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Abstract 

 The tetranuclear complexes [M4(µ-PyS2)2(diolefin)4] [PyS2 = 2,6-pyridinedithiolate; 

M = Rh, diolefin = cod (1,5-cyclooctadiene) (1), tfbb 

(tetrafluorobenzo[5,6]bicyclo[2.2.2]octa-2,5,7-triene) (2); M = Ir, diolefin = cod (3), tfbb (4)] 

exhibit two one-electron oxidations at a platinum disk electrode in dichloromethane at 

potentials accessible by chemical reagents.  The rhodium tetranuclear complexes were 

selectively oxidized to the monocationic complexes [Rh4(µ-PyS2)2(diolefin)4]+ (1+, 2+) by 

mild one-electron oxidants such as [Cp2Fe]+ or [N(C6H4Br-4)3]+, and isolated as the PF6-, 

BF4- and ClO4- salts.  Silver salts behave as non innocent one-electron oxidants for the 

reactions with the rhodium complexes 1 and 2 since they give sparingly soluble coordination 

polymers.  The complex [Ir4(µ-PyS2)2(cod)4]+ (3+) was obtained as the tetrafluoroborate salt 

by reaction of 3 with one molar-equiv of AgBF4, but the related complex complex 4+ could 

not be isolated from the chemical oxidation of [Ir4(µ-PyS2)2(tfbb)4] (4) with AgBF4. 

Oxidation of 3 and 4 with two molar-equiv of common silver salts resulted in the 

fragmentation of the complexes to give the diamagnetic triiridium cations [Ir3(µ-

PyS2)2(diolefin)3]+.  The molecular structure of [Ir3(µ-PyS2)2(cod)3]BF4, determined by X-

ray diffraction methods, showed the three metal atoms within an angular arrangement. Both 

2,6-pyridinedithiolate tridentate ligands bridge two metal-metal bonded d7 centers in pseudo 

octahedral environments and one d8 square-planar iridium center.  An interpretation of the 

EPR spectra of the 63-electron mixed-valence paramagnetic tetranuclear complexes suggests 

that the unpaired electron is delocalized over two of the metal atoms in the complexes 1+-3+.  

 

Introduction 

 The study of the electrochemical behavior of polymetallic compounds is a field of great 

potential interest directly related to molecular biology, electrosynthesis, electrocatalysis or 

new ionic materials with potential electronic and magnetic properties.1  Transition metal 

clusters are able to adopt a range of formal valence states and usually undergo several 

reversible one-electron processes.  Although metallic clusters frequently behave as electron 

reservoirs,2 a series of metal carbonyl clusters displaying electron-sink features, comparable 
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to Fe-S cubane clusters, have been very recently reported.3 The structural effects following 

the redox changes in clusters are quite unpredictable.  The changes in the metal-metal bond 

distances are generally consequence of the reversible loss or gain of electrons and encompass 

metal-metal bond formation or rupture, isomerization and rearrangement processes.4  

Irreversible redox steps are frequently associated to cluster fragmentation after the electron 

exchange although cluster fragments of lower nuclearity have rarely been characterized.5  

Noteworthy, the metal core cohesion may be reinforced towards fragmentation by chelating 

and bridging ligands.6  Polynuclear complexes supported by highly flexible bridging ligands 

are closely related to clusters in spite of lacking metal-metal bonds.  As the metals are hold in 

proximity, the possibility of metal-metal bond formation is still open by the flexibility of the 

molecular framework to adapt both to variations of metal-metal separation and to the 

coordination geometries about the metal atoms.7 The redox chemistry of tetra-bridged 

dinuclear Rh(II)-Rh(II) complexes of the type [Rh2(µ-Y)4] (Y= O,O-, O,N-, N,S-, N,N- 

donor, etc.),8 and of di-bridged M(I)-M(I) compounds [M2(µ-Y)2L4] (M= Rh, Ir)9,10 has been 

studied in considerable detail.  In contrast, less attention has been paid to the redox chemistry 

of tri- and tetranuclear rhodium and iridium complexes although they are expected to act as 

precursors for multi-electron-transfer processes.11, 12 

 We have prepared a variety of polynuclear complexes with bridging ligands having a 

N-C-X (X = N, O, S) structural donor unit,13 and in particular, a new family of tetranuclear 

rhodium and iridium aggregates supported by two tridentate 2,6-pyridinedithiolate bridging 

ligands of general formula [M4(µ-PyS2)2(diolefin)4].14  These compounds undergo two 

consecutive and reversible one-electron oxidations, although the electrochemical behavior of 

the iridium complexes is more complicated, and we report here on their chemical oxidation  

leading to stable paramagnetic and diamagnetic polynuclear complexes. 

Results 

 Synthesis and electrochemical properties of [Ir4(µ-PyS2)2(tfbb)4]. The tetranuclear 

complex [Ir4(µ-PyS2)2(tfbb)4] (4) (PyS2= 2,6-pyridinedithiolate; tfbb = 

tetrafluorobenzo[5,6]bicyclo[2.2.2]octa-2,5,7-triene) has been synthesized for comparative 
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purposes following the procedure described for the related complexes [M4(µ-

PyS2)2(diolefin)4] [M = Rh, diolefin = cod (1,5-cyclooctadiene) (1), tfbb (2); M = Ir, diolefin 

= cod (3)].14  The molecular ion 4+ (m/z: 1956, 100%) was observed in the FAB+ mass 

spectrum, and the structure of the compound was found to be similar to those of the related 

tetranuclear complexes 1-3 (Figure 1), since the 1H NMR spectrum is consistent with a C2 

symmetry. 

 The cyclic voltammogram (CV) of complex 4 (Figure 2) recorded in dichloromethane at 

100 mVs-1  shows two waves at 0.19 and 0.62 V, and an anodic peak at 1.15 V versus the 

SCE. The first is reversible and it is associated to the electrogeneration of the monocationic 

species [Ir4(µ-PyS2)2(tfbb)4]+, while the second wave is not reversible and is associated to a 

product with a irreversible catodic peak at ca. -0.30 V. The potential of the second wave is 

close to those of the formal electrode potentials for the electrochemical process 

[M4]+→[M4]2+ undergone by the complexes 1-3. The formal electrode potentials are strongly 

dependent on the nature both of the metallic centers and the diolefin ligands (Table 1). Thus, 

for the tfbb complexes 2 and 4 they are anodically shifted relative to those observed for the 

cod complexes 1 and 3, respectively, in agreement with the stronger π-acceptor character of 

the tfbb ligands. On the other hand, the reversible oxidations of the iridium complexes 3 and 4 

are found at lower formal electrode potentials relative to those observed for the rhodium 

complexes 1 and 2, respectively, indicating that the iridium complexes are easier to oxidize 

than the related rhodium complexes. The difference between the formal potentials of both 

oxidation processes in the tetranuclear complexes is large enough (0.42-0.45 V) to propose 

that the monocationic [M4]+ compounds should be stable to disproportionation to the neutral 

[M4] and dicationic [M4]2+ species. In fact, the calculated Kdisp values12,15 for the 

disproportionation equilibria (8.3 x 10-8 for 1-2, 2.4 x 10-8 for 3) strongly suggest to attempt 

their chemical synthesis. 

Chemical Oxidations of the Rhodium Complexes [Rh4(µ-PyS2)2(diolefin)4]. Synthesis 

and Characterization of the Cationic Complexes [Rh4(µ-PyS2)2(diolefin)4]+ (1+, 2+) 

The reactions of the complexes [Rh4(µ-PyS2)2(diolefin)4] (1, 2) with [Cp2Fe]PF6 in 

dichloromethane (1:1 molar ratio) gave the cationic complexes [Rh4(µ-PyS2)2(cod)4]PF6 
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(1a+) and [Rh4(µ-PyS2)2(tfbb)4]PF6 (2a+), which were isolated as dark brown and green 

solids, respectively, in excellent yields. Complex 1a+ can be alternatively prepared by 

oxidation of 1 with the salt of the triarylaminium radical cation [N(C6H4Br-4)3]PF6.16 In an 

attempt to grow good quality monocrystals we have isolated several salts of the cationic 

complexes 1+ and 2+ with a variety of counteranions. The compounds [Rh4(µ-PyS2)2(cod)4]X 

(X = PF6, 1a+; BF4, 1b+; ClO4, 1c+) and [Rh4(µ-PyS2)2(tfbb)4]X (X = PF6, 2a+; BF4, 2b+; 

ClO4, 2c+) are easily accessible by reaction of 1 and 2 with freshly made blue solutions of the 

appropriate ferrocenium salt, [Cp2Fe]X, prepared in situ. Solutions of the oxidants [FeCp2]X 

(X= PF6-, BF4- or ClO4-) are easily obtained by reaction of different silver salts AgX with an 

excess of ferrocene in acetone after removing the grey precipitate of metallic silver.17 

(WARNING: AgClO4 and [Cp2Fe]ClO4 are explosive and treacherous materials that should 

be handle with great caution and in small amounts, as well as the perchlorate salts of metal 

complexes with organic ligands). 

 The paramagnetic complexes 1a+ and 2a+ have been characterized by elemental 

analyses, FAB+, voltammetry and EPR spectroscopy. The FAB+ mass spectra of 1a+ and 2a+ 

show peaks at m/z: 1126 (100%) and 1598 (100%), corresponding to the molecular ions 

[Rh4(µ-PyS2)2(cod)4]+ and [Rh4(µ-PyS2)2(tfbb)4]+, respectively. The ionic character of 1+ 

and 2+ is supported by conductivity measurements in acetone where they behave as 1:1 

electrolytes.  Linear voltammetry at rotating platinum electrode (RDE) and EPR 

spectroscopy provide conclusive evidence for the formulation of complexes 1+ and 2+ as 

paramagnetic mono-oxidized species. For example, the cyclic voltammogram of [Rh4(µ-

PyS2)2(cod)4]PF6 (1a+) in dichloromethane exhibits one reduction wave and one oxidation 

wave at potentials vitually identical to those for the parent tetranuclear complex 1. 

Furthermore, the linear voltammograms at RDE show two characteristic steps but the sign of 

the current is negative for the first process and positive for the second, which confirms both 

the identity and the purity of the mono-oxidized species. 

 The X-band Electron Paramagnetic Resonance (EPR) spectrum of a solid crystalline 

sample of 1a+ consists of a slightly asymmetric line centered at about g = 2.20. When 
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measured at Q-band, three clearly resolved features can be observed (Figure 3a). This 

spectrum can be described as due to an S = 1/2 entity and the following spin–Hamiltonian:  

H = µBB gxlxSx + gylySy + gzlzSz{ }  

where µB is the Bohr magneton and lx, ly, lz are the director cosines that the magnetic field 

makes with the principal axis of the g-tensor for which the principal values are gx, gy, gz.. A 

simulation of the signal with gx = 2.072 ± 0.005, gy = 2.174 ± 0.005, gz = 2. 233 ± 0.005 and a 

Lorentzian line shape (with the band halfwidth Wx = 10.0 mT, Wy = 2.8 mT, Wz = 17.5 mT) 

gave an excellent agreement between the calculated and experimental spectra (Figure 3 a). 

Then, the trace of the g-tensor, g = (gx + gy + gz) / 3 resulted to be 2.16 ± 0.01. The EPR 

spectrum of 2b+ is similar to the former and can also be described with the spin–Hamiltonian 

given above with gx ≈ gy = 2.088 ± 0.005, gz = 2.155 ± 0.005; g = 2.11 ± 0.01. No hyperfine 

structure was observed again. However, the EPR spectrum of 1a+ measured in X-band on a 

frozen dichloromethane:THF 2:1 solution at 90 K showed the signal at high field as a broad 

triplet (Figure 3b), indicative of the coupling with two equivalent Rh nuclei (103Rh nuclear 

spin I = 1/2). Simulation of the signal with gx = 2.063 ± 0.005, gy = 2.178 ± 0.005, gz = 2. 249 

± 0.005, a Gaussian line shape (with the band halfwith Wx = 1.4 mT, Wy = 3.1 mT, Wz = 2.5 

mT, and a coaxial hyperfine coupling Ax  = 1.7 mT, Ay  ≈ 0 mT, Az ≈ 0 mT) gave an excellent 

agreement with the experimental data. 

 The synthesis of the dicationic complexes [Rh4(µ-PyS2)2(diolefin)4]2+ (12+ and 22+) 

was attempted using silver salts as chemical oxidants. When complexes 1 and 2 were reacted 

with one molar-equiv of a soluble silver salt in an acetone-dichloromethane mixture resulted 

insoluble purple solids, which are probably coordination polymers,18 without formation of 

metallic silver. Silver salts behave thus as non innocent one-electron oxidants. However, 

when complex 1 was reacted with two molar-equiv of AgBF4 an oxidation process resulted 

evident, since a dark suspension containing metallic silver was immediately formed. 

Interestingly, the brown solid isolated from the solution was found to be identical to that 

obtained from the reaction of the mono-oxidized complex 1b+ with only one molar-equiv of 

AgBF4. The linear voltammogram at RDE of the brown solid clearly indicates that it is a 

mixture of 1b+ and other highly oxidized species. The FAB+ mass spectrum of this solid 
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shows the peak corresponding to the tetranuclear ion [Rh4(µ-PyS2)2(cod)4]+, but the 

conductivity measurements in acetone lie in the range of 1:2 electrolytes. Surprisingly, the 

EPR spectrum of this solid is similar to that of 1a+, and can be described with the same spin–

Hamiltonian and gx = 2. 078 ± 0.005, gy = 2.187 ± 0.005, gz = 2. 240 ± 0.005 (g = 2.17 ± 

0.01), which suggest that if 12+ were in the mixture it would be diamagnetic.  

  The chemical oxidation of the complex 2 required two molar-equiv of AgBF4 to give 

the heteropolynuclear complex [AgRh4(µ-PyS2)2(tfbb)4](BF4)2 instead of the expected 

oxidized complex 22+. This compound was isolated as an air-sensitive purple paramagnetic 

solid and the formulation is supported by the FAB+ mass spectrum, which showed an intense 

peak at m/z: 1705 with the right isotopic distribution. The EPR spectrum, measured in X-band 

at room temperature, showed a single Lorenztian line centered at about g = 2.11 with a peak 

to peak width of 5.2 mT. This g-value strongly suggests that the unpaired electron is located 

on the rhodium atoms. The ionic character of this compound was confirmed by conductivity 

measurements in acetone, but we have been unable to obtain satisfactory elemental analyses. 

We believe that the species [AgRh4(µ-PyS2)2(tfbb)4]2+ could be structurally related to the 

heteropentanuclear complex [TlRh4(µ-PyS2)2(cod)4]+, resulting from the encapsulation of 

Tl+ ion by the tetranuclear complex 1,19 since this compound is also obtained directly from 

the reaction of the complex [Rh4(µ-PyS2)2(tfbb)4]+ (2b+) with AgBF4.  

Chemical Oxidations of the Iridium Complexes [Ir4(µ-PyS2)2(diolefin)4]. Redox-

Induced Degradation of the Tetranuclear Framework. 

 Reaction of the complex [Ir4(µ-PyS2)2(cod)4] (3) with one molar-equiv of AgBF4 in 

dichloromethane/acetone produces a clean oxidation to the paramagnetic complex [Ir4(µ-

PyS2)2(cod)4]BF4 (3+) and metallic silver. Complex (3+) was isolated in high yield as a green 

microcrystalline air-sensitive solid and behaves as a 1:1 electrolyte in acetone. Moreover, the 

purity of 3+ was unequivocally established electrochemically by linear voltammetry at RDE. 

The Q-band EPR spectrum of a polycrystalline sample of 3+ at low temperature can be 

described using the above introduced spin–Hamiltonian with gx = 2.097 ± 0.005, gy = 2.213 ± 

0.005, gz = 2.407 ± 0.005; g = 2.24 ± 0.01. No hyperfine structure was observed for a 

polycrystalline sample nor for a frozen solution in dichloromethane:THF  2:1 at 90 K. 
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 An unexpected fragmentation of the tetranuclear framework occurred on oxidation of 

complex 3 with two molar-equiv of AgBF4 in dichloromethane/acetone to give the trinuclear 

complex [Ir3(µ-PyS2)2(cod)3]BF4 (5b) and metallic silver. Complex 5b was isolated as a 

violet air-stable microcrystalline solid. This redox induced degradation of the tetranuclear 

framework can be accomplished stepwise to give 3+ in a first place, and then a further 

addition of one molar-equiv of AgBF4 or even reaction of 3+ with molecular oxygen gives 5b. 

(Scheme 1). Interestingly, the oxidation of 3 with two molar-equiv of [N(C6H4Br-4)3]PF6 to 

give the hexafluorophosphate salt [Ir3(µ-PyS2)2(cod)3]PF6 (5a) proceeds cleanly with a 

considerable increase in the yield relative to the oxidation with the silver salt. 

 The paramagnetic complex [Ir4(µ-PyS2)2(tfbb)4]+ (4+) was not accessible by chemical 

oxidation of the compound [Ir4(µ-PyS2)2(tfbb)4] (4) with one molar-equiv of AgBF4. This 

reaction gave directly an equimolar mixture of 4 and the trinuclear complex [Ir3(µ-

PyS2)2(tfbb)3]BF4 (6) (1H NMR evidence). Complex 6, resulting from the fragmentation of 

the tetranuclear complex, was also obtained from the reaction of complex 4 with two molar-

equiv of AgBF4, and was isolated as a dark green air stable solid in moderate yield.  

 The diamagnetic complexes 5 and 6 were characterized by elemental analyses, mass 

spectra and 1H NMR spectroscopy, while [Ir3(µ-PyS2)2(cod)3]BF4 (5b) was fully 

characterized by X-ray methods (see below). They maintain the structure in solution since 

both 2,6-pyridinedithiolate ligands and all the olefinic protons of the three coordinated 

diolefins are inequivalent in the 1H NMR spectra, in agreement with the lack of symmetry of 

the complexes.  

 It is interesting to notice that the 62-electron dicationic species [Ir4(µ-

PyS2)2(diolefin)4]2+ were not isolated from the chemical oxidation of complexes 3 and 4 with 

silver salts. In this context it is worthy to mention that the CV profile of [Ir3(µ-

PyS2)2(cod)3]BF4 (5b) (consisting of four irreversible processes: an anodic peak at 0.99 V 

and catodic peaks at 0.73, -0.37 and –1.12 V at 100 mVs-1) is observed in the CV of complex 

[Ir4(µ-PyS2)2(cod)4] (3),14 indicating that 5b is also electrochemically generated after the 

two-electron oxidation of 3. Therefore, the 62-electron dicationic species [Ir4(µ-

PyS2)2(diolefin)4]2+ probably mediate the degradation of the tetranuclear complexes in both 
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cases. Taking into account that the trinuclear complexes [Ir3(µ-PyS2)2(diolefin)3]+ (5-6) are 

50-electron clusters, their formation involves the formal extrusion of the 12-electron fragment 

[Ir(diolefin)]+ from the oxidized species [Ir4(µ-PyS2)2(diolefin)4]2+. The fate of these 

hypothetical fragments is unknown, since we have not been able to capture them as defined 

complexes by adding bidentate ligands, such as triphenylphosphine or 2,2'-bipyridine, to the 

solutions resulting from the isolation of the trinuclear complexes.  

Molecular structure of [Ir3(µ-PyS2)2(cod)3]BF4 (5b). Figure 5 shows a representation of 

the trinuclear cation together with the atom labeling scheme used, and Table 2 displays 

selected bond distances and angles. The complex cation is formed by three iridium atoms, 

three cyclooctadiene molecules -each one chelated to a different metal center-, and two 2,6-

pyridinedithiotale groups, bonded to the iridium atoms through the pyridine nitrogen and the 

sulfur atoms in a non symmetric way. One of these two bridging ligands (see Figure 5) is 

coordinated in a chelate fashion through S(1) and N(1) to Ir(1), while S(2) presents a µ2 

coordination to both Ir(2) and Ir(3). The other 2,6-pyridinedithiotale group is bonded through 

S(3) to Ir(3), through N(4) to Ir(2), and through S(4) to Ir(1) and Ir(2) in such a way that the 

three iridium atoms present distinct coordination spheres. Ir(3) is disposed in a square-planar 

environment, usual for a d8 metal, linked to S(2), S(3) and the two olefinic bonds of a 

cyclooctadiene molecule. The other two iridium atoms present more complex environments, 

with a intermetallic length (Ir(1)-Ir(2) = 2.9509(6) Å) suggesting the existence of a metal-

metal bond. This distance is rather long for a Ir-Ir bond, but larger intermetallic bond lengths 

have been reported for d7-d7 iridium complexes such as 

[IrCl(CO)(C(CO2Me)=CHCO2Me)(dppm)2]2 (3.0128 and 3.0216(10) Å),20 and [Ir2(µ-Pz)2 

(cod)2(I)(Me)] (3.112(1) Å).21  

From a geometric viewpoint, and excluding the intermetallic interaction, the 

coordination around Ir(1) is severely distorted square pyramidal, with S(4), N(1) and the 

cyclooctadiene molecule on the base, and S(1) at the apex. The geometric environment of 

Ir(2) can be better described as a distorted trigonal bipyramid, with S(2), S(4) and one olefinic 

bond of a cod molecule in the equatorial plane, while N(2) and the other double bond of the 

cod ligand are at the apices. The complexity of these two coordination environments seems 



 

26 

arise from the rigidity of the two bridging ligands and from the distinct coordination modes 

rather than for electronic reasons. From an electronic point of view, the Ir(1) and Ir(2) atoms 

are bonded to five 2-electron donors besides the metal-metal bond, a usual situation for a d7-

d7 system following the 18-e rule with an intermetallic bond. 

The Ir-S distances are in the range 2.327-2.442(3) Å, being the shorter and the larger those of 

the sulfur atoms with a κ1 coordination. The four remaining Ir-S bond lengths, corresponding 

to bridging sulfurs, are in the range 2.336-2.406(2) Å. The quite long Ir(1)-S(1) distance may 

be due to the geometric restrains imposed by the chelate coordination. The C-S distances are 

longer for the bridging sulfurs (1.774 and 1.781(10) Å) than for the κ1 sulfur atoms (1.739 

and 1.745(10) Å), according to a smaller bond order for the former.14 

General and theoretical considerations 

 The compounds [M4(µ-PyS2)2(diolefin)4]+ (1+-3+), resulting from the one-electron 

oxidation of the 64-electron tetranuclear precursors 1-3, are 63-electron mixed-valence 

paramagnetic complexes. The chemical reversibility associated to the redox change strongly 

suggest that the tetranuclear framework remains unchanged after the oxidation process, 

although structural modifications are expected to affect mainly to the metal-metal separations 

and slightly to the metal-ligand separations, as observed for related trinuclear complexes.12 

Indeed, a shortening of the metal-metal distances upon oxidation has been frequently 

observed in related dinuclear complexes where the HOMO is a metal-based orbital 

antibonding in character.10,22  

 We have carried out an extended Hückel molecular orbital (EHMO) calculation23 based 

on the molecular parameters obtained from the X-ray data of complex [Rh4(µ-PyS2)2(cod)4] 

(1) under C2 symmetry. An interesting result from these calculations was to find a net overlap 

between one external rhodium atom and its inner neighbor (overlap population 0.013 e-), 

while there is a slightly antibonding character between the two inner rhodium atoms (overlap 

population -0.006 e-). This bonding scheme is consistent with the long distance between the 

inner rhodium atoms (3.921 Å), and the short separations between an inner and the nearest 

external rhodium atom (3.143 Å) observed in the molecular structure of complex 1 (Figure 1). 

The HOMO orbital in the tetranuclear complexes is a metal-based orbital that results from the 
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combination of dz2 orbitals of the four rhodium atoms. Depopulation of the HOMO causes a 

substantial rise in the Rh....Rh overlap population, which affects mainly to the already 

interacting metals in the non oxidized species, and indicates that the HOMO of the [M4] and 

[M4]+ species are antibonding in character.  

 If the C2 symmetry and the molecular geometry were maintained for the [M4]+ and 

[M4]2+ species, the calculated overlap populations between one external rhodium atom and its 

inner neighbor would be 0.033 and 0.053, respectively, while almost no interaction would be 

found between the inner rhodium atoms (overlap populations 0.000 e- and 0.005 e-, 

respectively). In addition, the calculated charges for the external and internal rhodium atoms 

(0.118 and 0.281 for [M4], 0.249 and 0.521 for [M4]+, and 0.380 and 0.761 for [M4]2+, 

respectively) indicate that the depopulation of the HOMO upon oxidation affects strongly to 

the two internal rhodium atoms. These results indicate the general tendency of the bonding of 

the metal framework upon oxidation, although the model even for the [M4]+ compounds 

cannot be validated, since we have not a structural determination for the oxidized species.  

 The hyperfine coupling observed in the EPR spectrum of the rhodium cation 1a+ clearly 

stablishes that the odd-electron spin density is delocalized between two equivalent metals to 

give a triplet. In other words, the two internal metals in the structure of 1 share the unpaired 

electron. Moreover, if there were an interaction of this electron with the two external metals it 

would be very weak, since it would only produce the broadening of the lines of the triplet. 

Therefore, the formation of a bond of order 1/2 between the internal metals occurs after the 

first oxidation, which should lead to an aproximation of these two metals relative to 1, and to 

a larger separation and weakening of their interactions with the external metals. These 

structural changes made that the calculations of the overlap populations for the HOMO in the 

[M4]+ species are not reliable. 

 The delocalization of the odd-electron spin over two metals in the [M4]+ complexes can 

be deduced from their EPR spectra through the mean g-value. The EPR data from several 

mono-, di- and trinuclear paramagnetic rhodium complexes ([Rhn], n = 1, 2, 3) indicate a 

good correlation between the mean g-value and the number of interacting metal atoms, in 

such a way that the shift of the mean g-factor from that of the free electron g-value (ge = 
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2.0023) becomes smaller as the number of the rhodium atoms increases. Paramagnetic 

square-planar mononuclear rhodium(II) complexes (n = 1), such as [Rh(C6Cl5)2(PR3)2],24 

[Rh(C6Cl5)2(cod)],24 and [Rh(2,4,6-Pri3C6H2)2(tht)2]25 (tht = tetrahydrothiophene) show 

typical g-values in the range 2.46-2.32. The mean g-values in mixed-valence face-to-face 

dinuclear rhodium complexes (n = 2) with ancillary π-acceptor carbonyl ligands, such as 

[Rh2(µ-PhNC(Me)NPh)2(CΟ)2(PPh3)2] and [Rh2(µ-RNNNR)2(CΟ)2(PPh3)2] (R = p-tolyl), 

show mean g-values of 2.119 and 2.118 respectively.26 Slightly higher values are found for 

related dinuclear complexes with diolefins as auxiliary ligands such as [Rh2(µ-mhp)2(cod)2], 

[Rh2(µ-chp)2(nbd)2] and [Rh2(µ-mhp)2(nbd)2] (mhp = 6-methyl-2-hydroxypyridinate, chp = 

6-chloro-2-hydroxypyridinate, nbd = 2,5-norbornadiene) with mean g-values of 2.218, 2.181 

and 2.178 in frozen solutions, respectively.10 The diolefin complexes [Rh2(µ-1,8-

(NH)2C10H6)(diolefin)2] (diolefin= cod, nbd, tfbb) also exhibit mean g-values ranging 2.149-

2.141 in CH2Cl2 at room temperature.27 Interestingly, the linear trinuclear rhodium 

complexes (n = 3) [Rh3(µ3-Onapy)(CO)4(PPh3)2]2+ and [Rh3(µ3-

OMe2napy)(CO)4(PPh3)2]2+ (Onapy = 1,8-naphthyridine-2-onate, OMe2napy = 5,7-dimethyl-

1,8-naphthyridine-2-onate) show smaller mean g-factors of 2.091 and 2.085, respectively,28 

while the mean g-values for the diolefin trinuclear complexes [Rh3(µ3-Onapy)(CO)2(cod)2]2+ 

and Rh3(µ3-OMe2napy)(CO)2(cod)2]2+, 2.122 and 2.119 respectively, are slightly larger.28 

Although there is less data concerning the mean g-factor in iridium complexes, the 

mononuclear complex [Ir(C6Cl5)2(cod)] shows a mean g-value of 2.540,29 whereas the values 

found for the dinuclear complexes [Ir2(µ-2,5-Me2pz)(cod)][BF4]30 and [Ir2(µ-anp)(cod)]+ 

(anp = 2-anilinopyridinato)31 are 2.34 and 2.27 respectively. 

 Taking into account this figures, the mean g-value for the complexes [Rh4(µ-

PyS2)2(cod)4]PF6 (1a+) (g ≈ 2.16), [Rh4(µ-PyS2)2(tfbb)4]BF4 (2b+) (g ≈ 2.11) and [Ir4(µ-

PyS2)2(cod)4][BF4] (3+) (g ≈ 2.24) suggests that the unpaired electron is mainly shared by 

two rhodium or two iridium atoms; the smaller mean g-value found for complex [Rh4(µ-

PyS2)2(tfbb)4]PF6 (2b+) (g ≈ 2.11) could be due to  the π-acceptor properties of the tfbb 

ligands. Therefore, we can assume that the odd-electron spin density in the monocations 
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[M4]+ is distributed between the two internal metal atoms, as found for 1a+, and these two 

metals would have d7-d8 configurations with delocalized valence.  

 A main change occurs after the abstraction of an electron from the [M4]+ species. 

Although the formation of the [M4]2+ species were detected by cyclic voltammetry, they 

decompose in short time. The fate of the dioxidized species [M4]2+ for rhodium is unknown, 

but the iridium compounds evolve to the trinuclear complexes [Ir3(µ-PyS2)2(diolefin)3]+ (5-

6), which were also detected by the CV experiment. A comparison of the molecular structures 

of 5b and 3 evidences that in going from 3 to 5 the metal fragment extruded would be located 

at an external position of the tetranuclear framework, and the metal-metal bond is formed 

between the inner metal centres in 3. Scheme 2 shows a reliable proposal for this process.  

While the first oxidation of the [M4] species produces the mixed-valence species [M4]+ with 

the valence delocalized within the two internal metals (Ir2-Ir3), the second oxidation would 

lead to a two-electron mixed-valence [M4]2+ species. The second electron would be expected 

to come from the previous oxidized metals, the inner metals (Ir 2, or Ir 2 and Ir 3), for which 

the EHMO calculation indicates to have a high positive charge. This would lead to either a 

compound with d8-d6-d8-d8 metal centers that should undergo a significant change in the 

coordination environment of the d6 metal, as postulated by Bosnich and Nocera,32 or to the 

diradical with d8-d7-d7-d8 metals and a high configurational strain. In the first case, the 

oxidized metal would interact with a sulfur atom of the bridging ligand to fulfil the 

coordination requirements and with the other inner Ir atom (Ir 3) to produce an internal 

comproportionation to a d7-d7species through a metal-metal bond. Such localized central 

metal-metal bond should be formed between the internal iridium atoms (Ir 2, Ir 3) in the 

diradical species. In both cases, the interactions of the internal iridium atoms (Ir 2, Ir 3) with 

two neighbor sulfur atoms of the bridging ligands weaken the Ir-S links with an external d8 

iridium metal (Ir 4), which is finally extruded from the tetranuclear framework. 

 Concluding Remarks 

 The rhodium and iridium tetranuclear complexes [M4] are redox-active species that 

undergo two stepwise one-electron oxidation processes. Although both [M4]+ and [M4]2+ 

species have been electrochemically detected, only the mono-oxidized complexes are cleanly 
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obtained by chemical oxidation of the corresponding tetranuclear complexes using mild one-

electron oxidants. The mono-oxidized [M4]+ species are mixed-valence paramagnetic 

complexes likely exhibiting a tetranuclear framework similar to that of the neutral precursors 

but with uneven intermetallic separations. The two-electron oxidation of the [Ir4] complexes 

produces the degradation of the tetranuclear structure and the formation of diamagnetic 

triiridium cations [Ir3]+. These unexpected d7-d7-d8 trinuclear complexes possess a localized 

iridium-iridium bond and exhibit unusual coordination modes for both 2,6-pyridinedithiolate 

bridging ligands. The structural reorganization leading to the trinuclear complexes is probably 

a consequence of the instability of the intermediary di-oxidized [Ir4]2+ species. 

 

Experimental Section 

 General Methods All manipulations were performed under a dry nitrogen atmosphere 

using Schlenk-tube techniques. Solvents were dried by standard methods and distilled under 

nitrogen immediately prior to use. The tetranuclear complexes [Rh4(µ-PyS2)2(cod)4] (1), 

[Rh4(µ-PyS2)2(tfbb)4] (2) and [Ir4(µ-PyS2)2(cod)4] (3) were prepared as described 

previously.14 Standard literature procedures were used to prepare [Cp2Fe]PF633, [Ir(µ-

OMe)(tfbb)]234 and N(p-BrC6H4)335. The silver salts and NOPF6 were purchased from Fluka 

Chem. and Aldrich, respectively, and used as received. 

 Physical Measurements. IR spectra were recorded on a Nicolet 550 spectrometer using 

Nujol mulls between polyethylene sheets. Elemental C, H and N analysis were performed in a 

240-C Perkin-Elmer microanalyzer. Conductivities were measured in ca. 5.10-4 M acetone 

solutions using a Philips PW 9501/01 conductimeter. Mass spectra were recorded in a VG 

Autospec double-focusing mass spectrometer operating in the FAB+ mode. Ions were 

produced with the standard Cs+ gun at ca. 30 KV; 3-nitrobenzyl alcohol (NBA) was used as 

matrix. 1H NMR spectra were recorded on Varian UNITY 300 spectrometer operating at 

299.95 MHz. Chemical shifts are referenced to SiMe4. EPR spectra were measured in a 

Bruker ESP380E spectrometer working either in X-band (≈ 9.5 GHz) or Q-band (≈ 34 GHz). 

Powdered polycrystalline samples or solutions of the complexes in dichloromethane:THF 2:1 

were introduced in standard EPR quartz tubes and the spectra were run at room temperature  
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and at the liquid nitrogen temperature. The magnetic field was measured with a Bruker 

ER035M NMR gaussmeter and a 5350B HP frequency counter was used for determining the 

microwave frequency. Cyclic voltammetric experiments were performed with an EG&G 

PARC Model 273 potentiostat/galvanostat. A three-electrode glass cell consisting of a 

platinum-disk working electrode, a platinum-wire auxiliary electrode and a standard calomel 

reference electrode (SCE) was used. Linear voltamperometry was performed using a rotating 

platinum electrode (RDE) as the working electrode. Tetra-n-

butylammoniumhexafluorophosphate (TBAH) was employed as supporting electrolyte. 

Electrochemical experiments were carried out under nitrogen in ca. 5.10-4 M dichloromethane 

solutions of the complexes and 0.1 M in TBAH. The [Fe(C5H5)2]+/[Fe(C5H5)2] couple is 

observed at +0.47 V under these experimental conditions. 

 Preparation of the complexes. [Ir4(µ-PyS2)2(tfbb)4] (4). To a yellow suspension of 

[Ir(µ-OMe)(tfbb)]2 (0.227 g, 0.253 mmol) in dichloromethane (10 mL) solid Py(SH)2 (0.036 

g, 0.253 mmol) was added. A dark green solution was immediately formed and a green solid 

began to crystallize out after stirring for 15 minutes. Methanol (10 mL) was added to 

complete the crystallization, and the microcrystalline solid was collected by filtration, washed 

with methanol and dried under vacuum. Yield: 0.174 g (70%). Anal. Calcd for 

C50H30F16Ir4N2S4: C, 30.70; H, 1.54; N, 1.43. Found: C, 30.50; H, 1.49; N, 1.43. MS (FAB+, 

CH2Cl2, m/z): 1956 ([Ir4(µ-PyS2)2(tfbb)4]+, 25%), 1537 ([Ir3(µ-PyS2)2(tfbb)3]+, 30%). 1H 

NMR (CDCl3, 213K) δ: 7.89 (dd, 2H, JH-H = 7.1 Hz, JH-H = 1.6 Hz), 6.85-6.79 (set of m, 4H) 

(PyS2 ligands), 5.77 (m, 2H, CH), 5.64 (m, 2H, CH), 5.56 (m, 4H, CH), 4.40 (m, 2H, =CH), 

3.80 (m, 2H, =CH), 3.53 (m, 2H, =CH), 3.41 (m, 2H, =CH), 3.30 (m, 2H, =CH), 3.20 (m, 2H, 

=CH), 2.80 (m, 2H, =CH), 2.19 (m, 2H, =CH) (tfbb ligands). 

 [Rh4(µ-PyS2)2(cod)4]PF6 (1a+). Method A. Solid [Cp2Fe]PF6 (0.031 g, 0.095 mmol) 

was added to a solution of [Rh4(µ-PyS2)2(cod)4] (1) (0.107 g, 0.095 mmol) in 

dichloromethane (15 mL) and the mixture was stirred for one hour at room temperature. The 

resulting dark brown solution was concentrated under vacuum to ca. 1 mL. Slow addition of 

diethyl ether (5 mL) gave 1a+ as a brown microcrystalline solid, which was filtered off, 

washed with diethyl ether, and dried under vacuum. Yield: 0.087 g (72%). Anal. Calcd for 
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C42H54F6N2Rh4S4: C, 39.67; H, 4.28; N, 2.20. Found: C, 39.74; H, 4.30; N, 2.15. MS 

(FAB+, CH2Cl2, m/z): 1126 ([Rh4(µ-PyS2)2(cod)4]+, 100%), 1019 ([Rh4(µ-PyS2)2(cod)3]+, 

15%), 906 (Rh4(µ-PyS2)2(cod)2]+, 17%). ΛM (Ω-1 cm2 mol-1): 130 (acetone, 5.0.10-4 M). 

 Method B. A filtered dark blue solution of [N(C6H4Br-4)3]PF6, generated in situ by 

reaction of N(C6H4Br-4)3 (0.043 g, 0.089 mmol) with solid NOPF6 (0.031g, 0.177 mmol) in 

dichloromethane (12 mL) for 10 minutes under argon, was added to a solution of [Rh4(µ-

PyS2)2(cod)4] (0.100 g, 0.089 mmol) in dichloromethane (15 mL) to give a dark brown 

solution. Work-up as described above gave 0.071 g of 1a+ (Yield: 63%). 

 [Rh4(µ-PyS2)2(cod)4]X. [X= PF6 (1a+), BF4 (1b+), ClO4 (1c+)]. In a typical procedure 

solid Cp2Fe (0.100 mmol) was reacted with the appropriate silver salt AgX (0.090 mmol) (X= 

PF6, BF4 or ClO4) in acetone (10 mL) with exclusion of light. The blue mixture was stirred 

for 30 minutes and then filtered through celite over a solution of [Rh4(µ-PyS2)2(cod)4] (0.100 

g, 0.089 mmol) in dichloromethane (15 mL). Work-up as above gave the complexes as dark 

brown microcrystalline solids. (1a+): Yield: 75%. (1b+): Yield: 70%. Anal. Calcd for 

C42H54BF4N2Rh4S4: C, 41.56; H, 4.48; N, 2.31. Found: C, 41.41; H, 4.00; N, 2.28. ΛM (Ω-

1cm2mol-1): 118 (acetone, 5.6.10-4 M). (1c+): Yield: 75%. Anal. Calcd for 

C42H54ClN2O4Rh4S4: C, 41.14; H, 4.44; N, 2.28. Found: C, 41.10; H, 4.20; N, 2.25. ΛM (Ω-

1cm2mol-1): 106 (acetone, 5.01.10-4 M). 

 [Rh4(µ-PyS2)2(tfbb)4]PF6 (2a+). [Cp2Fe]PF6 (0.015 g, 0.047 mmol) was added to a 

solution of [Rh4(µ-PyS2)2(tfbb)4] (2) (0.075 g, 0.047 mmol) in dichloromethane (15 mL) to 

give a green-red dichroic solution, which was stirred for 30 min. On concentration, a dark 

green solid crystallized out. Slow addition of diethyl ether (10 mL) gave 2a+ as a dark green 

microcrystalline solid which was filtered off, washed with diethyl ether and dried under 

vacuum. Yield: 0.063 g (80%). Anal. Calcd for C58H30F22N2Rh4S4: C, 39.95; H, 1.73; N, 

1.60. Found: C, 39.85; H, 1.52; N, 1.63. MS (FAB+, CH2Cl2, m/z): 1598 ([Rh4(µ-

PyS2)2(tfbb)4]+, 100%), 1372 ([Rh4(µ-PyS2)2(tfbb)3]+, 4%). ΛM (Ω-1cm2mol-1): 106 

(acetone, 4.81.10-4 M). 

 [Rh4(µ-PyS2)2(tfbb)4]X [X = PF6 (2a+), BF4 (2b+), ClO4 (2c+)]. Complexes 2+ were 

also prepared using freshly made solutions of the oxidant [Cp2Fe]X (X= PF6, BF4 and ClO4) 
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following the procedure described above. The complexes were obtained as dark green 

microcrystalline solids in high yield (0.063 mmol scale): (2a+): Yield: 75%. (2b+): Yield: 

78%. Anal. Calcd for C58H30BF20N2Rh4S4: C, 41.33; H, 1.79; N, 1.66. Found: C, 41.28; H, 

1.62; N, 1.63. ΛM (Ω-1cm2mol-1): 121 (acetone, 4.69.10-4 M). (2c+): Yield: 78%. Anal. Calcd 

for C58H30ClF16N2O4Rh4S4: C, 41.04; H, 1.78; N, 1.65. Found: C, 40.89; H, 1.63; N, 1.62. 

ΛM (Ω-1cm2mol-1): 114 (acetone, 4.89.10-4 M). 

 [Ir4(µ-PyS2)2(cod)4][BF4] (3+). A solution of AgBF4 (0.011 g, 0.057 mmol) in acetone 

(5 mL) was added over a solution of [Ir4(µ-PyS2)2(cod)4] (3) (0.084 g, 0.057 mmol) in 

dichloromethane (10 mL) with exclusion of light. The dark green mixture formed was stirred 

for one hour and then filtered through celite under nitrogen to remove metallic silver. 

Concentration of the filtrate under reduced pressure to ca. 1 mL, and slow addition of diethyl 

ether (5 mL) gave 3+ as a dark green microcrystalline solid. The solid, which was isolated in 

the Schlenk-tube, was washed with diethyl ether (2 x 5 mL) and dried under vacuum. Yield: 

0.058 g (65%). Anal. Calcd for C42H54BF4Ir4N2S4: C, 32.11; H, 3.47; N, 1.78. Found: C, 

32.21; H, 3.49; N, 1.72. MS (FAB+, CH2Cl2, m/z): 1484 ([Ir4(µ-PyS2)2(cod)4]+, 100%), 1373 

([Ir4(µ-PyS2)2(cod)3]+, 7%), 1183 ([Ir3(µ-PyS2)2(cod)3+, 67%). ΛM (Ω-1cm2mol-1): 130 

(acetone, 5.02.10-4 M). 

 [Ir3(µ-PyS2)2(cod)3]X [X = PF6 (5a), X = BF4 (5b)]. Method A. A filtered dark blue 

solution of [N(C6H4Br-4)3]PF6 (0.101 mmol) in dichloromethane (12 mL) prepared as 

described above, was added to a solution of [Ir4(µ-PyS2)2(cod)4] (0.075g, 0.051 mmol) in 

dichloromethane (10 mL) to give a green solution, which slowly turned to dark violet. After 

stirring for one hour, the solution was concentrated to ca. 1 mL. Slow addition of diethyl ether 

(10 mL) gave the complex 5a as a dark violet microcrystalline solid, which was filtered off, 

washed with diethyl ether and dried under vacuum. Yield: 0.052 g (93%). Anal. Calcd for 

C34H42F6Ir3N2S4: C, 30.73; H, 3.19; N, 2.11. Found: C, 30.63; H, 3.31; N, 2.15. MS (FAB+, 

CH2Cl2, m/z): 1183 ([Ir3(µ-PyS2)2(cod)3]+, 100%), 1073 [Ir3(µ-PyS2)2(cod)2]+, 18%). 1H 

NMR (CDCl3, 293K) δ: 7,75 (d, 1H, JH-H = 7.8 Hz), 7.26 (t, 1H, JH-H = 7.8 Hz), 7.01 (d, 1H, 

JH-H = 8.2 Hz), 6.87 (t, 1H, JH-H = 8.2 Hz), 6.41 (d, 1H, JH-H = 7.3 Hz), 6.31 (d, 1H, JH-H = 8.1 

Hz) (PyS2 ligands), 6.26 (m, 2H, =CH), 5.55 (m, 1H, =CH), 5.15 (m, 1H, =CH), 5.05 (m, 1H, 
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=CH), 4.95 (m, 1H, =CH), 4.45 (m, 1H, =CH), 4.35 (m, 1H, =CH), 4.15 (m, 2H, =CH), 3.95 

(m, 1H, =CH), 3.65 (m, 1H, =CH), 3.2-1.5 (m, 24H, CH2) (cod ligands). ΛM (Ω-1cm2mol-1): 

106 (acetone, 4.75 10-4 M). 

 Method B. A solution of AgBF4 (0.020 g, 0.102 mmol) in a 1:1 acetone-

dichloromethane mixture (10 mL) was slowly added to a solution of [Ir4(µ-PyS2)2(cod)4] 

(0.076 g, 0.051 mmol) in dichloromethane (10 mL) with exclusion of light. The initial green 

mixture gradually turned dark violet within approximately 15 minutes. The solution was 

filtered through celite to remove metallic silver, and the filtrate concentrated under vacuum to 

ca. 1 mL. Slow addition of pentane (10 mL) gave 5b as dark violet microcrystals, which were 

filtered off, washed with pentane and dried under vacuum. Yield: 0.045 g (75%). Anal. Calcd 

for C34H42BF4Ir3N2S4: C, 32.14; H, 3.33; N, 2.21. Found: C, 32.19; H, 3.35; N, 2.17. ΛM 

(Ω-1cm2mol-1): 132 (acetone, 4.56 10-4 M). 

 [Ir3(µ-PyS2)2(tfbb)3]BF4 (6). A solution of AgBF4 (0.018 g, 0.094 mmol) in acetone 

(5 mL) was added over a green suspension of [Ir4(µ-PyS2)2(tfbb)4] (4) (0.092 g, 0.047 mmol) 

in dichloromethane (10 mL). The brown-green suspension so formed was stirred for four 

hours and then filtered through kieselguhr to remove the metallic silver. Concentration under 

vacuum to ca. 1 mL and slow addition of diethyl ether (5 mL) gave 7 as a dark green powder 

which was filtered off, washed with diethyl ether and dried under vacuum. Yield: 0.066 g 

(54%). Anal. Calcd for C46H24BF16Ir3N2S4: C, 34.01; H, 1.49; N, 1.72. Found: C, 33.98; H, 

1.32; N, 1.73. MS (FAB+, CH2Cl2, m/z): 1956 ([Ir4(µ-PyS2)2(tfbb)4]+, 98%), 1537 ([Ir3(µ-

PyS2)2(tfbb)3]+, 100%), 1311 ([Ir3(µ-PyS2)2(tfbb)2]+, 15%). 1H NMR (CDCl3, 293K) δ: 7.40 

(dd, 1H, JHH = 8.1 Hz, JHH = 1.2 Hz), 7.14 (dd, 1H, JHH = 7.8 Hz), 7.05 (t, 1H, JH-H = 8.0 Hz), 

6.94 (t, 1H, JH-H = 8.2 Hz), 6.67 (dd, 1H, JH-H = 8.2 Hz, JH-H = 1.2Hz), 6.63 (dd, 1H, JH-H = 8.0 

Hz, JH-H = 1.2 Hz) (PyS2 ligands), 6.40 (m, 1H, CH), 6.30 (m, 1H, CH), 6.24 (m, 1H, CH), 

6.14 (m, 1H, CH), 6.08 (m, 1H, CH), 5.87 (m, 1H, CH), 5.70 (m, 1H, =CH), 5.65 (m,1H, 

=CH), 5.49 (m, 1H, =CH), 5.20 (m, 1H, =CH), 5.09 (m, 1H, =CH), 4.82 (m, 2H, =CH), 4.59 

(m, 1H, =CH), 4.35 (m, 1H, =CH), 4.25 (m, 1H, =CH), 4.13 (m, 1H, =CH), 3.84 (m, 1H, 

=CH) (tfbb ligands). ΛM (Ω-1cm2mol-1): 114 (acetone, 6.31 10-4 M). 
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 Crystal Structure Determination of [Ir3(µ-PyS2)2(cod)3]BF4 (5b). A summary of 

crystal data and refinement parameters is given in Table 3. Suitable crystals for X-ray 

diffraction were obtained by slow difusion of n-hexane into a concentrated solution of 5b in a 

mixture of dichloromethane/acetone. The selected crystal was a dark-purple irregular block of 

approximate dimensions 0.24 × 0.18 × 0.13 mm. Difraction data were recorded at 173 K on a 

Siemens-Stoe AED-2 diffractometer using graphite-monochromated Mo-Kα radiation (λ = 

0.71073 Å). Cell constants were obtained from the least-squares fit on the setting angles of 46 

reflections in the range 25 ≤ 2θ ≤ 32º. 7239 reflections with 2θ in the range 3-50º were 

measured using the ω/2θ scan technique and corrected for Lorentz and polarization effects, 

and a semiempirical absorption correction, based on azimuthal ψ-scans from 12 reflections, 

was also applied.36 Three standard reflections were measured every 55 minutes as a check of 

crystal and instrument stability; no important variation was observed.  

 The structure was solved by direct methods (SIR92)37 and difference Fourier 

techniques and refined by full-matrix least-squares on F2 (SHELXL97),38 first with isotropic 

and then with anisotropic displacement parameters for the non-hydrogen atoms. The 

hydrogen atoms were introduced in calculated positions or localized in a difference Fourier 

map (for the olefinic carbon atoms bonded to the metals), and refined riding on the 

corresponding carbon atoms. The refinement converged at wR(F2) = 0.0933 for 436 

parameters and 6026 unique reflections. The calculated weighting scheme is 1/[Σ2(Fo2) + 

(0.0410P)2 + 44.61P], where P = (Max(Fo2, 0) + 2Fc2)/3. Scattering factors, corrected for 

anomalous dispersion, as implemented in the refinement program.38 
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the structure determination of complex 5b. This material is available free of charge via the  
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Table 1. Redox potentials (Eo vs SCE, in V) and peak-to-peak separation (ΔEp in mV) for the 
complexes [M4(µ-pyS2)2(dilolefin)4] in 0.1 M TBAH-CH2Cl2 at 100 mVs-1. 
 

 [M4]→[M4]+ [M4]+→[M4]2+ 

Complex Eo (V)      ΔEp (mV) Eo (V)      ΔEp (mV) 
___________________________________________________________________________ 

[Rh4(µ-pyS2)2(cod)4] (1) 0.16 63 0.58 70 

[Rh4(µ-pyS2)2(tfb)4] (2) 0.37 80 0.79 80 

[Ir4(µ-pyS2)2(cod)4] (3) 0.08 79 0,53 80 

[Ir4(µ-pyS2)2(tfb)4] (4) 0.19 90  
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Table 2. Selected Bond Distances and Angles for [Ir3(µ-PyS2)2(cod)3]BF4 (5b). 

 

Ir(1)-Ir(2) 2.9509(6)  Ir(2)...Ir(3) 3.8633(8) 

Ir(1)-S(1) 2.442(3)  Ir(2)-S(2) 2.406(2)  

Ir(1)-S(4) 2.336(2)  Ir(2)-S(4) 2.377(2)  

Ir(1)-N(1) 2.057(7)  Ir(2)-N(2) 2.096(7)  

Ir(1)-C(11) 2.205(9)  Ir(2)-C(19) 2.219(9)  

Ir(1)-C(12) 2.211(9)  Ir(2)-C(20) 2.207(9)  

Ir(1)-C(15) 2.172(9)  Ir(2)-C(23) 2.190(10)  

Ir(1)-C(16) 2.163(10)  Ir(2)-C(24) 2.182(10)  

Ir(3)-S(2) 2.347(2)  Ir(3)-S(3) 2.327(3)  

Ir(3)-C(27) 2.138(10)  Ir(3)-C(31) 2.170(10)  

Ir(3)-C(28) 2.162(10)  Ir(3)-C(32) 2.148(10)  

S(1)-C(1) 1.739(10)  S(2)-C(5) 1.774(10)  

S(3)-C(6) 1.745(10)  S(4)-C(10) 1.781(10)  

 

Ir(2)-Ir(1)-S(1) 127.58(7)  Ir(1)-Ir(2)-S(2)  82.04(6)  

Ir(2)-Ir(1)-S(4)  51.87(6)  Ir(1)-Ir(2)-S(4)  50.62(6)  

Ir(2)-Ir(1)-N(1)  77.4(2)  Ir(1)-Ir(2)-N(2)  86.5(2)  

Ir(2)-Ir(1)-CC(1)a 113.5(3)  Ir(1)-Ir(2)-CC(3)a  99.8(3)  

Ir(2)-Ir(1)-CC(2)a 115.0(3)  Ir(1)-Ir(2)-CC(4)a 158.7(3)  

S(1)-Ir(1)-S(4)  96.05(9)  S(2)-Ir(2)-S(4) 126.12(8)  

S(1)-Ir(1)-N(1)  67.7(2)  S(2)-Ir(2)-N(2)  86.4(2)  

S(1)-Ir(1)-CC(1)a 104.9(3)  S(2)-Ir(2)-CC(3)a 100.4(3)  

S(1)-Ir(1)-CC(2)a 102.2(3)  S(2)-Ir(2)-CC(4)a 117.9(3)  

S(4)-Ir(1)-N(1)  99.3(2)  S(4)-Ir(2)-N(2)  68.9(2)  

S(4)-Ir(1)-CC(1)a  89.4(3)  S(4)-Ir(2)-CC(3)a 110.5(3)  

S(4)-Ir(1)-CC(2)a 161.7(3)  S(4)-Ir(2)-CC(4)a 108.3(3)  

N(1)-Ir(1)-CC(1)a 169.0(3)  N(2)-Ir(2)-CC(3)a 171.3(4)  
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N(1)-Ir(1)-CC(2)a  88.5(4)  N(2)-Ir(2)-CC(4)a  87.5(4)  

Table 2 (Cont.) 

CC(1)-Ir(1)-CC(2)a  85.2(4)  CC(3)-Ir(2)-CC(4)a  84.5(4)  

S(2)-Ir(3)-S(3)  95.35(8)  S(3)-Ir(3)-CC(5)a 175.7(3)  

S(2)-Ir(3)-CC(5)a  89.0(3)  S(3)-Ir(3)-CC(6)a  88.7(3)  

S(2)-Ir(3)-CC(6)a 175.9(3)  CC(5)-Ir(3)-CC(6)a  87.0(4)  

__________________________________________________________________________________________a CC(n) 

represents the midpoint of a C=C olefinic bond (n = 1, C(11)-C(12); n = 2, C(15)-C(16); n = 

3, C(19)-C(20); n = 4, C(23)-C(24); n = 5, C(27)-C(28); n = 6, C(31)-C(32). 

 

 

Table 3. Crystallographic Data for [Ir3(µ-PyS2)2(cod)3]BF4 (5b). 

 

 chemical formula C34H42BF4Ir3N2S4  

 formula weight 1270.35  

 temp, K 173(2)  

 space group P21/c (no 14) 

 a, Å 7.9234(9)  

 b, Å 22.002(4)  

 c, Å 19.786(3)  

 β, deg 96.395(14)  

 V, Å3 3427.8(9)  

 Z 4  

 λ 0.71073 �Å 

 ρ(calcd), g cm-3 2.462  

 µ(Mo Kα), mm-1 11.914  

 R(F) [F2> 2σ(F2)]a 0.0354  

 wR(F2) [all data]b 0.0933  

___________________________________________________________________________ 
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a R(F) = Σ||Fo|-|Fc||/Σ|Fo|, for 5057 observed reflections. b wR(F2) = (Σ[w(Fo2-

Fc2)2]/Σ[w(Fo2)2])1/2. 

Captions to the Figures 

 

 
Figure 1. Chem3D representation of the molecular structure of [Rh4(µ-pyS2)2(cod)4] (1). 

 

 

 
Figure 2. Cyclic voltammogram of [Ir4(µ-PyS2)2(tfbb)4] (4) measured in CH2Cl2/0.1 M 

TBAH at a platinum disk electrode at 100 mVs-1. 
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Figure 3. a) Q-band EPR spectrum of a polycrystalline sample of [Rh4(µ-PyS2)2(cod)4]PF6 

at 90 K (1a+). b) X-band EPR spectrum of a frozen solution of (1a+) at 90 K. The continuous 

lines correspond to the experimental spectra and the dotted lines to the simulated ones. 

a

b

Figure 3
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Figure 4. Q-band EPR spectrum of a polycrystalline sample of [Ir4(µ-PyS2)2(cod)4]BF4 (3+) 

at  90 K.  

 

 
Figure 5. Molecular structure of [Ir3(µ-PyS2)2(cod)3]BF4 (5b). 

 

 

 

 

 

Figure 4

Figure 5
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Scheme 1 

 

 

 

Scheme 2 

(µ-PyS2)2(tfbb)4](BF4)2 instead of the expected oxidized complex
22+. This compound was isolated as an air-sensitive purple
paramagnetic solid, and the formulation is supported by the
FAB+ mass spectrum, which showed an intense peak at m/z
1705 with the right isotopic distribution. The EPR spectrum,
measured in X-band at room temperature, showed a single
Lorenztian line centered at about g ) 2.11 with a peak-to-peak
width of 5.2 mT. This g-value strongly suggests that the unpaired
electron is located on the rhodium atoms. The ionic character
of this compound was confirmed by conductivity measurements
in acetone, but we have been unable to obtain satisfactory
elemental analyses. We believe that the species [AgRh4(µ-
PyS2)2(tfbb)4]2+ could be structurally related to the heteropenta-
nuclear complex [TlRh4(µ-PyS2)2(cod)4]+, resulting from the
encapsulation of Tl+ ion by the tetranuclear complex 1,19 since
this compound is also obtained directly from the reaction of
the complex [Rh4(µ-PyS2)2(tfbb)4]+ (2b+) with AgBF4.
Chemical Oxidations of the Iridium Complexes [Ir4(µ-

PyS2)2(diolefin)4]. Redox-Induced Degradation of the Tet-
ranuclear Framework. Reaction of the complex [Ir4(µ-PyS2)2-
(cod)4] (3) with 1 molar equiv of AgBF4 in dichloromethane/
acetone produces a clean oxidation to the paramagnetic complex
[Ir4(µ-PyS2)2(cod)4]BF4 (3+) and metallic silver. Complex (3+)
was isolated in high yield as a green microcrystalline air-
sensitive solid and behaves as a 1:1 electrolyte in acetone.
Moreover, the purity of 3+ was unequivocally established
electrochemically by linear voltammetry at RDE. The Q-band
EPR spectrum of a polycrystalline sample of 3+ at low
temperature can be described using the above introduced spin-
Hamiltonian with gx ) 2.097 ( 0.005, gy ) 2.213 ( 0.005, gz
) 2.407 ( 0.005; g ) 2.24 ( 0.01. No hyperfine structure was
observed for a polycrystalline sample nor for a frozen solution
in 2:1 dichloromethane/THF at 90 K.
An unexpected fragmentation of the tetranuclear framework

occurred on oxidation of complex 3 with 2 molar equiv of
AgBF4 in dichloromethane/acetone to give the trinuclear
complex [Ir3(µ-PyS2)2(cod)3]BF4 (5b) and metallic silver.
Complex 5b was isolated as a violet air-stable microcrystalline
solid. This redox-induced degradation of the tetranuclear
framework can be accomplished stepwise to give 3+ first, and
then a further addition of 1 molar equiv of AgBF4 or even
reaction of 3+ with molecular oxygen gives 5b (Scheme 1).
Interestingly, the oxidation of 3 with 2 molar equiv of [N(C6H4-
Br-4)3]PF6 to give the hexafluorophosphate salt [Ir3(µ-PyS2)2-
(cod)3]PF6 (5a) proceeds cleanly with a considerable increase
in the yield relative to the oxidation with the silver salt.
The paramagnetic complex [Ir4(µ-PyS2)2(tfbb)4]+ (4+) was

not accessible by chemical oxidation of the compound [Ir4(µ-

PyS2)2(tfbb)4] (4) with 1 molar equiv of AgBF4. This reaction
gave directly an equimolar mixture of 4 and the trinuclear
complex [Ir3(µ-PyS2)2(tfbb)3]BF4 (6) (1H NMR evidence).
Complex 6, resulting from the fragmentation of the tetranuclear
complex, was also obtained from the reaction of complex 4 with
2 molar equiv of AgBF4 and was isolated as a dark green air
stable solid in moderate yield.
The diamagnetic complexes 5 and 6 were characterized by

elemental analyses, mass spectra, and 1H NMR spectroscopy,
while [Ir3(µ-PyS2)2(cod)3]BF4 (5b) was fully characterized by
X-ray methods (see below). They maintain the structure in
solution since both 2,6-pyridinedithiolate ligands and all the
olefinic protons of the three coordinated diolefins are inequiva-
lent in the 1H NMR spectra, in agreement with the lack of
symmetry of the complexes.
It is interesting to notice that the 62-electron dicationic species

[Ir4(µ-PyS2)2(diolefin)4]2+ were not isolated from the chemical
oxidation of complexes 3 and 4 with silver salts. In this context
it is worthy to mention that the CV profile of [Ir3(µ-PyS2)2-
(cod)3]BF4 (5b) (consisting of four irreversible processes: an
anodic peak at 0.99 V and catodic peaks at 0.73, -0.37, and
-1.12 V at 100 mV s-1) is observed in the CV of complex
[Ir4(µ-PyS2)2(cod)4] (3),14 indicating that 5b is also electro-
chemically generated after the two-electron oxidation of 3.
Therefore, the 62-electron dicationic species [Ir4(µ-PyS2)2-
(diolefin)4]2+ probably mediate the degradation of the tetra-
nuclear complexes in both cases. Taking into account that the
trinuclear complexes [Ir3(µ-PyS2)2(diolefin)3]+ (5, 6) are 50-
electron clusters, their formation involves the formal extrusion
of the 12-electron fragment [Ir(diolefin)]+ from the oxidized
species [Ir4(µ-PyS2)2(diolefin)4]2+. The fate of these hypothetical
fragments is unknown, since we have not been able to capture
them as defined complexes by adding bidentate ligands, such
as triphenylphosphine or 2,2!-bipyridine, to the solutions result-
ing from the isolation of the trinuclear complexes.
Molecular Structure of [Ir3(µ-PyS2)2(cod)3]BF4 (5b). Figure

5 shows a representation of the trinuclear cation together with
the atom labeling scheme used, and Table 2 displays selected
bond distances and angles. The complex cation is formed by
three iridium atoms, three cyclooctadiene moleculesseach one
chelated to a different metal centersand two 2,6-pyridinedithi-
olate groups, bonded to the iridium atoms through the pyridine
nitrogen and the sulfur atoms in a nonsymmetric way. One of
these two bridging ligands (see Figure 5) is coordinated in a
chelate fashion through S(1) and N(1) to Ir(1), while S(2)
presents a µ2-coordination to both Ir(2) and Ir(3). The other
2,6-pyridinedithiolate group is bonded through S(3) to Ir(3),
through N(4) to Ir(2), and through S(4) to Ir(1) and Ir(2) in

(19) Casado, M. A.; Pérez-Torrente, J. J.; López, J. A.; Ciriano, M. A.;
Lahoz, F. J.; Oro, L. A. Inorg. Chem. 1999, 38, 2482.

Scheme 1

Figure 4. Q-band EPR spectrum of a polycrystalline sample of [Ir4-
(µ-PyS2)2(cod)4]BF4 (3+) at 90 K.
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almost no interaction would be found between the inner rhodium
atoms (overlap populations 0.000 e- and 0.005 e-, respectively).
In addition, the calculated charges for the external and internal
rhodium atoms (0.118 and 0.281 for [M4], 0.249 and 0.521 for
[M4]+, and 0.380 and 0.761 for [M4]2+, respectively) indicate
that the depopulation of the HOMO upon oxidation affects
strongly the two internal rhodium atoms. These results indicate
the general tendency of the bonding of the metal framework
upon oxidation, although the model even for the [M4]+
compounds cannot be validated, since we do not have a
structural determination for the oxidized species.
The hyperfine coupling observed in the EPR spectrum of the

rhodium cation 1a+ clearly establishes that the odd-electron spin
density is delocalized between two equivalent metals to give a
triplet. In other words, the two internal metals in the structure
of 1 share the unpaired electron. Moreover, if there were an
interaction of this electron with the two external metals, it would
be very weak, since it would only produce the broadening of
the lines of the triplet. Therefore, the formation of a bond of
order 1/2 between the internal metals occurs after the first
oxidation, which should lead to an aproximation of these two
metals relative to 1 and to a larger separation and weakening
of their interactions with the external metals. These structural
changes made the calculations of the overlap populations for
the HOMO in the [M4]+ species unreliable.
The delocalization of the odd-electron spin over two metals

in the [M4]+ complexes can be deduced from their EPR spectra
through the mean g-value. The EPR data from several mono-,
di-, and trinuclear paramagnetic rhodium complexes ([Rhn], n
) 1, 2, 3) indicate a good correlation between the mean g-value
and the number of interacting metal atoms, in such a way that
the shift of the mean g-factor from that of the free electron
g-value (ge ) 2.0023) becomes smaller as the number of
rhodium atoms increases. Paramagnetic square-planar mono-
nuclear rhodium(II) complexes (n ) 1), such as [Rh(C6Cl5)2-
(PR3)2],24 [Rh(C6Cl5)2(cod)],24 and [Rh(2,4,6-Pri3C6H2)2(tht)2]25
(tht ) tetrahydrothiophene), show typical g-values in the range
2.46-2.32. The mean g-values in mixed-valence face-to-face
dinuclear rhodium complexes (n ) 2) with ancillary !-acceptor
carbonyl ligands, such as [Rh2(µ-PhNC(Me)NPh)2(C!)2(PPh3)2]
and [Rh2(µ-RNNNR)2(C!)2(PPh3)2] (R ) p-tolyl), show values
of 2.119 and 2.118, respectively.26 Slightly higher values are
found for related dinuclear complexes with diolefins as auxiliary
ligands such as [Rh2(µ-mhp)2(cod)2], [Rh2(µ-chp)2(nbd)2], and
[Rh2(µ-mhp)2(nbd)2] (mhp) 6-methyl-2-hydroxypyridinate, chp
) 6-chloro-2-hydroxypyridinate, nbd ) 2,5-norbornadiene) with
mean g-values of 2.218, 2.181, and 2.178 in frozen solutions,
respectively.10 The diolefin complexes [Rh2(µ-1,8-(NH)2C10H6)-
(diolefin)2] (diolefin ) cod, nbd, tfbb) also exhibit mean
g-values in the range 2.149-2.141 in CH2Cl2 at room temper-
ature.27 Interestingly, the linear trinuclear rhodium complexes
(n ) 3) [Rh3(µ3-Onapy)(CO)4(PPh3)2]2+ and [Rh3(µ3-OMe2-
napy)(CO)4(PPh3)2]2+ (Onapy ) 1,8-naphthyridine-2-onate,
OMe2napy ) 5,7-dimethyl-1,8-naphthyridine-2-onate) show
smaller mean g-factors of 2.091 and 2.085, respectively,28 while
the mean g-values for the diolefin trinuclear complexes [Rh3-

(µ3-Onapy)(CO)2(cod)2]2+ and Rh3(µ3-OMe2napy)(CO)2(cod)2]2+,
2.122 and 2.119, respectively, are slightly larger.28 Although
there is less data concerning the mean g-factor in iridium
complexes, the mononuclear complex [Ir(C6Cl5)2(cod)] shows
a mean g-value of 2.540,29 whereas the values found for the
dinuclear complexes [Ir2(µ-2,5-Me2pz)(cod)][BF4]30 and [Ir2-
(µ-anp)(cod)]+ (anp ) 2-anilinopyridinato)31 are 2.34 and 2.27,
respectively.
Taking into account these figures, the mean g-value for the

complexes [Rh4(µ-PyS2)2(cod)4]PF6 (1a+) (g ! 2.16), [Rh4(µ-
PyS2)2(tfbb)4]BF4 (2b+) (g ! 2.11), and [Ir4(µ-PyS2)2(cod)4]-
[BF4] (3+) (g ! 2.24) suggests that the unpaired electron is
mainly shared by two rhodium or two iridium atoms; the smaller
mean g-value found for complex [Rh4(µ-PyS2)2(tfbb)4]PF6 (2b+)
(g ! 2.11) could be due to the !-acceptor properties of the
tfbb ligands. Therefore, we can assume that the odd-electron
spin density in the monocations [M4]+ is distributed between
the two internal metal atoms, as found for 1a+, and these two
metals would have d7-d8 configurations with delocalized
valence.
A main change occurs after the abstraction of an electron

from the [M4]+ species. Although the formation of the [M4]2+
species was detected by cyclic voltammetry, they decompose
in short time. The fate of the dioxidized species [M4]2+ for
rhodium is unknown, but the iridium compounds evolve to the
trinuclear complexes [Ir3(µ-PyS2)2(diolefin)3]+ (5, 6), which
were also detected by the CV experiment. A comparison of the
molecular structures of 5b and 3 evidences that on going from
3 to 5 the metal fragment extruded would be located at an
external position of the tetranuclear framework, and the metal-
metal bond is formed between the inner metal centers in 3.
Scheme 2 shows a reliable proposal for this process.
While the first oxidation of the [M4] species produces the

mixed-valence species [M4]+ with the valence delocalized within
the two internal metals (Ir2-Ir3), the second oxidation would
lead to a two-electron mixed-valence [M4]2+ species. The second
electron would be expected to come from the previously
oxidized metals, the inner metals (Ir 2, or Ir 2 and Ir 3), for
which the EHMO calculation indicates as having a high positive
charge. This would lead either to a compound with d8-d6-
d8-d8 metal centers that should undergo a significant change
in the coordination environment of the d6 metal, as postulated
by Bosnich and Nocera,32 or to the diradical with d8-d7-d7-(24) Garcı́a, M. P.; Jiménez, M. V.; Oro, L. A.; Lahoz, F. J.; Casas, J. M.;

Alonso, P. J. Organometallics 1993, 12, 3257.
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