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Abstract: the unprecedented tetrairon dication [{Cp*(dppe)FeC≡C-

}4-μ-(1,2,4,5-C6H2)](PF6)2 (1) was obtained through a sequence of 

three reactions from 1,2,4,5-tetraethynylbenzene, Cp*(dppe)FeCl 

(Cp* = C5Me5, dppe = 1,2-bis(diphenylphosphino)-ethane), KOBut, 

and ferrocenium hexafluorophosphate.  The cyclic voltammogram of 

the target molecule isolated in 77 % yield, exhibits four well 

separated and reversible redox events showing that 1 is 

thermodynamically stable with respect to disproportionation (Kc > 

106).  The tetranuclear dication 1 was characterized by XRD on 

single crystal, IR and NMR spectroscopies and Mössbauer 

spectrometry.  The experimental data show that 1 behaves as a 

class II mixed-valence complex with the positive charges 

preferentially disposed on antipodal positions.  This new molecule 

can be regarded as a potential molecular prototype of quantum-dot 

cellular automata. 

Molecular electronics is based on the development of molecules 

designed to accomplish the role of diode or transistor at the 

molecular level.[1]  Alternatively, It has been proposed to use 

molecules, not as current switches, but as structured charge 

containers named quantum-dot cellular automata (QCA) for 

encoding binary information.[2]  Typically, a molecular QCA is 

composed of four dots - four redox centers at the molecular level 

- and two mobile electrons localized on antipodal sites to 

minimize Coulombic repulsion (Figure 1).[3]   

Figure 1. Schematic representation of a QCA cell encoding "1" and "0". 

The realization of viable molecular QCA requires a good balance 

between essential properties: (i) strong enough electronic 

interactions between the redox centers to provide a sufficient 

thermodynamic stability to the two-charge carrier with respect to 

the disproportionation.  This is a necessary requirement to allow 

the preparation and isolation of the molecular cell; (ii) from a 

physical point of view, the basic model of a molecular cell 

requires the Coulomb repulsion of the electrons in different 

electronic distributions among the redox sites, the electron 

transfer between the redox centers and the interaction of the 

itinerant electrons with molecular vibrations to ensure the 

trapping of the charge.[4-6]  Logically, the interest for QCA 

paradigm has sparked synthetic efforts for preparing 

tetranuclear inorganic complexes with four redox active sites 

with a square-like arrangements.  Due to either too weak or too 

strong intermetallic interactions, these compounds do not meet 

all the required properties for the realization of viable QCA.[7-16] 

Stimulated by our recent work on the preparation of the 

binuclear 1,2-diethynylbenzene-bridged complexes 

[{Cp*(dppe)FeC≡C-}2-μ-(1,2-C6H4)](PF6)n (o-2(PF6)n, n = 0-2),[17] 

we decided to prepare the novel tetrairon dicationic complex 

[{Cp*(dppe)FeC≡C-}4-μ-(1,2,4,5-C6H2)](PF6)2 (1).  In addition, 

consideration of the electronic properties of the related binuclear 

compounds in which the redox centers are connected on the 

phenyl ring in the 1,3- (m-2(PF6)n,[18] and 1,4- (p-2(PF6)n 

positions,[19] we could anticipate that complex 1 should be stable 

with respect to the disproportionation and consequently 

constitutes a viable synthetic target.   

The complex 1 was synthesized from freshly prepared 1,2,4,5-

tetraethynylbenzene (ca. 0.5 mmol) and Cp*(dppe)FeCl (5.2 

equiv) in triethylamine in the presence of NaBPh4 (5.2 equiv), 

(Scheme 1).  The reaction is rather slow and takes 48 h to reach 

completion.  The mixture was then treated with KOBut (5.2 

equiv).  Washing with methanol and diethyl ether and extraction 

with toluene gave a brown powder.  Immediate treatment with 2 

equiv of ferrocenium hexafluorophosphate in THF provided 

compound 1 isolated as a purple powder in 77 % yield.  Slow 

diffusion of pentane into a saturated CH2Cl2 solution of 1 

afforded black-purple crystals of the complex in a pure form.  

Complex 1 was characterized by XRD analysis on single 

crystals, elemental and mass analyses, IR, and paramagnetic 

NMR spectroscopies, Cyclic voltammetry, and Mössbauer 

spectrometry (see supporting information).   

Scheme 1. Preparation of 1. key reagents: (i) NaBPh4, NEt3; (ii) KOBut; (iii) 

[(C5H5)2Fe](PF6) (2 equiv). 
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Crystals of 1 were suitable for X-ray analysis.  Diffraction 

parameters are given in the supporting information (Table S1) 

and an ORTEP view is shown in Figure 2.  Compound 1 

crystallizes in the P-1 triclinic space group and the asymmetric 

unit contains two crystallographically independent dicationic 

entities and four PF6 anions (1A and 1B), along with strongly 

disordered crystallization solvent molecules (CH2Cl2).  Each 

dication comprises four Cp*(dppe)FeC≡C fragments and the 

steric hindrance among them is evidenced by a deviation from 

linearity of the Fe-C≡C-CAr axes (see Table S3, Supporting 

Information).  The central phenyl ring remains planar, but the 

iron atoms are alternatively located above and below this plane. 

Formally, compound 1 is a mixed-valence (MV) complex with 

two Fe(II) and two Fe(III) centers. However, the Fe-P distances 

are not significantly different from one site to the other and the 

averaged Fe-P bond length (2.207 Å) is intermediate between 

the Fe-P distances expected for authentic Fe(II) and Fe(III) sites 

(2.17 and 2.27 Å, respectively).[20, 21]  Therefore, the Fe(II) and 

Fe(III) sites cannot be distinguished by XRD analysis.  The 

charges can be either delocalized over the four iron sites of the 

molecules or the Fe(II) and Fe(III) sites might be disordered in 

the crystal lattice.   

Figure 2. Molecular structure of 1A showing the atomic labelling.  Hydrogen 

atoms, counteranions and solvent molecules have been removed for clarity. 

Thermal ellipsoids are drawn at 50 % probability. 

More informative are the C-C bond distances in the central 

phenyl ring (Table S2, Supporting Information).  The average for 

molecules 1A and 1B of the C39/239-C89/289 and C139/339-

C189/389 bonds lengths are significantly longer (ca. 1.48 Å) 

than the four other bonds of the ring (ca. 1.39 Å), indicating a 

possible quinoidal structure for the aromatic ring.  In addition, in 

the limit of the accuracy of the X-ray data, the Csp-CAr bond 

distances seems to be slightly longer along one diagonal than 

along the other one, in accord with the localization of the 

charges on two antipodal iron centers (structures A and A', 

Scheme 2) rather than a full delocalization on the four redox 

centers (structure B, Scheme 2). 

Scheme 2. Possible electronic structures for 1. 

The IR spectrum of 1 (ground single crystals, KBr) is 

characterized by two νC≡C bands at 1961 and 1910 cm-1 and one 

shoulder at 1870 cm-1 (Figure S1, Supporting Information). The 

two bands at higher energy could be assigned to the Fe(II)C≡C 

and Fe(III)C≡C modes of vibration, respectively.[17]  Similar 

frequencies were found for the ortho disubstituted class II mixed-

valence complex [{Cp*(dppe)FeC≡C-}2-μ-(1,2-C6H4)](PF6) (o-

2(PF6), νC≡C = 1977 and 1912 cm-1).[17]  In the case of the 

disubstituted binuclear relatives m-2(PF6) and p-2(PF6),[18, 19] two 

νC≡C bands were also observed, but at much higher energy.  The 

IR data are consistent with the presence of Fe(II) and Fe(III) 

alkynyl fragments in vicinal positions.  The shoulder at 1870 cm-1 

is typical of 1 and bands in the 1800-1900 cm-1 range were not 

observed in the case of the mono- and dicationic binuclear 

analogues o-2(PF6)n, m-2(PF6)n, and p-2(PF6)n (n = 1, 2).  This 

band might result from conjugated electronic structures A and A' 

(Scheme 2). The IR spectrum of 1 obtained from a 

polycrystalline sample is slightly different (see Figure S1, 

Supporting Information).  In particular, the shoulder at 1870 cm-1 

has almost disappeared and a new shoulder at 2008 cm-1 is now 

visible on the spectrum.  The structural changes associated with 

these spectroscopic modifications are difficult to analyze.  

However, IR and Mössbauer spectroscopies consistently 

suggest that the samples contains molecule 1 under two 

different forms. 

Surprisingly, The 1H, 31P, and 13C NMR spectra obtained for 1 

are well-resolved and show narrow lines at positions expected 

for a diamagnetic compounds (see Figures S2-S5, Supporting 

Information).  Apparently 1 behaves as a diamagnetic compound.  

Indeed, for the bisiron(III) complexes, the chemical shift of the 

protons is very sensitive to the magnetic exchange coupling.[22]  

For example, in the case of the binuclear complexes p-2(PF6)2 

and m-2(PF6)2 for which a diradicaloid character dominates the 

valence-bond description of the electronic structure, the protons 

of the Cp* ligands were found at δ -4.9 ppm and -10.9 ppm, 

respectively.[23, 24]  In the case of 1, the resonance corresponding 

to these proton (δ = 1.55 ppm) is very similar to that found for 

the diamagnetic bisiron(II) compound o-2 (δ = 1.54 ppm),[17] 

suggesting that the two unpaired electrons are strongly 

antiferromagnetically coupled. As such magnetic exchange 

interaction is controlled by the topology of the charge carriers,.[23, 

24] It can only takes place if the Fe(III) sites are located on

antipodal positions. 

The initial scan in the cyclic voltammetry of 1 run in 

dichloromethane from -1.0 V to 1.0 V [vs standard calomel 

electrode (SCE)] is characterized by four resolved and reversible 

one-electron waves with the ipa/ipc current ratio of unity (Figure 3). 

The electrochemical potentials are collected in Table 1 with 

those previously reported for the binuclear compounds m-2, p-2, 

and o-2.  In comparison with these complexes, the first oxidation 

potential of 1 is dramatically shifted toward negative potentials 

by around 0.5 V.   
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Figure 3. Cyclic voltammogram of 1 (conditions are given in Table 1 caption. 

The second oxidation potential is also strongly cathodically 

shifted, while the potentials of the third and fourth oxidation 

processes showed more usual values for compounds of the 

Cp*(dppe)FeC≡C family.[20, 21]  The separations between the 

three first redox events are large (0.36 V and 0.47 V, 

respectively).  Consequently, the comproportionation constants 

for the two equilibria involving the dicationic species 1 are very 

large (Kc1 = 1.01 x 106, Kc2 = 1.17 x 108) and the dicationic 

complex is thermodynamically very stable in solution. 

Table 1. Comparison of the electrochemical potentials for 1 and m-2, p-2, and 

o-2. 

Compd[a] E0
1 E0

2 E0
3 E0

4 ref 

1 -0.77 -0.41 0.06 0.18 [b] 

o-2 -0.37 0.00 [17]

m-2 -0.23 -0.10 [25]

p-2 -0.27 -0.01 [22]

[a] Potentials in CH2Cl2 (0.1 M Bun
4N(PF6), 25 °C, platinum electrode, sweep 

rate 0.100 V s-1) are given in V vs SCE; the ferrocene-ferrocenium couple 

(0.46 V vs SCE) was used as an internal reference.  [b] This work. 

Zero field 57Fe Mössbauer spectra were run at 80 K for samples 

of complex 1 prepared from both ground crystals and powders 

obtained by precipitations of a concentrated solutions of 1 in 

CH2Cl2 poured into a large amount of pentane under fast stirring.  

The spectrum obtained with the ground crystals which contain 

molecules in well-defined conformations (Figure S6, Supporting 

Information), displays a unique well-resolved doublet 

characterized by an isomeric shift (IS = 0.22 mm/s) similar to 

those generally obtained for the neutral and cationic 

[Cp*(dppe)FeC≡C-]0/+ fragments.[21]  The quadrupole splitting 

(QS = 1.34 mm/s) is intermediate between the values found for 

the Fe(II) and Fe(III) compounds showing that intramolecular 

electron transfers take place between the iron sites with an 

exchange rate much faster than the slow spectroscopic time 

scale (ke > 109 s-1).[22, 26] 

In contrast, the polycrystalline sample is composed of molecules 

with various conformations.  As a result, the Mössbauer 

spectrum displays three distinct doublets with relative spectral 

absorption areas in the 17/66/17 ratio (Figure S7, Supporting 

Information).  The two doublets with equivalent surface areas 

have QS parameters (2.16 and 1.00 mm/s) close to the values 

usually determined for Fe(II) and Fe(III) alkynyl complexes, 

respectively.  They can be assigned to a trapped MV form with 

intramolecular exchange rate constant ke < 106 s-1.[17]  It is 

noteworthy to mention that the QS value found for the Fe(III) 

sites is at the higher limit of the values determined for 

[Cp*(dppe)Fe(III)]+ fragments which generally range between 0.8 

and 0.9 mm/s.[20, 21]  Interestingly, the larger values - around 1.0 

mm/s were found for bisiron(III) complexes in the singlet ground 

state.[27]  This data is also strongly consistent with a strong 

antiferromagnetic coupling between the Fe(III) sites.  The main 

doublet (QS = 1.59 mm/s) corresponds to detrapped mixed-

valence molecules similar to those present in the crystalline 

material.  The Mössbauer spectrum of the polycrystalline sample 

is consistent with a solid solution containing both the trapped 

Fe(II)-Fe(III) mixed-valence form and a detrapped component 

(Fe(averaged)) in the 1/2 ratio.  This behavior is essentially 

attributed to the relative orientations of the bridge and metal 

fragments.[22]   

In conclusion, we found a straightforward access to the tetrairon 

dication [{Cp*(dppe)FeC≡C-}4-μ-(1,2,4,5-C6H2)](PF6)2 (1), a 

particularly sterically crowded compound which has been 

isolated in good yield.  The four iron alkynyl groups are 

connected by a benzene ring providing a very compact 

assembly favorable for coulombic repulsion between the positive 

charges.  According to the redox potentials the dicationic 

species is thermodynamically stable with respect to the 

disproportionation.  The IR data indicate that complex 1 belongs 

to the class II MV complexes as defined by Robin and Day.[28]  

The NMR data consistent with a strong antiferromagnetic 

coupling between the spin/charge carriers suggest that the 

positive charges are preferentially located on the antipodal 

positions.  The Mössbauer data allowed the observation of 

discrete Fe(II) and Fe(III) sites and showed that the charge 

mobility depends on the conformation of the molecules.  

Complex 1 constitutes an excellent candidate for a molecular 

cell and deserves to be the subject of further experimental 

scanning tunneling microscopy to observe electron localization 

at the single-molecule scale on metal surface.  
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Entry for the Table of Contents 

A novel tetranuclear iron dicationic complex has been synthesized and isolated as a hexafluorophosphate salt. The dicationic 

moiety constitutes a structured charge container able to encode binary information in the charge configuration.  It constitutes a QCA 

cell.  The IR data are characteristic of a class II mixed-valence complex, while the physical properties are consistent with a 

localization of the positive charges on the antipodal positions to minimize Coulomb repulsion and favour antiferromagnetic exchange 

coupling. 

Twitter usernames: https://twitter.com/chimie_iscr 

A
cc

ep
te

d 
M

an
us

cr
ip

t

https://twitter.com/chimie_iscr

