66 The 

Rh(I) complex derived from this ligand was used as a catalyst for the asymmetric 

hydrogenation of various prochiral olefin substrates (Scheme 18), giving rise to excellent 

activities, and ee values as high as 98% were obtained in the case of the (R)-N-

acetylphenlalanine methyl ester substrate, using benzene as the solvent. On the contrary, 

analogous ligands bearing an isoelectronic but less bulky substituent showed poorer 

performances. Computer modeling indicated the presence of two different conformers. The one 

in which the rhodium center is located outside the cavity is slightly more favored than the one 

with the metal inside. Therefore, it is highly probable that metal and substrate encapsulation is 

not responsible for enantiodiscrimination, effective enantiodiscrimination is the result of the 

rather large calix[4]arene platform. 

 

 

Scheme 17. Preparation of Rh(I) complexes R44a-c. 

 

 

Scheme 18. Asymmetric hydrogenation of methyl 2-acetamidocinnamate catalyzed by 

R44a.66 

I. 3. 2. Cavity-shaped bidentate ligands equipped with two non-equivalent 

coordinating arms 
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The first part of this section will deal with ligands having two different coordinating groups 

connected to two different positions of the macrocyclic platform. Because the separation 

between the two donor atoms is usually large, large chelate complexes can form provided the 

macrocycle is rigid and preorganized enough to avoid noncyclic species.  

Woggon reported Ru complexes derived from a modified β-CD with either a N-(2-

hydroxyethyl)amino (R45a) or an N-methylamino unit (R45b) connected to a CD C-3 atom at 

the secondary face (Scheme 19).67 The opening of the CD epoxide starting material with the 

amine nucleophile resulted in distorted -CD cavities in which the new altrose unit adopts a 

1C4 conformation and not the standard glucose 4C1 conformation as revealed by 1H NMR 

investigations. No more information on the precise structures of the new host molecules could 

be obtained, notably by X-ray diffraction studies. Furthermore, in R45a ligand chelation did 

involve the amino and hydroxyl groups of the N-(2-hydroxyethyl)amino unit as in primary 

face-modified R12,44 but a much more rigid chelate complex was formed involving the 

nitrogen atom of the N-(2-hydroxyethyl)amino unit and a neighboring 2-OH function 

belonging to the same altrose unit. The enhanced rigidity of the complexes resulting from this 

mode of chelation together with the encapsulation of the ketone substrate in the CD hollow is 

likely to be responsible for the good to excellent enantioselectivities (70% to 98%) in the 

transfer hydrogenation of challenging aliphatic ketones with sodium formate in water. Indeed, 

poor chiral induction occurs in organic solvents, a medium in which substrate encapsulation 

does not take place. Likewise, cavity-free analogs involving chiral aminoalcohol analogs such 

as ephedrine gave only moderate ee values, demonstrating the importance of the CD cavity in 

the enantiodiscrimination process. 
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Scheme 19. Transfer hydrogenation of ketone in the presence of R45a-b.67 

 

Armspach and Matt68 described four different hybrid phosphane-phosphite ligands (R46a-d) 

in which two adjacent glucose units of a permethylated -CD were substituted with two distinct 

P(III) coordinating units at the CD primary face. Owing to the potential enantioinduction 

caused by the pseudoinherent chirality of these C1-symmetric structures, these ligands proved 

to be excellent chelators and were assessed in the rhodium-catalyzed enantioselective 

hydrogenation of -dehydroamino acid esters and hydroformylation of styrene (Scheme 20). 

Despite the flexibility of the rather large chelate rings, the bulky ligand R46b gave rise to ee 

values up to 60%. As the only source of chirality is the CD macrocycle in this system, the 

chirality of CD is somehow transferred to the chelate ring. However, whether 

enantiodiscrimination was caused by the inherent chirality of the CD platform and/or by a 

particular conformation of the metallocycle could not be settled. Moreover, when a stereogenic 

(R)-binaphthyl unit was introduced into the phosphite moiety, the ee value reached 92%, 

whereas enantioselectivities produced by the (S) counterpart were much lower (up to 70% ee), 

which indicated a clear match/mismatch relationship. The rhodium-catalyzed 
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hydroformylation of styrene was also tested using R46b in a standard l:b ratio of 0.3, and 

displayed moderate ee values (up to 50% ee in favor of the (R) product). 

 

 

 

 

Scheme 20. Rh(I)-catalyzed asymmetric hydrogenation and hydroformylation of olefins 

using R46a-d as ligands.68 

 

Kamer et al. synthesized a calix[4]arene-based P,N ligand (R47) by grafting a quinoline unit 

first onto the lower rim of the calix[4]arene platform before reacting the three remaining 

hydroxyl groups with phosphorus trichloride (Scheme 21).69 The X-ray crystal structure of this 

resulting P,N ligand revealed the cone conformation of the calixarene platform, which is ideal 

for chelation. Indeed, chelate complexes [PdMeCl(R47)] and [Rh(CO)Cl(R47)] could be 

formed in high yields when an equimolar amount of metal precursor was used. However, in 

the presence of excess ligand, the bis-phosphite complex cis-[PtCl2(R47)2] was formed 

pointing to the hemilabile behavior of the quinoline unit. Indeed, in the complex 

[Rh(acac)(CO)(R47)], obtained by reacting R47 with one equivalent of [Rh(acac)(CO)2], the 
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P,N ligand behaves as a monodentate ligand as only the phosphite unit is coordinated to the 

metal. This ligand was then tested in three different metal-catalyzed transformations. Under 

the employed reaction conditions, poor activities were obtained in the Pd-catalyzed 

CO/ethylene copolymerization, while good regioselectivities towards the branched product 

were observed in the Pd-catalyzed allylic alkylation of cinnamyl acetate. Ligand R47 showed 

low activities and very poor selectivities towards linear aldehydes in the Rh-catalyzed 

hydroformylation of 1-octene. 

 

 

Scheme 21. Preparation of Pd(II) complex from R47. 

 

The last part of this section will deal with cavity-shaped chelating ligands having identical 

pendant coordinating units but that are non-equivalent because of the lack of symmetry of the 

macrocyclic platform. 

Early work by Tabushi demonstrated that -CDs equipped with two identical histamino 

pendant arms were able to complex Zn(II) cations,70 most likely in a chelate fashion. These 

complexes were shown to behave as efficient carbonic anhydrase models. Although Tabushi’s 

contribution is seminal in the field of metalloenzyme mimics, the complexes at stake are ill-

defined due to the lack of adequate analytical tools at that time. In the following, only chelate 

complexes in which the metal coordination sphere is clearly identified will be discussed.  

In 1996, Vecchio, Saviano et al. published a chelating diamine built on a -CD platform that 

led to a well-defined platinum(II) chelate complex (R48) (Fig 12).71 The two coordinating 

primary amines, which have been introduced onto two neighboring glucose units, are close 

enough to allow the formation of a square-planar cis-chelate complex reminiscent of the well-

known anticancerous cis-platin drug but with higher water solubility. Interestingly the PtCl2 

unit is pointing towards the center of the cavity but no clear reason for the encapsulation of the 
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metal center was given. The 1H NMR spectra clearly show that protons belonging to the metal-

capped glucose units have distinctive chemical shifts owing to platinum complexation, in 

particular for the CH2N protons which are all upfield shifted except for one, of which the high 

chemical shift was attributed to cavity inclusion. A circular dichroism (c. d.) study revealed 

that the chirality of the CD is somewhat transferred to the metal center, which acts here as the 

chromophore, probably as a result of the very rigid nature of the chelate ring. Indeed, the 

intensity of the c. d. bands is highly sensitive to the presence of the CD guest molecule 1-

adamantol which is known to form strong inclusion complexes with -CD in water and which 

is capable here to displace to some extent the chelate plane from the cavity. 

 

 

Fig 12. Platinum(II) chelate complex built on a -CD platform. 

 

In 2002, Jia reported a novel diphosphine ligand 6A,6B-bis(diphenylphosphino)-6A,6B-dideoxy-

permethylated-β-CD (R49) (Scheme 22).52 Because of the torus-like structure of CD and the 

fact that the two PPh2 units are located on adjacent glucose units, the two phosphorus atoms 

are likely to be in close proximity despite a nine-bond separation, as evidenced by the presence 

of rare through-space P-P couplings (JP,P = 10.2 Hz) revealed by the 2D homonuclear 31P{1H} 

COSY spectrum of R49. Clearly, the two PPh2 units should be ideally placed to promote the 

formation of chelate complexes although no X-ray crystal structure of the diphosphine could 

be obtained and the exact orientation of the phosphorus lone pairs remains unknown. Treatment 

of R49 with [PtCl2(COD)] or [Rh(COD)2]BF4 in dichloromethane produced the cis-chelate 

[PtCl2(R49)] and [Rh(COD)(R49)]BF4 (R50) (Scheme 22) complexes, respectively. Again, 

the exact position of the metal with respect to the cavity is not known because of the lack of 

X-ray diffraction data. The Rh complex displayed good catalytic activity for the hydrogenation 

of various unsaturated carboxylic acids and esters at 1 mol% with ee values reaching up to 

92%.  
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Scheme 22. Rh(I)-catalyzed asymmetric hydrogenation of functional olefins.52 

 

Shortly later, larger chelate rhodium complexes were devised by Armspach and Matt from 

diphosphite ligands R51, R52, built on an AC or AD difunctionalized α-CD platform, 

respectively (Scheme 23).72 The unexpected presence of a singlet in 31P NMR spectrum (δ 

127.5 ppm) of the unsymmetrical ligand R52 showed that the two phosphorus atoms appear as 

magnetically equivalent. Unlike Jia’s diphosphine R50, these more flexible bidentate ligands 

can only form chelate complexes with cationic rhodium precursors, not neutral ones. The 

cationic rhodium chelate complexes obtained from R51 and R52 were tested as catalysts in the 

hydroformylation of 1-octene and the hydrogenation of prochiral dimethyl itaconate. A TOF 

up to 1200 mol (1-octene) mol (Rh)–1 h–1 was obtained in the hydroformylation of 1-octene 

with standard l/b selectivity (up to 2). Ee values up to 84% were obtained in the hydrogenation 

of dimethyl itaconate when using the preformed cis chelate complex R53 (Scheme 23), 

however with much lower activities (17% conv. after 24 h reaction) than to those observed by 

Jia (see above). A 10-fold increase in activity, though with a very poor enantioselectivity (17% 

ee), was observed for the same reaction when the catalytic reaction was performed by reacting 

the ligands in situ with [Rh(COD)2]BF4 without isolating the chelate complexes, but in this 

case, the presence of a mixture of chelate and non-chelate complex in the reaction mixture is 

likely. Despite its higher flexibility, chelate complex R53 is able to give rise to high 
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enantioselectivity. This work together with that of Jia illustrate the potential of 

unsymmetrically metal-capped CDs in asymmetric catalysis. 

 

 

Scheme 23. Diphosphite functionalized α-CDs for Rh(I) catalyzed asymmetric hydrogenation 

of dimethyl itaconate.72 

 

One year later, the synthesis and coordinative properties of another A,C-disubstituted α-CD-

derived diphosphine containing two C(5)-linked “CH2PPh2” units (R54) were reported by the 

same group (Scheme 24)73. This ligand was proven capable of controlling both the first and 

second coordination spheres of coordinated transition metal ions. The chelate complexes of the 

ligand are characterized by the presence of P(III) units lying close to the cavity entrance which 
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leads upon complexation to the partial entrapment of the metal fragment in the CD. With Pd(II), 

Pt(II), and Rh(I) metal precursors, this diphosphine always forms square planar trans chelate 

complexes. An NMR study revealed that in the case of square planar complexes comprising a 

chlorido ligand, the M–Cl bond is always maintained inside the CD owing to weak Cl···H-5 

interactions, illustrating the ability of permethylated α-CDs to discriminate between a metal-

bonded chloride and other, less polarized, M-R bonds.  

 

 

Scheme 24. Chelate complexes R55a-e obtained from R54. 

 

More recently, Armspach and Matt74 described a short and convenient synthesis of 6A,6B:6D,6E-

doubly capped β-CD (R56) (Scheme 25), and it was shown that double capping is a powerful 

tool of tetrasubstituting native -CD, as well as for introducing useful functionalities, in 

particular donor atoms, on methylated CDs. 
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Scheme 25. Synthesis of the 6A,6B:6D,6E-doubly capped diphosphine R56. 

 

Being built on a nonsymmetrical -CD scaffold, the introverted diphosphine R56 

(WIDEPHOS) has two nonequivalent bridging phosphorus atoms75. Despite the large 

separation between the two donor atoms, the ligand still turned out to be suitable for the 

chelation of a range of transition metals in a trans fashion as for C2-symmetrical -CD analogs 

(Scheme 26). However, molecular modeling indicated that the ligand cannot behave as a 

perfect trans-chelator given the rigidity of the P(III) atoms embedded in the nonsymmetrical 

CD framework, the P-M-P angle reaching a maximum of 160° instead of 180°. The resulting 

non-optimal trans coordination triggers a unique molecular movement, called oschelation, 

which is best described as an oscillation of the ligand around the coordinated metal during 

which the two P lone pairs alternately maximize their overlap with the metal dx2-y2 orbital 

(Scheme 27). It is noteworthy that oschelation was also observed with hybrid P,O chelating 

ligands.76 
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Scheme 26. Chelate complexes R57a-d obtained from R56. 

 

 

Scheme 27. Balance wheel movement of R56 in complex R57b (view along the CD axis).76 

 

Treatment of R57a with [PdCl2(PhCN)2] led formally to insertion of a PdCl2 fragment into one 

of the Pd-P bonds of R57a (Scheme 28). The resulting complex R58 crystallized with a water 

molecule coordinated to one of the Pd atoms. Owing to the geometrical constraints imposed by 

the CD macrocyclic platform on the metals’ first coordination spheres, complex R58 didn’t 
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display the usual flat or roof structure and therefore preferred to cap a {Pd2Cl4} unit having 

only a single chloride bridge. Furthermore, partial oxidation of R58 by air causes the cleavage 

of one of its M–P bonds and concomitant oxidation of one phosphorus atom to produce 

equimolar amounts of complexes R59 and R60. In the former, the oxidized phosphorus atom 

is replaced by an endohedrally coordinated water molecule hydrogen-bonded both to the P=O 

group and to a primary methoxy group, while in R60, the phosphine oxide moiety is directly 

coordinated to the metal center via its oxygen atom. 

 

 

Scheme 28. Phosphorus-metal bond cleavage in complex R57a. 

 

A series of calix[4]arenes bearing two phosphorus pendent groups were synthesized by Matt 

et al.63b The enantiomerically pure calixarenes R62a and R63, which have an AABC 
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substitution pattern are inherently chiral. Their palladium and rhodium complexes were also 

prepared. While preformed cationic palladium complexes incorporating ligands R62a and R63 

were tested in asymmetric allylic alkylation, their rhodium analogs acted as catalysts for 

dimethyl itaconate hydrogenation (Scheme 29). Moderate to average ee values (25–67%) was 

observed for all these catalysts. The best results were obtained when the fourth phenolic unit 

remains unsubstituted as in R62a both in terms of activity and enantioselectivity (TOF up to 

2000 h-1 and 48% ee for the hydrogenation of itaconate using [Rh(nbd)(R62a/R63)]BF4 (nbd 

= norbornadiene) as catalyst and a TOF of 30 h-1 and 67% ee for the alkylation of 1,3- 

diphenylprop-2-enyl acetate using [Pd(η3-2-MeC3H4)(R62a)]BF4 as a catalyst. Interestingly, 

analogous complexes lacking inherent chirality with the two phosphine units in either proximal 

or distal positions (not drawn) produced much lower enantioselectivities (ee values between 0 

and 16%) proving that enantiodiscrimination occurs mainly as a result of the inherent chirality 

of the calix[4]arene platform. This is believed to be the first example of asymmetric catalysis 

based on metal complexes of inherently chiral calix[4]arenes. 

 

 

 

Scheme 29. Asymmetric alkylation and hydrogenation of functional olefins catalyzed by 

diphosphines derived from chiral calix[4]arene platforms.63b 
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I. 4. Conclusion 

Cavity-shaped chelating hybrid ligands have attracted increasing interest in the field of 

molecular recognition and catalysis, in particular asymmetric catalysis where a chiral 

environment around the catalytic center can make the difference in terms of selectivity 

compared to standard cavity-free systems. Although much progress has been made in the last 

25 years in this field, cavity-shaped hybrid ligands capable of forcing the coordination of a 

metal center inside a confined space are not very common, even less so in the catalytically 

relevant cis-chelating mode. Moreover, selectivity in these systems often comes at the expense 

of activity and ways of boosting both activity and robustness, as well as selectivity, are needed 

to make these systems truly competitive with existing industrial catalysts. The possibility of 

sterically differentiating coordination sites involved in catalytic reactions based on these hybrid 

ligands allowing a strict control of the first and second coordination spheres of the catalytic 

center should open new opportunities in catalysis that are not reachable with standard ligands. 

The following chapters describe our contribution to the development of new concepts in 

homogeneous catalysis that rely on the use of metal confining, cavity-shaped hybrid ligands.  
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II. 1. Introduction 

Cyclodextrins (CDs) are cyclic oligosaccharides produced from starch by enzymatic 

conversion, consisting of D-(+)-glucopyranosyl units connected by α-1,4-glycosidic bonds.1 

Typical commercial CDs contain a number of glucose monomers ranging from six (α-CD), 

seven (β-CD), to eight (γ-CD) units.2 The most striking feature of CDs is their unique cone-

shaped cavity, which displays a hydrophobic inner wall and a hydrophilic outer surface. The 

former is responsible for the formation of inclusion complexes with a wide range of 

hydrophobic compounds in water, and their steric and electronic environment can be 

profoundly altered as a result of encapsulation.3 Moreover, thanks to the numerous hydroxyl 

groups lying at the CD narrow and wide rim – the so-called primary and secondary faces 

respectively, various functional groups can be introduced at a given positon on both faces, thus 

altering the physical and chemical properties of CD and making them functional molecules 

with given characteristics.4 Because of the presence of a restricted space within the CD core 

and their exceptional host-guest properties in aqueous solution, many modified CDs acting as 

“enzyme mimics” have been developed with the aim of achieving efficient and selective 

transformations working under mild reaction conditions in environmentally friendly media 

such as water.5 However, modified CDs targeting more industrially-relevant, transition metal-

catalyzed reactions6 that have a broader scope than traditional CD-based enzyme mimics are 

still relatively rare and there is a need to explore new types of metal confining ligands that are 

suited for these transformations.  

 

 

Fig 1. Schematic representation of cyclodextrins. 
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In this respect, hybrid ligands containing two or more different types of donor groups have 

attracted increasing attention.7 Unsymmetrical bidentate ligands with a hard nitrogen and a soft 

phosphorus donor atom, referred to as P,N ligands hereafter, able to chelate a metal center and 

give rise to a wide chemical and structural diversity, have been extensively studied in transition 

metal coordination chemistry and in homogeneous catalysis.8 In particular, the 

heterofunctional systems often display unique dynamic features related to the hemilability of 

the nitrogen donor, which usually results in specific and often enhanced reactivity of their 

transition metal complexes.7a,9 Furthermore, the electronic and steric properties of the nitrogen 

and phosphorus donor moieties can be easily modified, thus increasing their scope in terms of 

coordinating and catalytic properties.8a-f,8h,8i 

When it comes to CD-based ligands, the incorporation of bridging coordinating groups within 

the macrocyclic structure of CDs has allowed access to high-performance ligands in 

asymmetric metal catalysis. For example, introverted phosphinocyclodextrins (HUGPHOS-1 

and HUGPHOS-2) designed by Armspach and Matt have been used in asymmetric 

hydroformylation of styrene and in asymmetric cycloisomerisation of 1,6-enynes.10 It was 

previously shown that a bridging unit consisting of a single donor atom like phosphorus or 

nitrogen linking two adjacent glucose units is sufficiently rigid to force the donor atom lone 

pair to point towards the CD interior and upon metal complexation force a metal center to 

reside inside the cavity.11 The latter feature is prone to produce high chemo-, regio-, and/or 

enantioelectivity in metal catalysis if the receptor is optically active (see Chapter 1).12 To date, 

most ligands used in catalysis are cis-chelating, because the catalytic cycle of many reactions, 

such as C–C and C–N coupling reactions involves a cis arrangement of the reactive entities 

around the metal center. This particular geometry can be imposed by cis-chelating ligands, 

including hybrid ones. In this chapter, we will focus on the preparation of the first cis-chelating 

P,N ligand (L1) derived from CD capable of confining a metal center and describe various 

complexes in which a transition metal is deeply buried. 
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Scheme 1. Use of phosphinocyclodextrins (HUGPHOS-1 and HUGPHOS-2) in Rh-

catalyzed asymmetric hydroformylation of styrene. 

 

 

Fig 2. Two different representations of the cavity-shaped P,N ligand L1. 

II. 2. Results and discussion 

II. 2. 1. Preliminary studies 
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The bidentate P,N ligand L1 was prepared by capping the known dimesylate 1b with a P,N 

coordinating unit. The procedure for preparing 1b has already been reported by our group, and 

is detailed in Scheme 2.13 

 

 

Scheme 2. Formation of α-CD-based dimesylate 1b. 

 

The commercial α-CD was first capped with 1,3-bis[bis(4-tert-

butylphenyl)chloromethyl]benzene. The resulting 6A, 6B-briged CD was not isolated, but 

directly treated with excess MeI/NaH in order to methylate the remaining hydroxyl groups 

before being deprotected with aqueous HBF4 in MeCN to afford diol 1a. 
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Scheme 3. Optimization of the synthesis of dimesylate 1b. 

 

The usual reaction pathway for accessing dimesylate 1b consists in reacting diol 1a with MsCl 

and DMAP in pyridine.14 As a reaction solvent and base, pyridine has a high boiling point, is 

highly toxic and difficult to remove totally. As a result, dimesylate 1b prepared in this way 

usually contains traces of pyridine even after chromatographic purification, which may have 

unfortunate consequences on subsequent reactions. Therefore a new procedure was developed 

by replacing pyridine with NEt3 as a base in order to synthesize dimesylate 1b with CH2Cl2 as 

the solvent.15 With this new pathway in hand, there was no problem of residual base, and the 

yield also increased significantly, from 85% to 93%. 

The synthesis of the targeted P,N bidentate ligand L1 also involved the preparation of 2-(N,N-

dimethylamino)phenylphosphine 2. 
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Scheme 4. Retrosynthetic analysis for P,N bidentate ligand L1. 

 

The preparation of alkyl or aryl substituted primary phosphines commonly involves the 

reduction of phosphonates using lithium aluminum hydride16. Phosphonate 3 was therefore 

synthesized first to obtain phosphine 2. According to the literature, two different methods can 

be used for preparing 3 (Scheme 5). Both of them use 2-bromoaniline as starting material. In 

method 1, 2-bromoaniline was firstly methylated with MeI under basic conditions17 and then 

the N-methylated product ortho-lithiated with n-BuLi. The resulting anion reacted with diethyl 

chlorophosphite18 to form diethyl [2-(N,N-dimethylamino)phenyl]phosphonate 3. The overall 

yield from 2-bromoaniline is 38%. However, the nucleophilic substitution step produces some 

over-alkylated side products that are difficult to separate from the desired product and lower 

the yield. In method 2, which we developed in part, a Stelzer procedure19 was used to perform 

a Pd-catalyzed P–C coupling reaction between 2-bromoaniline and diethyl phosphite 

(HPO(OEt)2). This step was then followed by the N,N-dimethylation of the primary amine 

group to give 3. Compared to method 1, method 2 gives a much higher yield (overall yield 

from 2-bromoaniline: 86%) and the targeted product was more easily separated from the 

reaction mixture. 
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Scheme 5. The two methods used for the synthesis of the phosphonate 3. 

 

The primary phosphine 2 has already been characterized by 31P{1H} and 13C{1H} NMR 

although its synthesis is not described in the literature20. The phosphonate 3 was reduced by 

LiAlH4 in the presence of Me3SiCl to yield 2 according to the literature.18 Under those reaction 

conditions, Me3SiCl was first added to a suspension of LiAlH4 in THF at -78 °C. The reaction 

was then allowed to reach room temperature and stirred for 2 h. A solution of 3 in THF was 

finally transfered by cannula to the mixture at -30 °C and the mixture was stirred for 2 h at 

room temperature. The crude solution should be used in the next step without further 

purification since 2 is easily oxidized. Even if the initial conditions used for the reduction 

produced the expected product (single peak at -128.8 ppm in the 31P{1H} NMR spectrum), a 

number of side products were also formed. 
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Fig 3. 31P{1H} NMR spectrum (in CDCl3) of 2. 

 

In order to access a cleaner primary phosphine, two different reaction temperatures, namely 0 

°C and -30 °C, were tested after addition of the reducing agent to the phosphonate. The reaction 

was over after 2 h at room temperature or at 0 °C, whereas at -30 °C, it was not complete after 

4 h. Most of the phosphonate was still present but impurities already started to form under 

those reaction conditions, as monitored by the 31P{1H} NMR (Fig 4). It was observed that 

performing the reduction at lower temperature can limit the formation of side-products. 
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Fig 4. 31P{1H} NMR spectrum (in CDCl3) of the reaction mixture containing 2 when the 

reaction was conducted: (a) at -30 °C for 3 h; (b) at 0 °C for 2 h; or (c) at room temperature 

for 2h. 

 

The influence of the reaction time was also studied. The reaction was conducted at 0 °C for 1 

h, 1.5 h, and 2 h, respectively. The results showed that complete conversion could be achieved 

after 1.5 h with minimal amounts of side-products being formed. The optimal reaction 

conditions we came up with for the synthesis of 2 are described below: 

 

 

Scheme 6. Optimized conditions for the synthesis of 2. 

II. 2. 2. Synthesis of P,N bidentate ligands 

The primary phosphine 2 and the dimesylate 1b must be fully dried before engaging them in 

the synthesis of ligand L1 as CD-entrapped water molecules lead to the hydrolysis of 

(a)

(b)

(c)

* Phosphine 2

*

*

*
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dimesylate 1b in the presence of n-BuLi. 2 was deprotonated with n-BuLi and then reacted 

with 1b to afford α-CD-based P,N bidentate ligand L1 in 63% yield. 

 

 

Scheme 7. Synthesis of CD-based P,N bidentate ligand L1. 

 

Despite its 31P NMR chemical shift suggesting an electron-rich phosphorus atom, ligand L1 

(δ31P = -28.4 ppm) is remarkably air-stable when compared to the analogous phosphine lacking 

the NMe2 unit (δ31P = -16.2 ppm) to the extent that it could be purified by standard column 

chromatography on silica without any noticeable oxidation. As for monophosphine analogs 

(HUGPHOS-1 and HUGPHOS-2), only the diastereomer in which the phosphorus lone pair 

is pointing towards the cavity interior could be detected in the reaction mixture (see 

coordination properties below). The ligand was fully characterized thanks to NMR 

spectroscopy, including 2D COSY, TOCSY, ROESY and (1H,13C)-HSQC spectra, mass 

spectrometry and elemental analysis. 

For comparison, the cavity-free analog L221 was also synthesized from 2-bromo-N,N-

dimethylaniline by ortho-lithiation followed by nucleophilic substitution of 

chlorodiethylphosphine, and isolated in 40% yield. Resistance to oxidation was also observed 

for L2 (δ31P = -25.1 ppm) as in analogous P,N ligands of the Me-DalPhos family22. 

 

 

Scheme 8. Synthesis of the cavity-free P,N bidentate ligand L2. 
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II. 2. 3. Synthesis of metal complexes derived from P,N bidentate ligands 

II. 2. 3. 1. Synthesis of metal complexes derived from CD-based P,N ligand L1 

The palladium complexes 4 and 5 were obtained by reacting CD ligand L1 with one equivalent 

of [PdCl2(COD)] or [PdMeCl(COD)] (COD = 1,5-cyclooctadiene) respectively in 

deoxygenated CH2Cl2. The two chelate Pd(II) complexes 4 and 5 were isolated in 82% and 

58% yield respectively after chromatographic purification on silica. The 1H and 31P{1H} NMR 

spectra in CDCl3 of complexes 4 and 5 together with ligand L1 are shown in Fig 5 and Fig 6. 

Again, full NMR assignment was performed using the same 2D NMR experiments as above. 

Increasing the ligand/metal ratio did not produce any other complexes, in particular 

bis(phosphine) complexes. Instead, the ligand in excess remained unreacted (Fig 7). 

 

 

Scheme 9. The synthesis of Pd(II) complexes 4 and 5 derived from L1. 
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Fig 5. 1H NMR spectra in CDCl3 of: (a) 4, (b) L1, (c) 5. 

 

 

Fig 6. 31P{1H} NMR spectra in CDCl3 of: (a) 4, (b) L1, (c) 5. 

 

H-5A
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(b)
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Fig 7. 31P{1H} NMR spectra of crude complex 4 in the presence of excess ligand L1 (1.2 

equiv.). 

 

The 31P chemical shifts lie in the expected range (δ31P = 32.5 ppm and 17.9 ppm for 4 and 5, 

respectively), and both Pd(II) complexes display a large downfield shift compared to the free 

ligand L1 (δ31P = -28.4 ppm), indicating coordination of phosphorus to the metal center. As 

previously reported for CD-encapsulated M–X units, the inner-cavity H-5 proton of capped 

glucose unit A in 4 is usually downfield shifted (δH = 5.19 ppm vs 4.31 for ligand L1), as a 

result of weak CH•••Cl H-bonding within the CD hollow. On the contrary, in the case of 5, no 

such large downfield shift was observed (δH = 4.41 ppm for H-5A), indicating that the chlorido 

ligand is not included in the CD cavity unlike its PdCl2 counterpart as evidenced by a ROESY 

experiment. Indeed, the PdMe signal, which resonates as a doublet at 0.78 ppm (3JH,P = 2.5 

Hz), gave rise to cross-peaks corresponding to through-space correlations involving all inner-

cavity H-5 protons (Fig 8). The orientation of the methyl ligand is not a result of its affinity for 

the α-CD inner-space but rather of the larger trans influence of phosphine and methyl over 

amine and chlorido with the donor groups with the largest trans influence, namely methyl and 

phosphine, avoiding a mutually trans position.23 Therefore the methyl group can only be cis to 

* Complex 4
*

♦

♦ Ligand L1
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phosphorus and inside the CD cavity, whereas the chlorido ligand has to be trans to the 

phosphorus donor atom and outside the cavity. Both the deshielded H-5 proton in 4 and 

ROESY cross-peaks involving inner-cavity H-5 protons and the Pd-Me group in 5 prove that 

the P,N ligand L1 is indeed metal confining in solution. Such a feature was also confirmed in 

the solid state by the crystal structure determination of 4 (Fig 9). The single crystal of complex 

4 was obtained by slow diffusion of n-pentane into a butanone solution of 4. 

 

 

Fig 8. Part of the ROESY spectrum of complex 5 revealing the correlations between Pd-Me 

protons and the inner-cavity H-5 protons of the CD unit. 

 

H-5A, PdMe H-5B, PdMe
H-5F, PdMe

H-5E, PdMe
H-5D, PdMe

H-5C, PdMe
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Fig 9. View of the X-ray crystal structure of complex 4. Hydrogen atoms and solvent molecules 

are omitted for clarity. Important bond lengths (Å) and angles (°) for complex 4: N1-Pd1: 2.125 

(4), P1-Pd1: 2.1947 (14), Pd1-Cl1: 2.2949 (14), Pd1-Cl2: 2.3676 (15), P1-C6: 1.837 (5), P1-

C16: 1.836 (5), N1-Pd1-P1: 86.83 (12), N1-Pd1-Cl1: 175.19 (13), N1-Pd1-Cl2: 92.05 (12), P1-

Pd1-Cl1: 88.49 (5), P1-Pd1-Cl2: 178.87 (6), Cl1-Pd1-Cl2: 92.63 (6), C6-P1-Pd1: 116.12 (17), 

C16-P1-Pd1: 116.74 (17), C6-P1-C16: 112.7 (2). 

 

Complex 4 shows a square planar geometry, consistent with its diamagnetic. This structure 

also reveal a cis-chelated PdCl2 unit seating just above the CD cavity and nearly perpendicular 

to the macrocyclic structure (angle between CD O-4 atoms plane and PNPdCl2 plane is 86.05°). 

As expected from the solution studies, one of the two chlorido ligands is included in the cavity 

and displays a short contact with the H-5 proton of bridging unit A (2.840 Å). The second 

chlorido ligand clearly points outside the cavity and is at a significantly longer distance from 

the palladium (2.368 Å) than the encapsulated one (2.295 Å). This is expected as a result of 

the larger trans influence of the phosphorus donor atom. 

The corresponding nickel(II) complex 6 was also obtained by reacting ligand L1 with one 

equivalent of [NiBr2(DME)] (DME = 1,2-dimethoxymetane) in deoxygenated CH2Cl2. Unlike 

its PdCl2 analog 4, this complex was found to be unstable on silica and therefore could not be 

purified by column chromatography. Instead, a pure sample of the complex was isolated in 

65% yield by crystallization from a benzene/n-pentane mixture. 
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Scheme 10. Synthesis of the Ni(II) complex 6 derived from L1. 

 

Single crystals of complex 6 were obtained by slow diffusion of n-pentane into a benzene and 

X-ray diffraction analysis established the molecular structure of the complex (Fig 10). 

 

 

Fig 10. View of the X-ray crystal structure of complex 6. Hydrogen atoms and solvent 

molecules are omitted for clarity. One methyl (C57) is disordered over two positions. Important 

bond lengths (Å) and angles (°) for complex 4: N1-Ni1: 2.007 (6), P1-Ni1: 2.1263 (15), Ni1-

Br1: 2.3063 (10), Ni1-Br2: 2.3807 (9), P1-C6: 1.850 (6), P1-C16: 1.834 (6), N1-Ni1-P1: 88.53 

(15), N1-Ni1-Br1: 171.95 (16), N1-Ni1-Br2: 95.01 (15), P1-Ni1-Br1: 84.06 (5), P1-Ni1-Br2: 

176.45 (6), Br1-Ni1-Br2: 92.40 (3), C6-P1-Ni1 : 118.18 (18), C16-P1-Ni1: 116.70 (17), C6-

P1-C16: 113.1 (3). 

 

This nickel complex also displays a cis-chelating ligand and its square planar is closely related 

to that of the PdCl2 analog 4. Noticeably, as in the case of 4, the two halido ligands experience 
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very different steric environments, a very rare feature in metal confining ligands that could 

have a great impact on catalytic properties.24 Moreover, in the Pd complex 4, the PNMX2 unit 

is slightly more included in the cavity than in its Ni counterpart 6 (angle between CD O-4 

atoms and the C6-P1-C16 planes = 50.27° vs. 54.82°, respectively), probably because the MX2 

unit is larger in 4 than in 6. Despite the fact that complex 6 has a square-planar geometry and 

should therefore behave as a diamagnetic species in the solid state, its 31P{1H} NMR spectrum 

was quite broad at room temperature. A variable temperature NMR study shows that the 

31P{1H} spectrum of 6 sharpens gradually upon decreasing the temperature (sharp single at δ31P 

= 10.4 ppm at 213 K) with no significant change of the chemical shift. Line broadening at room 

temperature is rather common with this type of complexes.24 

 

  

Fig 11. 31P{1H} VT NMR study of 6 in CD2Cl2. 

 

The gold(I) complex 7 was also synthesized by reacting L1 with [AuCl(tht)] (tht = 

tetrahydrothiophene) in deoxygenated CH2Cl2. 

 

*

*

*
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*
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Scheme 11. Synthesis of the Au(I) complex 7 derived from L1. 

 

The 1H NMR spectrum of 7 shows that the chemical shift of H-5 is not much affected by metal 

complexation (δH = 4.29 ppm vs 4.31 ppm for L1), which is a clear indication of the absence 

of chloride inclusion in the CD cavity. Single crystals could be obtained by slow diffusion of 

n-pentane into a benzene solution of 7, allowing a determination of its molecular structure by 

X-ray diffraction analysis (Fig 14). Unlike its d8 counterparts, the d10 metal cation is not 

chelated by the ligand but is bonded to the phosphorus atom only, leaving the NMe2 unit 

uncoordinated above the encapsulated metal center. This is consistent with the NMR analysis 

in solution. The structure of this Au(I) complex proves that it is the phosphorus donor atom 

that imposes the overall orientation of the metal with the respect to the cavity and not the 

tertiary amine. 
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Fig 12. 1H NMR spectrum in CDCl3 of 7. 

 

Fig 13. 31P{1H} NMR spectrum in CDCl3 of 7. 

 

H-5A
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Fig 14. View of the X-ray crystal structure of complex 7. Hydrogen atoms and solvent 

molecules are omitted for clarity. Important bond lengths (Å) and angles (°) for complex 7: P1-

Au1: 2.2329 (18), Au1-Cl1: 2.2755 (19), C6-P1: 1.837 (8), C56-P1: 1.846 (8), C6-P1-Au1: 

111.8 (3), C56-P1-Au1: 111.4 (2), C60-P1-C56: 102.7 (4), C60-P1-Au1: 116.7 (3), P1-Au1-

Cl1: 178.16 (7). 

 

Finally, it should be mentioned that in every aforementioned crystal structures, the CD unit has 

an undistorted, overall circular shape, all glucose units adopting the standard 4C1 conformation. 

II. 2. 3. 2. Synthesis of metal complexes derived from cavity-free P,N ligand L2 

In order to investigate the influence of the CD cavity on the metal coordination and catalytic 

properties, a cavity-free P,N ligand (L2) with the same electronic properties as ligand L1 was 

also prepared and coordinated to d8 transition metal cations. Unlike CD-based P,N ligand L1, 

the reaction of cavity-free P,N ligand L2 with one equivalent of [PdCl2(COD)] in deoxygenated 

CH2Cl2 produced a 9:1 mixture of chelate complex 8 and cationic bis(phosphine) complex 9. 

As expected, raising the ligand/metal ratio to 2:1 caused the proportion of complex 9 to 

significantly increase, with a 8:9 ratio up to 3:7. The 31P{1H} NMR spectrum of 8 show a 

singlet at 62.1 ppm, whereas 9 show two doublets at 56.0 (2JP,P = 13.1 Hz) and 21.9 (2JP,P = 

13.3 Hz) ppm. In stark contrast with L2, when [PdCl2(COD)] was treated with an excess of 

ligand L1, only the chelate complex 4 and unreacted free ligand L1 were found in the reaction 

mixture. This shows clearly that the presence of the cavity has a strong influence on the 

coordinating properties of the ligand. Because of the sheer bulk of its macrocyclic structure, 

L1 is not able to coordinate the metal center twice unlike cavity-free L2. This is reminiscent 
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of the monophosphines HUGPHOS-1 and HUGPHOS-2 which are also incapable of forming 

bis(phosphine) complexes for the same reason. 

 

 

Scheme 12. Synthesis of Pd(II) complexes 8 and 9 derived from L2. 

 

 

 

* Complex 8

*

♦ ♦

♦ Complex 9

(a)
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Fig 15. 31P{1H} NMR spectra of crude mixtures of complexes 8/9 with a metal/ligand ratio 

of: (a) 1:1, (b) 1:2, respectively 

 

The crystal structures of both 8 and 9 were established by X-ray diffraction analysis. The 

structure of cationic 9 clearly shows that two phosphines but only one tertiary amine are 

coordinated to palladium.  

 

Fig 16. View of the X-ray crystal structure of complex 8. Hydrogen atoms and solvent 

molecules are omitted for clarity. Important bond lengths (Å) and angles (°) for complex 8: 

N1-Pd1: 2.111 (3), P1-Pd1: 2.1857 (9), Pd1-Cl1: 2.4087 (9), Pd1-Cl2: 2.2982 (9), N1-Pd1-P1: 

* Complex 8

*

♦ ♦

♦ Complex 9

(b)
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86.68 (8), N1-Pd-Cl1: 94.33 (8), N1-Pd1-Cl2: 173.76 (8), P1-Pd1-Cl1: 178.61 (3), P1-Pd1-

Cl2: 87.20 (3). 

 

 

Fig 17. View of the X-ray crystal structure of complex 9. Hydrogen atoms, solvent molecules 

and chlorido anion are omitted for clarity. Important bond lengths (Å) and angles (°) for 

complex 9: N1-Pd1: 2.185 (5), P1-Pd1: 2.2326 (15), P2-Pd1: 2.2724 (14), Pd1-Cl1: 2.3728 

(14), N1-Pd1-P1: 84.71 (17), N1-Pd1-P2: 177.17 (18), N1-Pd1-Cl1: 91.36 (17), P1-Pd1-P2: 

95.45 (5), P1-Pd1-Cl1: 174.40 (6), P2-Pd1-Cl1: 88.28 (5). 

 

A variable temperature NMR study (VT NMR) was conducted for 9 in the temperature range 

from 273 K to 323 K in CDCl3. Both 1H and 31P{1H} VT NMR experiments revealed that line 

broadening occurred as the temperature increased from 273 K to 323K. It is therefore 

reasonable to suppose that a fluxional behavior involving the slow coordination and 

decoordination of the weaker nitrogen donor atoms of the NMe2 units takes place on the NMR 

time scale, as described in Scheme 13. 
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Fig 18. 1H VT NMR spectra of 9 in CDCl3. 

 

 

Fig 19. 31P{1H} VT NMR spectra of 9 in CDCl3. 

 

*

*

*

*

#

#

#

#

*

# water
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Scheme 13. Postulated coordination and decoordination processes taking place in 9. 

 

Surprisingly, the reaction of [PdMeCl(COD)] with either one or two equiv. of L2 in CH2Cl2 

gave only the neutral chelate complex 10 and unreacted ligand when L2 was added in excess. 

But upon bringing the reaction mixture in CH3OD, a complex mixture of at least three species 

in equilibrium was formed, amongst which cationic 11 appeared to be the major one together 

with significant amounts of neutral chelate complex 10. Despite the fact that the cationic 

complex 11 could not be isolated from the mixture, the formation of this bis(phosphine) 

complex was inferred from the ESI-HRMS spectra, which shows intense peaks at m/z 539.1928 

and 561,1375, corresponding to the [M-Cl]+ and [M-Me]+ ions, respectively. It was then 

hypothesized that in such a polar solvent, the cationic bis(phosphine) species 11 is favored in 

the absence of steric protection provided by the CD cavity. 

 

 

Scheme 14. Synthesis of Pd(II) complex 10 derived from L2. 
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Fig 20. Molecular structure of complex 11. 

 

 

Fig 21. ESI-MS spectrum of the mixture of complexes including 11. 

 

 

Fig 22. Partial ESI-MS spectrum of 11. 
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Single crystals were obtained by slow diffusion of n-hexane into a solution of 10 in 

dichloromethane. As shown in Fig 23, the methyl group is located cis to the phosphorus donor 

atom as a result of the trans influence of phosphorus, a feature also observed in cavity-shaped 

complex 5. 

 

 

Fig 23. View of the X-ray crystal structure of complex 10. Hydrogen atoms and solvent 

molecules are omitted for clarity. Important bond lengths (Å) and angles (°) for complex 10: 

N1-Pd1: 2.212 (2), P1-Pd1: 2.1724 (8), Cl1-Pd1: 2.4002 (7), Pd1-C13: 2.050 (3), C13-Pd1-

N1: 174.16 (11), C13-Pd1-P1: 87.56 (10), C13-Pd1-Cl1: 93.17 (9), N1-Pd1-Cl1: 92.60 (6), P1-

Pd1-N1: 86.70 (6), P1-Pd1-Cl1: 178.02 (3). 

 

A Ni(II) complex 12 based on this cavity-free ligand L2 was also synthesized by reaction of 

L2 with one equivalent of [NiBr2(DME)] in deoxygenated CH2Cl2. The formation of a 

bis(phosphine) complex was not observed, as already noticed by Levason25 with very similar 

Ni(II) complexes. Single crystals of complex 12 could be obtained by slow diffusion of n-

hexane into a solution of 12 in dichloromethane. The X-ray crystal structure of 12 is shown in 

Fig 24. 
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Fig 24. View of the X-ray crystal structure of complex 12. Hydrogen atoms and solvent 

molecules are omitted for clarity. Important bond lengths (Å) and angles (°) for complex 12: 

N1-Ni1: 2.010 (3), P1-Ni1: 2.1248 (10), Ni1-Br1: 2.3626 (5), Ni1-Br2: 2.3122 (6), N1-Ni1-

P1: 88.63 (9), N1-Ni1-Br1: 94.48 (8), N1-Ni1-Br2: 173.87 (9), P1-Ni1-Br1: 176.73 (3), P1-

Ni1-Br2: 85.25 (3), Br1-Ni1-Br2: 91.64 (2). 

Again, this cavity-free nickel complex 12 and cavity-shaped analog 6 show similar behavior 

to. Despite being square planar and therefore diamagnetic, the 31P{1H} NMR spectrum of 12 

recorded in CD2Cl2 display a very broad singlet at room temperature. However, as for cavity-

shaped complex 6, the 31P signal sharpens upon cooling and is well defined at 213 K (δ31P = 

10.5 ppm). 

 

Fig 25. 31P{1H} VT NMR study of 12 in CD2Cl2. 
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In order to investigate the effect of the CD cavity on the ligand electronic properties, UV-vis 

spectra of the CD-based and cavity-free metal complexes were recorded in CH2Cl2 at room 

temperature. The UV-vis spectra of nickel and palladium complexes are shown in Fig 26 and 

Fig 27, respectively. The UV-vis spectra of the two nickel complexes 6 and 12 display a 

shoulder at 290-350 nm, and two bands with maximum absorption at 401, 536 nm and 384, 

528 nm for 6 and 12, respectively, whereas the UV-vis spectra of palladium complexes 4 and 

8 show two bands at 295, 351 nm and 275, 345 nm for 4 and 8, respectively, in addition to the 

usual π-π* absorption at wavelengths below 270 nm. In the case of nickel complexes, the bands 

at around 390 and 530 nm maximum absorption correspond respectively to metal-to-ligand 

charge transfer (MLCT) and metal-centered d-d transitions. The fact that in both Pd and Ni 

complexes, a small redshift, in particular for the MLCT bands, is observed on going from the 

cavity-free to the cavity-shaped complexes indicates that the presence of the CD macrocyclic 

structure alters to some extent the electronic environment of the metal center. This is surprising 

since in the solid state (see X-ray structures above in Fig 9, 10, 16 and 24), both cavity-free 

and cavity-shaped complexes of d8 metals have a very similar first coordination sphere, the 

only significant difference between the two types of complexes being an elongation of the 

external Ni–Br bond by ca. 0.02 Å on going from 12 to 6 and a shortening of the corresponding 

M–X bond by ca. 0,04 Å on going from Pd complexes 8 to 4.  

 

Fig 26. UV-vis spectra of nickel complexes 6 (black) and 12 (red). 
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Fig 27. UV-vis spectra of palladium complexes 4 (black), 8 (red) and 9 (blue). 

II. 3. Conclusion 

In conclusion, the CD-based P,N bidentate ligand L1 was prepared by bridging two adjacent 

glucose units of an AB difunctionalized α-CD platform with a cis-chelating P,N coordinating 

unit. In this rigid bridging unit, the phosphorus lone pair is directed towards the CD interior 

and forces a coordinated metal center to be located just above the narrow rim of the CD torus, 

thus allowing perfect control of the first metal coordination sphere. In the corresponding 

square-planar PdCl2 and NiBr2 cis-chelate complexes, the two halido ligands are sterically 

differentiated, one being inside the cavity and the other pointing outside, as demonstrated by 

NMR spectroscopy and X-ray diffraction analysis. The methyl ligand in the analogous PdMeCl 

complex was found to be inside the cavity because of the trans influence of phosphorus. 

Moreover, the single crystal structure of the linear AuCl complex revealed that phosphorus, 

but not nitrogen, is coordinated to gold and it is the phosphorus donor atom that forces the 

metal to be included in the cavity. For comparison, an analogous cavity-free P,N bidentate 

ligand (L2) was prepared and its coordination properties towards d8 cations (Ni(II) and Pd(II)) 

were investigated. It was proven that the steric hindrance provided by the CD cavity is able to 

prevent the formation of bis(phosphine) complexes and promote exclusively the formation of 

1:1 ligand/metal complexes. A UV-vis study showed that the presence of the macrocyclic 
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moiety has an effect on the electronic properties of the complexes. It will of course be 

interesting to examine whether the very different steric environments experienced by the metal 

in cavity-shaped and cavity-free complexes will have an impact on catalytic reactions, in 

particular ethylene oligomerization (see Chapter 4). 

II. 4. Experimental part 

II. 4. 1. General procedures 

All reactions and manipulations were carried out under an inert atmosphere (nitrogen or argon) 

using standard Schlenk techniques. All glassware was stored in the oven prior to use under an 

inert atmosphere of gas (Argon). All commercial reagents were used as supplied unless 

otherwise stated. Solvents were dried by conventional methods and distilled immediately prior 

to use. Deuterated solvents were passed through a 5 cm-thick alumina column and stored under 

nitrogen over molecular sieves (4 Å). Column chromatography was performed on silica gel 60 

(particle size 40-63 µm, 230-240 mesh). Routine 1H, 31P{1H} and 13C{1H} NMR spectra were 

recorded on Bruker FT instruments (AVANCE 300, 400, 500, 600 spectrometers) at room 

temperature unless otherwise stated. 1H NMR spectral data were referenced to residual 

protiated solvents (δ = 7.26 ppm for CDCl3, 7.15 ppm for C6D6 and 5.32 ppm for CD2Cl2), 

13C{1H} chemical shifts are reported relative to deuterated solvents (δ = 77.16 ppm for CDCl3, 

128.02 ppm for C6D6 and 53.84 ppm for CD2Cl2) and the 31P{1H} NMR data are given relative 

to external H3PO4. Mass spectra were recorded on a Bruker MicroTOF spectrometer (ESI-

TOF) using CH2Cl2, CH3CN or CH3OH as the solvent. Elemental analyses were performed by 

the Service de Microanalyse, Institut de Chimie UMR 7177, Strasbourg. Melting points were 

determined with a Buchi 535 capillary melting point apparatus. In this chapter, the 

cyclodextrins are depicted as seen from the secondary face, the glucose units following 

counterclockwise squence in the order: A, B, C, D, E, F. The numbering of the atoms within a 

glucose unit is as follows: 
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II. 4. 2. Synthesis and characterization 

Diethyl [2-(N,N-dimethylamino)phenyl]phosphonate (3)26  

Diethyl 2-amino-1-phenylphosphonate27 (0.53 g, 2.31mmol), anhydrous 

K2CO3 (1.60 g, 11.56 mmol), methyl iodide (0.72 mL, 11.56 mmol) and 

dry DMF (5 mL) were placed in a 25 mL flask equipped with a condenser 

and stirred at 70 °C overnight. The reaction was cooled to room temperature before adding 

distilled H2O (15 mL). The mixture was extracted with Et2O (20 mL). The resulting aqueous 

layer was then further extracted with Et2O (3 × 20 mL). The combined organic layers were 

washed with brine (3 × 15 mL), dried over MgSO4 before being evaporated to dryness. The 

crude was then subjected to column chromatography (SiO2; AcOEt/PE, 80/20, v/v) to afford 3 

(0.51 g, 86%) as a yellow oil. Rf (SiO2, AcOEt/PE , 90/10 , v/v) = 0.26; 1H NMR (400 MHz, 

CDCl3, 25 ℃): δ = 1.35 (t, 3J = 7.1 Hz, 6H, OCH2CH3), 2.79 (s, 6H, NMe2), 4.16 (m, 4H, 

OCH2CH3), 7.12 (m, 1H, aromatic H), 7.25 (m, 1H, aromatic H), 7.47 (m, 1H, aromatic H), 

7.81 (m, 1H, aromatic H); 31P{1H} NMR (121 MHz, CDCl3, 25 °C): δ = 18 ppm. All spectral 

data are consistent with the literature values.26 

2-(N,N-Dimethylamino)phenylphosphine (2)28  

Pure Me3SiCl (2.36 mL, 18.6 mmol) was added to a suspension of LiAlH4 

(0.71 g, 18.6 mmol) in THF (20 mL) at -78 °C. The reaction mixture was 

allowed to reach room temperature and stirred for 2 h. A solution of 

phosphonate 3 (1.60 g, 6.2 mmol) in THF (6 mL) was then transfered to the mixture at -30 °C 

by cannula and stirring was mainntained for 1.5 h at 0 °C. The solvent was removed in vacuo 

and the residue was extracted with NaOH/Et2O under argon to avoid phosphine oxidation. The 

organic layer was dried over MgSO4. The solvent was finally removed under vacuum to afford 

the primary phosphine 2 (0.56 g, 58%) as a colourless oil. The crude was used for the synthesis 

of 5 without further purification. Rf (SiO2, AcOEt/PE, 70/30, v/v) = 0.95; 1H NMR (400 MHz, 

CDCl3, 25 °C): δ = 2.73 (s, 6H, NMe2), 3.91 (d, 2H, 1JPH = 204 Hz, PH2), 6.98 (m, 1H, aromatic 

H), 7.12 (m, 1H, aromatic H), 7.27 (m, 1H, aromatic H), 7.48 (m, 1H, aromatic H); 31P{1H} 

NMR (161 MHz, CDCl3, 25 °C): δ = -128 ppm. HRMS (ESI-TOF) for C8H12NP: m/z 

(%):154.0782 (100) [M + H]+. All spectral data are consistent with the literature values.28 

6A,6B-Dideoxy-6A,6B[(R)-2-(N,N-dimethylamino)phenylphosphinidene]-2A,2B,2C,2D,2E,2F, 

3A,3B,3C,3D,3E,3F, 6C,6D,6E,6F-hexadeca-O-methyl-α-cyclodextrin (L1) 
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A solution of n-BuLi in hexane (1.6 M, 0.28 mL, 0.44 

mmol) was added dropwise to a stirred solution of fully 

dried phosphine 2 (0.034 g, 0.22 mmol) in 4 mL of THF 

at -78 °C. The mixture was then allowed to reach room 

temperature over a period of 1 h. The solution was 

cooled again to -78 °C and then added dropwise to a 

solution of fully dried dimesylate 1 (0.2 g, 0.15 mmol) 

in THF (10 mL) via a cannula. The orange solution was stirred for 12 h at room temperature. 

The solvent was removed in vacuo and excess phosphide was protonated with MeOH (2 mL). 

The suspension was then evaporated to dryness to afford a colourless solid, which was 

subjected to chromatography over a short plug of silica (SiO2; CH2Cl2/MeOH, 9/1, v/v). 

Finally, the filtrate was evaporated to dryness in vacuo and the resulting residue was subjected 

again to column chromatography (SiO2; CH2Cl2/MeOH, 97:3, v/v) to afford pure L1 (0.122 g, 

63%) as a colourless solid. M.p. = 101-103 ℃. 1H NMR (400 MHz, CDCl3, 25 °C): δ 

(assignment by COSY and HSQC) = 1.73 (m,1H, H-6aB), 1.75 (m, 1H, H-6aA), 2.68 (m, 1H, 

H-6bB), 2.80 (s, 6H, NMe2), 3.14 (m, 1H, H-6bA), 3.23 (s, 3H, OMe), 3.24 (s, 3H, OMe), 3.38 

(s, 6H, OMe), 3.46 (s, 3H, OMe), 3.47 (s, 3H, OMe), 3.48 (s, 3H, OMe), 3.49 (s, 6H, OMe), 

3.50 (s, 3H, OMe), 3.60 (s, 3H, OMe), 3.63 (s, 6H, OMe), 3.64 (s, 3H, OMe), 3.65 (s, 3H, 

OMe), 3.67 (s, 3H, OMe), 3.11–3.90 (29H, H-2, H-3, H-4, H-5, H-6), 4.01 (m, 1H, H-5B), 4.09 

(dd, 1H, 2JH-6a, H-6b = 2.0 Hz, 2JH6-H5 = 10.6 Hz, H-6), 4.30 (m, 1H, H-5A), 4.96 (d, 1H, 3JH1-H2 

= 2.8 Hz, H-1), 4.99 (d, 1 H, 3JH1-H2 = 2.9 Hz, H-1), 5.02 (d, 1H, 3JH1-H2 = 4.0 Hz, H-1), 5.05 

(d, 1H, 3JH1-H2 = 4.2 Hz, H-1), 5.06-5.07 (2H, H-1), 7.01-7.44 (4H, aromatic H); 13C{1H} NMR 

(100.6 MHz, CDCl3, 25 °C): δ (assignment by HSQC) = 27.38 (C-6A or B), 34.08 (C-6A or B), 

46.10, 46.16 (-N(CH3)2), 57.58, 57.96 [x5], 58.95, 59.04, 59.07, 59.15, 61.77 [x3], 61.87, 

62.05, 62.18 (OMe), 70.27, 71.02 (C-6), 71.05 (C-5), 71.28 (C-6), 71.32, 71.40, 71.46 (C-5), 

71.56 (C-6), 72.90, 73.20 (C-5), 81.28 [x4], 81.43, 81.56 [x2], 81.66, 81.83 [x2], 82.14, 82.37 

[x2], 82.52, 82.71, 83.47, 87.87, 89.18 (C-2, C-3, C-4), 97.51, 99.35, 100.01, 100.19, 100.28, 

100.63 (C-1), 118.69, 123.65, 129.85, 133.48 (aromatic C), 135.12 (d, 1JP,C = 19.1 Hz, aromatic 

C), 157.27(d, 2JP,C = 12.2 Hz, aromatic C); 31P{1H} NMR (121 MHz , CDCl3, 25 °C): δ = -

28.4 ppm; elemental analysis (%) calcd for C60H100NO28P•H2O: C 54.09, H 7.72, N 1.05, 

found: C 54.13, H 7.64, N 0.97; MS (ESI-TOF) for C60H100NO28P: m/z (%): 1314.63 (100) [M 

+ H]+. 

N,N-dimethyl-2-diethylphosphinoaniline (L2)29 
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A Schlenk tube filled with argon was charged with 2-bromo-N,N-

dimethylaniline (0.32 g, 1.60 mmol) in THF (3 mL). The solution was cooled 

at -78 °C and n-BuLi (1.92 mmol, 1.2 equiv.) was added dropwise. The mixture 

was allowed to rise slowly to room temperature. Et2PCl (0.2 g, 1.60 mmol) was then added to 

the mixture at 0 °C which was stirred overnight at room temperature. The solvent was removed 

in vacuo. The residue was suspended in DCM and filtered through Celite. Removal of the 

solvent under reduced pressure afforded the crude filtrate which was purified by column 

chromatography (SiO2; PE/DCM, 50/50, v/v) to afford 10 as a pale-yellow oil (0.135 g, 40%). 

1H NMR (500 MHz, CDCl3, 25 °C): δ = 0.98 (t, 3J = 7.5 Hz, 3H, PCH2CH3), 1.03 (t, 3J = 7.5 

Hz, 3H, PCH2CH3), 1.69 (m, 4H, PCH2CH3), 2.75 (m, 6H, NMe2), 7.09 (m, 1H, aromatic H), 

7.14 (m, 1H, aromatic H), 7.25-7.34 (2H, aromatic H), 31P{1H} NMR (121 MHz, CDCl3, 25 

°C): δ = -25.05 ppm. HRMS (ESI-TOF) for C12H20NP: m/z (%): 210.1406 (100) [M + H]+. All 

spectral data are consistent with the literature values.29 

Dichloro[{6A,6B-Dideoxy-6A,6B-[(R)-2-(N,N-dimethylaminophenyl)phosphinidene]-2A,2B, 

2C,2D,2E,2F,3A,3B,3C,3D,3E,3F,6C,6D,6E,6F-hexadeca-O-methyl-α-cyclodextrin})-2P,N] 

palladium(II) (4) 

A solution of [PdCl2(COD)] (0.108 g, 0.38 mmol) in 

CH2Cl2 (4 mL) was added dropwise to a solution of L1 

(0.5 g, 0.38 mmol) in CH2Cl2 (4 mL) The reaction 

mixture was stirred for 2 h at room temperature and then 

evaporated to dryness under reduced pressure. The 

resulting yellow residue was subjected to column 

chromatography (SiO2, CH2Cl2/MeOH, 97/3, v/v) to 

afford pure 4 (0.465 g, 82%) as a yellow solid. A crystalline material was obtained by slow 

diffusion of n-pentane into a butanone solution of 4. 1H NMR (500 MHz, CDCl3, 25 C):  

(full assignment by COSY and HSQC) = 2.14 (m, 2H, H-6A or B), 3.06 (dd, 1H, 3JH2-H3 = 10.1 

Hz, 3JH2-H1 = 2.9 Hz, H-2), 3.11–3.19 (4H, H-2), 3.21 (1H, H-6A or B), 3.26 (dd, 1H, 3JH2-H3 = 

9.3 Hz, 3JH2-H1 = 4.2 Hz, H-2), 3.37 (s, 3H, OMe), 3.41 (s, 3H, OMe), 3.43 (s, 6H, NMe2), 3.44 

(s, 6H, OMe), 3.44 (s, 3H, OMe), 3.45 (s, 3H, OMe), 3.46 (s, 6H, OMe), 3.50 (s, 3H, OMe), 

3.55 (s, 3H, OMe), 3.58 (s, 3H, OMe), 3.60 (s, 3H, OMe), 3.61 (s, 3H, OMe), 3.63 (s, 3H, 

OMe), 3.65 (s, 3H, OMe), 3.67 (s, 3H, OMe), 3.35–3.85 (15H, H-3, H-4, H-6), 3.87–3.95 (3H, 

H-5, H-6), 3.98 (d, 1H, J = 11.4 Hz, H-6), 4.15 (d, 1H, J = 11.1 Hz, H-6), 4.18–4.28 (4H, H-5, 

H-6), 4.56 (m, 1H H-5A or B, H-6 4.59 (m, 1H, H-5A or B), 4.93 (d, 1H, J = 3.1 Hz, H-1), 5.03 (d, 
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1H, J = 2.6 Hz, H-1), 5.06 (2H, H-1), 5.08 (2H, H-1), 5.19 (m, 1H, H-5A or B), 7.51–7.68 (4H, 

aromatic H) ppm; 13C{1H} NMR (100.6 MHz, CDCl3, 25 C):  (assignment by HSQC) = 

31.62 (d, 1JC6-P = 32.6 Hz, C-6A or B), 41.15 (d, 1JC6-P = 28.0 Hz, C-6A or B), 55.21, 55.48, 57.42, 

57.53, 57.68 (OMe), 57.79, 57.82 (NMe2), 57.90, 59.13 [x2], 59.31, 59.43, 61.78, 61.84, 61.95 

[x2], 62.27, 62.55 (OMe), 65.69 (d, 2JC5-P = 6.1 Hz, C-5A or B), 67.35 (C-5A or B), 70.02, 70.64, 

70.82, 71.01 (C-5), 71.46, 72.03, 72.28, 72.97 (C-6), 80.03, 81.09, 81.13, 81.29, 81.44, 81.52, 

81.67, 81.98, 82.07 [x2], 82.28 [x3], 82.55, 82.59, 82.62, 87.96, 90.07 (C-2, C-3, C-4), 98.14, 

99.68, 99.99, 100.11, 100.65, 101.32 (C-1), 122.00 (d, 2JP,C = 11.7 Hz, aromatic C), 130.89 (d, 

3JP,C = 6.6 Hz, aromatic C), 131.52 (aromatic C), 131.60 (d, 1JP,C = 47.1 Hz, aromatic C), 

134.60 (aromatic C), 159.32 (d, 2JP,C = 16.2 Hz, aromatic C); 31P{1H} NMR (121 MHz, CDCl3, 

25 C):  = 32.5 ppm; elemental analysis (%) calcd for C60H100Cl2NO28PPd•0.15 CH2Cl2: C 

48.02, H 6.72, N 0.93, found: C 47.71, H 6.82, N 0.94; MS (ESI-TOF) for C60H100Cl2NO28PPd: 

m/z (%): 1456.49 (100) [M - Cl]+. 

Methylchloro[{6A,6B-Dideoxy-6A,6B-[(R)-2-(N,N-dimethylaminophenyl)phosphinidene]-

2A,2B,2C,2D,2E,2F,3A,3B,3C,3D,3E,3F,6C,6D,6E,6F-hexadeca-O-methyl-α-cyclodextrin})-

2P,N]palladium(II) (5) 

To a solution of L1 (0.298 g, 0.22 mmol) in CH2Cl2 (2 

mL) was added dropwise a solution of PdMeCl(COD) 

(0.060 g, 0.22 mmol) in CH2Cl2. The reaction mixture 

was stirred for 2 h at room temperature. The solution was 

concentrated under reduced pressure and the resulting 

yellow residue was subjected to column chromatography 

(SiO2, CH2Cl2/MeOH, 97/3, v/v) to afford pure 5 (yield: 

0.197 g, 59%) as a pale yellow solid; Rf (SiO2, CH2Cl2/MeOH, 95:5, v/v) = 0.28; m.p. 

dec. >250 ℃; 1H NMR (500 MHz, CDCl3, 25 C):  (assignment by combined COSY, 

ROESY, TOCSY and HSQC) = 0.78 (d, 3H, 3JHP = 2.5 Hz, -PdMe), 1.90 (m, 1H, H-6aA), 2.26 

(m, 1H, H-6aB), 3.07 (s, 3H, -NMe), 3.08 (m, 1H, H-2A), 3.15-3.19 (4H, H-2C,D,E,F), 3.20 (2H, 

H-4A,B), 3.22 (s, 3H, -NMe), 3.30 (m, 1H, H-2B), 3.31 (s, 3H, OMe), 3.43 (2H, H-6bA,B), 3.44 

(m, 1H, H-3C), 3.44 (s, 3H, OMe), 3.46 (12H, OMe), 3.48 (s, 3H, OMe), 3.49 (s, 3H, OMe), 

3.51 (2H, H-3A,B), 3.52(s, 3H, OMe), 3.56 (m, 3H, H-3D,E,F), 3.60 (s, 3H, OMe), 3.62 (s, 3H, 

OMe), 3.64 (s, 6H, OMe), 3.65 (1H, H-4C), 3.67 (s, 3H, OMe), 3.69 (s, 3H, OMe), 3.72 (m, 

1H, H-4F), 3.80 (m, 3H, H-4D, H-6aC,D), 3.81 (m, 1H, H-5D), 3.86 (2H, H-4E, H-6aE), 3.88 (m, 

1H, H-5C), 3.92 (m, 2H, H-5E), 4.02 (m, 1H, H-5F), 4.03 (m, 2H, H-6bD, H-6aF), 4.07 (m, 1H, 
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H-6bC), 4.19 (m, 1H, H-6bE), 4.29 (m, 1H, H-5B), 4.41 (m, 1H, H-5A), 4.44 (m, 1H, H-6bF), 

4.96 (d, 3JH-2,H-1 = 3.4 Hz, 1H, H-1C), 5.02 (d, 3JH-2,H-1 = 3.1 Hz, 1H, H-1A), 5.07 (d, 3JH-2,H-1 = 

3.2 Hz, 1H, H-1D), 5.09 (d, 3JH-2,H-1 = 4.4 Hz, 1H, H-1B), 5.11 (2H, H-1E, F), 7.45 (m, 1H, 

H-5arom), 7.56 (m, 3H, H-3arom, 4arom, 6arom) ppm; 13C{1H} NMR (126 MHz, CDCl3, 25 C):  

(assignment by HSQC) = -12.06 (d, 2Jp,c = 4.4 Hz, PdMe), 30.08 (m, C-6A), 40.72 (d, C-6B), 

51.33, 51.78 (-NMe2), 57.58, 57.69, 57.73, 57.91, 57.97, 57.99 (OMe-2), 59.24, 59.27, 59.30, 

59.37 (OMe-6), 61.78, 61.80, 61.91, 61.98, 62.24, 62.57 (CH3O-3), 65.67 (d, 2JP,C = 6.7, C-

5A), 68.58 (d, 2JP,C = 4.6, C-5B), 71.16, 70.71, 71.42, 70.93 (C-5C,D,E,F), 71.44, 71.68, 71.92, 

72.49 (C-6C,D,E,F), 81.46, 82.51, 82.11 [x4], 80.42, 82.63, 81.63, 81.15 [x3], 81.57, 81.93 (C-2, 

C-3, C-4C,D,E,F), 88.03 (C-4A), 89.80 (C-4B), 98.09, 99.87, 99.92, 100.41, 100.82, 101.33 (C-

1), 122.72 (d, 2JP,C = 9.9 Hz, C-6arom), 129.25 (d, 2JP,C = 6.1 Hz, C-5arom), 131.68 (s, C-4arom), 

133.30 (s, C-3arom), 133.80 (m, C-1arom), 158.19 (m, C-2arom) ppm; 31P{1H} NMR (162 MHz, 

CDCl3, 25 C):  = 17.9 ppm; elemental analysis (%) calcd for C61H103ClNO28PPd: C 49.80, 

H 7.06, N 0.95, found: C 49.79, H 7.22, N 0.91; MS (ESI-TOF) for C61H103ClNO28PPd: m/z 

(%): 1434.54 (100) [M - Cl]+. 

Dibromo-[{6A,6B-Dideoxy-6A,6B-[(R)-2-(N,N-dimethylamino)phenylphosphinidene]-2A, 

2B,2C,2D,2E,2F,3A,3B,3C,3D,3E,3F,6C,6D,6E,6F-hexadeca-O-methyl-α-cyclodextrin}-2P,N] 

nickel(II) (6) 

To a solution of L1 (0.271 g, 0.21 mmol) in CH2Cl2 (10 

mL) was added dropwise a solution of [NiBr2(DME)] 

(0.073 g, 0.21 mmol) in CH2Cl2. The reaction mixture 

was stirred for 2 h at room temperature. The solution was 

evaporated to dryness under reduced pressure. The 

resulting violet residue was redissolved with benzene and 

then filtered through a pad of Celite. The filtrate was 

evaporated in vacuo to afford 6 as a violet solid (0.205 g, 64.7%). A crystalline material was 

obtained by slow diffusion of n-pentane into a benzene solution of 6. 1H NMR (500 MHz, 

CD2Cl2, 25 C):  (assignment by COSY and HSQC) = 2.96-4.13 (27H, H-2, H-3, H-4, H-

5C,D,E,F, H-6), 3.38 (s, 3H, OMe), 3.39 (s, 3H, OMe), 3.44 (s, 3H, OMe), 3.45(s, 6H, OMe), 

3.45 (s, 3H, OMe), 3.46 (s, 3H, OMe), 3.50 (s, 3H, OMe), 3.53 (s, 3H, OMe), 3.55 (s, 3H, 

OMe), 3.56 (s, 3H, OMe), 3.56 (s, 3H, OMe), 3.57 (s, 3H, OMe), 3.58 (s, 3H, OMe), 3.59 (s, 

3H, OMe), 3.61 (s, 3H, OMe), 4.36 (m, 2H, H-5A or B, H-6), 4.47 (d, 1H, J = 10.9 Hz, H-6), 

4.95 (1H, 3JH1-H2 = 3.4 Hz, H-1), 4.98 (2H, H-1, H-5B or A), 4.99-5.03 (2H, H-1), 5.02 (m, 1H, 
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H-6), 5.09-5.12 (m, 2H, H-1), 7.29-7.66 (4H, aromatic H), signal for NMe2 is too broad to be 

identified; 13C{1H} NMR (126 MHz, CD2Cl2, 25 °C): δ (assignment by HSQC) = 57.62, 57.65, 

57.78, 57.78, 57.79, 57.98, 58.97, 58.98, 59.26, 61.26, 61.53, 61.69, 61.80, 61.83, 62.12, 62.34 

(OMe), 67.29, 68.85 (br, C-5A,B), 70.65, 71.01, 71.11, 71.33 (C-5C,D,E,F), 72.18, 72.55, 72.75, 

73.39 (C-6C,D,E,F), 80.79, 81.65, 81.69, 81.78, 81.88 [x2], 82.01, 82.14 [x2], 82.38, 82.53, 

82.67, 82.73, 82.86, 83.02, 83.53, 88.58, 90.32 (C-2, C-3, C-4), 98.48, 99.92, 99.96, 100.31, 

100.42, 101.67 (C-1), 121.75 (br), 128.69, 130.90 (br), 134.24 (aromatic C), C-6A,B, NMe2 and 

two quaternary aromatic carbons could not be identified because of signal broadness; 31P{1H} 

NMR (243 MHz, CD2Cl2, -60 C):  = 10.40 ppm; elemental analysis (%) calcd for 

C60H100Br2NO28PNi•0.25 C5H12: C 47.43, H 6.69, N 0.90, found: C 47.26, H 6.88, N 0.98; MS 

(ESI-TOF) for C60H100Br2NO28PNi: m/z (%): 1452.47 (100) [M - Br]+. 

Chloro[{6A,6B-Dideoxy-6A,6B-[(R)-2-(N,N-dimethylaminophenyl)phosphinidene]-2A,2B, 

2C,2D,2E,2F,3A,3B,3C,3D,3E,3F,6C,6D,6E,6F-hexadeca-O-methyl-α-cyclodextrin}-P]gold(I) 

(7) 

A solution of [AuCl(tht)] (0.042 mg, 0.13 mmol) in 

CH2Cl2 (4 mL) was added dropwise to a solution of L1 

(0.173 g, 0.13 mmol) in CH2Cl2 (4 mL). The reaction 

mixture was stirred for 3 h at room temperature. The 

solution was evaporated to dryness under reduced 

pressure and the resulting pale-yellow residue was 

subjected to column chromatography (SiO2, 

CH2Cl2/MeOH, 97/3, v/v) to afford 7 (0.084 g, 41%) as a pale-yellow solid. A crystalline 

material was obtained by slow diffusion of n-pentane into a benzene solution of 7. 1H NMR 

(500 MHz, CDCl3, 25 °C): δ (assignment by COSY) = 2.17-2.30 (2H, H-6A, B), 2.73 (s, 6H, 

NMe2 ), 3.25 (m, 1H, H-4A or B), 3.39 (s, 6H, OMe), 3.40 (s, 3H, OMe), 3.43 (s,3H, OMe), 

3.45(s, 3H ,OMe), 3,48 (s,3H, OMe), 3.49 (s, 6H, OMe), 3.52 (s, 3H, OMe), 3.54 (m, 1H, H-

6A or B), 3.57(m, 1H, H-6A or B), 3.59 (m, 1H, H-3A or B), 3.61 (s, 3H, OMe), 3.64 (s, 6H, OMe), 

3.66 (s, 6H, OMe), 3.66 (m, 1H, H-3A or B), 3.70 (s, 3H, OMe), 3.71 (s, 3H, OMe), 3.13-3.85 

(27H, H-2, H-3, H-4, H-5, H-6), 4.10 (m, 1H, H-5A or B), 4.56 (m, 1H, H-5A or B), 4.96 (d, 1H, 

3JH1-H2 = 3.2 Hz, H-1), 5.02 (d, 1H, 3JH1-H2 = 4.3 Hz, H-1), 5.05 (d, 1H, 3JH1-H2 = 2.9 Hz, H-1), 

5.09 (d, 1H, 3JH1-H2 = 3.2 Hz, H-1), 5.11 (m, 2H, H-1), 7.30-7.72 (4H, aromatic H) ppm; 

13C{1H} NMR (126 MHz, CDCl3, 25˚C): δ (assignment by HSQC) = 30.12 (C-6A or B) 1JP,C = 

34.0 Hz (d, 1JP,C = 37.8 Hz, C-6A or B), 35.76 (d, 1JP,C = 34.0 Hz, C-6A or B), 47.39 (-NMe2), 
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57.57, 57.60, 57.78, 58.00, 58.06, 58.18, 59.22 [x2], 59.30, 59.49, 61.70, 61.83, 61.90, 62.08, 

62.16, 62.77 (OMe), 64.67, 70.88 [x2], 71.15, 71.45, 71.70, 71.75, 71.87, 72.87, 73.08 (C-5, 

C-6C,D,E,F), 80.31, 81.22, 81.26, 81.43, 81.51, 81.63, 81.65, 81.89, 81.98, 82.07, 82.22, 82.24, 

82.33, 82.47, 82.81, 82.89, 87.04, 89.66 (C-2, C-3, C-4), 97.88, 99.83, 100.05 100.16, 100.94, 

101.12 (C-1), 124.99 (d, 3JP,C = 6.0 Hz, aromatic C), 126.72 (d, 2JP,C = 11.2 Hz, aromatic C), 

128.69 (d, 1JP,C = 65.8 Hz, aromatic C), 133.52 (d, 2JP,C = 11.8 Hz, aromatic C), 133.66 (d, 4JP,C 

= 2.1 Hz, aromatic C), 158.56 (d, 3JP,C = 5.1 Hz, aromatic C) ppm; 31P{1H} NMR (121 MHz, 

CDCl3, 25 ˚C): δ = 19.21 (s) ppm; elemental analysis (%) calcd for C60H100NO28PAuCl•0.4 

CH2Cl2: C 45.89, H 6.43, N 0.89, found: C 45.78, H 6.53, N 0.85; MS (ESI-TOF) for 

C60H100NO28PAuCl: m/z (%): 1568.54 (100) [M + Na]+. 

Dichloro[(N,N-dimethyl-2-diethylphosphinoaniline)-2P,N]palladium(II) (8) 

A solution of [PdCl2(PhCN)2] (0.126 g, 0.31 mmol) was added to a solution 

of L2 (0.066 g, 0.31 mmol) in CH2Cl2 (8 mL). The mixture was stirred at 

room temperature for 20 h and then filtered through Celite. The filtrate was 

concentrated under reduced pressure and after removal of the solvent under 

reduced pressure, a yellow solid was obtained which was subjected to column chromatography 

(SiO2; CH2Cl2/MeOH, 98:290:10, v/v) to afford two fractions. The first one contained 8 

(0.069 g, 58%) and the second one 9 (7 mg, 11%). Recrystallization of 8 was performed by 

slow diffusion of n-pentane into a dichloromethane solution of 8 to afford a yellow crystalline 

solid (59 mg, 48%). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 1.17 (t, 3J = 7.5 Hz, 3H, 

PCH2CH3), 1.22 (t, 3J = 7.5 Hz, 3H, PCH2CH3), 1.87 (m, 2H, PCH2CH3), 2.46 (m, 2H, 

PCH2CH3), 3,42 (s, 6H, NMe2), 7.58-7.46 (2H, aromatic H), 7.63 (m, 1H, aromatic H), 7.70 

(m, 1H, aromatic H). 13C{1H} NMR (126 MHz, CD2Cl2, 25 °C, assignments from HMQC and 

HMBC): 8.84 (d, 2JP,C = 1.3 Hz, PCH2CH3), 20.78 (d, 1JP,C = 36.5 Hz, PCH2CH3), 55.50 (d, 

3JP,C = 1.0 Hz, NMe2), 122.57 (d, 2JP,C = 11.7 Hz, aromatic C), 126.48 (d, 1JP,C = 41.3 Hz, 

aromatic C), 130.68 (d, 3JP,C = 6.5 Hz, aromatic C), 130.80 (aromatic C), 134.94 (d, 3JP,C = 2.3 

Hz, aromatic C), 162.41 (d, 2JP,C = 14.7 Hz, aromatic C); 31P{1H} NMR (121 MHz, CD2Cl2, 

25 °C): δ = 62.1 ppm. elemental analysis (%) calcd for C12H20NPPdCl2: C 37.28, H 5.21, N 

3.62, found: C 37.26, H 5.24, N 3.46; HRMS (ESI-TOF) for C12H20Cl2NPPd: m/z (%): 

350.0038 [M - Cl]+. 

[Chloro[N,N-dimethyl-2-diethylphosphinoaniline)-2-P,N][N,N-dimethyl-2-diethylphosp 

-hino-aniline)-’-P]palladium(II) chloride (9) 
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The above procedure was used to prepare the cationic palladium 

complex 9 from [PdCl2(PhCN)2] (0.073 g, 0.18 mmol) and L2 (0.076 g, 

0.36 mmol, 2 equiv.) in CH2Cl2 (12 mL). Again two fractions were 

collected. The first one contained 8 (0.020 g, 28 %) and the second one 

9 (77 mg, 72%). Yellow single crystals of 9 were obtained by slow 

diffusion of n-pentane into a dichloromethane solution. 1H NMR (500 

MHz, CDCl3, 25 °C): δ = 0.95 (br t, 3H, 3J = 7.5 Hz, PCH2CH3), 0.99 (br t, 3H, 3J = 7.5 Hz, 

PCH2CH3), 1.15 (br t, 3H, 3J = 7.5 Hz, PCH2CH3), 1.19 (br t, 3H, 3J = 7.5 Hz, PCH2CH3), 

2.32-2.57 (m, 6H, PCH2CH3), 2.76 (s, 6H, NMe2), 3.09-3.41 (8H, NMe2, PCH2CH3), 7.36 (m, 

1H, aromatic H), 7.42-7.50 (2H, aromatic H), 7.55-7.70 (4H, aromatic H), 8.35 (m, 1H, 

aromatic H); 13C{1H} NMR (126 MHz, CD2Cl2, 25 °C, assignments from HMQC and HMBC): 

9.12, 9.41 (PCH2CH3), 18.79 (d, 1JP,C = 32.3 Hz, PCH2CH3), 21.68 (d, 1JP,C = 31.5 Hz, 

PCH2CH3), 47.12, 53.31 (NMe2), 121.65, 124.41, 126.74, 127.61, 128.10, 131.33, 131.94, 

133.15, 133.29, 134.46, 156.54, 158.96 (aromatic C). 31P{1H} NMR (121 MHz, CD2Cl2, 25 

°C): δ = 56 (d, 2JPP = 13.1 Hz), 21.9 (d, 2JPP = 13.3 Hz) ppm; HRMS (ESI-TOF) for 

C24H40Cl2N2P2Pd: m/z (%): 561.1334 [M - Cl]+. 

Methylchloro[(N,N-dimethyl-2-diethylphosphinoaniline)-2P,N]palladium(II) (10) 

[PdMeCl(COD)] (0.10 g, 0.36 mmol) was added to a solution of L2 (0.076 g, 

0.36 mmol) in CH2Cl2 (12 mL). The mixture was stirred at room temperature 

for 17 h and then filtered through Celite. Concentration under vacuum gave 

the crude filtrate which was dried under reduced pressure and then purified 

by column chromatography (SiO2; DCM/MeOH, 98/2, v/v) to afford 10 as a pale yellow solid 

(0.032 g, 24%). Single crystals of 10 were obtained by slow diffusion of n-hexane into a 

dichloromethane solution. 1H NMR (500 MHz, CDCl3, 25 °C): δ = 0.63 (d, J = 2.9 Hz, PdMe), 

1.02 (t, 3J = 7.5 Hz, 3H, PCH2CH3), 1.06 (t, 3J = 7.5 Hz, 3H, PCH2CH3), 1.84-2.06 (m, 4H, 

PCH2CH3), 3.09 (s, 6H, NMe2), 7.40-7.49 (m, 2H, aromatic H), 7.56-7.62 (m, 2H, aromatic 

H). 13C{1H} NMR (126 MHz, CDCl3, 25 °C, assignments from HMQC and HMBC): -0.93 (d, 

2JP,C = 4.8, PdMe), 9.32 (d, 2JP,C = 1.9 Hz, PCH2CH3), 20.19 (d, 1JP,C = 32.8 Hz, PCH2CH3), 

51.45 (NMe2), 123.07 (d, 2JP,C = 9.3 Hz, aromatic C), 128.75 (d, 3JP,C = 6.0 Hz, aromatic C), 

129.30 (d, 1JP,C = 39.3 Hz, aromatic C), 129.99 (aromatic C), 133.27 (d, 3JP,C = 2.5 Hz, aromatic 

C), 161.30 (d, 2JP,C = 15.5 Hz, aromatic C); 31P{1H} NMR (202 MHz, CDCl3, 25 °C): δ = 44.95 

ppm; elemental analysis (%) calcd for C13H23NPPdCl•0.4 CH2Cl2: C 42.32, H 6.29, N 3.78, 
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found: C 42.31, H 6.24, N 3.65; HRMS (ESI-TOF) for C13H23NPPdCl: m/z (%): 330.0597 

(100) [M-Cl]+. 

Dibromo[(N,N-dimethyl-2-diethylphosphinoaniline)-2P,N]nickel(II) (12) 

Solid NiBr2 (0.124 g, 0.57 mmol) was added to a solution of L2 (0.12 g, 0.57 

mmol) in CH2Cl2 (16 mL) under argon. The reaction mixture was stirred for 

22 h at room temperature and filtered through a Celite pad under argon. The 

filtrate was concentrated to 3-4 mL in vacuum and 30 mL Et2O was added to 

precipitate a dark red solid. The supernatant was removed with a syringe. The solid was washed 

with Et2O and dried under reduced pressure to afford 12 as a dark red solid (0.18 g, 74%). A 

crystalline material was obtained by slow diffusion of n-hexane into a dichloromethane 

solution of 12. 1H NMR (600 MHz, CD2Cl2, -60 °C): δ = 1.44–1.35 (m, 6H, PCH2CH3), 1.64 

(dt, 3J = 15.3, 7.7 Hz, 2H, PCH2CH3), 2.35 (dt, 3J = 15.1, 7.8 Hz, 2H, PCH2CH3), 3.13 (s, 6H, 

NMe2), 7.41 (m, 3H, aromatic-H), 7.55 (m, 1H, aromatic-H); 31P{1H} NMR (243 MHz, 

CD2Cl2, -60 °C): δ = 41.4 ppm; elemental analysis (%) calcd for C12H20Br2NNiP: C 33.69, H 

4.71, N 3.27, found: C 33.02, H 4.68, N 3.21; HRMS (ESI-TOF): m/z (%): 347.9846 (100) [M 

- Br]+. 

II. 4. 3. X-ray crystal structures 

Complex 4. A single crystal suitable for X-ray diffraction analysis was obtained as described 

in the synthetic procedures. Data were collected at 173(2) K on a Bruker APEX-II CCD 

diffractometer (Mo-Kα radiation, λ = 0.71073 Å). The structure was solved by direct methods 

(SHELXS-97) and refined against F2 using the SHELXL-2013 software.30 The non-hydrogen 

atoms were refined anisotropically, using weighted full-matrix least-squares on F2. The H-

atoms were included in calculated positions and treated as riding atoms using SHELXL default 

parameters. The crystallographic data are reported in Table 1. 

 

Complexes 6, 8, 9, 10, 12. Single crystals suitable for X-ray diffraction analysis obtained as 

described in the Experimental Part. Data were collected at 120(2) K on a Bruker Bruker 

PHOTON-III CPAD diffractometer (Mo-Kα radiation, λ = 0.71073 Å). The structure was 

solved by direct methods (SHELXS-97) and refined against F2 using the SHELXL-2013 

software. The non-hydrogen atoms were refined anisotropically, using weighted full-matrix 

least-squares on F2. The H-atoms were included in calculated positions and treated as riding 
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atoms using SHELXL default parameters. The crystallographic data are reported in Tables 2, 

4-7. 

 

Complex 7. A single crystal suitable for X-ray structure analysis was obtained as described in 

Experimental Part. Data were collected at 120(2) K on a Bruker Bruker PHOTON-III CPAD 

diffractometer (Cu-Kα radiation, λ = 1.54178 Å). The structure was solved by direct methods 

(SHELXS-97) and refined against F2 using the SHELXL-2013 software. The non-hydrogen 

atoms were refined anisotropically, using weighted full-matrix least-squares on F2. The H-

atoms were included in calculated positions and treated as riding atoms using SHELXL default 

parameters. The crystallographic data are reported in Table 3. 
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Table 1. Crystallographic and structure refinement data for 4 (CCDC 2163655). 

Crystal Data 

Crystal size/mm3 0.25 × 0.12 × 0.1 

Empirical formula C60H100NO28PCl2Pd•C4H8O 

Formula Weight 1563.78 

Crystal system monoclinic 

Space group P21 

Temperature/K 173(2) 

Unit cell parameters  

a/Å 14.9237(6) 

b/Å 17.5343(7) 

c/Å 15.7250(6) 

α/ º 90 

β/ º 101.0630(10) 

γ/ º 90 

V/Å3 4038.4(3) 

Z 2 

D(calc) g/cm3 1.286 

F (000) 1652.0 

/mm-1 0.391 

 

Data Processing and Reduction 

2 range for data collection/º 3.446 to 56.042 

Index ranges -19 ≤ h ≤ 19, -20 ≤ k ≤ 23, -20 ≤ l ≤ 20 

Reflections collected 39896 

Independent reflections 18579 [Rint = 0.0509, Rsigma = 0.0849] 

Data / restraints / parameters 18579/2/897 

Goodness-of-fit on F2 0.955 

Final R indices [I > 2(I)] R1 = 0.0478, wR2 = 0.0893 

R indices (all data) R1 = 0.0810, wR2 = 0.0978 

Largest diff. peak and hole/eÅ-3 0.53/-0.64 

Flack parameter 0.002(11) 
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Table 2. Crystallographic and structure refinement data for 6 (CCDC 2163663). 

Crystal Data 

Crystal size/mm3 0.3 × 0.2 × 0.15 

Empirical formula 2(C60H100NNiO28PNiBr2)•5(C6H6)•C5H12 

Formula Weight 3528.49 

Crystal system tetragonal 

Space group P41212 

Temperature/K 120(2) 

Unit cell parameters  

a/Å 17.8671(6) 

b/Å 17.8671(6) 

c/Å 53.805(2) 

α/ º 90 

β/ º 90 

γ/ º 90 

V/Å3 17176.2(14) 

Z 4 

D(calc) g/cm3 1.364 

F (000) 7440.0 

/mm-1 1.252 

 

Data Processing and Reduction 

2 range for data collection/º 3.79 to 55.792 

Index ranges -23 ≤ h ≤ 23, -23≤ k ≤ 23, -70 ≤ l ≤ 68 

Reflections collected 277051 

Independent reflections 20499 [Rint = 0.0618, Rsigma = 0.0391] 

Data / restraints / parameters 20499/0/919 

Goodness-of-fit on F2 1.040 

Final R indices [I > 2(I)] R1 = 0.0515, wR2 = 0.1343 

R indices (all data) R1 = 0.0741, wR2 = 0.1474 

Largest diff. peak and hole/eÅ-3 0.80/-0.81 

Flack parameter 0.016(2) 
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Table 3. Crystallographic and structure refinement data for 7 (CCDC 2163666). 

Crystal Data 

Crystal size/mm3 0.35 × 0.2 × 0.15 

Empirical formula C60H100NO28PAuCl•C6H6 

Formula Weight 1624.90 

Crystal system monoclinic 

Space group C2 

Temperature/K 120(2) 

Unit cell parameters  

a/Å 38.308(2) 

b/Å 14.1787(8) 

c/Å 15.4860(9) 

α/ º 90 

β/ º 93.007(2) 

γ/ º 90 

V/Å3 8399.7(8) 

Z 4 

D(calc) g/cm3 1.285 

F (000) 3376.0 

/mm-1 4.367 

 

Data Processing and Reduction 

2 range for data collection/º 4.62 to 134.642 

Index ranges -45 ≤ h ≤ 45, -16≤ k ≤ 16, -18 ≤ l ≤ 18 

Reflections collected 108770 

Independent reflections 14764 [Rint = 0.0684, Rsigma = 0.0434] 

Data / restraints / parameters 14764/1/901 

Goodness-of-fit on F2 1.149 

Final R indices [I > 2(I)] R1 = 0.0420, wR2 = 0.1002 

R indices (all data) R1 = 0.0430, wR2 = 0.1012 

Largest diff. peak and hole/eÅ-3 1.30/-0.84 

Flack parameter 0.171(4) 
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Table 4. Crystallographic and structure refinement data for 8 (CCDC 2163751). 

Crystal Data 

Crystal size/mm3 0.15 × 0.1 × 0.08 

Empirical formula C12H20NPPdCl2•2(CHCl3) 

Formula Weight 625.29 

Crystal system monoclinic 

Space group P21/c 

Temperature/K 120(2) 

Unit cell parameters  

a/Å 17.0385(7) 

b/Å 8.8900(3) 

c/Å 32.4365(14) 

α/ º 90 

β/ º 92.933(2) 

γ/ º 90 

V/Å3 4906.8(3) 

Z 8 

D(calc) g/cm3 1.693 

F (000) 2480.0 

/mm-1 1.694 

 

Data Processing and Reduction 

2 range for data collection/º 4.752 to 58.102 

Index ranges -23 ≤ h ≤ 23, -12 ≤ k ≤ 11, -44 ≤ l ≤ 44 

Reflections collected 145578 

Independent reflections 13078 [Rint = 0.1059, Rsigma = 0.0475] 

Data / restraints / parameters 13078/0/459 

Goodness-of-fit on F2 1.060 

Final R indices [I > 2(I)] R1 = 0.0423, wR2 = 0.0784 

R indices (all data) R1 = 0.0712, wR2 = 0.0920 

Largest diff. peak and hole/eÅ-3 1.28/-1.04 

 

Table 5. Crystallographic and structure refinement data for 9 (CCDC 2163658). 
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Crystal Data 

Crystal size/mm3 0.14 × 0.12 × 0.1 

Empirical formula C24H40N2P2PdCl2•2(H2O) 

Formula Weight 631.85 

Crystal system orthorhombic 

Space group Pna21 

Temperature/K 120(2) 

Unit cell parameters  

a/Å 13.1872(4) 

b/Å 11.4097(3) 

c/Å 38.4881(11) 

α/ º 90 

β/ º 90 

γ/ º 90 

V/Å3 5791.0(3) 

Z 8 

D(calc) g/cm3 1.449 

F (000) 2624.0 

/mm-1 0.959 

 

Data Processing and Reduction 

2 range for data collection/º 4.234 to 56.032 

Index ranges -17 ≤ h ≤ 17, -15 ≤ k ≤ 15, -50 ≤ l ≤ 50 

Reflections collected 94671 

Independent reflections 13931 [Rint = 0.0609, Rsigma = 0.0429] 

Data / restraints / parameters 13931/1/611 

Goodness-of-fit on F2 1.069 

Final R indices [I > 2(I)] R1 = 0.0350, wR2 = 0.0719 

R indices (all data) R1 = 0.0464, wR2 = 0.0783 

Largest diff. peak and hole/eÅ-3 2.45/-0.64 

Flack parameter 0.341(13) 
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Table 6. Crystallographic and structure refinement data for 10. 

Crystal Data 

Crystal size/mm3 0.22 × 0. 2 × 0.18 

Empirical formula C13H23NPPdCl•CH2Cl2 

Formula Weight 451.07 

Crystal system orthorhombic 

Space group Aea2 

Temperature/K 120(2) 

Unit cell parameters  

a/Å 35.3618(13) 

b/Å 15.2642(7) 

c/Å 14.4329(6) 

α/ º 90 

β/ º 90 

γ/ º 90 

V/Å3 7790.4(6) 

Z 16 

D(calc) g/cm3 1.538 

F (000) 3648.0 

/mm-1 1.438 

 

Data Processing and Reduction 

2 range for data collection/º 4.052 to 58.302 

Index ranges -48 ≤ h ≤ 47, -20 ≤ k ≤ 20, -19 ≤ l ≤ 19 

Reflections collected 80878 

Independent reflections 10503 [Rint = 0.0224, Rsigma = 0.0147] 

Data / restraints / parameters 10503/1/371 

Goodness-of-fit on F2 1.136 

Final R indices [I > 2(I)] R1 = 0.0187, wR2 = 0.0450 

R indices (all data) R1 = 0.0192, wR2 = 0.0451 

Largest diff. peak and hole/eÅ-3 0.47/-0.69 

Flack parameter 0.102(4) 
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Table 7. Crystallographic and structure refinement data for 12. 

Crystal Data 

Crystal size/mm3 0.18 × 0.15 × 0.12 

Empirical formula C12H20NPNiBr2 

Formula Weight 427.79 

Crystal system triclinic 

Space group P1 

Temperature/K 120(2) 

Unit cell parameters  

a/Å 7.2760(3) 

b/Å 8.6431(3) 

c/Å 13.5955(5) 

α/ º 83.1970(10) 

β/ º 84.0140(10) 

γ/ º 71.1770(10) 

V/Å3 801.57(5) 

Z 2 

D(calc) g/cm3 1.772 

F (000) 424.0 

/mm-1 6.275 

 

Data Processing and Reduction 

2 range for data collection/º 5 to 55.84 

Index ranges -9 ≤ h ≤ 9, -11 ≤ k ≤ 11, -17 ≤ l ≤ 17 

Reflections collected 54711 

Independent reflections 7331 [Rint = 0.0369, Rsigma = 0.0276] 

Data / restraints / parameters 7331/3/315 

Goodness-of-fit on F2 1.077 

Final R indices [I > 2(I)] R1 = 0.0182, wR2 = 0.0362 

R indices (all data) R1 = 0.0203, wR2 = 0.0376 

Largest diff. peak and hole/eÅ-3 0.54/-0.72 

Flack parameter 0.014(3) 
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II. 4. 4. General procedure for determining the glucose units linked by a 

given capping unit31 

Our strategy for full structural assignment began with the differentiation between capped and 

non-capped C-6 carbon atoms by DEPT 135. These appear as two distinct sets of signals. The 

H-6 protons could then be identified using 1H-13C HMQC. By using TOCSY and COSY, each 

H-6 proton was correlated to the set of protons belonging to the same glucose residue. The 

connectivity between individual glucose units was then established via a ROESY experiment 

showing the proximity between H-4N and H-1N+1 protons (N and N+1 standing for 

neighboring glucose moieties labelled in the alphabetical order). 
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III. 1. Introduction 

Phosphines are ubiquitous ligands with a wealth of history in coordination chemistry and 

catalysis.1 They are considered as soft ligands particularly well suited for coordinating late 

transition metals and are capable of both σ-donation and π-acidity (back donation). These 

electronic properties can be easily tuned by varying the substituents (whether alkyl or aryl) at 

the phosphorus atom, which can also be made stereogenic when equipped with three different 

groups.2 Moreover, the steric environment around phosphorus and therefore the coordinated 

metal, can also be changed at will. Together with the electronic properties of the ligand, steric 

factors have been shown to have strong impact on metal coordination and the outcome of many 

catalytic reactions.3 In the case of chelating diphosphines, the so-called bite angle (Fig 1) is 

another parameter known to have a strong influence on the coordination of metals and metal-

catalyzed reactions.4 It is therefore no surprise that phosphines and more generally P(III) 

ligands can be found in numerous industrial processes involving late transition metals, such as 

the hydroformylation of alkenes, the asymmetric hydrogenation of prochiral alkenes, 

hydrocyanation of alkenes and many others.5 CDs equipped with one or several phosphine 

groups are particularly attractive owing to the fact that the configurationally stable phosphorus 

atom can be used to force the metal center to be located inside the chiral environment of the 

CD interior. This specific feature has been shown to have a strong impact on the coordination 

behavior of the P(III) ligand. In particular, metal confining monophosphines (HUGPHOS-1 

and HUGPHOS-2)6 prevent the formation of bis(phosphine) complexes and promote the 

formation of undercoordinated species. Such a behavior is key to produce high regioselectivity, 

stereoselectivity and substrate selectivity in catalytic reactions such as the hydroformylation of 

vinyl arenes.6-7 Furthermore, CDs equipped with two widely separated phosphine groups 

behave as trans chelators, in particular when the two phosphorus lone pairs are facing each 

other and oriented towards the interior of the CD cavity as in the A,B:D,E-capped CDs 

TRANSDIP and WIDEPHOS.8 Unfortunately, both of these diphosphine ligands display 

trans-chelating behavior. The purpose of this chapter is to study the coordination behavior 

towards catalytically relevant d8 cations of two cis-chelating diphosphine ligands derived from 

α-CD (Fig 3), previously prepared in our laboratory.9 
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Fig 1. Parameters to be taken into account when designing chelating ligands for catalytic 

purposes. 

 

 

Fig 2. Examples of CD-based trans-chelating diphosphine ligands. 
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Fig 3. Structures of the metal confining diphosphines studied for metal chelation. 

III. 2. Results and discussion 

III. 2. 1. Synthesis of α-CD-based diphosphine ligands 

The synthesis of L3 is directly inspired by that of monophosphine HUGPHOS-1 and ligand 

L1. It consisted in the reaction of dimesylate 1b with doubly deprotonated phenylphosphine at 

25 °C. Similarly, phosphine L3 was prepared by reacting 1b with deprotonated 

diphenylphosphino-2-phosphinobenzene 13. 

 

 

Scheme 1. Retrosynthetic analysis for diphosphine ligand L3. 

 

Diphosphine 13 was synthesized according to a procedure described in the literature,10 which 

is very similar to the way primary phosphine 2 was prepared. As shown in Scheme 2, the Stelzer 

method was used to perform a Pd-catalyzed P-C coupling reaction between 2-
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bromoiodobenzene and diphenylphosphine11. The resulting (2-

bromophenyl)diphenylphosphine was then ortho-metalated with n-BuLi before being reacted 

with chlorodiethylphosphite to give phosphonate 14 in 58% yield. The latter was subsequently 

reduced by LiAlH4 in the presence of Me3SiCl to afford diphosphine 13 in 86% yield. This 

diphosphine is much less prone to oxidation compared to 2 and could be purified by column 

chromatography under argon atmosphere. As the two nonequivalent phosphorus atoms are 

separated by three bonds, their coupling constant is relatively large (3JPP = 97.9 Hz). The 

presence of the primary diphosphine was confirmed by the presence of a doublet integrating 

for two protons at δH = 3.90 ppm (1JPH = 207 Hz, 4JPH = 11.9 Hz). 

 

 

Scheme 2. Synthesis of diphenylphosphino-2-phosphinobenzene 13. 

 

Fig 4. 31P{1H} NMR spectrum of diphosphine 13 in CDCl3. 
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Fig 5. 1H NMR spectrum of diphosphine 13 in CDCl3. 

 

The procedure used for preparing diphosphine ligand L3 is shown in Scheme 3. The 

monoanion generated a monoanion by deprotonation of the primary phosphine 13 with 3 

equivalents of LDA in THF at -78 ℃ was added into a solution of dimesylate 1b in THF at 0 

℃ and then left to react for 12 h at room temperature. Note that n-BuLi was not used in this 

case to avoid the formation of the dianion which leads to a Smiles-like rearrangement (see 

below). As for the P,N ligand L1, none of the phosphorus atoms is easily oxidized so that 

purification by column chromatography without particular precaution could be carried out to 

yield pure ligand L3 (57% yield). 
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Scheme 3. Synthesis of diphosphine ligand L3. 

 

31P{1H} NMR spectrum of diphosphine L3, named ARMPHOS, comprises two doublets at -

28.7 and -14.7 ppm, with a large coupling constant (3Jp,p = 167 Hz). 

 

Fig 6. 31P NMR spectrum of diphosphine ligand L3 in CDCl3. 

 

The synthesis of the second diphosphine ligand L4 relies on an intramolecular nucleophilic 

aromatic substitution, which bears some similarities with a Smiles rearrangement.12 
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Scheme 4. Mechanism of the new Smiles-like rearrangement in the presence of n-BuLi. 

 

In the presence of excess n-BuLi, the primary phosphine 13 provided the doubly charged 

phosphide 15, which quantitatively isomerized to the secondary diphosphide 16. This 

diphosphide is present as three stereoisomers, namely an equimolar mixture of enantiomers 

(racemic mixture) and a meso compound that is diastereomeric to the pair of enantiomers. 

When reacted with the dimesylate 1b, the mixture of doubly charged stereoisomers should lead 

to a cyclic diphosphine, theoretically present as four diastereoisomers, which are shown in fig 

7. These are the diphosphine in which the two phosphorus lone pairs are pointing towards the 

cavity interior (a), two phosphines in which one of the lone pairs is pointing outward and the 

other inward (b and c), and a phosphine in which both phosphorus lone pairs are pointing the 

outside of the CD cavity (d). 

 

 

Fig 7. Representation of the four possible diastereomers of diphosphine ligand L4. 
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1H and 31P{1H} NMR spectroscopic analysis of the reaction mixture indicated that only three 

out of four possible diastereomers were formed. Stereomer d cannot form because in this case, 

the two bulky phenyl groups have to be located in the rather small α-CD cavity, which is not 

possible for steric reasons. Since the cyclisation probably produced a mixture of the three 

isomers under kinetic control, the reaction mixture was heated under reflux in mesitylene for 

4 h in order to favor the most thermodynamically stable product by simple inversion of the 

phosphorus at high temperature (T > 135 ℃)13. After 4 h of heating, the a/(b + c) molar ratio 

changed from 41/59 to 96/4 and reached an equilibrium, which was confirmed by 1H and 

31P{1H} NMR. Finally, the separation of a from the b/c diastereomeric mixture could be 

achieved by column chromatography on silica. Again, as for L1 and L3, without particular 

precaution since L4 is also not very sensitive to oxidation. In the following, L4 corresponds to 

stereoisomer a only. 

 

 

Scheme 5. Synthesis of the diphosphine ligand L4. 

 

The optimized procedure for preparing diphosphine L4, named DEXPHOS, is detailed in 

Scheme 5. As for L3, the 31P{1H} NMR spectrum of L4 comprises two doublets at -27.2 and 

-19.0 ppm (AB spin system) with a coupling constant comparable to that of L3 (3JP,P = 176 

Hz). 
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Fig 8. 31P{1H} NMR spectrum of diphosphine ligand L4 in CDCl3. 

III. 2. 2. Synthesis of metal complexes derived from diphosphines L3 and L4 

Although both metal confining, the two ligands have their two phosphorus donor atoms 

positioned differently with respect to the cavity. For example, in square planar complexes, the 

coordination plane of L3 should be perpendicular to that of L4. Furthermore, while the two 

P(III) atoms are electronically equivalent in L4, the bridging phosphorus atom L3 is much 

more basic than the pendant one. All these features should have major implications on both the 

coordination and catalytic properties of the diphosphine ligands. 

III. 2. 2. 1. Synthesis of metal complexes derived from ARMPHOS (L3) 

The corresponding palladium and nickel complexes were synthesized according to the same 

procedures used for P,N complexes. Accordingly, complex 17 was synthesized in 75% yield 

by reacting L3 with one equivalent of [PdCl2(COD)] in deoxygenated CH2Cl2 for 2 h. As for 

the P,N analog L1, only a 1:1 ligand/metal chelate complex was present in the reaction mixture. 

It is very stable and could be easily purified by column chromatography on silica without 

particular precaution. 
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Scheme 6. Synthesis of Pd(II) complex 17 derived from L3. 

 

Compared to the free ligand L3, the 31P{1H} chemical shifts of complex 17 are significantly 

downfield shifted (two doublets at 55.5 and 61.6 ppm, respectively), with a much smaller 

coupling constant (3+2JP,P = 13.6 Hz) as expected for a palladium chelated by the two 

phosphorus atoms. As for the palladium complex 4 derived from P,N bidentate ligand L1, 

which has an overall structure similar to that of L3, the 1H NMR spectrum of 17 displays 

downfield-shifted H-5 CD protons, in particular the H-5 proton belonging to the capped 

glucose unit A (δ1H = 4.21 ppm for L3 vs. 5.30 ppm for 17), which indicates that the halido 

ligand is in close contact with these intracavity protons. This feature was also confirmed in the 

solid state thanks to the X-ray structure of 17 (Fig 11a and 11b). Single crystals suitable for X-

ray diffraction could be easily obtained by slow diffusion of n-pentane into a solution of 17 in 

benzene. 



 Chapter III 137 

For references, see page 175. 

 

 

Fig 9. 31P{1H} NMR spectrum of palladium complex 17 in CDCl3. 

 

  

Fig 10. 1H NMR spectra in CDCl3 of: (a) 17, (b) L3. 

 

(a)

(b)

H-5A
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Fig 11a. View of the structure of complex 17a. Hydrogen atoms and solvent molecules are 

omitted for clarity. Important bond lengths (Å) and angles (°) for complex 17 which comprises 

two slightly different structures (17a and 17b) in the unit cell 17a: P1-Pd1: 2.223 (2), P2-Pd1: 

2.224 (2), Pd1-Cl1: 2.3391 (19), Pd1-Cl2: 2.357 (2), C6-P1: 1.837 (9), C16-P1: 1.830 (9), P1-

Pd1-P2: 87.18 (7), P1-Pd1-Cl1: 88.46 (8), P1-Pd1-Cl2: 176.03 (10), P2-Pd1-Cl1: 173.19 (8), 

P2-Pd1-Cl2: 89.89 (8), Cl1-Pd1-Cl2: 94.19 (8), C6-P1-Pd1: 117.8 (3), C16-P1-C6: 113.2 (4), 

C16-P1-Pd1: 111.3 (3). 

 

Fig 11b. View of the structure of complex 17b. Hydrogen atoms and solvent molecules are 

omitted for clarity. Important bond lengths (Å) and angles (°) for complex 17 which comprises 

two slightly different structures (17a and 17b) in the unit cell 17b: P3-Pd2: 2.2187 (18), P4-

Pd2: 2.226 (2), Pd2-Cl3: 2.3469 (19), Pd2-Cl4: 2.3481 (19), C86-P3: 1.842 (8), C96-P3: 1.831 

(8), P3-Pd2-P4: 87.35 (7), P3-Pd2-Cl3: 88.00 (7), P3-Pd2-Cl4: 177.46 (9), P4-Pd2-Cl3: 175.06 

(8), P4-Pd2-Cl4: 90.23 (8), Cl3-Pd2-Cl4: 94.44 (8), C86-P3-Pd2: 114.7 (3), C96-P3-C86: 

114.0 (4), C96-P3-Pd2: 113.2 (3). 
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As shown in Figures 11a and 11b, the crystal structure of complex 17 displays a square planar 

coordination plane sitting just above the cavity and nearly perpendicular to the O(4) atoms 

plane of the CD (angle between the PPMX2 unit and O(4) plane is 86.5° and 86.1° for the two 

CD complexes that are present in the unit cell), a feature that is almost identical to that of d8 

complexes derived from L1. However, compared to analogous P,N Pd complex 4 and its 

bulkier Ni counterpart 6, the coordination unit, here PPMCl2, is pointing slightly more away 

from the cavity (angle between the CD O-4 atoms plane and the C6(C86)-P1(P3)-C16(C96) 

plane is 58.4° on average for 17a, 17b vs. 50.27° for PdCl2 complex 4 and 54.82° for NiBr2 

complex 6, respectively), probably as a result of the larger size of the PPh2 unit compared to 

the NMe2 group in L1. Clearly, the orientation of the bridging P1 atom lone pair is to a certain 

extent dependent on the size of the nonbridging coordinating group and the MX2 unit. Again, 

the phosphorus lone pairs are oriented towards the cavity interior and it is highly likely that the 

metal center is forced to be located above the cavity by the rigid bridging phosphorus atom P1, 

the lone pair of which should also be oriented towards the cavity center in ligand L3 as for the 

P,N ligand L1 and the monophosphines HUGPHOS-1 and HUGPHOS-2. As for cavity-

shaped P,N complexes, the two halido ligands experience very different steric environments, 

with one of them located outside the cavity and the other inside. Surprisingly, even if the two 

P(III) atoms are electronically different, the bridging P(III) atom being more basic than the one 

in the pendant PAr3 unit as reflected by the large difference of chemical shifts between the two 

doublets in the 31P{1H} NMR spectrum of L3 ( = 43.4 ppm), the two Pd-Cl and Pd-P 

distances in complex 17 are almost identical. 

In the same vein, the corresponding PdMeCl isomeric complex 18a, 18b were synthesized by 

treating L3 with [PdMeCl(COD)] in deoxygenated THF at room temperature. Again, analysis 

of the crude mixture indicated the presence of only 1:1 ligand/metal complexes, which after 

purification on standard column chromatography on silica afforded the mixture of complexes 

18a, 18b in 80% yield. Successful metal complexation was confirmed by the mass spectrum 

of complexes 18a, 18b, which display an intense peal at m/z 1635.51, corresponding to the [M 

+ Na]+ cation. 
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Fig 12. Full ESI-MS spectrum of 18. 

 

 

Fig 13. Partial ESI-MS spectrum of 18. 

 

Careful analysis of the 1H and 31P{1H} NMR spectra in C6D6 of the mixture 18a, 18b showed 

clearly the presence of two different isomers. The 31P{1H} NMR spectrum comprises two pairs 

of doublets, each corresponding to one isomer. While for 18a the two doublets are very close 

to each other (δ31P = 40.98 and 41.72 ppm with 3+2JP,P = 23.6 Hz), the 31P signals in 18b are 

much further apart (δ31P = 29.15 and 51.72 ppm with 3+2JP,P = 25.7 Hz). The HMQC (1H-31P) 

experiment (Fig 15) allows us to assign for each compound the more basic bridging phosphorus 
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atom to the more downfield shifted doublets (41.72 and 51.72 ppm for 18a and 18b, 

respectively). 

 

Fig 14. 31P NMR spectrum of the palladium complexes 18a, b in C6D6. 

 

Clearly, the PdMeCl complexes 18a, b are cis-chelates similar to the PdCl2 analog 17, but 

because the two exogeneous ligands (chlorido and methyl) are no longer identical, two different 

isomers are formed during complexation. The ROESY spectrum of the inseparable mixture 

18a, b clearly showed that in the case of 18a, the Pd-methyl protons correlate strongly with the 

inner-cavity H-5 protons of several glucose units (Fig 16) and are therefore located in the CD 

cavity, whereas in the case of 18b, in which the methyl group is located outside, no such cross-

peaks is found. Furthermore, the bridging phosphorus atom in 18b correlates strongly with the 

trans-disposed palladium-bound methyl protons, whereas the cross-peak was much less intense 

for the correlation between the same methyl group and the PAr3 atom, which in 18b are cis to 

each other. Conversely, in the case of 18a, the opposite is true in keeping with a methyl group 

located trans to the PAr3 atom and therefore located inside the CD cavity. This is to be expected 

because the orbital overlap of the trans-disposed methyl group and phosphorus atoms with the 

metal d orbital is much better than when the two donor atoms are cis to each other.14 Indeed, 

the methyl group in both 18a and 18b resonate as a doublet of doublets at δ1H = 1.13 ppm 

(2JPtransH = 7.3 Hz and 2JPcisH = 2.5 Hz) and 1.23 ppm (2JPtransH = 8.7 Hz and 2JPcisH = 3.2 Hz) 
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with in both cases a much larger coupling constant for the trans-arranged P(III) and methyl 

groups compared to the cis-arranged ones. The presence of a very downfield shifted H-5 signal 

(δ1H = 5.31ppm) belonging to one of the capped glucose units is another proof for the presence 

of the chlorido ligand inside the CD cavity in 18b. No such downfield shift was observed upon 

metal complexation for 18a, which has its methyl ligand included in the cavity. The 1H NMR 

spectrum recorded in CD2Cl2 indicates that these two isomers are present in a ca. 23:77 ratio 

of 18a/18b at room temperature. 

 

 

Fig 15. Part of the HMQC (1H-31P) spectrum of the mixture 18a, b revealing the correlations 

between Pd-Me protons and the phosphorus atoms. 
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Fig 16. Part of the ROESY spectrum of the 18a, b mixture revealing cross-peaks 

corresponding to correlations between Pd-Me protons of 18a and the CD internal H-5 protons 

as well as correlations between Pd-Me protons of 18b and CD external H-6 protons. 

 

Bearing in mind that the reaction temperature could affect this isomeric ratio,15 the 

complexation was then conducted in the same solvent (THF) at low temperature (-78 ℃). 

However, no change of isomeric ratio was observed at this temperature. Changing the solvent 

(C6D6 to CD2Cl2) in which the NMR spectra was recorded did not change the isomeric ratio 

either. Surprisingly, the 18a/18b ratio varied upon changing the solvent in which the 

complexation was carried out. When CH2Cl2 instead of THF was used as reaction solvent, 18a 

was found to become the major isomer and the 18a/18b ratio increased slightly at low 

temperature (18a/18b = 68:32 and 80:20 for room temperature and -78 ℃, respectively). 

Moreover, in order to find out whether an equilibrium occurs between isomers 18a and 18b, 

three different reaction mixtures obtained in CH2Cl2 at either 25 ℃ or -78 ℃ and in THF were 

analyzed by NMR spectroscopy over a prolonged period of time. The 1H and 31P{1H} NMR 

spectra recorded in CD2Cl2 showed that the isomeric ratio for both samples left in CD2Cl2 

solution for up to 7 days did not change, thus indicating the absence of an equilibrium, at least 

at room temperature. Clearly, these results show that the formation of 18b is kinetically more 

favorable than that of 18a, but the reason why one is formed faster than the other is debatable, 
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since it is difficult to figure out which factors – electronic or steric – are dominant here given 

the complexity of the ligand and the small differences of energy at stake. 

The Ni(II) complex 19 was also prepared in 86% yield by treating L3 with [NiBr2(DME)] in 

deoxygenated CH2Cl2. Upon subjecting the reaction mixture to standard column 

chromatography on silica, it was found that partial halide exchange took place during the 

purification resulting in the formation of a mixture of NiBr2, NiCl2 and NiBrCl species. This 

unwanted reaction was clearly identified by 31P{1H} NMR spectroscopy. The chloride 

necessary for the exchange most probably originated from the chlorinated solvent used for the 

purification (CH2Cl2) or from chloride-contaminated silica. To recover pure 19, the mixture of 

halide complexes was treated with LiBr in MeOH at room temperature for 2 h. 

 

 

Scheme 7. Synthesis of Ni(II) complex 19 derived from L3. 
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Fig 17. 31P{1H} NMR spectra in C6D6 of: (a) reaction mixture, (b) mixture of complexes 

after column chromatography, (c) NiCl2 complex, (d) pure 19 obtained after treatment with 

LiBr. 

 

The 31P{1H} NMR spectrum also displays downfield-shifted doublets compared to the free 

ligand (54.83 and 65.22 ppm with a P-P coupling constant 3+2JP, P = 57.9 Hz). No single crystal 

suitable for X-ray diffraction could be obtained, but the 1H and 31P{1H} NMR spectra of 

complex 19, unlike those of the P,N complex 6, comprises sharp signals and similar features 

to its PdCl2 analog, indicating that both complexes are diamagnetic with a square planar 

coordination geometry, with one of the two bromido ligands located inside the CD hollow as 

revealed again by a downfield-shifted inner-cavity H-5 proton (δ1H of H-5 = 5.21 ppm) (Fig 

19), the other pointing outside. 

(a)

(b)

(c)

(d)

oxide
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Fig 18. 31P NMR spectrum of the nickel complex 19 in C6D6. 

 

 

Fig 19. 1H NMR spectra in CD2Cl2 of: (a) 19, (b) L3. 

 

(a)

(b) H-5A
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III. 2. 2. 2. Synthesis of metal complexes derived from DEXPHOS (L4) 

d8 Complexes based on the second diphosphine ligand L4 were also prepared. As for P,N ligand 

L1 and diphosphine ligand L3, L4 produced only 1:1 ligand/metal complexes. Thus, 

[PdCl2(COD)] was reacted with L4 in deoxygenated CH2Cl2 to give the palladium complex 20 

in 77% yield. 

 

 

Scheme 8. Synthesis of the Pd(II) complex 20 derived from L4. 

 

Again, the 31P{1H} NMR spectrum displays signals lying in the expected range, with both 

doublets significantly downfield shifted compared to those of the free ligand L4 (62.39 and 

68.99 ppm with a P–P coupling constant 3+2JP, P = 9.3 Hz). 

 

  

Fig 20. 31P NMR spectrum of the palladium complex 20 in CDCl3. 
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The signals of the 1H NMR spectrum of 20 (Fig 21) are sharp, indicating as expected that this 

square planar palladium complex is diamagnetic. As indicated in Fig 21, both H-5 protons of 

the two bridged glucose units A and B are downfield shifted, but not as much as in the PdCl2 

complex derived from L3 (17) (ΔδH-5A = 0.48 vs 1.07 ppm for 20 and 17, respectively). This 

shows that none of the two chlorido ligands is as deeply encapsulated in the cavity as one of 

the chlorido ligands of 17. Clearly, the PdCl2 unit experiences a radically different environment 

within 17 and 20 even if these two complexes are equipped with the same α-CD cavity. 

 

 

Fig 21. 1H NMR spectra in CDCl3 of: (a) 20, (b) L4. 

 

Single crystals of the PdCl2 chelate complex 20 could be obtained by slow diffusion of n-

pentane into a solution of 20 in CH2Cl2. The X-ray crystal structure of 20 is depicted below in 

Fig 22. 

(a)

(b) H-5A

H-5B
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Fig 22. View of the crystal structure of complex 20. Hydrogen atoms and solvent molecules 

are omitted for clarity. Important bond lengths (Å) and angles (°) for complex 4: P1-Pd1: 2.224 

(3), P2-Pd1: 2.217 (3), Pd1-Cl1: 2.342 (3), Pd1-Cl2: 2.335 (3), P1-Pd1-P2 : 86.83 (10), P1-

Pd1-Cl1 : 90.42 (10), P1-Pd1-Cl2 : 175.77 (10), P2-Pd1-Cl1 : 175.79 (11), P2-Pd1-Cl2 : 88.93 

(10), Cl1-Pd1-Cl2 : 93.82 (11). 

 

The X-ray crystal structure shows that the palladium complex 20 has a typical square planar 

geometry in keeping with the NMR measurements (see above). Despite the fact that the two 

palladium complexes 17 and 20 are both cis-chelate complexes and a similar geometry, the 

way the PdCl2 unit is located in the cavity is quite different both in the solid state and in solution 

(see above). Whereas the five-membered chelate ring is almost perpendicular to the 

macrocyclic moiety in 17, the angle between the PPPdCl2 and the O(4) atoms plane in 20 is 

only 21.45°, thus making the chelate unit only slightly tilted towards the cavity center and the 

metal center less protected by the CD hollow, in particular at the metal axial positions. 

Furthermore, it is clear that the two chlorido ligands, unlike those in 17, no longer experience 

very different steric environments and are almost equivalent. 

The PdMeCl analog 21 was also prepared in 61% yield by reaction of L4 with [PdMeCl(COD)] 

in THF. 
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Scheme 9. Synthesis of the PdMeCl complex 21 derived from L4. 

 

The reaction mixture was purified by standard column chromatography through silica and first 

characterized by ESI-MS. The mass spectrum shows an intense peak at m/z 1575.55, 

corresponding to the [M–Cl]+ cation. 

 

 

Fig 23. Full ESI-MS spectrum of 21. 
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Fig 24. Partial ESI-MS spectrum of 21. 

 

As for the PdMeCl complexes of L3, the NMR spectra of 21 revealed the presence of two 

different geometrical isomers (21a and 21b) in a 60:40 mixture. For each compound, the two 

phosphorus atoms resonate as a pair of doublets in the 31P{1H} NMR spectrum of the mixture 

(δ31P = 41.76, 54.48 ppm with 3+2JP,P = 25.9 Hz for the major isomer and δ31P = 34.63, 63.75 

ppm with 3+2JP,P = 26.6 Hz for the minor one). Given the complexity of the NMR spectra of 

the mixture 21a, b, full assignment of protons belonging to isomers 21a and 21b could not be 

achieved and the exact position of the methyl group within the cavity in both isomers could not 

be determined. However, the 1H-31P HMQC spectrum, as for 18a, 18b, shows clearly that the 

phosphorus atom belonging to one of the bridged unit in either 21a or 21b correlates strongly 

with the trans-disposed palladium-bound methyl protons, whereas the cross-peaks are much 

less intense for correlations between the same methyl group and the second P(III) atom, which 

is cis to the methyl group in both 21a and 21b. This methyl group resonates as a doublet of 

doublet at 1H = 0.39 ppm (2JPtransH = 8.3 Hz and 2JPcisH = 3.9 Hz) for 21a and 0.47 ppm (2JPtransH 

= 8.5 Hz and 2JPcisH = 3.4 Hz) for 21b with in both cases a much larger coupling constant for 

the trans-arranged P(III) and methyl groups compared to the cis-arranged ones. The 

localization of the methyl group within the cavity in both complexes should also have been 

achievable with a ROESY experiment provided all inner-cavity H-5 protons are fully assigned 

at least for one of the geometrical isomers. Unfortunately, again the complexity of the different 

NMR spectra and overlaping signals prevented an assignment of the CD H-5 protons. 
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Fig 25. 31P{1H} NMR spectrum of palladium complexes 21a, b in CD2Cl2. 

 

Fig 26. 1H NMR spectra of complexes 21a, b in CD2Cl2. 
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* *
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Fig 27. Structures of two geometrical isomers of 21a, 21b 

 

Single crystals suitable for X-ray diffraction analysis were obtained by slow diffusion of n-

pentane into a solution of 21a, b in dichloromethane. Both geometrical isomers 21a and 21b 

are present in a 7:3 ratio respectively in the single crystal. Only the molecular structure of the 

major one (21a) is depicted below. The single crystals used for X-ray diffraction analysis were 

redissolved in CD2Cl2 and the NMR spectra quickly measured. The same 21a/21b ratio (7:3) 

as that found previously in CD2Cl2 solution was measured. It is therefore possible that 21a is 

also the major isomer in CD2Cl2 solution. However, this hypothesis should be taken with 

caution since isomeric ratios can vary on going from the solid state to the solution state in 

particular if the two isomers are in equilibrium. 

 

 

Fig 28. View of the X-ray crystal structure of complex (70:30 disorder, 70% Cl1 C78 (21a), 

30% Cl1A C78A (21b). The atoms C78/Cl1A and C78A/Cl1 are positioned at the same place. 

Unit A

Unit B
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The distances Pd-Cl1/Pd-C78 and Pd-Cl1A/Pd-C78A are therefore averages). Hydrogen atoms 

and solvent molecules are omitted for clarity. Important bond lengths (Å) and angles (°) for 

complex 4: Pd1-P1: 2.282 (4), Pd1-P2: 2.237 (3), Pd1-Cl1: 2.294 (4), Pd1-Cl1A: 2.238 (7), 

P2-Pd1-P1: 86.45 (11), P1-Pd1-Cl1: 95.4 (2), P2-Pd1-Cl1: 174.34 (16), P2-Pd1-Cl1A: 93.6 

(3), P1-Pd1-Cl1A: 179.8 (2), Cl1-Pd1-Cl1A: 84.5 (3). 

 

The X-ray crystal structure of 21a, 21b clearly shows a square planar cis-chelate complex as 

in its PdCl2 analog 20. The angle between the PPPdL2 plane and the CD O(4) atoms plane is 

21.76°, a value almost identical to that observed in 20. These two complexes experience 

therefore a very similar steric environment within the CD cavity. Unsurprisingly, the two Pd-

Cl/Me and two P-Pd bonds have different bond lengths (Δd = 0.056 and 0.045 Å, respectively), 

unlike the PdCl2 complexes 17 and 19. 

As in the case of L3, the metal complexation was conducted in different solvents and at 

different temperatures. Again, the same proportion of two isomers (60:40) was found when the 

reaction was carried out in THF at either room temperature or at low temperature (-78 ℃), but 

the ratios turned out to be 47:53 and 42:58 when the reaction was conducted in CH2Cl2 at room 

temperature and at -78 ℃, respectively. The three samples which had after metal complexation 

different isomeric ratios were analyzed by NMR spectroscopy over a prolonged period of time 

(1, 3 and 7 days). Unlike the geometrical isomers 18a, 18b, the proportion of 21a and 21b 

gradually changed (Table 1) with time before finally reaching a constant value close to 20:80. 

Clearly, in this case the two geometrical isomers are in equilibrium in stark contrast with 18a, 

18b. This is hardly surprising given the fact that the two phosphorus donor atoms are 

electronically equivalent and the two exogeneous ligands experience very similar steric 

environments within the CD cavity. 

 

Table 1. Isomeric ratios of 21a and 21b observed over a prolonged period of time at 25 ℃. 

Sample 
Isomeric ratios of 21a and 21b 

start 1 day 3 days 7 days 

1 (THF, 25 ℃) 60:40 60:40 55:45 22:78 

2 (CH2Cl2, 25 ℃) 47:53 47:53 45:55 22:78 

3 (CH2Cl2, -78 ℃) 42:58 42:58 35:65 22:78 
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The nickel complex with ligand L4 (22) was also synthesized and, like diphosphine analog 19 

but not the P,N complex 6, was sufficiently stable to be purified by standard column 

chromatography. As observed for 19, halido exchange occurred during purification by column 

chromatography on silica, and as for 19 the chlorido species were converted back to the 

dibromido complex by stirring the mixture with LiBr in MeOH for 2 h at room temperature. 

The pure NiBr2 complex was then characterized by NMR. The 31P{1H} NMR spectrum 

comprises two downfield-shifted doublets at 62.34 and 72.80 ppm with a 2JP, P coupling 

constant of 58.5 Hz. 

 

 

Scheme 10. Synthesis of the Ni(II) complex 22 derived from L4. 

 

Fig 29. 31P NMR spectrum of the nickel complex 22 in CD2Cl2. 
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The fact that this compound displays sharp NMR signals is a clear indication for its diamagnetic 

character in keeping with a square planar geometry. This feature was confirmed by a X-ray 

single crystal diffraction study. Single crystals could be obtained by slow diffusion of n-

pentane into a solution of 22 in benzene.  

 

Fig 30. View of the X-ray crystal structure of complex 22. Hydrogen atoms and solvent 

molecules are omitted for clarity. Important bond lengths (Å) and angles (°) for complex 22: 

P1-Ni1: 2.1372 (6), P2-Ni1: 2.1348 (6), Ni1-Br1: 2.3291 (4), Ni1-Br2: 2.3098 (4), P1-Ni1-P2: 

87.75 (2), P1-Ni1-Br1: 88.202 (18), P1-Ni1-Br2: 174.91 (2), P2-Ni1-Br1: 172.83 (2), P2-Ni1-

Br2: 88.987 (19), Br1-Ni1-Br2: 95.438 (12).  

 

The molecular structure of 22 is very similar to that of its palladium analog, with the PPMX2 

plane however even more parallel to the CD O(4) atoms plane than in the Pd complexes 20, 

21a and 21b (angle between the PPNiBr2 and the CD O(4) atoms is 17.27°). This is to be 

expected because of the great repulsion between the bulkier NiBr2 unit and the CD torus. As 

for P,N complexes, all X-ray crystal structures of the above diphosphine complexes display an 

undistorted, circular CD unit with all glucose units adopting the standard 4C1 conformation. 

For comparison purpose, cavity-free diphosphine L5 was also prepared according to a literature 

procedure16 and then used for Ni complexation. The resulting nickel complex (23) was fully 

characterized (see Experimental Part). The commercially available nickel complex 

[NiBr2(DPPE)] (24) was used for the same reason. 
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Scheme 11. The synthesis of the nickel(II) complex 23 derived from L5. 

 

UV-vis spectra (Fig 32 and 33) were recorded to evaluate the impact of the cavity on the 

electronic properties of the different diphosphine Ni(II) and Pd(II) complexes as for the P,N 

complexes. 

 

 

Fig 31. Structure of the nickel(II) complex 24. 

 

Fig 32. UV-vis spectra of nickel complexes 19 and 22-24. 
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Fig 33. UV-vis spectra of palladium complexes 17 and 20. 

 

Table 2. UV-vis maximum absorption wavelength and band assignments for Ni(II) and 

Pd(II) complexes. 

Peaks 19 22 23 24 17 20 

MLCT transition (nm) 280 285 285 284 335 328 

d-d transition (nm) 464 469 473 474 - - 

 

The assignments of these spectra are shown in Table 2. In this case, the presence of the CD 

torus has little influence on the complexes electronic properties. 

III. 3. Conclusion 

In conclusion, CD-based diphosphines L3 and L4 were prepared according to procedures 

developed before in our group. These two ligands were then used to synthesize Pd(II) and 

Ni(II) complexes. All of the complexes are 1:1 ligand/metal cis-chelates, but the structures of 

these complexes are quite different depending on the diphosphine used, as revealed by several 

single crystal X-ray diffraction studies. Complexes derived from L3 have structures very 

similar to those with the P,N bidentate ligand L1. The five-membered chelate ring is nearly 
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orthogonal to the macrocyclic structure, and the axial positions of the metal center are well-

protected by the CD 6-OMe groups with the two exogeneous ligands sterically differentiated. 

Conversely, the chelate ring is nearly parallel to the macrocyclic structure in the case of 

complexes based on L4. The axial positions of the metal center, which is located slightly above 

the CD cavity, are no longer protected and the two exogeneous ligands are pretty much 

equivalent. Furthermore, the proportion of geometrical isomers in nonsymmetrical PdMeCl 

complexes derived from both L3 and L4 depends of the reaction solvent. While these 

geometrical isomers are in equilibrium in the case of L4, they are not when L3 was employed 

as chelating ligand. The metal complexation of the more electronically and sterically 

dissymmetrical L3 ligand is more selective than that of L4 for this particular type of complexes. 

UV-vis analyses showed that the introduction of a CD macrocyclic moiety has little influence 

on the electronic properties of the complexes. However, the different steric environments 

experienced by the metal in the two types of complexes could have an impact on their catalytic 

properties.  

III. 4. Experimental part 

III. 4. 1. General procedures 

All reactions and manipulations were carried out under an inert atmosphere (nitrogen or argon) 

using standard Schlenk techniques. All glassware was stored in the oven prior to use under an 

inert atmosphere of gas (Argon). All commercial reagents were used as supplied unless 

otherwise stated. Solvents were dried by conventional methods and distilled immediately prior 

to use. Deuterated solvents were passed through a 5 cm-thick alumina column and stored under 

nitrogen over molecular sieves (4 Å). Column chromatography was performed on silica gel 60 

(particle size 40-63 µm, 230-240 mesh). Routine 1H, 31P{1H} and 13C{1H} NMR spectra were 

recorded on Bruker FT instruments (AVANCE 300, 400, 500, 600 spectrometers) at room 

temperature unless otherwise stated. 1H NMR spectral data were referenced to residual 

protiated solvents (δ = 7.26 ppm for CDCl3, 7.15 ppm for C6D6 and 5.32 ppm for CD2Cl2), 

13C{1H} chemical shifts are reported relative to deuterated solvents (δ = 77.16 ppm for CDCl3, 

128.02 ppm for C6D6 and 53.84 ppm for CD2Cl2) and the 31P{1H} NMR data are given relative 

to external H3PO4. Mass spectra were recorded on a Bruker MicroTOF spectrometer (ESI-TOF) 

using CH2Cl2, CH3CN or CH3OH as the solvent. Elemental analyses were performed by the 

Service de Microanalyse, Institut de Chimie UMR 7177, Strasbourg. Melting points were 
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determined with a Buchi 535 capillary melting point apparatus. In this chapter, the 

cyclodextrins are depicted as seen from the secondary face, the glucose units following 

counterclockwise squence in the order: A, B, C, D, E, F. The numbering of the atoms within a 

glucose unit is as follows: 

 

 

III. 4. 2. Synthesis and characterization 

6A,6B-Dideoxy-6A,6B[(R)-2-diphenylphosphinophenylphosphinidene]-2A,2B,2C,2D,2E,2F, 

3A,3B,3C, 3D,3E,3F,6C,6D,6E,6F-hexadeca-O-methyl-α-cyclodextrin (L3)9 

A solution of LDA in heptane (2.0 M, 1.11 mL, 2.22 

mmol) was added dropwise to a stirred solution of 

primary phosphine 13 (0.098 g, 0.89 mmol) in THF (10 

mL) at -78 ℃. The red solution was stirred at -78 ℃ for 

10 min before being allowed to reach 0 ℃. The resulting 

red suspension maintained at 0 ℃ was transferred by 

cannula within 5 min into a stirred solution of dimesylate 

1 (1.00 g, 0.74 mmol) in THF (24 mL) at 0 ℃. The reaction mixture was stirred for 12 h at 

room temperature. The solvent was then removed in vacuo and excess LiHPAr was protonated 

with MeOH (5 mL). Removal of the solvent in vacuo, afforded a colourless solid, which was 

filtered over a short plug of silica using CH2Cl2/MeOH (500 mL, 90/10, v/v) as solvent. After 

removal of the solvent in vacuo, the resulting colourless residue was subjected to column 

chromatography (SiO2, CH2Cl2/MeOH, 97/3, v/v) to afford pure L3 (yield: 0.61 g, 57%) as a 

colourless solid. Rf (SiO2, CH2Cl2/MeOH, 97/3, v/v) = 0.18. M.p. = 156-158 ℃. 1H NMR (500 

MHz, CDCl3, 25 ℃): δ (assignment by combined COSY, ROESY, TOCSY and HSQC) = 1.76 

(m, 1H, H-6aA), 1.78 (m, 1H, H-6aB), 2.94 (s, 3H, OMe), 2.94 (m, 1H, H-6bB), 3.09 (s, 3H, 

OMe), 3.34 (s, 3H, OMe), 3.43 (s, 3H, OMe), 3.46 (s, 6H, OMe), 3.47 (s, 6H, OMe), 3.49 (s, 

3H, OMe), 3.50 (s. 3H, OMe), 3.60 (s, 3H, OMe), 3.61 (s, 3H, OMe), 3.63 (s, 6H, OMe), 3.64 
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(s, 3H, OMe), 3.66 (s, 3H, OMe), 2.95-4.01 (31H, H-2, H-3, H-4, H-5C,D,E,F, H-6C,D,E,F, H-6bA), 

4.06 (m, 1H, H-5B), 4.21 (m, 1H, H-5A), 4.92 (d, 1H, 3JH-2, H-1 = 3.1 Hz, H-1), 4.95 (d, 1H, 3JH-

2, H-1 = 3.0 Hz, H-1), 5.04 (d, 1H, 3JH-2, H-1 = 3.3 Hz, H-1), 5.07 (d, 1H, 3JH-2, H-1 = 3.2 Hz, H-1), 

5.07 (d, 1H, 3JH-2, H-1 = 4.1 Hz, H-1), 5.08 (d, 1H, 3JH-2, H-1 = 3.2 Hz, H-1), 6.92 (m, 1H, aromatic 

H), 7.10-7.23 (5H, aromatic H), 7.24-7.38 (7H, aromatic H), 7.62 (m, 1H, aromatic H) ppm; 

13C{1H} NMR (126 MHz, CDCl3, 25 ℃): δ (assignment by HSQC) = 27.92 (d, 1JP,C = 10.3 

Hz, C-6B), 34.33 (d, 1JP,C = 16.3 Hz, C-6A), 57.47, 57.89, 57.94 [x2], 58.10 [x2], 58.80, 59.20, 

59.32, 61.64, 61.78 [x2], 62.08, 62.09 [x2] (OMe), 66.50, 70.31, 70.51, 71.09, 71.27, 71.32 

[x2], 71.35, 71.40, 71.96 (C-5, C-6C,D,E,F), 81.05, 81.30, 81.42 [x2], 81.46, 81.61, 81.70 [x2], 

81.97, 82.01, 82.06, 82.32, 82.36, 82.38, 82.45, 83.27, 87.94, 89.68 (C-2, C-3, C-4), 97.37, 

99.75, 99.91, 100.00 [x2], 100.84 (C-1), 128.36 (s, aromatic C), 128.55 (s, aromatic C), 128.60 

(s, aromatic C), 128.66 (s, aromatic C), 129.19 (s, aromatic C), 129.85 (s, aromatic C), 131.52 

(d, 2JP,C = 8.1 Hz, aromatic C), 133.29 (d, 2JP,C = 9.8 Hz, aromatic C), 133.44 (d, 2JP,C = 9.7 

Hz, aromatic C), 134.54 (d, 2JP,C = 6.6 Hz, aromatic C), 137.89 (dd, 1JP,C = 13.0 Hz, 4JP,C = 2.4 

Hz, aromatic C), 138.45 (dd, 1JP,C = 13.8 Hz, 4JP,C = 8.5 Hz, aromatic C), 141.91 (dd, 1JP,C = 

30.9 Hz, 2JP,C = 9.7 Hz, aromatic C), 148.04 (dd, 1JP,C = 33.6 Hz, 2JP,C = 10.1 Hz, aromatic C) 

ppm; 31P{1H} NMR (162 MHz, CDCl3, 25 ℃): δ = -28.7 (d, 3JP,P = 167 Hz), -14.7 (d, 3JP,P = 

167 Hz) ppm; elemental analysis (%) calcd for C70H104O28P2•3CH2Cl2: C 51.27, H 6.48, found: 

C 51.38, H 6.41; MS (ESI-TOF) for C70H104O28P2: m/z (%): 1477.62 (100) [M + Na]+. 

Dichloro[{6A,6B-Dideoxy-6A,6B[(R)-2-diphenylphosphinophenylphosphinidene]-2A,2B,2C, 

2D,2E,2F,3A,3B,3C,3D,3E,3F,6C,6D,6E,6F-hexadeca-O-methyl-α-cyclodextrin}-2P,P] 

palladium(II) (17)  

A solution of [PdCl2(COD)] (0.098 g, 0.34 mmol) in 

CH2Cl2 (6 mL) was added to a solution of L3 (0.5 g, 0.34 

mmol) in CH2Cl2 (6 mL). The reaction mixture was 

stirred for 2 h at room temperature and then evaporated 

to dryness under reduced pressure. The resulting yellow 

residue was subjected to column chromatography (SiO2, 

CH2Cl2/MeOH, 97/3, v/v) to afford pure 17 (0.42 g, 75%) 

as a yellow solid. A crystalline material was obtained by 

slow diffusion of n-pentane into a benzene solution of 17. 1H NMR (500 MHz, CDCl3, 25 ℃): 

δ (assignment by combined COSY, ROESY, TOCSY and HSQC) = 2.15 (m, 1H, H-6aA), 2.34 

(m, 1H, H-6aB), 2.67 (s, 3H, OMe), 3.30 (s, 3H, OMe), 3.36 (s, 3H, OMe), 3.38 (s, 3H, OMe), 
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3.43 (s, 3H, OMe), 3.45 (s, 3H, OMe), 3.46 (s, 9H, OMe), 3.52 (s. 3H, OMe), 3.61 (s, 3H, 

OMe), 3.62 (s, 3H, OMe), 3.64 (s, 9H, OMe), 3.69 (s, 3H, OMe), 3.04-4.30 (32H, H-2, H-3, 

H-4, H-5C,D,E,F, H-6C,D,E,F, H-6bA,B), 4.80 (m, 1H, H-5B), 4.95 (m, 2H, H-1), 5.05 (d, 1H, 3JH-2, 

H-1 = 3.5 Hz, H-1), 5.06 (m, 2H, H-1), 5.16 (d, 1H, 3JH-2, H-1 = 4.2 Hz, H-1), 5.30 (m, 1H, H-

5A), 7.41 (5H, aromatic H), 7.50 (m, 2H, aromatic H), 7.62 (m, 1H, aromatic H), 7.67-7.76 

(5H, aromatic H), 7.98 (m, 1H, aromatic H) ppm; 13C{1H} NMR (126 MHz, CDCl3, 25 ℃): δ 

(assignment by HSQC) = 33.63 (d, 1JP,C = 30.1 Hz, C-6B), 43.15 (d, 1JP,C = 26.5 Hz, C-6A), 

57.36, 57.46, 57.52, 57.71, 57.78, 57.86, 58.30, 58.85, 58.98, 59.22, 61.78, 61.83, 61.89, 61.92, 

62.19, 62.51 (OMe), 66.07 (C-5B), 67.52 (C-5A), 70.06, 70.64, 70.71, 70.83, 71.19, 71.51, 

71.68, 72.34, 80.21, 81.08, 81.19, 81.64, 82.08, 82.23, 82.31, 82.42, 82.59, 88.31, 88.38, 90.51 

(C-2, C-3, C-4, C-5C,D,E,F, C-6C,D,E,F), 98.12, 99.70, 99.78, 99.89, 100.42, 101.48 (C-1), 128.88, 

128.98, 129.14, 129.24, 129.53 [x2] (aromatic C), 131.85 (d, JP,C = 19.1 Hz, aromatic C), 

132,17 (d, JP,C = 30.2 Hz, aromatic C), 133.21 (d, JP,C = 6.4 Hz, aromatic C), 133.39, 133.47, 

133.52, 133.88, 133.93, 134.06, 134.15 (aromatic C), 138.92 (dd, 1JP,C = 54.3 Hz, 2JP,C = 35.8 

Hz, aromatic C), 144.55 (dd, 1JP,C = 53.1 Hz, 2JP,C = 37.4 Hz, aromatic C) ppm; 31P{1H} NMR 

(162 MHz, CDCl3, 25 ℃): δ = 55.53 (d, 2JP,P = 13.6 Hz), 61.65 (d, 2JP,P = 13.6 Hz) ppm; 

elemental analysis (%) calcd for C70H104O28P2PdCl2 • 0.95 CH2Cl2: C 49.73, H 6.23, found: C 

49.53, H 6.33; MS (ESI-TOF) for C70H104O28P2PdCl2: m/z (%): 1655.45 (100) [M + Na]+. 

[PdMeCl(L3)] (18a, 18b) 

A solution of [PdMeCl(COD)] (0.025 g, 0.096 mmol) in 

THF (1 mL) was added to a solution of L3 (0.14 g, 0.096 

mmol) in THF (1 mL). The reaction mixture was stirred 

for 2 h at room temperature and then evaporated to 

dryness under reduced pressure. The resulting yellow 

residue was subjected to column chromatography (SiO2, 

CH2Cl2/MeOH, 97/3, v/v) to afford the product as a 

yellow solid (0.124 g, 80%). The 1H NMR spectrum 

shows two isomers in a ca. 25/75 ratio of 18a/18b in C6D6 

at room temperature. 1H NMR (500 MHz, C6D6, 25 ℃): δ (assignment by combined COSY, 

ROESY, TOCSY and HSQC) = 1.13 (dd, 3JH,P = 7.3 Hz, 3JH,P = 2.5 Hz, PdMe, 18a), 1.23 (dd, 

3JH,P = 8.7 Hz, 3JH,P = 3.2 Hz, PdMe, 18b), 2.06 (m, H-6aA or B, 18b), 2.13 (m, H-6aB or A, 18b), 

3.49 (m, H-6bA or B, 18b), 3.91 (m, H-6aB or A, 18b), 2.10 (m, H-6aA or B, 18a), 2.27 (m, H-6aB or 

A, 18a), 3.38 (m, H-6bA or B, 18a), 3.59 (m, H-6aB or A, 18a), 3.14 (s, OMe, 18b), 3.25 (s, OMe, 
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18b), 3.30 (s, OMe, 18b), 3.32 (s, OMe, 18b), 3.34 (s, OMe, 18b), 3.34 (s, OMe, 18b), 3.41 

(s, OMe, 18b), 3.48 (s, OMe, 18b), 3.50 (s, OMe, 18b), 3.51 (s, OMe, 18b), 3.67 (s, OMe, 

18b), 3.69 (s, OMe, 18b), 3.84 (s, OMe, 18b), 3.84 (s, OMe, 18b), 3.87 (s, OMe, 18b), 3.89 

(OMe, 18b), 2.92-4.96 (H-2, H-3, H-4, H-5C,D,E,F, H-6), 4.63 (m, H-5A or B, 18b), 5.31 (m, H-

5B or A, 18b), 4.44 (m, H-5A or B, 18a), 4.74 (m, H-5B or A, 18a), 4.73, 4.78 (H-1, 18a), 4.78, 4.83 

(H-1, 18b), 5.24-5.42 (H-1, 18a and 18b signals overlap), 6.86-7.99 (aromatic H) ppm; 

13C{1H} NMR (126 MHz, C6D6, 25 ℃): δ (assignment by HSQC) = 3.68 (PdMe, 18a, 2JP4,C = 

109.8 Hz, 2JP3,C = 2.5 Hz), 11.72 (PdMe, 18b, 2JP1,C = 113.4 Hz, 2JP2,C = 1.9 Hz), 30.25, 41.42 

(C-6A,B, 18b), 32.39, 43.40 (C-6A,B, 18a), 57.24, 57.25, 57.42, 57.45 [x2], 57.63, 58.71, 59.00, 

59.12, 59.32, 61.75, 61.80, 61.85, 61.90, 62.21, 62.38 (OMe, 18b), 66.14 (d, 2JP,C = 5.1 Hz, C-

5A or B, 18b), 66.29 (d, 2JP,C = 6.2 Hz, C-5A or B, 18a), 68.51 (d, 2JP,C = 6.3 Hz, C-5A or B, 18a), 

68.84 (d, 2JP,C = 7.8 Hz, C-5A or B, 18b), 71.34, 71.37, 71.64, 71.72 (C-5C,D,E,F, 18b), 71.68 [x2], 

71.82, 72.22 (C-5C,D,E,F, 18a), 72.16, 72.50, 72.97, 73.13 (C-6C,D,E,F, 18a), 72.43, 72.63, 73.27, 

73.77 (C-6C,D,E,F, 18b), 80.60-91.52 (C-2, C-3, C-4), 98.39, 100.01 [x2], 98.25, 100.01, 100.14, 

100.85, 100.95, 101.47 (C-1, 18a), 98.39, 100.01 [x2], 100.49, 100.72, 101.25 (C-1, 18b), 

147.36-128.44 (aromatic C) ppm; 31P{1H} NMR (202 MHz, C6D6, 25 ℃): δ = 29.15 (d, 2JP,P 

= 25.7 Hz, 18b), 40.98 (d, 2JP,P = 23.6 Hz, 18a), 41.72 (d, 2JP,P = 23.6 Hz, 18a), 51.72 (d, 2JP,P 

= 25.7 Hz, 18b) ppm; elemental analysis (%) calcd for C71H107O28P2PdCl • 0.7 CH2Cl2 • 0.05 

C5H12: C 51.58, H 6.56, found: C 51.59, H 6.57; MS (ESI-TOF) for C71H107O28P2PdCl: m/z 

(%): 1633.51 (100) [M + Na]+. 

Dibromo[{6A,6B-Dideoxy-6A,6B[(R)-2-diphenylphosphinophenylphosphinidene]-2A,2B,2C, 

2D,2E,2F,3A,3B,3C,3D,3E,3F,6C,6D,6E,6F-hexadeca-O-methyl-α-cyclodextrin}-2P,P] 

nickel(II) (19) 

 A solution of [NiBr2(DME)] (0.053 g, 0.16 mmol) in 

CH2Cl2 (5 mL) was added to a solution of L3 (0.227 g, 

0.16 mmol) in CH2Cl2 (5 mL). The reaction mixture was 

stirred for 2 h at room temperature and then evaporated 

to dryness under reduced pressure. The resulting orange 

residue was subjected to column chromatography (SiO2, 

CH2Cl2/MeOH, 97/3, v/v). The solution was dried under 

vacuum and the resulting solid was redissolved with MeOH and reacted with LiBr for 30 min. 

The reaction mixture was extracted with CH2Cl2/H2O and dried over MgSO4. The solvent in 

organic layer was removed and afford pure 19 (0.226 g, 86%) as an orange solid. 1H NMR 
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(500 MHz, C6D6, 25C):  (assignment by combined COSY, ROESY, TOCSY and HSQC) = 

2.22 (m, 1H, H-6aB), 2.42 (m, 1H, H-6aA), 3.00 (m, 1H, H-4B), 3.02 (m, 1H, H-6bA), 3.07 (m, 

1H, H-4A), 3.29 (s, 3H, OMe), 3.29 (s, 3H, OMe), 3.30 (s, 3H, OMe), 3.31 (s, 3H, OMe), 3.33 

(s, 3H, OMe), 3.36 (s, 3H, OMe), 3.40 (s, 3H, OMe), 3.53 (s, 3H, OMe), 3.57 (s, 3H, OMe),3.59 

(s, 3H, OMe), 3.74 (s, 3H, OMe), 3.78 (s, 3H, OMe), 3.84 (s, 3H, OMe), 3.84 (s, 3H, OMe), 

3.84 (s, 3H, OMe), 3.84 (s, 3H, OMe), 3.21-4.73 (28H, H-2, H-3, H-4C,D,E,F, H-5C,D,E,F, H-6bB, 

H-6aC, H-5D,E,F), 4.74 (m, 1H, H-5B), 4.76 (d, 1H, 3JH-2, H-1 = 4.3 Hz, H-1), 4.85 (d, 1H, 3JH-2, H-

1 = 3.5 Hz, H-1), 5.10 (m, 1H, H-6bC), 5.31 (d, 1H, 3JH-2, H-1 = 3.4 Hz, H-1), 5.33 (d, 1H, 3JH-2, 

H-1 = 3.3 Hz, H-1), 5.35 (d, 1H, 3JH-2, H-1 = 3.4 Hz, H-1), 5.44 (d, 1H, 3JH-2, H-1 = 3.2 Hz, H-1), 

5.60 (m, 1H, H-5A), 6.88 (m, 1H, aromatic H), 6.98-7.14 (8H, aromatic H), 7.82 (m, 1H, 

aromatic H), 7.92 (m, 4H, aromatic H) ppm; 13C{1H} NMR (126 MHz, C6D6, 25C):  

(assignment by HSQC) = 35.49 (d, 1JP,C = 31.8 Hz, C-6B), 43.45 (d, 1JP,C = 25.5 Hz, C-6A), 

57.22, 57.31 [x2], 57.34, 57.61, 57.67, 58.99, 59.04, 59.14, 59.34, 61.71, 61.89, 61.91 [x2], 

62.21, 62.31 (OMe), 66.83 (d, 2JP,C = 8.4 Hz, C-5B), 68.64 (C-5A), 71.14, 71.30, 71.64, 71.14, 

71.30, 71.64, 71.72, 72.38, 72.78, 72.93, 73.74, 80.91, 81.89, 81.93, 81.96, 82.33, 82.59, 82.90, 

82.97, 83.13, 83.29, 83.43, 83.56, 83.66 (C-2, C-3, C-4C,D,E,F, C-5C,D,E,F, C-6C.D,E,F), 88.60 (C-

4B), 91.04 (C-4A), 98.46, 99.92, 100.12, 100.60, 100.62, 101.69 (C-1), 128.65-134.39 (aromatic 

C), 141.66 (dd, 1JP,C = 48.7 Hz, 2JP,C = 37.2 Hz, aromatic C), 147.38 (dd, 1JP,C = 46.0 Hz, 2JP,C 

= 39.4 Hz, aromatic C) ppm; 31P{1H} NMR (202 MHz, C6D6, 25C):  = 54.83 (d, 2JP,P = 57.9 

Hz), 65.22 (d, 2JP,P = 57.9 Hz) ppm; elemental analysis (%) calcd for C70H104O28P2NiBr2 • 1.3 

C5H12: C 51.98, H 6.82, found: C 51.92, H 6.93; MS (ESI-TOF) for C70H104O28P2NiBr2: m/z 

(%): 1591.47 (100) [M - Br]+. 

6A,6B-Dideoxy-6A,6B[(1R,2S)-1,2-phenylenebis(phenylphosphino)]-2A,2B,2C,2D,2E,2F,3A, 

3B,3C,3D, 3E,3F,6C,6D,6E,6F-hexadeca-O-methyl-α-cyclodextrin (L4)9 

A solution of n-BuLi in hexane (1.6 M, 2.77 mL, 4.33 

mmol) was added dropwise to a stirred solution of 

primary phosphine 13 (0.326 g, 1.11 mmol) in THF (16 

mL) at -78 ℃. After 10 min, the reaction mixture was 

allowed to reach room temperature and then kept at this 

temperature for 8 h under stirring. The resulting red 

suspension was transferred by cannula within 15 min into 

a stirred solution of dimesylate 1 (0.75 g, 0.55 mmol) in THF (45 mL). The reaction mixture 

was stirred for 12 h at room temperature. The solvent was then removed in vacuo, mesitylene 
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(20 mL) was added and the resulting solution was heated at reflux for 4 h. Removal of the 

solvent in vacuo, afforded a colourless solid, which was filtered over a short plug of silica using 

CH2Cl2/MeOH (500 mL, 90/10, v/v) as solvent. The resulting coulourless residue was then 

subjected to column chromatography (SiO2, CH2Cl2/MeOH, 97/3, v/v) to afford pure L4 (yield: 

0.38 g, 47%) as a colourless solid. Rf (SiO2, CH2Cl2/MeOH, 97/3, v/v) = 0.21. M.p. = 159-161 

℃. 1H NMR (500 MHz, CDCl3, 25 ℃): δ (assignment by combined COSY, ROESY, TOCSY 

and HSQC) = 2.26 (m, 1H, H-6aA), 2.50 (m, 1H, H-6aB), 2.69 (s, 3H, OMe), 2.94 (d, 1H, 2JH-

6b,H-6a = 10.1 Hz, H-6aC), 2.99 (d, 1H, 2JH-6b,H-6a = 14.5 Hz, H-6bB), 3.08 (m, 1H, H-6bA), 3.10 

(s, 3H, OMe), 3.34 (s, 3H, OMe), 3.41 (s, 3H, OMe), 3.43 (s, 3H, OMe), 3.46 (s, 3H, OMe), 

3.47 (s, 3H, OMe), 3.48 (s, 3H, OMe), 3.51 (s, 3H, OMe), 3.52 (s, 3H, OMe), 3.61 (s, 6H, 

OMe), 3.63 (s, 3H, OMe), 3.65 (s, 6H, OMe), 3.67 (s, 3H, OMe), 3.10-3.97 (29H, H-2, H-3, 

H-4, H-5C,D,E,F, H-6D,E,F, H-6bC), 4.36 (m, 1H, H-5A), 4.45 (m, 1H, H-5B), 4,79 (d, 1H, 3JH-2,H-

1 = 3.4 Hz, H-1B), 4.95 (d, 1H, 3JH-2,H-1 = 2.9 Hz, H-1A), 5.03 (d, 1H, 3JH-2,H-1 = 3.3 Hz, H-1), 

5.04 (d, 1H, 3JH-2,H-1 = 3.1 Hz, H-1), 5.07 (d, 1H, 3JH-2,H-1 = 3.3 Hz, H-1), 5.16 (d, 1H, 3JH-2,H-1 

= 3.3 Hz, H-1), 6.57 (m, 1H, aromatic H), 7.01 (m, 1H, aromatic H), 7.15 (m, 1H, aromatic H), 

7.25-7.43 (6H, aromatic H), 7.52 (3H, aromatic H), 7.63 (m, 2H, aromatic H) ppm; 13C{1H} 

NMR (126 MHz, CDCl3, 25 ℃): δ (assignment by HSQC) = 30.52 (dd, 1JP,C = 15.7 Hz, 4JP,C 

= 4.9 Hz, C-6B), 33.32 (d, 1JP,C = 15.3 Hz, C-6A), 57.53, 57.69, 57.90, 58.18, 58.19, 58.37, 

58.12, 58.73, 59.09, 59.21, 61.68, 61.88, 61.92, 61.94, 62.04, 62.17 (OMe), 69.68, 70.81, 

70.87, 71.51 (C-6C,D,E,F), 70.73 and 71.29 [x3] (C-5C,D,E,F), 73.08 (d, 2JP,C = 25.8 Hz, C-5B), 

73.30 (d, 2JP,C = 18.6 Hz, C-5A), 80.43, 81.29, 81.40, 81.43, 81.57 [x2], 81.67, 81.76, 81.93 

[x2], 82.05, 82.09, 82.16, 82.18 and 82.42 [x2] (C-2, C-3, C-4C,D,E,F), 88.58 (d, 3JP,C = 11.5 Hz, 

C-4B), 89.68 (d, 3JP,C = 9.6 Hz, C-4A), 99.46, 99.62, 100.14, 100.23, 100.39 and 100.88 (C-1), 

128.23, 128.36, 128.46 (aromatic C), 128.48 (d, 3JP,C = 6.1 Hz, aromatic C), 128.69 (d, 3JP,C = 

6.3 Hz, aromatic C), 128.92 (aromatic C), 130.65 (d, 2JP,C = 8.7 Hz, aromatic C), 131.92 (d, 

2JP,C = 18.8 Hz, aromatic C), 133.21 (d, 2JP,C = 19.0 Hz, aromatic C), 133.97 (dd, 2JP,C = 3.7 

Hz, 3JP,C = 3.3 Hz, aromatic C), 137.44 (dd, 1JP,C = 17.9 Hz, 4JP,C = 15.3 Hz, aromatic C), 

141.41 (dd, 1JP,C = 11.7 Hz, 4JP,C = 5.3 Hz, aromatic C), 143.47 (dd, 1JP,C = 28.1 Hz, 2JP,C = 

13.6 Hz, aromatic C), 150.43 (dd, 1JP,C = 35.1 Hz, 2JP,C = 12.0 Hz, aromatic C) ppm; 31P{1H} 

NMR (162 MHz, CDCl3, 25 ℃): δ = -27.2 (d, 3JP,P = 176 Hz), -19.0 (d, 3JP,P = 176 Hz) ppm; 

elemental analysis (%) calcd for C70H104O28P2: C 57.76, H 7.20, found: C 57.52, H 7.21; MS 

(ESI-TOF) for C70H104O28P2: m/z (%): 1477.61 (100) [M + Na]+. 



 Chapter III 166 

For references, see page 175. 

 

Dichloro[{6A,6B-Dideoxy-6A,6B[(1R,2S)-1,2-phenylenebis(phenylphosphino)]-2A,2B,2C,2D, 

2E,2F,3A,3B,3C,3D,3E,3F,6C,6D,6E,6F-hexadeca-O-methyl-α-cyclodextrin}-2P,P] 

palladium(II) (20) 

A solution of [PdCl2(COD)] (0.04 g, 0.16 mmol) in 

CH2Cl2 (5 mL) was added to a solution of L4 (0.228 g, 

0.16 mmol) in CH2Cl2 (5 mL). The reaction mixture was 

stirred for 2 h at room temperature and then evaporated to 

dryness under reduced pressure. The resulting yellow 

residue was subjected to column chromatography (SiO2, 

CH2Cl2/MeOH, 97/3, v/v) to afford pure 20 (0.198 g, 

77%) as a yellow solid. A crystalline material was obtained by slow diffusion of n-pentane into 

a dichloromethane solution of 20. 1H NMR (500 MHz, CDCl3, 25C):  (assignment by 

combined COSY, ROESY, TOCSY and HSQC) = 2.53 (m, 1H, H-6aA), 2.58 (m, 1H, H-6aB), 

2.65 (m, 1H, H-6bA), 2.99 (m, 1H, H-2B), 3.01 (m, 1H, H-4A), 3.15 (s, 3H, OMe), 3.29 (s, 3H, 

OMe), 3.31 (s, 3H, OMe), 3.34 (s, 3H, OMe), 3.40 (s, 3H, OMe), 3.43 (s, 3H, OMe), 3.45 (s, 

3H, OMe), 3.49 (s, 3H, OMe), 3.51 (s, 3H, OMe), 3.54 (s, 3H, OMe), 3.60 (s, 3H, OMe), 3.60 

(s, 3H, OMe), 3.63 (s, 3H, OMe), 3.63 (s, 3H, OMe), 3.68 (s, 3H, OMe), 3.69 (s, 3H, OMe), 

3.08-4.03 (27H, H-2A,C,D,E,F, H-3A,B,C,D,E,F, H-4B,C,D,E,F, H-5D,E, H-6bB, H-6C,D,E,F), 4.30 (m, 1H, 

H-5F), 4.40 (m, 1H, H-5C), 4.58 (d, 3JH-2,H-1 = 3.2 Hz, 1H, H-1), 4.75 (m, 1H, H-5B), 4.84 (m, 

1H, H-5A), 4.97 (d, 3JH-2,H-1 = 3.2 Hz, 1H, H-1), 5.08 (m, 2H, H-1), 5.10 (d, 3JH-2,H-1 = 3.1 Hz, 

1H, H-1), 5.14 (d, 3JH-2,H-1 = 3.2 Hz, 1H, H-1), 7.08-7.92 (14H, aromatic H); 13C{1H} NMR 

(126 MHz, CDCl3, 25C):  (assignment by HSQC) = 31.74 (d, 1JP,C = 34.2 Hz, C-6B), 36.77 

(d, 1JP,C = 31.7 Hz, C-6A), 57.46, 57.59, 58.02, 58.09, 58.16, 58.21, 58.99, 59.08, 59.16, 59.41, 

61.27, 61.90, 62.03, 62.05, 62.18 (OMe), 71.03, 71.15, 71.22, 71.26, 71.55, 71.70, 71.83, 

72.10, 72.14, 72.57 (C-5A,B,C,D,E,F, C-6C,D,E,F), 79.50, 79.53 [x2], 79.87, 79.89 [x2], 80.69, 

81.19, 81.36, 81.38, 81.61, 81.65, 81.98, 82.08, 82.22, 82.53, 82.93, 82.94 (C-2A,B,C,D,E,F, C-

3A,B,C,D,E,F, C-4A,B), 89.72 (d, 3JP,C = 13.5 Hz C-4B), 91.33 (d, 3JP,C = 13.3 Hz C-4A), 99.74, 

100.12, 100.43, 100.52, 101.34 and 102.15 (C-1), 128.77, 128.80, 128.86, 129.08, 129.17, 

131.06, 131.72 [x2], 131.95 [x2], 132.99, 133.04, 133.38, 133.48 (aromatic C); 31P{1H} NMR 

(202 MHz, CDCl3, 25C):  = 62.4 (d, 2JP,P = 9.3 Hz, P), 69.0 (d, 2JP,P = 9.3 Hz, P) ppm; 

elemental analysis (%) calcd for C70H104O28P2PdCl2: C 51.49, H 6.42, found: C 51.49, H 6.42; 

MS (ESI-TOF) for C70H104O28P2PdCl2: m/z (%): 1655.45 (100) [M + Na]+. 

[PdMeCl(L4)] (21a, 21b) 
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A solution of [PdMeCl(COD)] (0.013 g, 0.05 mmol) in THF (1 mL) was added to a solution 

of L4 (0.073 g, 0.05 mmol) in THF (1 mL). The reaction mixture was stirred for 2 h at room 

temperature and then evaporated to dryness under reduced pressure. The resulting yellow 

residue was subjected to column chromatography (SiO2, CH2Cl2/MeOH, 97/3, v/v) to afford 

the product as a yellow solid (0.06 g, 74%). The 1H and 31P{1H} NMR spectra show two 

isomers in a ca. 60:40 ratio in CD2Cl2 at room temperature. 

31P{1H} NMR (121 MHz, CD2Cl2, 25C):  = 34.63 (d, 3+2JP,P = 26.7 Hz, P21a), 41.76 (d, 3+2JP,P 

= 25.9 Hz, P21b), 54.48 (d, 3+2JP,P = 25.9 Hz, P21b), 63.75 (d, 3+2JP,P = 26.7 Hz, P21a) ppm; 

elemental analysis (%) calcd for C71H107O28P2PdCl • 0.75 CH2Cl2: C 51.42, H 6.52, found: C 

51.41, H 6.50; MS (ESI-TOF) for C71H107O28P2PdCl: m/z (%): 1575.55 (100) [M - Cl]+. 

Dibromo[{6A,6B-Dideoxy-6A,6B[(1R,2S)-1,2-phenylenebis(phenylphosphino)]-2A,2B,2C,2D, 

2E,2F,3A,3B,3C,3D,3E,3F,6C,6D,6E,6F-hexadeca-O-methyl-α-cyclodextrin}-2P,P]nickel(II) 

(22) 

A solution of [NiBr2(DME)] (0.062 g, 0.17 mmol) in 

CH2Cl2 (3 mL) was added to a solution of L4 (0.258 g, 

0.17 mmol) in CH2Cl2 (3 mL). The reaction mixture was 

stirred for 2 h at room temperature and then evaporated to 

dryness under reduced pressure. The resulting orange 

residue was subjected to column chromatography (SiO2, 

CH2Cl2/MeOH, 97/3, v/v). The solution was dried under 

vacuum and the resulting solid was redissolved with MeOH and reacted with LiBr for half an 

hour. The reaction mixture was extracted with CH2Cl2/H2O and dried over MgSO4. The solvent 

in organic layer was removed and afford pure 22 (0.202 g, 68%) as an orange solid. A 

crystalline material was obtained by slow diffusion of n-pentane into a benzene solution of 22. 

1H NMR (500 MHz, CD2Cl2, 25C):  (assignment by combined COSY, ROESY, TOCSY and 

HSQC) = 2.48 (m, 2H, H-6A or B), 2.53 (m, 1H, H-6aB or A), 3.83 (m, 1H, H-6bB or A), 3.17 (s, 

3H, OMe), 3.22 (s, 3H, OMe), 3.25 (s, 3H, OMe), 3.36 (s, 3H, OMe), 3.38 (s, 6H, OMe), 3.41 
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(s, 3H, OMe), 3.47 (s, 3H, OMe), 3.49 (s, 3H, OMe), 3.50 (s, 3H, OMe), 3.53 (s, 3H, OMe), 

3.54 (s, 3H, OMe), 3.58 (s, 3H, OMe), 3.60 (s, 3H, OMe), 3.62 (s, 3H, OMe), 3.66 (s, 3H, 

OMe), 2.95-3.93 (27H, H-2, H-3, H-4, H-5, H-6), 4.10 (m, 2H, H-5, H-6), 4.38 (d, 3JH-5, H-6 = 

9.8 Hz, H-5), 4.58 (m, 1H, H-1), 4.90 (m, 1H, H-1), 4.94 (d, 1H, 3JH-2, H-1 = 3.9 Hz, H-1), 4.99 

(d, 1H, 3JH-2, H-1 = 3.2 Hz, H-1), 5.06 (d, 1H, 3JH-2, H-1 = 2.6 Hz, H-1), 5.09 (d, 1H, 3JH-2, H-1 = 

3.3 Hz, H-1), 5.08 (m, 1H, H-5B or A), 5.25 (m, 1H, H-5A or B), 6.98 (m, 1H, aromatic H), 7.32-

7.61 (9H, aromatic H), 7.86 (m, 2H, aromatic H), 7.95 (m, 2H, aromatic H) ppm; 13C{1H} 

NMR (126 MHz, CD2Cl2, 25C):  (assignment by HSQC) = 31.68 (d, 1JP,C = 35.0 Hz, C-6A or 

B), 36.99 (br, C-6B or A), 57.23, 57.69, 58.40, 58.58, 58.90 [x2], 58.92 [x2], 59.21, 59.26, 60.94, 

61.76, 61.90, 61.96, 61.98, 62.11 (OMe), 71.29, 71.36, 71.60, 71.68, 71.88 (C-5), 71.76, 72.02, 

72.52 [x2] (C-6C,D,E,F), 80.07-83.45, 89.51 (br), 91.33 (br) (C-2, C-3, C-4), 99.70, 99.72, 

100.13, 100.64, 101.11, 102.24 (C-1), 127.98, 128.17, 128.37, 128.62, 128.70, 129.24, 129.32, 

131.48 [x3], 132.12, 132.42, 132.50, 132.65, 132.70, 133.01, 133.56, 133.64, 134.37 (aromatic 

C) ppm; 31P{1H} NMR (202 MHz, CD2Cl2, 25C):  = 62.4 (d, 2JP,P = 58.1 Hz, P), 72.9 (d, 

2JP,P = 58.1 Hz, P) ppm; elemental analysis (%) calcd for C70H104O28P2NiBr2 • 0.15 C6H6: C 

50.52, H 6.27, found: C 50.63, H 6.15; MS (ESI-TOF) for C70H104O28P2NiBr2: m/z (%): 

1593.47 (100) [M - Br]+. 

2-(diisopropylphosphaneyl)diphenylphosphine (L5) 16 

 A Schlenk tube under argon atmosphere was charged with (2-

bromophenyl)diphenylphosphine (0.5 g, 1.36 mmol) in THF (15 mL). The 

solution was cooled at -78 °C and n-BuLi (1.92 mmol, 1.2 equiv.) was added 

dropwise then the yellow-orange solution was maintained at this temperature 

for 2 h before slowly returning to room temperature. The reaction flask was then placed at 0 

°C before chloro(diisopropyl)phosphine was added dropwise. The mixture was allowed to rise 

slowly to room temperature and stirred for 3 h. 15 mL of saturated NHCl was added to quench 

the reaction. The mixture was then extracted with AcOEt. The combined organic layers were 

washed with brine and dried over MgSO4. Concentration under vacuum gave the crude material 

which was purified by flash chromatography on silica gel (SiO2; PE/DCM, 50/50, v/v) to afford 

6 as a white solid (0.248 g, 48%). 1H NMR (400 MHz, CDCl3, 25 °C) : 7.56-7.3 (m, 1H), 7.30-

7.10 (m, 12H), 6.93-6.74 (m, 1H), 2.11-1.87 (m, 2H), 1.05 (dd, J = 14.5, 7.0 Hz, 6H), 0.74 (dd, 

J = 12.0, 7.0 Hz, 6H); 31P{1H} NMR (121 MHz, CDCl3, 25 °C): δ = -3.43 (d, 3JP,P = 158.9 Hz), 

-12.7 (d, 3JP,P = 158.9 Hz) ppm. All spectral data are consistent with the literature values. 

Nickel dibromo[(2-(diisopropylphosphaneyl-P)phenyl)diphenylphosphine-P)] (23)  
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[NiBr2(DME)] (0.063 g, 0.20 mmol) was added to a solution of 6 (0.075 g, 

0.20 mmol) in CH2Cl2 (8 mL). The mixture was stirred at room temperature 

for 4 h and then filtered through Celite. Concentration under vacuum gave the 

crude filtrate which was dried under reduced pressure to afford 7 as an orange 

powder (0.118 g, in quantitative yield). 1H NMR (500 MHz, CD2Cl2, 25 °C) : 7.85-7.72 (m, 

5H), 7.68-7.54 (m, 2H), 7.58-7.50 (m, 2H), 7.48-7.38 (m, 5H), 2.97 (m, 2H), 1.52 (d, J = 7.0 

Hz, 3H), 1.48 (d, J = 7.0 Hz, 3H), 1.37 (d, J = 7.1 Hz, 3H), 1.34 (d, J = 7.1 Hz, 3H); 13C{1H} 

NMR (126 MHz, CD2Cl2, 25 °C): δ = 144.38 (dd, J = 51.2, 32.5 Hz), 138.46 (t, J = 38.7 Hz), 

134.47 (d, J = 10.1 Hz), 133.79 (dd, J = 14.0, 1.8 Hz), 133.28 (dd, J = 6.2, 1.9 Hz), 132.65 (dd, 

J = 5.2, 2.0 Hz), 132.02, 131.88, 131.75 (d, J = 2.9 Hz), 131.14, 130.70, 128.91 (d, J = 11.1 

Hz), 28.95 (d, J = 27.4 Hz), 19.94 (d, J = 1.8 Hz), 18.85 (d, J = 2.0 Hz). 31P{1H} NMR (121 

MHz, CD2Cl2, 25 °C): δ = 91.44 (d, 3JP,P = 59.9 Hz), 63.36 (d, 3JP,P = 59.9 Hz) ppm; elemental 

analysis (%) calcd for C24H28Br2NiP2: C 48.29, H 4.73, found: C 48.00, H 4.65; HRMS (ESI-

TOF): m/z (%): 515.0198 (100) [M−Br]+. 

III. 4. 3. X-ray crystal structures 

Complex 17. A single crystal suitable for X-ray crystal-structure analysis was obtained as 

described in the Experimental Part. Data were collected at 173(2) K on a Bruker APEX-II Duo 

KappaCCD diffractometer (Cu-Kα radiation, λ = 1.54178 Å). The structure was solved by 

direct methods (SHELXS-2013) and refined against F2 using the SHELXL-2014 software. The 

non-hydrogen atoms were refined anisotropically, using weighted full-matrix least-squares on 

F2. The H-atoms were included in calculated positions and treated as riding atoms using 

SHELXL default parameters. The crystallographic data are reported in Table 3. 

 

Complex 20. A single crystal suitable for X-ray crystal-structure analysis was obtained as 

described in the Experimental Part. Data were collected at 130.15 K on a CCD Saphire 3 

Xcalibur diffractometer (Mo-Kα radiation, λ = 0.71073 Å). The structure was solved by direct 

methods (SHELXS-2013) and refined against F2 using the SHELXL-2014 software. The non-

hydrogen atoms were refined anisotropically, using weighted full-matrix least-squares on F2. 

The H-atoms were included in calculated positions and treated as riding atoms using SHELXL 

default parameters. The crystallographic data are reported in Table 4. 
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Complex 21. A single crystal suitable for X-ray crystal-structure analysis was obtained as 

described in the Experimental Part. Data were collected at 120(2) K on a Bruker PHOTON-III 

CPAD diffractometer (Mo-Kα radiation, λ = 0.71073 Å). The structure was solved by direct 

methods (SHELXS-97) and refined against F2 using the SHELXL-2018 software. The non-

hydrogen atoms were refined anisotropically, using weighted full-matrix least-squares on F2. 

The H-atoms were included in calculated positions and treated as riding atoms using SHELXL 

default parameters. The crystallographic data are reported in Table 5. 

 

Complex 22. A single crystal suitable for X-ray crystal-structure analysis was obtained as 

described in Experimental Part. Data were collected at 120.15 K on a Bruker PHOTON-III 

CPAD diffractometer (Mo-Kα radiation, λ = 0.71073 Å). The structure was solved by direct 

methods (SHELXS-2013) and refined against F2 using the SHELXL-2014 software. The non-

hydrogen atoms were refined anisotropically, using weighted full-matrix least-squares on F2. 

The H-atoms were included in calculated positions and treated as riding atoms using SHELXL 

default parameters. The crystallographic data are reported in Table 6. 
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Table 3. Crystallographic and structure refinement data for 17. 

Crystal Data 

Crystal size/mm3 0.35 × 0.25 × 0.15 

Empirical formula 2(C70H104O28P2Cl2Pd)•6(C6H6)•H2O 

Formula Weight 3752.19 

Crystal system monoclinic 

Space group P21 

Temperature/K 173(2) 

Unit cell parameters  

a/Å 20.7357(5) 

b/Å 21.4928(6) 

c/Å 21.9876(6) 

α/ º 90 

β/ º 104.586(2) 

γ/ º 90 

V/Å3 9483.4(4) 

Z 2 

D(calc) g/cm3 1.314 

F (000) 3956.0 

/mm-1 3.041 

 

Data Processing and Reduction 

2 range for data collection/º 4.404 to 138.478 

Index ranges -24 ≤ h ≤ 23, -25 ≤ k ≤ 25, -26 ≤ l ≤ 26 

Reflections collected 170863 

Independent reflections 33318 [Rint = 0.0539, Rsigma = 0.0476] 

Data / restraints / parameters 33318/1/1998 

Goodness-of-fit on F2 1.063 

Final R indices [I > 2(I)] R1 = 0.0530, wR2 = 0.1446 

R indices (all data) R1 = 0.0637, wR2 = 0.1534 

Largest diff. peak and hole/eÅ-3 0.93/-0.68 

Flack parameter 0.022(2) 
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Table 4. Crystallographic and structure refinement data for 20. 

Crystal Data 

Crystal size/mm3 0.337 × 0.76 × 0.13 

Empirical formula C70H104O28P2Cl2Pd•0.5(C2.5Cl)•5(CH2Cl2) 

Formula Weight 2090.14 

Crystal system orthorhombic 

Space group P212121 

Temperature/K 130.15 

Unit cell parameters  

a/Å 14.1571(2) 

b/Å 21.8506(4) 

c/Å 32.0204(8) 

α/ º 90 

β/ º 90 

γ/ º 90 

V/Å3 9905.2(3) 

Z 4 

D(calc) g/cm3 1.402 

F (000) 4336.0 

/mm-1 0.626 

 

Data Processing and Reduction 

2 range for data collection/º 6.60 to 54 

Index ranges -18 ≤ h ≤ 18, -27 ≤ k ≤ 27, -38 ≤ l ≤ 40 

Reflections collected 84724 

Independent reflections 21577 [Rint = 0.1662, Rsigma = 0.1918] 

Data / restraints / parameters 21577/1/1083 

Goodness-of-fit on F2 1.052 

Final R indices [I > 2(I)] R1 = 0.0962, wR2 = 0.2031 

R indices (all data) R1 = 0.1919, wR2 = 0.2488 

Largest diff. peak and hole/eÅ-3 0.86/-0.49 

Flack parameter -0.01(5) 
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Table 5. Crystallographic and structure refinement data for 21. 

Crystal Data 

Crystal size/mm3 0.2 × 0.2 × 0.15 

Empirical formula 2(C71H107O28P2ClPd)•5(CH2Cl2) 

Formula Weight 3649.33 

Crystal system orthorhombic 

Space group P212121 

Temperature/K 120(2) 

Unit cell parameters  

a/Å 14.1758(7) 

b/Å 21.8479(13) 

c/Å 31.863(2) 

α/ º 90 

β/ º 90 

γ/ º 90 

V/Å3 9868.4(10) 

Z 2 

D(calc) g/cm3 1.228 

F (000) 3820.0 

/mm-1 0.449 

 

Data Processing and Reduction 

2 range for data collection/º 3.846 to 55.958 

Index ranges -17 ≤ h ≤ 18, -28 ≤ k ≤ 28, -41 ≤ l ≤ 42 

Reflections collected 154369 

Independent reflections 23661 [Rint = 0.1111, Rsigma = 0.0790] 

Data / restraints / parameters 23661/54/1004 

Goodness-of-fit on F2 1.007 

Final R indices [I > 2(I)] R1 = 0.0952, wR2 = 0.2552 

R indices (all data) R1 = 0.1447, wR2 = 0.2920 

Largest diff. peak and hole/eÅ-3 1.04/-1.18 

Flack parameter 0.005(8) 
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Table 6. Crystallographic and structure refinement data for 22. 

Crystal Data 

Crystal size/mm3 0.25 × 0.2 × 0.15 

Empirical formula C71H107O28P2ClPd•7(C6H6) 

Formula Weight 2220.839 

Crystal system orthorhombic 

Space group P212121 

Temperature/K 120.15 

Unit cell parameters  

a/Å 14.2347(8) 

b/Å 27.9371(17) 

c/Å 28.0821(15) 

α/ º 90 

β/ º 90 

γ/ º 90 

V/Å3 11167.6(11) 

Z 4 

D(calc) g/cm3 1.321 

F (000) 4683.1 

/mm-1 0.991 

 

Data Processing and Reduction 

2 range for data collection/º 4.08 to 55.86 

Index ranges -18 ≤ h ≤ 18, -36 ≤ k ≤ 36, -36 ≤ l ≤ 36 

Reflections collected 189195 

Independent reflections 26682 [Rint = 0.0649, Rsigma = 0.0485] 

Data / restraints / parameters 26682/0/1310 

Goodness-of-fit on F2 1.033 

Final R indices [I > 2(I)] R1 = 0.0321, wR2 = 0.0634 

R indices (all data) R1 = 0.0459, wR2 = 0.0694 

Largest diff. peak and hole/eÅ-3 0.36/-0.50 

Flack parameter 0.021(2) 
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IV. 1. Introduction 

As the most produced polymeric material on the market, polyolefins have played a pivotal role 

in the development of macromolecular chemistry and have had an enormous impact on society 

since the 1950s.1 The shorter analogs of polyolefins that are the linear α-olefins (LAO), which 

are alkenes with a double bond positioned at the chain end, have seen a parallel development 

since both types of compounds, polyethylene and LAOs, are usually produced by means of 

metal catalysts that bear strong resemblance. These unsaturated short chains have their own 

economic importance as they are used as co-monomers for the production of branched 

polyolefins. They also constitute starting materials for the production of detergents, lubricants, 

oilfield chemicals and many chemical intermediates.2 There are several processes that can be 

used to produce LAOs, the main ones being the cracking of waxes, Fischer-Tropsch synthesis 

and the oligomerization of ethylene. Since ethylene is a cheap and readily available feedstock, 

the metal-catalyzed oligomerization of ethylene is now the most common way of producing 

LAOs in industry.3 The remarkable development of the polyolefin and LAO industry is largely 

attributable to the use of efficient and versatile olefin polymerization/oligomerization catalysts 

based on transition metals. The development of such metal catalysts has gone through three 

main phases that were first initiated by the serendipitous discovery of the “nickel effect” which 

occurs when small amounts of nickel salts are mixed with triethylaluminium (AlEt3) in the 

presence of ethylene and leads to the dimerization of ethylene.4 Shortly after the Ziegler-Natta 

catalyst which combines a group 4 metal salt, usually titanium, with a trialkylaluminium co-

catalyst (eg. [TiCl4·AlEt3]) was developed as the first generation of transition metal catalysts 

for ethylene polymerization and opened a new chapter in the development of the polyolefin 

industry.5 In these systems, the trialkylaluminum compound acts as Lewis acid that abstracts 

the halide from the transition metal and at the same time serves as an alkylating agent so that 

the propagation reaction can be triggered in the presence of ethylene. The seminal work in the 

field of metal-catalyzed olefin polymerization carried out by Ziegler and Natta was rewarded 

with the Nobel Prize in Chemistry in 1963.6 Despite the fact that Ziegler-Natta catalysts are of 

great importance for academic and industrial research in the field of polyolefins, the 

heterogeneous nature of this system has prevented further detailed investigation of the catalytic 

mechanism, as well as the design of new catalysts.7 To overcome these problems, the next 

breakthrough was the development of homogeneous single-site metallocene catalysts together 

with the discovery of methylaluminoxane (MAO) as co-catalyst by Kaminsky and his co-
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workers in 1980s.8 These metallocene catalysts which possess well-defined active sites, were 

found to allow more precise control of the polymer structure in terms of molecular weight, 

molecular-weight dispersity, as well as polymer stereochemistry, resulting in their widespread 

use in industrial polyolefin production. However, most of these systems require 

alkylaluminium compounds or MAO in large excess (> 500 equivalents) as cocatalyst to 

generate the active alkyl-M (M = Ti, Zr, etc.), adding to the cost of the process and making it 

not as attractive to industry as initially predicted. Furthermore, metallocene catalysts are unable 

to catalyze the copolymerization of olefins with polar functional groups because their metal 

centers are sensitive to deactivation by the polar functional groups during copolymerization.1, 

9 

In 1995, Brookhart and co-workers10 reported catalysts based on nickel(II) and palladium(II) 

complexes of bulky bidentate diimine ligands. These systems were the first examples of late 

transition metal catalysts capable of producing high molecular weight polyolefins instead of 

butene. This was another important step in ethylene polymerization and remains a very active 

research area. Modification of the catalysts used for polymerization can lead to a shortening of 

the chains, in particular with less bulky ligands, resulting in oligomerization catalysts aimed at 

producing LAOs.11 However, specific catalysts have been developed over the years aiming at 

this type of molecule. In particular, Keim and co-workers introduced nickel catalysts based on 

chelating P,O-ligands, which are currently used industrially in the “SHOP” (Shell Higher 

Olefin Process) ethylene oligomerization process (Fig 1).12 Since then, numerous other 

bidentate ligands coordinated to late transition metals such as Ni(II) and Pd(II), including some 

in our laboratory, have since been designed for the same purposes but with the objective of 

improving chain-length selectivity among them mainly [N,N] of the diimine type, but also 

[N,O], [P,O], [NHC,O]7,9b,9c,11a,13. Alternatively, access to linear -olefins with very narrow 

distributions is also possible with chromium-type catalysts such as the Phillips Trimerization 

System.14 Unlike SHOP-type systems, these catalysts rely on the formation of metallocyclic 

intermediates and do not operate via a 1,2 insertion (Cossee-Arlman15) mechanism. 

 

 

Fig 1. Molecular active Ni catalyst (SHOP process). 
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The general mechanism of late transition metal catalyst for ethylene oligomerization via 1,2 

insertion (Cossee-Arlman) is represented in Scheme 1.13f  

 

 

Scheme 1. The mechanism of catalytic ethylene oligomereization/polymerization.13f 

 

There are basically two steps that control chain growth in ethylene 

oligomerization/polymerization. These are the propagation step (ethylene insertion) and 

termination step (including β-hydride elimination and chain transfer). If the kinetics of these 

two processes can be controlled, it should be possible to adjust the catalytic performance in 

terms of chain-length selectivity. Moreover, if the isomerization of the growing chain, which 

is the reaction in the catalytical cycle that leads eventually to chain walking and the formation 

of branched species, can be suppressed, linear chains with a double bond positioned at the 

chain-end will be produced. Classically, late transition metal catalysts most often dimerize or 

oligomerize ethylene due to favorable β-hydride elimination. However, the nature of the ligand, 

that of the co-catalyst and more generally the reaction conditions used (ethylene pressure, 

excess co-catalyst, temperature, reaction time, etc. ) will also have a deep impact on the 
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catalytic properties. A key element in designing nickel(II) and palladium(II) systems that 

polymerize olefins is to introduce axial bulk in square planar systems, for example through the 

use aryl diimine ligands ortho-disubstituted with bulky substituents including in macrocyclic 

systems16. This feature was shown to retard the rate of chain transfer relative to chain 

propagation and a number of nickel(II) and palladium(II) polymerization catalysts containing 

different bulky bidentate ligands have been designed according to these principles.17 With this 

in mind, a series of Ni(II) and Pd(II) catalysts incorporating an α-CD framework was prepared. 

The presence of a molecular cavity encapsulating the metal center should provide axial bulk as 

in previous nonmacrocyclic systems and therefore promote chain growth. However, metal 

encapsulation is also prone to slow down propagation and therefore favor termination reactions 

in particular if the growing chain attached to the metal is too long. It is expected that these two 

opposite effects will lead to chains of a given length with a narrow chain distribution. The aim 

of this chapter is to study the behavior of the precatalysts that were constructed according to 

these principles in chapters 2 and 3 in ethylene oligomerization. 

IV. 2. Results and discussion 

The capability of the cavity-shaped nickel(II) complexes 6, 19 and 22 to catalyze ethylene 

oligomerization in toluene were studied in the presence of excess modified-

methylaluminoxane (MMAO-12) as co-catalyst. Their performances were compared to cavity-

free complexes 12, 23, and 24 in order to evaluate the impact of the cavity on the catalytic 

properties. 

 

Table 1. Ethylene oligomerization with nickel complexes 6, 12, 19 and 22-24 a. 

     Products weight distributiond (%) 

Entry Precatalyst Time Activityb TOFc C4 (α)e C6 (α)f C8 

1 6 35 min 2760 5780 92 (95) 6 (70) 2 

2 6 3 h 2190 4580 96 (95) 3 (75) <1 

3 6 24 h 1910 4000 85 (92) 12 (65) 3 

4 g 6 35 min 2720 5700 95 (88) 4 (46) <1 

5 h 6 35 min 6440 13350 91 (89) 8 (41) <1 

6 12 35 min 41570 86970 77 (71) 22 (8) 1 

7 12 3 h 17920 37490 79 (81) 19 (8) 2 

8 12 24 h 5740 12000 75 (67) 24 (6) 1 
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9 19 35 min 1000 2070 98 (88) 2 (100) 0 

10 19 24 h 500 1050 91 (82) 8 (75) <1 

11 g 19 35 min 1290 2060 98 (87) 1 (100) <1 

12 22 35 min 10400 21800 87 (71) 11 (60) <2 

13 22 24 h 1220 2560 82 (74) 14 (64) <4 

14 g 22 35 min 10900 22800 87 (67) 12 (52) <1 

15 23 35 min 5880 12330 93 (61) 6 (50) <1 

16 24 35 min 8530 17870 92 (20) 7 (8) <1 

17 24 24 h 4180 8760 89 (6) 9 (1) <2 

a Conditions: amount of catalyst: 1╳10-5 mol, amount of co-catalyst (MMAO-12): 4╳10-3 

mol (400 equiv.), T = 30-35 ℃, solvent: toluene, total volume: 20 mL, 10 bar C2H4, every test 

was repeated at least twice. b expressed in g C2H4/(g Ni h). c expressed in mol C2H4/(mol Ni h). 

d % calculated by GC analysis. e 1-Butene vs. total butenes formed. f 1-Hexene vs. total hexenes 

formed. g amount of co-catalyst (MMAO-12): 8╳10-3 mol (800 equiv.). h T = 60 ℃. 

 

As shown in Table 1, after activation with MMAO-12, the nickel complex 6 catalyzes the 

dimerization of ethylene with high C4 (92%) and 1-butene (95%) selectivities (Table 1, entry 

1), even after 24 h reaction time (Table 1, entry 3), indicating that chain-walking and post-

oligomerization reactions do not readily take place. Moreover, the proportion of 1-hexene in 

the small C6 fraction is also much higher with the cavity-shaped ligand (70% on average for 

6). Even if such level of selectivity is not uncommon for early transition metals, it is quite high 

for a nickel-catalyzed reaction. For comparison, the related nickel complex 12 (Table 1, entry 

4), which has similar electronic properties, but lacks the CD cavity is about 15 times more 

active for short reaction times, but its activity rapidly drops with time as it is only 3 fold higher 

than that of 6 after 24 h (Table 1, entry 6). It is much less selective for C4 (77%) and 1-butene 

(71%) as well as 1-hexene (8%), whether for short (Table 1, entry 4) or longer reaction times 

(Table 1, entries 5 and 6). These poor selectivities were also observed for many other P,N 

nickel complexes except for ligands displaying sterically hindered nitrogen or phosphorus 

atoms. Although moderately active (TOF = 5780 mol(C2H4) mol (Ni)-1 h-1) (Table 1, entry 1), 

the catalyst derived from 6 proved to be very robust, since loss of activity is marginal over a 

prolonged period of time in stark contrast with cavity-free 12. Despite the steric protection of 

axial positions, which is known to retard the rate of chain transfer relative to chain propagation 

and improve thermal stability, including in macrocyclic complexes, hardly any C6-olefins and 
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higher oligomers were formed. The high selectivity for 1-butene strongly suggests that metal 

encapsulation in the rather small α-CD cavity does not allow further chain growth and largely 

prevents isomerization although the ligand electronic properties as revealed by slight changes 

in the UV spectra (see chapter 2) on going from cavity-free to cavity-shaped systems may also 

have an impact on the catalytic outcome.  

Moreover, the influence of the quantity of co-catalyst and the starting reaction temperature for 

6 were also investigated. The results show that increasing the quantity of the co-catalyst (800 

equiv.) does not bring any significant changes to activity or selectivity (Table 1, entry 4). When 

the starting temperature was increased to 60 ℃, the activity is about 3 times higher (6440 

g(C2H4) g(Ni)-1 h-1) and, as expected, the 1-butene (89%) and 1-hexene (41%) selectivities are 

somewhat lower although the C4 selectivity (91%) remains almost unchanged. These 

observations suggest that higher temperatures may favor chain walking and isomerization to a 

certain extent. Complex 19, which shares strong resemblance with P,N complex 6 in the way 

the metal is located in the CD cavity, shows similar tendencies to 6 in terms of selectivity, 

although with a somewhat lower activity (1000 g(C2H4) g(Ni)-1 h-1). Again, as for 6, the C4 

selectivity is extremely high (98%). Although slightly lower than for 6, 1-butene selectivity 

(88%) (Table 1, entry 9) remains high, even after 24 h reaction (Table 1, entry 10) (C4: 91%, 

1-butene: 82%). Again, increasing the quantity of the co-catalyst (800 equiv.) does not bring 

any significant changes to activity or selectivity (Table 1, entry 11). Although less active than 

their cavity-free counterparts 23 and 24, cavity-shaped 19 systematically outperformed all 

cavity-free complexes in terms of selectivity. The drop of activity on going from P,N complex 

6 to the more sterically hindered P,P complex 19 is most likely a combination of steric and 

electronic factors since Ni complexes based on P,N complexes are known to be more active.11, 

13k, 17j, 18 Surprisingly, complex 22 is much more active (10400 g(C2H4) g(Ni)-1 h-1) than all 

other cavity-shaped complexes (10 times that of 19) and even cavity-free P,P complexes 23 

and 24 over a short period of time, but, unlike 6 and 19, its activity rapidly drops with time as 

it is only two-fold higher than that of 19 after 24 h (Table 1, entry 13). The surprisingly high 

activity of 22 is likely due to the close contact promoted by encapsulation between the metal-

alkyl moiety and the coordinated ethylene. Such a feature should facilitate the ethylene 

insertion step in the catalytic cycle and therefore the activity if this step is rate-limiting. 

Moreover, the poor robustness of 22 compared to catalysts 6 and 19 is possibly due to the lack 

of steric protection of the axial sites. Finally, the higher activity of 22 comes at the expense of 

selectivity since selectivity for C4 and α-olefins (1-butene and 1 hexene) are much lower than 

those produced by 6 and 19, whether for short or long reaction times. The radically different 
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behavior between these two α-CD-containing complexes might come from the very different 

steric environment the metal center experiences in 19 since in this complex the axial sites are 

well-protected and, upon methylation and halide abstraction by MMAO, the two reactive sites 

are strongly differentiated, which is not the case for 22. For comparison, complex 23, which 

has very similar electronic features to 19 but lacks the CD cavity, showed an activity 5 times 

(Table 1, entry 15) higher than that of 19 but as stated before without any good selectivities. 

Since the macrocyclic structure has little influence on the electronic properties of the ligands, 

at least in the case of the diphosphines, the differences of catalytic properties between the 

cavity-free and the cavity-shaped catalysts is solely due the unique steric experiment 

experienced by the metal center within the -CD cavity. 

The PdMeCl complexes 5 and 21a,b were also tested for ethylene oligomerization using 

NaBArF24 to activate the pre-catalyst, even if palladium complexes are known to be much less 

active catalysts than nickel ones.19 Upon addition of one equiv. of NaBArF24 in the presence of 

small amounts of the coordinating solvent MeCN (20 equiv.), the abstraction of chloride was 

complete after 1 h in the case of diphosphine complex 21, but took surprisingly a longer time 

(2 h) for P,N complex 5. Whereas the 31P atom of P,N complex 5 underwent a 7.1 ppm 

downfield shift (31P = 25.21 ppm upon addition of NaBArF24), the mixture 21a,b became a 

single species resonating as two downfield shifted doublets at 31P = 66.60 and 67.22 ppm with 

3+2JP,P = 11.4 Hz. Unfortunately, all attempts to oligomerize ethylene with these two activated 

complexes failed whether in toluene or in the more polar solvent CH2Cl2 since the formation 

of only traces of butenes was observed. 
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Fig 2. 31P{1H} NMR spectrum of 5 after activation by NaBArF24. 

 

 

Fig 3. 31P{1H} NMR spectrum of 21a, b after activation by NaBArF24. 
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IV. 3. Conclusion 

Ni(II) and Pd(II) complexes based on cavity-shaped P,N or diphosphine bidentate ligands were 

tested for their ability to oligomerize ethylene and their catalytic properties were compared to 

the corresponding cavity-free analogs. In stark contrast with the latters, nickel(II) complexes 

equipped with a permethylated -CD platform give rise to a high selectivity for C4 (up to 96%) 

and 1-butene (up to 95% of the C4 fraction) when the axial sites are protected by the cavity 

wall as in 6 and 19. Complex 22, in which the axial sites of the metal center are less protected 

and which halido ligands are lying in the more or less same, albeit heavily constrained, steric 

environment, has a much higher activity compared to all other cavity-shaped complexes 6 and 

19, but much lower selectivities and robustness. Their corresponding palladium complexes 5 

and 21a,b were also tested as precatalysts for ethylene oligomerization, but showed hardly any 

activity. Theoretical investigations will be carried out in the near future to thoroughly 

rationalize the difference of catalytic properties between the two types of Ni complexes. The 

synthesis of larger analogs of complexes 4-6, 17-22 based on the wider -CD cavity is also 

currently underway. It is hoped that chain growth will be more favored in these less constrained 

catalysts so as to obtain longer oligomers than butenes with a narrow chain distribution. 

IV. 4. Experimental part 

IV. 4. 1. Procedure for ethylene oligomerization reactions 

IV. 4. 1. 1. Ethylene oligomerization reactions catalyzed by nickel complexes 

The catalytic reactions were performed in a magnetically stirred (1200 rmp) 145 mL stainless 

steel autoclave. A 125 mL glass container was used to avoid corrosion of the autoclave walls. 

The precatalyst solution was prepared by dissolving 1 × 10-5 mol of the complex in toluene. 

This solution was injected into the reactor under an ethylene flux, followed by the co-catalyst 

solution (400 equiv. for MMAO-12 in toluene). After injection of the catalyst and co-catalyst 

solutions under a constant low flow of ethylene, which is considered as the t0 time, the reactor 

was immediately pressurized to 10 bar of ethylene. The 10 bar working pressure was 

maintained through a continuous feed of ethylene from a bottle placed on a balance to allow 

monitoring of the ethylene uptake. The reaction mixture was stirred for the given reaction time. 

At the end of each test, a dry ice bath was used to rapidly cool the reactor. When the inner 
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temperature reached 0 ℃, the ice bath was removed, allowing the temperature to slowly rise 

to 18 ℃. The gaseous phase was then transferred into a 10 L polyethylene tank filled with 

water. An aliquot of this gaseous phase was transferred into a Schlenk flask, previously 

evacuated, for GC analysis. The amount of ethylene consumed was thus determined by 

differential weighting of the bottle (accuracy of the scale: 0.01g). To this amount of ethylene, 

the remaining ethylene (calculated using the GC analysis) in the gaseous phase was subtracted. 

Although this method is of limited accuracy, it was used throughout and it gave satisfactory 

reproducibility. The reaction mixture in the reactor was quenched in situ by the addition of 

ethanol (5 mL), transferred into a Schlenk flask, and separated from the metal complexes by 

trap-to-trap evaporation into a second Schlenk flask previously immersed in liquid nitrogen in 

order to avoid loss of product for GC analysis. Each catalytic test was performed at least twice 

to ensure the reproducibility of the results. 

IV. 4. 1. 2. Ethylene oligomerization reactions catalyzed by palladium complexes 

The catalytic reactions were performed in a magnetically stirred (1200 rmp) 145 mL stainless 

steel autoclave. A 125 mL glass container was used to avoid corrosion of the autoclave walls.  

A Schlenk tube was charged with PdMeCl complex (1 equiv.) and CH2Cl2 under an argon 

atmosphere. After the addition of MeCN (20 equiv.) followed by NaBArF24 (1 equiv.), the 

solution was stirred at room temperature for 2 h. After evaporation of volatile compounds, the 

oily residue was washed with n-pentane. The product was then obtained after drying under 

high vacuum. A solution containing this product (1 × 10-5 mol) and toluene or dichloromethane 

was quickly injected into the autoclave under a constant low flow of ethylene, which is 

considered as the t0 time, the reactor was immediately pressurized to 10 bar of ethylene. The 

10 bar working pressure was maintained through a continuous feed of ethylene from a bottle 

placed on a balance to allow monitoring of the ethylene uptake. The reaction mixture was 

stirred for the given reaction time. At the end of each test, a dry ice bath was used to rapidly 

cool the reactor. When the inner temperature reached 0 ℃, the ice bath was removed, allowing 

the temperature to slowly rise to 18 ℃. The gaseous phase was then transferred into a 10 L 

polyethylene tank filled with water. An aliquot of this gaseous phase was transferred into a 

Schlenk flask, previously evacuated, for GC analysis. The amount of ethylene consumed was 

thus determined by differential weighting of the bottle (accuracy of the scale: 0.01g). To this 

amount of ethylene, the remaining ethylene (calculated using the GC analysis) in the gaseous 

phase was subtracted. Although this method is of limited accuracy, it was used throughout and 

it gave satisfactory reproducibility. The reaction mixture in the reactor was quenched in situ by 
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the addition of ethanol (5 mL), transferred into a Schlenk flask, and separated from the metal 

complexes by trap-to-trap evaporation into a second Schlenk flask previously immersed in 

liquid nitrogen in order to avoid loss of product for GC analysis. Each catalytic test was 

performed at least twice to ensure the reproducibility of the results. 
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Dans ce mémoire de thèse qui relève de la chimie des métallo-cavitands, nous avons décrit la 

synthèse de ligands bidentes cis-chélatants de type P,N et diphosphine équipés d’une α-

cyclodextrine (α-CD) perméthylée. La caractéristique principale des ligands étudiés est d’avoir 

l’un des deux ou les deux centres coordinateurs orientés vers l’intérieur de la cavité 

moléculaire. Cette disposition particulière des atomes donneurs a permis de cis-chélater un 

centre métallique au sein de cette dernière comme l’a montré une étude des propriétés 

coordinantes des ligands d’intérêt vis-à-vis de cations d8. La possibilité de confiner un métal 

cis-chélaté nous a conduit à étudier le comportement de ces ligands en oligomérisation de 

l’éthylène catalysée par le nickel. 

La mise au point que constitue le premier chapitre donne une vision globale de la conception 

et de la préparation de ligands cavitaires chélatants dans lesquels les deux sites de coordination 

sont différenciés (à l’exclusion des systèmes assemblés par voie supramoléculaire) ainsi que 

de leur utilisation en reconnaissance moléculaire et catalyse, notamment en catalyse 

asymétrique. Chaque fois que cela a été possible, une comparaison des propriétés des systèmes 

cavitaires avec celles de leurs analogues dépourvus de cavité a été faite afin d’évaluer 

l’influence de la cavité sur les propriétés des systèmes étudiés, notamment catalytiques.  

Dans le chapitre II, nous avons décrit une synthèse efficace d’un nouveau ligand P,N bâti sur 

une plateforme α-CD reposant sur le pontage stéréoselectif de deux unités glucose adjacentes 

(pontage AB). La présence d’une anse coordinante rigide comportant un atome donneur P(III) 

a permis de confiner un centre métallique d8 ou d10 dans la cavité moléculaire et de ce fait 

contrôler parfaitement la première sphère de coordination du métal. Nous avons ainsi mis en 

évidence le caractère cis-chélatant du ligand P,N en présence de cations d8 qui conduit après 

coordination à des complexes de géométrie plan-carré dans lesquels les deux ligands exogènes, 

à savoir des halogénures ou méthyle, sont stériquement différenciés. En effet, des études par 

spectroscopie RMN et radiocristallographiques ont permis de montrer que l’un d’entre eux est 

encapsulé dans la cavité tandis que le second pointe clairement vers l’extérieur du macrocycle. 

Par ailleurs, la structure moléculaire d’un complexe d’or(I) linéaire obtenue par diffraction des 

rayons X indique que seul l’atome de phosphore coordine dans ce cas le centre métallique et 

est donc responsable du confinement du métal. Un ligand P,N non cavitaire de structure 

analogue a également synthétisé et ses propriétés de coordination vis-à-vis des cations d8 Ni(II) 

et Pd(II) étudiées à des fins de comparaison. Nous avons ainsi montré que l’encapsulation du 

métal dans la cavité empêche la formation de complexes bis(phosphine) et ce en présence d’une 

unité plus faiblement coordinante de type amine tertiaire, ce qui conduit à la formation 

exclusive de complexes chélate de stœchiométrie métal/ligand 1:1. Une étude UV-vis des 
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différents complexes, cavitaires et non cavitaires, a permis de montrer que la présence de 

l’unité macrocyclique impactait légèrement les propriétés électroniques des complexes, 

notamment la bande MLCT.  

Le chapitre III est consacré à la chimie de coordination de deux ligands cavitaires diphosphine 

préalablement préparés au laboratoire vis-à-vis de cations d8 de type palladium(II) et nickel(II). 

A nouveau, comme dans le cas du ligand P,N cavitaire, seuls des complexes plan-carré de 

stœchiométrie métal/ligand 1:1 comportant un centre métallique cis-chélaté ont été mis en 

évidence. Cependant, bien que présentant un métal confiné dans une cavité α-CD, la seconde 

sphère de coordination du métal est très différente selon le type de diphosphine utilisée comme 

l’a montré des études par spectroscopie RMN et radiocristallographiques. Dans les complexes 

issus de la première diphosphine (L3) qui s’apparente au ligand P,N d’un point de vue 

géométrique et stérique, les deux sites de coordination exogènes sont très différenciés et la 

paroi interne de l’ α-CD protège les positions axiales du métal. Au contraire, dans la deuxième 

diphosphine, les deux sites axiaux ne sont plus protégés et l’environnement stérique des deux 

sites de coordination exogènes est très similaire. La complexation des deux phosphines par le 

précurseur métallique [PdMeCl(COD)] conduit à la formation de deux isomères géométriques 

dont les proportions varient en fonction du solvant dans lequel ils ont été synthétisés. 

Cependant, tandis que pour la première diphosphine (L3), ces proportions ne varient pas au 

cours du temps lorsque le mélange de complexes est laissé en solution, un état d’équilibre entre 

les deux isomères est atteint au bout de quelques jours dans le cas de la diphosphine L4 avec 

une proportion identique quelle que soit la proportion des deux isomères au départ. Il est 

probable que cette différence de comportement soit due au fait que les propriétés électroniques 

des deux atomes donneurs dans L3 sont différentes comme dans le ligand P,N tandis qu’elles 

sont identiques dans L4. Contrairement au cas des complexes P,N, une étude UV-vis a montré 

que la présence de la cavité CD dans les complexes avaient une influence négligeable sur les 

propriétés électroniques des complexes. 

Le dernier chapitre du manuscrit a trait à l’étude des propriétés catalytiques des complexes 

de nickel et de palladium précités, qu’ils soient cavitaires ou non, après activation par un co-

catalyseur adéquat (MMAO-12 ou NaBArF24). La réaction d’oligomérisation de l’éthylène a 

été spécifiquement ciblée en raison de son importance économique, du rôle des facteurs 

stériques sur le devenir de la réaction et d’une taille de substrat (éthylène) compatible avec la 

petite taille de la cavité α-CD. Comparés aux complexes de nickel non cavitaires, les complexes 

dotés d’une cavité CD présentent une très haute sélectivité, tant pour la fraction C4 (jusqu’à 

96%) qu’en α-oléfines (jusqu’à 95% de but-1-ène dans la fraction C4) et une robustesse 



 Conclusion générale et perspectives 199 

 

remarquable malgré une activité moindre. La sélectivité remarquable de certains complexes de 

nickel cavitaires a été attribuée à l’encapsulation du métal et plus précisément à la protection 

des sites axiaux par la paroi interne de la cavité.  Les complexes PdMeCl ont également été 

testés en oligomérisation de l’éthylène après activation par le sel NaBArF24. Malheureusement 

seules des traces de butènes ont été détectées dans le milieu réactionnel. 

Les différentes études réalisées dans le cadre de cette thèse ont montré que le confinement d’un 

métal cis-chélaté à l’intérieur d’une cavité α-CD permettait d’améliorer sensiblement les 

propriétés d’un catalyseur métallique, notamment en termes de robustesse et de sélectivité. On 

peut anticiper que l’augmentation de la taille de la cavité ainsi que le remplacement de la 

fonction amine tertiaire ou triarylphosphine par une autre unité coordinante soient de nature à 

améliorer les propriétés catalytiques des complexes cavitaires en oligomérisation de l’éthylène.  

C’est ce que des travaux futurs examineront. Parmi les modifications spécifiques pouvant avoir 

un impact positif sur les performances des catalyseurs, on peut citer : 

- Le remplacement de la cavité α-CD par une cavité β-CD plus grande afin de favoriser la 

réaction de propagation tout en limitant les réactions de terminaison. 

- Le remplacement du groupement coordinant non pontant par un groupement donneur plus 

faible comportant par exemple un atome d’oxygène comme dans les catalyseurs SHOP. 

Afin d’expliquer les différences de réactivité entre les complexes issus des ligands L1 et L3 

d’une part et L4 d’autre part, des études théoriques reposant sur la méthode semi-empirique 

GFN-xTB développée par Grimme1 seront également mises en œuvre prochainement. 

Nécessitant des durées de calcul limitées, cette méthode est adaptée aux molécules de grande 

taille comprenant des métaux de transition.2 
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A cavity-shaped cis-chelating P,N ligand for highly
selective nickel-catalysed ethylene dimerisation†
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The presence of a permethylated α-cyclodextrin (α-CD) cavity in a

chelating P,N ligand promotes exclusive formation of 1 : 1 ligand/

metal complexes. In MX2 complexes, one of the two halido ligands

is forced to reside inside the CD hollow while the second one is

pointing outside. Unlike its cavity-free analogue, a Ni(II) complex of

the CD ligand is a highly selective precatalyst for ethylene

dimerisation (96% C4 selectivity with up to 95% of 1-butene within

the C4 fraction).

Inwardly directed donor atoms rigidly grafted on a macrocyclic
host molecule are capable of facilitating a metal centred reac-
tion to take place inside the cavity-shaped ligand.1–5 This
feature is prone to produce high substrate recognition,6–14

catalytic chemo-15 and regioselectivity16–20 as well as enantio-
selectivity if the receptor is optically active.21 By connecting
two C-6 carbon atoms of two glucose units of an α-, β- or γ-CD
with a single donor atom such as nitrogen22 or
phosphorus,23–25 (Fig. 1i) or a short NHC unit26–28 (Fig. 1ii), it
was previously shown that the resulting bridge is sufficiently
rigid to force the donor atom lone pair to point towards the
CD interior. Doubly bridged ligands with a similar metal con-
fining feature have also been prepared (Fig. 1iii).23,24 Almost
all ligands of that type are monodentate or trans-chelating
bidentate. However, most metal-catalysed reactions involve cis-
chelate complexes. Increasing the structural diversity of cis-
chelating ligands displaying a metal confining unit22,29–31

would considerably widen the scope of metal binding host
molecules, in particular if catalytically relevant P(III) atoms

could be incorporated into the macrocyclic structure. Self-
assembled, cis-chelating P,N ligands consisting of a water-
soluble phosphine ligand included in a mono-N,N-dialkyla-
mino-β-CD were already prepared in water, but in these com-
plexes, the metal centre is not located in the CD cavity.32,33

Herein, we describe a rare example of P(III)-containing CD
(1) capable of forcing the exclusive formation of a 1 : 1 ligand/
metal complex, showing cis-chelation inside the receptor
hollow when associated with a N donor atom. A Ni(II) complex
of this new P,N ligand was investigated for its potential as pre-
catalyst in ethylene oligomerisation, a reaction of continuing
considerable interest34,35 and its properties were compared to
those of a cavity-free analogue.

Fig. 1 Examples of α-CD-based metal confining ligands with one (i and
ii) or two (iii) bridging coordinating units. Bn stands for benzyl.

†Electronic supplementary information (ESI) available: Synthesis and character-
ization data. CCDC 2163655 (8), 2163663 (9), 2163657 (10), 2163751 (11),
2163658 (12) and 2163666 (13). For ESI and crystallographic data in CIF or other
electronic format see DOI: https://doi.org/10.1039/d2dt01553f
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90032, 67081 Strasbourg Cedex, France
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An improved procedure (Scheme 1) was devised to syn-
thesise diethyl [2-(N,N-dimethylamino)phenyl]phosphonate (3)
from 2-bromoaniline (2).36 Its reduction afforded the key func-
tional primary phosphine 4, which upon deprotonation
reacted with dimesylate 5 to afford P,N ligand 1 in 63% yield.
Although 1 is seemingly a very basic phosphine (δ31P =
−28.4 ppm), this ligand is considerably more stable towards
air than its PhP-bridged analogue (δ31P = −16.2 ppm)23 and
can be purified by standard column chromatography without
noticeable formation of phosphine oxide. For comparison, the
related cavity-free ligand 737 was also synthesised in 40% yield
from 2-bromo-N,N-dimethylaniline by ortho-lithiation followed
by nucleophilic substitution of chlorodiethylphosphine.38

Resistance to oxidation was also observed for 7 (δ31P =
−25.1 ppm) as in analogous P,N ligands of the Me-DalPhos
family (Fig. 2).39

When reacted with [PdCl2(cod)] (cod = 1,5-cyclooctadiene)
in CH2Cl2, confining ligand 1 produced only chelate complex
8, even in the presence of excess ligand (Fig. S80†). Chelating
behaviour was also observed when 1 or the cavity-free 7 were
reacted with [NiBr2(dme)] (dme = 1,2-dimethoxymethane) to
produce complexes 9 and 10, respectively.40 In stark contrast,
the reaction of 7 with one equiv. of [PdCl2(cod)] in CH2Cl2 gave
a 9 : 1 mixture of the chelate complex 11 and the cationic bis
(phosphine) complex 12, respectively. As expected, raising the
ligand/metal ratio to 2 : 1 caused the proportion of complex 12

to increase significantly (11/12 ratio of 3 : 7) (Fig. S80†). The
structures of both 11 and 12 were established by X-ray diffrac-
tion analyses (Fig. 3). The single crystal X-ray structure of cat-
ionic 12 clearly shows that two phosphines but only one ter-
tiary amine are coordinated to palladium (Fig. 3).
Furthermore, line broadening upon heating 12 in CDCl3
(Fig. S66 and S67†) suggests fluxional behaviour possibly invol-
ving the slow coordination/decoordination of the NMe2 units
on the NMR time scale (Fig. S1†). Confirmation of the metal
confining character of ligand 1 in solution came from a

Scheme 1 Synthesis of the confining ligand 1 and its cavity-free ana-
logue 7. Ms stands for methylsulfonyl.

Fig. 2 Cavity-shaped Pd and Ni chelate complexes 8 and 9, their
cavity-free counterparts 11 and 10, and cationic Pd complex 12.

Fig. 3 Single crystal X-ray structures of cavity-free Pd complexes 11
and 12 as well as Ni complex 10. Solvent molecules have been omitted
for clarity. Selected bond lengths (Å) and angles (°): 10, Ni1–P1 2.1248
(10), Ni1–N1 2.010(3), NI1–Br1 2.3122(6), Ni1–Br2 2.3626(5); P1–Ni1–N1
88.63(9), P1–Ni1–Br1 85.25(3), N1–Ni1–Br2 94.48(8), Br1–Ni1–Br2 91.64
(2); 11, Pd1–P1 2.1857(9), Pd1–N1 2.111(3), Pd1–Cl1 2.2982(9), Pd1–Cl2
2.4087(9); P1–Pd1–N1 86.68(8), P1–Pd1–Cl1 87.20(3), N1–Pd1–Cl2
94.33(8), Cl1–Pd1–Cl2 91.81(3); 12, Pd1–P1 2.2326(15), Pd1–P2 2.2724
(14), Pd1–N1 2.185(5), Pd1–Cl1 2.3728(14); P1–Pd1–N1 84.71(17), P1–
Pd1–P2 95.45(5), N1–Pd1–Cl1 91.36(17), P2–Pd1–Cl1 88.28(5).
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detailed analysis of the 1H NMR spectrum of the square planar
Pd(II) complex 8, the 31P NMR chemical shift of which is in the
expected range (δ31P = 32.5 ppm). As previously reported for a
CD-encapsulated M–X unit, the inner-cavity H-5 proton of brid-
ging unit A in 8 is unusually downfield shifted (δ1H = 5.19 vs.
4.30 ppm for ligand 1) as a result of weak CH⋯Cl H-bonding
within the CD hollow. The deshielding of this proton proves
that 1 is indeed metal confining in solution. Such a feature
was confirmed in the solid state by the single crystal X-ray
structure of 8 (Fig. 4), which revealed a square planar PdCl2
unit seating just above the cavity and nearly orthogonal to the
macrocyclic structure (86.05°).‡ As expected from the solution
studies, one of the two chlorido ligands points toward the
interior of the cavity and displays short contact with the H-5
proton of bridging unit A (2.840 Å). The other is clearly point-
ing outside and is at a much longer distance to palladium
(2.368 Å) than the encapsulated one (2.295 Å). This is to be
expected because of the larger trans influence of the P(III)
donor atom. Both complexes 9 and 10 are diamagnetic in
keeping with their square planar structures (Fig. 4 and 3
respectively) and low temperature NMR studies in CD2Cl2
revealed at −60 °C a well-defined 31P singlet at 10.4 and
41.4 ppm, respectively.§ It is noteworthy that the single crystal
X-ray structures of 8 and 9, which are very similar, clearly

establish that each halido ligand experiences a very different
steric environment, an unprecedented feature in metal confin-
ing ligands that could have a great impact on catalytic pro-
perties. In the Pd complex 8, the PNMX2 unit is slightly more
included in the cavity than in its Ni counterpart 9 (angle
between CD O-4 atoms and the C6–P1–C16 planes = 50.27° vs.
54.82° respectively). Moreover, both cavity-free and cavity-
shaped complexes of d8 metals have a very similar first coordi-
nation sphere, the only significant difference between the two
types of complexes being an elongation of the external Ni–Br
bond by ca. 0.02 Å on going from 10 to 9 and a shortening of
the corresponding M–X bond by ca. 0.04 Å on going from Pd
complexes 11 to 8 (Fig. 3 and 4). The gold(I) complex 13 was
also synthesised quantitatively by reacting 1 with [AuCl(tht)]
(tht = tetrahydrothiophene). Unlike its d8 counterparts, the d10

metal cation is not chelated by the ligand but only bound to the
P(III) atom, leaving the NMe2 unit uncoordinated above the
encapsulated metal centre, as revealed by its single crystal X-ray
structure (Fig. 4). As in monophosphine analogues,23,24 the
phosphorus donor atom imposes the overall orientation of the
metal with respect to the cavity. The steric protection provided
by the CD cavity is responsible for a remarkable control of the
metal coordination sphere and prevents the formation of bis
(phosphine) complexes analogous to 12. Such a feature is also
expected to be retained under catalytic reaction conditions.

Numerous Ni complexes derived from P,N ligands, most of
them of the pyridine–phosphine type,41–43 have been evaluated
in the catalytic oligomerisation of ethylene.44,45 Many studies
have focused on varying the electronic properties of both P-
and N-donor atoms, but steric factors have also been found to
play a crucial role in the metal-catalysed oligomerisation of
ethylene to α-olefins.46,54 In particular, the presence of steric
bulk at the metal axial sites tends to inhibit termination reac-
tions, thus favouring chain growth.47 The cavity-shaped
complex 9 exhibits a unique steric environment, in which the
phosphorus atom is heavily congested and forces the chelated
metal to be encapsulated in the CD with both axial sites pro-
tected by CD 6-methoxy groups. Moreover, unlike their cavity-
free analogues, the two active coordination sites involved in
the oligomerisation process, generated by bromide abstraction
and methylation of 9, will experience very different steric
environments. While one of the active sites is deeply buried in
the CD cavity, the other is much less protected. The unusual
steric environment around the metal in Ni complex 9
prompted us to evaluate it as a precatalyst in ethylene oligo-
merisation. For comparison, the cavity-free analogue 10 was
also tested under similar reaction conditions.

After activation with MMAO, the Ni complex 9 catalysed the
dimerisation of ethylene with high C4 (96%) and 1-butene
(95%) selectivities (Table 1, entry 2), even after 24 h reaction
time (Table 1, entry 3), indicating that chain-walking and post-
isomerisation reactions do not readily take place. Moreover,
the proportion of 1-hexene in the small C6 fraction is also
much higher with the cavity-shaped ligand (70% on average
for 9). Even if such level of selectivity is not uncommon for
early transition metals,48 it is very high for a nickel-catalysed

Fig. 4 Single crystal X–ray structures of chelate Pd complex 8 and Ni
complex 9, and monophosphine Au complex 13 displaying metal encap-
sulation. Solvent molecules have been omitted for clarity. Selected bond
lengths (Å) and angles (°): 8, Pd1–P1 2.1947(14), Pd1–N1 2.125(4), Pd1–
Cl1 2.2949(14), Pd1–Cl2 2.3676(15); P1–Pd1–N1 86.83(12), P1–Pd1–Cl1
88.49(5), N1–Pd1–Cl2 92.05(12), Cl1–Pd1–Cl2 92.63(6); 9, Ni1–P1
2.1263(15), Ni1–N1 2.007(6), Ni1–Br1 2.3063(10), Ni1–Br2 2.3807(9); P1–
Ni1–N1 88.53(15), P1–Ni1–Br1 84.06(5), N1–Ni1–Br2 95.01(15), Br1–
Ni1–Br2 92.40(3); 13, Au1–P1 2.2329(18), Au1–Cl1 2.2755(19); P1–Au1–
Cl1 178.16(7).
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reaction.44,45 For comparison, the related nickel complex 10
(Table 1, entry 4), which has similar electronic properties, but
lacks the CD cavity is about 15 times more active for short reac-
tion times, but its activity rapidly drops with time as it is only
3 fold higher than that of 9 after 24 h (Table 1, entry 6). It is
much less selective for C4 (77%) and 1-butene (71%) as well as
1-hexene (8%), whether for short (Table 1, entry 4) or longer
reaction times (Table 1, entries 5 and 6). These poor selectiv-
ities are also observed for many other P,N Ni complexes except
for ligands displaying sterically hindered nitrogen or phos-
phorus atoms49,50 Although moderately active (TOF = 5780 mol
(C2H4) mol(Ni)−1 h−1) (Table 1, entry 1), the catalyst derived
from 9 proved to be very robust, since loss of activity is mar-
ginal over a prolonged period of time in stark contrast with
cavity-free 10. Despite the steric protection of axial positions,
which is known to retard the rate of chain transfer relative to
chain propagation and improve thermal stability,47 including
in macrocyclic complexes,51 hardly any C6-olefins and higher
oligomers were formed. The high selectivity for 1-butene
strongly suggests that metal encapsulation in the rather small
α-CD cavity does not allow further chain growth and largely pre-
vents isomerisation although the ligand electronic properties as
revealed by slight changes in the UV spectra of complexes 8–11
(Fig. S87 and S88†) on going from cavity-free to cavity-shaped
systems may also have an impact on the catalytic outcome.52,53

Further cis-chelating and confining ligands with different donor
atoms and larger cavities will be tested next in our group to see
whether access to longer oligomers with a narrow mass distri-
bution can be achieved. The present study also revealed that
encapsulation exclusively leads to complexes with a 1 : 1 ligand/
metal ratio, allowing the possibility to introduce in the poten-
tially chelating unit a much weaker donor group susceptible to
display catalytically relevant hemilability in solution. This
unusual behaviour constitutes a promising development in the
design of hybrid functional ligands.
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Table 1 Ethylene oligomerisation with nickel complexes 9 and 10 as precatalysts in the presence of MMAOa

Entry Precatalyst Time Activity [g(C2H4) g(Ni)
−1 h−1] TOF [mol(C2H4) mol(Ni)−1 h−1]

Products weight
distributionb [%]

C4 (α)
c C6 (α)

d C8

1 9 35 min 2760 5780 92 (95) 6 (70) 2
2 9 3 h 2190 4580 96 (95) 3 (75) <1
3 9 24 h 1910 4000 85 (92) 12 (65) 3
4 10 35 min 41 570 86 970 77 (71) 22 (8) 1
5 10 3 h 17 920 37 490 79 (81) 19 (8) 2
6 10 24 h 5740 12 000 75 (67) 24 (6) 1

a Conditions: amount of catalyst: 1 × 10−5 mol, amount of cocatalyst (MMAO-12): 4 × 10−3 mol (400 equiv.), T = 30–35 °C, solvent: toluene, total
volume: 20 mL, 10 bar C2H4, every test was repeated at least twice. b% calculated by GC analysis. c 1-Butene vs. total butenes formed. d 1-Hexene
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Yang LI 

Ligands cavitaires cis-chélatants 
pour l’oligomérisation métallo-

catalysée sélective de l’éthylène 

  

 

Résumé 

Cette thèse de doctorat est consacrée à la synthèse de ligands cis-chélatants bidentes de type P,N et 
diphosphine équipés d’une cavité cyclodextrine (CD) perméthylée, à l’étude de leurs propriétés coordinantes 
vis-à-vis de cations d8 and d10 et à leur utilisation pour l’oligomérisation de l’éthylène catalysée par des 
complexes du nickel.  Nous montrons que le confinement du métal dans la cavité CD conduit à la formation de 
complexes chélates de stœchiométrie métal/ligand 1 :1. La présence du métal à l’intérieur de la cavité CD a été 
établie à l’aide d’études radiocristallographiques et de RMN 2D. Tous les complexes de nickel ont été testés en 
catalyse d’oligomérisation de l’éthylène. Cette étude a permis de montrer que la sélectivité de la réaction en 

termes de longueur de chaîne (C4) et de régiosélectivité (formation d’-oléfines), ainsi que la robustesse du 
catalyseur sont améliorées lorsque les positions axiales du métal sont protégées par la paroi interne de la CD. 

Mots-clés : ligand P,N ; phosphine ; cis-chelate ; cyclodextrine ; nickel(II) ; palladium(II) ; oligomérisation de 
l’éthylène 

 

 

 

 

Résumé en anglais 

This PhD thesis deals with the synthesis of cavity-shaped, cis-chelating bidentate ligands, the study of their 
coordination behavior towards d8 and d10 metal cations and their use in nickel-catalyzed ethylene 
oligomerization. The ligands of interest are of the P,N or diphosphine type built on a permethylated α-
cyclodextrin unit. Metal encapsulation in the cyclodextrin cavity was shown to promote exclusive formation of 
1 :1 ligand/metal chelate complexes at the expense of bis(phosphine) complexes.  The presence of the metal 
inside the cyclodextrin cavity was revealed by 2D NMR characterization and radiocrystallographic studies. All 
nickel complexes were tested for the catalytic oligomerization of ethylene. It was found that the selectivity of 

the reaction, both in terms of chain length (C4) and regioselectivity (-olefin formation), and the robustness of 
the catalysts are significantly improved when the axial positions of the metal center are protected by the cavity 
wall. 

Key words: P,N ligand ; phosphine ; cis-chelate ; cyclodextrin ; nickel(II) ; palladium(II) ; ethylene oligomerization 
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