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Dynamic Molecular Metamorphism involving Palladium-Assisted 

Dimerization of π-Cation Radicals 

Christophe Kahlfuss,[a] Raymond Grüber,[a] Elise Dumont,[a] Guy Royal,[b] Floris Chevalier,[a]  Eric Saint-

Aman*[b] and Christophe Bucher*[a] 

Abstract: A dynamic supramolecular approach is developed to 

promote the π-dimerization of viologen radicals at room 

temperature and in standard concentration ranges. It involves cis- 

or trans-protected palladium centers serving as inorganic hinges 

linking two functionalized viologens endowed with metal-ion 

coordinating properties. On the ground of detailed spectroscopic, 

electrochemical and computational data, we show that the one 

electron electrochemical reduction of the viologen units in 

different dynamic metal:ligand mixtures leads to the formation of 

the same intramolecular -dimer, regardless of the initial 

environment around the metallic precursor and of the relative ratio 

between metal and ligand initially introduced in solution. The large 

scale electron-triggered reorganization of the building blocks 

introduced in solution thus involves drastic changes in the 

stoichiometry and stereochemistry of the palladium/viologen 

complexes proceeding in some cases through a palladium 

centered trans →cis isomerization of the coordinated ligands  

Introduction 

Over the course of a few decades, π-radicals have become key 

players in supramolecular chemistry. They have proved 

particularly relevant to the development of organic molecular 

conductors and magnet materials or to provide access to 

molecular hosts displaying switchable recognition/transport 

properties.1-6 Most of these achievements in very different 

application areas involve stable electron-deficient or electron-rich 

π-radicals used as building blocks for the construction of 

molecular or supramolecular complexes stabilized by charge 

transfer processes.7-10 Another salient, albeit far less exploited, 

feature of π-radicals is their ability to form cofacial diamagnetic 

complexes, commonly known as π-dimers. Many previous 

studies have revealed that such bimolecular assembly can 

potentially be formed by association of two anionic, cationic and 

even neutral radicals held together within cofacial structures 

featuring sub van der Waals interplanar distances.5, 11-14 

Viologen derivatives are unique among the many π-conjugated 

systems capable of forming π-dimers11, 14, 15 in that their 

association at the ground state (dicationic non radical state) is 

prevented by repulsive electrostatic forces. Such an 

advantageous feature does not apply for instance to neutral or 

weakly charged polyaromatics forming cofacial dimeric 

complexes both in their ground states (stabilized by so called “π-

π” interactions) and in their radical states (stabilized by 

pimerization or by π-dimerization). The dimerization of viologen 

radicals has been shown over the years to be a fully reversible 

process proceeding with fast kinetics and to be readily identified 

by standard spectroscopic and electrochemical techniques.16, 17 

Despite all these positive features, the use of π-dimers in 

supramolecular chemistry has been so far greatly limited by 

experimental issues mostly arising from their quite weak 

formation constants, the latter being eventually circumvented in 

confined environment, in dendrimeric structures,18, 19 or in non 

standard conditions involving either large concentrations of 

radicals or low temperatures.20-24 

One strategy that we have used over the past few years to 

circumvent these issues and to promote the formation of 

intramolecular π-dimers between viologen cation radicals relies 

on tedious multi-steps sequences aiming at introducing suitable 

organic covalent linkers between both π-units involved in the 

dimerization (Scheme 1A).25-36 Works carried out along these 

lines have led to the emergence of a wide range of responsive 

metamorphic molecular systems whose conformation can be 

controlled by redox input.5, 10, 12-15, 20, 23, 37-41  

We now wish to report a far more straightforward and effective 

approach where preorganization of the redox-active tectons and 

their π-dimerization are promoted by implementation of self-

assembly principles. The basic concepts underlying this novel 

approach are illustrated in Scheme 1B with simple sketches.  

 
Scheme 1. 
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The idea was to provide each viologen with the ability to 

spontaneously self-assemble in the presence of metal ions 

through their functionalization with suitable coordinating groups. 

As part of this strategy, it was anticipated that the number and 

relative position of viologen-appended ligands (L on Scheme 1) 

assembled around each metal center could be controlled by a 

careful design of the coordinating unit (denticity, topicity, 

structure…) together with a thoughtful selection of the metal 

center (coordination number, geometry…). 

In the present study, a palladium (II) ion has been used as an 

inorganic hinge allowing to bring together two imidazole 

appended viologens and to promote the intramolecular 

dimerization of the electrogenerated π-cation radical. Pd (II) has 

been selected i) for its ability to form well-defined and 

thermodynamically stable square planar complexes featuring 

either cis-protected, trans-protected or unprotected Pd2+ ions, ii) 

for the labile nature of the Pd-nitrogen bond providing a dynamic 

character to the targeted self-assembly processes, as well as iii) 

for the chemical inertness and redox inactivity of most palladium 

complexes over large potential windows.42 In the following 

paragraphs, the Pd-assisted π-dimerization processes involving 

a rigid and linear viologen-imidazole conjugate will be discussed 

based on spectroscopic and (spectro-) electrochemical and 

computational data.  

Results and Discussion 

The structure and the synthesis of the targeted tecton 4(PF6)2, 

featuring an electro-active viologen and an imidazole ligand as 

key functional elements,29 are shown in Figure 1. A conjugated 

butadiynyl spacer was selected to minimize steric hindrance and 

to provide a relative flexibility to the tecton. The Key intermediate 

3 was obtained from a modified Cadiot-Chodkiewicz43 coupling 

reaction involving 1 and 2 as reactants.   

 

Figure 1. a) Pd(PPh3)2Cl2, CuI, THF/Et3N, 45 °C, 30 min, 40%. b) CF3CO2H, 

CH2Cl2, r.t. 30 min, 90%.%. c) 1-(2,4-dinitrophenyl)-1'-methyl-4,4'-bipyridinium 
hexafluorophosphate, EtOH/CH3CN, reflux 18 h, 58%. 

The targeted compound 4(PF6)2 was ultimately obtained from a 

Zincke coupling reaction44 involving the aniline appended methyl 

imidazole 3 and a 2,4-dinitrophenyl-substituted viologen 

precursor. The metal induced self-assembly has been 

investigated with two different palladium sources featuring either 

a cis- or a trans- protected coordination scheme (Figure 1), 

namely the cis-(ethylenediamine)dinitratopalladium(II) complex, 

noted cis-[Pd(NO3)2(en)], and the trans-bis(acetonitrile)dichloro-

palladium(II) complex, noted trans-[Pd(Cl)2(CH3CN)2], wherein 

the exchangeable coordination sites are occupied by nitrate 

anions and acetonitrile molecules, respectively (X in Figure 1). 

 
1H NMR characterization of the palladium complexes. 

The self-assembled species formed in solution at different 

metal/ligand ratio could be readily identified by 1H NMR 

measurements. Similar behaviours have been observed in 

deuterated DMSO and DMF (A fully attributed spectrum of 4(PF6)2 

is provided in the supplementary section as Fig. ESI 13). The 

changes observed in d6-DMSO upon addition of increasing 

amounts of cis-[Pd(NO3)2(en)] are shown in Figure 2 with a focus 

at high field on two signals at 4.45 and 3.77 ppm, attributed to the 

methyl substituents on the pyridine and imidazole rings, 

respectively.  

 
Figure 2. Partial 1H NMR spectra of 4(PF6)2 (2 mM, DMSO-d6, 500 MHz) 

recorded during the addition of cis-[Pd(NO3)2(en)] (number of equivalents, neq 

Pd, written on the left). The signal of 42+, cis-[Pd2+(en)(42+)2] and cis-

[Pd2+(en)(S)(42+)] are labelled with a, b and c, respectively. 

The equilibria involved in solution are kinetically slow at the NMR 

time scale and the largest shifts of about 0.5 ppm are observed 

for the signals attributed to the protons of the imidazole ring. A 

detailed analysis of the spectra reveals that two different 

complexes are formed in solution : The 1:2 complex cis-

[Pd2+(en)(42+)2], accumulating at the early stage of the titration, 

and the 1:1 species cis-[Pd2+(en)(42+)(S)] (where S represents a 

coordinating solvent molecule), formed towards the end of the 

experiment. These conclusions are supported by the observation 

of three different sets of signals whose intensities vary over the 

course of the titration. For instance, the protons resonating at 3.77 

ppm in the free ligand 42+ gets shifted to 3.84 ppm in cis-

[Pd2+(en)(42+)2] and to 3.85 ppm in cis-[Pd2+(en)(42+)(S)] (Figure 

2). We found that the maximum concentrations in cis-
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[Pd2+(en)(42+)2] and [Pd2+(en)(42+)(S)] are obtained after addition 

of 0.5 and 5 molar equivalents of Pd (II), respectively and that the 

relative concentration of each species do not vary over time. We 

then turned our attention towards assessing the conformation of 

the cis-[Pd2+(en)(42+)2] complex in solution. A preliminary analysis 

based on the minimization of steric and electrostatic repulsive 

forces led us to identify the anti-conformation shown in Figure 3 

as the most favourable one. This arrangement not only sets both 

positively charges units far away from each other, it also enables 

to minimize the steric repulsion between the imidazole, ethynyl 

and ethylenediamine moieties. Such conclusion does not apply to 

the “coplanar” or “cis” arrangements also depicted in Figure 3, 

wherein steric or electrostatic repulsive forces reach maximum 

values. The assumption that both rigid viologen-containing 

ligands assembled around the same palladium center in cis-

[Pd2+(en)(42+)2] adopt an anti-like conformation has been further 

confirmed by 1H NMR spectroscopy using the chemical shifts of 

the protons on the viologen units as probes, assuming that the 

proximity between π rings can be revealed through the 

observation of low field shifts in the aromatic region.45 In support 

of the above mentioned hypothesis that both aromatic arms 

indeed do not “see” each other in solution, we found that the 

protons of the viologen units resonate at the same frequencies in 

cis-[Pd2+(en)(42+)2] and in cis-[Pd2+(en)(42+)(S)] and that the shift 

of the signals corresponding to the hydrogens on the phenyl ring 

is almost negligible (0.05 ppm) through the whole titration 

experiment (see Fig. ESI 20). The relative stability of these 

isomers has been further investigated by computational methods. 

These calculations led to the finding that the steric repulsion 

between both imidazoles in the coplanar conformation is too large 

to enable its optimization and that the anti-conformation is indeed 

significantly more stable than the syn-conformation (+17.2 

kcal.mol-1 at the BP86/6-31G*+LANL2DZ level of theory). 

 
Figure 3. Representation of the syn, anti and coplanar conformations of cis-
[Pd2+(en)(42+)2] 

A similar study was then conducted using the trans-protected 

complex trans-[Pd(Cl)2(CH3CN)2] as the palladium source. In 

contrast with the previous case, different behaviours were 

monitored in DMSO and in DMF.  Addition of increasing amounts 

of metal to a solution of 42+ in d6 -DMSO led to the progressive 

disappearance of all the signals attributed to the free ligand at the 

expense of a single set of signals attributed to the 1:1 coordination 

complex trans-[Pd(Cl)2(S)(42+)] (see figure ESI 17 and 22). The 

associated NMR signals were found to reach full developments 

only after addition of more than 2 molar equivalents of Pd2+ and 

here again, the reaction time was found to be ineffective at 

modifying the distribution between both species involved in the 

complexation equilibrium. Conducting the same experiment in 

deuterated DMF led conversely to the observation of three 

consecutive species, including the expected 1:2 and 1:1 (M:L) 

complexes, as revealed for instance by the observation of three 

distinct singlets for the N-methyl substituent of the imidazole ring 

(Figure 4). Failure to observe the 1:2 (M:L) complex trans-

[Pd(Cl)2(4
2+)2] in DMSO  is still unclear. The most likely 

explanations are either that binding of DMSO prohibits formation 

of the 1:2 intermediate or that the 1:1 and 1:2 (M:L) complexes 

cannot be distinguished by 1H NMR in this solvent due to the fact 

the all protons fortuitously resonate at the same frequencies.  

 
Figure 4. Partial 1H NMR spectra of 4(PF6)2 (2 mM, DMF-d7, 500 MHz) recorded 
during the addition of trans-[Pd(Cl)2(CH3CN)2] (number of equivalents, neq Pd, 
written on the left). The signal corresponding to the imidazole moieties of 42+ 
and trans-[Pd(Cl)2(42+)2] trans-[Pd(Cl)2(L)(42+)] are labelled with a, b, and c 
respectively.  

The free ligand 42+ and the associated palladium complexes have 

been submitted to detailed electrochemical analyses in DMF 

electrolytes. As expected, the voltammogram of 42+ exhibits two 

consecutive and reversible viologen-based one-electron 

reduction waves (Fig. ESI 27) observed at E1/2
1 = -0.652 mV (ΔEp

1 

= 60 mV, ν = 0.1 V s-1) and E1/2
2 = -0.946 mV (ΔEp

2 = 58 mV, ν = 

0.1 V s-1).  

These preliminary investigations have then been completed upon 

studying the influence of palladium on the electrochemical 

signature of 42+. CV curves recorded on the whole accessible 

potential window are provided in the ESI section but the following 

discussion will only focus on the first viologen-centered reduction 

wave. Addition of increasing amounts of cis-[Pd(NO3)2(en)], up to 

0.5 molar equivalent, to a solution of 42+ in DMF was found to 

induce the progressive disappearance of the initial wave 

attributed to the 42+/4+• couple (E1/2
1 = -0.652 mV, ΔEp

1 = 60 mV, 

ν = 0.1 V s-1, bold line in Figure 5) at the expense of a new 

reversible wave growing at less negative potential values (E1/2
1 = 

-0.595 V, ΔEp
1 = 38 mV, ν = 0.1 V s-1) (thin line in Figure 5A). 

Further addition of palladium, from 0.5 to 3 molar equivalents, led 

to a second set of changes leading in fine to the development of 

a new wave featuring a marked irreversible character (dashed line 

in Figure 5A). An interesting finding that emerged from a simple 

analysis of the curves overlaid in Figure 5 is that the reduction of 
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the complex formed after addition of an excess of palladium and 

that of the free ligand 42+ occurs at the same potential values 

(dashed and full bolded lines in Figure 5A) whereas its back re-

oxidation potential matches that measured for the complex 

formed after addition of 0.5 molar equivalent of cis-[Pd(NO3)2(en)] 

(dashed and full thin lines in Figure 5A). 

The influence of the metal/ligand stoichiometric ratio on the 

electrochemical data discussed above can be readily explained 

by the mechanism summarized in Figure 6 involving a series of 

chemical (C) and electrochemical steps (E). The starting point for 

understanding the CV curve shown as a thin solid line in Figure 

5A is the information provided by NMR that cis-[Pd2+(en)(42+)2] is 

the main product (~80%) of the mixture obtained after addition of 

0.5 molar equivalent of palladium.  

 

 

Figure 5. Raw voltametric curves measured for 4(PF6)2 at 0.4 mM in DMF + 
TBAP 0.1 M (VC, Ø = 3 mm, E (V) vs Ag/Ag+ 10-2 M, ν = 0.1 V s-1) before addition 

of Pd(II) (bold solid line), and after addition of 0.5 molar equivalent (thin solid 
line) of A) cis-[Pd(NO3)2(en)] and B) trans-[Pd(Cl)2(CH3CN)2], and after addition 

of A) 3 molar equivalents of cis-[Pd(NO3)2(en)] and B) 2 molar equivalents of 
trans-[Pd(Cl)2(CH3CN)2] (dashed line). 

The existence of a palladium-assisted intramolecular -

dimerization coupled to the electron transfer leading in fine to the 

intramolecular dimer cis-[Pd2+(en)2(4
+)2]Dim (bottom of Figure 6), is 

then revealed by a careful analysis of the electrochemical curves. 

The most relevant data supporting this conclusion being  i) a 

significant shift of the reduction potential towards less negative 

values, from E1/2 = -0.65 V for the free ligand to E1/2 = -0.59 V, 

which is in agreement with a large stabilization of the 

electrogenerated radicals upon dimerization, ii) a drop of the ΔEp 

value from 60 mV measured on the curve of the free ligand to 40 

mV measured in the presence of 0.5 molar equivalent of 

palladium and iii) the inability of the free ligand to dimerize in the 

same conditions, in palladium free solutions. These 

electrochemical data thus support the notion that reducing the 

viologen units actuates a rotation of the rigid viologen-imidazole 

conjugates to yield the intramolecular π-dimer cis-

[Pd2+(en)(4+)2]Dim (Bottom of Figure 6). The electrochemical 

signature recorded at this metal/ligand ratio thus demonstrates 

that the main reaction pathway taken by the initial mixture 

submitted to an electrochemical stimulus follows the E2C 

mechanism shown as a dotted-dashed arrow in Figure 6. The first 

electrochemical steps are the two successive reductions of the 

complex cis-[Pd2+(en)(42+)2] (E°1b and E°2b with |E°2b| > |E°1b|)
46 

leading to the doubly reduced species cis-[Pd2+(en)(4+•)2] which is 

readily converted into the intramolecular dimer cis-

[Pd2+(en)(4+)]Dim. The stabilization of both cation radicals upon 

dimerization thus appears as the real driving force displacing all 

the equilibria involved in the initial mixture containing 42+ (free 

ligand), cis-[Pd2+(en)(42+)2] (1:2 complex) and cis-

[Pd2+(en)(S)(42+)] (1:1 complex).  

A similar EnCn mechanism can be put forward to explain the shape 

of the CV curve recorded after addition of palladium in excess 

(dashed line in Figure 5A). From the NMR data discussed above, 

we know that the main species (70 %, Figure ESI 21) in solution 

in these conditions is the 1:1 complex cis-[Pd2+(en)(S)(42+)]. From 

an electrochemical point of view, accumulation of this species in 

solution results in a large cathodic shift of the reduction potential, 

up to Epc = -0.69 V matching that measured for the free ligand 42+ 

(Epc = -0.68 V). On the other hand, the re-oxidation wave 

observed during the backward scan is found to be shifted to a 

potential Epa = -0.56 V matching that corresponding to the re-

oxidation of the intramolecular dimer cis-[Pd2+(en)(4+)]Dim (Epa = -

0.57 V) (Figure 5A). These findings are thus consistent with the 

reaction pathways shown as dashed arrows in Figure 6. The initial 

step is the reduction of the viologen unit in the main species cis-

[Pd2+(en)(S)(42+)]. Its reduction potential matches that of the free 

ligand 42+ because the palladium ion bound to the imidazole is just 

too far away from the viologen to significantly affect its electron-

acceptor properties. 

 

 
Figure 6. Schematic representation of the chemical and electrochemical 
reactions and equilibria involving 42+ and of cis-[Pd(NO3)2(en)]. Each 
Electrochemical steps (E)  represented in this mecanism are mono-electronic 

The electrogenerated cis-[Pd2+(en)(S)(4+•)] complex is then 

involved in a series of chain reactions (K4, K6, Kdim) driven by the 

stability of the final product cis-[Pd2+(en)(4+)]Dim, which gets re-

oxidized at Epa = -0.57 V. The irreversible character of the 

resulting CV curve (dashed line in Figure 5) thus results from a 

series of E/C reactions proceeding within the time scale of the 

experiment (a few seconds at  = 0.1 V s-1)47 and allowing to 

convert the reduced species cis-[Pd2+(en)(S)(4+•)] into the folded 

π-dimerized complex cis- [Pd2+(en)(4+)]Dim.  
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The electrochemical behaviour of 42+ in the presence of cis-

[Pd(NO3)2(en)] at different ligand/metal ratios is summarized in 

Figure 7 as simple square schemes overlaid on the CV curves. 

As observed in dynamic combinatorial chemistry, the composition 

of the mixture is here determined by the thermodynamic stability 

of each members of the library involving the free ligand 42+, the 

palladium ethylene diamine precursor and the electrons as key 

components of the selection process leading to the same 

intramolecular -dimer, regardless the M/L ratio in solution. 

 
Figure 7. Electrochemical data, and associated chemical steps, recorded for 
mixture of 42+ and cis-[Pd(NO3)2(en)] at A) 2:1 and B)  1:3 L:M ratios. 

The same investigation was then conducted using a trans-

protected PdCl2 complex, noted trans-[Pd(Cl)2(CH3CN)2], as the 

metal source. The electrochemical data recorded during the 

progressive addition of palladium to an electrolytic solution of 42+ 

in DMF can be summarized as follow: Addition of 0 to 0.5 molar 

equivalent of trans-[Pd(Cl)2(CH3CN)2] led to the disappearance of 

the initial reduction wave (bold solid line in Figure 5B, E1/2
1 = -0.65 

mV, ΔEp
1 = 60 mV, ν = 0.1 V s-1) at the expense of a new wave 

growing at a less negative potential value and featuring a ΔEp 

value of about 37 mV (thin solid line in Figure 5, E1/2
1 = -0.59 V, ν 

= 0.1 V s-1). Addition of an excess metal then led to a conversion 

of the latter signal into a fully irreversible wave centered at Epc = -

0.709 V (dashed line in Figure 5B).  

The task of interpreting these CV curves has also been 

achieved starting from the NMR data discussed above 

demonstrating that the mixture obtained after addition of 0.5 molar 

equivalent of PdCl2 contains the free ligand 42+, the 1:2 (M:L) 

complex trans-[Pd(Cl)2(4
2+)2] and the 2:1 (M:L) species trans-

[Pd(Cl)2L(42+)] in a 3/12/5 ratio respectively. From an 

electrochemical point of view, a simple comparison of the solid 

curves depicted in Figure 5 A and B readily reveals that the 

reduction potentials of the species formed at this L:M ratio with 

trans-[Pd(Cl)2(CH3CN)2] or cis-[Pd(NO3)2(en)] are identical. In 

both cases, the wave developing at a much less negative potential 

and featuring the same diagnostic ΔEp value (<40 mV) is thus 

attributed to a large scale dynamic reorganisation of the reactants 

driven by the stabilization of the electrogenerated viologen 

radicals in the intramolecular π-dimers cis-[Pd2+(en)(4+)]Dim or 

trans-[Pd(Cl)2(4
+)2]Dim. The mechanism proposed to generate the 

latter species from a 1/2 trans-[Pd(Cl)2(CH3CN)2/4
2+ mixture is 

summarized in Figure 8 with simple sketches.  

 
Figure 8. Electrochemical data, and associated chemical steps, recorded for 
mixtures of 42+ and trans-[Pd(Cl)2(CH3CN)2] in A) a 1:2 and B) a 2:1 M/L ratios. 

The exact mechanism remains to be established but the shape of 

the CV curve indicates that the kinetics of the coupled chemical 

process is fast compared to the time scale of the CV experiment. 

As observed with the cis protected palladium precursor, the shape 

of the CV curve depicted in Figure 8A results from a series of fast 

reactions drawn by the thermodynamic stability of an 

intramolecular dimer.  

A careful examination of the electrochemical data recorded after 

addition of an excess metal  also provided evidence of electron 

transfer centered on the 1:1 complex trans-[Pd(Cl)2(S)(42+)] seen 

as the main irreversible signal at Ep = -0.71 V in Figure 8B. As 

seen with the cis-protected analog, the viologen unit in trans-

[Pd(Cl)2(S)(42+)] gets reduced at about the same potential than 

the free ligand (Ep = -0.68 V) (Figure 5B). Another intriguing 

feature of the wave observed only at large M:L ratio with PdCl2 is 

the apparent irreversible character of the viologen-based 

reduction wave. Further investigations carried out in the presence 

of an excess metal allowed us to attribute this irreversibility to the 

physisorption of the electrogenerated reduced species on the 

electrode surface, as revealed by the observation of thick films 

covering the electrode surface during bulk electrolyses.  

 

Spectro-electrochemical studies 

The existence of a -dimerization process coupled to electron 

transfers centered on the viologen units was further confirmed by 

spectroelectrochemistry (SEC), which involved regularly 

recording absorption spectra over time during the potentiostatic 

reduction of solutions obtained at different M/L ratio. The bulk 

electrolysis (1e/viologen) of 42+ carried out in DMF (0.4 mM) at a 

platinum electrode led to development of three main bands in the 

visible range, at λmax = 449 nm (ε = 44700 L mol-1 cm-1), 673 nm 

(ε = 28100 L mol-1 cm-1) and 722 nm (ε = 24500 L mol-1 cm-1), 

attributed to the “free” viologen cation radical in 4+•, which 

indicates that this radical does not dimerize in these experimental 

conditions (temperature, solvent and concentration)(Fig. ESI 23).  

The evolution of the UV/Vis spectra recorded during the 

electrolysis of 42+ carried out in the presence of 0.5 molar 

equivalent of cis-[Pd(NO3)2(en)] or trans-[Pd(Cl)2(CH3CN)2] are 

shown in Figure 9A and B, respectively. What strikes at first sight, 

is the perfect matching found between these two data sets with 

intense absorption bands progressively growing at 443 nm (ε = 

29300 L mol-1 cm-1), 624 nm (ε = 20000 L mol-1 cm-1) and 960 nm 

(ε = 2900 L mol-1 cm-1) for cis-[Pd(NO3)2(en)] and at 442 nm (ε = 

27600 L mol-1 cm-1), 616 nm (ε = 18200 L mol-1 cm-1) and around 

960 nm (ε = 2300 L mol-1 cm-1) for trans-[Pd(Cl)2(CH3CN)2]. 

Another key feature supporting the conclusion that the electro-
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generated cation radicals are involved in both cases in a 

palladium-assisted -dimerization is the observation of the same 

broad absorption band centered at 960 nm. It is also clear from 

these SEC curves that the electro-generated dimer is in 

equilibrium with a non-associated bis radical whose presence in 

both cased is revealed by the shoulder at 700 nm.48  

The SEC data discussed above are thus in good agreement with 

the mechanism proposed in Figure 7 and Figure 8 on the ground 

of CV analyses They reveal the formation of the same π-dimer 

complex as the main product of the bulk electrochemical reduction 

of 2/1 mixtures of 42+ and cis-[Pd(NO3)2(en)] or trans-

[Pd(Cl)2(CH3CN)2]. The data collected at the end of the 

electrolysis not only feature the same λmax values but also the 

same distribution between the associated and non-associated 

forms. In both cases, the π-dimerized species is the minimum of 

potential energy pulling all the chemical and electrochemical 

equilibria involved in solution. 

 
Figure 9. Superposition of UV/Vis absorption spectrum of 4+• (dashed line) and 
spectra recorded during the exhaustive reduction  (one electron per viologen) 
of 42+ in presence of 0.5 molar equivalent of A) cis-[Pd(NO3)2(en)] (full line) and 
B) trans-[Pd(Cl)2(CH3CN)2] (full line) (DMF + 0.1 M TBAP, 0.4 mM, 15 mL, Eapp 
= -0.8 V, l = 1 mm, t ≈ 30 min, working electrode = Pt). 

Similar SEC analyses have then been conducted on a mixture 

containing the free ligand and an excess of cis-[Pd(NO3)2(en)] (4 

molar equivalents). This experiment revealed that the UV/Vis 

absorption spectrum recorded after bulk reduction at Eapp = -0.8 V 

(1e/viologen) (Fig. ESI 25) is the exact reproduction of that 

obtained in the same conditions in the presence of only 0.5 molar 

equivalent of metal, regardless of the cis- or trans- protected 

coordination scheme around Pd2+ (cis-[Pd(NO3)2(en)] or trans-

[Pd(Cl)2(CH3CN)2].) These results are thus consistent with the 

idea that the one electron reduction of the viologen units leads to 

the formation of the same -dimerized structures, whatever the 

metal source and whatever the relative ratio between metal and 

ligand initially introduced in solution. It also serves to confirm the 

general mechanism developed on the ground of voltammetric 

data, and more particularly the rearrangements of cis-

[Pd2+(en)(S)(42+)]  cis-[Pd2+(en)(4+)2]Dim and trans-

[Pd(Cl)2(S)(42+)]  trans-[Pd(Cl)2(4
+)2]Dim triggered by electron 

transfer. In agreement with the CV data discussed in the previous 

section, we also found that the exhaustive reduction of 42+ 

performed in the presence of an excess of trans-

[Pd(Cl)2(CH3CN)2] leads to the adsorption of the reduction product 

on the surface of the electrode, the latter process being easily 

revealed by a coloring of the electrode 

Insights into the structure of trans-[Pd(Cl)2(4
+)2]Dim and cis-

[Pd2+(en)(4+)]Dim have been provided both by experimental and 

computational studies. The striking similarity between the 

spectroscopic signatures recorded after bulk reduction of the free 

ligand in the presence of the trans- or the cis-protected palladium 

precursor is the first direct evidence supporting the conclusion 

that the cofacial arrangement of the viologen radicals in both 

dimerized species is the same. Use of simple molecular models 

however suggests that a fully eclipsed stacking of both viologen 

radicals can only be achieved with the cis-protected metal center 

(A) as opposed to the partially overlapped staggered 

conformations (B) systematically obtained with PdCl2 as the result 

of the geometric and structural constraints imposed by the trans-

protected square planar arrangement and by the rigidity of the 

ligand.  

DFT investigations have been carried out to confirm these 

initial findings. The optimized structures of the π-dimerized 

complexes cis-[Pd2+(en)(4+)2]Dim and trans-[Pd(Cl)2(4
+)2]Dim 

obtained at the BP86/6-31G*+LANL2DZ level of theory are 

depicted in Figure 10 (C,D). The structure of cis-

[Pd2+(en)(4+)]Dim shows the expected cofacial arrangement of 

the viologen units with an inter-planar sub van der Waals distance 

of about 3.2 Å (Figure 10C). The structure calculated for trans-

[Pd(Cl)2(4+)2]Dim conversely exhibits a staggered conformation 

wherein both rigid arms intersect over one of the pyridinium rings 

with an opening angle of 17° (Figure 10). The large structural 

differences imposed by the cis- vs trans-protected square planar 

coordination sphere around the Pd center are thus expected to 

yield major differences in the spectroscopic signatures of the 

dimerized species cis-[Pd2+(en)(4+)]Dim and trans-[Pd(Cl)2(4
+)2]Dim 

(vide supra).The experimental and computational data collected 

with trans and cis protected metal centers are thus only 

compatible with a trans→cis isomerization of the PdCl2 center 

triggered by the reduction/dimerization of the viologen centers 

(trans-[Pd(Cl)2(4
+)2]Dim→cis-[Pd(Cl)2(4

+)2]Dim). This key conclusion 

is moreover further substantiated by a quite abundant literature 

showing that cis/trans isomerizations are frequently raised in 

palladium-based coupling processes or in many other reactions 

involving PdCl2 moities49-53 

 

 
 
Figure 10. 2D representations (A,B) and optimized structures (C,D) of cis-
[Pd2+(en)(4+)]Dim and trans-[Pd(Cl)2(4+)2]Dim calculated at the BP86/6-
31G*+LANL2DZ level of theory.  
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We have developed a dynamic supramolecular strategy to 

promote the π-dimerization of viologen-based tectons at room 

temperature and in standard concentration ranges. On the ground 

of detailed spectroscopic and electrochemical data supported by 

computational calculations, we have indeed established that 

palladium centers can be used as inorganic hinges promoting the 

intramolecular π-dimerization of two imidazole-appended 

viologen radicals.  

We also found that a one electron reduction of the viologen units 

in different dynamic metal:ligand mixtures leads to the formation 

of the same intramolecular -dimer, regardless of the initial 

environment around the metallic precursor (cis- vs trans-

protected) and of the relative ratio between metal and ligand 

initially introduced in solution. In line with this finding, our 

experimental and computational studies carried out with a trans-

protected metal source revealed the existence of a trans → cis 

isomerization of the coordinated ligands triggered by electron 

transfer centered on the viologen units. When using trans-PdCl2 

as the palladium source, the electron transfer centered on the 

viologens thus leads to a large scale reorganization of the building 

blocks involving drastic changes in the stoichiometry and 

stereochemistry of the palladium/viologen complexes. 

We believe that these dynamic combinatorial chemistry-like 

behaviour involving easy to make building blocks will be a great 

source of inspiration for the future development of redox-

responsive supramolecular assemblies involving π-dimerization 

as actuation forces. 

Experimental Section 

Detailled synthetic procedures and characterisation data 

including additional CV curves and 1H NMR spectra are provided 

as supporting Information.  
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A dynamic supramolecular approach is developed to promote the π-dimerization of 

viologen radicals at room temperature and in standard concentration ranges. It 

involves cis- or trans-protected palladium centers serving as inorganic hinges linking 

two functionalized viologens endowed with metal-ion coordinating properties. 
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