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Introduction générale 
 

La synthèse de cages moléculaires constitue un défi pour les chimistes. L’approche méthodologique 

basée sur un auto-assemblage dirigé par les métaux a permis des avancées majeures dans ce domaine. 

Apparue il y a une vingtaine d’année, cette stratégie connaît aujourd’hui un engouement considérable 

et permet d’atteindre des métalla-cages toujours plus sophistiquées. Cette approche constitue en effet 

un moyen efficace de synthétiser des polygones ou polyèdres moléculaires fonctionnels en une seule 

étape (auto-assemblage) et avec de hauts rendements.  

Ces systèmes possèdent une cavité intrinsèque. Ils disposent donc de propriétés potentiellement 

intéressantes dans le domaine de la reconnaissance moléculaire, par complexation ou encapsulation 

d’un substrat. Une étape supplémentaire dans la compréhension et l’exploitation de ces récepteurs, 

qui fait actuellement l’objet d’une recherche soutenue, vise à commander non seulement la 

complexation mais aussi la libération d’une molécule invitée par un stimulus externe. Un tel contrôle 

est intéressant sur le plan fondamental pour de multiples applications comme la vectorisation des 

médicaments, la détection ou la capture d’agents dangereux/polluants/toxiques, ou encore pour la 

catalyse en milieu confiné.  

Dans ce contexte, des résultats remarquables en termes de contrôle du relargage de substrats ont 

récemment été décrits en utilisant des cages de coordination sensibles à des stimuli variés comme la 

lumière ou l’ajout d’agents chimiques extérieurs. Néanmoins, aucun exemple de libération d’invité par 

un stimulus redox sur la cage hôte n’a été décrit à ce jour. Par ailleurs, peu de cages électroactives sont 

décrites et quand elles le sont, celles-ci sont pauvres en électrons.  

Sur cette base, nous nous sommes fixés comme objectif de combler ce vide par la synthèse d’une 

nouvelle catégorie de cages de coordination, riches en électrons, susceptibles de complexer ou 

d’expulser un invité par une simple modulation redox.  

Dans ce manuscrit, sont donc proposées les synthèses de nouvelles cages constituées de parois riches 

en électrons inspirées du motif tétrathiafulvalène (TTF) ainsi que l’étude de leurs propriétés de 

complexation pour des substrats moléculaires ou ioniques. L’étude de la séquence de 

complexation/expulsion d’un invité contrôlée par voie redox est également présentée.  

- Le premier chapitre de ce mémoire décrit les principes fondamentaux de la reconnaissance 

moléculaire à travers des exemples de récepteurs covalents ou auto-assemblés par des interactions 

faibles. Les principes guidant l’auto-assemblage dirigé par les métaux sont présentés et illustrés par 

des exemples choisis d’édifices (métalla-cages) présentant des fonctions particulières. Les différentes 

voies déjà décrites de libération d’un substrat invité à partir de ces cages sont discutées. Enfin, les 

caractéristiques du squelette tétrathiafulvalène et de certains de ses dérivés sont présentées, 

notamment au travers d’exemples antérieurs développés au laboratoire.  

- Le deuxième chapitre est consacré à la synthèse de ligands variés dérivés du TTF ainsi qu’à la 

construction des édifices discrets correspondants, issus de leur assemblage avec divers complexes 

métalliques. Les propriétés électrochimiques et les caractéristiques structurales de ces métalla-cages 

sont également présentées. 

- Le troisième chapitre est relatif à l’étude des propriétés de complexation des cages 

synthétisées. Une étude complète de la libération d’un invité par désassemblage de l’édifice ponctue 

ce travail.  
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Chapitre I Récepteurs moléculaires commutables : État de l’art 

I. Chimie supramoléculaire 

I.1. Quelques définitions 

La chimie supramoléculaire, à la différence de la chimie moléculaire qui fait intervenir des liaisons 

covalentes, est basée sur l’assemblage de molécules par le biais de liaisons faibles, non-covalentes. 

Jean-Marie Lehn, colauréat du prix Nobel en 1987, en a donné cette définition : « Au-delà de la chimie 

moléculaire, fondée sur la liaison covalente, s'étend ainsi un domaine qu'on peut nommer 

supramoléculaire : la chimie des interactions moléculaires, des associations de deux ou plusieurs 

espèces chimiques, les complexes, et de la liaison intermoléculaire.»1 Les liaisons intermoléculaires 

mises en jeu dans la chimie supramoléculaire sont variées (Tableau 1).2,3 

Tableau 1 : Interactions supramoléculaires typiques.3 

Interaction Energie (kJ.mol-1) Exemple 

Ion−ion 100−350 Chlorure de sodium 

Ion−dipôle 50−200 Éther couronne – Na+ 

Dipôle−dipôle 5−50 Acétone 

Liaison hydrogène 4−120 ADN 

Cation−π 5−80 K+ dans le benzène 

π−π 0−50 Benzène et graphite 

van der Waals <5 
Longues chaînes alkyles, cavités 
d’assemblages moléculaires 

Hydrophobe 
Dépend de l’énergie l’interaction 
solvant−solvant 

Composé d’inclusion dans des 
cyclodextrines ou des 
cucurbituriles 

  
Une autre interaction qui occupe une place prépondérante dans la chimie supramoléculaire, est la 

liaison de coordination.2,3,4 Celle-ci s’opère entre un acide de Lewis (accepteur d’électrons) et une base 

de Lewis (donneur d’électrons) et présente une énergie élevée (50 et 200 kJ.mol-1). Les acides de Lewis 

sont dans ce cas des métaux (chargés ou neutres) et les bases de Lewis des ligands variés (L, X). 

L’ensemble de ces liaisons intermoléculaires constitue une boîte à outils indispensable pour la 

construction de structures supramoléculaires, permettant de mettre en œuvre deux notions 

fondatrices de la chimie supramoléculaire que sont la « chimie hôte-invité (récepteurs moléculaires) » 

et « l’auto-assemblage ». Ces deux aspects sont au cœur du présent travail de thèse et font l’objet des 

développements suivants. 

I.2. Récepteurs moléculaires 

Afin de situer ce travail de thèse dans son contexte, une présentation préalable de quelques récepteurs 

moléculaires clés est nécessaire. En 1977, Donald J. Cram, a donné la définition suivante d’un complexe 

hôte-invité : « un complexe moléculaire à haut degré de structuration est composé d’au moins un hôte 

                                                           
 

1 J. M. Lehn, Leçons inaugurales: 1977-1980, Collège de France, 1977. 
2 J. W. Steed et J. L. Atwood, Supramolecular Chemistry, Second Edition, Wiley, VCH Weinheim, 2009 
3 J. W. Steed, D. R. Turner et K. J. Wallace, Core Concepts in Supramolecular Chemistry and Nanochemistry, John 
Wiley & Sons, 2007. 
4 Y. Jean, Molecular orbitals of transition metal complexes, Oxford, 2005. 
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Figure 2 : Exemples de composés de type éther couronne, cryptant et sphérant. 

Les calixarènes forment pour leur part une famille de macrocycles polyaromatiques (le plus souvent 

quatre ou cinq noyaux benzéniques) et sont plus versatiles. Outre la complexation de cations, ils 

permettent la complexation d’anions, voire de molécules neutres en fonction de leur degré de 

substitution et de la nature de leur fonctionnalisation. En effet, les outils synthétiques disponibles 

permettent aujourd’hui un accès contrôlé à une variété considérable de substituants R et R’ (1.4, Figure 

3), permettant de moduler efficacement les propriétés de complexation des calixarènes. Ces dérivés 

peuvent exister sous différentes conformations remarquables (cône (Figure 3), cône partiel, 1,3-

alternée, 1,2-alternée) qui possèdent leurs propres aptitudes à complexer des cations et qui peuvent 

être stabilisées moyennant des substitutions adéquates.9,10 Notons qu’au-delà des substituants R et R’, 

ces variations touchent également, dans une période plus récente, le remplacement des ponts 

méthylènes Ar-CH2-Ar de la plateforme calixarène par des hétéroatomes tels que le soufre 

(thiacalixarènes / Ar-S-Ar),11,12 l’azote (azacalixarènes /Ar-NR’’-Ar),13,14 ou encore l’oxygène 

(oxacalixarène / Ar-O-Ar).15,16 Ces atomes confèrent aux macrocycles résultants des caractéristiques 

conformationnelles distinctes et peuvent également contribuer au processus de reconnaissance d’un 

invité. 

 

                                                           
 

9 S. Shinkai, Tetrahedron 1993, 49, 8933-8968. 
10 A. Ikeda, S. Shinkai, Chem. Rev. 1997, 97, 1713-1734. 
11 H. Akdas, L. Bringel, E. Graf, M. W. Hosseini, G. Mislin, J. Pansanel, A. De Cian, J. Fischer, Tetrahedron Lett. 1998, 

39, 2311-2314. 
12 N. Morohashi, F. Narumi, N. Iki, T. Hattori, S. Miyano, Chem. Rev. 2006, 106, 5291-5316. 
13 R. Haddoub, M. Touil, Z. Chen, J.-M. Raimundo, P. Marsal, M. Elhabiri, O. Siri, Eur. J. Org. Chem. 2014, 2014, 745-

752. 
14 H. Tsue, K. Ishibashi, R. Tamura, in Heterocyclic Supramolecules I, Vol. 17 (Ed.: K. Matsumoto), Springer Berlin 

Heidelberg, 2008, pp. 73-96. 
15 J. W. Wackerly, M. Zhang, S. T. Nodder, S. M. Carlin, J. L. Katz, Org. Lett. 2014, 16, 2920-2922. 
16 J. L. Katz, M. B. Feldman, R. R. Conry, Org. Lett. 2005, 7, 91-94. 
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Figure 18 : (a) Équilibre carré 1.28 / triangle 1.29. (b) RMN DOSY (CD2Cl2) du mélange 1.28/1.29.81 

 

II.1.2.2. Spectrométrie de masse 

La spectrométrie de masse constitue une technique d’analyse particulièrement utile dans la 

détermination de la stœchiométrie des assemblages supramoléculaires.82 Plusieurs modes d’ionisation 

sont utilisées :  

- impact électronique (EI) 

- bombardement par atome rapide (FAB)  

- désorption/ionisation laser assistée par matrice (MALDI) 

- ionisation par électrospray (ESI). 

Parmi ces différents modes, l’EI et le FAB présentent l’inconvénient de générer un haut degré de 

fragmentation, ce qui est dommageable pour l’analyse d’espèces supramoléculaires. Il en est de même 

pour l’ionisation MALDI qui peut parfois altérer les ions et par conséquence empêcher leur analyse. 

Le mode d’ionisation ESI est une méthode qui permet d’analyser les espèces en solution. L’énergie 

engagée est souvent moins importante ce qui permet de limiter ou même d’empêcher la 

fragmentation des ions. Cette méthode d’ionisation est celle qui est privilégiée lors de l’analyse des 

métalla-assemblages. Il est alors possible d’observer différents ions identifiés par leur rapport m/z. Un 

pas supplémentaire a été franchi avec l’utilisation d’analyseurs de masse par résonance cyclotronique 

d’ions par transformée de Fourier (FTICR).83 La détection est basée sur la désexcitation (après 

application d’un champ magnétique intense) des ions à leur fréquence cyclotronique. Chaque ion 

identifié possède une fréquence de rotation qui lui est propre. Une fois le signal électrique traduit, le 

signal récupéré subit une transformation mathématique de type Fourier. Le spectre de masse est ainsi 

obtenu et les ions peuvent être identifiés aux rapports m/z correspondants. Les résolutions élevées 

atteintes par cette technique (104−106) permettent d’identifier avec une grande précision les ions 

formés. Cette technique a notamment été utilisée pour la caractérisation de nombreux métalla-

assemblages cationiques.84,85,86,87 

Pour les métalla-assemblages neutres, la technique de MALDI (Matrix-Assisted Laser 

Desorption/Ionisation) peut être utilisée dans certains cas.88 

II.1.2.3. Diffraction des rayons X 

Cette technique permet de déterminer la structure des auto-assemblages à l’état solide, qui n’est donc 

pas nécessairement l’espèce majoritaire en solution. Elle nécessite l’obtention de monocristaux, 

                                                           
 

82 M. Kogej, C. A. Schalley, Analytical Methods in Supramolecular Chemistry, Wiley, 2007, 104-162. 
83 A. G. Marshall, C. L. Hendrickson, G. S. Jackson, Mass Spectrom. Rev. 1998, 17, 1-35. 
84 R. W. Troff, R. Hovorka, T. Weilandt, A. Lutzen, M. Cetina, M. Nieger, D. Lentz, K. Rissanen, C. A. Schalley, Dalton 

Trans. 2012, 41, 8410-8420. 
85 W. Meng, B. Breiner, K. Rissanen, J. D. Thoburn, J. K. Clegg, J. R. Nitschke, Angew. Chem. Int. Ed. 2011, 50, 3479-

3483. 
86 A. Sautter, B. K. Kaletaş, D. G. Schmid, R. Dobrawa, M. Zimine, G. Jung, I. H. M. van Stokkum, L. De Cola, R. M. 

Williams, F. Würthner, J. Am. Chem. Soc. 2005, 127, 6719-6729. 
87 Y. K. Kryschenko, S. R. Seidel, D. C. Muddiman, A. I. Nepomuceno, P. J. Stang, J. Am. Chem. Soc. 2003, 125, 9647-

9652. 
88 P. H. Dinolfo, M. E. Williams, C. L. Stern, J. T. Hupp, J. Am. Chem. Soc. 2004, 126, 12989-13001. 
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souvent difficiles à obtenir pour ces édifices de grande taille. Ceux-ci intègrent en effet une cavité 

propice à l’inclusion de molécules de solvant, dont la désorption conduit souvent à la dégradation du 

cristal. En pratique, les monocristaux sont isolés de la solution à partir de laquelle ils ont été obtenus 

à l’aide d’une huile amorphe et les enregistrements sont réalisés à basse température afin de limiter 

leur dégradation. 

II.2. Propriétés et exemples d’applications 

A l’instar des grandes familles de récepteurs covalents décrits en § I.2.2 (calixarènes, cucurbituriles, 

résorcinarènes, …) qui ont été le siège de différents types de substitution visant à leur apporter une 

fonctionnalité supplémentaire (détection, libération contrôlée d’un l’invité), la fonctionnalisation des 

cavités auto-assemblées par des métaux connait des développements importants.89,67 L’objectif 

poursuivi par les chercheurs est dans ce cas d’exploiter ou de coupler différents types de propriétés, 

comme l’aptitude à la complexation d’invités,90 l’activité redox,91 ou la photoluminescence.92,93 

Certaines de ces propriétés peuvent être utilisées pour des applications dans des domaines variés 

comme la détection,67 la catalyse et réactivité60,94 et la vectorisation de principes actifs.95, 96 

II.2.1. Encapsulation d’invités dans les auto-assemblages 

La complexation d’invités dans les édifices auto-assemblés permet d’accéder à de nombreuses 

applications comme la détection, la catalyse ou encore la vectorisation de principes actifs de 

médicaments.97 

II.2.1.1. Reconnaissance d’ions 

La complexation de cations dans les cavités des édifices auto-assemblés a notamment été étudiée par 

K. Raymond et Coll. dans des cages tétraédriques M4L6 (M = métal, L = ligand ; M = Ga (III), Al (III), In 

(III), Fe (III) Ti (IV) et Sn (IV)) où les centres métalliques occupent les coins du tétraèdre et où les ligands, 

à base de bis-cathécolates linéaires symétriques, forment les arêtes.98,99 Il a notamment été possible 

de complexer sélectivement dans la cavité hydrophobe du tétraèdre 1.30, des invités mono-

cationiques tels que NMe4
+, NEt4

+, NMe2Pr2
+, Pr4N+ et PEt4

+. L’affinité pour un invité donné dépend 

alors de sa taille, de son caractère hydrophobe ou encore de son enthalpie de désolvatation.100 
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93 L. Xu, Y.-X. Wang, H.-B. Yang, Dalton Trans. 2015, 44, 867-890. 
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les solvants chlorés comme le chloroforme ou le dichlorométhane. Cette aptitude a été mise à profit 

pour la préparation de cages auto-assemblées dans différents milieux. 

Afin de s’assurer que l’encombrement lié à la présence des chaînes TEG autour du cœur exTTF 

n’entrave pas le processus d’auto-assemblage, les premiers essais ont été réalisés avec les complexes 

M(dppf)(OTf)2 (M = Pt(II), Pd(II)), ceux-là même qui ont permis la formation de l’espèce M2L4 AA6. Les 

réactions d’auto-assemblages entre le ligand exTTF(TEG)4(Py)4 et les complexes M(dppf)(OTf)2 ont été 

réalisées dans le nitrométhane (M = Pt(II), T = 50°C) ou dans l’acétonitrile (M = Pd(II), T = température 

ambiante). Les réactions ont été suivies par RMN 1H et 31P (Figure 144 et Figure 146 en Annexe 4 : 

RMN). La formation d’un seul produit a été observée dans les deux cas (Schéma 26). La RMN DOSY 

confirme la formation dans chaque cas d’une espèce unique dont les coefficients de diffusion ont été 

évalués à D = 2,5.10-10 m².s-1 (Pt(II), CD3NO2) et à D = 4,9.10-10 m².s-1 (Pd(II), CD3CN) (Figure 145 et Figure 

147 en Annexe 4 : RMN), correspondant respectivement à des rayons hydrodynamiques (rH) de 14 Å 

et 13 Å calculés à l’aide de l’équation de Stokes-Einstein.10 Ce rayon coïncide raisonnablement avec la 

formation d’un auto-assemblage de type M4L2 par analogie au rayon observé pour AA6 (11 Å).  

 
Schéma 26 : Réaction d’auto-assemblage conduisant à AA8 et AA9 ; i) M(dppf)(OTf)2 ; M = Pt(II), CD3NO2, 50 °C, une nuit ; M 
= Pd(II), CD3CN, RT, 5 min. 

Pour s’assurer de la stœchiométrie de l’assemblage formé, des analyses par spectrométrie de masse 

ESI-MS haute résolution ont été réalisées. Ces analyses confirment la formation d’auto-assemblages 

de type M4L2 avec la présence des ions [M4L2
8+, 3TfO-]5+ (m/z = 1224,0024), [M4L2

8+, 4TfO-]4+ (m/z = 

1567,2432), [M4L2
8+, 5TfO-]3+ (m/z = 2139,3082) correspondant à l’assemblage AA8 (M = Pt(II)) et 

[M4L2
8+, 3TfO-]5+ (m/z = 1153,1543), [M4L2

8+, 4TfO-]4+ (m/z =1478,6805), [M4L2
8+, 5TfO-]3+ (m/z = 

2021,2264) correspondant à AA9 (M = (Pd(II)). De plus, les amas isotopiques expérimentaux corrèlent 

parfaitement avec les amas théoriques (Figure 159 et Figure 160 en Annexe 5 : Spectrométrie de 

masse). 

Malgré la présence des chaines TEG flexibles, des cristaux des deux assemblages ont été obtenus. 

Néanmoins, seule la structure de AA9 (Figure 74) a été déterminée par diffraction des rayons-X au 

synchrotron Soleil, les cristaux de AA8, trop fragiles, s’étant dégradés au cours de l’analyse. 

AA8 M = Pt(dppf)(OTf)2

AA9 M = Pd(dppf)(OTf)2
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Afin de déterminer la stœchiométrie de l’assemblage formé, des analyses en spectrométrie de masse 

et des tentatives de cristallisation sont actuellement en cours.  

Les résultats relatifs à la synthèse de nouveaux auto-assemblages de type M2L4 permettent d’envisager 

l’étude des propriétés de complexation de cette cage. Il serait cependant intéressant d’améliorer les 

rendements de la dernière étape de synthèse des ligands (3-Py)Fluo-DTF et (4-Py)Fluo-DTF pour 

rendre plus confortable ces études. Des travaux sont poursuivis dans ce sens. 

IV. Conclusion 

Dans ce chapitre, nous avons montré la synthèse de nouvelles cages de coordination riches en 

électrons. 

 En série TTF :  

Un ligand dérivé du TTF, TTF(4-Py)4, a été utilisé pour construire deux assemblages cubiques, AA1 et 

AA2 (cf. § I.2.1). Ce même ligand, en présence des complexes dinucléaires de ruthénium Ru1 et Ru2, a 

également fourni les assemblages de type « sandwich » AA3 et de type « panneau » AA4 (cf. § I.2.2). 

Pour éviter la formation d’assemblages de type « panneau », le ligand TTF(PhPy)4 a été conçu et 

synthétisé et l’assemblage correspondant de type « sandwich » AA5 a été obtenu. 

 En série exTTF :  

Le ligand exTTF(4-Py)4¸a précédemment permis la synthèse de la cage AA6 (cf. Chap. I § III.4) avec le 

complexe Pd(dppf). A partir de ce même ligand, la cage AA7, de type M6L3, a été synthétisée. La 

solubilité ainsi que le pouvoir pi-donneur des assemblages a été amélioré par la préparation et 

l’utilisation du ligand exTTF(TEG)4(Py)4. Ainsi les assemblages AA8 (M = Pt) et AA9 (M = Pd) ont été 

préparés à partir des complexes M(dppf). Des mélanges des cages AA10 (M4L2) et AA11 (M6L3) ont été 

obtenus à partir du complexe Pd(en) dans différents solvants. Deux cages neutres, AA12 (M4L2) et AA13 

(M6L3), ont été obtenues à l’aide du complexe de Pd(II) 8. Enfin, un dernier ligand « géant », 

exTTF(PhPy)4 a été préparé. Ce dernier, après réaction avec le complexe Pd(dppf) a permis la formation 

de la cage AA14 dont la cavité est étendue par rapport à celles des autres assemblages AA6-AA13.  

 En série Fluo-DTF : 

Les résultats préliminaires de l’assemblage du ligand (3-Py)Fluo-DTF avec Pd(II) tendent à montrer la 

formation de l’assemblage AA15. Des analyses supplémentaires sont néanmoins encore nécessaires 

(spectrométrie de masse, structure rayons-X, voltammétrie cyclique). 
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NO+/NO)22 et ne présente aucun signal en RMN. Par ailleurs, le produit de réduction formé (monoxyde 

d’azote NO) est gazeux et est donc facilement éliminé. Néanmoins, si le NO gaz n’est pas bien éliminé, 

certaines réactions parasites peuvent avoir lieu,23 y compris par coordination aux métaux.24,25 La 

manipulation de ce composé nécessite de travailler sous atmosphère inerte pour éviter la formation 

de NO2, NO3
-, etc., parfois observée.26  

Le réducteur sélectionné est la pentafluorophénylhydrazine (PTF, Figure 110).22 Peu d’informations 

sont disponibles sur ce réducteur, mais les hydrazines sont régulièrement utilisées en chimie 

inorganique comme agent réducteur.27 Ce réducteur a été choisi car il ne présente pas de signal en 

RMN 1H. 

 
Figure 110 : Structure de la pentafluorophénylhydrazine (PTF). 

Les études ont été menées dans un premier temps sur le ligand exTTF(TEG)4(Py)4 afin de vérifier le 

caractère réversible du processus redox de ce composé. 

II.3.1.1. Oxydation et réduction chimiques du ligand exTTF(TEG)4(Py)4 avec 

NOSbF6/pentafluorophénylhydrazine 

L’oxydation de exTTF(TEG)4(Py)4 dans de l’acétonitrile deutéré a été suivie par RMN 1H (Figure 111) et 

a été réalisée par ajout progressif de NOSbF6 (de 0 à 6 équivalents). L’ajout d’oxydant entraîne 

l’apparition de nouveaux signaux attribués aux protons des pyridines (δ(Hα) = 8,87, δ(Hβ) = 7,66 ppm) 

et de l’anthracène (δ(Hanthr) = 7,11 ppm) de l’espèce oxydée (en rouge). La disparation du produit de 

départ n’est observée qu’après l’ajout de 4 équivalents d’oxydant (Figure 111d).  

                                                           
 

22 N. G. Connelly, W. E. Geiger, Chem. Rev. 1996, 96, 877-910. 
23 B. K. Bandlish, H. J. Shine, J. Org. Chem. 1977, 42, 561-563. 
24 R. H. Reimann, E. Singleton, J. Chem. Soc., Dalton Trans. 1973, 2658-2661. 
25 P. K. Ashford, P. K. Baker, N. G. Connelly, R. L. Kelly, V. A. Woodley, J. Chem. Soc., Dalton Trans. 1982, 477-479. 
26 P. W. Schrier, P. E. Fanwick, R. A. Walton, Inorg. Chem. 1992, 31, 3929-3933. 
27 F. A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, 5th ed. Wiley-Interscience: New York, 1988, 316. 
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constantes d’association à l’égard de substrats polyaromatiques s’avèrent sensiblement supérieures 

dans le cas de la cage neutre.  
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Partie expérimentale 

Chemicals and instrumentation 

Chemicals 

All reagents were commercial reagent grade (SIGMA Aldrich, TCI, Acros-Fischer) and were used 

without further purification. Solvents were dried and purified using standard techniques. Silica gel 

chromatography was performed with a SIGMA Aldrich Chemistry SiO2 (pore size 60 Å, 40-63 µm 

technical grades). Flexible plates ALUGRAM® Xtra SIL G UV254 from MACHEREY-NAGEL were used for 

TLC. Compounds were detected by UV irradiation (Bioblock Scientific). 

Instrumentation 

NMR spectra were recorded with a Bruker AVANCE III 300 (1H, 300 MHz, 13C, 75 MHz, 31P, 126 MHz, 
19F, 282 MHz) and a Bruker AVANCE DRX 500 (1H, 500 MHz, 13C, 125 MHz, 19F, 470 Mhz). Chemical shifts 

are given in ppm relative to TMS. Residual non-deuterated solvent was used as an internal standard 

(1H), external H3PO4 solution (31P) and CFCl3 (19F). J coupling constants are given in Hz. UV-Vis 

absorption spectra were recorded at room temperature on a Perkin Elmer Lambda 950 spectrometer. 

Matrix Assisted Laser Desorption/Ionization was performed on MALDI-TOF MS BIFLEX III Bruker 

Daltonics spectrometer using dithranol, DCTB or α-terthiophene as matrix. ESI-FTICR spectra were 

achieved on a IonSpec (Agilent), 9,4 T hybride ESI q-Q-q (University of Lorraine). ESI-MS spectra were 

achieved on a Bruker MicrO-Tof-Q 2 spectrometer. Melting points were observed on a BUCHI 510 

melting pount apparatus. Cyclic voltammetry experiments were carried out on an ALS electrochemical 

analyzer model 660, and the conditions were the following: 0.1 M nBu4NPF6 in distilled acetonitrile and 

dichloromethane, Ag/AgNO3 reference electrode, glassy carbon or Pt working electrode, and Pt 

counter electrode, 100 mV.s–1, calibrated using internal ferrocene. Elemental analyses were achieved 

on a Thermo Electron analyser. X-ray single-crystal diffraction data were collected: 1) at 120K on the 

Cristal beamline at SOLEIL Synchrotron (Saint-Aubin-France) on an Agilent 4-circles diffractometer 

equipped with an Atlas CCD detector. The radiation wavelength was 0.67 Å ; 2) on a Bruker KappaCCD 

diffractometer, equipped with a graphite monochromator utilizing Mo Kα radiation (λ = 0.71073 Å) ; 

3) on an Agilent SuperNova diffractometer equipped with Atlas CCD detector and mirror 

monochromated micro-focus Cu-Kα radiation (λ = 1.54184 Å). The structure were solved by direct 

methods, expanded and refined on F2 by full matrix least-squares techniques using SHELXS97 (G.M. 

Sheldrick, 1998) and SHEXL-2013 (G. M. Sheldrick 1993-2013, Version 2013/4) programs. All non-H 

atoms were refined anisotropically and multiscan empirical absorption was corrected using CrysAlisPro 

program (CrysAlisPro, Agilent Technologies, V1.171.37.35g, 2014). The H atoms were included in the 

calculation without refinement. 
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Experimental procedures 

Self-assemblies based on TTF motif 

 

4,4',5,5'-tetra(pyridin-4-yl)-2,2'-bi(1,3-dithiolylidene) (TTF(4-Py)4) 

To a suspension of palladium acetate (82 mg, 0.36 mmol), tri-tert-butylphosphine tetrafluoroborate 

(320 mg, 1.10 mmol) and cesium carbonate (2.40 g, 7.30 mmol) stirred for 10 min at 90 ° C under argon 

in distilled dioxane (20 mL) was added an argon degassed solution of tetrathiafulvalene (300 mg, 1.46 

mmol) and 4-iodopyridine (1.50 g, 7.34 mmol) in dioxane (20 mL). The reaction was stirred under reflux 

for 24 h. After cooling, a large excess of dichloromethane and water were added. The aqueous phase 

was extracted and the organic extracts were washed with brine, dried over magnesium sulfate, filtered 

and concentrated. The residue was purified by chromatography on silica gel (deactivated with 

triethylamine 1%) eluting from dichloromethane to dichloromethane/methanol (97/3 v/v) to give 

TTF(4-Py)4 as a red powder (530 mg, 1.03 mmol, 71%). Crystals (dark red needles) were obtained by 

slow diffusion of hexanes in dichloromethane. Melting Point: >260 °C. 1H NMR (300 MHz, CDCl3) δ 8.55 

(dd, 3J = 4.5 Hz, 4J = 1.6 Hz, 8H, HαPy), 7.09 (dd, 3J = 4.5 Hz, 4J = 1.6 Hz, 8H, HβPy). 13C NMR (ppm, CDCl3): 

δ (ppm) = 150.6, 139.4, 129.6, 123.1, 109.0. Calculated [C26H16N4S4]: 512.69; Observed (MALDI-TOF): 

512.5. 

 

4-(4-bromophenyl)pyridine 1i 

To an argon degassed solution of pyridin-4-ylboronic acid (250 mg, 2.03 mmol), 1-bromo-4-

iodobenzene (863 mg, 3.05 mmol) and potassium carbonate (843 mg, 6.10 mmol) in dioxane (20 mL) 

and water (2 mL) was added tetrakis(triphenylphosphine)palladium (II) (117 mg, 0.10 mmol). The 

mixture was stirred over night at 110°C and the solvent was removed under vacuum. The residue was 

treated with water and extracted with dichloromethane. The organic extracts were washed with water, 

and dried over magnesium sulfate. The solvent was removed under vacuum. A chromatography 

column on silica gel was performed using a gradient of eluent: from dichloromethane to 

dichloromethane/methanol (99/1). The compound was isolated as a white powder (1, 340 mg, 72 %). 
1H NMR (300 MHz, CDCl3): 8.67 (d, 3J = 6.2 Hz, 2HαPy), 7.63 (d, 3J = 8.6 Hz, 2HPh), 7.51 (d, 3J = 8.6 Hz, 

2HPh), 7.47 (d, 3J = 6.2 Hz, 2HβPy). 

 

 

4,4',5,5'-tetrakis(4-(pyridin-4-yl)phenyl)-2,2'-bi(1,3-dithiolylidene) TTF(PhPy)4 
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To a suspension of palladium acetate (32 mg, 0.143 mmol), tri-tert-butylphosphonium 

tetrafluoroborate (104 mg, 0.358 mmol) and cesium carbonate (812 mg, 2.49 mmol) in distilled and 

argon degassed dioxane (3 mL) at 110°C, was added via cannula an argon degassed solution of TTF 

(100 mg, 0.489 mmol) and 4-(4-bromophenyl)pyridine 1 (420 mg, 1.790 mmol) in distilled dioxane (3 

mL). The mixture was stirred at 110°C for 48h. The solvent was evaporated and dichloromethane (20 

mL) was added. The resulting suspension was filtered and the filtrate was washed three times with 

water (20 mL). The organic phase was dried on magnesium sulfate and filtered on cotton. The solvent 

was evaporated and a chromatography column on silica gel was realized using a gradient of eluent: 

from dichloromethane/methanol (99/1) to dichloromethane/methanol (92/8) with a constant portion 

of triethylamine of 0.5%. The compound TTF(PhPy)4 was isolated as a red powder (251 mg, 86%). 1H 

NMR (300MHz, CDCl3): 8.65 (HαPy,d, J3= 5.7 Hz, 8H), 7.55 (HPh, d, J3= 8.4 Hz, 2H), 7.47 (HβPy d, J3= 5.7 Hz, 

2H), 7.38 (HPh, d, J3= 8.4 Hz, 2H). 13C NMR (76 MHz, CDCl3): 150.41, 147.14, 138.21, 133.30, 129.88, 

129.23, 127.35, 121.36, 108.54. MS MALDI m/z found 817.6, m/z calculated 817.1. 

 

Bis(diphenylphosphino)ferrocenedichloroplatinum(II)ii E.1 

To a solution of potassium tetrachloroplatinate (II) (500 mg, 1.2 mmol) in ethanol (240 mL) and water 

(100 mL) was added a solution of bis(diphenylphosphino)ferrocene (670 mg, 1.21 mmol) in toluene 

(150 mL). The biphasic solution was degassed for 30 min and stirred at room temperature under argon 

for 16 h. The precipitate was filtered and recrystallized in dichloromethane/methanol. Orange crystals 

(790 mg, 80 %) were collected after filtration. 1H NMR (300 MHz, CDCl3): 7.86 (dd, 3J = 11.4 Hz, 3J = 8.0 

Hz, 8H), 7.47 (m, 4H), 7.37 (m, 8H), 4.36 (s, 4H), 4.19 (s, 4H). 31P NMR (122 MHz, CDCl3): 13.06 (J(Pt) = 

1890 Hz). 

 

Bis(diphenylphosphino)ferroceneplatinum(II) triflateii E.2 

To a degassed solution of E.1 (790 mg, 0.96 mmol) in dichloromethane (50 mL), was added silver triflate 

(517 mg, 2.01 mmol). The solution was stirred at room temperature for 15 h in the dark. The mixture 

was filtered on hyflosupersel to remove silver chloride. Diethyl ether (100 mL) was added to the 

filtrate. The flask was transferred in a freezer until complete crystallization (24 h). The compound E.2 

was isolated as orange crystals (803 mg, 80 %) after filtration. 1H NMR (300 MHz, CD3CN): 7.74 (HPh, m, 

12H), 7.57 (HPh, m, 8H), 4.70 (HFc, s, 4H), 4.49 (HFc, s, 4H). 31P NMR (122 MHz, CD3CN): 6.78 (J(Pt) = 1924 

Hz). 

 

Bis(diphenylphosphino)ferrocenepalladium(II) triflateii E.3 

To a degassed solution of commercially available bis(diphenylphosphino)ferrocenedichloropalladium 

(II) (300 mg, 0.37 mmol) in dichloromethane (50 mL), was added silver triflate (220 mg, 0,85 mmol). 

The solution was stirred at room temperature for 15 h in the dark. The mixture was filtered on 

hyflosupersel to remove silver chloride. Diethyl ether (100 mL) was added to the filtrate. The flask was 

transferred in a freezer until complete crystallization (24 h). The compound E.3 was isolated as dark 
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purple crystals (285 mg, 80 %) after filtration. 1H NMR (300 MHz, CD3CN): 7.80 (HPh, m, 12H), 7.58 (HPh, 

m, 8H), 4.76 (HFc, s, 4H), 4.58 (HFc, s, 4H). 31P NMR (122 MHz, CD3CN): 42.82. DOSY NMR: D = 1.10 10-10 

m².s-1. 1H NMR (300 MHz, CD3OD): 7.95 (HPh, m, 8H), 7.83 (HPh, m, 4H), 7.69 (HPh, m, 8H), 4.82 (HFc, s, 

4H), 4.70 (HFc, s, 4H). 31P NMR (122 MHz, CD3OD): 48.21. 1H NMR (300 MHz, CD3NO2): 7.92 (HPh, m, 8H), 

7.78 (HPh, m, 4H), 7.60 (HPh, m, 8H), 4.81 (HFc, s, 4H), 4.69 (HFc, s, 4H). 31P NMR (122 MHz, CD3NO2): 

47.31. 

 

Bis(chloro(p-cymene)ruthenium(II)) 5,8-dioxo-5,8-dihydronaphthalene-1,4-bis(olate)iii E.4 

To a solution of dichloro(p-cymene)ruthenium (150 mg, 0.25 mmol) in anhydrous ethanol (20 mL), 

were added 5,8-dihydroxynaphthalene-1,4-dione (47 mg, 0.25 mmol) and sodium acetate (40 mg, 0.49 

mmol). The solution was stirred at 90°C overnight and the suspension was filtered and the solid washed 

successively with: ethanol, water, acetone, diethyl ether and pentane to afford compound dichloride 

as a dark green powder (136 mg, 76 %). 1H NMR (300 MHz, CDCl3): 6.95 (s, 4H), 5.49 (d, 3J = 6.0 Hz, 4H), 

5.23 (d, 3J = 6.0 Hz, 4H), 2.86 (m, 2H), 2.22 (s, 6H), 1.31 (d, 3J = 6.9 Hz, 12H). 

  

Bis(triflate(p-cymene)ruthenium(II)) 5,8-dioxo-5,8-dihydronaphthalene-1,4-bis(olate) Ru3iii 

To a solution of E.4 (100 mg, 0.14 mmol) in dichloromethane (10 mL) was added silver triflate (70 mg, 

0.28 mmol). The solution was stirred in the dark overnight and the suspension was filtered on 

hyflosupersel to remove silver chloride. Diethyl ether was added (20 mL) to the filtrate and the flask 

was placed in a freezer until complete precipitation. The solid was filtered, washed with diethyl ether 

and dried under vacuum. The compound was isolated as a dark green powder (84 mg, 64 %). 1H NMR 

(300 MHz, MeOD): 7.39 (s, 4H), 5.92 (d, 3J = 5.7 Hz, 4H), 5.67 (d, 3J = 5.7 Hz, 4H), 2.93 (m, 2H), 2.30 (s, 

6H), 1.42 (d, 3J = 6.9 Hz, 12H).  

 

Ethylenediamine palladium(II) dinitrate E.5 

To a solution of dichloroethylenediaminepalladium(II) (500 mg, 2.11 mmol) in ultrapure water, was 

added silver nitrate (714 mg, 4.2 mmol). The resulting solution was stirred at room temperature for 3 

days in the dark. The solution was filtered to remove silver chloride and water was removed under 

vaccum to give compound E.5 as a grey powder (600 mg, 98 %). 1H NMR (300 MHz, D2O): 2.62 (s, 1H). 
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AA1 

A mixture of ligand TTF(4-Py)4 (10.0 mg, 19.5 µmol) and cis-Pt(dppf)(OTf)2 E.2 (40.9 mg, 39.1 µmol) in 

anhydrous nitromethane (2 mL) was heated at 50 ° C for 2 h under argon. After cooling, diethyl ether 

(10 mL) was added and the mixture was centrifuged. The residue was washed with diethyl ether and 

dried under vacuum to give complex AA1 (46.3 mg, 4.4 µmol, 91%) as a dark orange solid. 1H NMR 

(CD3NO2) δ 8.53 (d, 3J = 5.9 Hz, 32 H), 8.01 (m, 32 H), 7.80–7.61 (m, 128 H), 7.12 (d, 3J = 5.9 Hz, 32 H), 

4.95 (brs, 16 H), 4.77 (brs, 16 H), 4.67 (m, 32 H). 19F NMR (CD3NO2) δ -81.30. 31P NMR (CD3NO2) δ = 

1.64. ESI-MS m/z: 1937.0275 ([AA1-11OTf]5+), 2459.0238 ([AA1-12OTf]4+), 3327.6752 ([AA1-13OTf]3+); 

mp > 260 °C. 

AA2 

A mixture of ligand TTF(4-Py)4 (10.0 mg, 19.5 µmol) and cis-Pd(dppf)(OTf)2 (37.4 mg, 39.1 µmol) in 

anhydrous nitromethane (2 mL) was heated at 50 ° C for 5 min under argon. After cooling, diethyl ether 

(10 mL) was added and the mixture was centrifuged. The residue was washed with diethyl ether and 

dried under vacuum to give complex AA2 (41.2 mg, 4.2 µmol, 87%) as a dark red solid. 1H NMR 

(CD3NO2) δ 8.51 (d, 3J = 5.9 Hz, 16 H), 8.04 (m, 32 H), 7.81–7.62 (m, 128 H), 7.07 (d, 3J = 5.9 Hz, 16 H), 

4.99 (brs, 16 H), 4.81 (brs, 16 H), 4.71 (brs, 16 H), 4.67 (brs, 16 H). 19F NMR (CD3NO2) δ = 83.77; 31P NMR 

(CD3NO2) δ 31.81. ESI-MS m/z: 2280.8943 ([AA2-12OTf]4+), 3091.5087 ([AA2-13OTf]3+). mp > 260 ° C. 
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Ruthenium complex Ru3 (10. 63 mg, 11 µmol) and TTF(PhPy)4 (4.51 mg, 5.5 µmol) were dissolved in 

deuterated methanol (0.5 mL). The solution was stirred at 50°C for 3 days, and the formation of the 

cage AA5 was quantitative according to 1H NMR, 1H DOSY NMR and HRMS-ESI-FTICR. 1H NMR (300 

MHz, MeOD): 8.40 (d, 3J = 6.7 Hz, 16H), 7.62 (d, 3J = 6.7 Hz, 16H), 7.49 (d, 3J = 8.5 Hz, 16H), 7.28 (s, 8H), 

7.23 (s, 8H), 7.17 (d, 3J = 8.5 Hz, 16H), 5.88 (d, 3J = 6.0 Hz, 16H), 5.65 (d, 3J = 6.0 Hz, 16H), 2.87 (m, 4H), 

2.16 (s, 24H), 1.37 (d, 3J = 6.9 Hz, 48H). 1H NMR (300 MHz, MeOD/MeNO2 50/50): 8.39 (d, J = 6.6 Hz, 

16H), 7.57 (d, J = 6.6 Hz, 16H), 7.47 (d, J = 8.0 Hz, 16H), 7.22 (ovelap, 32H), 5.83 (m, 16H), 5.61 (d, J = 

6.5 Hz, 16H), 2.89 (m, 8H), 2.16 (s, 24H), 1.37 (d, J = 6.9 Hz, 48H). 1H DOSY NMR (MeOD/MeNO2 50/50): 

D = 3.16 10-10 m²s-1. HRMS-ESI-FTICR: m/z calculated: [Ru8TTF2, 5OTf-]3+: 1671.4091; [Ru8TTF2, 4OTf-]4+ 

1216.3187; m/z found: [Ru8TTF2, 5OTf-]3+: 1671.4093, [Ru8TTF2, 4OTf-]4+: 1216.3185. 

 

Self-assemblies based on exTTF motif 

 

 

9,10-bis(4,5-di(pyridin-4-yl)-1,3-dithiol-2-ylidene)-9,10-dihydroanthracene exTTF(4-Py)4 

To a suspension of palladium (II) acetate (30 mg, 0.13 mmol), tri-tert-butylphosphine tetrafluoroborate 

(120 mg, 0.40 mmol) and cesium carbonate (2.0 g, 6.10 mmol) stirred for 10 min at 90°C under argon 

in distilled dioxane (20 mL) was added an argon degased solution of exTTF (200 mg, 1.46 mmol) and 4-

iodopyridine (570 mg, 2.75 mmol) in dioxane (20 mL). The reaction was stirred under reflux for 24 h. 

After cooling, a large excess of dichloromethane and water were added. The aqueous phase was 

extracted and the organic extracts were washed with brine, dried under magnesium sulfate, filtered 

and concentrated. The residue was purified by chromatography on silica gel eluting from 

dichloromethane to dichloromethane/methanol/ triethylamine (v/v/v 96/3/1) to give compound 

exTTF(4-Py)4 (252 mg, 0.37 mmol, 70%) as an orange solid. Orange needles were obtained by slow 

diffusion of gaseous pentane in dichloromethane. 1H NMR (CDCl3) δ 8.51 (dd, 3J = 4.6 Hz & 4J = 1.5 Hz, 

8H), 7.65 (dd, 3J = 5.7 Hz & 4J = 3.3 Hz, 4H), 7.35 (dd, 3J = 5.7 Hz & 4J = 3.3 Hz, 4H), 7.07 (dd, 3J = 4.5 Hz 

& 4J =1.6 Hz, 8H); 1H NMR (CD3NO2) δ 8.51 (dd, 3J = 4.5 Hz & 4J = 1.6 Hz, 8H), 7.76 (dd, 3J = 5.7 Hz & 4J = 

3.3 Hz, 4H), 7.46 (dd, 3J = 5.7 Hz & 4J = 3.3 Hz, 4H), 7.25 (dd, 3J = 4.6 Hz & 4J = 1.6 Hz, 8H); 13C NMR 

(CDCl3) δ 150.45, 139.27, 134.33, 129.96, 127.46, 126.60, 125.45, 123.28, 123.15; MALDI-TOF m/z: 

688.21; IR (KBr) 3014, 1586, 1558 (py), 1519, 1445, 1407, 755 cm-1; mp > 260°C; Anal. Calcd for 

C30H18N6S4+CH2Cl2: C: 63.64, H: 3.39, N: 7.24, S: 16.57. Found: C: 63.74, H: 3.43, N: 7.15, S: 16.52 %. 
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To concentrated hydrobromic acid (100 mL), was added 2,3,6,7-tetramethoxyanthracene-9,10-dione 

3 (1.7 g, 5.18 mmol) and stirred at reflux for 24 h. After cooling at room temperature, the suspension 

was filtered and the resulting solid was washed abundantly with water to give an orange compound 

(4, 1.4 g, 99 %). 1H NMR (300 MHz, DMSO): 10.39 (brs, 4H OH), 7.43 (s, 4H). 

 

2-(2-(2-methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate E.6vii 

To a solution of triethyleneglycol monomethyl ether (20,0 g, 128 mmol) in tetrahydrofuran (70 mL) at 

0°C, was added a solution of sodium hydroxide (14.6 g, 366 mmol) in water (70 mL). To the resulting 

solution, was added via dropping funnel a solution of tosyl chloride (30.0 g, 159 mmol) in 

tetrahydrofuran (70 mL). The biphasic solution was then stirred at room temperature for 24 h. The 

aqueous phase was extracted with diethyl ether. The organic extracts were washed with sodium 

hydroxide solution (10) and brine and dried over magnesium sulfate. The solvent was removed under 

vacuum to give compound E.6 as an colorless viscous oil (33,0 g, 87 %). 1H NMR (300 MHz, CDCl3): 7.77 

(d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 4.13 (m, 2H), 3.66 (m, 2H), 3.51 (m, 6H), 3.50 (m, 2H), 3.34 

(s, 3H), 2.42 (s, 3H). 

 

2,3,6,7-tetrakis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione 5viii 

To a solution of 4 (200 mg, 0.73 mmol), potassium carbonate (800 mg, 5.79 mmol) and a catalytic 

amount of tetrabutylamonium bromide (10 mg, 0.031 mmol) in methylisobutylketone (20 mL) was 

added E.6 (1,17 g, 4.41 mmol, d = 1,17). The mixture was argon degassed for 10 minutes, stirred under 

argon at reflux for 20 h. After filtration, the solvent was evaporated. A chromatography column on 

silica gel was performed using a gradient of eluent: from ethyl acetate to ethyl acetate/methanol 

(95/5). The compound 5 was isolated as a yellow oil which slowly solidified at room temperature (390 

mg, 63%). 1H NMR (ppm, CDCl3, 300MHz): 7.67 (Hanthr, s, 4H), 4.34 (HCH2, m, 8H), 3.94 (HCH2, m, 8H), 3.78 

(HCH2, m, 8H), 3.67 (HCH2, m, 16H), 3.55 (HCH2, m, 8H), 3.37 (HMe, s, 12H). 13C NMR (ppm, CDCl3): 181.9 

(C=O), 153.0 (C Ar), 128.5 (C Ar), 110.0 (C Ar), 72.0 (C Alk), 71.0 (C Alk), 70.7 (C Alk), 70.6 (C Alk), 69.4 

(C Alk), 68.9 (C Alk), 59.1 (C Alk). MS MALDI: m/z found 858.3, m/z calculated: 856.3. EA (CHNS): Found: 

C, 58.84; H, 7.70. Theoretical: C, 58.87; H, 7.53. 

The phosphonate 6 was obtained according to the following procedure:  

 

 

2-(methylthio)-1,3-dithiole E.7ix, x, xi 

To a solution of vinylene trithiocarbonate (3.1 g, 23.1 mmol) in dichloromethane (20 mL) at 0°C, was 

added slowly, trifluoromethane sulfonate (2.87 mL, 25.4 mmol, d = 1.45). The solution was stirred for 

at room temperature for 1 h 30 diethyl ether was added until no more precipitation was observed. The 

mixture was filtered and the resulting white solid was engaged in the next reaction without further 
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purification. It was dissolved in anhydrous ethanol at 0°C and small portions of sodium borohydride 

(0.9 g, 24.7 mmol) were added until no more degassing was observed. After one hour at room 

temperature the solvent was evaporated. Dichloromethane (200 mL) was added to the residue and 

the organic phase was washed with brine. The organic phase was finally dried over magnesium sulfate 

and the solvent was evaporated under vacuum to give compound E.7 as an orange-yellow oil (3.23 g, 

92 %). 1H NMR (300 MHz, CDCl3): 6.07 (HCH2=CH2, s, 2H), 3.15 (Hcenral, s, 1H), 2.39 (HSMe, s, 3H). 

 

1,3-dithiol-2-ylium tetrafluoroborate E.8 ix, x, xi 

To a solution of E.7 (3.3 g, 22,0 mmol) in acetic anhydride (12 mL) under argon at 0°C, was added slowly 

tetrafluoroboric acid diethyl ether complex (3.32 mL, 24.2 mmol, d = 1.18). The solution was stirred at 

room temperature for 1 h and diethyl ether was added until complete precipitation. The precipitate 

was filtered and washed with diethyl ether to give compound E.8 as a white solid (3.63 g, 87 %). 1H 

NMR (300 MHz, DMSO): 11.64 (HCH+, t, 4J = 2.0 Hz, 1H), 9.40 (HCH2=CH2, d, 4J = 2.0 Hz, 2H). 

 

dimethyl (1,3-dithiol-2-yl)phosphonate 6ix, x, xi 

To a solution of E.8 (3.38 g, 18 mmol) in acetonitrile, was added sodium iodide (2.93 g, 20 mmol). After 

complete dissolution of the salt, trimethylphosphite (2.31 mL, 20 mmol, d = 1.05) was added slowly. 

After 2h at room temperature, the solvent was evaporated under vacuum. The residue was partially 

dissolved in dichloromethane (100 mL) and the organic phase was washed three times with brine (100 

mL). The organic phase was dried over magnesium sulfate and the solvent was evaporated. A 

chromatography column on silica gel was performed using a gradient of eluent: from dichloromethane 

to ethyl acetate/petroleum ether (50/50). The phosphonate 6 was isolated as a colorless oil (3.0 g, 80 

%). 1H NMR (300 MHz, CDCl3): 5.97 (HCH2=CH2, s, 2H), 5.03 (Hcentral, d, 2J = 3.9 Hz (P), 1H), 3.89 (HOCH3, d, 
3J = 10.5 Hz (P), 6H). 31P NMR (122 MHz, CDCl3): 19.99. 

 

2,2'-(2,3,6,7-tetrakis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)anthracene-9,10-diylidene)bis(1,3-

dithiole) 7 

To a solution of dimethyl 1,3-dithiol-2-ylphosphonate 6 (300 mg, 1.41 mmol) in anhydrous 

tetrahydrofuran (10 mL) at -78°C under argon, was added dropwise n-butyllithium (5.6 mL, 1.40 mmol, 

2.5 M). The mixture was stirred at -78°C for 1 h. Then, a solution of 5 (200 mg, 0.23 mmol) in anhydrous 

tetrahydrofuran (10 mL) at -78°C was added via cannula. The resulting mixture was stirred at -78°C for 

1 h and then slowly warmed to room temperature. After 10 h, methanol (10 mL) was added to quench 

the excess of phosphonate anion. The solvent was evaporated and a chromatography column on silica 

gel was performed using a gradient of eluent: from ethyl acetate to ethyl acetate/methanol (95/5). 

The compound 7 was isolated as an ochre oil which slowly solidified at room temperature (232 mg, 97 

%). 1H NMR (ppm, CDCl3, 300MHz): 7.25 (Hanthr, s, 4H), 6.29 (H1,3-dithiole, s, 4H), 4.23 (HCH2, m, 8H), 3.90 

(HCH2, m, 8H), 3.75 (HCH2, m, 8H), 3.67 (HCH2, m, 16H), 3.54 (HCH2, m, 8H), 3.37 (HCH3, s, 12H). 13C NMR 
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(ppm, CDCl3, 76 MHz): 146.1 (C Ar), 132.5 (C ylidene), 129.3 (C Ar), 121.5 (ylidene), 117.2 (C Ar), 111.4 

(C Ar), 72.0 (C Alk), 70.9 (C Alk), 70.7 (C Alk), 70.6 (C Alk), 69.7 (C Alk), 69.1 (C Alk), 59.1 (C Me). MS 

MALDI: found: 1028.7, theoretical: 1028.3. EA (CHNS): found: C, 55.57; H, 6.64; S, 12.41, theoretical: 

C, 56.01; H, 6.66; S, 12.46.   

 

 

4,4',4'',4'''-(2,2'-(2,3,6,7-tetrakis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)anthracene-9,10-

diylidene)bis(1,3-dithiole-4,5-diyl-2-ylidene))tetrapyridine exTTF(TEG)4(Py)4 

To a suspension of palladium acetate (8 mg, 0.036 mmol), tri-tert-butylphosphonium tetrafluoroborate 

(25 mg, 0.086 mg) and cesium carbonate (192 mg, 0.086 mmol) in distilled and argon degassed dioxane 

(3 mL) at 110°C, was added via cannula an argon degassed solution of 7 (100 mg, 0.117 mmol) and 4-

iodopyridine (144 mg, 0.702 mmol) in distilled dioxane (3 mL). The mixture was stirred at 110°C for 48 

h. The solvent was evaporated and 10 mL of dichloromethane was added. The resulting suspension 

was filtered and the filtrate was washed three times with water (15 mL). The organic phase was dried 

over magnesium sulfate and filtered on cotton. The solvent was evaporated and a chromatography 

column on silica gel was realized using a gradient of eluent: from ethyl acetate to ethyl 

acetate/methanol (90/10) with a constant portion of triethylamine of 0.5%. The compound 

exTTF(TEG)4(Py)4 was isolated as a red viscous oil (125 mg, 80 %). 1H NMR (300MHz, CD3CN): 8.48 (HαPy, 

m, 8H), 7.21 (Hanthr, s, 4H), 7.17 (HβPy, m, 4H), 4.21 (HCH2, m, 8H), 3.81 (HCH2, m, 8H), 3.61 (HCH2, m, 8H), 

3.54 (HCH2, m, 16H), 3.43 (HCH2, m, 16H), 3.24 (HMe, s, 12H). 1H NMR (300 MHz, CDCl3): 8.53 (HαPy, m, 

8H), 7.16 (Hanthr, s, 4H), 7.07 (HβPy, m, 8H), 4.23 (HCH2, m, 8H), 3.90 (HCH2, m, 8H), 3.75 (HCH2, m, 8H), 3.64 

(HCH2 m, 16H), 3.54 (HCH2 m, 8H), 3.36 (HMe, s, 12H). 13C NMR (ppm, CDCl3): 150.5 (C Ar), 146.7, 139.4 (C 

Ar), 128.4 (C Ar), 127.5 (C Ar), 126.8 (C Ar), 123.3 (C Ar), 123.1 (C Ar), 111.89 (mid C=C), 71.9 (C Alk), 

70.9 (C Alk), 70.7 (C Alk), 70.6 (C Alk), 69.7 (C Alk), 69.1 (C Alk), 59.04 (C Methyl). EI-HRMS m/z: found: 

1336.4417, theoretical: 1336.4452. 

AA8 
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The ligand exTTF(TEG)4(Py)4 (2.95 mg, 2.20 µmol), Pt(dppf)(OTf)2 (4.64 mg, 4.41 µmol) and CD3NO2 or 

CD3OD (0.4 mL) were placed in a NMR tube. The solution was stirred for 2 min and the formation of 

the cage AA8 was quantitative according to 1H and 31P NMR. The structure was further characterized 

by DOSY NMR, X-ray diffraction analysis, high resolution electrospray mass spectrometry. 1H NMR (300 

MHz, CD3NO2): 8.37 (HαPy, brs, 16H), 8.01 (HPh(Pt), m, 16H,), 7.86 (HPh(Pt), m, 32H), 7.75 (HPh(Pt), m, 32H), 

7.12 (Hanthr, s, 8H,), 7.07 (HβPy, brs, 16H,) , 4.89 (HFc, brs, 8H), 4.78 (HFc, brs, 24H), 4.32 (CH2 too close to 

solvent peak), 3.91 (HCH2, m, 16H), 3.68 (HCH2, m, 16H), 3.57 (HCH2, m, 16H), 3.51 (HCH2, m, 16H), 3.40 

(HCH2, m, 16H), 3.25 (HCH3, s, 24H). 19F NMR (283 MHz, CD3NO2): -81.54. 31P NMR (122 MHz, CD3NO2): 

3.71. 1H DOSY NMR (300 MHz, CD3NO2): D= 2.45 10-10 m².s-1 HRMS-ESI solvent CH2Cl2/CH3CN (95/5) 

m/z calculated: [AA8, 3TfO]5+ 1224.0033; [AA8, 4TfO]4+ 1567.2422; [AA8, 5TfO]3+: 2139.3070; m/z; 

found : [AA8, 3TfO ]5+: 1224.0024 [AA8, 4TfO]4+ 1567.2432; [AA8, 5TfO]3+ 2139.3082.  

 

AA9 

The ligand exTTF(TEG)4(Py)4 (3.36 mg, 2.51 µmol), Pd(dppf)(OTf)2 (4.87 mg, 5.08 µmol) and CD3CN (0.4 

mL) were placed in a NMR tube. The solution was stirred for 2 min and the formation of the cage AA9 

was quantitative according to 1H and 31P NMR. The structure was further characterized by DOSY NMR, 

X-ray diffraction analysis, high resolution electrospray mass spectrometry. 1H NMR (300 MHz, CD3CN): 

8.18 (HαPy, m, 16H), 7.86-7.41 (HPh, brs, 80H), 7.07 (Hanthr, s, 8H), 6.82 (Hβ Py, m, 16H), 4.74 (HFc, brs, 24H), 

4.62 (HFc, brs, 8H), 4.25 (m, 16H -CH2), 3.79 (HCH2, m, 16H), 3.57(HCH2, m, 16H -CH2), 3.45 (HCH2, m, 32H), 

3.36 (HCH2, m, 16H), 3.22 (HCH3, s, 24H). 31P NMR (122 MHz, CD3CN): 33.04. 19F NMR (283 MHz, CD3CN): 

-81.13. 1H DOSY NMR (300 MHz, CD3CN): D= 4.92 10-10 m².s-1
. HRMS-ESI (CH3CN) m/z calculated: [AA9, 

3TfO]5+ 1153.1423; [AA9, 4TfO]4+ 1478.6937; [AA9, 5TfO]3+: 2021.2794; m/z; found : [AA9, 3TfO]5+: 

1153.1543; [AA9, 4TfO]4+ 1478.6805; [AA9, 5TfO]3+ 2021.2264.  

AA10  
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9,10-di(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene exTTF 

To solution of dimethyl 1,3-dithiol-2-ylphosphonate 6 (764 mg, 3.6 mmol) in anhydrous 

tetrahydrofuran (15 mL) at -78°C under argon, was added slowly n-butyllithium (2.25 mL, 3.6 mmol, 

1.6 M). The mixture was stirred at -78°C for 1 h. Then, a solution of anthracene-9,10-dione (300 mg, 

1.44 mmol) in anhydrous tetrahydrofuran (15 mL) at -78°C was added via cannula. The resulting 

mixture was stirred at -78°C for 1 h and then slowly warmed to room temperature. After 10 h, 

methanol (10 mL) was added to quench the excess of phosphonate anion. The solvents were 

evaporated and the residue was dissolved in dichloromethane (100 mL). The organic phase was 

washed with water and dried over magnesium sulfate. A chromatography column on silica gel was 

performed using petroleum ether/dichloromethane (50/50) as eluent. The compound was isolated as 

a yellow solid (exTTF, 444 mg, 81 %). 1H NMR (300 MHz, CDCl3): 7.69 (Hanthr, dd, 3J = 5.7 Hz, 4J = 3.3 Hz, 

4H), 7.29 (Hanthr, dd, 3J = 5.7 Hz, 4J = 3.3 Hz, 4H), 6.29 (HCH2=CH2, s, 4H). 

 

9,10-bis(4,5-bis(4-(pyridin-4-yl)phenyl)-1,3-dithiol-2-ylidene)-9,10-dihydroanthracene exTTF(PhPy)4 

To a suspension of palladium acetate (16 mg, 0.071 mmol), tri-tert-butylphosphonium 

tetrafluoroborate (56 mg, 0.193 mmol) and cesium carbonate (424 mg, 1.300 mmol) in distilled and 

argon degassed dioxane (3 mL), was added via cannula an argon degassed solution of exTTF (100 mg, 

0.263 mmol) and 4-(4-bromophenyl)pyridine 1 (420 mg, 1.310 mmol) in distilled dioxane (3 mL). The 

mixture was stirred at 110°C for 48h. The solvent was evaporated and dichloromethane (10 mL) was 

added. The resulting suspension was filtered and the filtrate was washed with water (three times 15 

mL). The organic phase was dried over magnesium sulfate and filtered on cotton. The solvent was 

evaporated and a chromatography column on silica gel was realized using a gradient of eluent: from 

dichloromethane/methanol (99/1) to dichloromethane/methanol (92/8) with a constant portion of 

triethylamine of 0.5%. The compound exTTF(PhPy)4 was isolated as an ochre powder (200 mg, 76%). 
1H NMR (ppm, CDCl3, 300MHz): 8.65 (HαPy, d, J3= 6 Hz, 8H), 7.73 (Hanthr, m, 8H), 7.54 (HPh, d, J3= 8.1 Hz, 

2H), 7.46 (HβPy, d, J3= 6 Hz, 8H), 7.36 (HPh+Hanthr, m, 12H) 13C NMR (ppm, CDCl3): 150.3 (C Py α N), 147.2 

(C Ar), 138.6 (C Ar), 134.8 (C Ar), 133.0 (C Ar), 131.1 (C=C), 129.9 (C Ar), 127.3 (C Ar), 126.3 (C Ar), 125.6 

(C Ar), 122.4 (C=C), 121.36 (C Ar). MS-MALDI: found, 992.4, calculated, 992.3.  
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AA14 

The ligand exTTF(PhPy)4 (2.47 mg, 2.5 µmol) and Pd(dppf)(OTf)2 (4.88 mg, 5.1 µmol) were dissolved in 

CD3NO2 (0.4 mL). The solution was stirred at 50 °C for one night, and the formation of the cage was 

quantitative according to 1H and 31P NMR. The structure was further characterized by DOSY NMR, X-

ray diffraction analysis, high resolution electrospray mass spectrometry. 1H NMR (300 MHz, CD3NO2): 

8.42 (m, 16H), 8.08 - 7.82 (brs, 40H), 7.88 – 7.59 (brs, 80H), 7.52 – 7.39 (brs, 8H), 7.38 – 7.18 (brs, 24H), 

4.99 – 4.76 (brs, 32H). 31P NMR (122 MHz, CD3NO2): 33.9. 1H DOSY NMR: D= 2.51 10-10 m²s-1. HRMS-ESI 

(CH2Cl2/CH3CN 80/20): calculated: [AA14, 3TfO-]5+: 1015.2624, [AA14, 4TfO-]4+: 1306.3161, [AA14, 

5TfO-]3+: 1792.7390; m/z found: [AA14, 3TfO-]5+: 1015.2655, [AA14, 4TfO-]4+: 1306.3162, [AA14, 5TfO-

]3+: 1791.7304. 

Self-assemblies based on Fluo-DTF motif 

The phosphonate 2.35 was obtained according to the following procedure:  

 

 

Bis(tetraethylammonium) bis(1,3-dithiole-2thione-4,5-dithiol) zincate E.9  

Dimethylformamide (480 mL) and carbon disulfide (240 mL, 4 mol, d = 1.266) were placed in an 

Erlenmeyer flask and degassed at 0°C. In a three neck round bottom flask with mechanical stirrer, were 

placed small pieces of sodium (23 g, 1.0 mol) in xylene (80 mL) under argon. The suspension was heated 

until sodium fusion and then stirred very vigorously to form small balls. The mixture was then cooled 

to room temperature and xylene was decanted. The sodium balls were cooled at 0°C for 30 min and 

the dimethylformamide/carbon disulfide solution was added carefully. The mixture was then stirred 

overnight for 14 h at room temperature and then, methanol (50 mL) was added at 0°C. To the resulting 

solution was added a solution of zinc chloride (21.3 g, 0.156 mol) in ammonia (35 %, 360 mL) and water 

(100 mL). Then, a solution of tetraethyl ammonium bromide (66 g, 314 mmol) in water (500 mL) was 

added slowly via dropping funnel. Then, the solution was stirred overnight until complete 

precipitation. The red solid was filtered and washed with water (500 mL), methanol (2 x 500 mL) and 

diethyl ether (500 mL). After drying under vacuum, the zincate E.9 was obtained as a red solid (99.12 

g, 88%). 
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4,5-bis(hexylthio)-1,3-dithiole-2-thione E.10 

To a solution of zincate E.9 (10 g, 13.91 mmol) in acetonitrile (80 mL), was added hexyl iodide (9.04 

mL, 61.23 mmol, d = 1.44). The resulting solution was stirred at reflux for 1 h 30 min and the solvent 

was removed. The residue was partially dissolved in dichloromethane (200 mL), the organic phase was 

washed with water (2 x 200 mL) and dried with magnesium sulfate. The solvent was removed under 

vacuum. A chromatography column on a silica gel was performed using dichloromethane/petroleum 

ether (20/80) as eluent. The compound E.10 was isolated as an orange oil (8.91 g, 87 %). 1H NMR (300 

MHz, CDCl3): 2.86 (HSCH2, t, 3J = 7.2 Hz, 4 H), 1.65 (HCH2, m, 4H), 1.41 (HCH2, m, 4H), 1.29 (HCH2, m, 8H), 

0.88 (HCH3, m, 6H). 

 

4,5-bis(hexylthio)-2-(methylthio)-1,3-dithiole E.11 

To a solution of E.10 (8.9 g, 24.27 mmol) in dichloromethane (34 mL), was added under argon methyl 

trifluoromethanesulfonate (2.9 mL, 24.48 mmol, d = 1.05). After 1 h 30 min at room temperature the 

solvent was removed under vacuum and an orange oil was obtained (12.21 g). The resulting oil (6.37 

g, 12.0 mmol) was dissolved in acetonitrile (55 mL) and isopropanol (25 mL) at 0°C. Sodium borohydride 

(477 mg, 12.6 mmol) was added in small portions until no degassing was observed. After 2 h at room 

temperature, the solvents were evaporated. The oily residue was partially dissolved in 

dichloromethane (200 mL), the organic phase was washed with brine (2 x 200 mL). After drying over 

magnesium sulfate and evaporating the solvent, a chromatography column on silica gel was performed 

using petroleum ether/dichoromethane (80/20) as eluent. The compound E.11 was isolated as an 

orange oil (4.15 g, 91 %). 1H NMR (300 MHz, CDCl3): 5.73 (Hcentral CH, s, 1H), 2.81 (HCH2, m, 4H), 2.25 (HSCH3, 

s, 3H), 1.65 (HCH2, m, 4H), 1.44 – 1.22 (HCH2, m, 12H), 0.88 (HCH3, m, 6H). 

 

dimethyl (4,5-bis(hexylthio)-1,3-dithiol-2-yl)phosphonate 11 

To a solution of E.11 (4.16 g, 10.87 mmol) in acetic anhydride (10 mL) at 0°C under argon, was added 

carefully tetrafluoroboric acid diethyl ether complex (1.78 mL, 13.04 mmol, d = 1.18). After 1 h of 

stirring at room temperature, the solvent was removed under reduced pressure. The residue was 

dissolved in anhydrous acetonitrile (70 mL) and sodium iodide (1.79 g, 11.95 mmol) and 

trimethylphosphite (1.54 mL, 13.04 mmol, d = 1.05) were added. The mixture was stirred for 4 h under 

argon and then the solvents were removed. The residue was partially dissolved in dichloromethane 

(200 mL) and the organic phase was washed with water (2 x 50 mL), dried over magnesium sulfate and 

the solvent was evaporating. A chromatography column on silica gel was performed using ethyl 

acetate/petroleum ether (40/60) as eluent. The phosphonate 11 was isolated as a yellowish oil (2.99 

g, 62 %). 1H NMR (300 MHz, CDCl3): 4.74 (Hcentral CH, d, 2J = 5.4 Hz, 1H), 3.88 (HOMe, d, 3J = 10.6 Hz, 6H), 

2.81 (HSCH2, m, 4H), 1.66 (HCH2, m, 4H), 1.51 – 1.14 (HCH2, m, 12H), 0.89 (HCH3 t, J = 6.8 Hz, 6H). 
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3,6-dibromophenanthrene-9,10-dione 9xiii 

To a suspension of phenanthrene-9,10-dione (5 g, 25.0 mmol) and benzoyl peroxide (0.29 g, 0.9 mmol, 

0.75 equiv.) in nitrobenzene (25 mL), was added slowly and with precaution (bromine trap with sodium 

thiosulfate solution) bromine (1.86 g, 0.6 mL, 11.6 mmol, d = 3,10) through a septum. After heating at 

120°C, bromine (6.9 g, 2.24 mL, 13.2 mmol, 2.2 equiv.) was added very carefully dropwise. After 

heating one hour at 120°C, the dark orange solution was cooled to room temperature. Ethanol (25 mL) 

was then added to precipitate the product. This suspension was filtered off under vacuum and washed 

with ethanol until the filtrate was completely colorless to give a shiny orange product (9, 9.15 g, 20.2 

mmol, 81 %).1H NMR (300 MHz, CDCl3): 8.12 (Ha, d, 4J = 1.8 Hz, 2H), 8.07 (Hc, d, 3J = 8.1 Hz, 2H), 7.66 

(Hb, dd, 4J = 1.8 Hz, 3J = 8.1 Hz, 2H).  

 

3,6-dibromo-9H-fluoren-9-one 10xiii 

To a solution of potassium hydroxide (12.34g, 220 mmol) in water (15 mL) at 130°C, was added 3,6-

dibromophenanthrene-9,10-dione 9 (6.00 g, 16.4 mmol). After 30 min, potassium permanganate 

(14.15 g, 89.5 mmol) was added by small portions over 1 h 30 min). The solution was stirred for 1 h 

and cooled at room temperature. The suspension was neutralized with sulfuric acid and then sodium 

bisulfite was added. The suspension became white. Then the precipitate was filtered and dried over 

vacuum to give 10 as a white powder (3.34 g, 60 %).1H NMR (300 MHz, CDCl3): 7.67 (Ha, d, 4J = 1.4 Hz, 

2H), 7.55 (Hc, d, 3J = 7.9 Hz, 2H), 7.49 (Hb, dd, 3J = 7.9, 4J = 1.4 Hz, 2H). 

 

 

2-(3,6-dibromo-9H-fluoren-9-ylidene)-4,5-bis(hexylthio)-1,3-dithiole 12 

To a solution of bisthiohexyl phosphonate 11 (987 mg, 2.22 mmol) in anhydrous tetrahydrofuran (10 

mL) at -78°C, was slowly added n-butyl lithium (1.39 mL, 2.22 mmol, 1.6 M). The mixture was stirred 

one hour at -78°C and a suspension of 3,6-dibromo-9H-fluoren-9-one 10 (500 mg, 1.48 mmol) in 

anhydrous tetrahydrofuran (10 mL) at -78°C was added via cannula. The mixture was stirred 1 h at -

78°C and overnight at room temperature. The solvent was removed under vacuum. The residue was 

treated with water and extracted with dichloromethane. The organic extracts were washed with water, 

and dried over magnesium sulfate. The solvent was removed under vacuum. A chromatography 

column on silica gel using a gradient of eluent: from petroleum ether to petroleum 

ether/dichloromethane (80/20). The orange oil of 12 which crystalized slowly at room temperature 

was obtained (877 mg, 98 %). 1H NMR (300 MHz, CDCl3): 7.90 (Ha, d, 4J=1.4 Hz, 2H), 7.58 (Hc, d, 3J= 8.4 

Hz, 2H), 7.51 (Hb, dd, 4J=1.4 Hz, 3J= 8.4 Hz, 2H), 2.96 (HSCH2, t, 3J= 7.3 Hz, 4H), 1.71 (HCH2, m, 4H), 1.46 
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(HCH2, m, 4H), 1.32 (HCH2, brs, 8H), 0.90 (HCH3, t, 3J= 6.7 Hz, 6H). 13C NMR (76 MHz, CDCl3): δ 140.62 (C=C), 

138.58 (C Ar), 136.01 (C Ar), 130.41 (C Ar), 129.40 (C Ar), 124.39 (C Ar), 123.39 (C Ar), 119.76 (C Ar), 

119.16 (C=C), 37.16 (C-S Alk) , 31.91 (CH2 Alk), 30.29 (CH2 Alk), 28.82 (CH2 Alk), 23.11 (CH2 Alk), 14.61 

(CH3 Alk). EA: found: C 51.25, H 5.05, calculated: C 51.22, H 4.91. 

 

3,3'-((9-(4,5-bis(hexylthio)-1,3-dithiol-2-ylidene)-9H-fluorene-3,6-diyl)bis(ethyne-2,1-

diyl))dipyridinexiv (3-Py)Fluo-DTF 

To an argon degassed solution of 2-(3,6-dibromo-9H-fluoren-9-ylidene)-4,5-bis(hexylthio)-1,3-dithiole 

12 (200 mg, 0.30 mmol), CuI (12 mg, 0.06 mmol) and Pd(PhCN)2Cl2 (12 mg, 0.06 mmol) in 

diisopropylamine (10 mL), were added under argon, t-Bu3P (61 µL, 1M, 0.06 mmol) and 3-

ethynylpyridine (94 mg, 0.91 mmol). The mixture was stirred overnight at 70°C and the solvent was 

evaporated under vacuum. The residue was treated with water and extracted with dichloromethane 

(50 mL). The organic extracts were washed with water (3 x 50 mL) and dried over magnesium sulfate. 

The solvent was evaporated under vacuum. A chromatography column on silica gel was performed 

using a gradient of eluent: from dichloromethane/petroleum ether (80/20) to 

dichloromethane/methanol (99/1). Crystals of (3-Py)Fluo-DTF were obtained by co-evaporation of 

dichloromethane and methanol. The compound was obtained as orange crystals (25 mg, 12 %). 1H 

NMR (300 MHz, CDCl3): 8.82 (Hd, d, 4J = 1.8 Hz, 2H), 8.57 (He, dd, 3J = 4.9, 4J = 1.8 Hz, 2H), 8.06 (Ha, d, 4J 

= 1.6 Hz, 2H), 7.86 (Hg, ddd, 3J = 7.9, 4J = 1.8, 4J = 1.8 Hz, 2H), 7.76 (Hc, d, 3J = 8.2 Hz, 2H), 7.62 (Hb, dd, 3J 

= 8.2, 4J= 1.6 Hz, 2H), 7.31 (Hf, dd, 3J = 7.9, 4.9 Hz, 2H), 2.99 (HSCH2, m, 4H), 1.71 (HCH2, m, 2H), 1.48 (HCH2, 

m, 4H), 1.33 (HCH2, m, 8H), 0.90 (HCH3, t, 3J = 6.8 Hz, 6H). 1H NMR (300 MHz, DMSO): 8.80 (Hd, d, 4J = 1.3 

Hz, 2H), 8.60 (He, dd, 3J = 4.8, 4J = 1.6 Hz, 2H), 8.33 (Ha, s, 2H), 8.00 (Hg, m, 2H), 7.80 (Hc, d, 3J = 8.2 Hz, 

2H), 7.67 (Hb, dd, 3J = 8.2, 4J = 1.3 Hz, 2H), 7.49 (Hf, dd, 3J = 7.5, 4.6 Hz, 2H), 3.07 (HSCH2, t, J = 7.1 Hz, 4H), 

1.64 (HCH2, m, 4H), 1.43 (HCH2, m, 4H), 1.28 (HCH2, m, 8H), 0.85 (HCH3, t, 3J = 6.8 Hz, 6H). 13C NMR (76 MHz, 

CDCl3): 152.27, 148.43, 141.61, 138.38, 137.04, 136.80, 130.49, 129.22, 123.08, 123.04, 122.57, 

120.70, 119.55, 119.04, 93.64, 86.37, 36.67, 31.37, 29.74, 28.29, 22.57, 14.08. FAB-HRMS: found: 

700.2067, calculated: 700.2074.  

Dithieno-exTTF motif 

The phosphonate 2.36 was obtained according to the following procedure:  
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4,5-bis(methylthio)-1,3-dithiole-2-thione E.12 

To a solution of zincate E.8 (20 g, 27.8 mmol) in acetone (300 mL), was added methyl iodide (10.31 mL, 

167 mmol, d = 2.3). The resulting solution was stirred at room temperature overnight and the solvent 

was evaporated. The residue was partially dissolved in dichloromethane (300 mL), the organic phase 

was washed with water (3 x 300 mL) and dried with magnesium sulfate. The solvent was removed 

under vacuum and a silica gel filtration was performed using dichloromethane/petroleum ether 50/50 

as eluent. The compound E.12 was obtained as yellow crystalline needles (11.5 g, 91 %). 1H NMR (300 

MHz, CDCl3): 2.49 (s, 6H). 

 

2,4,5-tris(methylthio)-1,3-dithiole E.13 

To a solution of E.12 (1.48 g, 6.54 mmol) in dichloromethane (50 mL), was added slowly methyl 

trifluoromethanesulfonate (0.814 mL, 7.19 mmol, d = 1.45). After 2 h at room temperature, diethyl 

ether (≈ 50 mL) was added until complete precipitation was observed. The yellow powder was filtered 

and dissolved in anhydrous ethanol (70 mL) at 0°C. Sodium borohydride (495 mg, 13.00 mmol) was 

added in small portions until no more degassing was observed. After evaporating the solvent, the 

residue was partially dissolved in dichloromethane (100 mL) and the organic phase was washed with 

brine (three times 100 mL). The organic phase was then dried over magnesium sulfate and the solvent 

evaporated. The compound E.13 was isolated as uncolored oil (1.55 g, 98 %) and no further purification 

was necessary. 1H NMR (300 MHz, CDCl3): 5.83 (s, 1H), 2.46 (s, 6H), 2.31 (s, 3H). 

 

dimethyl (4,5-bis(methylthio)-1,3-dithiol-2-yl)phosphonate 13 

To a solution of E.13 (4.75 g, 19.6 mmol) in acetic anhydride (50 mL) under argon at 0°C, was added 

carefully tetrafluoroboric acid diethyl ether complex (2.96 mL, 21.55 mmol, d = 1.18). After 1 h at room 

temperature, diethyl ether (100 mL) was added until complete precipitation. The solid was filtered and 

washed with diethyl ether. The BF4
- yellowish salt was engaged in the next step without further 

purification. This compound was dissolved in acetonitrile (20 mL) and sodium iodide (2.86 g, 19.1 

mmol) was added. The mixture was stirred for 30 min and trimethylphosphite (2.26 mL, 19.1 mmol, d 

= 1.05) was added. The solution was stirred for 2 h and then the solvent was removed. The residue was 

partially dissolved in dichloromethane (100 mL), the organic phase was washed with water (three times 

100 mL), dried over magnesium sulfate and the solvent was removed under vacuum. A 

chromatography column on silica gel was performed using a gradient of eluent: from dichloromethane 

to ethyl acetate/petroleum ether (50/50). The compound 13 was isolated as a yellowish oil (4.14 g, 69 

% over two steps) which solidified in freezer. 1H NMR (300 MHz, CDCl3): 4.73 (Hcentral, d, 2J = 5.6 Hz, 1H), 

3.88 (HOMe, d, 3J = 10.6 Hz, 6H), 2.41 (HSMe, s, 6H). 
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8-(4,5-bis(methylthio)-1,3-dithiol-2-ylidene)benzo[1,2-b:4,5-b']dithiophen-4(8H)-one 14 

To a solution of 13 (276 mg, 0.90 mmol) in anhydrous tetrahydrofuran (10 mL) at -78°C, was added 

slowly n-butyl lithium (570 µL, 0.90 mmol, 1.6 M). The solution was stirred at -78°C for 1 h 30 and a 

suspension of benzo[1,2-b:4,5-b']dithiophene-4,8-dione (100 mg, 0.45 mmol) in anhydrous 

tetrahydrofuran at -78°C was added via cannula. The mixture was stirred 1 h at -78°C and overnight at 

room temperature. The solvent was removed under vacuum. The residue was treated with water and 

extracted with dichloromethane. The organic extracts were washed with water, and dried over 

magnesium sulfate. The solvent was removed under vacuum. A chromatography column on silica gel 

was performed using a gradient of eluent: from dichloromethane to dichloromethane/methanol 

(99/1). The compound was isolated as a red powder (14, 180 mg, 99 %). 1H NMR (300 MHz, CDCl3): 

7.95 (Hb, d, 3J = 5.4 Hz, 1H), 7.87 (Hd, d, 3J = 5.4 Hz, 1H), 7.78 (Ha, d, 3J = 5.4 Hz, 1H), 7.43 (Hc d, 3J = 5.4 

Hz, 1H), 2.62 (HSCH3, s, 3H), 2.60 (HSCH3, s, 3H). 13C NMR (76 MHz, CDCl3): 173.21, 149.06, 144.71, 140.23, 

137.06, 133.99, 131.85, 131.45, 130.98, 126.06, 125.05, 123.76, 113.23, 19.55. EI-HRMS: found: 

397.9045, calculated: 397.9056.  

 

4,8-bis(4,5-bis(methylthio)-1,3-dithiol-2-ylidene)-4,8-dihydrobenzo[1,2-b:4,5-b']dithiophene 

dithiéno-exTTF 

To a solution of 13 (380 mg, 1.25 mmol) in anhydrous tetrahydrofuran (10 mL) at -78°C under argon, 

was added slowly n-butyl lithium (0.784 mL, 1.25 mmol, 1.6 M). The solution was stirred at this 

temperature for 1 h and a solution of 14 (100 mg, 25 mmol) in anhydrous tetrahydrofuran (10 mL) at 

-78°C under argon was added via cannula. The mixture was stirred 1 h at -78°C and overnight at room 

temperature. The solvent was removed under vacuum. The residue was treated with water and 

extracted with dichloromethane. The organic extracts were washed with water, and dried over 

magnesium sulfate. The solvent was removed under vacuum. A chromatography column on silica gel 

was performed using alumina solid deposition and dichloromethane/petroleum ether (50/50) as 

eluent. The compound dithiéno-exTTF was recrystallized in dichloromethane/methanol system. 

Crystals of the compound were obtained (50 mg, 35 %). 1H NMR (300 MHz, CDCl3): δ 7.61 (Hb, d, J = 5.4 

Hz, 2H), 7.39 (Ha, d, J = 5.4 Hz, 2H), 2.61 (HSCH3, s, 12H). EI-HRMS: found: 575.8456, calculated 575.8459. 
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Annexe 1 : Électrochimie 

Annexe 2 : Électrocristallisation  

Annexe 3 : Spectroélectrochimie 

Annexe 4 : RMN 

Annexe 5 : Spectrométrie de masse 

Annexe 6 : Données cristallographiques 
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De fait, plus le courant appliqué est faible et plus la vitesse de cristallisation est faible : il faudra donc 

favoriser des densités de courant faible qui favoriser la formation de cristaux de qualité. 

- La concentration 

Les espèces électroactives sont généralement introduites à des concentrations comprises entre 10-4 M 

et 10-3M. Le sel de fond quant à lui est en excès (10-1 M) car en plus d’apporter un contre-ion, il doit 

assurer la conductivité ionique dans la cellule.  

- La température 

C’est un facteur essentiel qui permet également de contrôler la vitesse de cristallisation du sel formé. 

Le produit de solubilité est une fonction thermodynamique de la température, plus elle est élevée, et 

plus la solubilité du sel augmente. Ainsi, la croissance des cristaux est plus lente lorsque la température 

est élevée. Un précipitation lente favorise la cristallisation et permet aussi d’obtenir des cristaux de 

plus grande taille. Dans la pratique, les cellules d’électrocristallisation sont placées dans des bains ou 

des armoires thermostatés dont les températures sont généralement comprises entre 10 et 45°C.  

- La nature de l’anion  

Présent dans l’électrolyte support, il sert à compenser dans les cristaux du sel obtenu, les charges 

positives liées à l’oxydation de l’espèce organique. Il est généralement utilisé sous forme de sel de 

tétrabutylammonium (ou de tétraphényl phosphonium) de l’anion. Son impact sur la cristallisation est 

difficile à anticiper. 
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Conditions expérimentales utilisés lors des manipulations d’électrocritallisation 

Donneur exTTF(4-Py)4 4,8 mg 
Anion nBu4NPF6 27 mg 
Solvant CH2Cl2 (alumine basique) 12 mL 
Intensité du courant  0,5 µA 
Température  20°C 
Durée  9 jours 
Résultat  Cristaux noirs 

 

Donneur AA6 20 mg 
Anion nBu4NPF6 30 mg 
Solvant CH3CN (alumine neutre) 12 mL 
Intensité du courant  0,5 µA 5 jours puis 1 µA 
Température  20°C 
Durée  20 jours 
Résultat  Précipité noir 

 

Donneur AA6 19 mg 
Anion nBu4NPF6 28 mg 
Solvant CH3CN (alumine neutre) 12 mL 
Intensité du courant  0,5 µA 5 jours puis 1 µA 
Température  20°C 
Durée  19 jours 
Résultat  Précipité noir 

 

Donneur AA6 20 mg 
Anion nBu4NPF6 30 mg 
Solvant CH2Cl2/CH3CN 50/50 (alumine basique) 12 mL 
Intensité du courant  0,5 µA 5 jours puis 1 µA 
Température  20°C 
Durée  15 jours 
Résultat  Précipité noir 

 

Donneur AA6 20 mg 
Anion nBu4NPF6 30 mg 
Solvant CH3CN (alumine neutre) 12 mL 
Intensité du courant  0,5 µA 5 jours puis 1 µA 
Température  30°C 
Durée  15 jours 
Résultat  Précipité noir 
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Donneur AA6 20 mg 
Anion nBu4NPF6 30 mg 
Solvant CH3CN (alumine neutre) 12 mL 
Intensité du courant  0,5 µA 5 jours puis 1 µA 
Température  10°C 
Durée  15 jours 
Résultat  Précipité noir 

 

Donneur AA6 20 mg 
Anion (PPh4)4[Re6Se6(CN)6] 18 mg 
Solvant CH3CN (alumine neutre) 12 mL 
Intensité du courant  0,5 µA 
Température  20°C 
Durée  15 jours 
Résultat  Précipité orange 

 

Donneur AA6 20 mg 
Anion (nBu4N)(Mo6O19) 15 mg 
Solvant CH3CN (alumine neutre) 12 mL 
Intensité du courant  0,5 µA 
Température  20°C 
Durée  15 jours 
Résultat  Précipité orange 

 

Donneur exTTF(4-Py)4(NOSbF6)4 5 mg 
Anion nBu4NPF6 30 mg 
Solvant CH2Cl2 (alumine basique) 12 mL 
Intensité du courant  0,5 µA 
Température  20°C 
Durée  15 jours 
Résultat  Précipité orange 

 

Donneur exTTF(4-Py)4(NOSbF6)4 5 mg 
Anion nBu4NClO4 25 mg 
Solvant CH2Cl2 (alumine basique) 12 mL 
Intensité du courant  0,5 µA 
Température  20°C 
Durée  15 jours 
Résultat  Précipité orange 

 

Donneur (dithieno)exTTF 5 mg 
Anion nBu4NPF6 38 mg 
Solvant CH2Cl2 (alumine basique) 12 mL 
Intensité du courant  0,5 µA 
Température  20°C 
Durée  20 jours 
Résultat  Précipité violet foncé 
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Donneur (dithieno)exTTF 5 mg 
Anion nBu4NPF6 32 mg 
Solvant CH2Cl2 (alumine basique) 12 mL 
Intensité du courant  0,5 µA 
Température  20°C 
Durée  20 jours 
Résultat  Quelques cristaux pourpres 

 

Donneur (dithieno)exTTF 5 mg 
Anion nBu4NClO4 29 mg 
Solvant CH2Cl2 (alumine basique) 12 mL 
Intensité du courant  0,5 µA 
Température  20°C 
Durée  20 jours 
Résultat  Précipité violet foncé 
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Annexe 4 : RMN 

 
Figure 140 : RMN 31P de AA1 (CD3NO2). 

 
Figure 141 : RMN 31P de AA2 (CD3NO2). 

AA2 

AA1 
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Figure 156 : Amas isotopiques de masse haute résolution ESI (Philippe Jéhant, CRMPO, Université de Rennes) de AA3. 

 
Figure 157 : Amas isotopiques de masse haute résolution ESI (Philippe Jéhant, CRMPO, Université de Rennes) de AA4. 
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Figure 158 : Spectre de masse haute résolution ESI (Philippe Jéhant, CRMPO, Université de Rennes) de AA7. 
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Annexe 6 : Données cristallographiques 

Structure RX de TTF(4-Py)4
xv :  

Empirical formula             C26H16N4S4 

Formula weight              512.67 

Temperature                180(2) K 

Wavelength                0.71073 A 

Crystal system, space group       Monoclinic, P 21/n 

Unit cell dimensions          a = 5.699(1) A  α = 90 ° 

                        b = 11.373(1) A  β = 94.07(2) ° 

                        c = 17.859(3) A   = 90 ° 

Volume                  1154.6(3) A3 

Z, Calculated density         2, 1.475 Mg/m3 

Absorption coefficient         0.436 mm-1 

F(000)                   528 

Crystal size               0.12 x 0.10 x 0.05 mm 

Theta range for data collection    3.76 to 30.03 ° 

Limiting indices             -8<=h<=8, -16<=k<=15, -25<=l<=25 

 Reflections collected / unique    26136 / 3337 [R(int) = 0.0681] 

Completeness to theta = 30.03     99.3 % 

Absorption correction          Semi-empirical from equivalents 

Max. and min. transmission       0.978 and 0.929 

Refinement method            Full-matrix least-squares on F² 

Data / restraints / parameters     3337 / 0 / 186 

Goodness-of-fit on F²         1.042 

Final R indices [I>2sigma(I)]      R1 = 0.0438, wR2 = 0.0722 [2158 Fo] 

R indices (all data)           R1 = 0.0955, wR2 = 0.0861 

Largest diff. peak and hole       0.382 and -0.324 e.A-3 
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Structure RX de exTTF(PhPy)2 :  

Empirical formula             C105H84N8O5S8, 2 (C50H32N4S4), 5 (CH4O) 

Formula weight              1794.28 

Temperature                250(2) K 

Wavelength                0.71073 A 

Crystal system, space group       Monoclinic, P 21/c 

Unit cell dimensions          a = 20.340(5) A  α = 90 ° 

                        b = 5.3607(6) A  β = 113.09(2) ° 

                        c = 21.704(4) A   = 90 ° 

Volume                  2176.9(7) A3 

Z, Calculated density          1, 1.369 Mg/m3 

Absorption coefficient         0.268 mm-1 

F(000)                   938 

Crystal size               0.3 x 0.25 x 0.13 mm 

Theta range for data collection    2.18 to 26.61 ° 

Limiting indices             -25<=h<=22, -6<=k<=6, -24<=l<=26 

Reflections collected / unique     29430 / 4364 [R(int) = 0.0577] 

Completeness to theta = 25.00     98.4 % 

Absorption correction          Semi-empirical from equivalents 

Max. and min. transmission       0.966 and 0.660 

Refinement method            Full-matrix least-squares on F² 

Data / restraints / parameters     4364 / 0 / 336 

Goodness-of-fit on F²         1.079 

Final R indices [I>2sigma(I)]      R1 = 0.0732, wR2 = 0.2072 [2593 Fo] 

R indices (all data)           R1 = 0.1143, wR2 = 0.2389 

Largest diff. peak and hole       0.460 and -0.301 e.A-3 

 

Taux d’occupation des atomes désordonnés: 

τ 

C6A,H6A,C7A,H7A,C9A,H9A,C10A,H10A=0.68 

τ C6B,H6B,C7B,H7B,C9B,H9B,C10B,H10B=0.32 

 

τC17A,H17A,C18A,H18A,C20A,H20A,C21A,H2

1A=0.53 

τC17B,H17B,C18B,H18B,C20B,H20B,C21B,H21

B=0.47 
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Structure RX de exTTF(TEG)4(Py)4 K+: 

Empirical formula             C210H240F18K6N12O66S18 

Formula weight              5141.82 

Temperature                180(2) K 

Wavelength                0.71073 A 

Crystal system, space group       Monoclinic, P 21/n  

Unit cell dimensions          a = 26.734(2) A  α = 90 ° 

                        b = 39.490(10) A  β = 109.353(4) ° 

                        c = 29.015(2) A   = 90 ° 

Volume                  28901(8) A3 

Z, Calculated density          4, 1.182 Mg/m3 

Absorption coefficient         0.301 mm-1 

F(000)                   10704 

Crystal size               0.38 x 0.26 x 0.15 mm 

Theta range for data collection    2.06 to 25.13 ° 

Limiting indices             -31<=h<=25, -47<=k<=47, -34<=l<=34 

Reflections collected / unique     199041 / 40913 [R(int) = 0.1126] 

Completeness to theta = 25.13     79.2 % 

Absorption correction          Semi-empirical from equivalents  

Refinement method            Full-matrix-block least-squares on F² 

Data / restraints / parameters     40913 / 0 / 2997 

Goodness-of-fit on F²         1.475 

Final R indices [I>2sigma(I)]      R1 = 0.1570, wR2 = 0.4125 [15419 Fo] 

R indices (all data)           R1 = 0.3130, wR2 = 0.4906 

Largest diff. peak and hole       1.395 and -1.113 e.A-3 
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Structure RX de AA7xvi : 

Empirical formula             C136H120F12N24O12Pd6S16 

Formula weight              3661.92 

Temperature                120(2) K 

Wavelength                0.67000 A 

Crystal system, space group       Monoclinic, P 21/n 

Unit cell dimensions          a = 23.4015(2) A  α = 90 ° 

                        b = 34.9475(2) A  β = 91.3910(10) ° 

                        c = 39.9599(4) A   = 90 ° 

Volume                  32670.5(5) A3 

Z, Calculated density          4, 0.744 Mg/m3 

Absorption coefficient         0.354 mm-1 

F(000)                   7360 

Crystal size               0.19 x 0.11 x 0.05 mm 

Theta range for data collection    1.46 to 25.09 ° 

Limiting indices             -29<=h<=29, -44<=k<=44, -45<=l<=39 

Reflections collected / unique     701627 / 62714 [R(int) = 0.1136] 

Completeness to theta = 25.00     90.9 % 

Absorption correction          Semi-empirical from equivalents 

Max. and min. transmission       1.00000 and 0.91212 

Refinement method            Full-matrix-block least-squares on F² 

Data / restraints / parameters     62714 / 1 / 1855 

Goodness-of-fit on F²         1.057 

Final R indices [I>2sigma(I)]      R1 = 0.0917, wR2 = 0.2636 [49042 Fo] 

R indices (all data)           R1 = 0.1044, wR2 = 0.2788 

Largest diff. peak and hole       2.827 and -1.057 e.A-3 
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Structure RX de AA9 xvii: 

Empirical formula             C284F24Fe4N9O61P8Pd4S16 

Formula weight              6378.65 

Temperature                120(2) K 

Wavelength                0.67000 A 

Crystal system, space group       Triclinic, P -1 

Unit cell dimensions          a = 22.7056(5) A  α = 101.765(2) ° 

                        b = 23.6046(5) A  β = 94.981(2) ° 

                        c = 33.2730(6) A   = 115.953(2) ° 

Volume                  15380.5(5) A3 

Z, Calculated density          2, 1.377 Mg/m3 

Absorption coefficient         0.648 mm-1 

F(000)                   6270 

Crystal size               0.19 x 0.11 x 0.07 mm 

Theta range for data collection    1.57 to 24.85 ° 

Limiting indices             -28<=h<=28, -29<=k<=29, -41<=l<=41 

Reflections collected / unique     396528 / 58328 [R(int) = 0.0827] 

Completeness to theta = 24.85     91.7 % 

Absorption correction          Semi-empirical from equivalents 

Max. and min. transmission       1.000 and 0.88997 

Refinement method            Full-matrix-block least-squares on F² 

Data / restraints / parameters     58328 / 1 / 3682 

Goodness-of-fit on F²         1.716 

Final R indices [I>2sigma(I)]      R1 = 0.1282, wR2 = 0.3577 [41996 Fo] 

R indices (all data)           R1 = 0.1616, wR2 = 0.4082 

Largest diff. peak and hole       6.457 and -2.529 e.A-3 
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Structure RX de AA12 : 

  Empirical formula            C204H190Cl16F24N18O32Pd4S8 

Formula weight              5111.02 

Temperature                120(2) K 

Wavelength                0.6700 A 

Crystal system, space group       Monoclinic, P 1 21/c 1 

Unit cell dimensions          a = 16.3201(3) A  α = 90 ° 

                        b = 29.0112(3) A  β = 105.883(1) ° 

                        c = 27.2545(3) A   = 90 ° 

Volume                  12411.4(3) A3 

Z, Calculated density         2, 1.368 Mg/m3 

Absorption coefficient         0.606 mm-1 

F(000)                   5192 

Crystal size               0.28 x 0.17 x 0.08 mm 

Theta range for data collection    1.60 to 34.86 ° 

Limiting indices             -16<=h<=15, -45<=k<=45, -42<=l<=42 

Reflections collected / unique     271014 / 38045 [R(int) = 0.1228] 

Completeness to theta = 25.00     91.2 % 

Absorption correction          multi-scan 

Max. and min. transmission       1.00000 and 0.87468 

Refinement method            Full-matrix least-squares on F² 

Data / restraints / parameters     38045 / 0 / 1454 

Goodness-of-fit on F²         1.053 

Final R indices [I>2sigma(I)]      R1 = 0.0893, wR2 = 0.2227 [25381 Fo] 

R indices (all data)           R1 = 0.1299, wR2 = 0.2574 

Largest diff. peak and hole       2.442 and -0.926 e.A-3 
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Structure RX de AA14 : 

Empirical formula             C264H192Fe4N8P8Pd4S8 

Formula weight              4629.50 

Temperature                120(2) K 

Wavelength                0.6700 A 

Crystal system, space group       Monoclinic, C 2/m  

Unit cell dimensions          a = 33.1660(2) A  α = 90 ° 

                        b = 33.9100(3) A  β = 93.470(8) ° 

                        c = 34.9390(7) A   = 90 ° 

Volume                  39222.4(9) A3 

Z, Calculated density          4, 0.784 Mg/m3 

Absorption coefficient         0.431 mm-1 

F(000)                   9472 

Crystal size               0.21 x 0.11 x 0.05 mm 

Theta range for data collection    1.92 to 24.88 ° 

Limiting indices             -41<=h<=41, -41<=k<=33, -43<=l<=43 

Reflections collected / unique     335912 / 40061 [R(int) = 0.1871] 

Completeness to theta = 24.88     96.7 % 

Absorption correction          Semi-empirical from equivalents 

Max. and min. transmission       1.00000 and 0.80862 

Refinement method            Full-matrix least-squares on F² 

Data / restraints / parameters     40061 / 18 / 1333 

Goodness-of-fit on F²         0.993 

Final R indices [I>2sigma(I)]      R1 = 0.1221, wR2 = 0.3178 [18336 Fo] 

R indices (all data)           R1 = 0.1953, wR2 = 0.3618 

Largest diff. peak and hole       2.969 and -1.385 e.A-3 
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Structure RX de (3-Py)Fluo-DTF :  

 

Empirical formula             C42H40N2S4 

Formula weight              701.00 

Temperature                293.0(1) K 

Wavelength                1.54184 A 

Crystal system, space group       Tetragonal, P 4/n 

Unit cell dimensions          a = 37.5699(7) A  α = 90 ° 

                        b = 37.5699(7) A  β = 90 ° 

                        c = 5.3064(1) A   = 90 ° 

Volume                  7490.0(2) A3 

Z, Calculated density         8, 1.243 Mg/m3 

Absorption coefficient         2.566 mm-1 

F(000)                   2960 

Crystal size               0.3043 x 0.0726 x 0.0565 mm 

Theta range for data collection    3.33 to 75.35 ° 

Limiting indices             -27<=h<=36, -46<=k<=44, -4<=l<=6 

Reflections collected / unique     15624 / 7536 [R(int) = 0.0293] 

Completeness to theta = 73.00     98.5 % 

Absorption correction          Semi-empirical from equivalents 

Max. and min. transmission       1.00000 and 0.65930 

Refinement method            Full-matrix least-squares on F² 

Data / restraints / parameters     7536 / 13 / 435 

Goodness-of-fit on F²         1.057 

Final R indices [I>2sigma(I)]      R1 = 0.0727, wR2 = 0.2050 [5562 Fo] 

R indices (all data)           R1 = 0.0944, wR2 = 0.2286 

Largest diff. peak and hole       0.517 and -0.471 e.A-3 
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Structure RX de (B12F12)2⊂AA9 : 

Première phase : 

Empirical formula            C300H302B24F48Fe4K4N18O70P8Pd4S16 

Moiety formula   C272H272Fe4N8O32P8Pd4S8K4, 2(B12F12), 8(CF3O3S), 10(C2H3N), 14(0) 

Formula weight              8017.16 

Temperature               150(2) K 

Wavelength                0.71073 A 

Crystal system, space group       Triclinic, P -1 

Unit cell dimensions          a = 21.153(4) A  α = 115.080(10) ° 

                        b = 21.843(2) A  β = 107.19(2) ° 

                        c = 22.896(4) A   = 94.650(10) ° 

Volume                  8889(2) A3 

Z, Calculated density          1, 1.498 Mg/m3 

Absorption coefficient         0.633 mm-1 

F(000)                   4080 

Crystal size               0.24 x 0.17 x 0.09 mm 

Theta range for data collection    1.29 to 26.02 ° 

Limiting indices             -25<=h<=25, -26<=k<=26, -27<=l<=27 

Reflections collected / unique     122829 / 30615 [R(int) = 0.0818] 

Completeness to theta = 25.00     91.0 % 

Absorption correction          Semi-empirical from equivalents 

Max. and min. transmission       0.939 and 0.691 

Refinement method            Full-matrix-block least-squares on F2 

Data / restraints / parameters     30615 / 18 / 2256 

Goodness-of-fit on F2         1.058 

Final R indices [I>2sigma(I)]      R1 = 0.0914, wR2 = 0.2059 [15740 Fo] 

R indices (all data)           R1 = 0.1975, wR2 = 0.2896 

Largest diff. peak and hole       1.912 and -1.446 e.A-3 
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Structure RX de (B12F12)2⊂AA9: 

Deuxième phase : 

Empirical formula             C287H0B24F39Fe4K4N13O77.50P8Pd4S13 

Formula weight              7339.38 

Temperature                120(2) K 

Wavelength                0.67000 A 

Crystal system, space group       Triclinic, P -1 

Unit cell dimensions          a = 26.0653(3) A  α = 93.336(1) ° 

                        b = 27.2317(3) A  β = 100.200(1) ° 

                        c = 27.4086(3) A  γ = 101.690(1) ° 

Volume                  18660.5(4) A3 

Z, Calculated density          2, 1.306 Mg/m3 

Absorption coefficient         0.579 mm^-1 

F(000)                   7192 

Crystal size               0.13 x 0.1 x 0.06 mm 

Theta range for data collection    1.48 to 30.00 ° 

Limiting indices             -38<=h<=38, -40<=k<=40, -40<=l<=40 

Reflections collected / unique     172584 / 89247 [R(int) = 0.0236] 

Completeness to theta = 25.00     79.0 % 

Absorption correction          None 

Refinement method            Full-matrix-block least-squares on F2 

Data / restraints / parameters     89247 / 15 / 4420 

Goodness-of-fit on F2         1.788 

Final R indices [I>2sigma(I)]      R1 = 0.1479, wR2 = 0.3957 [73366 Fo] 

R indices (all data)           R1 = 0.1583, wR2 = 0.4225 

Largest diff. peak and hole       5.880 and -5.804 e.A-3 
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Structure RX de exTTF(TEG)4(Py)4
2+ : 

Empirical formula            C74H83F12K2N5O28S8 

     C68H80S4O16N4, 4(CF3SO3), 2K, C2H3N 

Formula weight              2053.13 

Temperature                293(2) K 

Wavelength                0.71073 A 

Crystal system, space group       Triclinic, P -1 

Unit cell dimensions          a = 13.754(8) A  α = 61.44(5) ° 

                        b = 14.897(10) A  β = 74.69(4) ° 

                        c = 14.906(6) A  γ = 65.95(6) ° 

Volume                  2441(2) A3 

Z, Calculated density          1, 1.397 Mg/m3 

Absorption coefficient         0.364 mm^-1 

F(000)                   1060 

Crystal size               0.3 x 0.2 x 0.1 mm 

Theta range for data collection    2.16 to 26.01 ° 

Limiting indices             -16<=h<=16, -18<=k<=18, -18<=l<=18 

Reflections collected / unique     36227 / 9552 [R(int) = 0.1495] 

Completeness to theta = 26.01     99.3 % 

Absorption correction          None 

Refinement method            Full-matrix least-squares on F² 

Data / restraints / parameters     9552 / 1 / 562 

Goodness-of-fit on F²         1.379 

Final R indices [I>2sigma(I)]      R1 = 0.1588, wR2 = 0.4062 [3572 Fo] 

R indices (all data)           R1 = 0.3223, wR2 = 0.4889 

Largest diff. peak and hole       1.273 and -1.023 e.A-3 
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Structure RX de AA12@coronène : 

Empirical formula C226H226Cl16F24N26O68Pd4S8 ou C184H160Cl16F24N8O32Pd4S8, C24H12, 18(CH3NO2) 

Formula weight      6099.61 

Temperature          180.0(1) K 

Wavelength          1.54184 A 

Crystal system, space group  Triclinic, P -1 

Unit cell dimensions     a = 17.8945(6) A  α = 90.134(2) ° 

                        b = 19.5103(6) A  β = 99.808(3) ° 

                        c = 20.5070(7) A   = 110.635(3) ° 

Volume               6587.2(4) A3 

Z, Calculated density      1, 1.538 Mg/m3 

Absorption coefficient    5.131 mm-1 

F(000)                   3108 

Crystal size               0.2066 x 0.1140 x 0.0575 mm 

Theta range for data collection   2.43 to 76.49 ° 

Limiting indices         -21<=h<=22, -24<=k<=19, -25<=l<=22 

Reflections collected / unique     54466 / 26411 [R(int) = 0.0718] 

Completeness to theta = 70.00     98.8 % 

Absorption correction    Semi-empirical from equivalents 

Max. and min. transmission       1.00000 and 0.54873 

Refinement method      Full-matrix least-squares on F2 

Data / restraints / parameters     26411 / 51 / 1427 

 Goodness-of-fit on F2     0.969 

 Final R indices [I>2sigma(I)]      R1 = 0.0866, wR2 = 0.2317 [16298 Fo] 

 R indices (all data)       R1 = 0.1165, wR2 = 0.2625 

 Largest diff. peak and hole      2.396 and -1.703 e.A-3 
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Structure RX de exTTF(4-Py)4
2+(PF6

-)2 : 

Empirical formula            C80 H82 F24 N8 O17 P4 S8 ou C80 H48 N8 S8 P4 F24 + O17 H34 

Formula weight              2263.90 

Temperature                180(2) K 

Wavelength                0.71073 A 

Crystal system, space group       Monoclinic, C 2/c  

Unit cell dimensions          a = 26.646(2) A  α = 90 ° 

                        b = 14.370(2) A  β = 98.567(7) ° 

                        c = 14.071(2) A   = 90 ° 

Volume                  5327.7(11) A3 

Z, Calculated density          2, 1.411 Mg/m3  

Absorption coefficient         0.331 mm^-1 

F(000)                   2316 

Crystal size               0.28 x 0.14 x 0.06 mm 

Theta range for data collection    2.83 to 27.50 ° 

Limiting indices             -34<=h<=33, -18<=k<=18, -18<=l<=18 

Reflections collected / unique     52306 / 6050 [R(int) = 0.0835] 

Completeness to theta = 27.50     98.8 % 

Absorption correction          Semi-empirical from equivalents 

Max. and min. transmission       0.980 and 0.811 

Refinement method            Full-matrix least-squares on F^2 

Data / restraints / parameters     6050 / 24 / 339 

Goodness-of-fit on F^2         1.076 

Final R indices [I>2sigma(I)]      R1 = 0.0734, wR2 = 0.1679 [3638 Fo] 

R indices (all data)           R1 = 0.1438, wR2 = 0.2120 

Largest diff. peak and hole       0.551 and -0.437 e.A-3 
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Structure RX de dithiéno-exTTF :  

Empirical formula          C83H70Cl6S40 

Formula weight              2562.49 

Temperature               293(2) K 

Wavelength                0.71073 A 

 Crystal system, space group      Monoclinic, P 21/n  

 Unit cell dimensions          a = 15.782(1) A  α = 90 ° 

                        b = 7.6580(5) A  β = 103.090(7) ° 

                        c = 23.794(2) A   = 90 ° 

Volume                  2801.0(3) A3
 

Z, Calculated density          1, 1.519 Mg/m3 

Absorption coefficient         0.941 mm^-1 

F(000)                   1310 

 Crystal size               0.31 x 0.09 x 0.07 mm 

 Theta range for data collection    2.65 to 27.50 ° 

 Limiting indices             -20<=h<=20, -9<=k<=9, -30<=l<=30 

 Reflections collected / unique    31885 / 6374 [R(int) = 0.0390] 

 Completeness to theta = 27.50     99.0 % 

 Absorption correction          Semi-empirical from equivalents 

 Max. and min. transmission       0.0 and 0.0 

 Refinement method            Full-matrix least-squares on F^2 

 Data / restraints / parameters    6374 / 0 / 278 

 Goodness-of-fit on F^2         1.081 

 Final R indices [I>2sigma(I)]      R1 = 0.0783, wR2 = 0.2317 [4209 Fo] 

 R indices (all data)           R1 = 0.1137, wR2 = 0.2483 

 Largest diff. peak and hole       0.578 and -0.547 e.A-3 

  

 

Taux d’occupation des atomes: 

τ S10A, H20A, H20B, H20C = 0.85 

τ S10B, H20D, H20E, H20F = 0.15 
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Structure RX de dithiéno-exTTF+PF6
- :  

Empirical formula             C40H32F24P4S20 

Formula weight              1733.74 

Temperature                293(2) K 

Wavelength                1.54184 A 

Crystal system, space group       Monoclinic, I 2/a  

Unit cell dimensions          a = 23.7894(7) A  α = 90 ° 

                        b = 10.2161(6) A  β = 100.450(3) ° 

                        c = 50.3647(16) A  γ = 90 ° 

Volume                  12037.4(9) A3 

Z, Calculated density          8, 1.913 Mg/m3 

Absorption coefficient         8.672 mm-1 

F(000)                   6944 

Crystal size               0.3 x 0.2 x 0.1 mm 

Theta range for data collection    3.57 to 73.13 ° 

Limiting indices             -24<=h<=29, -11<=k<=12, -57<=l<=61 

Reflections collected / unique     19816 / 13466 [R(int) = 0.0918] 

Completeness to theta = 73.13     93.1 % 

Absorption correction          None 

Refinement method            Full-matrix least-squares on F² 

Data / restraints / parameters     13466 / 2 / 1024 

Goodness-of-fit on F²         2.364 

Final R indices [I>2sigma(I)]      R1 = 0.2450, wR2 = 0.5551 [10423 Fo] 

R indices (all data)           R1 = 0.2673, wR2 = 0.5974 

Absolute structure parameter     0.44(8) 

Largest diff. peak and hole       4.913 and -2.229 e.A-3 
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Electron-rich self-assembled cages: towards a redox control of the guest release  
 

Résumé 
 
Ce travail de thèse a pour objet la synthèse, la 
caractérisation et l’étude des propriétés de 
complexation de cages moléculaires riches en 
électrons, préparées selon une stratégie d’auto-
assemblage dirigé par des métaux, ainsi que l’étude de 
leur aptitude à complexer ou libérer un substrat à l’aide 
d’un stimulus redox.  
Une présentation de la stratégie d’auto-assemblage 
dirigé par des métaux et de son efficacité pour 
l’élaboration de structures tridimensionnelles est d’abord 
proposée.  
Ce projet repose sur un travail préalable de synthèse de 
ligands riches en électrons, dérivés de l’unité 
tétrathiafulvalène (TTF) ou de son dérivé à système-pi 
étendu (exTTF), motif dont les propriétés de donneurs-
pi sont bien établies. Plusieurs ligands tétra-topiques 
ont ainsi été préparés et caractérisés.  
Les auto-assemblages discrets correspondant ont été 
obtenus par réaction avec divers complexes 
métalliques, donnant naissance à des cavités variées, 
contrôlées en termes de forme et de taille. Ces édifices 
ont été caractérisés par RMN (dont DOSY), 
spectrométrie de masse, le cas échéant par diffraction 
des rayons-X et leurs propriétés électrochimiques ont 
été étudiées par voltammétrie cyclique. Leur capacité à 
complexer des invités neutres ou ioniques a également 
été mise en évidence. Enfin, exploitant les 
caractéristiques géométriques et électroniques 
remarquables des dérivés à base exTTF, l’aptitude de 
l’une des cages correspondantes à contrôler 
réversiblement le processus de libération/complexation 
d’un invité par oxydation/réduction chimique, a pu être 
démontrée. 
 
Mots clés 
Chimie supramoléculaire, Synthèse organique,  Auto-
assemblage, Cage moléculaire, Tétrathiafulvalène, 
Redox, Complexe hôte-invité, Relargage contrôlé. 

 

Abstract 
 
This work is related to the synthesis and the 
characterization of electron-rich molecular cages, which 
are generated through a coordination-driven self-
assembly strategy, as well as to the study of their ability 
to complex or release a substrate using a redox 
stimulus. 
A presentation of the metal-driven self-assembly 
methodology and of the corresponding efficiency in the 
preparation of three-dimensional structures is first 
proposed. 
This project is based on preliminary efforts in the design 
and the synthesis of electron-rich ligands, which are 
derived from the tetrathiafulvalene unit (TTF) or its pi-
extended derivative (exTTF), whose pi-donating 
properties are well-established. Several tetratopic 
ligands were prepared and characterized. The 
corresponding discrete self-assemblies were obtained 
by reaction with various metal complexes, giving rise to 
various cavities whose shapes and sizes can be 
triggered. These structures were characterized by NMR 
(including DOSY), mass spectrometry, X-ray diffraction 
in some cases. Their electrochemical properties were 
studied by cyclic voltammetry. Their good binding 
properties for various neutral and ionic guests were also 
shown. Finally, exploiting the remarkable geometric and 
electronic features of exTTF derivatives, the ability of 
one of the corresponding cages to trigger reversibly the 
release/complexation process of a guest upon chemical 
oxidation/reduction, could be demonstrated 
 
Key Words 
Supramolecular chemistry, Organic synthesis, Self-
assembly, Molecular cage, Tetrathiafulvalene, Redox, 
Host-guest complex, Controlled delivery. 
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