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Résumé de la Thèse 

L’objective de mon travail de thèse était de développer de nouvelles approches vers des objets 

moléculaires et vers des assemblages supramoléculaires stimulables par transferts d’électrons. 

Au cours de ce travail, nous avons conçu, synthétisé et caractérisé de nombreux systèmes 

(supra)moléculaires dont la structure peut être bouleversée par le déclenchement de processus 

de π-dimérisation impliquant des radicaux -conjugués électrogénérés à base de motifs 4,4’-

bipyridiums, plus connu sous le nom de viologène.  Le contrôle rédox des phénomènes 

d’auto-association est abordé dans un premier temps avec des tectons porphyriniques 

électroactivables capables de s’assembler, en présence de cucurbit[8]urile, sous l’effet d’une 

stimulation électrique centrée sur des substituants de type viologène. Nous avons notamment 

démontré que l’augmentation du nombre d’unités viologène sur un tecton donné permet de 

favoriser les phénomènes de réorganisation intramoléculaires impliqués dans les assemblages, 

une découverte qui ouvre de larges perspectives dans le domaine des assemblages 

commutables. Dans une seconde approche, nous avons développé des pinces et des clips 

moléculaires électro-activables susceptibles de former des matériaux auto-assemblés via 

l’établissement d’interactions supramoléculaires (type donneur/accepteur) entre des motifs 

auto-complémentaires introduits sur chaque tecton. Nos travaux ont permis de montrer 

l’influence de la taille et de la flexibilité de la plateforme organique choisie pour relier les 

motifs viologène sur les propriétés de reconnaissance et de dimérisation de ce type de 

molécule. Dans une dernière partie, nous décrivons la formation de polymères de coordination 

construits par assemblage d'un ligand ditopique à base de 4,4'-bipyridium avec du palladium, 

utilisé à la fois comme vecteur de la polymérisation et comme charnière inorganique 

favorisant la dimérisation intramoléculaire des formes réduites.  Les résultats présentés 

révèlent que la formation de polymères / oligomères de coordination en solution peut être 

contrôlée par une stimulation électrique appropriée. 
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General Introduction 

One of the most fascinating aspect of supramolecular chemistry is the opportunity to control 

the organization of molecules within so-called self-assembled materials. In recent years, the 

use of metamorphic molecular systems, capable of undergoing large amplitude molecular 

motions in response to an external stimulus (temperature, light, electrons, chemicals, magnetic 

field…), has emerged as a promising approach for the development of switchable 

supramolecular assemblies. Heat, pH, pressure and light are the most common stimuli used so 

far to trigger changes in the organization of simple molecular building blocks that eventually 

leads to macroscopic changes. Among all the stimuli investigated so far, responsiveness to 

electrical stimuli remains almost unexplored, despite being particularly attractive to ensure the 

implementation of such materials in devices. 

The work presented in this thesis deals with the development of new approaches towards 

“smart” redox responsive molecular and/or supramolecular systems involving viologen units 

as key redox responsive elements. In all cases, the molecular or supramolecular-level 

metamorphic processes have been actuated by changing the redox state of the viologen units 

from their dicationic to their cation radical states, the driving force of the reorganization being 

the non‑covalent and fully reversible dimerization occurring between viologen cation radicals.  

In a first bibliographic chapter, we describe the main characteristics of viologen derivatives 

and their interest as active components in redox-switchable molecular and supramolecular 

systems. 

The second chapter is devoted to the synthesis of redox‑responsive supramolecular assemblies 

obtained in aqueous medium by self-assembly of carefully designed poly-viologen tectons 

and cucurbit[n]uril cavitands.  

The third chapter deals with the development of viologen-based redox-responsive molecular 

clips and tweezers with detailed investigations of their molecular recognition and -

dimerization properties. 

The last chapter describes another concept of redox-responsive assembly involving palladium 

and a viologen-based ditopic ligand as building elements. The self-association between the 

metal ions and the ligand leads to the formation of coordination polymers/oligomers which 

can be dissociated by reduction of the viologen centers. 
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I.1. Introduction 

Supramolecular assemblies are ubiquitous in living systems. The most common example 

found in nature is DNA, wherein simple molecular building blocks are organized into 

functional structures.1-2 Therefore, in order to understand and predict the formation of 

supramolecular assemblies, it is necessary to have an overview of the non-covalent bonds 

available in the supramolecular toolbox. In particular, planar -conjugated molecules are 

known for their ability to interact with their environment in many different ways. In most 

cases, the stabilization energy arises either from interactions between the quadrupolar 

moments of individual -systems (best known as “- stacking”) or from charge transfer 

processes occurring between electron-rich and electron-deficient -units.3-7 

In rare circumstances, when -radicals are involved, stacking might be promoted by ‐

dimerization or pimerization processes. Both, the pimer and the ‐dimer complexes exhibit 

sandwich‐like, multicenter‐bonded structures involving two planar -conjugated units held 

together at sub‐Van der Waals intra-dimer separation distances. 

In ‐dimers, the non-covalent “chemical bonding” arises from orbital overlaps occurring 

between two SOMOs centered on two identical radical ions or neutral species, whereas 

pimers, which are in essence the mixed‐valence analogues of ‐dimers, involve orbital 

overlaps between an organic ‐conjugated system with its own radical (Figure 1).8 

 

Figure 1: Schematic representation of the bonding orbitals involved in the formation of pimers and -dimers. 

Another salient feature of ‑dimers is their metastable character, inherent to the quite weak 

stabilizing bonding energy. The latter eventually adds up to significant solvophobic and/or 

attractive electrostatic interactions with counter ions to overcome the electrostatic repulsion 

between both -conjugated building elements bearing the same charge (positive or 

negative).9-10 The association is also fully reversible and the equilibrium between free radicals 

pimer dimer

SOSOBVSO
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and dimers can be readily displaced with standard physical parameters like temperature and 

concentration. A wide range of planar organic radicals, featuring different sizes and charges, 

have been shown to form such dimers. The most common ones are represented in Figure 2.  

 

Figure 2: General representation of ‑dimers obtained from tetrathiafulvalene (TTF), viologen (RVR)2+, porphyrine (Zn‑P), 

naphtalenediimide (NDI), terpyrrole (TPR) and terthiophen-based radicals (TTP). 

Tetrathiafulvalenes (TTF) are non‑aromatic compounds but their one-electron oxidation 

(𝐸𝑜𝑥
0 = 0.37 vs. SCE) leads to the formation of aromatic/stable radical cations (TTF+•). These 

species are quite often isolated as a -dimers at the solid state.11 In solution, the formation of 

-dimers [(𝑇𝑇𝐹)2]𝑑𝑖𝑚
2+

 can be revealed by UV-visible spectroscopy measurements, with an 

absorption band observed in the 730 ‑ 750 nm range depending on the solvent used.12 

Metalloporphyrins, in particular zinc porphyrins (Zn‑P) has been shown to form -dimer both 

at the solid state and in solution.13 Oxidation of the porphyrin ring produces a radical cation 

that can eventually dimerize in concentrated solutions. The ‑dimer [(𝑍𝑛‑𝑃)2]𝑑𝑖𝑚
2+  shows an 

absorption band in the near-infrared region at 930 nm. 

The one-electron reduction of naphthalenediimide (NDI) derivatives also lead to the 

observation of ‑dimers. For instance, the electrochemical reduction of a sulphonated NDI 

(R= phenyl sulphonate) at −0.42V vs SCE in aqueous solution has been shown to produce a 

radical anion (NDI−•) which spontaneously dimerizes into [(𝑁𝐷𝐼)2]𝑑𝑖𝑚
2− which usually shows a 

broad absorption band at 1140 nm. 
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The dimerization of terpyrrole derivatives is also well documented. For instance, the one-

electron oxidation of a phenyl substituted terpyrrole was shown to produce a stable radical 

cation (𝐸1/2
1 = 0.28𝑉 vs. Fc/Fc+) whose -dimerization was revealed from variable 

temperature absorption spectroscopy measurements with the observation of a diagnostic 

absorption bands at 752 nm.14  

All the concepts that we have developed in this thesis work involve the -dimerization of 

viologen-cation radicals as the driving force of molecular motions. Emphasis will thus be 

given in the following sections to the reversible and noncovalent interactions arising between 

viologen radical cations.  

I.2. Viologens 

1,1-Di(hydrocarbyl)-4,4′-bipyridinium salts, best known as viologen (RVR2+), can be readily 

formed by N-quaternization of 4, 4ʹ -bipyridine. Use of methyl iodide as a reactant leads to the 

formation of 1,1’‑diméthyl-4,4’-bipyridinium MeVMe2+, most commonly known as paraquat. 

From an electrochemical point of view, this dicationic compound exhibits two consecutive 

Nernstian electron transfers attributed to the successive formation of the cation radical 

MeVMe+• and of the neutral quinonic forms MeVMe0 (Figure 3).15-16  

 

Figure 3:The three redox states of MeVMe 2+. 

The dication salt MeVMe2+ is colorless and its solubility in organic or aqueous media can be 

tuned with the two surrounding anions. Addition of one electron produces the paramagnetic 

blue-colored radical cation MeVMe+•,17 which is quite sensitive to the presence of oxidizing 

agents like molecular oxygen. The stability of the radical cation state is mainly governed by 

the delocalization of the single electron along the -framework of the bipyridyl unit, wherein 

part of the charge is weakly carried by the 1 and 1ʹ substituents.18 Another key feature of 

viologens is that the potential shift measured between both successive reduction processes is 

(MeVMe)2+

Colorless

Dicationic

(MeVMe) +

Blue

Radical - Cation

(MeVMe)0

yellow / brown

Neutral
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large enough ( 400 mV) to ensure the stability of the ‐radical cation MeVMe+• state toward 

disproportionation.15 Further reduction of MeVMe+• affords the diamagnetic neutral quinone-

like MeVMe0 which appears as a yellow-brown compound in solution. The latter is extremely 

reactive, and often referred to as the quinonic or biradical form.19  

I.3. -Dimerization of Viologen Derivatives 

Spectroscopic studies carried out on RVR2+ (Figure 2) reveal the absence of absorption bands 

in the visible range due to the fact that the two pyridinium rings which are connected through 

a C–C single bond at 4,4′-positions are electronically independent.20 The radical cation 

species (RVR+•) conversely shows an intense absorption band in the visible region associated 

to the delocalization of the unpaired electron throughout an extended -framework of two 

pyridyl groups arranged in a fully coplanar conformation.21  

V2+ +  e-    ⇌   V+•                   (𝐸1 
0)         (1) 

V+• +  e-    ⇌   V0                     (𝐸2
0)         (2) 

V+• + V+•    ⇌   (V2+)dim           (𝐾dim)      (3) 

V+• + V+•    ⇌   V0  +  V2+        (𝐾disp)      (4) 

Figure 4: Successive one-electron reductions of a generic viologen derivative RVR2+ ((1) and (2)), and their potential coupled reactions 

(dimerization (3) and disproportionation (4)). 

In aqueous solution, the color of the RVR+• species ranges from blue to purple depending on 

concentration. The color of a 2x103 mM solution of MeVMe+• was found to turn from violet 

at low temperature (T  –196°C) to blue at room temperature.22-23 Schwarz and coll. have 

examined the spectroscopic signature of solutions of MeVMe2+ produced electrochemically 

over the concentration range in which an obvious color change occurs. As part of these 

studies, they have shown that the -dimerization of MeVMe+•(Kdim = 385 M-1) (eqn. 3, Figure 

4) is the only process that can explain the change in color of the solution as a function of 

concentration and/or temperature.24 

The absorption spectrum of the dimer [(Me𝐕Me)2]𝑑𝑖𝑚
2+  features a broad absorption band at 

850 nm and an intense signal in the visible region at 540 nm, blue shifted by about 60 nm 

compared to that observed for the non-associated radical.25 This blue shift (Davidoff shift) is 
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attributed to the interactions between the transition dipole moments on adjacent molecules in 

the dimer. The most characteristic signal observed in the near IR region is due to the 

formation of bonding and non-bonding molecular orbitals from a pair of equivalent SOMO’S 

(scheme 1).8, 23, 26 The transition energy can be assessed as hL=(Δ2+4Hab
2)1/2, where Δ is the 

energy difference between the interacting orbitals (Ψa and Ψb) and the electronic-coupling 

element Hab is equated to the resonance integral ∫𝛹𝑏HeffΨa. In the case of -dimerization, 

Δ=0. Then the transition energy hL in -bonded dimers is directly related to the electronic-

coupling term Hab.
8 

The dimerization efficiency can also be readily assessed from ESR spectroscopy 

measurements as the singlet state electronic configuration of viologen-based -dimers gives a 

silent ESR spectrum. The presence of non-dimerized paramagnetic viologen radicals in 

solution is thus revealed at room temperature by the observation of an intense signal close to 

the free electron g-value at 2.0023. For instance, temperature dependent ESR experiments 

have been implemented to determine the dimerization constant of 1,1'-ethyl-4, 4’-

bipyridinium mono-radical cation in methanol (Kdim = 1203 M-1 for EtV+•Et at 10-4 M).27-28 

The radical cation of 1,1'-dimethyl-4,4'-bipyridinium (MeVMe+•) was isolated and 

characterized at the solid state in 1989.29 The first -dimer of viologen cation radicals (R = Et) 

has been characterized at the solid state in 2007 with [Fe4Pt(CO)16]
2- as a counter ion. Within 

each dimer, the radical moieties are perfectly eclipsed with a mean sub van der Waals 

distance of 3.275 Å measured between the planes defined by the two viologen units (Figure 

5).30 

 

Figure 5: A) Crystal structure [EtV+•Et]2 π-dimer. B) Chemdraw representation of the dimer.30 

Unfortunately, due to their low stability, the vast majority of dimers and in particular most 

viologen based -dimers reported so far in literature involve intermolecular overlaps imposed 

either at the solid state by packing effects or favoured in solution by temperature effects or by 

use of unusually high concentrations of radicals. To cope with this problem, one strategy 

2+

A B
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which has proved quite effective in promoting the formation of non-covalent long bonded 

dimers in standard temperature and concentration ranges relies on the use of container 

molecules, such as the cyclodextrins or cucurbit[n]urils, capable of hosting and stabilizing 

such self-assembled dimeric entities.31-32 Alternatively, their formation can also be greatly 

improved through the introduction of both dimerizable partners on a suitable rigid scaffold or 

through their connection with covalent linkers of appropriate size and flexibility. 

I.4. Strategies to Promote Dimerization 

I.4.1. Covalently Linked Bis-Viologens 

One of the most efficient and widely used strategy to promote the dimerization of viologen-

based cation radicals rely on a molecular engineering approach enabling to link two 

monomers through a flexible covalent linker of appropriate size and flexibility. Early 

developments in this field involve the use of flexible alkyl linkers such as the propyl chain 

which has been found in agreement with the n=3 rule defined in the sixties by Hirayama33, to 

yield the highest dimerization binding constant (Kdim = 515 M-1).34-40  

A systematic electrochemical/spectroscopic study has been carried out by Tazuki and coll. on 

a series of alkyl linked bis-and tris viologens (Figure 6).41 

 

Figure 6: Bis- and tris-viologen compounds with flexible alkyl chains investigated by Tazuki and coll.41 

The absorption spectra of the viologen-based cation radicals produced in situ by electrolysis 

are shown in Figure 7. The radical cations 1+,42(+•) and 73(+•) show similar absorption bands 

observed between 400 nm and 600 nm (Figure 7A) attributed to the spectroscopic signature of 

free, non-dimerized, viologen radicals.42 

12+
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Figure 7: Absorption spectra recorded for a series of viologen-based radical cations (1.1mM) in DMF containing 0.1 M TBAP. A) 1+•, 42(+•), 

73(+•) (dashed line), and 22(+•) ( solid line ), B) 32(+•), 63(+•) (dashed line), and 53(+•) (solid line).41 

The radical cation of the propyl-linked derivative 24+ shows a fully different absorption 

spectrum with intense bands centered at λmax = 360 nm and 533 nm as well as a broad 

diagnostic ‐dimer band at 850 nm. The radical cations generated from the butyl‑ and hexyl-

linked derivative 34+ and 66+ were found to exhibit similar absorption bands centered at 360 

nm, 533 nm, 600 nm and a weak ‑dimer band at 850 nm while the propyl-linked derivative 

56+ shows an absorption spectrum similar to that obtained in the same conditions upon 

reduction of 24+ (one electron/viologen).41 These results demonstrate that a mixture of free 

radical and of -dimerized species is systematically obtained upon reduction of all the alkyl-

linked bis-viologens. Hence this pioneer work, and many more recent ones, have thus 

revealed that the value of the dimerization constant Kdim is tuned to a large extent by the 

length of the alkyl linker, and the propylene spacer being the most suitable one to promote the 

face-to-face dimerization between viologen-based radicals.27  

It needs to be mentioned that the photoreduction of alkyl-linked bis viologens has also been 

reported.43 It has for instance been established that irradiating an oxygen-free solution of 1,1'-

trimethylene-bis-4-bipyridinium bromide (5x10-4M) and 2-propanol (0.65 M) in water with a 

300 W medium pressure mercury arc lamp (λ > 300 nm) results in the formation of viologen-

based ‑dimers showing absorption maxima at 850, 533, and 360 nm. 
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Figure 8 : Decomposition of the first reduction processes in linked bis-viologen species and their potential coupled reactions. 

From an electrochemical point of view, such poly-viologen compounds featuring multiple 

chemically equivalent redox centers,44, 45 show an interesting behaviour in solution. 

Therefore, based on the electrochemical and spectroscopic investigations conducted over the 

past years on alkyl‐linked viologen derivatives,34, 43, 46-50 the following conclusions can be 

drawn: 

• The intramolecular dimerization of viologen-based cation radicals leads to a shift of 

the viologen‐centered reduction potential toward less negative values. In other words, 

viologen centers are more easily reduced in compounds capable of -dimerization. 

• The dimerization constant Kdim (Figure 8), corresponding to the formation of 

[𝟖]𝒅𝒊𝒎
𝟐+  from 82(+•) , decreases as the number of carbon atoms in the chain increases 

from n = 1 to n = 4. 

• The disproportionation constant (Kdisp) of the one‐electron reduced species, that is, 

8(3+•) ↔ 8(4+) + 8(2+•) is favored by the consumption of the doubly reduced species in 

the dimerization reaction (Kdim). The efficiency of the -dimerization and the value of 

the disproportionation constant (Kdisp) can be readily assessed by cyclic voltammetry, 

most notably from the anodic shift of the first viologen‐centered reduction wave and 

from the associated ΔEp value (peak to peak potential shift; ΔEp = Epa−Epc), the fact 

that the second electron becomes easier to transfer than the first one (Kdisp > 1 if 
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𝐸2
°>𝐸1

°) implying that ΔEp gets lower than the expected 58 mV shift predicted from 

theory for a one‐electron Nernstian process. 

• The signature of intramolecular dimers is independent of concentration, anion and 

solvent. The typical -dimer band appears around 840–860 nm and increasing the 

chain length from 3 to 4 carbon atoms only leads to a small red-shift of about 5-10 nm. 

• In the presence of a flexible linker like in 8(4+) the stabilization energy involved in the 

intramolecular dimerization is about −9 Kcal/mol while for [(MeVMe)2]dim
2+  the 

stabilization energy associated to the intermolecular dimerization is about 4 to 5 

Kcal/mol.39, 51 

Another interesting feature of the tetra-cationic propyl-linked bis-viologen 84+ is that it adopts 

an elongated (unfolded) conformation at the ground state due to repulsive forces arising from 

the electrostatic repulsion between both dicationic viologens, while at the reduced state, the 

attractive forces between both cation radicals leads to the formation and stabilization of a -

dimerized folded conformation.  

This situation is hardly seen with any other -systems where attractive forces, such as those 

leading to the so-called -stacking processes, are already involved at the ground state. This 

ability of 84+ (n=3) to oscillate between an “open” and a “closed” conformation under the 

effect of a two-electron transfer has been exploited in the past to develop a wide range of 

switchable systems like the redox responsive porphyrin-based molecular tweezer 94+ (Figure 

9).36 

 

Figure 9: Redox-responsive porphyrin-based molecular tweezers.36 

This flexible molecule features two porphyrin rings covalently-linked through a flexible tetra-

cationic bipyridinium-based linker used as a redox-responsive molecular hinge, the reversible 
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conversion between the open (charge-repelled) and closed (face-to-face) forms relies on the 

ability of both bipyridinium subunits to dimerize in their reduced forms. Electrochemistry, 

spectroelectrochemistry and ESR spectroscopy measurements supported by computational 

analyses have shown that 94+can be efficiently and reversibly converted from an “open” 

charge-repelled conformation into a “closed” cofacial arrangement resulting from the 

formation of the intramolecular -dimer [𝟗]𝑑𝑖𝑚
2+  . This open/closed molecular motion, 

triggered by electron-transfers centred on -dimerizable bipyridinium subunits, has 

furthermore been shown to allow the complexation of a bidentate heterocyclic ligand pinched 

between both metallo-porphyrins as revealed by the modulation of the porphyrin-based 

exciton coupling phenomena (Figure 9). 

A similar principle has been used to devise the first ferrocene-based redox-responsive 

molecular carousel 10+4 whose rotating motion is triggered by simple electron transfers 

centred on bipyridinium fragments introduced on both Cp's. Detailed electrochemical, 

theoretical, and spectroscopic analyses reveal that formation of the intramolecular -dimer 

[𝟏𝟎]𝑑𝑖𝑚  
2+ requires the introduction of rigid, conjugated organic linkers between the rotating 

metallocene module and the electron motive -dimerizable drivers. Evidence for 

intramolecular dimerization came from electrochemistry data, supporting the existence of 

chemical steps coupled to the electron transfer processes, and from ESR and UV‑vis 

spectroscopy with the observation of diagnostic absorption bands in the near-infrared region 

(Figure 10).52 

 

Figure 10: Redox‑responsive carousel (X=organic linker : -CH2-, -CH2-CH2-, -Ph-,-ethyne-).52 

It has also been reported that bipyridinium radicals can be reversibly -dimerized under the 

combined effects of chemical and electrochemical stimuli.53 

 A series of investigations carried out on viologen appended calixarenes that led to the 

discovery that the -dimer [11H2]dim
2+  can be produced from 112+ following two different 
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pathways involving either the CE or EC activation sequences, where C and E stand for the 

protonation (Chemical) and reduction (Electrochemical) processes, respectively (Figure 11).  

 

 

Figure 11:Schematic representation of different viologen‑appended calixarenes [53] 

It has even been established that the EC pathway involves an equilibrium between the -

dimer [12]σ and the -dimer [𝟏𝟏H2]𝑑𝑖𝑚
2+

 . Experimental and theoretical data collected with the 

N-methylated and N-protonated compounds 11H2 and 13 (n = 1, 2) also support the existence 

of multivariant orientations in -bonded dimers of viologen cation-radicals.53-55 For each 
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species investigated, it has been found that two different -dimers, designated as the parallel 

and perpendicular isomers, stand as local minima on the potential energy surface and that the 

length of the linker (n= 1 or 2 in 13) as well as the nature of the substituents introduced on the 

terminal pyridine rings (H vs. Me) determine the most stable, parallel vs. perpendicular, 

conformation. Theoretical calculations carried out in the same conditions on the two-electron 

reduced forms of 11H2 and 13 (n = 2) suggest that the most stable ‑dimers are the 

perpendicular ([𝟏𝟏H2]𝑑𝑖𝑚
2+ and parallel [𝟏 ]𝑑𝑖𝑚

2+  isomers, respectively.  

Further investigations involving the linker-free viologen-calixarenes 144+ and 154+ revealed 

that the formation of an intramolecular -dimer involving both pending viologen cation 

radicals requires the alkylation of the phenolic oxygen atoms at the lower rim of the 

calixarene skeleton. The conformational flexibility of the per-alkylated compound 154+ allows 

for the formation of the intramolecular -dimer [𝟏 ]𝑑𝑖𝑚
2+ which is precluded in the case of the 

partially alkylated compound 142(+•) as a result of the rigidity imposed by the hydrogen-bond 

network involving the remaining phenolic OHs.56 

The nature of the linkage separating the two bipyridinium units determines the efficiency of 

the dimerization. For instance, xylylene‑linked bis-bipyridinium molecules have been shown 

to form long‑bonded dimers in their reduced states. The aryl moiety has been introduced in 

the linker mainly for the purpose of rigidification.57-58 Spectro-electrochemical measurements 

revealed that the most efficient intramolecular ‑dimerization is observed with the two‑

electron reduced forms of the ortho‑substituted isomers o‐164+ and o,o‑174+ (Figure 12), 

which have been found to exist exclusively as ‑dimers in their dicationic redox states 

[𝑜– 𝟏𝟔]𝑑𝑖𝑚
2+ (Kdim = 3.45 M-1) and [𝑜– 𝟏𝟕]𝑑𝑖𝑚 

2+ (Kdim = 20 M-1). 

 

Figure 12: Schematic presentation for bis-viologen species with flexible xylyl linkage. 57-58 

The viologen-based cyclophane known as the “blue box” has been exploited by Stoddart since 

the early 70th to devise a wide range of responsive catenanes and rotaxanes.59 The presence of 

two viologen units provide the macrocyclic host with strong -electron deficiency. These 

systems have been widely investigated because of their ability to form inclusion complexes 

with planar electron-rich organic molecules.60-61  

𝟏𝟔 + 𝟏𝟕 +
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Recent works revealed that the close proximity of the two viologen units in 184+ may also 

facilitates the formation of -dimerized complexes. In line with this comment,It has been 

shown that the doubly reduced species 182(+•) (Figure 13) forms an inclusion complex with 

various 4,4‐bipyridinium cation radicals (RVR+•) yielding an equilibrium between the tris‐

radicals species [RVR+•⊂182(+•)] and the corresponding ‐dimer [R𝐕R ⊂ 𝟏𝟖]𝑑𝑖𝑚
2+(+ )

  (Ka = 

5x104 M−1) featuring a pair of singlet state dimerized radicals and a single non-associated 

radical.62 

The formation of the tricationic trisradical inclusion complexes between the radical state of 

dimethyl viologen MeVMe•+ and 182(•+) shows a binding energy around −12.7 kcal/mol-1. 

 

Figure 13: Schematic representation for the dimerazation process of 4,4‑bipyridinium cation radicals and doubly reduced “blue box”.60-61 

I.4.2. Confinement Strategies  

Another strategy to promote the dimerization of viologen-based radicals involves use of 

container-shaped cavitands, like cyclodextrin or cucurbit[8]uril, capable of hosting viologen-

based ‐dimers within their cavity. 

 I.4.2.1. Cyclodextrin-Based Inclusion Complexes 

Cyclodextrins (CDs), also known as Schardinger dextrins, and cycloamyloses, comprise a 

family of cyclic oligosaccharides obtained by enzymatic degradation of starch.63 These 

compounds are of great interest because of their ability to form inclusion complexes with a 

variety of organic molecules. The size/diameter/hydrophobicity of the inner cavity play 

important roles in their recognition abilities (Table 1).64-66 

Previous reports have clearly demonstrated that the dimerization of viologens is enhanced 

upon addition of γ-CD, while the addition α-CD and β-CD inhibit the dimerization.67-69 In 

addition to that, the formation of inclusion complexes between viologens and CD has been 

RBPR+ 
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shown to depend on the substituents introduced on the viologen unit, on the size of the cavity, 

and on the redox state of the viologens. For instance, α-CD proved unable to stabilize the 

dimer of MeVMe•+, while β-CD led to an equilibrium between the dimer [(MeVMe)2]dim
2+  and 

the free radical MeVMe•+ but the largest dimerization constant was obtained in the presence 

of γ-CD (Kdim = 530 M-1). On the other hand, reduction of the hexyl-substituted derivative 

HexV2+Hex alone or in the presence of γ-CD led to the observation of [(Hex𝐕Hex)2]𝑑𝑖𝑚
2+ , 

While only the free radical HexV+•Hex could be observed in the presence of α-CD and β-CD. 

 

                                                                    Table 1: Main physiochemical properties of cyclodextrins.64-66 

It has also been demonstrated on the ground of CV and NMR data that viologens bearing 

short alkyl chains (methyl and ethyl) do not form inclusion complexes with α-CD, neither as 

dications nor as radical cations. This however proved not true with β-CD and γ -CD leading to 

the formation of inclusion complexes with RVR+•, as revealed by the positive shift of Epc 

accompanied with significant changes in the UV-vis absorption spectra induced upon addition 

of CDs. 

Viologens bearing long alkyl chains (like hexyl and heptyl) form 1:1 inclusion complexes 

with both α- and β-CD. In the oxidized state of viologen, both the α- and β-CD lies within the 

alkyl chain. While in the reduced state the β -CD moves toward bipyridine ring position and 

the α-CD remains in the alkyl chain (Figure 14A).70  

Finally γ-CD does not form an inclusion complex with the viologens in the oxidized state. 

Whereas it forms 1:2 complex with viologens in the reduced state that are stabilized as a -

dimer within the cavity of CD (Figure 14B). 
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Figure 14:Schematic illustration of the inclusion of HexV2+Hex in CDs.70 

 

I.4.2.2. Cucurbituril-Based Inclusion Complexes 

Cucurbit[n]urils (abbreviated henceforth as CB[n]) are pumpkin-shaped macrocyclic 

compounds composed of n glycoluril units interconnected with methylene bridges. They are 

obtained by condensation of glycoluril (Figure 15) with formaldehyde under high acidic 

conditions.71-76 

 

Figure 15: Preparation of CB[n]s from glycoluril and formaldehyde under acidic conditions.  

CB[n]s replace advantageously cyclodextrins for most applications both in terms of cavity 

size and properties. They are also cheap, not toxic, resistant to microorganisms but only fairly 

to poorly soluble in aqueous media (see solubility values in Table 2).74 The size and diameter 

of CB[n]s play an important role in their recognition abilities (Table 2).77-81  

A wide range of guest molecules can be stabilized within the cavity of CB[n]s via non-

covalent interactions involving their hydrophilic carbonyl portals and/or the hydrophobicity of 

the cavity. CB[n]s have a high affinity for positively charged “hydrophobic” water-soluble 

organic molecules. The hydrophobic part of the guest can fit within the hydrophobic cavity of 

CB[n]s while the positively charged head of the guest is usually found in interaction with the 

hydrophilic, carbonylated part of the host.75, 82 It is worth mentioning that the strongest 
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binding affinity ever reported so far for host‑guest complexes involves CB[7] and avidin as 

host and guest, respectively (1015 M‑1).82-83 

Table 2:Main Physiochemical properties of CB[n]s. 

CB[n]s featuring relatively small cavity sizes (n = 5, 6 and 7) usually form 1/1 inclusion 

complexes while larger CB[n]s (n= 8, 9, 10) can potentially accommodate two or even three 

guests. CB[n]s and viologens derivatives forms very stable host–guest complexes. The size, 

structure, symmetry and dicationic nature of viologens makes them perfect guests for CB[n]s. 

I.4.2.2.1. Inclusion of Viologen Derivatives in Cucurbit[7]uril 

The inclusion behavior of 1,1’‑diméthyl-4,4’-bipyridinium (MeVMe)2+ in cucurbit[7]uril 

(CB[7]) has been investigated by Kim and coll.84 Based on mass spectrometry and 1H-NMR 

spectroscopy analyses, they found that (MeVMe)2+ forms a stable 1:1 host–guest complex 

with CB[7] in water (K1 = 2x105 M-1) (Figure 16). They have also established from cyclic 

voltammetry data that CB[7] has a stronger affinity for the cationic species MeVMe2+(K1 = 

2x105 M-1) and MeVMe+• (K2 = 8.5 x 104 M-1) than for the neutral species MeVMe0 (K3 = 2.5 

x 102 M-1).  

 

                                                          Figure 16: Schematic illustration of the inclusion of MeVMe2+ in CB[7]. 
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As can be seen in Figure 17A, MeVMe2+ undergoes two reversible one-electron reductions 

attributed to the formation of MeVMe+• (𝐸1/2
1 = −0.704 𝑉, MeVMe2+/MeVMe+•) followed 

by a second viologen-centered reduction yielding the neutral quinonic state MeVMe0 (𝐸1/2
2 =

−1.014 𝑉, MeVMe+•/MeVMe0). Addition of CB[7] leads to a small negative shift in the half 

wave potential measured for the first CV wave, which suggests that CB[7] has a stronger 

affinity for MeVMe2+ than for MeVMe+• . On the other hand, the large negative shift of the 

second CV wave indicate that CB[7] has a very weak affinity for the electrogenerated neutral 

species MeVMe0 (Figure 17A).84  

 

Figure 17: A) Cyclic voltammograms (0.1 V.s-1) of MeVMe2+ (0.5 mM in phosphate buffer solutions (pH 7.0)) recorded in the presence 

(solid line) of 3 molar equivalents of CB[7] and in the absence (dashed line) of CB[7]. B) Absorption spectra recorded in the presence (solid 
line) of 1 molar equivalent of CB[7] and in the absence of CB[7](dashed line) after an exhaustive one-electron-reduction of MeVMe2+(1.5 

mM in phosphate buffer at pH 7.0) carried out at an indium tin oxide glass electrode whose potential was set to -0.8 V vs. SCE.84 

Further analyses involving spectro-electrochemical measurements demonstrated that CB[7] 

prohibits the -dimerization of MeVMe+•, as revealed by the fact that the UV-visible 

absorption spectrum recorded in the presence of CB[7] after reduction of the viologens is 

identical to that of the monomeric MeVMe+• (Figure 17B). 

I.4.2.2.2. Inclusion of Viologen Derivatives in Cucurbit[8]uril 

Cucurbit[8]uril (CB[8]) has a wider cavity than CB[7] (see Table 2). It has nevertheless been 

shown to form 1:1 inclusion complex with MeVMe2+ (Ka = 1.1 x105 M-1) (Figure 18).85 

 

Figure 18: Schematic illustration of the inclusion of MeVMe2+ in CB[8]. 
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The redox behavior of MeVMe2+ in the presence of CB[8] has been studied by 

electrochemical methods.86 The presence of CB[8] was found to induce drastic changes in the 

electrochemical signature of MeVMe2+. As can be seen in Figure 19A, the first and second 

reduction waves are shifted by about + 200 mV and – 250 mV, respectively, upon addition of 

1 molar equivalent of CB[8]. These changes have been attributed to the formation of the 2/1 

inclusion complex [(MeVMe)
dim

2+ ⊂CB[8]] (Kdim = 2x107 M-1) wherein the cation radical state 

MeVMe+• is stabilized as a -dimer within the cavity of CB[8] (Figure 19A).  

 

Figure 19 : A) Cyclic voltammograms (0.1 V.s-1) of MeVMe2+ (0.5 mM in phosphate buffer (pH = 7.0)) recorded in the presence (solid line) 

of 3 molar equivalents of CB[8] and in the absence (dashed line) of CB[8]. B) Absorption spectra recorded in the presence (solid line) of 1 

molar equivalent of CB[8] and in the absence of CB[8](dashed line) after an exhaustive one-electron-reduction of MeVMe2+(1.5 mM in 

phosphate buffer at pH 7.0) carried out at an indium tin oxide glass electrode whose potential was set to -0.8 V vs. SCE.86  

This conclusion is further supported by the spectro-electrochemical data depicted in Figure 

19B showing that the characteristic absorption of the radical MeVMe+• turns into that of the 

dimer upon addition of CB[8]. 

 

Figure 20: Schematic representation showing the conversion of  the 1:1 inclusion complex (MeVMe2+⊂CB[8]) into the 2:1 inclusion 

complex ((Me𝐕Me)𝐷𝑖𝑚
2+ ⊂CB[8]). 
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All these data support the conclusion that the mechanism shown in Figure 20 is involved in 

solution after reduction of the 1/1 inclusion complex [MeVMe2+⊂CB[8]]. Accumulation of 

MeVMe+• in solution triggers the inclusion of -dimers in CB[8] together with a release of 

free CB[8]. The extensive stabilization of the dimer within CB[8] accounts for the potential 

shifts observed on the CV curves leading in the end to a large increase of the stability domain 

of the radical state, which gets much easier to form and harder to consume in the presence of 

CB[8]. 

I.5. Conclusion, Perspectives and Objectives 

We have discussed in this chapter the general characteristics of -dimers, paying particular 

attention to those derived from 4,4’-bipyridinium salts. In solution, the −dimerization 

requires specific experimental conditions (low temperature, high concentrations...), which 

greatly limits the utility of these systems. These limitations could however be overcome by 

molecular engineering, upon introduction of suitable covalent hinges between the two 

partners or by encapsulating the partners inside the cavity of container-shaped cavitands. 

These strategies can be exploited to develop new switchable (supra)molecular architectures 

and materials. 

In this context, the objective of this project is to develop new approaches towards “smart” 

redox responsive molecular and/or supramolecular materials containing -dimerizable 

viologen units. This strategy has been used during my thesis to achieve an electronic control 

over the assembled and disassembled states of molecular systems. 

 

 

 

 

 

 

 



30 | P a g e  

 

 

 

 

 

 

 

 

 

 

CHAPTER II: Redox-Responsive Supramolecular 

Assemblies Built From Cucurbit[8]uril and 

Viologen–Based Tectons 

 

 

 

 

 

 

 

 



31 | P a g e  

 

II.1. Introduction 

Supramolecular chemistry is known as “the chemistry beyond molecules”. One key objective 

in this field is to design and develop supramolecular architectures combining multiple 

components held together through non-covalent interactions. These interactions are reversible 

and usually weaker than covalent bonds.87 The most well-known are the so-called hydrogen 

bonds, the electrostatic or van der Waals forces and the donor-acceptor interactions. As an 

inspiration, nature presents classical prototypes for the design and synthesis of supramolecular 

systems, since for many biological processes inter‑ and intra-molecular non-covalent 

interactions are crucial.88 An archetypal example of such supramolecular systems found in 

nature is the DNA molecule, wherein a self-assembled helical structure is due to the 

association of complementary base-pairs interacting through multiple hydrogen-bonds.89-90  

Inspired by such complex and efficient systems, chemists have focused on the development of 

supramolecular systems capable of performing specific tasks and functions in a controlled 

manner. This has been achieved through the introduction of stimuli-responsive moieties. A 

wide range of stimuli have already been considered to operate responsive-molecular systems 

including heat, pH, electric fields, magnetic fields, mechanical forces, sound, light, 

microwaves and chemical reactions.  

Compared to other stimuli, the use of electrons is particularly attractive as it can 

simultaneously alter the charge, the properties and the spin states of a molecule. The oxidation 

or reduction of key responsive elements can be achieved electrochemically, by application of 

suitable potential values at a working electrode, photochemically or by addition of chemical 

oxidants/reductants. There are many redox-active molecular units available for the 

construction of redox-responsive supramolecular systems. The most widely used ones are the 

viologen derivatives (RVR)2+,74 the tetrathiafulvalene derivatives (TTF),91 and the 

naphthalene diimide derivatives (NDI).92 Interest for these compounds mostly stems from the 

fact that they can be easily oxidized and/or reduced to yield stable radicals featuring intense 

and easily identified spectroscopic signatures. 

In this chapter, we will focus on redox-switchable supramolecular assemblies involving 

viologen-based organic tectons and cucurbit[8]uril (CB[8]) cavitands as building blocks. We 

will first present and discuss a few relevant examples taken from literature then report on our 

own contribution in the field.  
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II.1.1. Background on Viologen/Cucurbituril-Based Assemblies 

As mentioned in the first chapter, CB[n]s can form 1:1 inclusion complexes with a wide range 

of water-soluble positively charged organic species. This specific property has been exploited 

over the past decade to provide access to a wide range of self-assembled supramolecular 

assemblies.93 Much efforts in this field have focused on CB[8], due to its ability to 

accommodate two different 𝜋-conjugated guests (electron-rich/electron-deficient) yielding 

1:1:1 hetero-ternary inclusion complexes85, 94 stabilized through charge-transfer (CT) 

processes (𝜋 donors to 𝜋 acceptors). 

Various supramolecular assemblies have been developed over the past decade from CB[8] 

and covalently linked donor-acceptor molecules.74 The type of assembly obtained from such 

building blocks greatly depends on the length and flexibility of the linker introduced between 

the donor and acceptor moieties. For instance, long and flexible linkers tend to favour the 

formation of intramolecular 1:1 CT complexes 95, while short and/or rigid linkers favour the 

formation of intermolecular 2:2 CT complexes or polymers.96 In rarer cases, the use of rigid 

linker featuring specific angles has been shown to yield well defined “molecular necklaces” 

(cyclic oligomers) stabilized through intermolecular CT processes (Figure 21).97  

 

Figure 21: Different supramolecular assemblies built from CB[8] and D‑A molecules containing a 𝜋‑donor (in red) and a 𝜋₋acceptor (in blue) 

connected through different covalent linkers.97 

The formation of a host-stabilized self-assembled polymers has first been achieved by Kim’s 

group in 2004.96 The concept that has been developed involves growing poly(pseudorotaxane) 

chains on a gold surface using host-stabilized CT interactions (Figure 22). The idea was to 

graft the pseudorotaxane 12+⊂CB[8] on the gold surface and to use it as an initiator. The 

targeted supramolecular polymerization was achieved by immersing the resulting gold-

 − rich  − de  i ien 

C     i [8]  il (CB[8])

+

1 1  omplex

2:2 complex

 
Poly(pseudorotaxane)

Molecular necklace



33 | P a g e  

 

modified SAM into a solution of 22+⊂CB[8]. The growth of the poly(pseudorotaxane) was 

monitored by reflectance FT-IR spectroscopy measurements.  

 

Figure 22: Formation of poly(pseudorotaxane) on a gold surface.96 

A similar supramolecular ‘bottlebrush’ polymer has been constructed from two separated 

rigid bis‑donor and bis‑acceptor units in water (Figure 23). The self-assembled 

supramolecular polymer formed in the presence of CB[8] was mainly characterized by DLS 

and DOSY NMR.98 

 

                                       Figure 23: Supramolecular ‘bottlebrush’ polymer constructed from rigid monomers 3 and 44+.98 

Another approach that has been developed toward viologen-based stimuli-responsive 

supramolecular assemblies takes advantages of the redox properties of viologens and of their 

ability to dimerize in the presence of CB[8] to form 1D or 2D polymers.99-100
  For instance, the 

group of Li and Zhao have reported beautiful examples of redox-switchable assemblies built 

from a series of linear -conjugated compounds incorporating viologen units connected 

through phenyl (54+) or biphenyl linkers (64+). They first found that these oligomers 

spontaneously self-assemble in aqueous media, even in quite diluted conditions (5 x10−4 M) 
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upon addition of sodium dithionite, used as a reducing agent, to form linear 1D polymers. 

They also established that the 𝜋-dimer-based self-assembly proceeds even more efficiently in 

the presence of one molar equivalent of CB[8]. The aggregation of the 1D polymers into 

bundles was also proposed to account for the micrometric diameter of linear molecular wires 

observed by cryo-transmission electron microscopy measurements. (Figure 24)101 

 

Figure 24 : Cartoon representation of the rigid linear 1D polymer structures generated by chemical reduction of 1 or 2 in the presence or in 

the absence of CB[8].101 

II.1.2. Objectives 

The concepts that were developed during my PhD thesis are mainly inspired by the works 

described in the previous section. The idea was to achieve an electrochemical control over the 

formation of supramolecular assemblies (Figure 25A) by exploiting the high affinity of CB[8] 

cavitands for viologen based ‑dimers (Figure 25B); the underlying idea being that the 

dimensionality of the assemblies (1D or 2D) could be tuned with the number and relative 

orientation of the viologen units introduced on a given organic scaffold. The studies detailed 

below involve monomers incorporating either a porphyrin ring or a tetraphenyl ethylene unit 

used as structuring elements (Figure 25C) as readout molecular tools and as a functional units 

that could provide the resulting supramolecular materials with unique sensing, catalytic or 

photochemical properties.  

According to the concept pictured in Figure 25A, the reversible association/dissociation of 1D 

or 2D viologen-based self-assembled polymers is expected to be triggered upon controlling 

the redox state of the viologen subunits (V2+ vs. V+•), the self-assembly process is being 
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driven by the formation of CB[8]-stabilized intermolecular -dimers ([CB[8](V+•)2]dim. We 

will first focus on the results obtained with porphyrin derivatives bearing either four or only 

two viologen units and then in more simple ethylene-linked tetra-viologen derivative (Figure 

25C) 

 

 

 

Figure 25: Schematic representation of A) the targeted stimuli-responsive 2D self-assembly process, B) the electron-triggered -dimerization 

of two viologen-based cation radicals in the presence of CB[8] C). The schematic structure of the targeted viologen‑based tectons. 
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II.2. Redox-Responsive 2D-Assemblies built from a Star-Shaped 

Porphyrin‑Based Tecton 

II.2.1. Synthesis of the Targeted Tecton 11M8+ 

The multi-step synthesis of the targeted molecule 11M8+ (M = H2 or Zn), is summarized in 

Figure 26. This synthesis is actually the result of an improvement of a previously reported 

procedure.102 The starting point is a standard Rothemund condensation of pyrrole with 4-

nitrobenzaldehyde carried out in a propionic acid/acetic anhydride mixture yielding the 

corresponding 5,10,15,20-tetrakis(4’-nitrophenyl)porphyrin 7 in 30% yield. Reduction of the 

nitro group in the presence of SnCl2.2H2O, led with quite good yield to 5,10,15,20-tetrakis(4’-

aminophenyl)porphyrin intermediate 8, obtained as dark-blue crystals. The latter compound 

was then metalated with an excess of zinc (II) acetate at room temperature to afford 9 in 

quantitative yield. The targeted compounds 11H2
8+ and 11Zn8+ have in fine been obtained 

through multiple Zincke coupling reactions103 involving the activated Zincke salt 102+ as a 

reactant.104 

 

 

Figure 26: Synthesis of the targeted porphyrins. (a) EtCO2H, Ac2O, reflux, 4 h, 30%; (b) SnCl2·2H2O, conc. aq. HCl, reflux, 16 h, 62%; (c) 

Zn(OAc)2, DMF, 25 °C, 30 min, > 99%; (d) 10(PF6)2, EtOH, H2O, reflux, 18 h, 29%; (e) 10(PF6)2, EtOH, H2O, reflux, 18 h, 32%. 
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II.2.2. 1H-NMR Characterization  

The 1H‑NMR spectra of 11Zn(X)8 recorded in deuterated water (X = NO3
−) and in DMSO (X 

= PF6
−) are shown in Figure 27. The exact assignment of all these signals was achieved from 

the careful analyses of 1D- and 2D-NMR spectroscopy data. The spectrum of 11Zn8+ exhibits 

6 doublets at low field attributed to the hydrogen atoms located on the viologen (b,c,d,e) and 

phenyl (f,g) units, as well as two singlets attributed to the hydrogens of the porphyrin and N+-

Me moieties. The spectra recorded in water and in DMSO exhibit very similar features but 

with significant differences in the chemical shifts of the signals attributed to the viologens and 

to the porphyrin ring. The electron-withdrawing effect of the viologen units is brought to light 

through the low-field shift of the signals attributed to the β-hydrogen atoms of the porphyrin 

ring going from 9.17 ppm in the spectrum of the reference ZnTPP complex (TPP 

=5,10,15,20-tetraphenylporphine) to 8.95 ppm in that of 11Zn8+. The presence of the zinc 

metal within the cavity of the porphyrin ring was confirmed by the absence of signal at δ ˂ 0 

ppm. 

 

 

Figure 27: 1H‑NMR spectra of (a):11H2(PF6)8 (DMSO, 400MHz), (b): 11Zn(PF6)8 (DMSO, 400MHz), and (c):11Zn(NO3)8 (D2O, 400MHz). 
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II.2.3. Characterization of the Association Between CB[n]  

II.2.3.1. Threading of CB[7] on 11M8+ 

As mentioned before, both the CB[7] and CB[8] hosts have the ability to form [1:1] inclusion 

complexes with viologen-based guests (noted as RVR2+,see Chapter:1, Figure 16, Figure 18). 

1H-NMR titration experiments have been performed in deuterated water to get accurate and 

reliable information on the binding mode (stoichiometry, structure) between our star-shaped 

guest (11Zn8+) and those barrel-shaped hosts (CBs).  

As observed in Figure 28, the progressive addition of CB[7] (0 to 4 molar equivalents) led to 

the disappearance of all the signals corresponding to the free guest 11Zn(NO3)8 at the expense 

of new signals attributed to the formation of different inclusion complexes.  

 

Figure 28 : 1H‑NMR spectra (400 MHz, D2O) of 11Zn(NO3)8 (a) at 1.0 mM in the absence and in the presence of (b) 1.0 molar equiv. of 

CB[7] at 1.0 mM, (c) 2.0 molar equiv. of CB[7] at 1.0 mM, (d) 4.0 molar equiv. of CB[7] at 1.0 mM, (e) 8.0 molar equiv. of CB[7] at 1.0 

mM, (f) 8.0 molar equiv. of CB[7] at 0.1 mM. 

The first thing to notice is that the host-guest equilibria are kinetically slow at the NMR time 

scale. Another key information is that the maximum number of CB[n] hosts (n= 7) that can be 

threaded onto the viologen-appended porphyrin is four, as revealed by the amount of CBs (in 

molar equivalents) needed to reach completion of the titration experiment. This result is 

consistent with the complexation of one viologen per CB to yield the inclusion complex 

[11Zn8+⊂(CB[7])4]. Then, the largest shift is observed for signals attributed to the viologen 
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units (Hc, Hd), with upfield shifts reaching 1.6 ppm by the end of the titration. This large 

amplitude stands in contrast with the limited shifts of about 0.1-0.2 ppm monitored for the 

other protons of the viologens (Hb, He). These shift thus reveal that the threaded CB[7] rings 

lie in between both pyridinium rings. Inclusion of the viologen units within the cavity of 

CB[7] has also a significant impact on the chemical shift of the signals attributed to the CB 

hosts. In the absence of guest, CB[7] displays one singlet at 5.53 ppm attributed to Hk and two 

doublets at 4.23 and 5.80 ppm attributed to the hydrogens of the methylenic bridge pointing 

outside (Ho) or inside (Hi) the cavity of CB[7], respectively.105 As can be seen in the early 

stage of the titration (Figure 28), threading of a non-symmetrical viologen-based axle through 

a CB[7] ring also results in the splitting of the signal attributed to Hi, which ends up being 

observed as two partially overlapped doublets (pseudo triplet at 5.80 ppm) in the spectrum of 

the inclusion complex. The effect of the viologen-based guests on the CB[7] hosts is further 

revealed on the spectrum recorded at low concentration of 11Zn8+ (0.1 mM) in the presence of 

8 equivalents of CB[7] (top spectrum in Figure 28) through the observation of different sets of 

signals corresponding to the free (Hi', Ho', Hk') and complexed (Hi, Ho, Hk) CB[7]s. 

Formation of the self-assembled host-guest complex [11Zn(CB[7])4]
8+ has been further 

demonstrated by mass spectrometry measurements. The spectrum obtained with a Q-TOF 

instrument equipped with an electrospray ionization source in the presence of a formate buffer 

indeed showed a base peak at m/z=865 attributed to [11Zn(CB[7])4,(HCO2)]
7+. 

II.2.3.2. Threading of CB[8] on 11M8+ 

A similar investigation has then been carried out with the less soluble CB[8] host, featuring a 

wider inner cavity but still capable of forming 1/1 inclusion complexes with viologen 

derivatives.82, 106-107 The stoichiometry and structure of the assembly formed in solution were 

also deduced from the titration data depicted in Figure 29. As observed with CB[7], the 

largest chemical shifts involve the protons Hc/Hd and the titration reaches completion after 

addition of 4 molar equivalents of CB[8]. These results thus support the conclusion that four 

CB[8] rings can be threaded on 11Zn8+ and that each CB ring lies in between both pyridinium 

rings. The impact of binding on the chemical shifts of the host is also found to be less 

pronounced for CB[8] than for CB[7]. This size effect is for instance revealed in the spectra of 

[11Zn⊂(CB[7])4]
8+  and [11Zn⊂(CB[8])4]

8+  through the observation of Hi as a broad singlet 

for CB[8] and as two singlets for CB[7]. 
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Figure 29: 1H‑NMR spectra (400 MHz, D2O, 0.1 mM, 293 K) of 11Zn(NO3)8 (a) in the absence and in the presence of (b) 1.0 molar equiv. of 

CB[8], (c) 2.0 molar equiv. of CB[8], (d) 4.0 molar equiv. of CB[8]. 

DFT calculations have been carried out by Dr. Elise Dumont at ENS-Lyon on the inclusion 

complex [11Zn⊂(CB[8])4]
8+.The minimized structure (Figure 30) shows the absence of steric 

clashes of any sort, neither between the threaded macrocycles nor between the porphyrin 

skeleton and the CBs. It also confirms that the CB ring indeed lies right in between both 

pyridinium rings, with both positively charged nitrogens located close to the oxygen atoms at 

the cucurbituril portals. 

 

Figure 30: Left) Schematic representation of the inclusion complex [11Zn⊂(CB[8])4]
8+ formed in solution upon mixing 11Zn8+ with an 

excess of CB[8]; Right) Structure of the complex optimized at the GGA hybrid Truhlar's density functional DFT/M06-2X level of theory, 

with a basis set 6-31G(d,p) using the Gaussian 16 revision B.01 suite of programs. 
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These data discussed above thus support the effective inclusion of the four viologen units 

available on the porphyrin platform in the cavity of CB[7] or CB[8] to yield the caviplex 

compounds [11Zn8+⊂ (CB[n])4]
 8+ (n = 7 or 8). 

II.2.4.Electrochemistry and Spectro‑Electrochemistry in Organic Medium 

The electrochemical signatures of the title compounds 11H2(PF6)8 and 11Zn(PF6)8 have first 

been investigated in DMF using tetra-n-butylammonium perchlorate (TBAP) as an 

electrolyte. Both compounds display similar signatures featuring four consecutive reductions 

(noted E1c, E2c, E3c and E4c) and one oxidation (noted E1a) in the accessible potential window 

(Table 3).  

The first reversible wave at (E1/2)
1c = −0.762 mV is attributed to the one-electron reduction of 

the four viologens units (one electron per viologen) yielding the tetra-cationic compound 

11Zn4(+•). The shape of this wave, featuring a standard ΔEp value of about 63 mV reveals the 

absence of “communication” between each viologen introduced at the meso-positions of the 

π-conjugated porphyrin ring. Savéant has established in the early seventies that electron 

transfers to or from molecules containing n identical, non-interacting, redox centers should 

yield simple CV curves similar to that observed with a single electroactive center (ΔEP ≈ 58 

mV at 25°C) but with current values determined by the total number of redox centers.108 

When each center is characterized by the same formal potential and adheres to the Nernst 

equation independently of the oxidation state of any of the other centers in the molecule, it is 

possible to calculate the formal potentials corresponding to each pair of n successive 

oxidation states of the molecules. Considering fully non-interacting centers, the theoretical 

shift between the first viologen-based formal reduction potentials in 11Zn8+ (E0’
1_1, E0’

1_2, 

E0’
1_3, E

0’
1_4 in Figure 31) should thus equal ΔE0’

1 = E0’
1_n - E

0’
1_(n-1) = 23.7 mV, although the 

overall four electron reduction appear in fine as a single four‑electron reversible wave with 

peak potentials satisfying ΔEp ≈ 60 mV. 

The second one electron reduction of the viologen units (one electron per viologen) is 

observed at (E1/2)
2c = –1,087 V as a reversible wave. Here again, there is no experimental 

evidence supporting the existence of intramolecular “interactions” between the redox centers 

and the comments raised above when discussing the four-electron reduction 

11Zn8+→11Zn(4+•) apply for 11Zn(4+•) → 11Zn0. It is worth mentioning here that the stability 

domain measured for the viologen cation state in 11Zn(4+•) [ΔE=(E1/2)
2c – (E1/2)

1c = 325 mV], 
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falling within the range of that measured in the same conditions with MeVMe2+ (ΔE = 336 

mV, Table 3) used as a reference, is a first evidence suggesting the absence of intermolecular 

interactions between the viologen cation radicals in solution.109 

The porphyrin ring is also submitted to two consecutive one-electron reduction at (E1/2)
3c = 

−1.827 V and (E1/2)
4c = −2.236 V, seen in Figure 31 as two reversible waves of low intensity 

yielding successively the porphyrin-based anion radical 11Zn•─ and the dianion 11Zn2─. On 

the anodic side, the weakly intense and poorly reversible wave observed at E1a = 0.682 V is 

attributed to the oxidation of the porphyrin ring, shifted by more than +300 mV compared to 

that of TPPZn (TPP:5,10,15,20-tetrakis(phenyl)porphyrin)110 due to the presence of four 

electron-withdrawing viologen substituents. 

 

Figure 31: CV curves of a DMF (TBAP 0.1M) solution of 11Zn(PF6)8 (5x10-4 M) recorded at a carbon working electrode (Ø = 3 mm, E vs. 

Ag+/Ag (10-2 M), = 0.1 V.s-1). 

The free base porphyrin 11H2
8+ was also studied in the same experimental conditions. 

Selected key values recorded with this compound are collected in Table 3. We found that the 

four electron-reduced species 11H2
(4+•) is more prone to adsorption than the metalated analog. 

These phenomenon were revealed on the CV curves by the observation of Gaussian-shaped 
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redissolution peaks on the backward scan, and could be readily circumvented upon dilution 

(below 2x10-4 M). The absence of metal in the porphyrin rings is also found to result in a 

significant anodic shift of the porphyrin-centered reduction waves and in the observation of a 

fully irreversible oxidation wave at E1a
 = 0.728 V, which is in agreement with the known 

stabilizing effect of the zinc atom on the porphyrin-based ‑system. The values collected in 

Table 3 also reveal that the viologen-based reduction potentials are only weakly affected by 

the presence of the zinc ion in the cavity of the porphyrin ring. 

 Solvent 𝐸4𝑐 (n, ΔEP) 𝐸3𝑐(n, ΔEP) 𝐸2𝑐(n, ΔEP) 𝐸1𝑐(n, ΔEP) 𝐸1𝑎(n, ΔEP) 

  P-•/ P2- P/ P-• V+•/ V0 V2+/ V+• P+/P+• 

MeVMe(PF6)2 DMF na na −1.163b(1,62) −0.774b(1,60) na 

11H2(PF6)8 DMF −2.011b(1,84) −1.613b(1,84) −1.115b(4,77) −0.785b(4,60) 0.728c (1) 

11Zn(PF6)8 DMF −2.236b (1) −1.827b(1,75) −1.087b(4,67) −0.762b(4,63) 0.682c (1) 

MeVMe(Cl)2 H2O na na −0.99 (1,77)b −0,654(1,60)  na 

11Zn(Cl)8 H2O na na −0.638 (4,24)  −0,389c,d 0,861c (1) 

Table 3: Measured by CV, 2-5∙10−4 M in DMF/TBAP (0.1 M, E(V) vs. Fc/Fc+), or in an aqueous phosphate buffer (0.1M, pH = 7, E(V) vs. 

AgCl/Ag (KCl sat)) at a vitreous carbon working electrode Ø = 3 mm, 298 K, ν = 0.1 V∙s-1. na : Not available / b : Half wave potential / c : 

Peak potential / d : Adsorption phenomena 

As discussed in chapter 1, the ability of viologen cation radicals to form non-covalent 

intermolecular -dimers111 in solution can be readily inferred from absorption spectroscopy 

measurements, most notably through the observation of a diagnostic broad absorption bands 

in the near infra-red region.112  

Spectro-electrochemical measurements have therefore been conducted in the absence and in 

the presence of CBs. The absorption spectra recorded during an exhaustive electrolysis (1e-

/viologen) of 11Zn8+ (5.7x10-5 M) carried out in DMF at a platinum electrode led to a slight 

broadening of the porphyrin-based Soret band coming along with a significant bathochromic 

shift, of about 7 nm, of its maximum wavelength (from 426 to 433 nm) with a clean isosbestic 

point at 429 nm (Figure 32A). The extent of these modifications is fully compatible with 

electron transfers centered on the peripheral viologens having a minor impact on the electron 

density of the porphyrin-based -system. This attribution is further supported by the 

emergence of intense absorption bands between 500 and 800 nm, overlying with the 

porphyrin-based Q bands, attributed to a series of transitions centered on a viologen cation-

radicals, as revealed by the good match with the spectrum of the radical electrogenerated from 

the reference MeVMe+• (dash-dotted line in Figure 32).  



44 | P a g e  

 

The main findings of this preliminary studies are thus that the conversion 11Zn8+ → 11Zn(4+•) 

is fully reversible at the electrolysis time scale (30 min) and that the electrogenerated species 

11Zn(4+•) do not form -dimers in these experimental conditions, as revealed by the absence of 

diagnostic absorption bands in the near IR region (~900 nm) and by the standard ΔEp value of 

about 60 mV measured on the first viologen-based CV wave.  

 

Figure 32: UV−vis spectra recorded during the exhaustive one-electron reduction (per viologen) of  A) 11Zn(PF6)8 (5.7x10−5 M) and B) 
11H2(PF6)8 (2x10−5M) in DMF (0.1 m TBAP) using a platinum plate working electrode whose potential was fixed at Eapp= −0.85V vs. EAg+/Ag 

(10 mL, l = 1 mm, t ≈30 min). 

Further investigations carried out on the free base 11H2
8+ led to similar findings with a 

spectroscopic signature recorded after bulk electrolysis at Eapp = −0.85V (vs. Eref [Ag+/Ag]) in 

agreement with the formation of non-interacting tetra-radical species 11H2
(4+•) (Figure 32B).  

II.2.5. Electrochemistry and Spectro‑Electrochemistry in Aqueous Medium 

All the studies described below have been conducted on the metalated compound 11Zn8+ only, 

as its signature and stability in aqueous medium proved to be the best suited for reaching the 

targeted objectives.  

The idea here was to investigate the ability of CB[8] to promote the intermolecular 

dimerization of the four-electron reduced species 11Zn(4+•) in water to yield 2D self-

assemblies, as opposed to CB[7] expected to form only discrete host-guest caviplexes with 

11Zn(4+•) (Figure 33). 
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Figure 33: Schematic drawing showing the expected binding modes between the four-electron reduced species 11Zn(4+●) and CB[n], with n = 

7 or 8. 

11Zn8+ has been investigated in a phosphate buffer (pH = 7, 0.1 M) at a vitreous carbon 

electrode. The CV curve displays an irreversible oxidation wave centered at E1a = 0.861 V 

attributed to the one-electron oxidation of the porphyrin. It also shows two consecutive 

viologen-based reduction waves centered at E1c = −0,389 and E2c = −0.638 V (Table 3). The 

reduction waves are found to be associated on the reverse scan to Gaussian-shaped 

reoxidation peaks attributed to the anodic redissolution of physiosorbed species. As expected, 

such phenomenon was found to be particularly important for the neutral and hydrophobic 

porphyrin-based complex 11Zn0, involving quinonic V0 substituents, electrogenerated at E2c = 

−0,638 V. A systematic study carried out with different electrolytes allowed us to establish 

that the adsorption of the first tetra‑cationic compound 11Zn4(+•) can be significantly reduced 

upon lowering the concentration of 11Zn8+ down to 2x10-4 M and upon increasing the scan 

rate of the CV measurement, as revealed by the linear Ipeak= f(1/2) plot recorded on the first 

reduction wave for  ≥ 400 mV/s . 
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The interaction of 11Zn8+ with CB[8] has been investigated in these experimental conditions 

using electrochemical methods. As can be seen in Figure 34, the progressive addition of 

CB[8] results in the progressive disappearance of the initial reduction wave at –0.389 V at the 

expense of a new reduction wave emerging at a less negative potential. This trend prevails up 

to the end of the titration, when reaching the maximum concentration of CB[8] (2 molar 

equivalents, full red line in Figure 34), with the observation of a new wave attributed to the 

reduction of the inclusion complex [11Zn8+⊂ (CB[8])2] at Ep = –0.354 V. 

 

Figure 34: CV curves recorded for 11Zn(Cl)8 (2x10-4 M) in aqueous phosphate buffer (pH= 7, 0.1 M) (VC Ø = 3 mm, ν = 0.1 V.s-1, E vs. 

AgCl/Ag) in the presence of n molar equivalents of CB[8]. 

These changes are moreover seen to come along with a significant loss in the peak-current 

values measured on the forward and backward scans, which is in agreement with the 

formation of much larger species featuring lower diffusion coefficients. It needs to be 

mentioned here that the upper value of the molar ratio reached towards the end of the titration, 

CB[8]: 11Zn8+ = 2, not only corresponds to the ratio needed to form the ideal 2D arrangement 

shown in figure 30, it was also found to be the solubility limit of CB[8] in our experimental 

conditions. The formation of host-guest complexes involving both the V2+ and V+• redox 

states of the appended viologen is further revealed by the ability of CB[8] to prevent the 

physisorption of the four-electron reduced species, as demonstrated by the progressive loss of 

the Gaussian character associated to the reoxydation peak observed prior the addition of 

CB[8]. Such evolution is indeed consistent with the formation of inclusion species with 

limited affinity for the electrode surface at the CV time scale, as demonstrated by the linearity 

of the Ipeak= f(1/2) curve recorded after addition of 2 molar equivalents of CB[8] (Figure 

35B). The stabilization of the viologen cation radical as dimers included in CB[8] is further 

revealed by the large shift, reaching -400 mV by the end of the titration, of the second 
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viologen-centered reduction leading the neutral quinonic form of the viologens (V+•→V0, 

Figure 34). As mentioned in the introduction,113 such effect of CB[8] is consistent with an 

extension of the stability domain of the cation radicals state on account of -dimerization, 

which end up being easier to produce (anodic shift of the first reduction potential) and harder 

to consume (cathodic shift of the second reduction potential). 

 

Figure 35: Peak current as a function of scan rate recorded for 11Zn8+ (2x10-4 M) in the absence (A) and the presence (B) of 2 molar 

equivalents of CB[8] (3 mm carbon working electrode, phosphate buffer ( 0,1 M, pH=7).   

The formation of self-assembled supramolecular architectures [(11Zn)n⊂(CB[8])2n]
4n+ through 

iterative CB[8]-assisted -dimerization of the viologen cation radicals in 11Zn4(+•) has been 

further demonstrated upon carrying out the same investigations with CB[7], whose cavity 

dimension precludes the formation of such dimers. The CV curves recorded after addition of 

increasing amounts of CB[7] are collected in Figure 36.  

 

Figure 36: Voltametric curve (CV) recorded for 11Zn(Cl)8 (2x10-4 M) in aqueous phosphate buffer (pH= 7, 0.1 M) (VC Ø = 3 mm, ν = 0.1 

V.s-1, E vs. AgCl /Ag) in the presence of n molar equivalents of CB[7]. 

As opposed to what was found with CB[8], the formation of [(11Zn)⊂(CB[7])n]
8+ (1 ≤ n ≤ 4) 

results in the progressive shift of the reduction potential towards more negative potential 
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values along with a drop of the current levels. Such behavior is here again fully consistent 

with previous studies carried out with MeVMe2+ showing that such cathodic shift can be 

attributed to the similar affinity of CB[7] for the dication MeVMe2+ (K1 = 2x105 M) and for 

the electrogenerated cation radical MeVMe+• (K1 = 8.5x104 M)84. Hence, a similar conclusion 

can thus be put forward to account for the modification of the CV data recorded in the 

presence of 11Zn8+ and CB[7]. 

Spectroscopic measurements have been carried out in water to confirm the CB[8]-promoted 

-dimerization of the 4-electron-reduced species 11Zn4(+•) into self-assembled supramolecular 

systems conforming to the general formula [(11Zn)n⊂(CB[8])2n]𝑑𝑖𝑚
4𝑛+ (see Figure 33). 

Preliminary attempts to generate the reduced species by bulk electrolysis at reticulated 

vitreous carbon foam electrodes failed due to the significant adsorption of the reduction 

products, even though no such process was observed at much shorter time scales over the 

course of CV analyses. The one-electron reduction of the viologen units in 11Zn8+ was thus 

carried out in phosphate buffer (pH =7) using sodium dithionite Na2S2O4 as a reductant.114 

The UV-vis absorption spectra recorded over time in the presence of CB[8] after addition of  

Na2S2O4 in excess  are shown in Figure 37A. These curves reveal that the chemical reduction 

has very little impact on the main porphyrin-based Soret band centered at 421 nm, as expected 

for electron transfers centered on the peripheral viologens (V2+→V+▪) and not on the 

porphyrin ring. The curves show however the development of two intense absorption bands at 

λmax = 560 and 634 nm coming along with a less intense broad signal centered at 918 nm. The 

attribution of those signals could be achieved through comparison with the spectra of 

structurally related reference compounds, namely the viologen-based radical 12+• and the pure 

-dimer [(13)2]𝑑𝑖𝑚
2+  (blue and purple drawings and curves in Figure 37A).115 One key 

conclusion drawn from this analysis, and more particularly from the perfect matching between 

the spectrum of [(13)2]𝑑𝑖𝑚
2+  and that recorded after reduction of [11Zn(CB[8])2]

8+ with 

Na2S2O4,  is that the viologen radicals in the chemically‑reduced species 11Zn4(+▪) are involved 

in the formation of intermolecular -dimers. Both spectra indeed feature an intense charge-

resonance absorption band observed in the NIR region, at λmax = 918 nm, which is a typical 

feature of viologen-based -dimers. 

In solution, such long-bonded dimers are most of the time found in equilibrium with the non-

associated cation radicals. In our case, the presence of free cation radicals in solution is 

revealed by the third signal growing at λmax = 634 nm, which is similar to the signature of the 
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“free radical” reference compound 12+• (Figure 37A). The spectroscopic data collected over 

the four-electron reduction of 11Zn8+ (CB[8])4 with Na2S2O4 are thus consistent with the 

formation of self-assembled supramolecular structure [(11Zn)n⊂(CB[8])2n]𝑑𝑖𝑚
4𝑛+ built from a 

CB[8]-promoted intermolecular ‑dimerization of the viologen cation radicals present in 

11Zn4(+▪). Another key feature of the proposed supramolecular assembly is its fully dynamic 

and reversible nature, since the slow re-oxidation of the viologen-based radicals with 

compressed air leaded to the regeneration of initial spectrum (Figure 37B). 

 

Figure 37: UV‑vis spectra of 11Zn(Cl)8 (1.1x10−5 M) and CB[8] (2 molar equivalents) in phosphate buffer (pH=7, 0.1 M) recorded over time 

after addition of Na2S2O4 in excess (A) and followed by gentle bubbling of compressed air (B). The spectrum of 12+• and [(13)2]𝑑𝑖𝑚
2+  are 

shown as dotted lines. 

Similar experiments have then be carried out in the absence (Figure 38A, B) and in the 

presence of CB[7] (Figure 38C, D). In both experiments we observed that the reduction 

11Zn8+ has a major impact on the Soret band, as revealed by a loss of about 1/3 of its initial 

intensity accompanied with a blue shift of about 13 nm of the maximum wavelength, going 

from 420 to 407 nm with a well-defined isosbestic point at 413 nm. There is also emergence 

of a series of new bands centered at 518 (sh), 550 and 622 nm coming along with a very broad 

and weakly intense signal at λmax=1050 nm. Another key output is that the reduction/oxidation 

cycle is fully reversible. 
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Figure 38: UV‑vis spectra of 11Zn(Cl)8 (1.1x10−5 M) in phosphate buffer (pH=7, 0.1 M) recorded over time, (A) after addition of Na2S2O4 in 

excess and followed by gentle bubbling of compressed air (B) / UV‑vis spectra of 11Zn(Cl)8 (1.1x10−5 M) and CB[7] (4 molar equivalents) 

in phosphate buffer (pH=7, 0.1 M) recorded over time after addition of Na2S2O4 in excess (C) and followed by gentle bubbling of 

compressed air (D). 

Several interpretations can be put forward to account for these important changes observed 

upon reduction. The first one involves the aggregation of the four-electron reduced species 

11Zn4(+•). The ability of positively or negatively charged porphyrins to form so called J- or H-

aggregates in aqueous solution is well documented. In H‑aggregates, the molecules stack 

predominantly face‑to‑face, while in J-aggregates, the molecules are made up from monomers 

adopting brickstone-type slipped cofacial arrangements. When porphyrins are involved, the 

formation of H- vs. J-aggregates can be revealed by the hypso- vs. batho-chromic shift of the 

Soret band, respectively. In most cases, excitonic coupling between chromophores indeed 

lead to blue shifts for H-aggregate and to red shifts for J-aggregates. 

Formation of co-facial stacks from the four-electron reduced species 11Zn4(+•) is thus mainly 

supported by the blue shift of the Soret absorption, from λmax = 420 nm to 407 nm, observed 

400 600 800 1000

0.5

1.0

1.5

0.0

Wavelength (nm)

A
b
s
o
rb

a
n
c
e

400 600 800 1000

12+ 

0.5

1.0

1.5

0.0

A
b
s
o
rb

a
n
c
e

Wavelength (nm)

A B

A
b
s
o
rb

a
n
c
e

A
b
s
o
rb

a
n
c
e

0.0

0.5

1.0

1.5

400 600 800 1000

11Zn8+  (CB[7])4

+Na2S204

11Zn3+4  (CB[7])4

Wavelength (nm)

C

0.0

0.5

1.0

1.5

400 600 800 1000

+02

11Zn8+  (CB[7])411Zn3+4  (CB[7])4

Wavelength (nm)

D



51 | P a g e  

 

upon addition of Na2S2O4 to 11Zn8+ or [11Zn(CB[7])4]
8+. The fact that the same spectra 

could be obtained in the presence or in the absence of CB[7] suggest that the stabilization of 

11Zn4(+•) through aggregation leads to the dissociation of [11Zn(CB[7])4]
(+•). The 

stoichiometry of the association (n in Figure 39) is still unknown but the observation of a 

well-defined isosbestic point at 416 nm supports the formation of a discrete species (dimer, 

trimer). Another key feature of the spectra displayed in Figure 38 is the weak and broad 

absorption band stretching over a quite broad wavelength range suggesting the formation of 

ill-defined -dimers. Formation of such species can in fact be readily envisioned from the 

arrangements proposed in Figure 39 bringing to light the spatial proximity of the viologen 

cation radicals, the unusual broadness and low energy shift of the -dimer band being 

potentially attributed to the number of interacting radicals and to the steric constraints 

prohibiting the formation of perfectly stacked dimers.  

 

Figure 39: Chemdraw representation of the possible types of aggregate. 

The second hypotheses considered to explain the experimental results collected in the 

presence of CB[7] involves an electron transfer centered on the porphyrin ring. The data 

shown in Figure 38 could indeed support the conclusion that the chemical reduction of 11Zn8+ 

or [11Zn8+(CB[7])4] with an excess of Na2S2O4 results in the concomitant reduction of the 

viologen substituents (V→V+•) and of the porphyrin ring (P→P•─). There is limited literature 

on porphyrin anion radicals and porphyrin dianions but some studies conducted in aqueous 

media on the parent 5,10,15,20-tetrakis(N-methyl pyridinyl)porphyrin (TPyPZn+4) proved 

useful to put forward a global interpretation of the observed phenomena. The latter have for 

instance established that the -anion radical (P•─) of TPyPZn+4 (λmax ≈700-750 nm)116-118 is 

unstable in solution and quickly evolves, through a bimolecular disproportionation process 

occurring at the millisecond time scale, into a porphyrin dianion (P2─) which is in turn readily 

transformed at neutral pH into a protonated species termed phlorin (PH─) featuring one sp3-
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hybridized meso carbon atom.116, 119-123 It should also be mentioned that the driving force of 

this overall EC2 process (P → P•─→ P2─→ PH─) is so strong that it can also be observed in 

aprotic polar organic solvent polluted with water molecules. Another specific feature relevant 

to the experimental data shown in Figure 38 and Figure 39 is that the formation of phlorin 

anions from porphyrins is a reversible process, the latter being usually fully regenerated 

(PH─→ P) by simple electrochemical or chemical re-oxidation of the sample.119, 124-125, 126 , 127 

In terms of characterization, phlorins are known to be more easily reduced than porphyrins 

(E°[PH/PH─]  E°[P/P•─]). Their formation is most of the time revealed by absorption 

spectroscopy through the observation of a broad absorption band developing in the near IR 

region (700 nm, with feature depending on the central metal and on the meso-substituents) 

and by the disappearance of the initial Soret band at the expense of a much weaker and 

broader signal developing at longer wavelengths ( ≈ +30 nm and P/PH ≈ 7 for ZnTPP). 127 

All this literature demonstrating the instability of porphyrin anions radicals in protic media 

thus suggests that the unexpected behavior recorded with 11Zn8+ and [11Zn8+ (CB[7])4] 

could be attributed to the formation of a phlorin product (noted 11Zn3+4• in Figure 40), 

incorporating four viologen cation radicals and a negatively charged meso-protonated phlorin 

ring (Figure 40).  

 

Figure 40 : UV‑vis spectra of 1Zn(Cl)8 (1.1x10−5 M) in phosphate buffer (pH=7, 0.1 M) recorded over time, (A) after addition of Na2S2O4 in 

excess in phosphate buffer (pH=7, 0.1 M). 

Such finding implies that, in our experimental conditions, Na2S2O4 is capable of reducing the 

viologen cation radical and the porphyrin ring. The main evidence supporting the involvement 

of the porphyrin ring in the electron transfer is provided in (Figure 40) by the disappearance 

of the initial Soret band at the expense of a less intense and blue shifted signal centered at 407 
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nm, whose features are reminiscent of that observed in the same range on the spectrum of the 

reference viologen cation radical 12+• (shown as a blue curve in Figure 38B). The presence of 

viologen cation radicals is thus clearly revealed in Figure 40 and Figure 38C by the 

emergence of a signal centered at 407 nm together with multiple signals above 600 nm. 

Formation of a phlorin-type product is conversely demonstrated by i) the disappearance of the 

initial Soret band, ii) by the development of a broad band in the NIR region; iii) by the 

observation of a shoulder at ~ 450 nm and by iii) the full regeneration of the initial porphyrin 

by simple re-oxygenation of the reduced sample. 

The two hypotheses discussed above can be put forward to account for the peculiar results 

collected with CB[7] only. No such behavior was observed upon reduction of the inclusion 

complex formed with CB[8]. As demonstrated above, the formation of 2D supramolecular 

assemblies is unambiguously revealed by the observation  well defined absorption bands 

attributed to intermolecular -dimerization processes. This interpretation was further 

confirmed with additional experiments showing that similar signatures can be obtained when 

using tetrakis(dimethylamino)ethylene128 as a reducing agent or using light in the presence of 

a suitable electron donor.129-130 The latter procedure involve irradiation at λex = 455 nm of the 

investigated solutions containing tris(bipyridine) ruthenium chloride as a photosensitizer (0.1 

mM) and ethylenediaminetetraacetic acid (EDTA, 0.1mM) as a sacrificial electron donor. 131  

 

Figure 41:(A) UV‑vis spectra of 11Zn(Cl)8 (1x10−4 M) and CB[8] (2x10−4 M) in phosphate buffer (pH= 7, 0.1 M) recorded during irradiation 
at λex = 455 nm in the presence of tris(bipyridine) ruthenium chloride (0,1 mM) and (EDTA, 0,1mM) (B) Comparison of UV‑vis spectra of 

11Zn(Cl)8 (1x10−4 M) in absence (plain line) and presence of CB[8] (2x10−4 M) (dotted line) in phosphate buffer (pH 7, 0.1 M) recorded 

during irradiation at λex = 455 nm. 

The absorption spectra recorded during irradiation are shown in Figure 41. Here again the 

signal centered at ~ 900 nm, attributed to the formation of intermolecular viologen-based -

dimers, is observed only in the presence of CB[8] (Figure 41A), the photoreduction of 11Zn8+ 
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and 11Zn8+ (CB[7])4 leading to the observation of different signals matching those obtained 

in the presence of Na2S2O4 (Figure 41B). It should be noted that all our attempts to reduce the 

viologen units using the porphyrin ring as the photosensitizer (λex = 365 or 455 nm) have 

failed, most probably due to the efficient and fast recombination of the charge separated 

intermediates. 

Overall, the photo or chemical reduction experiments discussed above lead to the same 

experimental data consistent with the conclusion that CB[8] i) promotes the intermolecular 

dimerization of the viologen cation radicals and  ii) prevents the aggregation and the reduction 

of the porphyrin ring.  

II.2.6. Computational Analysis  

The ability of CB[8] to promote the -dimerization of 11Zn4(+•) has been investigated by 

quantum chemistry (collaboration with Dr. Elise Dumont). These calculations have been 

carried out on a simple model featuring only one viologen unit linked to a zinc porphyrin ring 

(Figure 42). A geometry optimization has been conducted on the self-assembled -dimers 

formed at the reduced state (one electron per viologen) in the presence of CB[8] to evaluate 

the structural and energetical impacts of the CB[8] cavitand on the dimer, to gain insights into 

its stabilization energy and into the relative position of the porphyrin and viologen subunits. 

Geometries have been optimized at the GGA hybrid Truhlar’s density functional DFT/M06-

2X level of theory,132 with a basis set 6-31G(d,p) using the Gaussian 16 revision B.01 suite of 

programs. This density functional is best suited to account for the dispersion interactions 

involved in -dimers and comes with a high percentage of exact exchange which is a needed 

feature to describe -radicals.133 Preliminary calculations carried out on the two possible head 

to tail and head to head conformers shown Figure 42 led to the conclusion that the head to 

head conformation is disfavored by steric clashes arising between the phenyl linkers. A 

detailed optimization has thus been carried out starting from an ideal “head to tail” -dimer 

model (two viologen cation-radicals perfectly aligned sitting on top of each other at a contact 

distance of 3.4 Å) stabilized within the cavity of a CB[8] host. The structure obtained after 

optimization is shown in Figure 42 (a, b). The phenyl ring ends up being tilted with respect to 

the porphyrin and viologen-based mean planes (44°) as a result of the steric repulsion 

occurring between the hydrogen atoms of the phenyl ring (Hf, Hg in Figure 42) and those 

located on the porphyrin (Hh) and viologen units (He ). This optimized structure also reveals 

that both viologen radicals adopt a slightly staggered conformation with a twist angle of about 
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36° imposed by the steric hindrance between the N-Methyl substituent and the phenyl linker. 

It should however be mentioned that the energy difference calculated between this partially 

“staggered” optimized conformation and the perfectly aligned structure does not exceed 3 

kcal.mol-1. Such small difference suggests that the inclusion complex oscillates at room 

temperature between the two absolute minima centered at -36⁰ and +36⁰. Similar calculations 

carried out on the twisted (36°) vs. parallel conformers of a less bulky dimer, involving two 

N,N′-dimethyl-4,4′-bipyridinium radical cation (MeVMe+•) bound within a CB[8] host, led to 

a higher energetic difference reaching 6.4 kcal.mol-1 (-10.0 kcal.mol-1 vs. -16.4 .kcal.mol-1). 

 

Figure 42 : Left) Schematic representation of the face to face or head to tail conformations of the selected -dimer model complex formed in 

the presence of cucurbit[8]uril (shown as a blue ring). Right) Structure of the head to tail conformer optimized at DFT/M06-2X level of 

theory. 

II.2.7. Conclusion  

Formation of discrete 4:1 pseudo-rotaxane-like caviplexes, involving threading of 4 CB[n] 

rings on a viologen-based four-pointed star-shaped guest molecule, has been demonstrated by 

NMR, MS and electrochemical measurements. Detailed electrochemical, theoretical and 

spectroscopic analyses revealed that formation of intramolecular π-dimers requires the 

presence of cucurbit[8]uril acting as an assembling element. Evidences for intermolecular 

dimerization came from electrochemistry data, supporting the existence of chemical steps 

coupled to the electron transfer processes, and from UV-vis spectroscopy data collected after 

exhaustive chemical or photochemical reduction of the samples, with the observation of 

diagnostic absorption bands, most notably in the near infra-red region. The CB[8] hosts not 

only proved useful to promote the redox-triggered formation of supramolecular assemblies in 

solution, but it was also found to prevent the aggregation or chemical reduction of the 

porphyrin ring in aqueous media.  

Head to Tail

conformation

Head to Head

conformation

Head to Tail conformation

+CB[8]



56 | P a g e  

 

II.3. Redox-Responsive 1D-Assemblies built from a Linear Porphyrin-based 

Tecton 

The second approach that has been developed toward redox-responsive supramolecular 

assemblies involves CB[8] and the ditopic bis-viologen porphyrin 17Zn4+ as building 

elements (Figure 43). This strategy aimed at decreasing the dimensionality of the assembly, 

from 2D to 1D, upon introducing only two viologen units at the 5 and 15 positions of a 

porphyrin ring, the two remaining meso positions being occupied by water solubilizing TEG 

(triethylene glycol) substituted phenyl groups. 

 

Figure 43: Schematic representation of A) a stimuli-responsive -1D self-assembly process, B) Chemdraw structure of the porphyrin based 

tectons 

II.3.1. Synthesis of the Targeted Tecton 17Zn4+  

Part of this work has been achieved by Paul Hennequin PhD (2015-2016) with the help of J.C 

Mulatier (ENS).The multi-step synthesis of the targeted ditopic tecton 17Zn4+ is summarized 

in Figure 44. The key intermediate 14 was prepared according to a procedure reported by 

Kuroda and coll.134 The latter was subjected to a Sonagashira cross-coupling reaction with 

ethynylaniline to yield the aniline substituted porphyrin 15. This intermediate was reacted 

with the activated viologen 162+104 to afford 17H2
4+ in 58 % yield. The final step involves 
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metalation of 17H2
4+ with zinc acetate to afford 17Zn4+ isolated as a green solid. The latter 

species could be easily isolated as a chloride or hexafluorophosphate salt by simple anion 

metathesis. The chloride anions proved necessary to reach a suitable solubility in aqueous 

medium while 17Zn(PF6)4 was found to be soluble in most polar organic solvents (DMF, 

DMSO, ACN). 

 

Figure 44: (a) ethynylaniline,Pd2(dba)2, Et3N ,THF, reflux, 24 h, 90%; (b) 16(PF6)2, EtOH, CH3CN, reflux, 18 h, 58%.; (c) Zn(OAc)2, 

CH3CN, 25 °C, 16 h, >99%. 

II.3.2. 1H‑NMR Characterization  

The 1H‑NMR spectra of 17Zn(PF6)4 and 17H2(PF6)4 recorded in deuterated DMSO is shown 

in Figure 45. The accurate attribution of the aromatic signals was achieved from careful 

analyses of the 1H‑NMR spectrum and of the associated COSY map. The most deshielded 

signal in the spectrum of the freebase 17H2(PF6)4 and of the metalated 17Zn(PF6)4 porphyrin 

(c)

(a) (b)
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is attributed to the β-hydrogen Hh. The presence of zinc induces a slight upfield shift of the 

aromatic protons, more specifically the protons located at the β position (Hh and Hi) and those 

located on the TEGylated phenyl ring Hj. This is in agreement with the known electron-

donating effect of the zinc atom on the porphyrin-based −system.135 The presence of the zinc 

metal within the cavity of the porphyrin ring was also confirmed by the absence of signal at 

δ0 ppm.  

 

Figure 45: 1H‑NMR Spectra of (a):17H2(PF6)4 (DMSO-d6, 400MHz) and (b): 17Zn(PF6)4(DMSO-d6, 400MHz). 

The chloride salt 17Zn(Cl)4 was also characterized by 1H‑NMR spectroscopy in deuterated 

water and DMSO. In D2O, the spectrum displays up to nineteen signals in the aromatic 

region, which is about twice the number of signals observed in DMSO (Figure 46). The 

signals were also found to appear on a much wider window in water, from 5 to 11.5 ppm 

compared to that in DMSO. The major role of the solvent and the minor role of the anion in 

the complexity of the data recorded in water were eventually confirmed upon showing that the 

spectra of 17Zn(PF6)4 and of 17Zn(Cl)4 are identical in DMSO (Figure 46).  
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Figure 46: 1H‑NMR Spectra of 17Zn(X)
4 

(5x10-4 mol.l-1, 400MHz) recorded at different solvents: a) X = PF
6 

 (DMSO), b) X = Cl (DMSO), 

c) X= Cl (D
2
O) red spots correspond to the signals attributed to the viologen units and the numbers below corresponds to the integration 

value. 

All attempts to fully attribute the signals observed in 1H‑NMR spectrum recorded in water 

have failed so far. The signals attributed to the viologen moieties (red spots in Figure 46) 

could nevertheless be identified from careful analyses of the 1H‑NMR data (coupling 

constants of about 5/6 Hz) and of the COSY, ROESY maps. Most of these signals appear 

between 8.5 and 10 ppm except for 1 signal resonating at 6.15 ppm.  The main conclusion 

drawn from the number of signals monitored in water, and from their relative intensities, is 

that 17Zn4+
 aggregates in water to yield a discrete and poorly symmetric self-assembled 

architecture. Similar differences were observed with the free base 17H2(Cl)4 yielding a well-

resolved spectrum in DMSO but a broad and ill-defined one in water (Figure 47).  

 

Figure 47:
 
1H‑NMR Spectra of 17H2(X)

4 
(5x10-4 mol.l-1, 400MHz) recorded in different solvents: a) X = PF

6

− (DMSO), b) X = Cl−  (D
2
O). 

1
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As can be seen in Figure 47, the 1H‑NMR spectra of 17H2(Cl)4 recorded in deuterated water is 

far less well-defined than that obtained with 17Zn(Cl)4. The observation of many signals, 

featuring very different intensities, over a large window suggest that 17H2
4+ forms a mixture 

of aggregates in aqueous medium (Figure 47) while 17Zn4+ forms a single discrete self-

assembled architecture. The exact attribution of the spectrum of 17H2
4+ in water could 

unfortunately not be achieved. 

Several hypotheses can be put forward to account for the complex spectrum recorded in 

water. The most likely one involves the self-assembly of 17M4+ leading to the formation of 

so-called J or H-aggregates such as those shown in Figure 48. 

 

Figure 48: Schematic representation of dimeric J or H-aggregates. 

 

The aggregation process could either lead to a large scale self-assembly of monomers or to the 

formation of discrete assemblies including a finite number of monomers such as the dimers 

shown in Figure 48. As a matter of fact, charged porphyrins have a well-known tendency to 

form dimers136-137 and large scale aggregates in water.138-140 Their formation has been shown 

to depend on the charge, structure and substitution of the porphyrin ring and also on the ionic 

strength, temperature and pH of the investigation medium. Aggregation can be readily 

revealed by NMR measurement but the type of aggregate can be identified mainly from their 

UV-vis absorption spectroscopic signatures.  

The aggregation of 17M4+ was thus checked by 1H‑NMR measurements upon recording the 

spectrum of 17Zn(Cl)4 in D2O at different concentrations, from 1 to 0.1 mM. The array of 

spectra collected in Figure 49 reveal that dilution leads to a concomitant decrease in the 

number of signals and in the resonance window. The spectrum recorded at 0.1 mM remains 

ill-defined but the NMR window has shrunk to reach a value close to that observed with the 

monomer in organic medium (7 to 10 ppm). 

J-Aggregate H-Aggregate
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Figure 49: 1H‑NMR Spectra of 17Zn(Cl)4 (D2O, 400MHz) recorded at different concentrations: a) 1 mM, b) 0.8 mM, c) 0.6 mM, d) 0.4 mM, 

e) 0.2 mM and f) 0.1 mM. 

We also checked the influence of temperature on the aggregation process upon recording the 

1H‑NMR spectrum of a 1mM aqueous solution of 17Zn(Cl)4 at different temperature. This 

study revealed that increasing the temperature of the sample from 298 K to 348 K induces a 

significant simplification of the spectrum (Figure 50), the most important ones being a large 

drop in the number of signals and of the chemical shift window (7.5 to 10.5 ppm) . 

 

Figure 50:
 
1H‑NMR Spectra of 17Zn(Cl)

4 
(10-3 mol.l-1, D

2
O, 400MHz) recorded as a function of temperature: a) 298 K, b) 308 K, c) 318 K, d) 

328 K, e) 348 K. 
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As a conclusion, both the concentration and temperature-dependent experimental data 

discussed above support the conclusion that the self-assembled species formed in aqueous 

media get dissociated at low temperature or at concentrations below 0.1 mM. 

II.3.3. UV-visible Absorbance Characterisation  

As mentioned above, the formation of J- or H- aggregates can be identified from their UV-vis 

absorption spectroscopic signatures. When porphyrins are involved, the Soret band of J-

aggregates (“side-by-side” arrangement) gets red-shifted with respect to that of the monomer 

while that of H-aggregates (face-to-face arrangement) is blue shifted. J-aggregation also result 

in the formation of intense narrow absorption bands while formation of H-aggregates lead to 

bands of similar or of lower intensities than the monomer.141 

 

Figure 51: Normalized UV-visible absorption spectra of 17Zn(X)4 recorded at different concentrations in (A) CH3CN (X = PF6
−) and in (C) 

H2O (X = Cl−). Plot of the absorbance measured (B) at λmax = 446 nm as a function of the concentration of 17Zn(PF6)4 in CH3CN and (D) at λ 

= 460 nm as a function of the concentration for 17Zn(Cl)4 in H2O.  

Further insights into the aggregation mode of 17Zn(Cl)4 have thus been provided by UV-vis 

absorption measurements. The UV-vis absorption spectrum of 17Zn(PF6)4 in CH3CN exhibits 

one main (Soret band) signal centred at λmax = 446 nm (208000 M-1.cm-1) and a much weaker 
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one (Q band) at λmax = 663 nm (54000 M-1.cm-1). The absence of aggregation in these 

conditions is revealed by the linear evolution of the intensity measured at λmax = 446 nm as a 

function of concentration (10-3 mol.l-1 to 10-6 mol.l-1) (Figure 51B). This conclusion is also 

further supported by the curves shown in Figure 51A revealing that the shape and max 

wavelengths of the porphyrin-based signals do not change with concentration.  

The UV-Visible absorption spectrum of 17Zn(Cl)4 (10-4 to 10-5 mol.l-1) in water features two 

absorption bands, at λmax = 456 nm (194000 M-1.cm-1 calculated at 1 mM) and at λmax = 674 

nm (63000 M-1.cm-1 calculated at 1 mM). The curves in Figure 51C show that increasing the 

concentration of 17Zn(Cl)4 from 10-5 to 10-3 mol.l-1 leads to a (+4) nm bathochromic shift of 

both the Soret (456 to 460 nm) and Q-bands (674 to 679 nm). The effect of concentration on 

the spectroscopic signature of 17Zn4+ in water was then further revealed by the significant 

deviation from the Beer Lambert law in the 10-3 mol.l
-1

 to 10-6 mol.l-1 range (Figure 51D).  

Overall, these concentration-dependent data are consistent with the self-aggregation of 

17Zn(Cl)4 in water. This conclusion is also supported by the known propensity of cationic 

porphyrins to self-assemble in water producing either extended J‑ or H‑aggregates or discrete 

dimers.142 One first conclusion that can be drawn by putting these literature data in 

perspective with the limited magnitude of the modifications observed in the UV-vis spectra of 

17Zn4+ recorded at different concentrations is that the porphyrin rings remain fairly distant 

from each other in the aggregated form. 

 

Figure 52: (A) Normalized UV-visible absorption spectra recorded at different concentrations of 17H2(Cl)4 in H2O. (B) Variation of the 

absorbance measured at λ = 429 nm for 17Zn(Cl)4 in H2O as function of concentration. 

Similar investigations have been carried out with the free base 17H2(Cl)4. The UV- visible 

absorption spectrum recorded in water from 10-3 to 10-6  mol.l-1 display three absorption bands 

centred at λmax = 429 nm (21000 M-1.cm-1), 617 nm (40000 M-1.cm-1) and 701 nm (20000 M-
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1.cm-1) (see Figure 52). The concentration‑induced self-aggregation of the free base was in 

this case readily revealed by a significant deviation from the Beer Lambert law (Figure 52B) 

and by the emergence of a new absorption band developing at λmax =  452 nm (70000 M-1.cm-1 

, C=10-3 mol.l-1).  

 

Figure 53: Changes in the UV-Visible absorption spectrum recorded for 17M(Cl)4 in H2O at different concentration of KNO3 (A) 

[17Zn(Cl)4]=10-5 mol.l-1)] and (B) [17H2(Cl)4 ]=10-5 mol.l-1. 

Increasing the ionic strength of the aqueous medium was found to have an effect similar to 

concentration. As can be seen in Figure 53A, the progressive addition of KNO3 (up to 1M) to 

an aqueous solution of 17Zn(Cl)4 (10-5 mol.l-1) led to a red shift of the Soret (456 to 464 nm) 

and Q bands (673 to 683 nm) associated to a loss of half of their intensities. It needs to be 

mentioned that a similar behaviour was observed upon addition of MeVMe2+ (up to 0.1 M) 

leading to a large loss in intensity and red shift of the Soret and Q bands (+ 4 nm and +13 

nm). As observed upon varying the concentration in monomer, addition of KNO3 to an 

aqueous solution of the free base 17H2(Cl)4 (10-5 mol.l-1) led to the emergence of a second 

band centred at 450 nm and to a weak red shift of both Q bands (4  Δλ  2nm) (Figure 53B). 

All these data recorded at different concentrations or at different ionic strengths are consistent 

with the aggregation of both 17H2(Cl)4 and 17Zn(Cl)4 in water. As a general statement, a red-

shift of the Soret band is indicative of a slipped parallel (head-to-tail, J-aggregate) 

arrangement of the porphyrin units while a blue shift results from a face to face (head-to-head, 

H-aggregates) arrangement of the porphyrin units. 

The red shift of the Soret band observed upon increasing the concentration in 17Zn4+ and 

17H2
4+ or the ionic strength of the medium thus suggest the formation of J-aggregates. The 

much larger changes observed with the free base 17H2
4+ than with the zinc complex 17Zn4+ 
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also indicate that i) their aggregation modes are different and ii) that the porphyrin 

chromophores are likely to be closer in (17H2
4+)n

   than in (17Zn4+)n
 . 

Altogether, the NMR and UV-vis absorption spectroscopy data are consistent with the 

conclusion that both 17H2(Cl)4 and 17Zn(Cl)4 form J‑aggregates in water in the 10-4-10-3 

concentration range (Figure 54). This assumption is supported by experimental evidences and 

by a wealth of literature establishing that cationic porphyrins incorporating long alkyl chains 

readily aggregate in aqueous media.134, 140-142 A selection of dimeric species satisfying with 

the experimental data collected with 17Zn(Cl)4 modes are shown in Figure 54. In the 

proposed assemblies, both porphyrin rings remain quite distant from each other and the 

association is potentially promoted by donor-acceptor interactions (porphyrin/viologen or 

TEG phenyl/viologen) or by metal-ligand coordination bonds (TEG-Zn). 

 

                                   Figure 54 : Diffent J-aggregates potentially formed in aqueous medial from 17Zn(Cl)4 

II.3.4. Characterization of the Association between CB[n] 

Our primary objective was to get insights into the association between CB[7] or CB[8] and 

17Zn4+ (stoichiometry, structure). The interactions between CB[7] or CB[8] and 17Zn4+ have 

been studied by 1H‑NMR measurements.  

The progressive addition of CB[7] (from 0 to 2 molar equivalents) to a solution of 17Zn(Cl)4
 

in phosphate buffer resulted in the shift of a limited number of signals, most of them being 

attributed to the viologen units (shown with a star in Figure 55). Further addition of CB[7] 

(beyond 2 molar equivalents) had no effect on the chemical shifts. The exact attribution of the 

signals observed in the presence of CB[7] could unfortunately not be achieved. However 

these results led to the conclusion that a pseudo-rotaxane product is formed in solution and 

that the threading of two CB[7] rings per porphyrins does not change the overall symmetry of 

the assembly, as revealed by the same number of signals observed in the absence and in the 
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presence of CB[7]. It is thus assumed that the structure of the pseudo-rotaxane formed with 

CB[7] is similar to that of the dimer (17Zn)2
8+.  

 

Figure 55:
 

 1H‑NMR Spectra of 17Zn(Cl)
4
 (5x10-4 M in D

2
O, 0.1 M phosphate buffer pH=7, 400MHz) recorded after addition: a) 0, b) 1 and 

c) 2 molar equivalents of CB(7). All the signals impacted by the addiction are signaled by a star. 

Similar analyses have been conducted in the presence of CB[8]. The progressive addition of 

CB[8] led in the early stage of the experiment to the broadening and disappearance of all the 

signals attributed to the dimer (17Zn)2
8+. Further addition (1 molar equivalents) led to the 

observation of the well-defined spectrum shown in Figure 56b/c featuring up to 17 signals in 

the aromatic region.  

These evolutions reveal that the dimeric assembly (17Zn)2
8+ is dissociated in the presence of 

CB[8] but that the resulting inclusion complex remains poorly symmetric. Careful analyses of 

the 1H‑NMR, 2D-COSY and ROESY correlation maps led us to conclude that the [1:1] 

inclusion complex [17Zn4+⊂CB[8]] shown in Figure 56 is the only product formed in solution 

in the presence of CB[8]. The latter feature one single CB[8] ring interacting on one side of 

the porphyrin ring with one viologen unit  and two TEG chains.  
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Figure 56:
 
1H‑NMR Spectra of 17Zn(Cl)4 (D2O, 400MHz) recorded in D2O after the addition of different molar equivalents of CB(8): a) 0, b) 

1.1 and c) 2.2. The numbers below the spectrum corresponds to its integration value. 

The proposed structure is supported by the following evidences: 

i) The [1:1] species [17Zn4+⊂CB[8]] (m/z=841 with z = 4) is the main inclusion 

complex observed on the MS spectrum (ESI+) recorded in the presence of an 

excess CB[8] (4 molar equivalents) 

ii) The integration values measured on the 1H-NMR spectrum shown in Figure 56b 

are consistent with the presence of 1 CB[8] host per molecules of 174+. Addition of 

CB[8] in excess (2 molar equivalents) has no effect on the signals observed at 

M:L=1 (Figure 56c).  

iii) Both viologen-based substituents are not magnetically equivalent and give rise to 

12 different signals attributed to Hb-g and Hb’-g’. 
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iv) Both phenyl rings carrying the TEG chains are magnetically equivalent but locked 

in the same conformation, as revealed by the fact Hj and Hj’ are not equivalent and 

give rise to two different, albeit scalarly coupled, signals. 

v) The large up-field shift of Hg’ (5ppm) compared to Hg (7.5 ppm) suggest that 

only one phenyl ring lies within the cavity of a CB host. 

vi) One side of the porphyrin ring, the one bearing the shielded phenyl ring mentioned 

above, also happens to be much more impacted by the complexation than the other 

one, as revealed by the observation of signals attributed to Hh and Hh’ at 10.25 and 

7.25 ppm, respectively. 

vii) The three TEG chains from the same phenyl ring are not magnetically equivalent. 

This conclusion is based on the observation of three distinct singlets attributed to 

three different terminal methyl substituents resonating at 2.8, 3.1 and 3.5 ppm. 

Further insights into the association between CB[n] and 17Zn4+ have been obtained from UV-

vis absorption measurements. As can be seen in Figure 57, addition of CB[7] or CB[8] (up to 

3 molar equiv.) led to a similar blue shift of the Soret band reaching  = −3 nm (458 to 455 

nm) in the presence of 3 molar equivalents of CB, while the Q bands experienced in the same 

conditions a 9 nm red shift (678 to 687 nm) and a 5 nm blue shift (678 to 673 nm) upon 

addition of CB[8] and CB[7], respectively. In both cases the slight blue shift of the Soret band 

is reminiscent of the changes observed upon dilution, attributed to the dissociation of the 

dimer (17Zn4+)2 → 2(17Zn4+).  

 

Figure 57: Absorbance spectra of 17Zn(Cl)
4 
(5x10-4

 

mol.l-1
 

) in H
2
O recorded in the presence of n molar equivalents of A) CB[7] / B) CB[8]: 

black (n=0) , grey (n=1) , dashed (n=3) lines. 

Although some results remain poorly understood, the spectroscopic data collected with CB[8] 

and CB[7] are consistent with the conclusion that the viologen units get threaded in the 
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cucurbiturils rings. Formation of pseudorotaxanes with CB[8] also triggers the dissociation of 

the dimeric self-assembled species (17Zn4+)2 to yield a well-defined non-symmetric inclusion 

complex. 

II.3.5. Electrochemistry and Spectro‑Electrochemistry in Organic Media  

The electrochemical signatures of the title compounds 17H2(PF6)4 and 17Zn(PF6)4 have first 

been investigated in DMF using tetra-n-butylammonium perchlorate (TBAP) as an 

electrolyte. Both compounds display similar signatures featuring four consecutive reduction 

waves and one oxidation wave in the accessible potential window (Table 4).  

The first reversible reduction wave centered at (E1/2)
1c = −0.763 V is attributed to the one-

electron reduction of the two viologens units (one electron per viologen) in 17Zn4+ yielding 

the di-cationic compound 17Zn2(+•). The Nernstian character (Ipa / Ipc ≈ 1, ΔEp ≈ 60 mV, Ip = 

α1/2, see Figure 58 and Figure 59) of the reduction wave indicates the absence of chemical  

reactions coupled to the electron transfer in our experimental conditions (1 mM in DMF).  

 

Figure 58: Variations of the (A) peak current, (B) anodic (Epa) and cathodic (Epc) peak potentials values and of the (C) peak to peak potential 

shift (ΔEp) (C) as a function of scan rate (ν in mV/s) (measured for 17Zn(PF6)4 by CV in DMF (0.1 M TBAP) at a glassy carbon working 

electrode (Ø = 3mm, E in volts vs. Ag+/Ag 10-2 M). 

The second reversible reduction wave centered at (E1/2)
2c

 = −1,076 V is attributed to the 

second one-electron reduction of the viologen units (one electron per viologens) leading to the 

neutral quinonic species 17Zn0. Here again, the ΔEp value of about 64 mV suggests the 

absence of communication/interactions between the viologen centers. Another evidence 

supporting this assumption is the rather short stability domain of the cation-radical state in 

17Zn(2+•), ΔE = (E1/2)
2c − (E1/2)

1c = 313 mV, the latter value being similar to the one measured 

in the same conditions for the reference molecule MeVMe2+ (ΔE = 336 mV).  
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The two remaining reversible reduction waves of low intensities observed at (E1/2)
3c

 = −1.547 

V and (E1/2)
4c = −2.065 V have been attributed to the one-electron reduction of the porphyrin 

skeleton yielding successively the anion radical 17Zn•─ and the dianion 17Zn2─, respectively. 

On the anodic side, the weakly intense and poorly reversible wave observed at E1a
 = 0.484 V 

is attributed to the one electron oxidation of the porphyrin ring. 

 

Figure 59: CV curves of a DMF (TBAP 0.1M) solution of 21Zn(PF6)4 (1x10-3 M) recorded at a glassy carbon working electrode (Ø = 3 mm, 

E vs. Ag+/Ag (10-2 M), = 0.1 V.s-1).   

The free base porphyrin 17H2
4+ has been also studied in the same experimental conditions. 

Selected values recorded with this compound are collected in Table 4. These data reveal that 

the metal has a significant effect on the porphyrin-centered redox processes with potential 

shifts (ΔE  −200 mV) in agreement with the known stabilizing effect of the zinc atom on the 

porphyrin-based  system. The values collected in Table 4 also bring to light that the 

viologen-based reduction potentials are only weakly affected by the presence of the zinc ion 

in the cavity of the porphyrin ring. 

The influence of the viologen substituents on the redox activity of the porphyrin ring is further 

provided by the comparison of key figures obtained with 11Zn8+ and 17Zn4+ in DMF 

electrolytes (Table 4). The porphyrin ring surprisingly found to be easier to reduce in 17Zn4+ 
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than in 11Zn8+ despite the lower number of viologen units. This shift can nevertheless be 

understood based on conjugation issues upon considering that the ethynyl linkers could lead 

to an improved “communication” between the viologens and the porphyrin.  

 Solvent 𝐸4𝑐 (n, ΔEP) 𝐸3𝑐(n, ΔEP) 𝐸2𝑐(n, ΔEP) 𝐸1𝑐(n, ΔEP) 𝐸1𝑎(n, ΔEP) 

  P-•/ P2- P/ P-• V+•/ V0 V2+/ V+• P+/P+• 

MeVMe(PF6)2 DMF na na −1.163b(1,62) −0.774b(1,60) na 

17H2(PF6)4 DMF −1.816c −1.304(1, 64) −1.051(2, 62) −0.743(2, 55) 0.686a 

17Zn(PF6)4 DMF −2.065c −1.547(1, 66) −1.076 (2, 64) −0.763 (2, 63) 0.484a 

11H2(PF6)8 DMF −2.011b(1,84) −1.613b(1,84) −1.115b(4,77) −0.785b(4,60) 0.728c (1) 

11Zn(PF6)8 DMF −2.236b (1) −1.827b(1,75) −1.087b(4,67) −0.762b(4,63) 0.682c (1) 

MeVMe(Cl)2 H2O na na −0.99 (1,77)b −0,654(1,60)  na 

17Zn(Cl)4 H2O na na −0.645 (2,157) −0.402 (2,119) na 

11Zn(Cl)8 H2O na na −0.638 (4,24)  −0,389c,d 0,861c (1) 

Table 4: Measured by CV, 2-5∙10−4 m in DMF/TBAP (0.1 M, E(V) vs. Fc+/Fc), or in an aqueous phosphate buffer (0.1M, pH = 7, E(V) vs. 

AgCl/Ag (KCl sat) at a vitreous carbon working electrode Ø = 3 mm, 298 K, ν = 0.1 V∙s-1 . na : Not available / b : Half wave potential / c : 

Peak potential / d : Adsorption phenomena  

Both the free base 17H2
4+and the zinc complex 17Zn4+ have been submitted to 

spectro‑electrochemical characterizations to provide further insights into the fate of the 

reduced species. These studies have been carried out in a glove box using a conventional 

three-electrode setting and an all quartz immersion probe. The exhaustive two-electron 

reduction (1e-/viologen) of 17Zn(PF6)4 (1.66x10-4 M) in DMF (0.1 M TBAP) solution has 

been performed in a potentiostatic regime involving setting the potential of the platinum 

working electrode at −0.94 V vs. Eref[Ag+/Ag (0.01M)]. The advancement/completion of the 

electrolysis was checked by steady‑state voltammetry measurements carried out at a rotating 

disk electrode. 

As can be seen in Figure 60, the exhaustive 2-electrons reduction of 17Zn4+ led to a slight 

broadening of the porphyrin-based Soret band coming along with a significant bathochromic 

shift, of about 6 nm, of its maximum wavelength (from 451 to 457 nm) accompanied with a 

weak hyperchromic effect (Figure 60A). These minor changes indicate that the electron 

transfer centered on the viologens has a limited impact on the electron density of the 

porphyrin-based π-system. The novel set of absorption bands developing between 500 and 

800 nm, overlapping with the porphyrin-based Q band, is attributed to a series of transitions 

centered on the electrogenerated viologen cation-radical. Our experiments also revealed that 

the electrochemical conversion of 17Zn4+ into 17Zn(2+•) is fully reversible at the electrolysis 
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time scale (30 min) and that the electrogenerated species 17Zn(2+•) do not form π-dimers in 

these experimental conditions, as revealed by the absence of diagnostic absorption bands in 

the near IR region (~900 nm) and by the standard ΔEp value of about 60 mV measured on the 

first viologen-based CV wave. 

Further investigations carried out on the free base 17H2
4+ led to similar findings with a 

spectroscopic signature recorded after bulk electrolysis at Eapp = −0.94V (vs. Eref[Ag+/Ag]) in 

agreement with the formation of the di-radical species 17H2
(2+•) (Figure 60B). 

 

Figure 60: UV‑vis spectra recorded during the exhaustive one-electron reduction (per viologen) of A) 17Zn(PF6)4 (1.66x10−4 M) and B) 
17H2(PF6)4 (1.11x10−4M) in DMF (0.1 m TBAP) using a platinum plate working electrode whose potential was fixed at Eapp = −0.94V vs. 

EAg+/Ag (10 mL, l = 1 mm, t ≈30 min) 

II.3.6. Photoreduction of 17Zn4+ in Organic Media 

We investigated the effect of continuous irradiation of 17Zn4+ with visible light in solution. It 

was expected that upon excitation of the porphyrin core, a photo-induced electron transfer 

(PET) would result in the formation of viologen radical cations. Based on the electrochemical 

and spectroscopic results described above, it is possible to calculate the driving force of this 

photo-induced process. In order to do that, the value of the redox potential for 17Zn4+ in the 

excited state E* has to be determined. It was obtained by subtracting the energy needed to 

reach the excited state from the redox potential measured at the ground state. The excited state 

energy E0,0 was estimated at 1.77 eV (±5%) from the tangent of the low energy side of the 

absorption Q-band of 17Zn4+ (ΔE(eV)  1240/λ (nm)). Using the data collected in Table 4, the 

redox potentials of the excited states (P*/P+) has been estimated at −1.29 V (E* = E1a − E0,0). 

After applying the Rehm-Weller equation143-144 to our system and neglecting Coulombic 

factors, we obtain the simplified equation: ΔG = E* − E1c giving us a free energy value of ca. 
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−550 meV. The thermodynamic driving force thus clearly favors a PET mechanism from the 

porphyrin core to the viologen fragments. 

 

Figure 61: A) UV‑vis spectra of 17Zn(PF6)4 (5x10−5 M) in anaerobic MeCN in presence of TEOA (5x10−3 M) recorded during irradiation at 

λex = 660 nm (B) Reoxydation under air. 

A solution of 17Zn4+ (5x10−5 M) and triethanolamine (5x10−3 M) in DMF was irradiated 

under anaerobic conditions with visible light using a monochromatic LED lamp (λexc = 660 

nm). This irradiation led to the emergence of the characteristic signature of the viologen 

radical cation developing progressively over 35 minutes and overlapping with the porphyrin 

Q-bands (Figure 61A). Bubbling oxygen through the cell then led to the disappearance of 

these signals at the expense (Figure 61B) of the initial spectrum, a result which demonstrate 

the photochemical stability of 17Zn4+. As for the spectro-electrochemical experiments, π-

dimers do not form in these experimental conditions as attested by the lack of band in the near 

infrared region. 

II.3.7. Electrochemistry and Spectro‑Electrochemistry in Aqueous Medium  

The objective here was to check the ability of CB[8] to promote the intermolecular π- 

dimerization of the two-electron reduced species 17Zn(2+•) in water to yield the targeted 1D 

self-assembled polymers (Figure 62). These studies have also been conducted with CB[7], 

used here as a reference only capable of yielding discrete host-guest caviplexes with 17Zn(2+•). 
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Figure 62: Schematic drawing showing the expected binding modes between the two-electron reduced species 17Zn(2+●) and CB[8]. 

As a preliminary experiment, the electrochemistry of 17Zn(Cl)4 has been investigated by CV 

measurements carried out in a phosphate buffer (pH=7, 0.1 M) at a vitreous carbon electrode. 

The CV curve display two consecutive reduction waves at E1c = −0.402 and E2c = −0.645 V (E 

vs. Ag+/Ag) attributed to the successive formation of 17Zn(2+•) and 17Zn0, respectively (Table 

4). The data depicted in Figure 63 reveal that the main characteristics of the first reduction 

wave evolve to a great extent with scan rate. The current remains limited by diffusion but the 

peak potential measured in the forward scan happens to shift quite significantly towards more 

negative values with increasing scan rates. The cause of this irreversibility is not well 

understood but the most likely hypothesis is that it is linked to the aggregation of 17Zn4+ in 

aqueous medium. 

 

Figure 63 : Variations of the (A) Peak current , (B) the anodic (Epa) and cathodic (Epc) peak potentials and  peak to peak potential shift (ΔEp) 
as a function of scan rate (ν) (measured for 17Zn(Cl)4 by CV in a phosphate buffer (0.1 M, pH=7) at a glassy carbon working electrode (Ø = 

3mm, E in volts vs. AgCl /Ag). 

The relative affinity of CB[8] for 17Zn4+ and 17Zn2(+•)  was assessed from CV data focusing 

on the first viologen-centered reduction wave. The data shown on Figure 64 reveal the 

addition of CB[8] leads to the disappearing of the initial reduction wave (Ep = –0.426 V) at 

the expense of a new wave developing at a less negative potential value (Ep = –0.345 V) 
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attributed to the reduction of the inclusion complex formed between 17Zn4+ and CB[8]. Both 

waves are still clearly observed on the CV curve recorded in the presence of 0.5 molar 

equivalent of CB[8] (blue line in  Figure 64) while only the second wave developing at Ep= 

−0.345 V remains visible after addition of one molar equivalent of CB8 (red line in Figure 

64). 

 

Figure 64: Voltametric curve (CV) recorded for 17Zn(Cl)4 (5x10-4 M) in aqueous phosphate buffer (pH= 7, 0.1 M) in the presence of 0 (red 

line), 0.5 (blue line) and 1 (black line) molar equivalents of CB[8] (VC Ø = 3 mm, ν =25 mV.s-1, E vs. AgCl /Ag). 

The peak potential of the second viologen-centered reduction is found to shift to a much 

greater extent upon addition of CB[8], the wave initially observed at Ep = −0.724 V undergoes 

a negative shift reaching –1.07 V in the presence of one molar equivalence of CB[8] (red line 

in Figure 65). It is worth to mention that the upper value of the molar ratio reached towards 

the end of the titration, CB[8]:17Zn4+ = 1, not only match the ratio needed to form the ideal 

1D arrangement shown in Figure 62, it also happens to correspond to the solubility limit of 

CB[8] in our experimental conditions (0.1 M phosphate buffer pH = 7).  

 

Figure 65: CV curves recorded for 17Zn(Cl)4 (5x10-4 M) in aqueous phosphate buffer (pH= 7, 0.1 M) (VC Ø = 3 mm, ν = 0.1 V.s-1, E vs. 

AgCl/Ag) in the presence of n molar equivalents of CB[8]. 
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Altogether, these electrochemical data are consistent with the conclusion that the viologen 

based cation radicals in 17Zn2(+•) are stabilized in the presence of CB[8], 74, 113, 135 the most 

striking evidence being that the viologen cation radicals are more easily formed and harder to 

reduce in the presence than in the absence of CB[8]. Based on relevant scientific literature and 

on previous results collected with the parent compound 11Zn8+, we attribute the extensive 

stabilization of the viologen cation radicals in 17Zn2(+•) to the formation of intramolecular π-

dimers included within the cavity of CB[8] hosts, i. e. to the redox triggered transformation of 

the 1:1 inclusion complex [17Zn4+⊂CB[8]] into the targeted 1D self-assembled architecture 

fitting the general formula [(17Zn⊂CB[8])n]𝑑𝑖𝑚
2𝑛+. 

This hypothesis has been further confirmed upon carrying out similar investigations with 

CB[7], used as a control prohibiting the formation of π-dimers.84, 135 

Selected CV curves recorded during the progressive addition of CB[7] to a solution of 17Zn4+ 

in water are displayed in Figure 66. In contrast to what was observed with CB[8], the 

presence of CB[7] is found to induce the simultaneous shift of both viologen-centered 

reduction waves towards more negative potential values, coming along with a significant drop 

of the current levels. In agreement with previous report on CB[7]-viologen inclusion 

complexes, such behavior is here consistent with the idea that CB[7] has a weaker affinity for 

the viologen cation radicals in 17Zn(2+●)  than for the dicationic viologens in 17Zn4+.84 The 

stability domain of 17Zn(2+●)  is indeed not significantly modified while both the viologen 

dication and cation radicals end-up being harder to reduce in the presence of CB[7]. 

 

Figure 66: CV curves recorded for 17Zn(Cl)4 (5x10-4 M) in aqueous phosphate buffer (pH= 7, 0.1 M) (VC Ø = 3 mm, ν = 0.1 V.s-1, E vs. 

AgCl/Ag) in the presence of n molar equivalents of CB[7]. 

-0.5-1

x

V2+•V4+

V0  V2+•

5 µA

E (V vs Eref [Ag+/Ag])

n=0

n=0.5

n=1



77 | P a g e  

 

As a conclusion, the electrochemical data discussed above are quite similar to those recorded 

with the star shaped porphyrin 11Zn8+ in the presence of CBs (see part II.2). As revealed by 

the NMR data discussed in section II.3.4, the initial chemical step is a threading of CB[8] or 

CB[7] onto the porphyrin axles to yield [17Zn⊂(CB[n])x]
4+ (n= 7 or 8, x= 1 or 2). When n=7, 

all the evidence support the conclusion that the two consecutive reduction of both viologen 

units lead to the successive formation of the reduced inclusion complexes 

[17Zn⊂(CB[7])2]
2(+•) and [17Zn⊂(CB[7])2]

0.  

When n=8, the anodic shift of the first reduction wave coming along with a cathodic shift of 

the second reduction wave are attributed to a CB[8]-driven stabilization of intermolecular π-

dimers leading to the formation of 1D assemblies. These assumptions have been further 

confirmed by UV- vis absorption spectrophometric measurements conducted in water on the 

in-situ generated 2-electron-reduced species 17Zn2(+•) in the absence or in the presence of 

CBs. 

The one-electron reduction of both viologen units in 17Zn4+ has been carried out in phosphate 

buffer (pH =7) using sodium dithionite Na2S2O4 as a reductant.114 Selected UV-vis absorption 

spectra collected during the progressive addition of Na2S2O4 to an aqueous solution of 17Zn4+ 

are shown in Figure 67. 

 

Figure 67: UV−vis spectra of 17Zn(Cl)4 (1.1x10−4 M) in phosphate buffer (pH=7, 0.1 M) recorded over time after addition of Na2S2O4 in 

excess (A) and followed by gentle bubbling of compressed air (B). 

These curves reveal that the chemical reduction of 17Zn4+ leads to a large drop (about 50%) 

in the intensity of the Soret band and to a blue shift (27 nm) of the single Q band coming 

along with a large increase of the baseline signal. Most interestingly, these drastic changes 

proved to be perfectly reversible, as revealed by the fact that the initial spectrum of 17Zn4+ 

could be fully recovered after gentle bubbling of compressed air through the chemically 

reduced sample (Figure 67B). The curves recovered after addition of Na2S2O4 are nevertheless 
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consistent with the existence of chemical steps coupled to the electron transfer. The redox and 

chemical processes involved in solution upon reduction of 17Zn4+ are still poorly understood 

but the large increase of the base signal, the unusual broadness, splitting and red shift of the 

initial Soret band strongly suggest the formation of mixtures of J aggregates in solution.139 

Such supramolecular assembly could indeed potentially be formed as a result of the reduction 

of both viologens (one electron/viologen) in 17Zn4+ leading to the much less water soluble 

species 17Zn2(+•), prone to stacking. The spectroscopic signature recorded in the presence of 

reducing agent are moreover reminiscent of data reported by different authors with various 

pyridium-substituted porphyrins where splitting, hypochromicity, broadening and red shifts or 

blue shifts of Soret bands reveal the formation of mixtures of J- and H-aggregates, 

respectively.138, 145
 

Similar studies have been carried out in the presence of CB[8]. Figure 68A shows the UV-vis 

absorption spectra of [17Zn⊂CB[8]]4+ (formed in situ from a 1:1 mixture of 17Zn4+ and 

CB[8]) after progressive addition of Na2S2O4. These curves reveal that the chemical reduction 

of [17Zn⊂CB[8]]4+ leads to a slight broadening of the porphyrin-based Soret band 

accompanied with a hypsochromic shift (blue shift) of about 13 nm of its maximum 

wavelength (from 455 to 442 nm with a clean isosbestic point at 450 nm).These modifications 

are fully compatible with electron transfers centered on the peripheral viologens having a 

minor impact on the electron density of the porphyrin-based π-system. This attribution is 

further supported by the emergence of absorption bands between 500 and 800 nm, overlying 

with the porphyrin-based Q bands, attributed to a series of transitions centered on a viologen 

cation-radical. Another diagnostic absorption bands emerged in the near IR region centered at 

960 nm. The latter is attributed to the viologen-based -dimers whose energy is proportional 

to the electronic coupling term arising from frontier-orbital interactions between a pair of 

equivalent SOMOs. 

One key conclusion drawn from this analysis, is that the viologen radicals in the chemically 

reduced pseudo-rotaxane [17Zn⊂CB[8]]4+ is involved in the formation of self-assembled 

intermolecular -dimers. The experimental data also demonstrate that the proposed 

supramolecular self-assembly process is fully reversible, as revealed by the fact that a gentle 

bubbling of compressed air through the sample leads to the regeneration of the initial 

inclusion complex (Figure 68B). 
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Figure 68: UV‑vis spectra of 17Zn(Cl)4 (7x10−5 M) and CB[8] (1 molar equivalents) in phosphate buffer (pH=7, 0.1 M) recorded over time 

after addition of Na2S2O4 in excess (A) and followed by gentle bubbling of compressed air (B). 

Controlled experiments have then be carried out in the presence of CB[7], mostly to confirm 

the hypotheses raised above (Figure 69). The reduction of 17Zn4+ carried out in the presence 

of 2 molar equivalents of CB[7] upon addition of Na2S2O4 in excess led to a 15 % loss of the 

initial intensity of the Soret band centered at 455nm and to the development of a new signals 

between 500 and 800 nm, overlying with the porphyrin-based Q bands (Figure 69). These 

results support the conclusion that the electron transfers are centered on the peripheral 

viologens and that they have minor impact on the electron density of the porphyrin-based π-

system. Most importantly, the lack of clear diagnostic absorption bands in the near IR region 

(≈900 nm) demonstrate that the formation of pseudorotaxane with CB[7] inhibits the 

formation of intermolecular π-dimers. 

 

Figure 69 : UV‑vis spectra of 17Zn(Cl)4 (8.5x10−5 M) and CB[7] (2 molar equivalents) in phosphate buffer (pH=7, 0.1 M) recorded over time 

after addition of Na2S2O4 in excess (A) and followed by gentle bubbling of compressed air (B). 
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II.3.8. Conclusion  

All the experiments carried out with 17Zn(X)4
 (X = Cl− or PF6

−) in aqueous and organic 

media support the conclusions that 17Zn4+ self assembles in water to form a non-symmetric 

dimeric species (17Zn4+)2. Addition of CB[8] in excess was then shown to trigger a 

dissociation of (17Zn4+)2
 to yield a pseudorotaxane derivative [17Zn⊂CB[8]]4+ wherein one 

of the rigid viologen-containing arms is threaded through the CB[8] ring. Reduction of the 

latter species (one electron/viologens) using sodium dithionite was then found to trigger a 

CB[8]-mediated intermolecular -dimerization of the porphyrin-viologen tectons leading to 

the formation of a 1D self-assembled species [(17Zn2(+•)⊂CB[8])n]dim. Support for these 

assumptions came from detailed NMR, electrochemical and spectroelectrochemical 

measurements and from controlled experiments involving CB[7]. 
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II.4. Redox‑ Responsive Assembly involving Tetraphenyl Ethylene Based 

Tecton 

The third approach that has been developed toward redox-responsive supramolecular 

assemblies involves the use of a tetraphenyl-ethylene (TPE) linker (Figure 43). The objective 

here was to exploit and investigate the ability of the TPE scaffold to promote the 

intermolecular dimerization of viologen radical cation in solution. 

II.4.1. Synthesis of the Targeted Tecton 218+ 

The multi-step synthesis of the targeted viologen-TPE  218+ is summarized in Figure 70. The 

key intermediate compound 20 was prepared according to a procedure reported by Yaghi and 

coll,146 starting with the bromination of tetraphenyl ethylene (TPE) 18147 in acidic condition to 

obtain compound 19 in a quantitative yield. The latter was subjected to a Suzuki cross-

coupling reaction with 4-Aminophenylboronic acid to yield the aniline substituted TPE 20. 146 

This intermediate was reacted with the activated viologen 162+104 to afford  218+ in 40 % 

yield. This final product could be easily isolated as a chloride or hexafluorophosphate salt 

through anion metathesis. The minimized structure shown in Figure 70 reveals that the four 

phenyl rings cannot be coplanar and thus remain tilted with respect to the ethylene unit. 

 

Figure 70 : (a) Br2, AcOH, quantitative; (b) 4-Aminophenylboronic acid, Pd(PPh3)4, Toluene/H2O, 90°C, 24h, 70% (c) 16(PF6)2, 

EtOH/CH3CN, reflux, 18 h, 40%. 
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II.4.2. 1H‑NMR Characterization  

The 1H‑NMR spectra of 21(Cl)8 recorded in deuterated water is shown in Figure 71. The 

accurate attribution of the aromatic signals was achieved from careful analyses of the 1H 

spectrum and of the associated 1H-1H 2D cosy map. In the aromatic range, the four most de-

shielded doublets (8H, J = 6.7 Hz), observed between 8.5 and 9.5 ppm, are attributed to the 

bipyridinium units. The hydrogen atoms Hf and Hg (8H) located on the phenyl rings adjacent 

to the viologens appear as two doublets (J = 7.2 Hz) between 7.9 and 8.05 ppm. while the 

protons of the phenyl ring corresponding to the TPE unit (Hh, Hi) resonate between 7.5 and 

7.7 ppm as two doublets (J = 8.1 Hz). Finally, the methyl group attributed to Ha (12H) is 

observed as a singlet at 4.5 ppm. 

 

                                                                     Figure 71: 1H NMR spectra of 21(Cl)8 (D2O, 400MHz) . 

II.4.2.1. Threading of 218+through CB[7]  

As can be seen in Figure 72, the gradual addition of CB[7] led to the disappearance of the 

signals corresponding to 21(Cl)8 at the expense of new signals attributed to the formation of 

different pseudo-rotaxane derivatives. The host-guest equilibria are kinetically slow at the 

NMR time scale and four molar equivalents of CB[7] were needed to complete the titration 

experiment. This result indicates that the maximum number of CB[n] hosts (n= 7) that can be 

threaded on the TPE platform is four, which is in agreement with the complexation of one 

viologen per CB to yield the pseudo rotaxane [218+⊂(CB[7])4].  

The largest shift is observed for signals attributed to the viologen units (Hc , Hd), with upfield 

shifts reaching 1.3 ppm by the end of the titration. Here again, this large amplitude stands in 

contrast with the limited shift of about 0.1-0.3 ppm monitored the inclusion for the signals of 
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the other protons located on the viologens (Hb, He). These shifts thus reveal that the CB[7] 

rings lie in between both pyridinium rings. Inclusion of the viologen units within the cavity of 

CB[7] has also a significant impact on the chemical shift of the signals attributed to the CB 

host. In the absence of guest, CB[7] displays one singlet at 5.53 ppm attributed to Hk and two 

doublets at 4.23 and 5.80 ppm, attributed to the hydrogens of the methylenic bridge pointing 

outside (Ho) or inside (Hi) the cavity of CB[7], respectively.105 As can be seen in the early 

stage of the titration (Figure 72), threading of a non-symmetrical viologen-based axle through 

a fully symmetric ring-shaped cavitand CB[7] results in the splitting of the signal attributed to 

Hi, which end‑up being observed as two doublets centered at 5.71 ppm in the spectrum of the 

4:1 inclusion complex [218+⊂(CB[7])4]. 

 

Figure 72 : 1H‑NMR spectra (400 MHz, D2O, 5x10-4 mol.l-1) of 21(Cl)8 recorded in the presence of (a) 0, (b) 1, (c) 2, (d) 3 and (e) 4 molar 

equivalents of CB[7]. 

II.4.2.2. Threading of 218+through CB[8] 

A similar investigation has then been carried out with the less soluble CB[8] host.82, 106-107 The 

stoichiometry and structure of the assembly was similarly assessed from the titration data 

depicted in Figure 73. As observed with CB[7], the largest chemical shifts involve the protons 

Hc and Hd and the titration reaches completion after addition of 4 molar equivalents of CB[8]. 

These results thus support the conclusion that four CB[8] rings can be threaded onto 218+ and 

that the macrocyclic guest lies in between both pyridinium rings 
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Figure 73 : 1H‑NMR spectra (400 MHz, D2O,1x10-4 mol.l-1) of 21(Cl)8 recorded in the presence of (a) 0, (b) 1, (c) 2, (d) 3, (e) 4 molar 

equivalents of CB[8]. 

II.4.3. Electrochemistry and Spectro‑Electrochemistry in Organic Medium 

The electrochemical signature of 21(PF6)8 has first been investigated in DMF using tetra-n-

butylammonium perchlorate (TBAP) as an electrolyte.  

The CV curve displays two consecutive reductions (noted E1c and E2c) in the accessible 

potential window (Table 5 and Figure 74). The first reduction wave leading to the formation 

of the tetra(radical-cation) species 214(+•), is observed at (E1/2)
1c = −0.776 mV (ΔEp

1 = 44 mV 

at  = 0.1 V.s-1), while the second ill-defined reduction wave corresponding to the formation 

of the quinonic species 210 appears at Epc
2 = −1.047 V. The unusual shape of the second 

reduction wave is attributed to the adsorption of the neutral reduction product onto the 

electrode surface, a process which is revealed by the intense desorption peak observed on the 

reverse scan at Epa = − 0.936 V. It should be noted that the unexpectedly low Ep value 

measured on the first reduction wave is a first indication suggesting the existence of 

intermolecular π-dimerization processes involving the tetra cationic reduced species 214(+•), 

the intramolecular association between the viologen cations radicals being here precluded for 

obvious steric reasons (see minimized structure obtained with Avogadro in Figure 70) 
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Figure 74: CV curves of 21Zn(PF6)4 (1x10-3 M) recorded in DMF (TBAP 0.1M) at a carbon working electrode (Ø = 3 mm, E vs Ag+/Ag (10-2 

M), = 0.1 V.s-1).   

The ability of 218+ to form π-dimers in solution upon reduction has been further demonstrated 

by spectro-electrochemical analyses (Figure 75B); Eapp = -0.91 V, 1 electron per viologen 

subunit, C = 0.16 mM),  through the growth of diagnostic absorption bands centered at 425 

nm (70625 M-1.cm-1), 577 nm (39375 M-1.cm-1) and 945 nm (5500 M-1.cm-1). This signature 

contrasts with that recorded in the same experimental conditions, at the same or higher 

concentration in viologen units, with the reference compounds PhVMe2+ or MeVMe2+ leading 

to the observation of absorption bands centred at 415 nm (19000 M-1.cm-1), 612 nm (8450 

M1.cm-1), and 713 nm (3550 M-1.cm-1) attributed to the non-associated viologen based cation 

radical (Figure 75D and Figure 75E). 
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Figure 75: Superposition of UV‑vis absorption spectra recorded during the exhaustive one electron reduction (one electron per viologen) of 

(A) 21(PF6)8 (0.01 mM, Eapp = −0.91 V), (B) 21(PF6)8 (0.16 mM, Eapp = −0.91 V), (C) 21(PF6)8  (0.5 mM, 10 mL, Eapp = −0.91 V), (D) 
PhVMe(PF6)2 (2 mM, 10 mL, Eapp = −0.91 V) and (E) MeVMe(PF6)2 (0.5 mM, 10 mL, Eapp = −1 V). [DMF + 0.1 M TBAP, l = 1 mm, t ≈ 30 

min, working electrode = Pt]. 

The differences between the absorption spectra shown in Figure 75 B, C and D confirm that 

the one‑electron reduction per viologen of 218+ leads to the formation of intermolecular π-

dimers in solution and that no such process is observed for simple viologen derivatives in the 

investigated concentration range (up to 2mM). 

Concentration-dependent spectroelectrochemical studies have also been undertaken to 

confirm the intermolecular nature of the association involving the reduced forms (1 to 4 

electron/viologen) of 218+. As can be seen in Figure 75, the exhaustive reduction of 218+ at 

5x10-4 mol.l-1 to 1x10-5 mol.l-1 led to the development of similar absorption bands centred at 

577 nm and 613 nm coming along with a broad signal centered at 945 nm (solid line in Figure 

75C). We also found that the more concentrated solution of 214(+•) (5x10-4 mol.l-1) evolves 

toward the end of electrolysis with a progressive drop in the intensity of the initial signals 

observed between 540 nm and 700 nm, while the band in the NIR region gained both in 

intensity and broadness (dashed lines in Figure 75C). This complex behavior reveals the 

existence of multiple equilibria involving dimerized and non-dimerized viologen radicals 

consistent with the formation of aggregates in solution. The most important conclusion is that 

214(+•) can form intermolecular ‑dimers in the absence of cucurbiturils.  
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II.4.4. Electrochemistry and Spectro‑Electrochemistry in Aqueous Medium 

The electrochemistry of the titled compound 218+ has been investigated in a phosphate buffer 

(pH 7, 0.1 M) at a vitreous carbon electrode. The CV curve displays the expected consecutive 

viologen-based reduction waves centered at E1c = −0,413V and E2c = −0,698 V (Table 5).  

 Solvent 𝐸2𝑐(n, ΔEP) 𝐸1𝑐(n, ΔEP) 

  V+•/ V0 V2+/ V+• 

MeVMe(PF6)2 DMF −1.163b(1,62) −0.774b(1,60) 

PhVMe(PF6)2 DMF −1.101b(1,58) −0.772b(1,58) 

21(PF6)8 DMF −1.047c,d(4,na) −0.776b(4,44) 

MeVMe(Cl)2 H2O −0.99 b (1,77) −0,654(1,60)  

21(Cl)8 H2O −0.698b(4,201) −0.413d(4,145) 

Table 5: Measured by CV, 1-5∙10−4 M in DMF/TBAP (0.1 M, E(V) vs. Fc/Fc+), or in an aqueous phosphate buffer (0.1M, pH = 7, E(V) vs. 
AgCl/Ag (KCl sat)) at a vitreous carbon working electrode Ø = 3 mm, 298 K, ν = 0.1 V∙s-1 .   na : Not available / b : Half wave potential / c : 

Peak potential / d : Adsorption phenomena 

The plots depicted in Figure 76 reveal that the first reduction wave remains limited by 

diffusion but the unusual shape of the re-oxidation wave (see the black curve shown in Figure 

77) and the large Ep value (130 mV) suggest the existence of coupled processes which 

have not yet been identified (adsorption, aggregation, communication…). 

 

Figure 76: Variations of the (A) peak current value, of the (B) anodic (Epa) and cathodic (Epc) peak potential values and  of the peak to peak 

potential shift (ΔEp) as a function of scan rate (ν) (measured for 21(Cl)8 by CV in a phosphate buffer (0.1 M, pH=7) at a glassy carbon 

working electrode (Ø = 3mm, E in volts vs. AgCl /Ag). 

The interaction of 218+and of its reduced forms with CB[8] has nevertheless been investigated 

using electrochemical methods. As can be seen in Figure 77, the progressive addition of 

CB[8], up to 4 molar equivalents, resulted in a significant loss in the peak-current values 

measured on the forward and backward scans. The peak potential values measured on the first 

and second reduction waves did not change significantly upon addition of CBs, a result stands 
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in a sharp contrast with what has been observed before with 11Zn(Cl)8 and 17Zn(Cl)4. One 

preliminary conclusion that can be drawn from the negligible shift in the E1c value measured 

in the presence of CB[8] is that 218+ and 214(+•) have similar affinities toward CB[8] and that 

CB[8] does not promote the  π-dimerization of 214(+•). 

 

Figure 77: CV curves recorded for 21(Cl)8 (1x10-4 M) in aqueous phosphate buffer (pH= 7, 0.1 M) (VC Ø = 3 mm, ν = 0.1 V.s-1, E vs. 

Ag/AgCl) in the presence of n molar equivalents of CB[8] [ n=0 (black),n=4 (red)]. 

A control experiment has been carried out with CB[7], that is known to prohibit the formation 

of π-dimers. 84, 135 The CV curves recorded before and after addition of four molar equivalents 

of CB[7] to a solution of 218+ in water are displayed in Figure 78. The presence of CB[7] is 

found to induce a significant shift (E = 84 mV) of the first viologen-centered reduction wave 

towards more negative potential values coming along with a significant drop of the current 

levels. In agreement with literature, such behavior is here consistent with the idea that CB[7] 

has a weaker affinity for the viologen cation radicals in 21(4+●)  than for the dicationic 

viologens in  218+.84   

 

Figure 78 :CV curves recorded for 21(Cl)8 (5x10-4 M)  in aqueous phosphate buffer (pH= 7, 0.1 M) (VC Ø = 3 mm, ν = 0.1 V.s-1, E vs. 

AgCl/Ag) in the presence of n molar equivalents of CB[7] [ n=0 (black),n=4 (red)]. 

0-0,1-0,2-0,3-0,4-0,5-0,6

8

4

0

-4

-8

-12

X

E (V vs Eref [Ag+/Ag ])

I
(μ

A
)

0-0.2-0.4-0.6

10

5

0

-5

X

I
(μ

A
)

E (V vs Eref [Ag+/Ag ])



89 | P a g e  

 

Spectroscopic measurements have been carried out in water to determine whether the 4-

electron-reduced species 214(+•) can dimerize in aqueous media.  The one-electron reduction of 

the viologen units in 218+ was thus carried out in phosphate buffer (pH =7) using sodium 

dithionite Na2S2O4 as the reductant.114 The UV-Vis absorption spectra recorded over time 

after addition of Na2S2O4 in excess in the absence or presence of CB[8] are shown in Figure 

79A and B.  

 

Figure 79: UV‑vis spectra of  21(Cl)8 (1x10−4 M) in H2O recorded over time after addition of Na2S2O4 in excess in the presence of (A) 0 or 

(B) 4 molar equivalents of CB[8]. 

What strikes at first sight is the great similarities between these data, both featuring the 

development of two intense absorption bands at λmax = 394 and 572 nm coming along with a 

less intense broad diagnostic signal centered at 1025 nm attributed to the formation of 

viologen-based -dimers. The EnCn coupled process involved in solution was also found to be 

fully reversible, as revealed by the fact that the signature of the initial inclusion complex can 

be recovered upon bubbling compressed air through the solution. These data suggest that the 

reduction of 218+  leads to the same species in the absence or the presence of CB[8] and thus 

the latter is not needed to achieve the intermolecular -dimerization of 214(+•) . 

Similar experiments have then be carried out in the presence of CB[7] to prohibit the CB-

assisted dimerization and to provide support for the proposal that 214(+•) could form 

supramolecular dimers in solution in the absence of CBs. 
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Figure 80: UV‑vis spectra of  21(Cl)8 (1x10−4 M) in H2O recorded over time after addition of  Na2S2O4 in excess in the presence of 4 molar 

equivalents of CB[7]. 

The chemical reduction of 218+ with Na2S2O4 in the presence of 4 molar equivalents of CB[7] 

led to the emergence of intense bands readily attributed to non-associated viologen based 

cation radical (Figure 80) , which support the conclusion that the formation of intermolecular 

π-dimers is prohibited by the inclusion of CB[7] yielding [218+(CB[7])4]. In these condition, 

the chemical reduction indeed leads to the accumulation of frees radicals revealed by the 

bands growing in the visible range and by absence of diagnostic absorption bands in the near 

IR region.  

II.4.5. Conclusion 

Detailed NMR analysis revealed that four CB[7] and CB[8] rings can be threaded on the 

tetra‑viologen derivative 218+. The presence of CB[7] prohibits the intermolecular 

dimerization of 214(+•), while the presence of CB[8] has not significant impact on the 

dimerization ability of 214(+•). Reduction of 218+ into 214(+•) lead to the formation of same 

intermolecular ‑dimers as in the presence of cucurbiturils in aqueous medium. 
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Chapter III: Redox Responsive Clips and Tweezers 
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III.1. Introduction 

Built on the shoulders of classical synthetic organic chemistry and inspired from nature, 

supramolecular chemistry has paved its own way toward understanding and mimicking 

biological processes.148 Over the years, the supramolecular chemistry tool box has proved 

extremely useful in many fields from material science149 to catalysis.150 Recent efforts has 

been devoted to the construction of supramolecular assemblies or discreet molecular hosts 

displaying switchable properties. Molecular tweezers and clips have proved to be particularly 

relevant to the development of molecular hosts whose substrate recognition ability can be 

tuned by external stimuli.151 

The term tweezer was initially introduced by Whitlock.152 These molecules are characterized 

by an open cavity (substrate binding site) bordered by two interaction sites that are linked to 

the spacer (Figure 81).153  

 

Figure 81: Schematic representation of the key components of molecular tweezers and the binding of a guest by a tweezer in its folded 

conformation. 

The mode of action of tweezers can be understood from a direct analogy with the 

conventional mechanical ones, where the hold-and-release mechanism involves an external 

force. In molecular tweezers, the two interaction sites (sometimes called “tip”) pinch a guest 

molecule through various non-covalent interactions including metal coordination, hydrogen 

bonding, hydrophobic forces, van der Waals forces, electrostatic effects and/or π–π 

interactions (Figure 81). In most cases, binding involve attractive π-interactions between two 

π-conjugated organic moieties adopting a sandwich-like arrangement around a guest 

molecule. π–π interactions are however often too weak to ensure an effective binding. 

Donor/acceptor-type interactions supplemented by hydrogen bonds and hydrophobic effects 

are thus frequently employed to enhance the interactions between the host and the guest. 

Incorporating additional functional groups on the backbone of tweezers has also been shown 

to improve the selectivity/efficiency of binding. It should be mentioned that these 

improvements through multiple binding sites go beyond a simple sum of all the interactions 
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involved in the host-guest complex. These issues are referred to as “complex additivity in 

binding energies”.154 

The recognition process is also influenced by the structure of the spacer (length, rigidity, 

bulkiness…). The latter can be either flexible, rigid or have a switchable shape (Figure 82). Its 

importance has been for instance brought to light by the work of Colquhoun and co-workers 

showing that the ability of tweezer molecules to detect long-range sequence information in 

chain-folding aromatic copolyimides depends to a large extent on the structure of the 

spacer.155    

 

Figure 82 : Schematic representation of A). flexible tweezers, B). Clip (incorporating rigid spacer) and C). stimuli-responsive tweezers.153 

Tweezers and clips are considered as two different systems that can be distinguished by 

specific features. These features were not clear until 2004, when F.G Klärner developed a 

series of di- to tetramethylene-bridged compounds, these compounds were defined as 

molecular clips and tweezers, respectively (Figure 83).156  

 

                            Figure 83: Molecular clip to molecular tweezer with di-, tri- and tetramethylene-bridged polyaromatic systems.156 
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Clips exhibit U-shape locked conformations defining a cavity wherein guest molecules can be 

complexed. All the molecules incorporating rigid spacer with no or very little, structural 

flexibility are thus named clips. Tweezers incorporate flexible, eventually stimuli-responsive, 

linkers and can thus adopt different conformations (folded/unfolded) which can eventually be 

controlled by an external stimulus. 

The main features and applications of molecular clips and tweezers will be discussed in the 

following sections on the basis of relevant examples. 

III.1.1. Flexible Tweezer 

In such molecules, flexibility is provided by the covalent spacer linking both “interaction 

sites”. The latter are not necessarily arranged in a folded (also called syn) conformation at all 

times and the folding process (anti → syn) can be triggered by an external stimulus (light, 

electron…) or by a binding event. In terms of energy, the stabilization energy associated to 

the folding process should compensate the entropy loss.153 

One of the first tweezer reported in literature is a system made up of two caffeine units 

interconnected by a diacetylene spacer (1) (Figure 84A).157 The flexibility is provided by the 

free rotation of both caffeine subunits around the diacetylene axle and the presence of guests 

like the naphthoate anion (Ka =104 M-1, in phosphate buffer pH=7) forces the interaction sites 

to align in a parallel orientation. Such binding process illustrates the “induced-fit” model, 

where the host adopts the most appropriate conformation for binding.  

 

Figure 84: Early examples of molecular tweezers incorporating  A) diacetylene157 or B) polyamine158 linker. 

The selectivity and guest-binding affinity can be improved by functionalisation of the flexible 

spacers with suitable functional moieties. It is the case of molecule 2 featuring a polyamine 
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1 2
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spacer capable of forming hydrogen bonds with various dicarboxylic acids (phthalic or 

maleic) (Figure 84B).158  

Many systems reported in literature exhibit two electron rich π-conjugated units connected 

through a flexible isophthaloyl linker. Williams and coll.159 have for instance reported a series 

of tweezers incorporating an isophthalic linker and two pyrene‑based recognition sites (Figure 

85). 

 

Figure 85: A) Pyrene-based tweezer 3 developed by Williams and Coll and the targeted guest molecule 4 B )X-ray crystal structure of the 1: 

1 complex formed between tweezer 3 (X = CH) and the macrocyclic guest 4.159   

The drastic color change, from yellow to red, observed in solution upon addition of the 

electron‑poor naphthalenediimide-based macrocycle 4 was attributed to the formation of the 

host guest complex 3⊂4 stabilized by a charge transfer from the electron-rich pyrene units to 

the electron-deficient guest (Ka =24300 M-1 in CHCl3).
159  

Tetrathiafulvalene (TTF) derivatives have also been widely used as electron-rich moieties in 

the construction of flexible tweezers capable of binding electron deficient π-conjugated 

guests.  

 

Figure 86: A) Molecular tweezer incorporating tetrathiafulvalene-like interaction sites. B) calculated host-guest complex formed between 5 

and C60 (BH&H/6-31G** level).160 
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The tweezer shown in Figure 86, exhibits an isophthalic spacer and two TTF-like units. The 

later was found to be large/flexible enough to accommodate a C60 guest pinched between both 

TTF units (Ka ≈ 3000 M-1 in chlorobenzene).160  

Following these discoveries, the authors have devised a second generation of tweezers 

incorporating both the TTF donors and the C60 acceptor. Detailed investigations carried out in 

organic media have revealed the ability of (6) to self-assemble in a head to tail fashion 

through donor‑acceptor interactions into a linear supramolecular architecture (Figure 87).161  

 

Figure 87: Chemical structure of tweezer 6 and schematic representation of the associated supramolecular donor‑acceptor polymer.161 

III.1.2. Clips 

Rigid spacers have mainly been considered as a way to improve the recognition ability of the 

tweezers through fixing the two interaction sites in more suitable “U-shaped” conformations. 

The rigidity that is obtained at the expense of flexibility leads to a transition from an 

“induced-fit” model to a “lock and key” model, where the substrate acts as a 'key' and the 

active site as the 'lock', as introduced by Fischer in the late 19th.162 This locked structure of the 

host minimizes the entropic cost associated to the binding event, and hence improves both the 

binding strength and the selectivity.  

One example of conformationally restricted host considered as a molecular clip is shown in 

Figure 88A.163 It is made of a very rigid polyaryl spacer allowing to freeze both acridines in a 

cofacial arrangement. The distance between the interaction sites is 7.24A˚, which is slightly 

larger than the 6.8 A˚ that is required for sandwiching an aromatic guest through van der 

Walls interactions (- stacking). The association constant has been shown to increase as the 

electron density of the acridine groups increases. For instance, the association constants 

6
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recorded between host 7 and the guest TNF (2,4,7-Trinitrofluoren-9-one) increases from 150 

M-1 to 358 M-1 by changing the R substituent from H to tert-butyl group.164-165 

 

Figure 88: A) Chemical structure of Zimmerman’s fused aromatic clip (7) 163;B) Rigidification of Zimmerman’s clip by oxidation of the 

aromatic bridge.166 

Different planar coordination complexes have also been introduced on such spacer as 

interaction sites. It is the case for instance of the dicationic clip 9 featuring two square planar 

terpyridyl-Pd(II) acting as electron-deficient binding moieties (Figure 89). This clip has been 

found to form a stable complex in acetonitrile with 9-methylanthracene (Ka = 650M−1, 1:1 

complex in CD3CN). 167  

 

Figure 89: A) Chemical structure of clip 9 incorporating two [chloro(2,2′,2′′-terpyridine)palladium(II)]+ units; B) complex formed between 9  

and 9-methylanthracene. 167 

Such fused spacer can be further rigidified by oxidation of the methylene bridges (Figure 

89B). These modifications were found to promote a significant increase in the free binding 

energy estimated to 3.8 Kj.mol-1 per C-C bond.168 Such fully rigid linker is a key component 

of the tweezer shown in Figure 90, featuring two metalloporphyrin rings as interaction sites. 

The later has been shown to form strong complexes with various electron rich ligands, such as 

DABCO (Ka =1.1x108 M−1), and with electron-deficient guests, such as the acridinium cation 

to form the host-guest complex (10) (Ka =1.6 x107M−1 in CHCl3).
 169 
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Figure 90: Chemical structure of the HG complex formed  between the porphyrin based clip 10 and the acridinium cation.169 

In another example, the spacer has been functionalized with a carboxylic acid substituent 

oriented towards the inner cavity of the clip. Such modification was found to induce an 

increase of the distance between both interaction sites up to 8.2 Ǻ and to enhance the binding 

affinity and selectivity toward various nucleotide-based guests (Ka ≈ 1.2x105 M−1 with 

adenine, Figure 91).166 Computational studies have also revealed that the hydrogen bonding 

and π-stacking equally contribute to the stabilization of such guests in the cavity of 11.  

 

Figure 91: A) Chemical structure of clip 11 featuring a functionalized linker B) Chemical structure of the complex formed between 11 and 9-

propyladenine. 

Another type of highly rigid clip based on polyarenes has been developed in 2004 by the 

group of Klarner (Figure 92).170  

 

Figure 92: Chemical structures of rigid molecular clips involving a bicyclic connection.170 

The conformation of 12, 13 and 14 is locked by the presence of a methylene bridge leading to 

the formation of a rigid bicyclic connection. These interesting compounds exhibit a convex 

R =

10

A) B)
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structure which proved suitable to achieve an efficient complexation of various aromatic guest 

stabilized in the cavity through π–π and CH‑π interactions. The size of the cavity can 

moreover be tuned upon varying the number of benzene rings in the spacer ( see for instance 

12 and 13 in Figure 92).170 

III.1.3. Stimuli-Responsive Tweezers 

Stimuli–responsive tweezers are able to undergo conformational changes in response to 

external stimuli such as pH, light or in the presence of a suitable chemical species. The 

prospect of controlling their binding/recognition properties with a given input signal opens up 

particularly exciting perspectives for the development of sensors, molecular machines and in 

material science. 

III.1.3.1. Chemically Responsive Molecular Tweezers 

Most chemically responsive molecular tweezers reported so far in literature involve a 

terpyridine linker. Terpyridine ligands exhibit very high binding affinity towards transition 

metals due to dπ*-pπ* back bonding of the metal to the pyridine rings and to chelate 

effects.171 The complexation can induce an isomerization of the ligand from a W shape to a U 

shape. This specific feature has been widely used in the development of switchable molecular 

tweezers capable of binding or releasing a given guest molecule (Figure 93).172 

 

Figure 93 : Metal-induced folding of a terpyridine-based molecular tweezer. 

The group of J. M. Lehn has reported the recognition of various aromatic derivatives (pyrene, 

anthracene, or naphthalene derivatives) by a series of molecular tweezers made up of a 

terpyridine-like pentadentate spacer. The U‑shaped conformation of the spacer is imposed by 

the complexation of Zn2+ and Pb2+. These seminal works bring to light the importance of the 

metal in determining the size of the cavity available for binding (Figure 94).173 
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Figure 94:Representation of the processes occurring in a dynamic system of constituents, ligands 16 and 17 and their zinc(II) and lead(II) 
complexes, undergoing both shape changes and metal ion exchange and their evolution that is driven by double condensation of 16 with a 

diamine, towards the generation of the metal complex constituent that cannot (Zn·17) or can (Pb·17) form a supramolecular intercalation 

complex with a guest G. 173 

The switchable terpyridine-based tweezer 18, featuring pendant porphyrin arms, has been 

reported in 2006.174 Here again the U-Shape is imposed by a complexation of the terpyridine 

linker (Figure 95). Converting the open “W”-shaped isomer into the closed “U”-shaped one 

has also been achieved upon binding of diamine guests such as DABCO and 1,2-

ethylenediamine between both metalloporphyrin centers. 

 

Figure 95 : Representation of the W-U isomerization triggered by complexation of a terpyridine linker.174 
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Recently, the group of Vives have developed a series of terpyridine-based molecular tweezers 

incorporating peripheral salphen units. Here again, the addition of metal ions has been shown 

to trigger a W→U shape isomerization of the polypyridine spacer.175-176The author also 

established that the nickel complex 20 behaves as a six level molecular switch responding to 

three orthogonal stimuli: complexation of the linker, oxidation of the salphen units and 

binding to pyrazine (Figure 96). 

 

Figure 96: Representation of a six-level switching process involving 3 orthogonal stimuli (complexation of the linker, oxidation of the 

salphen units and binding to pyrazine).175-176 

III.1.3.2. Light‑Responsive Molecular Tweezers 

Light has been widely used to trigger conformational changes. Most light-responsive systems 

reported in literature involve a diazobenzene unit capable of undergoing trans/cis 

isomerization in response to UV irradiation. This concept has for instance been exploited to 

achieve trans-membrane ion transport with tweezer 21, wherein complexation of potassium 

between two crown-ether units introduced on a diazobenzene platform takes place only under 

UV light when 22-cis is formed (Figure 97). These studies have also revealed that the release 

of potassium conversely takes place in the dark upon formation of the 21-trans.177  

 

Figure 97: Chemical representation of the azo‑based tweezer and it’s conformational changes upon irradiation to light. 177   

Kato and his group have reported the synthesis of photoisomerizable thioindigo derivatives 

bearing ethylene-glycol side chains (Figure 98).178 Experimental results revealed that the 

trans form (22) had no binding ability towards any of the metal ions, whereas the cis form 

binds to sodium, rubidium and potassium. 

20
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Figure 98: A) Concept of photo-responsive molecular tweezer displaying switchable metal binding affinities. B) Photo 

isomerization of a thioindigo derivative. 178 

In 2009, Jayawickramarajah and his group have developed a stilbene-tethered bis(porphyrin) 

tweezer (Figure 99)179 which can be obtained as two different isomers (Z and E). It has been 

demonstrated that the Z isomer 25 has a higher affinity towards both C60 (2.9 ± 0.4x104 M–1) 

and C70 (8.2 ± 0.8x104 M–1) compared to the E isomer 24 [C60 (7.1 ± 0.2x103 M–1) and C70 

(1.7 ± 0.1x104 M–1)]. 

 

Figure 99: A) Schematic representation of photo-responsive bis(porphyrin) tweezers in both cis (24) and trans (25) conformation. B) 

Representation of the proposed binding modes of the tweezers with fullerene C60.
179 

III.1.3.3. pH‑Responsive Molecular Tweezers 

Proton exchanges are widely used by nature to trigger specific biological functions. In a 

biomimetic approach, much effort has been devoted over the years to develop artificial pH-

sensitive molecular hosts capable of binding or releasing a given guest molecule at specific 

pH values. A beautiful example of water soluble, pH-responsive molecular tweezer has been 

reported by Leroux and Petitjean in 2010 (Figure 100).180 The authors have established that 

the affinity for quinizarin and mitoxantrone depends on the conformation of the host which 

can be controlled upon adjusting the pH of the solution. In acidic media, protonation of the 

central pyridine ring leads to a loss of the recognition properties (release of the guest) 

resulting from the extended conformation imposed by two intramolecular hydrogen-bonds. 

22 23
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450 nm
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Figure 100: Chemical representation of the pH-responsive molecular tweezer developed by Leroux and  Petitjean. 180 

III.1.3.4. Redox‑Responsive Molecular Tweezers 

The charge and the recognition properties of the binding sites involved in molecular tweezers 

can be modified through electron transfer. This stimulus can also trigger the isomerization of 

the tweezer.  

Such phenomenon has been reported by the group of Stelten with a tweezer incorporating two 

redox-responsive TTF units (Figure 101).181 In its neutral state, 28 adopts a folded 

conformation but the one-electron oxidation of both TTF triggers the formation of the open 

tweezer 29 whose conformation is imposed by the electrostatic repulsion between the 

oxidized TTF moieties. 

 

                                           Figure 101: Chemical representation redox responsive tweezer developed by Stelten.182 

Two TTF units have also been incorporated on a glycoluril-based platform by Hudhomme and 

coll.183 These authors have established that 30 self-assembles in o-dichlorobenzene with C60 

to yield the 2:1 (31) complex shown in Figure 102 (K = 109 M-1). 
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Figure 102 : Formation of the complex 31 (the optimized geometry was obtained through Molecular Mechanics calculations). 

The redox-responsive porphyrin-based molecular tweezers 324+ has been previously 

developed in our group (Figure 103).35 These studies have shown that 324+can be efficiently 

and reversibly converted from an “open” charge-repelled conformation into a “closed” 

cofacial arrangement. This open/close molecular motion, triggered by electron-transfer 

centered on -dimerizable bipyridinium subunits, has been shown to allow the complexation 

of a bidentate heterocyclic ligand pinched between both metallo‑porphyrins as revealed by the 

modulation of the porphyrin-based exciton coupling phenomena. The reduction of both 

bipyridiniums in the open “charge repelled” conformer thus leads to a large reorganization 

triggered by the formation of an intramolecular -dimer, the driving force of this molecular 

motion being the stabilization of both organic radicals in a sandwich-like structure. 

 

                                                 Figure 103: Redox-Responsive Porphyrin-Based Molecular Tweezers. 35 

III.1.4. Objectives of this Chapter  

This chapter reports on the synthesis and characterization of various tweezers and clips 

incorporating viologen units as redox‑responsive and binding elements. It includes detailed 

investigations on their recognition, π-dimerization and self-assembling properties using NMR 

/ UV-Visible absorption spectroscopy and (spectro)electrochemical methods supported by 
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DFT calculations. The concepts developed over the course of this work are depicted in Figure 

104 with simple sketches. 

 

Figure 104 : Targeted concepts with the viologen based  redox-responsive clips and tweezers. 

Our main objectives were to synthesize a series of clips featuring two viologen units linked 

through polyaryl linkers of various sizes and flexibilities (X in Figure 104A and B) and to 

check the influence of the linker on their intra vs inter molecular π-dimerization abilities 

(Figure 104A). Another key objective was to devise and synthesize a series of redox-

responsive clips incorporating a bisviologen cleft and a peripheral π-donor guest as key self-

assembling elements (Figure 104B). The presence of two self-complementary recognition 

sites on the same tecton has been considered to promote the formation of self-assembled 

supramolecular polymers stabilized by intermolecular charge transfer processes. The main 

interest of such concept lies in the ability to achieve a redox control over the 

assembled/dissociated state of the tectons. As represented in Figure 104B, the one-electron 

reduction of both bipyridium units is indeed expected to promote the dissociation of the 

polymer i) through a weakening of the association constant between the donor and acceptor 

parts of the tecton and ii) through the formation of intra-or bi-molecular π-dimers.  

We will detail in the following section the progresses made and the main difficulties 

encountered in pursuing these challenging objectives using three types of polyaryl spacers. 
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III.2 . Flexible Tweezers Incorporating a 2,6-Bis(phenyl)pyridine Spacer 

This choice of spacer was mainly inspired by the work of Wang and coll.184 The latter exhibits 

structural features compatible with the objectives discussed above, most notably a suitable 

distance between both terminal phenyl rings  enabling to envision the formation of 

Acceptor/Donor/Acceptor (ADA) sandwich-like complexes (Figure 104B). The choice was 

also driven by the synthetic availability and versatility of the precursors and intermediates 

involved in the synthesis of the targeted compounds 384+, 424+, 444+ and 484+ (Figure 105).  

III.2.1: Synthesis of the Targeted Tectons 

 

Figure 105: (a) NH4OAc, Acetic acid, reflux, 14h; (b) N2H4.H2O, Pd/C,K3PO4,DMF/ETOH,16h; (c) 4-Aminophenylboronic acid pinacol 

ester, Pd(PPh3)4, K3PO4, THF, reflux; (d) 4-Ethynylaniline, Pd(PPh3)2Cl2, CuI, piperidine, THF, reflux;(e) 49(PF6)2,
 EtOH/CH3CN, 70 °C, 

18h. 

The multi-step syntheses of the targeted tweezers are shown in Figure 105. They involve a 

sequence of three reactions starting with a condensation reaction between two suitable 

aldehyde and ketone yielding the key intermediates 36, 40 and 46 in 70-80% yields.185 The 

aniline terminated product 37185 was then obtained by reduction of 36 with hydrazine,185 

while 41, 43 and 47 featuring additional phenyl or phenylethynyl linkers could be obtained 

from 40 and 46 through either Suzuki or Sonagashira coupling reactions. Introduction of the 

terminal 4,4’-bipyridinium units to obtain the desired compounds 384+, 424+, 444+and 484+ was 
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ultimately achieved through a Zincke reaction involving 492+ as a key reactant The structure 

and purity of the tectons was mainly established on the ground of mass spectrometry and 

NMR spectroscopy measurements. 

III.2.2. NMR Characterization  

These tweezers were characterized by 1H-NMR (1D/2D) and 13C-NMR spectroscopy 

measurements. The exact attributions of the 1H-NMR spectra is shown in Figure106. 

 

Figure 106:1H‑NMR spectrum of the viologen based tweezers  38(PF6)4 (5 mM, CD3CN-d3), 42(PF6)4 (5 mM, CD3CN-d3), 44(PF6)4 (3 mM, 

acetone-d6), and 48(PF6)4 (5 mM, CD3CN-d3) recorded in (295 K, 400 MHz). 

All these compounds have been characterized as PF6 salts in deuterated acetone (444+) or in 

acetonitrile (384+, 424+ and 484+). In the aromatic region, the most de-shielded signals 

observed between 8.4 and 9.5 ppm are attributed to the bipyridinium units, the signal of He 

44.555.566.577.588.599.5ppm
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being systematically observed above 9 ppm. The low field shift of these signals is even found 

to be larger in acetone where the resonance of He in 44(PF6)4 reaches 9.75 ppm. The terminal 

phenol rings are observed on all spectra as two doublets resonating at 7.03 and 7.96 ppm. The 

hydrogen atoms on the two phenyl ring adjacent to the central pyridine (Hf, Hg, Hh and Hi) 

appear as three multiplets and one singlets around 8.32 ppm. Then, the protons of the phenyl 

rings linked to the bipyridinium moieties (Hm and Hn) are observed as doublets resonating 

around 7.9 and 8.2 ppm. 

The differences observed in the chemical shifts recorded in acetone and in acetonitrile are 

huge, most notably for the signals attributed to the viologens. This significant solvent effect 

was observed for all the investigated clips. For instance, the signals attributed to the 

bipyridinium units in 444+ appear between 9.5 and 10 ppm in acetone and between 8.75 and 

9.5 in acetonitrile. This behaviour, albeit not fully understood, might result from the existence 

of supramolecular interactions involving the viologen units and the polyaryl linker (Hm, Hn, 

Hg and Hh). 

Insights into the conformation of these tweezers in solution were provided by 2D‑ROESY 

NMR measurements supported by computational data. The later revealed the existence of a 

dynamic equilibria between the W- and U-shaped conformers as shown in Figure 107, 

involving hydrogen bonds between the central nitrogen atom and either Hf or Hi.  

 

Figure 107 : Chemdraw representation of structural conformation of 42(PF6)4 in solution. 

As an example. the ROESY spectra of 42(PF6)4 shows one correlation between Hi and Hj, and 

other between Hf and Hj, suggesting the existence of both conformations in solution (Figure 

108A).  

DFT level calculations carried out on 424+ revealed that the energy difference between the W-

conformer and the U-conformer is about -3.4 kcal.mol-1 (Figure 108B). This supports the 

coexistence of both conformations in solution.  
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Figure 108: A) 1H-1H ROESY NMR map of 42(PF6)4, (5mM,CD3CN-d3), 400 MHz. B) Relative energies calculated (DFT) for the W and U-

shaped isomers of 42(PF6)4.  

III.2.3. Electrochemical Characterization 

Electrochemical investigations have been carried out in DMF (0.1 M TBAP) using cyclic 

voltammetry (CV) and rotating disk electrode (RDE) voltammetry. Potential values are given 

against a home-made Ag+/Ag (10−2 M) reference electrode. The electrochemical experiments 

have been conducted at room temperature under an argon atmosphere (glove box) using a 

conventional three electrode electrochemical cell. A selection of relevant electrochemical data 

obtained with 38(PF6)4, 42(PF6)4, 44(PF6)4, and 48(PF6)4 together with those of the reference 

compound MeVMe(PF6)2 and PhVMe(PF6)2 are collected in Table 6.  

The CV curves of all these compounds were found to exhibit similar features, the most 

characteristic ones being the two successive reduction waves (noted as E1c and E
2c in Table 6) 

attributed to the two consecutive one-electron reductions of each viologen units (1e‾/viologen) 

yielding the cation radical and neutral quinonic state V+• and V0, respectively. The peak to 

peak potential shift (Ep = Epa – Epc) measured on the first viologen-centered reduction waves 

was systematically plotted as a function of scan rate (25 mV/s to 1000 mV/s) to check the 

diffusion-limited character of these waves but only the Ep values recorded at 100 mV/s are 

shown in Table 6. 
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 𝐸1𝑐(n, ΔEP) 𝐸2𝑐(n, ΔEP) 𝐸1𝑐  - 𝐸2𝑐 

 V2+/ V+• V2+/ V0 (V) 

MeVMe(PF6)2 −0.882b(1,62) -1.198b(1,60) 0.316 

PhVMe(PF6)2 −0.709b(1,58) −1.035b(1,58) 0.326 

38(PF6)4 −0.698b(2,50) −1.034b(2,55) 0.336 

42(PF6)4 −0.682 b (2,51) −1,002c,d na 

44(PF6)4 −0.667 b (2,43) −1,030c,d na 

48(PF6)4 −0.665 b (2,45) −1,030c,d na 

Table 6: Electrochemical data measured by CV in the following conditions: 1x10−3M in DMF/TBAP (0.1 M, E(V) vs. Ag+/Ag), at a vitreous 

carbon working electrode Ø = 3 mm, 298 K, ν = 0.1 V∙s-1  (na : Not available / b : Half wave potential / c : Peak potential / d : Adsorption 

phenomena).  

Several conclusions can be drawn from these data. The first viologen-centered reductions are 

systematically observed as reversible waves with E1/2 values ranging from –0.66 to –0.70 V, 

which happens to be slightly less negative than the –0.71 V measured in the same conditions 

with the reference compound PhVMe2+. At first sight, the polyaryl spacer thus seems to have 

only a limited effect on the terminal viologen units.  

The E1c–E2c values are similar for all the investigated compounds, which means that the 

stability domains of the doubly reduced species X2(+•) (X= 38, 42, 44 and 48) are also in the 

same order of magnitude. This comparison is however made difficult by the existence of 

adsorption phenomena coupled to formation of the neutral quinonic species. 

The EP values measured on the first reduction waves (Epc – Epa) is found to evolve quite 

significantly with the length of the organic linker introduced between the central 2,6-

bis(phenyl)pyridine spacer and the viologen units, from the standard 58/60 mV shift measured 

with the reference compounds MeVMe2+ or PhVMe2+, down to a minimum value of 43 mV 

measured with 444+. As explain in the previous sections, the drop in the Ep value , below the 

standard 58 mV shift, reveals the existence of a π-dimerization process involving the doubly 

reduced species (X2(+•)→[X2+]dim). The trend observed in Table 6 thus suggests that the length 

of the linker is a key parameter, the lowest Ep value and the most efficient dimerization 

being presumably achieved with the tweezer featuring the largest linker, ie 444+ and 484+. 

All these data are thus consistent with the conclusion that the π-dimerization ability of the 

doubly reduced species X2(+•) depends on the size and flexibility of the organic linker 

introduced between the bis(phenyl)pyridine spacer and the terminal viologens. The ΔEp value 

is here clearly the most suitable/reliable indicator to compare the ability of the viologen-based 
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cation radicals in X2(+•) to dimerize and yield the intramolecular dimer noted [X2+]dim. In any 

case, the general mechanism detailed in Figure 109 with the shortest compound 384+ applies 

for all the investigated tweezers. It involves two consecutive viologen-centered one-electron 

reduction processes (E°1_1 and E°1-2) yielding the mono and bis₋cation radical species (X4+ → 

X3+• → X2(+•)). The chemical steps associated to each redox state are the equilibria between 

the W- and U-shaped isomers (K1, K2, K3). The K1 and K2 values are essentially determined by 

the stability of the bis(phenyl)pyridine spacer in both forms (H-bonds between Hs and N) 

while K4 (Figure 109A) can be referred to as a dimerization constant whose value is imposed 

by the ability of both cation radicals in X2(+•) to dimerize into the dicationic U-shaped 

complex [X2+]dim. 

 

Figure 109: CV curve (solid line) of 38(PF6)4 (1x10-3 M)  recorded in DMF (TBAP 0.1M) using a carbon working electrode (Ø = 3 mm, E vs. 

Ag+/Ag (10-2 M), = 0.1 V.s-1 ) and rotating carbon disk electrode (dotted line) (Ø = 3 mm,  = 0.01 V·s−1, 550 rd/min). 

The electrochemical signatures of 42(PF6)4, 44(PF6)4 and 48(PF6)4 were found to exhibit 

similar features (the CV curve of 42(PF6)4 is displayed as an example in Figure 110), the most 

noteworthy being the observation of an intense Gaussian-shaped reoxidation peak associated 

to the formation of the neutral species X0. Such signal, quite frequently observed with 
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viologen derivatives, is attributed to the redissolution of neutral X0 molecules which were 

physiosorbed at the electrode surface during the forward scan. It needs to be mentioned that 

this adsorption process can be avoided and the reversibility of this reduction wave can be 

restored by conducting these measurements in less concentrated solutions ≤ 0.1 mM and upon 

lowering the time scale of the experiments (higher scan rates). 

 

Figure 110: CV curves measured for 42(PF6)4 at (10-3 M) in DMF + TBAP 0.1 M (VC, Ø = 3 mm, E (V) vs. Ag+/Ag (10-2 M), ν = 0.1 V s-1). 

The main conclusions drawn from these measurements are that the tweezers 384+, 424+, 444+ 

and 484+ are slightly easier to reduce than the reference compounds MeVMe2+ and PhVMe2+ 

(Table 6). The first reduction potential increases as the length of the linker increases 

[ E38(PF6)4 
1c < E42(PF6)4 

1c < E44(PF6)4 
1c  ≈ E48(PF6)4 

1 ]. The ΔEp values follows a similar trend as it decreases 

as the length of the linker increases to reach 43 mV with 44(PF6)4. Taken together, these 

experimental data thus reveal that the distance between both viologens in this systems is too 

long to enable an efficient intramolecular dimerization (X2(+•)  [X2+]dim, large K4). The 

association between both viologen radicals happens however to be facilitated by the 

introduction of long and flexible spacers between the viologen and bis(phenyl)pyridine core 

like in 44(PF6)4. These assumptions have been further supported by spectroelectrochemical 

and computational chemistry studies. 

III.2.4: Spectro‑Electrochemical Characterization 

Spectroelectrochemistry measurements have been carried out under an argon atmosphere 

(glove box) in anhydrous DMF (+TBAP, 0.1 M). The latter involved conducting 

potentiostatic electrolysis of 10 ml solutions of 384+, 424+, 444+ and 484+ using a platinum 
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plate working electrode whose potential was set between −0.85 and −1V vs. Ag+/Ag (10−2M), 

depending on the compounds. Changes in the UV-vis absorption signature were monitored in 

real time using an all quartz immersion probe introduced in the electrolysis cell. 

Preliminary measurements have been carried out with simple viologen derivatives used as 

references. The exhaustive one-electron reduction of the reference compounds MeVMe2+ (0.5 

mM) and PhVMe2+ (0.2 mM) resulted in the emergence of intense signals attributed to the 

free, ie non-associated, viologen-based cation radicals MeVMe+• and PhVMe+•, respectively 

(Figure 111A and B). The significant discrepancies observed between those two spectra 

recorded in the same experimental conditions suggest that the cation radical is partially 

delocalized on the adjacent benzene ring. As can be seen in Figure 111A and B, the spectrum 

of MeVMe+• features a sharp absorption band centred at 400 nm (ε= 20,000 M−1.cm−1) and a 

much broader signal with multiple shoulders centred at 609 nm (ε = 8,000 M−1.cm−1) while 

that of PhVMe+• shows a quite broad signal centred at 415 nm (ε = 19,000 M−1.cm−1) 

associated to a series of transitions centered at 617 nm (ε = 13,000 M−1.cm−1). 

 

Figure 111: Superposition of UV‑vis absorption spectrum of (A) MeVMe(PF6)2 and (B) PhVMe(PF6)2 recorded during the exhaustive one 

electron reduction in [DMF + 0.1 M TBAP, l = 1 mm, t ≈ 30 min, working electrode = Pt ( A :0.5 mM, 10 mL, Eapp = -1 V /B :0.2 mM, 10 

mL, Eapp = -0.91 V]. 

Similar measurements have been carried out with 38(PF6)4 and 42(PF6)4. The one electron 

reduction of 38(PF6)4  (1e/viologen) led to the development of two main absorption signals 

centered at λmax = 419 nm (ε = 42,600 M−1.cm−1)  and 613 nm (ε = 30,200 M−1.cm−1) coming 

along with a less intense signals centered at 987 nm (ε = 3,200 M−1.cm−1) (Figure 112A). For 

compound 42(PF6)4, new absorption bands were seen to develop at 423 nm (ε = 41,200 

M−1.cm−1), 613 nm (ε = 24,000 M−1.cm−1) and 939 nm (ε = 2,000 M−1.cm−1) (Figure 112B). In 
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both cases, the spectra recorded after addition of two electrons/molecule reveal the 

simultaneous presence of the free unassociated bis-radical X2(+•)
 and of the -dimerized 

tweezer [X2+]dim (X = 38 or 42) in solution. This conclusion is mainly supported by the fact 

that the absorption bands observed in the visible range (400-800) are similar to those obtained 

in the same conditions with the reference compound PhVMe2+ (dashed curve in Figure 112), 

while the broad band observed in the near infra-red region is a clear diagnostic signature 

revealing the formation of viologen based -dimers. The relative intensity of these signals, 

particularly the weak intensity of the broad near IR band, also reveal that the dimerization 

constant is low, ie that equilibrium X2(+•)
   [X2+]dim (X = 38 or 42) is displaced in favour of 

the non-associated species X2(+•)
 . 

 

Figure 112: Superposition of UV‑Vis absorption spectrum of (A) 38(PF6)4 and (B) 42(PF6)4 recorded during the exhaustive two electron 

reduction in [DMF + 0.1 M TBAP, 10 mL, l = 1 mm, t ≈ 30 min, working electrode = Pt ( A:0.2 mM, Eapp = –0.91 V/  B:0.5 mM, 10 mL, 

Eapp = –0.85 V]. 

A deconvolution of these signals carried out using the signature of PhVMe+• (free radical) and 

a suitable propyl linked π-dimer38 as references led to the finding that the relative amount of 

dimer is larger for 42(PF6)4 (23%) than for 38(PF6)4 (11%), which is consistent with the idea 

that the dimerization requires some flexibility provided by the linker introduced between the 

viologen and the 2,6-bis(phenyl)pyridine spacer. It is worth mentioning that each redox state 

of the tweezers may adopt either a W- or U-shaped conformation in solution. This applies of 

course to the X4+
  species but also to the doubly reduced non-dimerized species X2(+•)

 .  

The stability of all the species involved in the EnCn process shown in Figure 109A has 

moreover been demonstrated upon checking that the starting material X4+ can be fully 
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recovered by re-oxidation of the doubly reduced species (Eapp = 0 V) and upon following the 

advancement of each electrolysis and checking the stability of the reduced species at the 

electrolysis time scale by RDE measurements (Figure 113A and B). 

 

Figure 113: Voltammetric curves of (A) 38(PF6)4 (0.2 mM) / (B) 42(PF6)4 (0.1 mM) recorded in DMF (TBAP 0.1M) at a RDE  (Ø = 3 mm, 

 = 0.01 V·s−1, 550 rd/min) before electrolysis (solid line) and after electrolysis (dotted line) (1e/viologens). 

The presence of free radicals in solution after completion of the electrolysis has been 

confirmed by ESR measurements carried out at room temperature. As can be seen in Figure 

114, the spectra recorded for samples taken after two electron reduction of 384+ and 424+ 

feature a single signal at g = 2.00 attributed to the presence of S = 1/2 viologen-based 

radicals. 

 

Figure 114: X-band ESR spectra recorded after two electron reduction of (A) 384+ and (B) 424+ (RT, DMF + TBAP (0.1M)). 

Similar studies have been conducted with 44(PF6)4, and 48(PF6), featuring the same 4-

ethynylphenyl linkers. The changes in the UV/Vis signature monitored throughout the 2 

electron reduction of 444+ and 484+ carried out on platinum at Eapp = -0.91 V are shown in 

Figure 115. The most significant differences observed between these curves and those 
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recorded in the same conditions with 384+ and 424+ lie i) in the shape of the band centred at 

600 nm, which is now quite different from that of the reference compound PhVMe+• and ii) 

in the intensity of the broad band observed in the near IR attributed to the intramolecular 

dimer [X2+]dim (X = 44, 48). 

 

Figure 115: UV‑Vis absorption spectra recorded during the exhaustive two electron reduction of (A) 44(PF6)4 and (B) 48(PF6)4 in [DMF + 

0.1 M TBAP, 10 mL, l = 1 mm, t ≈ 30 min, working electrode = Pt ( A :0.5 mM, Eapp = –0.91 V/  B :0.1 mM, 10 mL, Eapp = –0.91 V]. 

These differences can be readily explained by the fact that the intramolecular dimerization of 

both viologens in X2(+•)
   [X2+]dim proceeds more efficiently in the most flexible systems (X 

= 44 and 48) than in the most rigid and shorter analogues (X = 38 and 42). Here again, a 

deconvolution of these signals led to a estimation of the [X2+]dim / X2(+•)
  ratio reaching 26% 

and 28% by the end of the electrolysis of  44(PF6)4 and 48(PF6)4 , respectively. 

It should also be emphasized that the intramolecular nature of the π-dimerization has been 

systematically checked with concentration‑dependent studies revealing that the 

electrochemical and spectroelectrochemical data recorded with 384+, 424+, 444+ and 484+ do 

not change significantly with concentration. For instance the absorption spectrum recorded 

after two‑electron reduction of a 5x10-4M DMF solution of 444+ is shown in Figure 116A 

(black curve) together with those obtained after dilution of the electrolyzed solution down to 

2.5x10-4 M and 1x10-4 M. Taken together, the shape of the normalized spectra collected at 

different concentrations and the linear evolution of the absorbance at λ = 990 nm as function 

of concentration (5x10-4 M to 5x10-5 M see Figure 116B) support the conclusion that no 

intermolecular dimerization occurs in solution in this concentration range. It should also be 

mentioned that the stability/signature of the reduced species upon dilution was also checked 

by RDE measurements (see Figure 116C). 
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Figure 116: A) Normalized UV-vis absorption spectrum recorded of 44(PF6)4 as function on concentration. B) Variation of absorption 
spectrum recorded of 44(PF6)4 as function of concentration at λ = 990 nm. C) VRDE curves of 44(PF6)4 recorded in DMF (TBAP 0.1M) 

using rotating carbon disk electrode (Ø = 3 mm,  = 0.01 V.s−1, 550 rd/min) before electrolysis and after electrolysis [black (5x10-4 M) / red 

(2.5x10-4 M) / blue (5x10-5 M)]. 

To summarize, all these results support the conclusion that the 2,6-bis(phenyl)pyridine spacer 

is flexible/short enough to promote the intramolecular dimerization of two viologen cation-

radicals introduced at the 6th positions of the terminal benzene ring and that the efficiency of 

the dimerization (K4 in Figure 109A) depends on the length and flexibility of the organic 

linkers introduced between the 2,6-bis(phenyl)pyridine core and the terminal viologens 

((K4)44,48 (K4)42 (K4)38).  

III.2.5. Computational Analysis 

The DFT optimized optimized structures together with the relative energies calculated 

[X2+]dim (X = 38, 42 and 44) are shown in Figure 117. The -dimers formed upon reduction 

shows two parallel viologen sub-units in [442+]dim at a distance of 3.61 Å, while the structure 

obtained for [422+]dim shows a crossed conformation of the viologens at a distance of 3.28 Å 

and the distance between the the viologen moieties in [382+]dim is 4.81 Å. The energetic 

difference is about 8 kcal.mol-1 between [382+]dim and [422+]dim in favor of [422+]dim (Figure 

117A) due to the limited interaction between the viologen moieties in [382+]dim where one of 

the viologen then turns itself to promote few CH- interactions. This type of interaction 

triggers ≈ 3₋4 kcal.mol−1 far less than the ‑stacked conformation. Furthermore the energetic 

difference of [442+]dim and [422+]dim is similar and the difference is 1.6 kcal.mol-1 between 

them. 
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Figure 117: A) Relative energies of the viologen dimer in its geometries in the boxes, reflecting the structural deviation from the “ideal”, not 

constrained -stacked dimer. B) DFT optimized structures for the -dimers formed upon reduction of the viologen units in 38(PF6)4, 

42(PF6)4and 44(PF6)4. 

In summary, the DFT calculation support the conclusion that the efficiency of the 

dimerization depends on the length and flexibility of the organic linkers introduced between 

the 2,6-bis(phenyl)pyridine core and the terminal viologens.  

III.2.6. Molecular Recognition Properties 

These flexible tweezers feature two cationic viologens and a phenol ring that can potentially 

be exploited in host-guest processes as an acceptor (A) and donor (D) units, respectively. We 

first checked the ability of these molecules to self-assemble in solution through a combination 

of non-directional DA interactions and/or directional hydrogen bonds, for instance between 

the outer phenol and inner pyridine moieties (O-H…N) (Figure 118A). 
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Figure 118: Self-association (A) and host-guest (B) processes considered with 384+. 

The self-association ability of 38(PF6)4, 42(PF6)4, and 44(PF6)4 was mainly assessed from 

concentration-dependent 1H‑NMR measurements carried out in CH3CN for 38(PF6)4 and 

42(PF6)4 and in acetone for 44(PF6)4. The latter revealed that varying the concentration from 

1x10-3 mol.l-1 to 5x10-3 mol.l-1 has in fact very little impact (less than 0.03 ppm) on all the 

chemical shifts. The absence of supramolecular interactions in these compounds was further 

confirmed by UV-vis absorbance measurements showing that the Beer Lambert Law is 

satisfied for all these compounds over a broad concentration range (1x10-3 mol.l-1 to 5x10-6 

mol.l-1) (Figure 119).  

 

Figure 119: Variation of absorbance (logarithmic scale) measured as function of concentration (logarithmic scale) in CH3CN. A) 38(PF6)4 , λ 

= 272 nm , B) 42(PF6)4 , λ = 263 nm, C) 44(PF6)4 , λ = 278 nm. 

All these results thus support the conclusion that the self-complexation of 38(PF6)4, 42(PF6)4, 

and 44(PF6)4 is negligible in acetonitrile. Failure to observe such association can be explained 

by the existence of dynamic equilibria between the W- and U-shaped conformers and by the 

weak donor properties of the phenol ring. 

We then turned our attention to host-guest processes involving exogenic donors featuring 

different size, charge and electron-donating properties. Here again the formation of host-guest 

n

K

guest

A

B

-5.5 -5.0 -4.5 -4.0 -3.5 -3.0

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6 A

L
o
g
  
[A

]

log [concentration (mol.l-1 )]

-5.5 -5.0 -4.5 -4.0 -3.5 -3.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6 B

log [concentration (mol.l-1 )]

L
o
g
  
[A

]

-5.5 -5.0 -4.5 -4.0 -3.5 -3.0

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

L
o
g
  
[A

]

log [concentration (mol.l-1 )]

C



120 | P a g e  

 

complexes has been checked from 1H‑NMR and UV‑vis absorbance measurements carried out 

in organic media. We will detail below the results obtained with 38(PF6)4 wherein the 

viologen units are directly linked to the Ph-Pyr-Ph linker. Among all the donors investigated, 

pyrene and carbazole have given the best results. The interactions of 38(PF6)4 with these 

guests have first been investigated by 1H-NMR in deuterated acetonitrile. The host-guest 

equilibria involved in solution were found to be kinetically fast at the NMR time scale. As can 

be seen in Figure 120, addition of increasing amounts of guest (pyrene) led to significant 

upfield shift  of the viologen based protons including (Ha) resulting from the establishment of 

intermolecular DA interactions.  

 

Figure 120: 1H‑NMR spectrum of 38(PF6)4 (1mM, CD3CN-d3, 295 K, 300 MHz) during the addition of [Pyrene] (number of equivalents): (a) 

0, (b) 4, (c) 8, (d) 12, (e) 16, (f) 20, (g) 30, (h) 40, (i) 50, (j) 60. 

The largest shift was observed for the signal attributed to Hc reaching Δδ= 0.16 ppm after 

addition of pyrene in excess, to be compared with the 0.03 ppm shift observed in the same 

conditions for Hg. The three aromatic signals attributed to the pyrene unit were similarly 

found to experience an upfield shift of Δδ= 0.1 ppm. Similar investigations conducted with 

carbazole led to similar findings, the most  noteworthy one being the 0.2 ppm shift 

experienced by the signal attributed to Hc. The binding isotherm exhibits however a quite flat 

shape which makes any quantitative analysis of the associated HG process 

(stoichiometry/binding constant) difficult (see Figure 121). 
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Figure 121: Changes in the chemical shift of Hc in 38(PF6)4 (1mM, CD3CN-d3, 295 K, 400 MHz) and H3 in MeVMe(PF6)2 (2mM, CD3CN-d3, 
295 K, 400 MHz) as a function of the amount of added guest (molar equivalents). (•) 38(PF6)4 + carbazole / (x) : MeVMe(PF6)2 + carbazole / 

(•) : 38(PF6)4 + pyrene /  (x): MeVMe(PF6)2 + pyrene. 

Similar experiments have then been carried out with MeVMe(PF6)2 used as a reference 

acceptor to get insights into the binding mode of 384+ (Figure 122). The 1H‑NMR data 

collected in the same conditions as above with this simple acceptor are plotted in Figure 121. 

The progressive addition of pyrene or carbazole resulted in a far more limited upfield shift of 

the viologen-based signals, the largest shift experienced by the signal attributed to H3 

reaching only Δδ= 0.07 ppm in case of and Δδ= 0.06 ppm in case of pyrene.   

 

                                    Figure 122 : Schematic representation of the possible forms of donor-acceptor interaction. 

All our attempts to further characterize the HG binding process with absorption spectroscopy 

measurements failed due to the absence of modification observed in the UV-vis signature of 

384+ upon addition of increasing amounts of those donor molecules. These preliminary 

experiments nevertheless revealed that 384+ has only a limited affinity for uncharged aromatic 

donors in acetonitrile. The differences observed between 384+ and the reference compound 

MeVMe2+ can however only be explained by a tweezer effect leading to the binding of a 

single guest (D) in between two viologens units (A) ((structure b) in Figure122). 
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Similar experiments were conducted in DMSO and water with the anionic guests 502− and 

512− respectively, expecting that the targeted HG binding process could be strengthen by 

electrostatic forces. Here again, the progressive addition of those guests led to an upfield shift 

of all the viologen-based protons but the most important one was observed for Hd proton, 

reaching up to Δδ= 0.076 ppm (Figure 123A) and Δδ= 0.075 ppm (Figure 123B) after 

addition of only 10 molar equivalents of 502− and 512−, respectively. The amplitude of the 

shift is here again far more important for 384+ than for the reference MeVMe2+ and the shape 

of the isotherms collected with those guests is consistent with the existence of a much 

stronger affinity between the tetracationic host and the anionic guests. Fitting those data by 

Bind fit with a 1/1 binding model led to binding constant estimated to 773M-1 ± 12 in DMSO 

% and 613 M⁻¹ ± 8 % in D2O for 502− and 512−, respectively. 

 

Figure 123: A) Variation of the 1H‑NMR chemical shifts attributed to Hc (■) in 38(PF6)4 (1mM, DMSO-d6, 295 K, 400 MHz) and H3 (●) in 

MeVMe(PF6)2 (2mM, DMSO-d6, 295 K, 400 MHz) depending on the amount of guest (TBA)250 added in molar equivalence. B) Variation of 
1H‑NMR chemical shift attributed to Hc (■) in 45(PF6)4 (1mM, D2O, 295 K, 400 MHz) and H3 (●) in MeVMe(PF6)2 (2mM, D2O, 295 K, 400 

MHz) as a function of molar equivalence of guest (Na)251. 

The association between 384+ and 502− or 512− was further investigated by UV-vis absorbance 

spectroscopy measurements. These studies unfortunately proved fruitful only with 502−, 

whose addition to an aqueous solution of the free host 384+ led to a gradual decrease in the 

intensity of the main adsorption centred at λ = 284 nm (Figure 124A) at the expense of an 
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intense signal developing at 258 nm attributed to the guest molecule introduced in excess. 

These changes were found to come along with a well-defined isosbestic point at 280 nm.  

In contrast, the progressive addition of 502− did not show any significant changes in the UV-

vis absorption spectra (Figure 124B). Unfortunately, the observed changes could not be 

exploited to calculate the binding constants. 

 

Figure 124: UV‑vis absorption spectral changes of (38(PF6)4)   (1×10−4 M) upon addition of A) (Na)251 in water. B) (TBA)250  

III.2.7: Conclusion 

The 2,6-bis(phenyl)pyridine spacer is flexible/short enough to promote the intramolecular 

dimerization of two viologen unit introduced at the meta position of the terminal phenyl 

substituents. The efficiency of the dimerization has been shown to depend on the length and 

flexibility of the organic linkers introduced between the 2,6-bis(phenyl)pyridine spacer and 

the viologens. The binding properties of 384+ have been investigated with different donors in 

organic and aqueous media.  These studies have shown that 384+ has higher affinity toward 

charged aromatic donors than for uncharged ones as revealed by 1H‑NMR and UV-vis 

absorbance spectroscopy. 
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III.3. Flexible Tweezers Incorporating a Terpyridine Spacer 

Terpyridine has been considered as a flexible linker due its ability to undergo conformational 

changes (WU shapes) triggered by the incorporation of metal ions (Figure93).175, 186 Such 

metal-induced conformational changes have already been exploited in host-guest chemistry 

upon decorating terpyridine core with suitable recognition sites. 

Our objective was to introduce two viologen units at terminal position of a 2,2′,6′,2′′-

terpyridine and investigate the interest of such redox‑responsive molecule to the development 

of switchable molecular and supramolecular systems.  

III.3.1: Synthesis of the Targeted Tectons 

The multi-step synthesis of the targeted tweezers 544+ and 564+ is represented in Figure 125. It 

starts with a condensation reaction between 4-Methoxybenzaldehyde and 2-Acetyl-6-

bromopyridine to obtain the intermediate 52 in 60 % yield.187 The latter was subjected to 

Sonagashira or Suzuki coupling reactions to afford 53 and 55, respectively. The last step was 

a Zincke reaction involving 492+ as key reactant. The targeted compounds 544+and 564+ 

feature either a phenyl or a slightly longer ethynyl phenyl linker, respectively. 

 

Figure 125: a) NH4OH, KOH, reflux, 48h;(b) 4-Aminophenylboronic acid pinacol ester,Pd(PPh3)4, K3PO4,THF,reflux; (c) 4-Ethynylaniline, 

Pd(PPh3)2Cl2,CuI, NEt3, THF,reflux;(e) 49(PF6)2,
 EtOH/DMF,90 °C,18h. 
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III.3.2. NMR Characterization  

 

Figure 126: 1H‑NMR spectrum of the viologen based tweezers 54(PF6)4 (1 mM,CD3CN-d3) and 56(PF6)4 (1 mM,CD3CN-d3), recorded in 

(295 K, 300 MHz). 

The assignments shown in Figure 126 are based on the analyses of 2D spectra (COSY, 

ROESY). As expected, the chemical shifts and the number of signals observed in the spectra 

of 54(PF6)4 and 56(PF6)4 are essentially the same. In the aromatic region, the most deshielded 

signals are attributed to the hydrogens of the viologen units (Hd, He, Hf, Hg). The protons of 

the terpyridine spacer (Hh, Hi, Hj, Hk) appear as four multiplets between 7.6 and 8.9 ppm 

while the most shielded signal at 7.2 ppm is attributed to the hydrogen located on the 

“electron rich” methoxybenzene ring. 

Insights into the conformation of those molecules in solution (W- vs. U-shaped isomers) was 

provided by ROESY measurements revealing the absence of correlation between Hj and Hk. 

Such results supports the conclusion that these tweezers adopt a W conformation in solution 

imposed by the electronic repulsion between the nitrogen lone pairs and by hydrogen bonds 

established between Hj , Hk and the nitrogens of the pyridine rings. This is in accordance with 

related works described in the literature.175-176 This has been further supported by DFT 

calculations (collaboration with Pr. E. Dumont at ENSL) enabling to estimate the energy 

difference between the W-conformer and the U-conformer to 8.6 kcal.mol-1(                                                        

Figure 127). 

d

44.555.566.577.588.59ppm

a

lj
gb i,hk f

c m

n

e

a
n

b ce d
ml

fg ,ik,j

h
56(PF6)4

54(PF6)4

ab
c

d
e

f
g

h
i

j

k

l

m

n

ab
c

d
e

fg

h
i

j

k

l

m

n



126 | P a g e  

 

These experimental and computational data thus suggest that the terpyridine-linked 

compounds 54(PF6)4 and 56(PF6)4 exist as W-conformers in solution. 

 

                                                        Figure 127: Relative energy difference calculated for 54(PF6)4.  

III.3.3. Electrochemical and Spectro‑Electrochemical Characterizations 

The electrochemical signatures of 54(PF6)4 and 56(PF6)4 have been investigated in DMF 

using tetra-n-butylammonium perchlorate (TBAP) as an electrolyte. Both compounds display 

similar signatures featuring two consecutive reversible reductions (1e/viologen) in the 

accessible potential window (Table 7). 

 𝐸1𝑐(n, ΔEP) 𝐸2𝑐(n, ΔEP) 𝐸1𝑐  - 𝐸2𝑐 

 V2+/ V+• V2+/ V0 (V) 

MeVMe(PF6)2 −0.882b(1,62) -1.198b(1,60) 0.316 

PhVMe(PF6)2 −0.709b(1,58) −1.035b(1,58) 0.326 

38(PF6)4 −0.698b(2,50) −1.034b(2,55) 0.336 

42(PF6)4 −0.682 b (2,51) −1,002c,d na 

44(PF6)4 −0.667 b (2,43) −1,030c,d na 

48(PF6)4 −0.665 b (2,45) −1,030c,d na 

54(PF6)4 −0.685 b (2,44) −1,044 c,d na 

56(PF6)4 −0.665 b (2,50) −0,956c,d na 

(Pd2+)(544+)(S) −0.673 b (2,63) −1,013b(2,67) 0.340 

Table 7: CV data measured in the following conditions: 1x10−3M in DMF/TBAP (0.1 M, E(V) vs. Ag+/Ag), at a vitreous carbon working 

electrode Ø = 3 mm, 298 K, ν = 0.1 V∙s-1 . (na: Not available / b: Half wave potential / c: Peak potential / d: Adsorption phenomena). 

The viologen units are found to be slightly easier to reduce in the alkyne‑linked compound 

564+(Figure 128) than in 544+, but the potential difference measured between the first and 

ΔE (kcal.mol-1)

0.0

W- conformer

-8.6

U- conformer
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second reduction processes remains the same (≈ 0.3 V). We found the two electron-reduced 

species 56(2+●) to be more prone to adsorption than 542(+●), as revealed on the CV curves by 

the observation of Gaussian-shaped redissolution peaks on the backward scan. The latter 

could be however readily circumvented with suitable dilutions (below 3x10-4 M) or upon 

using a platinum as working electrode. Then insights into the ability of the viologen units to 

form dimers at the reduced state was moreover provided by the low ΔEp values measured on 

the first reduction wave. Such conclusion implies that the one electron reduction of both 

viologens triggers an isomerization of the terpyridine core from the W shape revealed by 

NMR/computational data to a folded U-shape enabling orbital overlaps between both 

viologen cation radicals.  

 

Figure 128: CV curves of 56(PF6)4 (5x10-4 M)  recorded in DMF (TBAP 0.1M) using a platinum working electrode (Ø = 3 mm, E vs. Ag+/Ag 

(10-2 M), = 0.1 V.s-1 ). 

The ability of 54(2+●) and 56(2+●) to form the intramolecular dimers (542+)dim and (562+)dim in 

solution has been inferred from absorption spectroscopy measurements. The absorption 

spectra recorded during an exhaustive reduction (1e/viologen) of 54(PF6)4 carried out at in 

DMF at a platinum electrode led to the appearance of absorption bands centred at 440 nm (ԑ = 

151000 M-1.cm-1 ), 618 nm (ԑ = 80000 M-1.cm-1), 670 nm (ԑ = 87500 M-1.cm-1), 722 nm (ԑ = 

68700 M-1.cm-1 ) and 960 nm (ԑ = 2200 M-1.cm-1) (Figure 129 A). The same experiments 
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carried out with 56(PF6)4 led to similar changes including new absorption bands appearing at 

430 nm (ԑ =52600 M-1.cm-1), 584 nm (ԑ = 25200 M-1.cm-1), 668 nm (ԑ = 25200M-1.cm-1 ), 719 

nm (ԑ = 15800 M-1.cm-1) and 951 nm (ԑ = 3700M-1.cm-1) (Figure 129B).  

 

Figure 129: UV‑Vis absorption spectra recorded during the exhaustive two electron reduction of (A) 54(PF6)4 and (B) 56(PF6)4 recorded 
during the exhaustive two electron reduction in [DMF + 0.1 M TBAP, l = 1 mm, t ≈ 30 min, working electrode = Pt ( A :0.16 mM, 10 mL, 

Eapp = –0.91 V / B :0.08 mM, 10 mL, Eapp = –0.9 V]. 

Here again, the bands observed in the visible range between 600 nm and 730 nm are attributed 

to a series of transitions centered on non-dimerized free viologen cation-radical X2(+•), (X= 54 

or 56) while the diagnostic intense signal developing between 550 and 600 nm  and the broad 

absorption bands at λ > 900 nm reveals the existence of π‑dimerization processes. The 

intramolecular nature of this dimerization was demonstrated upon checking that the shape of 

the absorption spectra recorded at the end of the electrolysis is independent on the initial 

concentration in tweezer (3x10-4 M to 5.5x10-5 M).  

The efficiency of the dimerization has been assessed by spectral deconvolution showing that 

the relative concentration of dimerized species is higher with 544+(16%) than with 564+ (7%). 

Such difference can however hardly be explained by flexibility issues as the most rigid 

tweezer 54(PF6)4 happens to dimerize more efficiently than the most flexible one 56(PF6)4.   

Further insights into the structures of the -dimers formed upon reduction was provided by 

DFT measurements (collaboration with Pr. E. Dumont at ENSL). The minimized structures 

shown in Figure 130 bring to light that both viologen sub-units adopt a twisted cofacial 

arrangement in [562+]dim with an interplanar distance d1 estimated to 3.49 Å. The structure 

obtained for [542+]dim shows a similar twisted arrangement of the viologens, but the absence 

of ethynyl linker results in a much shorter interplanar distance between both viologen planes 
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(d2 estimated to 3.27 Å). The relative energy difference between these two dimers is weak 

(2.7 kcal.mol-1 in favor of [542+]dim) but significant when compared to the overall stabilization 

energy associated to most viologen-based -dimerization processes (10-15 kcal mol-1). 

 

Figure 130: A) Relative energy calculated by DFT for [542+]dim and [562+]dim. B) DFT optimized structures for the -dimers formed upon 

reduction of the viologen units in 54(PF6)4 and 56(PF6)4. 

All the results discussed above demonstrate that the terpyridine-based tweezers 54(PF6)4 and 

56(PF6)4 adopt in solution a W-shaped conformation locked by a combination of hydrogen-

bonds and electrostatic repulsion issues. We have then established on the ground of 

electrochemical and spectroelectrochemical data that a one electron reduction of both 

viologen centers triggers a large amplitude conformational change yielding the U-shape 

isomers stabilized by the intramolecular dimerization of both viologen–cation radicals located 

on both sides of the terpyridine spacer. 

III.3.4. Metallation of the Terpyridine Spacer 

Terpyridine ligands have attracted considerable interest due to their ability to coordinate a 

wide range of metal ions.173, 188 Inspired by previous developments on chemically-switchable 

terpyridine molecular systems,176, 186, 189 we have explored the possibility of controlling the W 

vs. U-shaped conformations of tweezer 54(PF6)4 with suitable metal ions (Figure131). 

 

Figure 131: Expected metal triggered conformational changes involving 54(PF6)4 and a suitable metal ion (M2+). 
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Our attention was first focused on the use of Pd2+ as a chemical trigger. Complexation was 

investigated with NMR spectroscopy measurements. As can be seen in Figure132, the 

progressive addition of Pd(CH3CN)4(BF4)2 to a solution of 54(PF6)4 in deuterated acetonitrile 

led to the progressive disappearance of the signals attributed to the W-shaped isomer at the 

expense of new signals attributed to the U-shaped 1:1 (M:L) square planar complex 

[(Pd2+)(544+)S], S being a coordinated solvent molecule (Figure 132). 

 

 

Figure 132: Partial 1H NMR spectra (300 MHz, CD3CN-d3, 1.0 mM, 295 K) of 54(PF6)4 (a) in the absence, and in the presence of (b) 

0.25 molar equiv. of [Pd(CH3CN)4(BF4)2], (c) 0.5 molar equiv. of [Pd(CH3CN)4(BF4)2], (d) 0.75 molar equiv. of [Pd(CH3CN)4(BF4)2], (e) 1 
molar equiv. of [Pd(CH3CN)4(BF4)2], (f) 1.5 molar equiv. of [Pd(CH3CN)4(BF4)2], (g) 2.0 molar equiv. of [Pd(CH3CN)4(BF4)2] and (h) 8.0 

molar equiv. of [Pd(CH3CN)4(BF4)2]. 
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The isomerization process has an impact on all the signals but the most important changes are 

observed for the multiplets attributed to Hk and Hj, undergoing upfield shifts of 0.38 ppm and 

0,22 ppm, respectively. We also found that the full conversion requires the addition of more 

than 2 molar equivalents of Pd(CH3CN)4(BF4)2. Most importantly, the formation of a U-

shaped isomer was confirmed by ROESY measurements revealing the through space 

proximity (correlation spot) between Hj and Hk . 

Insertion of palladium was also monitored by UV‑vis absorption spectroscopy measurements 

(Figure 131A). The spectrum of the free tweezer 54(PF6)4 features one main absorption 

centred at 263 nm (ԑ = 68000 M-1.cm-1) and two shoulders at 297 and 364 nm. Addition of 

0.25 molar equivalents of Pd(CH3CN)4(BF4)2 led to the observation of a new signal at λ = 264 

nm (ԑ = 68000 M-1.cm-1) and of two shoulders at λ =296 nm and λ = 364 nm. Subsequent 

addition of palladium, up to 8 molar equivalents, was then found to result in significant 

hyperchromic shifts of these intermediate signals to yield a final spectrum featuring one main 

absorption centered at 272 nm and two less intense ones at 316 and 384 nm.  

Plotting the absorbance at λ = 296 nm as function of molar equivalence of Pd2+ revealed that 

two major species are formed during the titration experiment: the free tweezer 54(PF6)4 that 

predominates up to M:L = 1 and the square‑planar palladium complex [(Pd2+)(544+)(S)] 

observed as the major species at M:L1(Figure 133B). 

 

Figure 133: A) UV-Vis spectra of 54(PF6)4 (1×10−4 mol·l−1) in CH3CN upon addition of increasing amount of Pd(CH3CN)4(BF4)2, B) 

Changes in the absorption intensity at λ = 296 nm as a function of the amount of Pd(CH3CN)4(BF4)2 ( nequi = number of molar equivalents). 

In agreement with previous reports on terpyridine-palladium complexes, the 1H‑NMR and 

UV-vis spectroscopy data recorded in the presence of an excess metal are attributed to the 1:1 

(M:L) square planar palladium complex (Pd2+)(544+)(S), featuring one single solvent molecule 
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(S) bound to the palladium center. The intermediate complex formed at low M:L ratio has not 

yet been identified.  

Similar investigations have been conducted using Zn(OTf)2 as the metal source. Here again, 

the progressive addition of zinc was found to induce a progressive disappearance of the initial 

signals attributed to the W-shaped tweezer at the expense of a single set of signals 

corresponding to the U-Shaped 1:1 (M:L) zinc complex [(Zn2+)(544+)(S)n] (Figure 134). The 

conversion appears almost completed after addition of 1.25 molar equivalent of metal but 2 

equivalents were needed to obtain a clean 1H‑NMR of the U-Shaped isomer. The U-shaped 

conformation of [(Zn2+)(544+)(S)n] was confirmed by the observation of correlation between 

Hj and Hk in the 2D ROESY map recorded after addition of an excess metal. 

 

Figure 134: Partial 1H‑NMR spectra (300 MHz, CD3CN-d3, 1.0 mM, 295 K) of 54(PF6)4 (a) in the absence, and in the presence of (b) 0.25 

molar equiv. of [Zn(OTf)2], (c) 0.5 molar equiv. of [Zn(OTf)2], (d) 0.75 molar equiv. of Zn(OTf)2], (e) 1 molar equiv. of [Zn(OTf)2], (f) 1.25 

molar equiv. of [Zn(OTf)2], (g) 1.5 molar equiv. of [Zn(OTf)2],(h) 2.0 molar equiv. of [Zn(OTf)2] and (i) 8.0 molar equiv. of [Zn(OTf)2]. 
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The changes observed in the UV−vis absorbance signature upon addition of Zn2+ are shown in 

Figure 135A. This evolution is consistent with the absence of intermediate and with the 

formation of a single product featuring one main absorption at λ=262 nm and two intense 

shoulders at 296 and 344 nm.  

 

Figure 135: A) UV-vis spectra of [54(PF6)4 (1×10−4 mol·l−1) in CH3CN upon addition of increasing amount of Zn(Otf)2.B) Changes in the 

absorption intensity at λ = 295 nm as a function of the amount of Zn(Otf)2 ( nequ = number of molar equivalents). 

III.3.5. Electrochemistry of the Coordination Complexes 

The Pd complex [(Pd2+)(544+)(S)] has been isolated and subjected to electrochemical studies 

(Figure 136A). One objective was to determine whether the presence of a metal, and the 

associated U-shape, would promote or hinder the π-dimerization of the viologen radicals. 

The CV curve of [(Pd2+)(544+)(S)] in DMF exhibits two consecutive viologen-centered 

reduction waves. In terms of potential, the presence of palladium has little effects on the 

potential values needed to reduce the viologens (Table 7) but it has a significant impact on the 

shape of the first viologen-centered wave. Formation of the doubly reduced species 

[(Pd2+)542(+•)(S)] indeed appears as a broad quasi-reversible wave featuring a marked 

shoulder, a result which stands in sharp contrast to the well-defined wave observed with the 

free ligand. Further characterization of the reduced species by spectroelectrochemical 

methods revealed that a two electron reduction of [(Pd2+)(544+)(S)] results in the development 

of absorption bands centred at 431 nm (ԑ = 57500 M-1.cm-1 ), 615 nm (ԑ = 27600 M-1.cm-1), 

668 nm (ԑ = 26900 M-1.cm-1), 719 nm (ԑ = 17500 M-1.cm-1 ) and 948 nm (ԑ = 4400 M-1.cm-1). 

A simple comparison of these data with those collected during the reduction of 544+ alone 

brings to light the negative impact of the palladium center on the dimerization equilibrium. 
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The spectrum recorded after two electron reduction of [(Pd2+)(544+)(S)] indeed reveals that the 

non-dimerized species [(Pd2+)(542(+•))(S)] is the most abundant species in solution and that the 

π-dimer [(Pd2+)(542+)(S)]dim is present in limited quantity (Figure 136B) (Pd2+)(542+)(S)]dim / 

(Pd2+)(542(+•))(S) 8% .These results thus support the conclusion that the palladium center 

inhibits the π‑dimerization of the viologen units, most probably due to the increased rigidity 

of the molecule and to the presence of a coordinated solvent molecules lying in between both 

viologens. 

 

Figure 136: A) CV curve of [(Pd2+)(544+)(S)] (1x10-3 M) recorded in DMF (TBAP 0.1M) using a platinum working electrode (Ø = 3 mm, E 

vs. Ag+/Ag (10-2 M), = 1 V.s-1 ), B) UV‑vis absorption spectra recorded during the exhaustive two electron reduction of [(Pd2+)(544+)(S)] in 

[DMF + 0.1 M TBAP, l = 1 mm, t ≈ 30 min, working electrode = Pt, C = 0.11 mM, 10 mL, Eapp = −0.85V].]. 

Similar investigations carried out on the zinc complex failed due to the apparent dissociation 

of the complex in DMF. All the data recorded in acetonitrile proved unusable/inconclusive 

due to the extensive adsorption of the reduced species at the electrode surface. 

III.3.6. Conclusion 

The terpyridine-based tweezers adopt a W-shaped conformation in solution that is locked by a 

combination of hydrogen-bonds and electrostatic repulsion forces. It has been established on 

the ground of electrochemical and spectro-electrochemical data that a one electron reduction 

of both viologen centers triggers a large amplitude conformational change yielding the U-

shaped isomers stabilized by intramolecular dimerization of both viologen–cation radicals 

located on both sides of the terpyridine spacer. Insertion of a metal ion in the terpyridine 

spacer also proved to inhibit the π−dimerization of the viologens.  
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III.4. Rigid Viologen-Based Clips Incorporating Dibenzoacridine Linker 

The targeted clips involve a rigid π-conjugated linker, initially introduced by Zimmerman and 

co-workers,166, 190 made of 5 fused aromatic rings. The U-shape of the molecule is blocked 

and the distance between both terminal attachment points is 7.24 Å. Those features were 

thought to promote the formation of sandwich-like ADA complexes.  

III.4.1. Synthesis of the Targeted Tectons 

The multi-step synthesis of the targeted clips is shown in Figure 137. The first step is a 

Friedel‑Craft acylation of bromobenzene yielding 57 in 50% yield.191 The latter was then 

subjected to a Wolff-Kishner reduction reaction followed by a cyclisation in acidic medium to 

afford the first key intermediate 59.191 

 

Figure 137: (a) C2H4Cl2, AlCl3, reflux ,4h, 48%; (b) N2H4.H2O, KOH,triethyleneglycol, 3h, reflux, 75%; (c) PPA, 90°C, 3h, 72%; (d) K2CO3, 
CH3I, DMF, 6h, 75°C ,95%; (e) NaOH, 59, 12h, 79°C, 80%; (f) BF3.Et2O,59, NH4OAc-EtOH(3M),32h,115°C,10%; g) DDQ, dioxane, 24h, 

95%;  (h) 4-Ethynylaniline,CuI, Pd(PPh3)2Cl2 ,DMF, piperidine, reflux, 24h, 40%; (i) 49(PF6)2, EtOH/CH3CN/THF,70 °C,18h, 33%. 
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The second part of this synthesis begins by an alkylation of 4-hydroxybenzaldehyde with 

iodomethane to obtain compound 60.192 The second key intermediate, the α,β-unsaturated 

ketone 61, was then obtained through a Claisen-Schmidt condensation involving 59 and 60 as 

reactants. Reaction of 61 with 59 in boron trifluoride etherate afforded the targeted linker 62 

in 10% yield. The four methylenic positions could then be oxidized in the presence of DDQ to 

obtain the fully conjugated compound 63. The final steps involved a Sonagashira coupling 

reaction to introduce two 4-ethynylaniline substituents in compound 63 followed by a Zincke 

reaction with the viologen derivative 492+ to obtain the desired clip 654+ as a red powder. 

 

 

Figure 138: (a) BBr3, RT, CH2Cl2, 95%; (b) CuI, Pd(PPh3)2Cl2, DMF, piperidine, reflux, 24h, 40%; (c) Trifluoromethanesulfonic anhydride, 

pyridine, RT, 95%; (d) Ethynyltrimethylsilane, NEt3, Pd(PPh3)4, CuI, PPh3, THF, RT, 80%; (e) K2CO3, THF/CH3OH, RT, 80%, (f) CuI, 

Pd(PPh3)2Cl2, DMF, NEt3, reflux, 48h, 70%; (g) TFA, RT, CH2Cl2, 85%; (h) 49(PF6)2, EtOH/CH3CN/THF, 70 °C, 18h, 10%. 
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A methoxybenzene ring has been introduced at the back of the polyaryl spacer to enable its 

further modification with electron-donor groups. This strategy has been validated with the 

synthesis of 744+, bearing a methylnaphthalene substituent (Figure 138). The first step relies 

on the use of BBr3 to remove the methoxy group in 63 and afford the phenol-appended 

compound 66. Then, the latter was submitted to a Sonagashira coupling reactions with Boc-

protected 4-ethynylaniline to yield 67 in 40% yield. Introduction of a triflate group on the 

phenol moiety was subsequently achieved at RT in ca 95% yield using pyridine and 

trifluoromethanesulfonic anhydride as key reactants. 

Introduction of the naphthalene substituent was then achieved from a palladium-assisted 

coupling reaction between 68 and the ethynyl methoxy-naphthalene 71193 obtained in two 

steps from the commercially-available 2-Bromo-6-methoxynaphthalene. The Boc protecting 

group in 72 was finally removed in acidic conditions and the bis-aniline 73 was reacted with 

the “activated” viologen derivative 492+ to yield the targeted clip 74(PF6)4 isolated as a red 

solid.  

The most challenging and difficult step turned out to be the purification of 74(PF6)4 which 

could in part be achieved by column chromatography on silica gel using mixtures of polar 

solvents and salts. 

Formation of all the compounds discussed above was confirmed by 1D and 2D‑NMR 

analyses supported by low and high resolution mass spectrometry data. Compound 67 could 

be further characterized at the solid state by X-ray diffraction analysis conducted on 

monocrystals grown in acetone by slow evaporation.  

Selected side and top views of this species are shown in Figure 139. All the aromatic rings 

involved in the dibenzoacridine spacer and in the viologen-based arms lie more or less within 

the same plane. This doesn’t include the methoxy phenyl substituent which is found tilted by 

an angle of 50.31° relatively to the dibenzoacridine plane. The distance measured between the 

upper and lower attachment points on the dibenzoacridine spacer is d1=7.089 Å, but the 

flexibility of the alkyne fragment results in a significant inward bending of the Boc-protected 

arms d2=6.50 Å (Figure 139B). Another interesting feature supporting the idea that such 

molecule might be prone to aggregation in solution, is the quite short interplanar distances of 

4.04 Å measured between two different molecules within the crystal (Figure 139C). 
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Figure 139 : Side (A) and Top (B) views of 67 and partial overview of the crystal lattice (C). 

III.4.2. 1H‑NMR Characterization   

A full attribution of the 1H-NMR spectra of 65(PF6)4 recorded in deuterated acetonitrile, 

together with a series of spectra revealing the effect of concentration are shown in Figure 140. 

At 1mM, the hydrogen atoms located on the viologen units appear as four doublets (J = 6.4 

and 7.7 Hz) observed between 8.4 and 9.5 ppm. The most deshielded signal at about 10 ppm 

is attributed to both Hh protons which are most probably hydrogen-bonded to the same 

nitrogen atom of the central pyridine. The other hydrogen atoms located on the conjugated 

spacer (Hi-Hl) resonate in a more standard range, ie between 7.6 and 8.4 ppm, together with 

the signals attributed to the aromatic protons of the methoxybenzene group (Hn-Hm). 

As can be seen in Figure 140, significant changes could be observed upon increasing the 

concentration of 65(PF6)4 from 1 to 10 mM. All the signals undergo upfield shifts except 

those attributed to Hm and Ha, undergoing a downfield shift of about 0.03 ppm and 0.01ppm, 

respectively. The signals attributed to the viologen unit experience only little shifts, reaching 

0.03 ppm at 10mM. The most significant shifts, from 0.1 to 0.25 ppm, are observed for the 

signals attributed to the dibenzoacridine moiety (Hh, Hi, Hj,Hk,Hl). In the case of (Hk, Hi) the 

shift of 0.1 ppm comes along with a drastic change in multiplicity, from the doublet observed 

at 1mM to a singlet at 10 mM. All these results thus suggest the existence of a concentration-

induced aggregation phenomena leading to the formation of “self-assembled” architectures 

most likely stabilized though van der Walls interactions involving the planar π-conjugated 

dibenzoacridine fragments.  

A

B

C

d1 d2
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Figure 140: 1H‑NMR spectrum of 65(PF6)4 recorded at different concentrations, (a) 1m, (b) 2mM, (c) 3mM, (d) 4mM, (e) 5mM, (f) 6mM, (g) 

7mM, (h) 8mM, (i) 9mM, (j) 10mM (CD3CN-d3, 295 K, 300 MHz). 

We were keen to conduct similar concentration-dependent experiments with 74(PF6)4, 

featuring a much better -donor on the back of the clip. The unusual broadness of all the 

signals and the low solubility of this compounds in most organic solvent has unfortunately 

greatly limited these investigations and did not allow us to draw clear-cut conclusions. 

Preliminary experiments nevertheless revealed the existence of strong concentration and 

solvent effects, mostly revealed by the large amplitude shifts of all the broad, unfortunately 

not yet attributed, signals observed in the 1H‑NMR spectrum of 74(PF6)4. These results are 

nevertheless consistent with the ability of this molecule to self-assemble in solution. Further 

investigations will be needed to confirm these assumptions. 
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III.4.3. Electrochemical and Spectro-electrochemical Characterizations 

Electrochemical measurements have been carried out in DMF (0.1 M TBAP) at room 

temperature under an argon atmosphere.  

 

Figure 141: CV curves of 65(PF6)4 (1x10-3 M)  recorded in DMF (TBAP 0.1M) using a carbon working electrode (Ø = 3 mm, E vs. Ag+/Ag 

(10-2 M), = 0.1 V.s-1 ). 

As expected, the CV curves recorded for 65(PF6)4  and 74(PF6)4 exhibit similar features (see 

relevant values collected in Table 8). It includes two consecutive viologen-centered reduction 

waves, observed between -600 and -1000 mV, attributed to the successive formation of 

bis(radical-cation) and neutral quinonic species (Figure 141). We also found the fully reduced 

neutral species 650 and 740 to get readily adsorbed/desorbed at/from the electrode surface (see 

Gaussian-shaped signal in Figure 141). In terms of potential, the presence of a naphthalene 

substituent has little effect on the position of the first reduction wave. It has conversely a 

significant impact on the Ep value, going from 38 mV measured with 654+ up to 44 mV with 

744+.Apart from being different, these low values also suggest the existence of π-dimerization 
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processes coupled to the formation of the bisradicals 652(+•) and 742(+•). From a structural 

point of view, these result were rather unexpected when considering the great rigidity of the 

dibenzoacridine spacer and the quite large distance between both viologen-containing arms.  

 𝐸1𝑐(n, ΔEP) 𝐸2𝑐(n, ΔEP) 𝐸1𝑐  - 𝐸2𝑐 

 V2+/ V+• V2+/ V0 (V) 

MeVMe(PF6)2 −0.882b(1,62) -1.198b(1,60) 0.316 

PhVMe(PF6)2 −0.709b(1,58) −1.035b(1,58) 0.326 

38(PF6)4 −0.698b(2,50) −1.034b(2,55) 0.336 

42(PF6)4 −0.682 b (2,51) −1,002c,d na 

44(PF6)4 −0.667 b (2,43) −1,030c,d na 

48(PF6)4 −0.665 b (2,45) −1,030c,d na 

54(PF6)4 −0.685 b (2,44) −1,044 c,d na 

56(PF6)4 −0.665 b (2,45) −0,956c,d na 

65(PF6)4 −0.640 b (2,38) −0,973c,d na 

74(PF6)4 −0.642 b (2,44) −0,990c,d na 

Table 8: CV data measured in the following conditions: 1x10−3M in DMF/TBAP (0.1 M, E(V) vs. Ag+/Ag), at a vitreous carbon working 

electrode Ø = 3 mm, 298 K, ν = 0.1 V∙s-1 . (na : Not available / b : Half wave potential / c : Peak potential / d : Adsorption phenomena). 

The spectroscopic imprints of the electrogenerated species provided further insights into the 

nature and efficiency of the electron-triggered dimerization process. The electrochemical 

reduction of 654+ carried out at Eapp=−0.85 V led to the development of new bands centered at 

586 nm ( ԑ = 18000 M-1.cm-1), 723 nm (ԑ = 5500 M-1.cm-1) and 1016 nm (ԑ = 3000 M-1.cm-1). 

As already discussed in the previous sections, this spectroscopic signature, and most notably 

the band at 586 and 1016 nm are clear experimental evidences supporting the formation of π-

dimerized species in solution (Figure 142A). The intramolecular nature of the dimerization 

was then established with additional measurements showing that the optical response recorded 

after electrolysis is independent of the tweezer’s concentration (10-4 to 5x10-5 M). The 

observed EEC processes also proved fully reversible at the electrolysis time scale, as revealed 

by the fact that the initial spectroscopic and electrochemical signatures of 654+ could be fully 

recovered by reoxidation at Eapp=0V.  

Studying tweezer 74(PF6)4 in the same experimental conditions led to similar results and 

conclusions. A bulk electrolysis of 74(PF6)4  carried out on platinum at Eapp = −0.85 V led to 

the development of intense bands centered at 596 nm ( ԑ = 21000 M-1.cm-1), 720 nm (ԑ = 

11000 M-1.cm-1) and 1017 nm (ԑ = 4500 M-1.cm-1) (Figure 142B). Here again the EEC process 
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was found to be fully reversible at the electrolysis time scale and the signature recorded after 

completion of the reduction (1e/viologen) was found to be independent of concentration (10-4 

to 5x10-5 M). The shape of the spectrum recorded after addition of 2 electrons also happened 

to be similar to that recorded in the same conditions with 654+, which indicates that the 

naphthalene donor has a limited influence on the ratio between the dimerized and non-

dimerized species in solution, the latter being estimated to (652+)dim/652(+•) =28% and 

(742+)dim/742(+•)
 =24% by deconvolution. 

 

Figure 142: Superposition of UV‑vis spectra recorded during the exhaustive reduction (one electron per viologen subunit) of 

A) 65(PF6)4 and B) 74(PF6)4 [Pt, 1.4X10-4 mol l-1, DMF + TBAP 0.1 M,l = 1 mm Eapp = –0.85 V]. 

III.4.4. Computational Analysis 

The influence of the rigidity of the spacer on the π-dimerization process has been confirmed 

by density functional theory analysis (DFT). The optimized structure of 65(PF6)4  shows two 

overlapped viologen sub-units at a distance of 4.06 Å (Figure 143).  

This structure confirms the ability of such a rigid molecule to twist sufficiently that allows 

both viologen cation radicals to come together at a suitable distance. As observed with the 

flexible tweezers, the dimerized species involves both viologens arranged in a quiet staggered 

conformation resulting in a partial orbital overlap. Furthermore, the calculation revealed the 

difference between (652+)dim and the reference isolated (MeVMe)
dim

+•
 is 8.6 kcal.mol-1. 
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Figure 143: A) Relative energy calculated by DFT for [652+]dim. B) DFT optimized structures for the -dimers formed upon reduction of the 

viologen units in 65(PF6)4 . 

III.4.5. Conclusion 

As a conclusion the electrochemical and spectro-electrochemical data collected with 65(PF6)4  

and 74(PF6)4 support the conclusion that, despite an apparent rigidity imposed by the 

dibenzoacridine spacer, these molecule are flexible enough to promote the intramolecular 

dimerization between the electrogenerated viologen-based cation radicals X2(+•)→(X2+)dim
 

(with X = 72 and 82) and that the presence of an anthracene donor has little impact on the 

dimerization process.  
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Chapter IV: Viologen Based Redox Responsive 

Coordination Polymer  
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IV.1. Introduction 

Self-assembly is a unique spontaneous process allowing to organize, without external 

constraints, a set of disordered molecular units. It has proved extremely useful over the past 

decades to give access to highly complex structures from very simple building blocks. In 

addition, the labile/weak nature of non-covalent connections endow the resulting dynamic 

assemblies with numerous fascinating properties making them perfect candidates for the 

development of responsive materials.74, 194-195 It includes the ability to undergo 

assembly/disassembly processes under specific conditions, to adapt to their environment with 

changes in shape and size or to spontaneously repair structural damages.196-198  

One strategy that has been used to expand the application scope of self-assembled systems 

relies on the use of metal ions as building elements. The so-called “metal-driven self-

assembly approach” has indeed been explored since the early nineties with many transition 

metals to give access to a wide range of metal-ligand assemblies with interesting properties 

for applications in various research fields ranging from catalysis to material science.199-201 

Fujita was a pioneer in this field in showing that the well-defined and highly predictable 

square planar coordination scheme of Pd2+ together with the lability of the Pd-L bonds are 

very suitable characteristics for the construction of dynamic self-assembled supramolecular 

systems.202-203 These innovative contributions have since then led to major developments 

motivated by the need to access ever more complex assemblies and by the desire to 

control/exploit their responsive character. The properties and potential applications of stimuli-

responsive metal-ligand assemblies have indeed attracted the attention of many chemists over 

the past decade, leading to the discovery of new “smart” molecular materials capable of 

modifying one or more of their properties in response to an external stimulus, such as pH, 

light or to the addition of a chemical species.188, 204 Due to conceptual, technical or synthetic 

locks, much less progresses have been achieved with systems capable to respond to an 

electrical stimulation, the only approach explored so far relying on a change in the redox state 

of the metal centers to trigger large scale reorganizations affecting the whole assembly. 

The research activity carried out in our group over the past decade has mainly fallen within 

the scope of molecular metamorphism, where the self-assembled materials undergo large 

scale structural modifications under the effect of redox stimulus. 

Recent achievements include, a bipyridinium-based redox-responsive molecular hinge 

functionalized by two different self-complementary unit on both ends: a metalloporphyrin 
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featuring an available binding site on one end and a coordinating group on the other side 

(Figure 144).39  

 

Figure 144: Redox-responsive porphyrin-based molecular tweezers. 39 

It has been shown that the monomer adopts in the ground state an elongated conformation 

enabling the formation of self-assembled coordination oligomers and polymers which 

dissociates upon reduction due to the intramolecular dimerization process supported with the 

self-coordination of the monomer. 

The same redox responsive hinge has been further employed to achieve control over the 

organization of ditopic molecular tectons within a palladium-based self-assembled system. 

(Figure 145).38 Here the hinge that is made of two 4,4’-bipyridinium units linked through a 

propylene linker functionalized at both end by two identical bidentate ligands. In the presence 

of a suitable metal ion, these organic tectons self-assemble in solution to form coordination 

polymers, and their reduction triggers the folding of the hinge and a dissociation of the 

polymer. 

 

Figure 145: Electro-mechanical folding modifying  the association and/or the organisation of tectons within metal–ligand assemblies. 38
 

As a follow-up to these recent contributions, we will report in the following paragraphs on the 

formation of discrete palladium-ligand assemblies and coordination polymers whose 
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structure/size/organization can be tuned with an electrical input. This results are in line with 

the work carried out by Christophe Kahlfuss (PhD 2012-2015) at ENSL. Our work consisted 

in pursuing, reproducing and finalizing preliminary studies initiated by Christophe Kahlfuss at 

the end of his PhD. The basic concept underlying this novel approach is illustrated in Figure 

146 with simple sketches. The idea was to introduce two carefully selected metal coordinating 

units on both sides of a 4,4’-bipyridinium unit so as to enable its self-association in the 

presence of palladium to form either discrete macrocyclic architectures or coordination 

polymers. Based on all the knowledge accumulated in recent years in our group on palladium 

assemblies,38 we considered that the type of assembly (discrete vs. polymeric assemblies) 

could be determined by a careful design of the coordination unit (denticity, topicity, steric 

hindrance…) together with a rigorous choice of the palladium source, and more specifically 

the number and the relative position (cis or trans) of the available binding sites on the 

palladium center. It was also anticipated that a dissociation of the self-assembled polymers or 

a contraction of the discrete coordination rings could be actuated by a suitable electrical 

stimulation of the assemblies leading to a change in the redox state of the bipyridiniums, from 

their dicationic state to their cation radical state, and to the coupled formation of -dimerized 

coordination rings. 

 

Figure 146: Targeted redox‑switchable coordination polymers and discreet macrocyclic assemblies based on viologen unit. 

In the following sections, we will report on the self-assembling ability of the bisimidazole-

tethered viologen 62+ (Figure 147) in the presence of cis-, trans- or un-protected palladium (II) 
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centers yielding either macrocyclic coordination rings or coordination polymers. Then, the 

electron-triggered dissociation of the coordination polymers or the contraction of the discrete 

self-assembled rings will be discussed based on spectroscopic, (spectro-) electrochemical and 

computational data.  

IV.1.2. Synthesis of the Targeted Tecton 

The synthesis of the target tecton was previously described in thesis of Dr. Christophe 

Kahlfuss. The synthesis described in Figure 147 is actually the result of an improvement of the 

previously reported procedure, where the starting point is the iodination of the methyl 

imidazole. Then the resulting compound 3 was subjected to Sonagashira cross-coupling 

reaction with ethynylaniline to give compound 4 The latter was reacted with the activated 

viologen 104 52+ to afford 62+ in 38% yield. 

Figure 147: (a) n-Buli, I2, reflux ,4h, 48%; (b) ) 4-Ethynylaniline, CuI, Pd(PPh3)2Cl2, THF, NEt3, reflux, 24h, 87%; (c) 5(PF6)2, EtOH/CH3CN 

70 °C,18h, 38%. 

IV.1.3. 1H‑NMR Characterization  

 

                                             Figure 148: 1HNMR spectrum of 6(PF6)2 (1mM, CD3CN-d3, 295 K, 400 MHz). 

The protons attributed to viologens resonate in the form of two doublets between 8.65 and 

9.19 ppm. The protons of phenyl denoted as Hd and He appear at 7.83 ppm and 7.98 ppm. The 

two singlets at 7.05 ppm and 7.17 ppm that are assigned as Hb and Hc are attributed to the 

protons of the imidazole cycle, while the singlet at 3.83 corresponds to the protons of the 

methyl group. 
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IV.1.4. Complexation with Palladium 

Complexation of 62+ with Pd(II) has been thoroughly investigated by NMR spectroscopy, 

electrochemistry and by spectro-electrochemistry using cis-[Pd(en)(NO3)2], trans-

[Pd(CH3CN)2(Cl)2] or [Pd(CH3CN)4(BF4)2] as sources of partially (cis- or trans-) or fully un-

protected metal centers (en : ethylenediamine). In the two first cases, only the cis and trans 

positions occupied by weakly binding nitrate and acetonitrile ligands are kinetically labile and 

thus prone to ligand exchange, while the four positions of tetrakis(acetonitrile)palladium(II) 

are potentially available for binding. 

Selected 1H‑NMR spectra collected with a millimolar solution of 62+ in DMSO-d6 in the 

presence of increasing amounts of cis-protected [Pd(en)(NO3)2] are shown in Figure 149.  

 

Figure 149: Partial 1H‑NMR spectra (400 MHz, DMSO-d6, 1.0 mM, 293 K) of 6(PF6)2 in the absence (1), and in the presence of (2) 0.5 molar 
equiv. of [Pd(en)(NO3)2], (3) 1.0 molar equiv. of [Pd(en)(NO3)2], (4) 10 molar equiv. of [Pd(en)(NO3)2] and (5) 200 molar equiv. of 

[Pd(en)(NO3)2]. 

The kinetics of the ligand exchange processes occurring in solution upon addition of metal are 

slow with respect to the NMR time scale. As expected, coordination of the imidazole rings to 

Pd(II) leads to a significant shift of the signals attributed to Hb and Hc. The chemical shift of 

the singlet attributed to the protons of the methyl substituent (Ha) proved to be one of the most 

valuable and direct diagnostic tool for analyzing the metal binding processes and for 

identifying the most abundant species formed at given metal/ligand ratios (M:L). Addition of 

sub-stoichiometric amounts of metal ions (0 < M:L < 1) was found to induce the progressive 

disappearance of the initial signal resonating at 3.84 ppm at the expense of two very close 

singlets of equal intensities centered at 3.87 and 3.88 ppm, which suggests the formation of 

two species featuring similar structures. This assumption is supported by the observation of 

similar low field shift and splitting affecting the signal attributed to Hc on the imidazole ring, 

while Hb appears in the form of a singlet. Another important conclusion drawn from these 
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data is that complexation of palladium occurs simultaneously on both sides of the ligands, as 

proved by the fact that no signal corresponding to a ”free” imidazole ring is observed in the 

signature of the two symmetrical species developing over the course of the titration 

experiment up to M:L = 1. The NMR spectra recorded in the presence of one molar 

equivalent of Pd2+ also reveal that 19% of the ligand remains uncomplexed. Further addition 

of Pd(II) (1 < M:L ) led to disappearance of these intermediate signals at the expense of a new 

set of signals, reaching a maximum intensity after addition of palladium in large excess, 

attributed to the metal-saturated complex [(Pd2+)2(en)2(S)2(6
2+)] (with S = Solvent). 

The array of spectra depicted in Figure 149 thus reveals that the solution contains four 

different species present in equilibrium over a wide range of concentration: the free ligand 

62+, two intermediate symmetric isomers and the final metal-saturated complex 

[(Pd2+)2(en)2(S)2(6
2+)] (with S = Solvent). The eight protons of the viologen units (Hf and Hg) 

are interestingly found to resonate at similar frequencies in the free ligand and in the final 

product obtained after addition of palladium in excess. This however proved not true for the 

signals attributed to the hydrogen atoms located on the phenyl (+ 0.1 and + 0.2 ppm) and 

imidazole rings (+ 0.3 ppm) undergoing significant downfield shifts upon formation of the 2:1 

(M:L) complex [(Pd2+)2(en)2(S)2(6
2+)].Further investigations carried out in DMF-d7 moreover 

led to similar results (Figure 150). 

 

Figure 150:1H‑NMR spectrum of 6(PF6)2 (1mM, DMF-d7, 295 K, 400 MHz) in the absence (1), and in the presence of (2) 0.5 molar equiv. of 

[Pd(en)(NO3)2], (3) 1.0 molar equiv. of [Pd(en)(NO3)2], (4) 10 molar equiv. of [Pd(en)(NO3)2] and (5) 200 molar equiv. of [Pd(en)(NO3)2]. 

The well-defined shape of all the signals observed throughout the titration experiment are 

moreover clear experimental evidences supporting the formation of isolated species rather 

than oligomers and polymers. This conclusion was further confirmed by DOSY NMR 

measurements, showing that the calculated diffusion coefficient remains unchanged upon 

dilution of the sample from 1.0 mM to 0.5 mM, demonstrates that the bis-imidazole ligand 62+ 
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is not involved in the formation of coordination polymers, but rather in the entropy-driven 

formation of discrete complexes. The 1H- and DOSY-NMR data discussed above rather 

support the conclusion that the box-shaped isomers noted cis-[(Pd2+)2(en)2(6
2+)2] and trans-

[(Pd2+)2(en)2(6
2+)2] in Figure 149 are formed in the early stage of the titration (0 < M:L <1) 

with a maximum concentration reached at M:L = 1, each being distinguished on the 1H‑NMR 

spectrum with specific signals for protons Ha and Hc. This conclusion implies that the 

electrostatic repulsion between two dicationic viologen units is not large enough to prevent 

the formation of such a box-shaped macrocyclic structure wherein two positively charged 

viologens end up adopting a cofacial arrangement. Formation of such discrete metalacyclic 

compounds is further supported by a significant shielding of the viologen-based signals Hf 

and Hg upon metalation. As previously established by Crowley et al. with constrained bis-

pyridinium derivatives,205 these shifts can indeed be attributed to the spatial proximity and 

van der Waals interactions occurring between both viologens in both the cis- and trans-

[(Pd2+)2(en)2(6
2+)2] isomers. Subsequent addition of Pd(II) led to a dissociation of both [2:2] 

metallacyclic isomers in favour of the metal-saturated [2:1] complex [(Pd2+)2(en)2(S)2(6
2+)], 

which becomes predominant only after addition of 10 equiv. of [Pd(en)(NO3)2] (10 < M:L). 

At M:L= 10 the ratio between the macrocyclic and metal-saturated complexes 

([(Pd2+)2(en)2(S)2(6
2+)]:[(Pd2+)2(en)2(6

2+)2]) could be estimated to 1:4 from the integration of 

specific 1H‑NMR signals. 

A similar study was then conducted with trans-[Pd(CH3CN)2(Cl)2] used as a trans-protected 

metal source. As can be seen in Figure 151, addition of this metal salt to a millimolar solution 

of 62+ was found to result in the disappearance of the initial singlets/multiplets at the expense 

of new sets of signals. The changes observed throughout the titration are consistent with the 

successive formation of three main species whose relative concentration evolves with the M:L 

ratio. In particular, the singlet centered at 3.94 ppm attributed to the N-methyl substituents of 

the free ligand 62+ (Ha) sees its intensity gradually decreases at the expense of one main signal 

developing at 3.97 ppm and reaching its maximum intensity at M:L = 1 (Figure 151, spectrum 

3). The initial signal of the imidazole ring (Hb and Hc) undergoes similar changes with a 

progressive disappearance at the expense of two novel dishielded signals. Analogous changes 

are observed in the aromatic domain with the development of two novel shielded signals 

attributed to the viologen subunit (Hf and Hg) in a 1:1 (M:L) adduct. Further addition of metal 

salt then leads to the emergence of a new sets of signals reaching maximum intensities as M:L 

≥ 10 (Figure 151, spectrum 5). The spectrum of the final complex displays two doublets at 



152 | P a g e  

 

9.39 and 10.00 ppm attributed respectively to Hg and Hf, one AB quartet at 8.27 and 8.33 ppm 

corresponding to the hydrogen atoms located on the phenyl rings (Hd and He), and two 

singlets at 7.28 and 7.58 ppm attributed to the protons of the imidazole ring (Hb and Hc). No 

significant modifications of the 1H‑NMR spectra could be observed upon further addition of 

trans-[Pd(CH3CN)2(Cl)2]. 

 

Figure 151: Partial 1H‑NMR spectra (400 MHz, DMF-d7, 1.0 mM, 293 K) of 6(PF6)2 (1) in the absence, and in the presence of (2) 0.5 molar 

equiv. of [Pd(CH3CN)2(Cl)2], (3) 1.0 molar equiv. of [Pd(CH3CN)2(Cl)2], (4) 2.0 molar equiv. of [Pd(CH3CN)2(Cl)2], (5) 10 molar equiv. of 

[Pd(CH3CN)2(Cl)2]. 

Contrarily to what was observed with cis-[Pd(en)(NO3)2], the spectra recorded in the presence 

of trans-[Pd(CH3CN)2(Cl)2] displays a series of non-identified weakly intense signals 

suggesting the formation of side products most probably resulting from kinetic issues in line 

with the known trans-effect affecting the lability of metal-ligand bonds in chlorinated square 

planar complexes.206 

The data discussed above nevertheless clearly indicate that the three main species shown in 

Figure 151 are formed successively with increasing M:L ratio. A careful analysis of the 

signals assigned to the protons of the imidazole (Ha, Hb and Hc) and the viologen units (Hf and 

Hg) indeed reflects that the symmetric and discrete complexes [(PdCl2)2(6
2+)2] and 

[(PdCl2)2(S)2(6
2+)] are the main species in solution at M:L = 1 and M:L ≥ 2, respectively. In 

mixtures involving sub-stoichiometric amounts of trans-[Pd(CH3CN)2(Cl)2] (M:L <1), the 

box-shaped [(PdCl2)2(6
2+)2] complex and the free ligand 62+ are the main species in solution 

while subsequent addition of Pd(II), up to 2 equiv., leads to the exclusive formation of the 1:2 

(M:L) complex [(PdCl2)2(S)2(6
2+)] featuring two trans-coordinated chlorine ligands on each 

palladium centers. Here again, the high field shift of the viologen-based Hf signal (−0.05 
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ppm) observed upon formation of the box-shaped [(PdCl2)2(6
2+)2] complex is attributed to the 

spatial proximity between both viologens in the macrocyclic structure. The trans- versus cis-

coordination modes imposed for 62+ by the chlorine and ethylene diamine ligands leads 

however to major structural differences between the box-shaped [(PdCl2)2(6
2+)2] and 

[(Pd2+)2(en)2(6
2+)2] complexes, which includes the distance and relative arrangement between 

both viologen units. 

All the data presented above support the conclusion that discrete complexes rather than 

polymers are formed in solution from mixtures of 62+ and cis-[Pd(en)(NO3)2] or trans-

[Pd(CH3CN)2(Cl)2].  

Formation of coordination polymers was conversely observed when using 

[Pd(CH3CN)4](BF4)2 as the metal source, featuring four "available" binding positions around 

the Pd center (Figure 152).  

 

Figure 152: Partial 1H‑NMR spectra (400 MHz, DMF-d7, 1.0 mM, 293 K) of 6(PF6)2 (1) in the absence, and in the presence of (2) 0.5 equiv. 

of [Pd(CH3CN)4(BF4)2], (3) 1.0 equiv. of [Pd(CH3CN)4(BF4)2], (4) 10 equiv. of [Pd(CH3CN)4(BF4)2], (5) 200 equiv. of [Pd(CH3CN)4(BF4)2]. 

Addition of this non-protected metal salt to a millimolar solution of 62+ indeed led to the 

progressive disappearance of all the signals attributed to 62+ in favor of a series of very broad 

and weakly intense signals observed until addition of palladium in excess (Figure 152), which 

is compatible with the existence of multiple equilibria involving various coordination 

polymers/oligomers. Well resolved NMR signals, characteristic of smaller and defined 

assemblies, could only be observed again after addition of an excess of about 5 equiv. of 

palladium. In the presence of a large excess of [Pd(CH3CN)4](BF4)2, the protons of the 
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pyridinium rings get ultimately shifted at 9.29 and 9.93 ppm while the protons of the 

imidazole ring are seen to resonate at 7.43 and 7.76 ppm (Figure 152). 

The formation of coordination polymers or oligomers in the conditions described above has 

been further confirmed from DOSY-NMR measurements carried out in DMSO-d6 at different 

M:L ratio. As can be seen in Figure 153A, addition of [Pd(CH3CN)4](BF4)2 to a 1 mM 

solution of 62+ was found to result in a significant drop of the diffusion coefficient going from 

157 µm².s-1 down to 85 µm².s-1 after addition of 1 equiv. of Pd(II). Subsequent addition of 

Pd(II) then led to an increase of the diffusion coefficient up 125 µm².s-1 reached for M:L = 5. 

Similarly, the diffusion coefficient calculated for a 1:1 (M:L) ratio was found to decrease with 

increasing concentration, as expected for a concentration dependent self-assembly process 

(Figure 153B). The broadness of the DOSY NMR signals also suggest a rather large 

polydispersity in the investigated mixtures. All these data thus support the conclusion that the 

largest oligomers are formed at M:L = 1 and that every deviation from that stoichiometry lead 

to the displacement of the equilibria in favor of shorter assemblies. 

 

Figure 153: Average diffusion coefficient for 6(PF6)2 recorded as function of the number of molar equivalent of [Pd(CH3CN)4](BF4), 

measured by DOSY-NMR (400 MHz, DMSO-d6, 1.0 mM, 293 K). 

IV.1.5. Electrochemical Characterization 

The free ligand 62+ has been studied by cyclic voltammetry (CV) in DMF. Selected curves are 

shown in Figure 154. The curve recorded at a glassy carbon working electrode at 100 mV/s 

exhibits two reversible reduction waves at [E1/2
1]1 = 545 mV (ΔEp

1 =63 mV, ν = 0.1 V.s-1) and 

[E1/2
2]2 = 769 mV (ΔEp

2 = 59 mV, ν = 0.1 V.s 1) corresponding to the successive formation of 

the radical cation 6+• and of the neutral quinonic species 60. One key information extracted 

from these preliminary measurements, and more specifically form the rather limited 

amplitude of the ΔE1/2 value ([E1/2
2]1  – [E1/2

2]2 = 224 mV) and from the standard ΔEp
1 value 
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(|Epc
1 – Epa

1|=59 mV) measured on the first reduction wave is that the electrogenerated cation 

radicals 6+• do not interact in solution in  these experimental conditions. 

 

Figure 154: Voltammograms recorded for 6(PF6)2 (0.4 mM, DMF+TBAP 0.1 M, VC, Ø = 3 mm, E vs Ag+/Ag 10-2 M, ν = 0.1 V s-1). 

The complexation of 62+ with palladium has been similarly studied by electrochemical 

methods. Selected CV curves recorded at different M:L ratio with cis-protected [Pd(NO3)2(en) 

as the palladium source are shown in Figure 155. These data reveal that the addition of 1 

molar equivalent of metal (M:L = 1)] leads to a major shift of the first viologen-centered 

reduction wave towards less negative potential (E1/2 = –0.399 V, ΔE1/2 = +150mV) and to a 

large decrease of the peak to peak potential shift going from 59 mV (M:L = 0) to 38 mV (M:L 

= 1). It also led to a less important shift of the second reduction potential towards more 

negative values (ΔE1/2 = –50mV). As discussed in the previous sections, these changes 

support the conclusion that the presence of Pd2+ promotes an efficient π-dimerization of the 

electrogenerated viologen-based cation radicals. This assumption is moreover fully consistent 

with our analyses of the 1H‑NMR titration data which have led to the identification of the 

metallacyclic complexes cis- or trans-[(Pd2+)2(en)2(6
2+)2] (Figure 156) as the main species in 

solution at M:L = 1, the pre-organization and spatial proximity between both viologen sub-

units held in a cofacial arrangement by two Pd(II) hinges being perfectly suited to promote the 

electron-triggered formation (1e/viologen) of the intramolecular π-dimer [(Pd2+)2(en)2(6
+)2]dim 

(Figure 156). The CV curve recorded at M:L = 1 also suggest that the cis- and trans-isomers 

exhibit similar electrochemical behavior, which is not surprising given the great similarity 

between the environments of the viologens in both macrocyclic compounds. Another major 
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finding is that the reduction of the free ligand is hardly observed on the CV curve recorded at 

M:L = 1, a fact which contrasts with the NMR data discussed above revealing that 19% of the 

ligand remains uncomplexed in these experimental conditions. Failure to observe such  wave 

attributed to the reduction of the free ligand (62+/6+•) can be explained by the dynamic nature 

of the electrochemical and chemical equilibria involved in solution (see in Figure 156 the K1-6 

and Kdim constants corresponding to a wide range of complexation, reduction/oxidation and π-

dimerization processes). As can be seen in Figure 155A, the first wave at  –0.4 V 

corresponds to the two electron reduction of the metallacycic compound [(Pd2+)2(en)2(6
2+)2] 

([E0]1b and [E0]2b in Figure 156) yielding the doubly reduced complex [Pd2+)2(en)2(6
+•)2] 

which is readily transformed at the CV time scale into the intramolecular dimer 

[(Pd2+)2(en)2(6
+)2]dim (Kdim in Figure 156). Our explanation of the electrochemical signature 

recorded at M:L = 1 results from this series of events triggered at the early stage of the 

scanning experiment, the most important one being the effective π-dimerization 

process[Pd2+)2(en)2(6
+•)2] → [(Pd2+)2(en)2(1

+)2]dim leading, at the CV time scale, to a 

displacement of the initial complexation equilibrium (K1 in Figure 156) and thus to the 

consumption of the free ligand 62+. 

Further addition of cis-[Pd(NO3)2(en)] led to the observation of two different reduction waves 

centered at E1/2 = –0.532 V (ΔEp = 72 mV) and at E1/2 = –0.410 V (ΔEp = 27 mV). The CV 

curve recorded at M:L = 10 is shown in Figure 155A. The first reduction at E1/2 = −0.410 V 

(could be readily attributed to the EEC process involving the two electron reduction of 

[(Pd2+)2(en)2(6
2+)2] and its subsequent -dimerization to yield [(Pd2+)2(en)2(6

+)2]dim ([E0]1b, 

[E0]2b, Kdim in Figure 156), while the second and more intense wave at E1/2 = −0.532 V (ΔEp = 

72 mV) could be attributed to the one-electron reduction of the bimetallic complex 

[(Pd2+)2(en)2(S)2(6
2+)] ([E0]1c in Figure 156). Observation of both signals is here in agreement 

with the 1H‑NMR data depicted in Figure 149 allowing to estimate the concentration ratio 

[(Pd2+)2(en)2(S)2(6
2+)] : [(Pd2+)2(en)2(6

2+)2] to 1:4 at M:L =10. 
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Figure 155: Voltammograms recorded for 6(PF6)2 (0.4 mM, DMF+TBAP 0.1 M) in the presence of A) cis-[Pd(NO3)2(en)] : 0 eq. (full line), 1 

eq. (bold line) and 10 eq. (dashed line) and B) trans-[Pd(Cl)2(CH3CN)2] : 0 eq. (full line), 0.4 eq. (dotted line), 1 eq. (bold line) and 3 eq. 

(dashed line) (VC, Ø = 3 mm, E vs. Ag+/Ag 10-2 M, ν = 0.1 V s-1).  

Similar measurements have been carried out using the trans-protected palladium source 

[Pd(Cl)2(CH3CN)2] as a reactant.  

Addition of 1 molar equivalent of this metal salt to an electrolytic solution of 62+ in DMF (0.4 

mM) led to a large shift of the first reduction wave towards less negative potential values 

(ΔE1/2 = + 135 mV, E1/2 = –0.411 V) coming along with a significant decrease of the ΔEp 

value reaching 41 mV at M:L = 1 and =100 mV/s Figure 155B). As already discussed with 

the cis-protected metal salt, these changes can be seen as unambiguous experimental 

evidences demonstrating that the complexation of 62+ with trans-[Pd(Cl)2(CH3CN)2] promotes 

the intramolecular π-dimerization of the electrogenerated viologen cation radicals within the 

intramolecular macrocyclic complex [(Pd2+)2(Cl)2(6
+)2]dim.  

Further addition of trans-[Pd(Cl)2(CH3CN)2] (the curve recorded at M:L = 3 is shown in 

Figure 155B) was conversely found to result in the observation of ill-defined irreversible 

signals at E  –0.4 V. From the NMR data discussed above, we know that the main species in 

solution at M:L = 3 is the bimetallic complex [(Pd2+)2(Cl)2(6
2+)]. The reduction wave 

observed as a dashed line in Figure 155B is thus potentially attributed to the one electron 

reduction of the single viologen unit involved in this metal saturated complex. The unusual 

shape of this signal is however not clearly understood, one possible explanation supported by 

the observation of a deposit onto the electrode being that the "free" metal salt, present in 

solution at M:L  2,  gets reduced /physisorbed  at the electrode in this potential range.  
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Figure 156: Schematic representation of the chemical and electrochemical reactions and equilibria involving 62+ and of cis-[Pd(NO3)2(en)]. 

Each Electrochemical steps (E) represented in this mecanism are mono-electronic. 

A closer look at the well-defined CV data collected at M:L = 1 with the cis- and trans-

protected metal salts nevertheless enables to compare the dimerization ability of both 

viologen units incorporated in macrocyclic complexes cis-[(Pd2+)2(en)2(6
2+)2] and trans-

[(Pd2+)2(Cl)2(6
2+)2] (Figure 156). Both compounds are clearly prone to dimerization and the 

similar drop in the ΔEP values (38 vs. 41) and potential shifts ΔE1/2 (+155 vs +135) measured 

in the presence of cis-[Pd(en)(NO3)2] and trans-[Pd(CH3CN)2(Cl)2] suggest that similar 

dimers (arrangement, orbital overlap, interplanar distance) are formed with the cis or trans-

protected metallic hinges.  

Further insights into the arrangements of the oxidized and reduced forms of these macrocyclic 

complexes have been provided by computational analyses. The DFT minimized structures of 
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the oxidized and two-electron reduced species obtained at M:L = 1 are shown in Figure 157. 

These structures reveal that i) Both viologens stand at the same distance from each other (3.46 

Å) in the cis and trans protected dimers cis-[(Pd2+)2(en)2(6
+)2]dim and trans-

[(Pd2+)2(Cl)2(6
+)2]dim and that ii) the trans-configuration of the PdCl2 hinge enforces a twist of 

36° between the viologen axis leading to a partial and quite limited overlap between both 

viologen cation radicals, while the cis-protected palladium hinge allows both viologens to lie 

perfectly aligned which results in a much more extensive orbital overlap.  

 

 

Figure 157: Schematic representation and DFT-minimized structures corresponding to the macrocyclic complexes formed at M:L=1 with a) 

cis-[Pd(en)2(NO3)2] and b) trans-[Pd(Cl)2(CH3CN)2] and to the corresponding -dimers formed upon reduction of the viologen units (one 

electron per viologen). Enlarged top-views showing the relative position between both viologen cation radicals in the dimeric forms appear 

below in boxes marked with one or two stars. 

The calculated structures depicted in Figure 157, and most notably the great difference 

observed between the structures of the oxidized species cis-[(Pd2+)2(en)2(6
2+)2] and of the 

doubly reduced -dimerized compound cis-[(Pd2+)2(en)2(6
+)2]dim, bring to light the existence 

of a reversible “inflating/deflating” process associated to the electron transfer centered on the 
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viologen units. At the oxidized state, the “inflated” oval-shaped form is imposed by 

electrostatic repulsive forces occurring within the highly positively charged (z=+8) complex 

cis-[(Pd2+)2(en)2(6
2+)2]. Deflation of this structure is then triggered by the one-electron 

reduction of both viologens and by the coupled dimerization of the resulting -radicals to 

yield a square shaped intramolecular dimer. From a quantitative perspective, the deflation 

associated to electron transfer results in a large drop in the size of the inner cavity from 11.3 

down to 3.46 Å (Figure 157a). A similar fully reversible electron-triggered 

“inflating/deflating” process is involved with the trans protected palladium hinge where the 

inner dimension changes from 11.7 Å to 3.46 Å upon stimulation (Figure 157b). 

CV measurements carried out in the presence of the palladium salt [Pd (CH3CN)4]
2+ brought 

to light the ability of the "non-protected" palladium center to promote the dimerization of 6+•. 

This effect is mainly revealed on the curve recorded at M:L = 1 through the large positive 

shift of the first reduction wave associated to a small negative shift of the second reduction 

wave (Figure 158). These changes were also found to come along with a significant 

broadening of the first reduction wave associated to a loss of it reversible character. Based on 

our analyses of the NMR data collected at this M:L ratio (see Figure 152 and Figure 153), this 

unexpected shape of the first viologen-centered reduction wave observed at ca –0.5 V was 

attributed to the presence of many different assemblies/oligomers in solution exhibiting 

slightly different local environments around the viologens units.  

 

Figure 158: Cyclic voltammograms recorded for 6(PF6)2 (1 mM, DMF+TBAP 0.1 M) in the presence of A) Pd(ACN)4(BF4)2: 0 eq. (dotted 

line), 1 eq. (full line) (VC, Ø = 3 mm, E vs. Ag+/Ag 10-2 M, ν = 0.1 V s-1).  
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All the electrochemical data discussed above support the conclusion that the intramolecular 

dimerization is highly favored in the presence of one molar equivalent of Palladium(II), which 

is consistent with the formation of macrocyclic square-shaped 2:2 complexes initially 

proposed on the ground of NMR data.  

IV.1.6. Spectro-Electrochemical Measurements 

The conclusion reached from the CV data recorded with cis-[Pd(en)2(NO3)2], trans-

[Pd(Cl)2(ACN)2] and Pd(ACN)4](BF4)2 have been further confirmed by spectro-

electrochemical measurements which involved regularly recording absorption spectra over 

time during the potentiostatic reduction of selected complexes. 

Initial measurements have been carried out in the absence of metal, with the free ligand only. 

The exhaustive bulk reduction of 62+ (10 ml at 0.4 mM in electrolytic DMF, Eapp = −0.67 V, 

one electron by viologen subunit) led to a decrease in the intensity of the absorption band 

centered at 305 nm (19200 M-1.cm-1) at the expense of new signals developing at λmax = 668 

nm (17700 M-1.cm-1), 728 nm (19800 M-1.cm-1) and 468 nm (20500 M-1.cm-1) (molar 

extinction coefficients have been calculated from the final spectrum, shown in Figure 159A as 

a dashed curve, recorded after completion of the electrolysis). The stability of 6+• at the 

electrolysis time scale was checked with coulometric and RDE measurements and upon 

checking that the initial electrochemical and spectroscopic signatures can be fully recovered 

by back-electrolysis (re-oxidation at 0V). The signature recorded after completion of the one-

electron reduction is thus attributed to the “isolated” cation radical 6+• and the absence of 

signal in the near IR region confirms that no π-dimers are formed in these experimental 

conditions (0.4 to 1.0 mM in DMF). 

Similar measurements have then been carried in the presence of 1 molar equiv. of cis-

[Pd(NO3)2(en)]. As can be seen in Figure 159A, the exhaustive one-electron reduction of a 1:1 

(M:L) mixture at Eapp = –0.67 V led to the progressive development of a new set of absorption 

bands centered at λmax = 457 nm (46400 M-1.cm-1), 614 nm (29100 M-1.cm-1), 651 nm (28800 

M-1.cm-1) and 1000 nm (4500 M-1.cm-1). In agreement with the conclusion drawn above from 

CV data, the spectrum recorded after completion of the electrolysis exhibits typical features 

revealing the palladium assisted π-dimerization of 6+• , including the broad absorption band 

observed in the NIR region and the blue shift of the intense bands observed in the visible 

range. This new set of signals observed in Figure 159A and the well-defined isosbestic point 
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at 400 nm are thus fully consistent with the conclusion that the intramolecular dimer cis-

[(Pd2+)2(en)2(6
+)2]dim is generated in solution by reduction of the box-shaped metallocyclic 2:2 

(M:L) complex -cis-[(Pd2+)2(en)2(6
2+)2]. As frequently seen with viologen-based dimers, the 

equilibria between the dimerized and non-dimerized forms ( Kdim in Figure 158) is revealed in 

Figure 159A by the shoulder at about 730 nm attributed to the bis-radical cis-

[(Pd2+)2(en)2(6
+•)2], incorporating two non-interacting viologen-based cation radicals. Taken 

together, the weak intensity of this shoulder, the large intensity of the near IR band and the 

CV data discussed above support the idea that the dimerization equilibrium is strongly 

displaced towards the π-dimerized species.  

Carrying out similar spectroelectrochemistry measurements in the presence of 1 equiv. of 

trans-[Pd(Cl)2(CH3CN)2] lead to the appearance of the same absorption bands centered at 457 

nm (45300 M-1.cm-1), 611 nm (29500 M-1.cm-1), 648 nm (26700 M-1.cm-1) and at 1000 nm 

(5800 M-1.cm-1) (Figure 159B). At first sight, the great similarities observed between the SEC 

curves recorded with the cis- and trans-protected metal ions suggest that the bulk reduction of 

both mixtures leads to the same -dimers.  

We also discovered that the exhaustive reduction of 62+ performed in the presence of only 0.5 

equiv. of trans-[Pd(Cl)2(CH3CN)2] leads to the exact same set of signals.  As can be seen in 

Figure 155B, the CV curves recorded in sub-stoichiometric conditions (ML) exhibit three 

different waves attributed to successive reduction of the 2:2 (M:L) macrocyclic compound 

trans-[(PdCl2)2(6
2+)2] followed by that of an intermediate compound that we assume to be a 

1:2 (M:L) complex featuring two ligands bound to a single metal ion, and of the free ligand 

62+. It needs to be mentioned that the formation of a 1:2 (M:L) intermediate complex at the 

electrode interface stills remains speculative as such species could not be observed on the 

1H‑NMR spectra recorded in sub-stoichiometric conditions. As a matter of fact, the proposed 

attribution mostly relies on previous investigations showing that the electron-triggered 

intramolecular ‑dimerization of 2:1 (M:L) palladium complexes results in a positive shift of 

the first viologen-centered reduction wave of only +60 to 100 mV. Such limited stabilization 

effect is thus in good agreement with the intermediate position of the wave observed at ca. –

0.5 V in Figure 155B, attributed to a 2:1 (M:L), wherein the viologens are more easily 

reduced than in the free ligand but harder to reduce than in the macrocyclic 2:2 complex.  
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Figure 159: Superposition of the UV‑vis spectra recorded during the exhaustive reduction (1 electron per viologen sub-unit) of 62+ A) alone 
(dashed line), and in the presence of A) cis-[Pd(NO3)2(en)] (1 eq. ; full line), B) trans-[Pd(Cl)2(CH3CN)2] (1 eq.), C) trans-

[Pd(Cl)2(CH3CN)2] (0.5 eq.) and D) [Pd(CH3CN)4](BF4)2 (1 eq.) (DMF + 0,1 M TBAP, Eapp = –0.67 V, 0.4 mM, 15 mL, l = 1 mm, t ≈ 30 

min, Pt). 

The UV‑vis spectra recorded during the exhaustive reduction of 62+ (0.4 mM in electrolytic 

DMF, Eapp = –0.67 V, one electron per viologen subunit) in the presence of 

[Pd(CH3CN)4](BF4)2 are shown in Figure 159D. Here again, a clean isosbestic point is 

observed at 400 nm and the signals developing upon reduction of the viologen centers are the 

same as those observed with cis-[Pd(NO3)2(en)] and trans-[Pd(Cl)2(CH3CN)2]. It includes 

absorption bands at 466 nm (47200 M-1.cm-1), 621 nm (30800 M-1.cm-1) and 661 nm (35200 

M-1.cm-1), as well as a broad absorption band centered at λmax = 1025 nm (4900 M-1.cm-1). 

The full reversibility of the phenomena involved in solution was demonstrated by checking 

that the initial signature of the sample can be recovered by reoxidation at Eapp = 0V. These 

results are thus compatible with a palladium-assisted formation of π-dimerized species 

looking very much like those formed in the presence of cis-[Pd(NO3)2(en)] and trans-

[Pd(Cl)2(CH3CN)2]. It is to be mentioned that the relatively “high” intensity of the absorption 

band at 661 nm and of the shoulder at 730 nm suggest a more important concentration of non-

associated radical comparatively to what was observed with cis-[Pd(NO3)2(en)] and trans-

[Pd(Cl)2(CH3CN)2].  
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Taken together, the 1H‑NMR, CV and SEC results discussed above clearly demonstrate that 

the palladium ions promote the -dimerization of the electrochemically generated viologen-

based cation radical through the formation of highly preorganized metalacyclic architectures 

obtained by self-assembly of two metal ions and two imidazole-tipped ditopic ligands. The 

key experimental data supporting the idea that all the equilibria involved in solution are 

displaced in favor of intramolecular macrocyclic dimers noted [(Pd2+)(X)2(6
+)2]dim (X =en, Cl- 

or ACN) are i) a major shift of the reduction potential towards less negative values, which 

results from a large stabilization of the electrogenerated radicals through π-dimerization, ii) a 

drop of the ΔEp value down to almost 30 mV measured in the presence of palladium, iii) the 

inability of the free ligand to dimerize in palladium free solutions and from, iv) the 

observation of diagnostic spectroscopic signatures revealing the near quantitative formation of 

-dimerized species featuring identical, if not very similar, structures. 

One major result of our investigations is indeed the striking similarities observed between the 

spectra recorded after reduction of 62+ in the presence of cis-[Pd(NO3)2(en)] and trans-

[Pd(Cl)2(CH3CN)2]. Such results were quite unexpected since the spectral signature of π-

dimers is known to mostly depend on the relative distance/orbital overlap between the two 

radicals and on their relative spatial arrangement. The DFT minimized structures of cis-

[(Pd2+)2(en)(62+)2] and trans-[(PdCl2)2(62+)2] and of the corresponding -dimers cis-

[(Pd2+)2(en)(6+)2]dim and trans-[(PdCl2)2(6
+)2]dim are shown in Figure 157. These model clearly 

bring to light the great structural differences imposed by the stereochemistry of the palladium 

center. At the oxidized state, the cis or trans coordination scheme of the inorganic spacer 

results in a slightly different distance between both viologens (11.3 vs 11.7Å, see Figure 157). 

The cis /trans effects are in fact found to be far more important at the reduced state; ie 

between the π-dimerized structures cis-[(Pd2+)2(en)(6+)2]dim and trans-[(PdCl2)2(6
+)2]dim, 

wherein the conformations of the molecules are imposed by two different constraints : i) the 

stereochemistry of the metal center and ii) the proximity (π interplanar distance) required to 

achieve an orbital overlap between both viologen cation radicals involved in the complex. In 

the case of trans-[(PdCl2)2(6
+)2]dim, bringing the viologen radicals at a closer distance can only 

be achieved through a twisting of the macrocycle yielding a figure eight conformation with 

limited orbital overlaps between the π-radicals. The situation is very different for the cis-

protected linkers as the dimerization is greatly facilitated by the conformation of the molecule 

enabling to bring both viologen cation radicals at suitably close distance while keeping a 

perfectly aligned co-facial arrangement. The major differences (interplanar distance, twist 
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angle) observed between the calculated -dimerized structures of cis-[(Pd2+)2(en)(6+)2]dim and 

trans-[(PdCl2)2(6
+)2]dim are thus not compatible with the nearly identical absorption spectra 

shown in Figure 159A and B. This inadequacy between structural feasibility and experimental 

data led us to suspect the existence of a stabilizing trans→cis isomerization coupled to the 

electron transfer centered on the trans protected compound trans-[(PdCl2)2(62+)2], the 

improved stability of the cis–dimer being the driving force of the reorganization or the trans-

dimer (Figure 160). 

 

 

Figure 160: Optimized geometries for the 𝑐𝑖𝑠˗[(𝑃𝑑𝐶𝑙2)2(𝟔
+)2]𝐷𝑖𝑚

2+  and 𝑡𝑟𝑎𝑛𝑠˗[(𝑃𝑑𝐶𝑙2)2(𝟔
+)2]𝐷𝑖𝑚

2+  complexes, at the DFT/M06-2X/6-

31G(d)+LANL2DZ(f) level of theory. 

The influence of the geometry around the palladium center during the π-dimerization process 

has been studied on the model species 𝑐𝑖𝑠˗[(PdCl2)2(𝟔
+)2]dim

2+  and 

𝑡𝑟𝑎𝑛𝑠˗[(PdCl2)2(𝟔
+)2]dim

2+ . Their geometry has been studied by density functional theory 

(DFT) at the M06-2X/6-31G(d)+LANL2DZ(f) level of theory (Figure 160). The optimized 

structure of 𝑐𝑖𝑠˗[(PdCl2)2(𝟔
+)2]𝑑im

2+  shows two parallel viologen sub-units at a distance of ca. 

3.18 Å, while the structure obtained for 𝑡𝑟𝑎𝑛𝑠˗[(PdCl2)2(𝟔
+)2]dim

2+  shows a crossed 

conformation that allows the viologens to stand with a slightly higher spacing (3.46 Å, twist 

angle 33.2°). The boxes embedding induces a deviation from the reference stacking distance 

(3.3 Å), either with a slightly compression for the cis isomer or a twisted and more “open” 

form for the trans isomer. Their energetic difference amounts to -3.2 kcal.mol-1 in favor of 

the cis isomer, which corroborates the trans→cis isomerization hypothesized on the ground of 

experimental data.  

 

b) cis-[Pd(Cl2)2(6+)2]2+
dim

3.18 Å3.46 Å

a) trans-[Pd(Cl2)2(6+)2]2+
dim

BP86/6-31G*
+LANL2DZ(f)
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IV.1.7. Conclusion 

As a conclusion, we have developed a metal-induced self-assembly strategy promoting the π-

dimerization of simple viologen-based tectons at room temperature and in standard 

concentration ranges. Our investigations revealed that discrete box-shaped 2:2 (M:L) 

macrocycles are formed in solution in the presence of cis-[Pd(en)(NO3)2] and trans-

[Pd(CH3CN)2(Cl)2] and that the structure/geometry of the self-assembled product is 

determined by the relative position of the non-exchangeable ligands (cis-ethylenediamine vs 

trans-dichloride) initially bound to the metal. Use of a “non-protected” metal source, ie 

tetrakis(acetonitrile)Pd featuring four available/exchangeable binding sites, was conversely 

found to enable the formation of coordination polymers/oligomers reaching a maximum size 

at M:L =1. 

On the ground of detailed spectroscopic and electrochemical data supported by computational 

calculations, we have established that all the investigated palladium-based inorganic hinges 

(cis-, trans- or un-protected) promote an effective intramolecular π-dimerization of the 

electrogenerated viologen cation radicals involved in the macrocyclic or polymeric 

assemblies. From a structural point of view, the reduction and re-oxidation of both viologen 

units involved in the discrete 2:2 (M:L) assemblies result in a reversible “inflating/deflating” 

of the macrocyclic structure  associated to a large modification in the size of the inner cavity 

going from 11.3 to 3.5 Å. 

We have also established that the one electron reduction of the viologen units present in 

different metal:ligand mixtures leads to the formation of the same intramolecular -dimer, 

regardless of the initial environment around the metallic precursor (cis-, trans- or un-

protected) and of the relative ratio between metal and ligand initially introduced in solution. 

In line with this finding, all the experimental and computational data discussed above suggest 

that the electrical stimulation of the macrocyclic assembly formed with trans-

[Pd(CH3CN)2(Cl)2] triggers a trans → cis isomerization of the coordinated ligands. 

Dissociation of the coordination polymers/oligomers formed in the presence of 

tetrakis(acetonitrile)palladium(II) was also achieved upon reduction of the viologen units 

involved in the organic tectons, the driving force of the disassembling process being here 

again the formation of (2:2) (M:L) box-shape -dimers. 
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General Conclusion 

The aim of this thesis is to the develop redox switchable molecular or supramolecular systems 

whose properties can be modulated by structural rearrangements. This task has been achieved 

through the introduction viologen moieties into the skeleton of these systems, where it can 

benefit from the -dimerization process that occur between the viologen units at the 

cation‑radical state. 

In this prospect, the first part reports the formation of supramolecular assemblies involving 

Cucurbit[8]uril (CB[8]) cavitands and viologen based tectons as building elements. The 

driving force of the self-assembly process is the -dimerization of the viologen cation radicals 

introduced at the porphyrin and tetraphenyl ethylene platforms. The reversible association of 

the redox-responsive tecton with CB[8] to form self-assembled architectures in solution 

mainly under redox-stimulation, has been established on the ground of spectroscopic, 

electrochemical, spectro-electrochemical and computational data. 

The second part reports the development of viologen-based tweezers and clips of various sizes 

and flexibilities. In this aspect, tweezers incorporating 2,6-bis(phenyl)pyridine as a spacer 

have shown to exist in two different conformation in solution. These tweezers are 

flexible/short enough to promote the intramolecular ‑dimerization of the viologen units 

introduced at the meta position of the terminal phenyl substituents and the efficiency of the 

dimerization is found to depend on the length and flexibility of the organic linkers introduced 

between the spacer and the viologens. The binding properties of one of the 2,6-

bis(phenyl)pyridine based tweezer 384+ has higher affinity toward charged aromatic donors 

than for uncharged ones. Whereas, Tweezers incorporating terpyridine as a spacer exist solely 

in W-shaped conformation in solution and the one electron reduction of the viologens triggers 

the conformational change into U-shaped isomers that are stabilized by intramolecular 

dimerization of both viologen‑cation radicals located on both sides of the terpyridine spacer. 

In addition to that the presence of a metal ion in the terpyridine spacer proved to inhibit the 

π−dimerization of the viologens. Finally, clips incorporating dibenzoacridine as a spacer have 

shown to form intramolecular π‑dimer between the viologens despite of its imposed rigidity. 

The last part discusses about the metal-induced self-assembly strategy that is used to promote 

the π-dimerization of viologen-based radicals at room temperature and in standard 

concentration ranges. Discrete box-shaped 2:2 (M:L) macrocycles or coordination polymers 
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are formed in solution by self-assembly of a viologen-based ditopic-ligand with cis-

[Pd(en)(NO3)2], trans-[Pd(CH3CN)2(Cl)2] or [Pd(CH3CN)4(BF4)2]. Changing the redox state 

of the bipyridium units involved in the tectons, from their dicationic state to their radical 

cation state, results in a reversible “inflation/deflation” of the discrete 2:2 (M:L) macrocyclic 

assemblies associated to a large modification in the size of their inner cavity. Viologen-

centered electron transfer is also used to trigger a dissociation of the coordination polymers 

formed with tetrakis(acetonitrile)Pd(II), the driving force of the disassembling process being 

the formation of discrete box-shaped 2:2 (M:L) assemblies stabilized by -dimerization of 

both viologen cation radicals. 

As perspectives, we believe that the work in this thesis will be a great source of inspiration for 

the development of redox-responsive dynamic supramolecular assemblies involving π-

dimerization as actuation forces which can open new approaches toward the creation of redox 

responsive smart materials. 
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V: Experimental Part 
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V.1. General Synthesis 

V.1.1. Solvents and Reagents 

DMSO (Aldrich, 99.9%), methanol (VWR, pure), ethanol (Carlo Erba, puro), acetonitrile 

(VWR, HPLC grade), methylene chloride (Carlo Erba, puro), chloroform (Carlo Erba, puro), 

cyclohexane (Sigma Aldrich, 98.8%) and pentane (Sigma Aldrich, 95%) were purchased and 

used as received. THF was dried over alumina and triethylamine was distilled over KOH and 

argon. Water was purified by reverse osmometry with an Elga Purelab purification system (5 

MΩ.cm). The organic and inorganic reagents used in the procedures described below were 

purchased from Aldrich, Acros, Alfa Aesar or TCI and were used without further purification. 

V.1.2. Apparatus and Spectroscopic Characterizations 

1H-NMR and 13C-NMR spectra were recorded at room temperature on Bruker Avance 300 or 

400 MHz spectrometers. 1H chemical shifts were referenced to residual solvent peaks. 

Coupling constants values (J) are given in hertz and chemical shifts (δ) in ppm. The 

abbreviations used are: s = singlet, d = doublet, t = triplet, m = multiplet and br = broad. 

Diffusion experiments were performed using the bipolar pulse longitudinal eddy current delay 

(BPPLED) pulse sequence. Sine shaped pulse field gradient were used with a length δ = 1.5 

ms and the gradient intensity was linearly incremented over 20 or 30 experiments. After each 

gradient pulse a 200 μs delay was used as a recovery delay. The diffusion time Δ was chosen 

between 1200 and 2000 μs. The DOSY spectra were obtained by applying an Inverse Laplace 

Transform (ILT) along the diffusion axis, using the Gifa algorithm embedded into the 

commercial software NMRnotebook (NMRTEC, Illkirch). Standard NMR tubes (Ø = 5 mm) 

were used for DOSY experiments performed in DMSO while Norell S300 tubes (Ø = 3 mm) 

were used with acetonitrile to limit the effects of convection. 

UV-vis spectra were recorded on a MCS 500 or MCS 601 UV-NIR Zeiss spectrophotometer 

using conventional quartz cells or all-quartz immersion probes (Hellma Inc.).  

Mass spectrometry measurements were carried out at the “Centre commun de spectrométrie 

de masse‑Lyon 1” mass spectrometry facility with a MicrOTOFQ II(Bruker) using 

electrospray ionization (ESI). 
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X-Ray diffraction analyses were carried out at the “Centre de Diffraction Henri 

Longchambon‑Lyon 1”. A suitable crystal 0.71×0.53×0.31  mm3 was selected and mounted 

on a nylon loop in perfluoroether oil on an by Xcalibur, Atlas, Gemini ultra-diffractometer. 

The crystal was kept at a steady T = 150.01(10) K during data collection. The structure was 

solved with the ShelXT (Sheldrick, 2015) structure solution program using the Intrinsic 

Phasing solution method and by using Olex2 (Dolomanov et al., 2009) as the graphical 

interface. The model was refined with version 2018/3 of ShelXL (Sheldrick, 2015) using 

Least Squares minimisation. 

ESR X‑band spectra were recorded on a Bruker EMX, equiped with the ER–4192 ST Bruker 

cavity. 

V.2. Electrochemical studies 

V.2.1. Solvents and Electrolytes 

Acetonitrile (Acros Organics, extra-dry with molecular sieves, water < 0.005%), 

dimethylformamide (Sigma Aldrich, extra-dry with molecular sieves, water < 0.01%) were 

degassed using Freeze-Pump-Thaw procedure and were used for the spectroelectroclemical 

studies. The electrolyte tetra-n-butylammonium perchlorate (TBAP, Fluka puriss.) was 

purchased and used without further purification 

V.2.2. Apparatus and Spectroelectrochemical Characterization 

Cyclic voltammetry (CV) and voltammetry with rotating disc electrodes (RDE) were recorded 

using a SP300 Bilogic potentiostat. The analytical studies were conducted under an argon 

atmosphere (glove box or argon stream) in a standard one–compartment, three–electrodes 

electrochemical cell. Tetra-n-butylammonium was used as supporting electrolytes (0.1 M). An 

automatic ohmic drop compensation procedure was systematically performed when using 

cyclic voltammetry. Vitreous carbon (Ø = 3 mm) working electrodes (CH Instruments) were 

polished with 1 mm diamond paste before each recording. Standard sweep rates of 0.01 and 

0.1 V s−1 were used in CV and RDE experiments. Voltamperometry with a rotating disk 

electrode (RDE) was carried out with a radiometer (CTV101 radiometer analytical) 

equipment at a rotation rate of 500 rad min−1 using a glassy carbon RDE tip (Ø= 3 mm). 
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Spectroelectrochemical measurements were carried out at room temperature under an argon 

atmosphere (glove box or argon stream) in a standard one–compartment, three– electrodes 

electrochemical cell with a biologic SP300 potentiostat coupled to an MCS 500 or MCS 601 

UV-NIR Zeiss spectrophotometer using 1 or 10 mm all–quartz Helmma immersion probes. 

Electrolyses were conducted at room temperature using platinum plates (10 cm2) working 

electrodes and a large piece of carbon felt as a counter–electrode isolated from the electrolytic 

solution through an ionic bridge. AgNO3/Ag (CH Instruments, 10-2
 M + TBAP 10-1

 M in 

CH3CN) was used as a reference electrode. 

V.3. Synthetic procedures 

All reagents were either obtained commercially and used as received without any further 

purification or synthesized according to literature procedures. 

V.3.1. Synthetic procedures related to chapter II  

Synthesis of 11H2(PF6)8: To a stirred solution of 10Cl2
104 

(206 mg, 0.5 mmol) in ethanol and water (50 mL, 2:1) 8207 

(67 mg, 0.1 mmol) was added. The reaction was refluxed for 

18 h, then concentrated under reduced pressure. Purification 

by flash chromatography on silica gel (CH3CN/H2O/sat. aq. 

KNO3: 12/7/7) and anion exchange using an aqueous 

saturated KPF6 solution, gave 11H2(PF6)8 (71 mg, 29%) as a 

violet solid.  

1H NMR (CD3CN, 400 MHz): δ = -2.78 (s, 2H), 4.48 (s, 12H), 8.24 (d, 8H, J = 8.2 Hz), 8.58 

(d, 8H, J = 6.3 Hz), 8.64 (d, 8H, J = 8.2 Hz), 8.78 (d, 8H, J = 6.5 Hz), 8.96 (d, 8H, J = 6.3 Hz), 

9.08 (s, 8H), 9.54 ppm (d, 8H, J = 6.5 Hz). Abs (DMF) : 418 nm (ε=100000 M-1.cm-1), 516 

nm (ε=5087.7 M-1.cm-1), 553 nm (ε=2175.4 M-1.cm-1), 592 nm (ε=1298.2 M-1.cm-1), 648 nm 

(ε=982.4 M-1.cm-1).  
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Synthesis of 11Zn(PF6)8: To a stirred solution of 10Cl2
104 

(206 mg, 0.5 mmol) in ethanol and water (50 mL, 2:1) 9208 

(74 mg, 0.1 mmol) was added. The reaction was refluxed for 

18 h, then concentrated under reduced pressure. Purification 

by flash chromatography on silica gel (CH3CN/H2O/sat. aq. 

KNO3: 12/7/7) and anion exchange using an aqueous 

saturated KPF6 solution, gave 11Zn(PF6)8 (81 mg, 32%) as a 

violet solid.  

1H NMR (CD3CN, 400 MHz): δ = 4.48 (s, 12H), 8.21 (d, 8H, J = 7.7 Hz), 8.57 (d, 8H, J = 5.4 

Hz), 8.62 (d, 8H, J = 7.7 Hz), 8.77 (d, 8H, J = 5.6 Hz), 8.97 (d, 8H, J = 5.4 Hz), 9.04 (s, 8H), 

9.55 ppm (d, 8H, J = 5.6 Hz). Abs (DMF):λ = 426  nm (ε=266666 M-1.cm-1), 561  nm 

(ε=1736.8 M-1.cm-1), λ = 606 nm (ε=10701.7 M-1.cm-1). 

 

Synthesis of 15 : To a stirred solution of 14134 (2.8 

g, 1.74 mmol) in THF (20 mL), 4-Ethynylaniline 

(0.51 g ,4.39 mmol) with triethylamine (14 mL) was 

added. Then the mixture was deoxygenated by 

freeze-pump-thaw cycles and purged with argon 

gas. Then triphenyl arsine (0.26 g, 0.87 mmol) with 

Pd2(dba)3 (143 mg, 0.157 mmol) was introduced and 

allowed the mixture to stir at 50 ◦C in the dark for 24 

h. Then the crude mixture was washed with brine. The organic layer separated and dehydrated 

by anhydrous sodium sulphate. Then the solution was evaporated under reduced pressure and 

the crude material was subjected to chromatography column on silica gel using ethyl 

methanol/ dichloromethane 0.3 : 9.7 as an eluent to give 15 (2.6 g, 90%). 

1H NMR (300 MHz, CDCl3) δ 9.63 (d, J = 4.7 Hz, 4H), 8.84 (d, J = 4.7 Hz, 4H), 7.84 (d, J = 

8.3 Hz, 4H), 7.45 (s, 4H), 6.86 (d, J = 8.3 Hz, 4H), 4.51 (m , 4H), 4.32 (m, 8H), 4.05 – 3.89 

(m, 17H), 3.81-3.73 (m , 12H), 3.64 – 3.61 (m, 13H), 3.54 – 3.51 (m, 9H), 3.42 (s, 6H), 3.38 – 

3.35 (m, 10H), 3.22 (s, 11H), -1.85 (s, 2H). HR-MS (ESI+) calc. for [M+3H]3+ m/z = 

555.9419; found m/z = 555.9423. 
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Synthesis of 17H2(PF6)4: To a stirred solution of 

16(PF6)2
104 (1.1 g, 1.8 mmol in EtOH/CH3CN 

(2:1,60 mL) 15 (1 g, 0.6 mmol) ) was introduced. 

The resulting mixture was allowed to stir at 70 °C 

for 18h. After completion of the reaction, the 

mixture was evaporated under reduced pressure and 

the crude product was subjected to chromatography 

on silica gel using acetonitrile/water/saturated 

aqueous KNO3 (6:2:2) as eluent. A final counter-ion 

metathesis using a saturated aqueous KPF6 solution 

afforded 17H2(PF6)4 (0.88 g, 58%) as a green 

powder. 

 1H NMR (400 MHz, DMSO) δ 9.92 (d, J = 4.4 Hz, 4H), 9.83 (d, J = 6.5 Hz, 4H), 9.35 (d, J = 

6.4 Hz, 4H), 9.08 (d, J = 4.4 Hz, 4H), 9.03 (d, J = 6.5 Hz, 4H), 8.93 (d, J = 6.4 Hz, 4H), 8.63 

(d, J = 8.4 Hz, 4H), 8.28 (d, J = 8.4 Hz, 4H), 7.62 (s, 4H), 4.49 (s, 6H), 3.10-4.42 (m, 90H), -

2.06 (s, 2H). HR-MS (ESI+) calc. for [M]4+ m/z = 493.7372; found m/z = 493.7376. Abs 

(DMF): λ =452 nm (ε=162162 M-1.cm-1), λ =607 nm (ε=77477 M-1.cm-1) and λ =695 nm 

(ε=52252 M-1.cm-1). 

 

Synthesis of 17Zn(PF6)4: To a solution of 

17H2(PF6)4 (0.125 g, 0.48 mmol) in acetonitrile (20 

ml), Zn(OAc)2 (90 mg, 0.048 mmol) was introduced 

then the mixture was stirred at room temperature for 

16 h in a dark environment. Then the mixture was 

evaporated under reduced pressure and KPF6 was 

added and the precipitate was collected by filtration 

to afford 17Zn(PF6)4 in quantitative yield. 

1H NMR (400 MHz, DMSO) δ 9.83 (m, 8H), 9.35 

(d, J = 6.3 Hz, 4H), 9.02 (m, 8H), 8.93 (d, J = 6.3 

Hz, 4H), 8.57 (d, J = 8.4 Hz, 4H), 8.25 (d, J = 8.4 
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Hz, 4H), 7.52 (s, 4H), 4.49 (s, 6H), 3.15-4.42 (m, 90H). HR-MS (ESI+) calc. for [M]4+ m/z = 

509.2156; found m/z = 509.2145. Abs (DMF) : λ =451 nm (ε=103614 M-1.cm-1) and λ = 670 

nm (ε=48192 M-1.cm-1).  

 

Synthesis of 21(PF6)8 : To a solution of 16(PF6)2 104 

(2.6 g, 3.90 mol) in EtOH/CH3CN (1:1,250 mL), 20 

(0.38 g, 0.54 mmol) ) was added. The resulting 

mixture was allowed to stir at 70 °C for 18h. After 

completion of the reaction, the mixture was 

evaporated under reduced pressure and the crude 

product was subjected to column chromatography on 

silica using acetonitrile/water/saturated aqueous potassium nitrate (6:2:2) as eluent. A final 

counter-ion metathesis using a saturated aqueous potassium hexafluorophosphate solution 

afforded 21(PF6)8 (0.54 g, 40%) as a brown powder. 

1H NMR (400 MHz, CD3CN) δ(ppm): 9.17 (d, J = 6.7 Hz, 8H), 8.88 (d, J = 6.7 Hz, 8H), 8.57 

(d,6.7 Hz, 8H), 8.46 (d,6.7 Hz, 8H), 7.98 (d, J = 7.2 Hz, 8H), 7.83 (d, J = 7.2 Hz, 8H), 7.66 (d, 

J = 8.1 Hz, 8H), 7.37 (d, J = 8.1 Hz, 8H), 4.42 (s, 12H). 13C NMR (101 MHz, CD3CN) 

δ(ppm):  151.03, 149.80, 147.13, 145.97, 144.47, 144.32, 141.99, 141.55, 137.39, 132.51, 

129.26, 127.78, 127.50, 127.43, 125.54, 49.23. HR-MS (ESI+) calc. for [M]8+ m/z = 164.5769; 

found m/z = 164.5773. 

V.3.2. Synthetic procedures related to chapter III  

Synthesis of 37: In a 250 mL round-bottomed flask equipped with a reflux 

condenser and a dropping funnel, 36185 (5 g, 12 mmol) is suspended with 

palladium on carbon 10% (0.1 g)in a mixture of ethanol (30 mL) and 

dimethylformamide (DMF, 5 mL). Then mixture was warmed and hydrazine 

monohydrate 80% (10 mL) in ethanol (15 mL) was added dropwise over a period of 1 hour 

through a dropping funnel, while keeping the temperature at about 70°C. After 4 hours, the 

mixture was filtered while hot to remove Pd/C, then solution was evaporated under reduced 

pressure and the crude material was subjected to chromatography column on silica gel using 

ethyl acetate/dichloromethane 1:1 as an eluent to give 37 (3 g, 70%) as a pure white powder.  
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1H NMR (400 MHz, Acetone) δ(ppm): 7.93 (s, 2H), 7.81 (d, J = 8.7 Hz, 2H), 7.66 – 7.62 (m, 

2H), 7.51 (d, J = 7.7, 2H), 7.20 (t, J = 7.7 Hz, 2H), 7.04 – 6.99 (d, J = 8.7 Hz, 2H), 6.79 – 6.73 

(m, 2H), 4.74 (broad s, 4H). 13C NMR (101 MHz, Acetone) δ(ppm): 158.57, 157.49, 149.37, 

148.69, 140.63, 130.09, 129.08, 128.48, 116.86, 115.92, 115.58, 114.98, 113.17. HR-MS 

(ESI+) calc. for [M+H]+ m/z = 354.1601; found m/z = 354.1594. 

 

Synthesis of 38(PF6)4: To a solution of 49(PF6)2
104 (747mg, 1.18 mmol) in 

EtOH/CH3CN (1:1,16 mL),37 (200 mg, 0.56 mmol) ) was added. The resulting 

mixture was allowed to stir at 70°C for 18h. After completion of the reaction, 

the mixture was evaporated under reduced pressure and the crude product was 

subjected to column chromatography on alumina using 

acetonitrile/water/saturated aqueous potassium nitrate (6:2:2) as eluent. A final 

counter-ion metathesis using a saturated aqueous potassium hexafluorophosphate solution 

afforded 38(PF6)4 (0.28 g, 40%) as a pure light yellow powder. 

1H NMR (400 MHz, CD3CN) ) δ(ppm): 9.30 (d, J = 6.9 Hz, 4H), 8.91 (d, J = 6.6 Hz, 4H), 

8.77 (d, J = 7.6 Hz, 2H), 8.67 (m, 2H), 8.62 (d, J = 6.9 Hz, 4H),  8.48 (d, J = 6.6 Hz, 4H), 

8.29 (s, 2H), 7.92 (t, J = 7.6 Hz, 2H), 7.88(d, J = 8.6 Hz, 2H), 7.41 (s, 1H), 7.04 (d, J = 8.6 

Hz, 2H), 4.44 (s, 6H). 13C NMR (101 MHz, CD3CN) ) δ(ppm):  159.34, 155.59, 151.49, 

151.42, 149.93, 147.18, 146.37, 143.55, 142.16, 131.69, 131.08, 129.52, 127.80, 127.57, 

125.69, 123.73, 118.53, 116.64, 117.91, 30.47. HR-MS (ESI+) calc. for [M]4+ m/z = 

165.8244; found m/z = 165.8242. 

 

Synthesis of 41: To a stirred solution of 40185 (0.4 g, 0.83 mmol) and 4- 

Aminophenylboronic acid pinacol ester (0.54g, 2.49 mmol) in tetrahydrofuran 

(THF, 100mL), Pd(PPh3)4 (0.19 g, 0.16 mmol) and K3PO4 (0.12 g, 0.24 mmol) 

were added. The mixture was then refluxed for 24h, then the solution was 

evaporated under reduced pressure and the crude material was subjected to 

chromatography column on silica gel using ethyl acetate/dichloromethane 3:7 as an eluent to 

give 41 (0.38 g, 92%) as a pure white powder. 

1H NMR (400 MHz, Acetone) ) δ(ppm):  8.72 (s, 1H), 8.55 (s, 2H), 8.21 (d, J = 7.5 Hz, 4H), 

7.92 (d, J = 8.2 Hz, 2H), 7.66 (d, J = 7.7 Hz, 2H), 7.55 (dd, J = 7.5, 5.8 Hz, 6H), 7.03 (d, J = 
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8.2 Hz, 2H), 6.81 (d, J = 8.4 Hz, 4H), 4.79 (s, 4H). 13C NMR (101 MHz, Acetone) ) δ(ppm):  

158.63, 157.23, 149.98, 148.27, 141.88, 140.11, 129.82, 129.27, 129.02, 128.72, 127.68, 

126.47, 124.60, 124.55, 116.11, 115.87, 114.65. HR-MS (ESI+) calc. for [M+H]+ m/z = 

502.2226; found m/z = 506.2232. 

 

Synthesis of 42(PF6)4 :To a solution of 1-(2,4-dinitrophenyl)-1'-methyl-[4,4'-

bipyridine]-1,1'-diium hexafluorophosphate 49(PF6)2
104 (312mg, 0.49 mmol) in 

EtOH/CH3CN (1:1,80 mL), 41 (120 mg, 0.23 mmol) ) was added. The resulting 

mixture was allowed to stir at 70°C for 18h. After completion of the reaction, 

the mixture was evaporated under reduced pressure and the crude product was 

subjected to column chromatography on alumina using 

acetonitrile/water/saturated aqueous potassium nitrate (6:2:2) as eluent. A final 

counter-ion metathesis using a saturated aqueous potassium hexafluorophosphate solution 

afforded 42(PF6)4  (0.13 g, 52%) as a yellow powder. 

1H NMR (400 MHz, CD3CN) (ppm):   9.24 (d, J = 6.4 Hz, 4H), 8.90 (d, J = 6.4 Hz, 4H), 8.65 

– 8.57 (m, 6H), 8.47 (t, J = 6.4 Hz, 6H), 8.25 – 8.14 (m, 6H), 7.91 (t, J = 8.3 Hz, 8H), 7.75 (t, 

J = 7.8 Hz, 2H), 7.41 (s, 1H), 7.06 – 6.98 (m, 2H), 4.44 (s, 6H). 13C NMR (101 MHz, 

CD3CN) (ppm):  207.44, 159.00, 157.39, 150.73, 149.88, 147.17, 146.08, 145.08, 141.12, 

139.54, 130.33, 130.19, 129.85, 129.48, 128.73, 128.33, 127.80, 127.55, 126.53, 125.56, 

117.90, 117.64 116.48, 49.27. HR-MS (ESI+) calc. for [M]4+ m/z = 203.8401; found m/z = 

203.8394. 

 

Synthesis of 43: A dry flask (100 mL) was charged with 40185 (1 g, 2.09 

mmol), 4-Ethynylaniline (1.2 g, 10.2 mmol), piperidine (3 mL), Pd(PPh3)2Cl2 

(150 mg, 0.213 mmol), CuI (47mg, 0.429 mmol) and THF (100 mL). Then the 

mixture was heated at 54oC for 20 h. After cooling, the mixture was washed 

with water, then the solid was dissolved in DCM and purified by column 

chromatography through silica (EA/ dichloromethane = 1/9), affording 

compound 43 (0.4 g, 34%) as yellow powder. 

1H NMR (400 MHz, Acetone) δ(ppm): 8.51 (s, 2H), 8.39 – 8.26 (m, 2H), 8.21 (s, 2H), 7.96 

(d, J = 8.6 Hz, 2H), 7.62 – 7.49 (m, 4H), 7.32 (d, J = 8.5 Hz, 4H), 7.05 (d, J = 8.6 Hz, 2H), 
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6.71 (d, J = 8.5 Hz, 4H), 5.07 (s, 4H). 13C NMR (101 MHz, Acetone) δ 158.64, 156.70, 

150.10, 149.33, 139.82, 132.78, 131.50, 129.54, 129.40, 128.89, 128.76, 126.37, 124.66, 

116.43, 115.78, 114.04, 110.15, 91.15, 86.49. HR-MS (ESI+) calc. for [M+H]+ m/z = 

554.2227; found m/z = 554.2224. 

 

Synthesis of 44(PF6)4: To a solution of 49(PF6)2
104

 (238mg, 0.49 mmol) in 

EtOH/CH3CN (1:1,80 mL),43 (100 mg, 0.18 mmol) ) was added. The resulting 

mixture was allowed to stir at 70°C for 18h. After completion of the reaction, 

the mixture was evaporated under reduced pressure and the crude product was 

subjected to column chromatography on alumina using 

acetonitrile/water/saturated aqueous potassium nitrate (6:2:2) as eluent. A final 

counter-ion metathesis using a saturated aqueous KPF6 solution afforded 

44(PF6)4  (0.07g, 27%) as a brown powder. 

1H NMR (400 MHz, Acetone, 3mM) δ(ppm): 9.75 (d, J = 6.4 Hz, 4H), 9.45 (d, J = 6.4 Hz, 

4H), 9.07 (d, J = 6.4 Hz, 4H), 8.95 (d, J = 6.4 Hz, 4H), 8.80 (s, 1H), 8.57 (s, 2H), 8.49 (d, J = 

7.4 Hz, 2H), 8.26 (s, 2H), 8.14 (d, J = 8.4 Hz, 4H), 8.05 (d, J = 8.4 Hz, 4H), 7.96 (d, J = 8.2 

Hz, 2H), 7.76 (d, J = 7.2 Hz, 2H), 7.69 (d, J = 7.4 Hz, 2H), 7.06 (d, J = 8.2 Hz, 2H), 4.79 (s, 

6H). 13C NMR (101 MHz, Acetone) δ 159.15, 156.33, 150.96, 150.60, 149.47, 147.12, 

145.90, 142.17, 140.16, 133.58, 132.36, 130.20, 129.27, 129.11, 128.74, 128.13, 127.36, 

127.01, 125.21, 122.68, 116.85, 116.10, 92.78, 87.33, 67.21, 48.45. HR-MS (ESI+) calc. for 

[M]4+ m/z = 215.8401; found m/z = 215.8401. 

 

Synthesis of 46: A 500 mL round-bottomed flask was charged with 45 (2.4 g, 

22 mmol), 39 (8.75 g, 44 mmol), ammonium acetate (10.7 g, 0.13 mol) and 

glacial acetic acid (50 mL ). The mixture was refluxed for 18 hours. Then the 

solution was evaporated under reduced pressure and the crude material was 

subjected to chromatography column on silica gel using pentane/dichloromethane 4:6 as an 

eluent to give 46 (4 g, 80%) as a pure white powder. 

1H NMR (400 MHz, Acetone) δ(ppm): 8.56 (t, J = 1.6 Hz, 2H), 8.38 (d, J = 7.8 Hz, 2H), 8.29 

(s, 2H), 8.09 – 7.99 (m, 2H), 7.69 (dd, J = 7.9, 0.9 Hz, 2H), 7.56 (ddd, J = 12.5, 11.2, 4.8 Hz, 

5H). 13C NMR (101 MHz, Acetone) δ(ppm): 155.62, 150.76, 141.60, 138.21, 132.15, 130.74, 
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129.97, 129.33, 129.05, 127.57, 125.95, 122.64, 117.56. HR-MS (ESI+) calc. for [M+H]+ m/z 

= 463.9644; found m/z = 463.9647. 

 

 Synthesis of 47: A dry flask (100 mL) was charged with 46 (0.6 g, 1.29 mmol), 

4-Ethynylaniline (0.75 g, 6.45 mmol), piperidine (2 mL), Pd(PPh3)2Cl2 (73 mg, 

0.103 mmol), CuI (23mg, 0.206 mmol) and THF (50 mL). The mixture was 

degassed by nitrogen bubbling for 3 min and then heated at 90oC for 20 h. After 

cooling, the mixture was washed with water, then the solid was dissolved in 

DCM and purified by column chromatography through silica (EA/ 

dichloromethane = 1/9), affording compound 47 (0.48 g, 65%) as yellow powder. 

1H NMR (400 MHz, Acetone) δ(ppm): 7.93 (s, 2H), 7.83 – 7.79 (m, 2H), 7.65 – 7.62 (m, 2H), 

7.51 (dd, J = 7.7, 1.0 Hz, 2H), 7.20 (t, J = 7.7 Hz, 2H), 7.03 – 7.00 (m, 2H), 6.79 – 6.74 (m, 

2H), 4.74 (s, 4H).  13C NMR (101 MHz, Acetone) δ(ppm): 164.28, 158.56, 157.49, 152.54, 

149,36, 148.69, 140.63, 130.09, 129.08, 128.76, 128.47, 118.99, 116.85, 115.91, 115.58, 

114.97, 114.15, 113,16, 112.21. 

 

 Synthesis of 48(PF6)4: To a solution of 49(PF6)2
104

 (460mg, 0.74 mmol) in 

EtOH/CH3CN (1:1,40 mL),47 (200 mg, 0.37 mmol) ) was added. The resulting 

mixture was allowed to stir at 70°C for 18h. After completion of the reaction, 

the mixture was evaporated under reduced pressure and the crude product was 

subjected to column chromatography on alumina using 

acetonitrile/water/saturated aqueous potassium nitrate (4:4:2) as eluent. A final 

counter-ion metathesis using a saturated aqueous KPF6 solution afforded 

48(PF6)4 (0.21 g, 45%) as a pure yellow powder. 

1H NMR (400 MHz, CD3CN) δ(ppm): 9.17 (d, J = 4.5 Hz, 4H), 8.89 (d, J = 6.4 Hz, 4H), 8.58 

(d, J = 6.4 Hz, 4H), 8.52 (s, 2H), 8.50 – 8.38 (m, 6H), 8.19 (s, 2H), 7.98 (dd, J = 10.8, 5.1 Hz, 

6H), 7.83 (d, J = 8.6 Hz, 4H), 7.75 (d, J = 7.7 Hz, 2H), 7.72 – 7.50 (m, 5H), 4.43 (s, 6H). 13C 

NMR (101 MHz, CD3CN) δ(ppm): 156.87, 151.35, 151.20, 149.82, 147.15, 146.03, 142.26, 

140.42, 138.73, 134.02, 132.96, 130.82, 130.05, 129.95, 129.80, 128.81, 128.01, 127.84, 

127.53, 125.59, 123.20, 118.35, 93.30, 87.85, 67.87, 25.83. HR-MS (ESI+) calc. for [M]4+ m/z 

= 211.8413; found m/z = 211.8409. 
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Synthesis of 53: In a 250 mL round-bottomed flask equipped 

with a reflux condenser, 52187 (1g, 2.01 mmol), Pd(PPh3)4 (0.46 

g, 0.4 mmol), 4-Aminophenylboronic acid pinacol ester (1.32g, 

6.02 mmol) and K3PO4 (1.2 g, 6.02 mmol) were dissolved in 

tetrahydrofuran (THF, 50 mL). The mixture was then refluxed for 24, then the solution was 

evaporated under reduced pressure and the crude material was subjected to chromatography 

column on silica gel using ethyl acetate/dichloromethane 2:8 as an eluent to give 53 (0.95 g, 

90%) as a pure white powder. 

1H NMR (400 MHz, Acetone) δ(ppm): 8.93 (s, 2H), 8.55 (dd, J = 7.7, 0.7 Hz, 2H), 8.11 – 

8.03 (m, 4H), 7.97 (dd, J = 12.3, 4.4 Hz, 4H), 7.86 (dd, J = 7.7, 0.7 Hz, 2H), 7.18 (d, J = 8.8 

Hz, 2H), 6.86 – 6.78 (d, 4H), 4.98 (s, 4H), 3.92 (s, 3H). 13C NMR (101 MHz, Acetone) 

δ(ppm): 160.87, 156.76, 156.46, 155.36, 149.86, 149.68, 137.57, 130.99, 128.42, 127.88, 

127.63, 118.71, 117.84, 117.82, 114.68, 114.20, 54.71. HR-MS (ESI+) calc. for [M+H]+ m/z = 

522.2288; found m/z = 522.2287. 

 

Synthesis of 54(PF6)4: To a stirred solution of 

49(PF6)2
104 (600mg, 0.95 mmol) in EtOH/DMF 

(1:1,55 mL), 53 (250 mg, 0.47 mmol) ) was added. 

The resulting mixture was allowed to stir at 90°C 

for 18h. After completion of the reaction, the mixture was evaporated under reduced pressure 

and the crude product was subjected to column chromatography on alumina using 

acetonitrile/water/saturated aqueous potassium nitrate (4:3:3) as eluent. A final counter-ion 

metathesis using a saturated aqueous potassium hexafluorophosphate solution afforded 

54(PF6)4  (0.3 g, 45%)  as a yellow powder. 

1H NMR (400 MHz, CD3CN) ) δ(ppm): 9.26 (d, J = 6.8 Hz, 4H), 8.97 (s, 2H), 8.90 (d, J = 6.8 

Hz, 4H), 8.83 (d, J = 7.6 Hz, 2H), 8.68 (d, J = 8.6 Hz, 4H), 8.61 (d, J = 6.8 Hz, 4H), 8.47 (d, J 

= 6.8 Hz, 4H), 8.24 – 8.12 (m, 4H), 7.99 (dd, J = 21.6, 8.6 Hz, 6H), 7.17 (d, J = 8.7 Hz, 2H), 

4.44 (s, 6H), 3.91 (s, 3H). 13C NMR (101 MHz, CD3CN) ) δ(ppm):  161.53, 156.54, 156.43, 

154.50, 151.23, 150.63, 149.93, 147.18, 146.10, 145.84, 143.19, 139.26, 131.05, 129.62, 

129.28, 127.83, 127.54, 125.58, 122.04, 121.50, 118.87, 115.12, 55.78, 49.27. HR-MS (ESI+) 

calc. for [M]4+ m/z = 207.8414; found m/z = 207.8414. 
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Synthesis of 55: A dry flask (100 mL) was charged with a 

mixture of 52187 (0.5 g, 1 mmol), 4-Ethynylaniline (0.471 

g, 4 mmol), triethylamine (80mL), Pd(PPh3)2Cl2 (141 mg, 

0.2 mmol), CuI (44mg, 0.4 mmol) and THF (160 mL). 

Then the mixture was heated at 54oC for 20 h. After cooling, the mixture was washed with 

water, then the solid was dissolved in DCM and purified by column chromatography through 

silica using dichloromethane as an eluent, affording compound 55 but not pure and seems to 

decompose on silica.  

1H NMR (300 MHz, Acetone) δ 8.79 (s, 2H), 8.68 (d, J = 7.9 Hz, 2H), 8.02 – 7.93 (m, 4H), 

7.62 (d, J = 7.6 Hz, 2H), 7.38 (d, J = 8.5 Hz, 4H), 7.19 (d, J = 8.8 Hz, 2H), 6.73 (d, J = 8.6 

Hz, 4H), 5.16 (s, 4H), 3.91 (s, 3H). HR-MS (ESI+) calc. for [M+H]+ m/z = 570.2288; found 

m/z = 570.2289. 

 

Synthesis of 56(PF6)4: To a stirred solution 

49(PF6)2
104 (600mg, 0.369 mmol) in 

EtOH/DMF(1:1,55 mL), 55 (100 mg, 0.175 

mmol) was added. The resulting mixture was 

allowed to stir at 90 °C for 18h. After completion of the reaction, the mixture was evaporated 

under reduced pressure and the crude product was subjected to column chromatography on 

alumina using acetonitrile/water/saturated aqueous potassium nitrate (7:2:1) as eluent. A final 

counter-ion metathesis using a saturated aqueous potassium hexafluorophosphate solution 

afforded 56(PF6)4  (0.05 g, 34%) as a yellow powder. 

1H NMR (300 MHz, CD3CN) δ 9.21 (d, J = 6.8 Hz, 4H), 8.91 (d, J = 6.6 Hz, 4H), 8.78 

(m,4H), 8.62 (d, J = 6.8 Hz, 4H), 8.49 (d, J = 6.6 Hz, 4H), 8.05 – 7.49 (m, 14H), 7.17 (d, J = 

8.6 Hz, 2H), 4.44 (s, 6H), 3.90 (s, 3H). 13C NMR (101 MHz, CD3CN) δ(ppm):161.63, 156.96, 

155.96, 151.51, 150.49, 149.82, 147.22, 146.22, 143.08, 142.75, 142.48, 138.48, 135.14, 

134.48, 130.68, 129.07, 128.74, 128.01, 127.74, 125.67, 121.87, 115.87, 92.25, 86.70, 55.84, 

49.77. HR-MS (ESI+) calc. for [M]4+ m/z = 219.8416; found m/z = 219.8421. 

 

Synthesis of 61: In a stirred solution of 59191 (1g, 4.44 × 10-3 moles) in 
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ethanol (25 ml), 60192 (0.604g, 4.44 × 10-3 moles) and NaOH (8M, 36 ml) were introduced in 

the reaction mixture. After that the reaction was refluxed at 79oC for 1 hour, then it was left to 

stir at room temperature overnight. The product was collected by filtration and wash with 

water to obtain pure 61(1.3g, 80%).1H NMR (300 MHz, CDCl3) δ (ppm): δ 8.24 (d, J = 2.1 

Hz, 1H), 7.85 (s, 1H), 7.59 (dd, J = 8.1, 2.1 Hz, 1H), 7.43 (d, J = 8.7 Hz, 2H), 7.14 (d, J = 8.1 

Hz, 1H), 6.96 (d, J = 8.7 Hz, 2H), 3.86 (s, 3H), 3.13 (dd, J = 9.0, 3.9 Hz, 2H), 2.98 – 2.77 (m, 

2H). 13C NMR (400 MHz, CD3CN) δ (ppm):  δ 186.73, 160.93, 143.29, 137.30, 136.43, 

135.58, 133.92, 132.62, 131.31, 130.55, 128.80, 120.75, 114.65, 55.66, 28.47, and 27.40. HR-

MS (ESI+) calc. for [M+H]+ m/z = 343.0328; found m/z = 343.0326. 

 

Synthesis of 62: In a volumetric flask (10 ml) dried under argon compounds 

59191 (0.1g, 2.92 × 10-4 moles), 61(0.065g, 2.92 × 10-4 moles) were introduced, 

then BF3.Et2O (0.73g, 5.17 × 10-3 moles) was added which resulted a brown 

colored mixture. The reaction was then slowly heated to 115 °C and the 

temperature was maintained for 8 h. Then the solution was cooled to 0 °C and carefully added 

ammonium acetate-ethanol solution (4.9 mL, 3.00 M) to it over 45 min. The mixture was then 

refluxed for 24 h. Then it was cooled to room temperature. After that the solvent were 

removed under reduced pressure, 100 mL water was added, and the sample was extracted into 

methylene chloride. The organic extract was dried over magnesium sulfate and filtered, and 

removed at reduced pressure. The residue was subjected to column chromatography on silica 

gel (petroleum ether/dichloromethane, 60:40) to obtain 62 (16mg, 10%). 1H NMR (300 MHz, 

CDCl3) δ (ppm): δ 8.64 (d, J = 2.1 Hz, 2H), 7.43 (dd, J = 8.0, 2.1 Hz, 2H), 7.07 (dt, J = 22.8, 

8.7 Hz, 6H), 3.89 (s, 3H), 2.94 – 2.49 (m, 8H).13C NMR (400 MHz, CDCl3) δ (ppm): δ 

159.18, 149.04, 137.07, 136.57, 131.57, 129.96, 129.79, 129.15, 128.18, 121.06, 114.09, 

55.35, 27.61, 25.69. HR-MS (ESI+) calc. for [M+H]+ m/z = 546.0065; found m/z = 546.0063. 

 

Synthesis of 63: A 100 ml flask equipped with a condenser was flame dried 

under a continuous stream of argon. The flask was charged with 62 (0.2 g, 

0.366 mmol) dissolved in hot anhydrous 1,4-dioxane (15 ml). To the hot 

solution 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (0.16 g, 0.73 

mmol) was added. Upon addition, the color of the reaction immediately became 

brown-red. The reaction was refluxed for a period of 24 h. The reaction was poured into 100 
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mL of a saturated Na2CO3 solution. This was warmed to 65 °C. Then the precipitate was 

collected and washed with water to obtain the desired compound in a quantitative yield as 

white powder. 1H NMR (400 MHz, CD2Cl2) δ 9.92 (d, J = 2.0 Hz, 2H), 7.96 – 7.82 (m, 4H), 

7.70 (q, J = 9.2 Hz, 4H), 7.44 (d, J = 8.7 Hz, 2H), 7.22 (d, J = 8.7 Hz, 2H), 4.00 (s, 3H).  13C 

NMR (400 MHz, CDCl3) δ 159.90, 146.42, 144.47, 133.22, 132.21, 131.94, 131.72, 129.47, 

127.94, 127.84, 126.73, 124.63, 124.60, 121.48, 114.05, 55.44. HR-MS (ESI+) calc. for 

[M+H]+ m/z = 541.9750; found m/z = 541.9743. 

 

Synthesis of 64: A dry flask (100 mL) was charged with a mixture of 63 (0.3 g, 

0.554 mmol), 4-Ethynylaniline (0.324 g, 2.77 mmol), piperidine (0.6 mL), Pd 

(PPh3)2Cl2 (31 mg, 0.044 mmol), CuI (10 mg, 0.088 mmol) and DMF (50 mL). 

Then the mixture was heated at 90oC for 20 h. After cooling, the mixture was 

washed with water, then the solid was dissolved in DCM and purified by 

column chromatography through silica using (EtOAc/dichloromethane, 40:60) 

as an eluent, affording compound 64 (130mg, 40%)as brown yellow powder. 

1H NMR (300 MHz, CD2Cl2) δ 10.01 (s, 2H), 7.92 (dd, J = 14.9, 8.3 Hz, 4H), 7.82 – 7,42 (m, 

10H), 7,22 (d, J = 8.3 Hz, 2H) ,6.74 (d, J = 8.3 Hz, 4H),4.00 (br s, 7H). 13C NMR (400 MHz, 

acetone) δ 149.33, 144.73, 133.15, 132.96, 132.76, 132.44, 131.83, 131.73, 130.98, 128.59, 

128.38, 128.25, 127.95, 127.20, 124.83, 124.42, 123.10, 119.84, 114.16, 110.29, 92.17, 87.33. 

HR-MS (ESI+) calc. for [M+H]+ m/z = 616.2383; found m/z = 616.2373. 

 

65(PF6)4: To a stirred solution of 49(PF6)2
104 (250 mg, 0.4 mmol) in 

EtOH/CH3CN/THF(1:1:1,21 mL), 64 (100 mg, 0.162 mmol) ) was added. The 

resulting mixture was allowed to stir at 70°C for 18h. After completion of the 

reaction, the precipitate was collected and subjected to column chromatography 

on alumina using acetonitrile/water/saturated aqueous potassium nitrate (7:2:1) 

as eluent. A final counter-ion metathesis using a saturated aqueous potassium 

hexafluorophosphate solution afforded 65(PF6)4   (0.1 g, 33%) as a red powder. 

1H NMR (300 MHz, CD3CN) δ 10.00 (s, 2H), 9.18 (d, J = 6.7 Hz, 4H), 8.88 (d, 

J = 6.7 Hz, 4H), 8.57 (d, J = 6.7 Hz, 4H), 8.43 (d, J = 6.7 Hz,4H), 8.09 (t, J = 8.4 Hz, 8H), 

7.87 (t, J = 8.0 Hz,6), 7.72 (d, J = 9.2 Hz, 2H), 7.47 (d, J = 8.5 Hz, 2H), 7.27 (d, J = 8.4 Hz, 
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2H), 4.43 (s, 6H), 3.97 (s, 3H). 13C NMR (400 MHz, acetone) δ 160.60, 151.36, 149.86, 

147.44, 147.17, 146.03, 145.41, 142.27, 134.47, 134.19, 132.56, 132.35, 132.02, 129.27, 

128.67, 128.22, 127.97, 127.80, 127.64, 127.52, 126.08, 125.59 , 125.17, 121.42, 114.75, 

94.27, 88.66, 68.10, 49.50. HR-MS (ESI+) calc. for [M]4+ m/z = 231.3445; found m/z = 

231.3440. 

 

Synthesis of 66: In a round bottom flask, 63 (180 mg, 0.331 mmol) was 

dissolved in 50 ml dry CH2Cl2 at room temperature. 1 mL BBr3 solution (1.0 M 

in CH2Cl2) was then added dropwise at -78 °C. The reaction mixture was 

allowed to warm to room temperature overnight. It was then washed with 10% 

aqueous HCl and extracted with CH2Cl2. The organic layer was washed with brine and dried 

over MgSO4 .Then the solution was evaporated under reduced pressure to obtain the desired 

compound in a quantitative yield as a red powder. 1H NMR (400 MHz, CD2Cl2) δ 9.87 (s, 

2H), 7.85 (dt, J = 24.5, 5.1 Hz, 4H), 7.66 (dd, J = 22.4, 9.3 Hz, 4H), 7.34 (d, J = 8.4 Hz, 2H), 

7.10 (d, J = 8.4 Hz, 2H). 13C NMR (400 MHz, CDCl3) δ 156.03, 146.33, 144.49, 133.24, 

132.23, 131.96, 131.92, 129.50, 128.04, 127.95, 126.79, 124.61, 121.49, 115.50. HR-MS 

(ESI+) calc. for [M+H]+ m/z = 527.9593; found m/z = 527.9604. 

 

Synthesis of 67: A dry flask (100 mL) charged with a mixture of 66 (0.35 g, 

0.661 mmol), tert-butyl (4-ethynylphenyl) carbamate (0.71 g, 3.3 mmol), 

piperidine (0.6 mL), Pd(PPh3)2Cl2 (37 mg, 0.052 mmol), CuI (12 mg, 0.16 

mmol) and DMF (50 mL) was heated at 90oC for 20 h. After cooling, the 

mixture was washed with water, then the solid was dissolved in DCM and 

purified by column chromatography through silica using (dichloromethane 

/Pentane; 9:1) as an eluent, affording compound 67 as a yellow powder. 

1H NMR (400 MHz, Acetone) δ 9.98 (s, 2H), 8.82 (s, 1H), 8.52 (s, 2H), 8.05 (d, J = 8.2 Hz, 

2H), 7.99 – 7.84 (m, 4H), 7.70 (q, J = 8.9 Hz, 10H), 7.42 (d, J = 8.4 Hz, 2H), 7.20 (d, J = 8.4 

Hz, 2H), 1.54 (s, 18H). 13C NMR (400 MHz, Acetone) δ 157.86, 152.71, 146.92, 144.87, 

140.27, 133.19, 132.32, 131.78, 131.72, 131.27, 128.34, 128.32, 127.08, 126.60, 124.89, 

124.54, 122.30, 118.26, 116.72, 115.62, 90.73 , 88.99, 79.73, 27.72. HR-MS (ESI+) calc. for 

[M+H]+ m/z = 802.3264; found m/z = 802.3275. 
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Synthesis of 68: In a round bottom flask, 67 (10 mg, 0.012 mmol) was 

dissolved in 10 ml dry pyridine. Trifluoromethanesulfonic anhydride (4.2 

μl, 0.024 mmol) was slowly added at 0oC. The resultant mixture was stirred 

at 0oC for another 30 min, and then the reaction was warmed to room 

temperature. The mixture was kept at room temperature for 2 days. After 

that, the mixture was poured into 200 ml cold water, and was extracted by 

dichloromethane and evaporated under reduced pressure. The crude product 

was subjected to column chromatography on silica gel (petroleum ether/dichloromethane, 

30:70) to obtain 68 as a yellow powder in a quantitative yield.  

1H NMR (400 MHz, THF) δ 10.81 (br s, 1H), 9.94 (s, 2H), 8.56 (s, 2H), 7.97 (d, J = 8.2 Hz, 

2H), 7.88 (dd, J = 31.3, 8.2 Hz, 2H), 7.80 (d, J = 9.2 Hz, 2H), 7.73 (q, J = 8.8 Hz, 5H), 7.59 

(s, 7H), 7.49 (d, J = 9.2 Hz, 2H), 1.53 (s, 18H). 13C NMR (400 MHz, Acetone) δ 152.51, 

149.90, 144.96, 144.08, 140.33, 137.02, 132.97, 132.68, 132.11, 131.69, 131.40, 128.25, 

128.01, 127.61, 123.88, 123.75, 122.78, 121.85, 117.83, 116.65, 91.05 , 88.81, 79.24, 27.70. 

19F NMR (282 MHz, Acetone) δ -74.03. 

 

Synthesis of 72: A dry flask (100 mL) was charged with a mixture of 68 

(0.08 g, 0.085 mmol), 71193 (25 mg, 0.128 mmol), NEt3 (10 mL), 

Pd(PPh3)2Cl2 (4.8 mg, 6.86 μmol), CuI (0.4 mg, 6.86 μmol) and DMF (10 

mL). Then the mixture was heated at 90oC for 48 h. After cooling, the 

mixture was washed with water, then the solid was dissolved in DCM and 

purified by column chromatography through silica using 

(dichloromethane/pentane; 8:2) as an eluent, affording compound 72 as a 

light yellow powder. 

1H NMR (400 MHz, THF) δ 9.95 (s, 2H), 8.56 (s, 2H), 8.06 (s, 1H), 7.97 

(d, J = 8.2 Hz, 2H), 7.91 – 7.76 (m, 8H), 7.59 (q, J = 8.2 Hz, 13H), 7.26 (d, J = 2.3 Hz, 1H), 

7.18 (dd, J = 8.9, 2.5 Hz, 1H), 3.91 (s, 2H), 1.53 (s, 18H). 13C NMR (400 MHz, Acetone) δ 

158.85, 152.53, 145.50, 144.98, 140.37, 136.24, 134.59, 133.06, 132.71, 132.11, 131.76, 

131.61, 131.26, 130.69, 129.12, 128.66, 128.62, 128.34, 127.95, 127.30, 126.86 , 124.18, 

123.95, 123.88, 122.63, 119.44, 117.85, 117.76, 116.70, 105.70, 90.92, 88.86, 88.30, 79.24, 

78.27, 54.88, 27.84. 
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 Synthesis of 73: To a stirred solution of 72 (50 mg, 0.051 mmol) in 

dichloromethane (30 mL), TFA (1.5 mL) was added at 0oC. Then mixture was 

allowed to stir at room temperature for 3 hour. After evaporation a saturated 

aqueous solution of sodium bicarbonate was added and the subsequent mixture 

was extracted three times with dichloromethane. The organic layer was washed 

with brine, dried (Na2SO4) and evaporated under reduced pressure. Then 

subjected to chromatography column on silica gel using 

dichloromethane/pentane (8:2) as an eluent to afford compound 73 as a yellow 

powder. 

1H NMR (400 MHz, Acetone) δ 9,94(s, 2H), 8.16 (s, 1H), 8.07 (d, J = 8.3 Hz, 2H), 7.93 (m, 

7H), 7.64 (m, 8.1 Hz, 6H), 7.46 (d, J = 8.3 Hz, 4H),  7,3 (s, 1H),  7.24 (d, J = 8.4 Hz, 1H), 

6.78 (d, J = 8.2 Hz, 4H), 5,13(s, 4H), 3,97(s, 3H). HR-MS (ESI+) calc. for [M+H]+ m/z = 

766.2853; found m/z = 766.2858. 

 

Synthesis of 74(PF6)4: A solution of 49(PF6)2
104 (184 mg, 0.294 mmol) was 

dissolved in EtOH/CH3CN/THF(1:1:1,21 mL) then 73 (90 mg, 0.117 mmol) 

was added. The resulting mixture was allowed to stir at 70 °C for 18h. After 

completion of the reaction, the precipitate was collected and washed with 

dichloromethane to afforded and purified on silica using pressure to obtain 

74(PF6)4  (66 mg, 10%) as an orange powder. 

1H NMR (400 MHz, DMSO) δ 9.95 (s, 2H), 9.44 (d, J =6.95Hz, 4H), 9.31 (d, J 

= 6.2 Hz, 4H), 8.94 (d, J = 6.95 Hz, 4H), 8.86 (d, J =6.95Hz, 4H), 8.3 – 7,98 

(m, 16H), 7.98 – 7.85 (m, 4H), 7.81 (d, J = 8.8 Hz, 1H), 7.64 (m, 2H), 7.53 (d, J 

= 8.8 Hz, 1H), 7.40 (s, 1H), 7.25 (d, J = 6.7 Hz, 1H), 4.47 (s, 6H), 3.91 (s, 3H). 

HR-MS (ESI+) calc. for [M]4+ m/z = 268.8557; found m/z = 268.8553. 

V.3.3. Synthetic procedures related to chapter IV 

 Synthesis of 4 : To a stirred, degassed solution of 4-ethynylaniline (117 mg, 

1.0 mmol), 3209 (208 mg, 1.0 mmol), cupper(I) iodide (9.5 mg, 5 mol %), 

triethylamine (4 mL) and tetrahydrofuran (16 mL), bis(triphenylphosphine)palladium(II) 

dichloride (70 mg, 10 mol %) was added. The reaction mixture was stirred for 18 h at 60 °C 
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and subsequently concentrated under reduced pressure. Purification by flash chromatography 

on silica gel (ethyl acetate/cyclohexane: 1/1) gave 4 (172 mg, 87%) as a yellow solid.  

1H NMR (300 MHz, CDCl3): δ 3.76 (s, 3H), 3.78 (br s, 2H), 6.63 (d, 2H, J = 8.4 Hz), 6.90 (s, 

1H), 7.06 (s, 1H), 7.36 (d, J = 8.4 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ = 33.7, 66.8, 84.9, 

93.7, 111.1, 114.8 (2C), 121.4, 129.7, 133.3 (2C), 147.5 .  HR-MS (ESI+): calc. for C12H12N3 

[M+H]+ 198.1031, found 198.1030. 

 

 Synthesis of 6(PF6)2 : To a stirred solution of 5(PF6)2
104 

(78 mg, 0.1 mmol) in ethanol (10 mL) and acetonitrile (10 

mL), 4 (43 mg, 0.22 mmol) was added. The reaction 

mixture was stirred for 6 h at 80 °C and subsequently concentrated under reduced pressure. 

Purification by flash chromatography on silica gel (acetonitrile/water/saturated aqueous 

potassium nitrate: 100/15/2.5) and anion exchange using an aqueous saturated KPF6 solution, 

gave 6(PF6)2 (31 mg, 38%) as an orange solid.  

1H NMR (400 MHz, DMSO-d6,): δ 3.84 (s, 6H), 7.08 (d, 2H, J = 0.9 Hz), 7.42 (d, 2H, J = 0.9 

Hz), 8.07 (s, 8H), 9.10 (d, 4H, J = 7.0 Hz), 9.74 (d, 4H, J = 7.0 Hz).  13C NMR (100 MHz, 

CDCl3): δ 32.2, 83.5, 90.7, 124.2, 126.1, 127.1, 128.4, 130.7, 132.1, 134.4, 143.0, 146.6, 

151.4 .  HR-MS (ESI+): calc for C34H26N6
2+ [M-2PF6]

2+ 259.1109, found 259.1112. 
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