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Abstract 

The electrochemical behaviour of a series of heterodimetallic 2-metalla-l,3-dichalcogena-[3]ferrocenophanes of general formula 
Cp*(L)M[(ECs-H4)2Fe] (E = S, Se or Te; M = Rh, L = PMe3; M = Ir, L = PMe 3, PPh 3 or C=-NtBu) has been investigated. These 
complexes undergo two successive oxidation steps. In spite of the fact that both metal centres are potentially able to lose electrons, EPR 
spectra and theoretical considerations suggest that the bridging chalcogen atoms, which are centres of high electron density, also 
contribute significantly to the electron-removal processes. 
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1. Introduction 

Heterodimetal assemblies obtained by linking redox- 
active ferrocene units to transition metal complex frag- 
ments are gaining interest in that reversible electron- 
transfer processes at the ferrocene moiety may affect the 
adjacent transition metal centres, although leaving intact 
the original coordination sphere [1,2]. The most com- 
mon case is that in which a ferrocene-contalning ligand 
is bound to a transition metal complex fragment [3-8], 
but cases in which either two ferrocenyl-derived ligands 
are attached to one metal complex fragment [1,6], or 
ferrocenyl-type ligands are connected with metal cluster 
assemblies [9-15] are also known. In many of these 
systems, the only redox-active moiety is the ferrocene 
component. Exceptions are the copper(II) complexes [1] 
and the tricobalt clusters [10-14], which contain two 
redox-active centres within the molecule. 

We have recently found that the metal centre of the 
organometallic fragment Cp*M(PR 3) in the half- 
sandwich complexes [Cp * (PR3)M(CH3) 2 ] (M = Rh or 
Ir) is able to undergo one-electron oxidation to the 
unusual M(IV) oxidation state [16]. We have also re- 
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ported the one-electron oxidation of 1,3-trichalcogena- 
[3]ferrocenophanes, Fe(CsH4E)2E' (E,E' = S, Se or Te) 
[17]. In the heterodimetal compounds considered in the 
present study (Scheme 1), both building blocks are 
combined to give 2-metalla-l,3-dichalcogena-[3]ferro- 
cenophanes of the general formula [Cp*(L)M{(EC 5- 
H4)2Fe}] (E = S, Se or Te; M = Rh, L = PMe 3 ( l a - c ) ;  
M = Ir, L = PMe 3 (2a-c) ,  PPh 3 (3a-e )  and C--NtBu 
(4a-c)  [18]. These complexes undergo two successive 
oxidation steps. At the first sight this might be at- 
tributed to a stepwise oxidation of the two metal cen- 
tres. However, a theoretical study indicates that the 
bridging chalcogen atoms (E) are also centres of high 
electron density. 

2. Results and discussion 

The synthesis of the heterodimetal complexes in 
Scheme 1 and their characterisation by IH, 13C and 31p 
NMR spectroscopy as well as mass spectrometry has 
been described [18]. They are obtained easily from 
either [Cp* (L)RhC12 ] (L = PMe 3) or [Cp* (L)IrC12] (L 
= PMe 3, PPh 3 or C--NtBu)  and the dilithium 1,1'di- 
chalcogenido-ferrocene, Fe(CsH4ELi)2, in tetrahydro- 
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Scheme 1. 

furan (THF) solution under argon. The iridium com- 
pounds are more stable than the rhodium complexes; 
The tellurium compounds tend to decompose slowly, 
both in solution and in the solid state. 

Chemical oxidation using Ag[BF 4] has been found 
[18] to lead to paramagnetic [Cp*(L)M{(ECsH4) 2- 
Fe}]+[BF4], ( lb  ÷) (violet), (3a ÷) (green-brown) and 
(3b +) (violet). Similar oxidations can be achieved with 
Ag[PF6], Ag[SbF 6] and ferrocenium salts such as 
[FeCp2 ] +[BF 4 ]. The hexafluoroantimonate (lb) [SbF 6 ] 
(violet) has been studied. In contrast to the tetrafluoro- 
borate salts ( lb)  [BF4] and (3a) [BF4], the neutral pre- 
cursors (lb, 3a) are soluble in THF solution and can 
therefore be easily washed out. 

2.1. Electrochemistry 

As typical examples, the cyclic voltammetric re- 
sponses shown by the triphenylphosphaneiridium com- 
pounds [Cp*(PPh3)Ir{(E-CsH4)2Fe}] (3a-e )  in 
dichloromethane solution are presented in Fig. 1. 

They undergo two successive oxidation processes at 
peaks A and B, respectively, which exhibit marked 
features of chemical reversibility, except for the ditel- 
lurido-derivative 3c. 

In all cases, controlled potential coulometric tests 
corresponding to the first anodic step consumed one 
electron/molecule. 

Analysis [19] of the cyclic voltammograms of the 
peak-system A / D  exhibited by the sulphur-bridged 
compound 3a as a function of the scan rate v (varying 
from 0.02 to 2.00 V s - I )  indicates that (i) the peak 
current ratio iPD/iPA is constant and unity (ii) the 
peak-to-peak separation AEp progressively increases 
with the scan rate from 66 to 149 mV and (iii) the 
current function ipA v-  1/2 remains essentially constant. 
In the same scan-rate range, the responses of peak-sys- 
tem B / C  show that (i) iPc/ipB is 0.6 at the lowest 
scan rate, and progressively increases to unity at 1.00 V 
s - l ,  (ii) AEp increases from 90 to 188 mV and (iii) the 

current function remains practically constant. All these 
data indicate that a simple one-electron transfer is in- 
volved in the 3a/[3a] ÷ redox change, whereas the 
subsequent oxidation [3a]+/[3a] 2÷ is complicated by 
chemical decomposition. The lifetime of the transient 
dication [3a] z+ is ca. 5 s. 

A similar redox behaviour is displayed by the sele- 
nium-bridged analogue 3b. However, the ditellurium- 
bridged compound 3c is apparently unable to maintain 
its molecular framework intact during the two succes- 
sive one-electron removals, as shown by the high de- 
gree of irreversibility shown by the relevant oxidation 
responses. Unexpectedly, the monocation [3c] ÷ is also 
short-lived (tl/2 ---" 1 s). 

A similar trend is shown by the trimethylphos- 
phaneiridium derivatives [Cp*(PMe3)Ir{(E-CsH4)2Fe}] 
(2a-c). 

As for the isonitrileiridium complexes (4a-c), the 
sulphur-bridged species 4a parallels the corresponding 
phosphine complexes, whereas the selenium-bridged 
derivative gives quite unstable mono- and di-cations. 
No clear data were obtained for the tellurium-bridged 
species. 

Finally, Fig. 2 illustrates the redox behaviour of the 
sulphur-bridged rhodium compound la, the molecular 
structure of which has been determined [18]. 
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Fig. 1. Cyclic voltammograms recorded at a platinum electrode on a 
CH2CI 2 solution containing [NBu4][CIO4] (0.2 mol dm -3) and: (a) 
3a (2.1)<10 -3 moi dm-3); (b) 3b (1.0)<10 -3 mol rim-3); (c) 3c 
(0.9)< 10 -3 mol dm-3). Scan rate 0.05 V s -l. 
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Fig. 2. Cyclic vol tammograms recorded at a platinum electrode on a 
CH2CI 2 solution containing [NBu4][C104] (0.2 mol dm -3)  and l a  
(2.1 × 10 -3 tool d m -  3). Scan rate 0.1 V s -1. 

The first one-electron removal is chemically re- 
versible, whereas the second is followed by chemical 
complications. 

The selenium-bridged lb  has a similar trend, but in 
the corresponding tellurium-bridged complex le both 
one-electron oxidations are complicated by decomposi- 
tion. 

Table 1 summarizes the redox potentials for the 
oxidation steps exhibited by the rhoda- and irida-ferro- 
cenophane complexes. The redox potentials for the 
one-electron oxidation of the mononuclear species 5-7 

Table 1 
Redox potentials (in V, vs. SCE) and peak-to-peak separation (in 
mV) for the two successive oxidations exhibited by the heterodimetal 
complexes 1 - 4  and related compounds  in CH2CI 2 solution 

Compound E °' ( 0 / + )  AEp a E °' ( + / 2 + )  AEp a 

l a  + 0 , 1 0  68 
l b  + 0 , 1 2  68 
l e  + 0,03 a,b _ 
2a + 0 , 1 0  69 
2b + 0,09 71 
2e 0.00 ~,b _ 
3a + 0.09 67 
3b +0 .12  67 
3c - 0.02 a~b _ 
4a + 0.05 81 
4b + 0.04 a,b _ 
5 +0 .35  c 126 
6 + 0.27 c 114 
7 +0.41 70 
8a + 0.62 72 
8b + 0.61 72 
8¢ + 0.57 72 
8d + 0.22 155 

+ 0 . 8 6  a.b 
+ 0.68 a,b 

+ 0.72 a,b 

+ 0.74 92 
+ 0.64 75 
+ 0.44 a,b 
+ 0.74 92 
+ 0.62 78 
+ 0.69 a.b 
+ 0.60 122 
+ 0.56 a.b 

a Measured at 0.05 V s -1 .  
b Peak potential value for oxidation processes complicated by very 
fast decomposition. 
c Measured at 1.0 V s-1 because of  the relatively fast decomposi- 
tion. 

~ X  T e -  -~ 
/ 

CH3 E' Fe 

M T e -  

R~P CHa 

E' = S (~a) 
M = Rh, R = Me (5) Se (Sb) 

M = Ir, R = Me (6) To (8c) 

M = Ir, R = Ph (7) CH2 (8d) 

[16] and 8a-d  [17] are also reported. These mimic the 
two moieties of the heterodimetallic complexes 1 - 4  to 
some degree. 

A naive interpretation of the data might be that, in 
the heterodinuclear complexes the cooperative elec- 
tronic effects make the first oxidation centred on the 
Group 9 fragment easier and make the second oxidation 
centred on the ferrocene moiety more difficult, as com- 
pared with the corresponding mononuclear species. The 
behaviour of rhodium complexes l a - e  and the iridium 
analogues 2a-e  is consistent with the reported greater 
lability of cationic rhodium(IV) complexes compared 
with the corresponding iridium(IV) species [16]. How- 
ever, the results of the theoretical analysis below, indi- 
cating that both electrons are essentially removed from 
the bridging chalcogen atoms, do not allow such a 
straightforward conclusion to be drawn. In particular, if 
one takes into account that the first electron is removed 
from a chalcogen-based orbital, with contributions from 
both the Group 9 metal and iron, whereas the second 
electron is removed from a chalcogen-based orbital 
which contains only a contribution from the Group 9 
metal, the order of the electron removal seems to be the 
converse. 

Finally, the peak-to-peak separations in Table 1 give 
some insight into the structural effects accompanying 
the electron-transfer processes [20]. An electrochemi- 
cally reversible one-electron transfer is expected to 
display a AEp value of 59 mV, independent of scan 
rate [19]. However, uncompensated solution resistances 
may affect the AEp value to some extent, and we are 
therefore justified in concluding that, in almost all 
cases, minimal structural changes accompany the elec- 
tron transfers. 

2.2. EPR spectra of the monocations [Cp'(PPh3)Rh- 
[(SCsH4)2Fe}] + ([la] +) and [Cp" (PMe3)Ir[(SC 5- 
H4)2Fe}I + 13al +) 

Fig. 3 shows the EPR spectra at liquid helium tem- 
perature of powdered samples of the sulphur-bridged 
rhodium monocation [la] + and the similar rhodium 
species [3a] +, both obtained by macroelectrolysis as 
[PF6 ]- salts. 
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Fig. 3. X-band EPR spectra recorded at 4 K on a polycrystalline 
sample of: (a) [la][PFr]; (b) [3a][PF6]. 

They are rather similar with an intense anisotropic peak 
centred at g = 2 (2.07 for [la]+; 2.06 for [3a] +) to- 
gether with several minor features in the 1000-4000 Oe 
range. We attribute these latter signals to impurities 
from decomposition. The main absorption, which is of 

almost the same intensity in the spectra of the two 
samples is quite different from that of a typical ferroce- 
nium species [21] and resembles an organic radical, 
even if the linewidth (ca. hundred Oe) and the anisotropy 
both suggest a nonnegligible contribution from metal 
centres. This is nicely consistent with the results of the 
theoretical analysis described below. 

Attempts to demonstrate the presence of ferrocenium 
centres in salts such as (la) [BF4], (2a) [BF4], (lb) 
[BF4], (2b) [SbF 6 ] and related complexes by Mi3ssbauer 
spectroscopy were not successful. The spectra of the 
salts showed essentially the pattern of the neutral pre- 
cursors ( la,b and 2a,b) with an isomer shift of 8 = 0.51 
mm s -~ and a quadrupole splitting of A = 2.30 mm 
s - l ,  although small amounts of Fe(III) could be de- 
tected [22]. 

2.3. Theoretical study 

Fig. 4 shows the structure of the compound 
[Cp(PH3)Rh{(SCsHa)2Fe}], which has been used as a 
model of the X-ray authenticated species [Cp '(PMe3)- 
Rh{(SCsH4)2Fe}] (la) [18]. 

A qualitative bonding scheme for such a model was 
obtained by applying the isolobal analogy [23]. The 
rather complex fragment CpRh(PH 3) is isolobal with 
the simple fragment methylene, CH 2 [24], the frontier 
MOs of which consist of two formally half-occupied 
levels (a I and b E in the local C2v symmetry), these are 
equivalent to two localised hybrids pointing towards the 
vertices of a tetrahedron. These two orbitals transform- 
ing as d and d' in CpRh(PH 3) (its local symmetry is 
the same as that of the whole complex molecule, Cs), 
will be the fragment MOs responsible of the bonding 
interaction with the sulfur atoms in [Cp(PH3)Rh- 
{(SCsH4)2Fe}]. 

Fig. 4. Perspective view of the model compound [Cp(PH 3)Rh{(SC 5 H 4)2 Fe}l .  
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Even though such a qualitative picture is rather use- 
ful for understanding the main features of the bonding 
interaction between the two fragments CpRh(PH 3) and 
Fe(CsH4S) 2, the quantitative description of the bonding 
scheme from the DV-X a results is actually quite differ- 
ent. 

Table 2 summarises the eigenvalues and the Mul- 
liken [25] charge density analysis of  the nineteen high- 
est occupied and of the two lowest unoccupied MOs, as 
obtained by DV-Xc~  calculations. The analysis indi- 
cates that, despite the very low symmetry of the 
molecule, it is still possible to assign the t2~- or the 
eg-like designations to the Fe-localized MOs [26]. Un- 
fortunately, this is partially prevented as far as the Rh 
atom is concerned [27]. Actually, only the MOs 26a'  
(mainly localised on the t2g-like Rh 4dxz) and 28a'  
(with a significant contribution from the eg-like Rh 
4dz2) are purely tZg- or eg-like in character. The high 
percentage localization of the Rh 4d AOs to MO 21a" 
(74%) is misleading; Actually, both the tEg-like Rh 4de z 
(47%) and the eg-like Rh 4dxy (24%) contribute to this 
74% [28]. The nature of the MOs 28a'  and 24a ' ,  
illustrated in Fig. 5, which represent the antibonding 
and bonding combinations of the occupied Rh 4dx2_y2 
with one of the C s H  ~ 7r levels [28] is particularly 
interesting. The MOs 25a' ,  20a", 23a'  and 18d' are 

simply the occupied 7r levels of the C s H  ~ rings bonded 
to the Fe atom. 

Two further points deserve to be discussed, (i) the 
nature of  the HOMO and (ii) the nature of the acciden- 
tally degenerate MOs 17d' and 21a". 

The nature of the HOMO is particularly important 
because it is directly related to the oxidation processes 
observed in the electrochemical experiments. The 
HOMO 32a'  is the in-phase linear combination of the S 
3pz AOs with a significant participation of the Rh 4d 
AOs. Certainly, 32a '  is the MO involved in the first 
oxidation process and most probably in the second as 
well [29]. 

The accidentally degenerate levels 17d' and 21 a' are 
responsible for the S - R h  o- interaction. Considering the 
qualitative electron count above, it might seem strange 
to find two, rather than one [31], highly S-localized 
MOs responsible for the R h - S  o- interaction. As a 
whole, one would expect to find four occupied MOs 
[three t2g- (4dxz, 4dy z, 4dx2_y2) and one eg-like (dxy)] 
strongly localised on the Rh 4d AOs plus the n ÷ 
combination of the S radical lobes. The presence of the 
n -  combination, in addition to the n ÷ has to be traced 
back ultimately to the absence of an eg-like MO mainly 
Rh 4dxy in character among the occupied levels [32]. In 
the context it is noteworthy that the gross atomic charges 

Table 2 
SCM DV atomic character for [(@-CsHs)Rh(PH3){Fe(@-CsH4S)}2] 

MO Eigenvalue Population (%) 
(eV) Rh Fe S PH 3 (CsH 5) (C5H4) 2 

s p d s p d 

Character 

33a' 3.24 0 1 27 0 0 2 21 29 16 
24d' 3.44 0 0 16 0 0 25 15 0 22 
32d * 5.06 0 0 15 0 0 4 65 2 6 
23d' 5.12 0 0 17 0 0 0 74 1 0 
31a' 5.70 0 0 1 2 0 73 8 0 0 
30a' 5.85 1 0 4 0 0 56 19 1 5 
22a" 6.15 0 1 9 0 0 6 47 2 28 
29a' 6.21 0 0 6 0 0 71 5 0 I 
28a' 6.43 0 0 39 0 0 19 7 2 18 
27d 6.73 2 0 20 0 0 20 25 3 1 
26 a' 7.29 1 0 74 0 0 0 7 9 3 
21d' 7.50 0 0 71 0 0 1 15 6 4 
25a' 7.67 0 0 1 0 1 1 7 1 4 
20a" 8.00 0 0 1 0 0 23 3 0 0 
24d 8.24 0 0 10 0 0 0 2 13 58 
19d' 8.63 0 0 24 0 0 9 4 0 38 
23d 8.74 0 0 3 0 0 0 18 3 7 
18d' 8.76 0 0 7 0 0 13 16 0 13 
22 a' 9.74 0 0 39 0 0 0 1 44 15 
17d' 9.89 0 0 7 0 0 3 31 5 6 
21d 9.89 0 0 8 0 0 0 40 3 16 

4 
22 
8 
8 

16 
14 
7 

17 
15 
29 
6 
3 

85 
73 
17 
25 
69 
51 

1 
48 
33 

(Rh-P)cr a 
(Rh-S)tr a 
3pz S n + 
3pz S n- 
Fe 3d t2g-like 
Fe 3d t2g-like 
3py S n- 
Fe 3d t2g-like 
(CsH~-Rh 4d eg-like) b 
3py S n + 
Rh t2g-like (dxz) 
Rh t2g-like (drz) + eg-like (dxy) 
~-CsH ~ 
~--C5 H 4 -+ (dyz,d.y)Fe 
~-CsH ~ 
~--C5 H ~ --+ (d.y)R, 
vr-C~H 4 
~-CsH ~ --+ (d y~)v~ 
(Rh-P) o" 
(Rh-S)tr 
(Rh-S)tr 

Highest occupied MO. 
b Antibonding orbital. 
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(Q) as well as the integrated charges [33] (fQ) of the Fe 
(formally in the II oxidation state) and the Rh (formally 
in the III oxidation state) atoms are quite similar (Qre = 
1.69 e, QRh = 1.34 e; fQ~e = 0.77 e, fQRh = 0.86 e), 
indicating extensive charge redistribution. 

3. Conclusions 

The heterodimetal complexes under study undergo 
two successive one-electron oxidation steps. In general, 
the abstraction of the first electron is reversible while 
the removal of a second electron leads to secondary 
processes which make it irreversible. In principle, both 
metals are able to lose an electron. From the EPR and a 
few preliminary Mrssbauer data, it appears that the 
monocations generated by either chemical or electro- 
chemical oxidation are not typical ferrocenium cations. 
The theoretical study carried out for a simplified model 
complex, [Cp(PH3)Rh{(SCsH4)2Fe}], indicates that the 
HOMO is involved in Rh-S bonding. Initial oxidation 
at this part of the complex molecule is compatible with 
the results of the electrochemical study. 

4. Experimental 

4.1. Material and apparatus 

Material and apparatus for electrochemistry have been 
described elsewhere [17]. All potential values are re- 
ferred to the saturated calomel electrode (SCE). Under 
the present experimental conditions, the one-electron 
oxidation of ferrocene occurs at E ~' = + 0.45 V. 

4.2. Calculation details 

The electronic structure of the model compound 
[Cp(PH3)Rh{(SCsHa)2Fe}] has been investigated by 
performing first principle discrete variational DV-Xc~ 
quantum mechanical calculations. The non-relativistic 
form of the one-electron Schrtidinger equation can be 
written (in Hartree atomic units, o- represents spin) as 

H ~ , ~ ( r )  = e i¢~w(r)  (1) 

where 

[' ] H,~= - ~ I72 + Vc(r ) + Vxc.,~(r) (2) 

The three terms refer to the kinetic energy, the 
Coulomb potential and the exchange-correlation poten- 

tial, respectively. As far as the effective single particle 
exchange-correlation potential is concerned, the Slater 
Xa form [30] (see Eq. (3)) has been employed. 
Throughout the calculations we used a = 0.7, close to 
the Kohn-Sham value of 2/3.  Variations of c~ between 
2 /3  and 0.7 have no significant effects on our results. 

1 

The matrix elements of the effective Hamiltonian and 
of the symmetry orbital overlap matrix S are evaluated 
as discrete sums over a set of sample points. This set 
includes only pseudorandom diophantine points [34,35]. 

The occupation of each MO was determined by 
applying Fermi-Dirac statistics. The Coulomb potential 
was computed by one-dimensional integration by re- 
placing the actual electron charge density with a model 
density, i.e. the " true" electron charge density was 
approximated by using a linear combination of basis 
functions, chosen in the present case to be the atomic 
radial densities. The coefficients of this expansion were 
fitted by a least-square procedure [35]. 

An extended basis set was used for Rh, Fe, S and P 
atoms (Rh ls-5d AOs; Fe, ls-4d AOs; S, ls-3d AOs; 
P, ls-3d AOs) while a minimal basis set was employed 
for C and H. Spherical wells (2 Ry deep) having an 
internal and external radius of 4.0 and 6.0 a.u., respec- 
tively, were added to the atomic potentials. Such a 
procedure provides a practical means for extending the 
basis to deal with diffuse orbitals. Moreover, it is 
flexible enough so that the basis sets can be optimized 
for the particular molecular application. 

The experimental geometry of the modelled com- 
pound [18] was idealized to C s symmetry. The calcula- 
tions were performed on a DEC5200/CX (DIGITAL 
Equipment) work station at the Inorganic Chemistry 
Department of the University of Padova. 
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