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Abstract 

The electrochemical reduction of the (q3-C,H,)Fe(CO),X (X = Cl, Br, I) complexes has been 
reinvestigated at both Pt and Hg electrodes by means of cyclic voltammetry. Quantum chemical 

calculations have been used to throw light on the nature of the frontier orbitals of (q3-C,H,)Fe(CO),Cl 

complex, and the results corroborate the proposed redox mechanism. The electrochemical behavior of the 

dimer [(~3-C3H,)Fe(CO),]2 has given some additional information on the actual redox mechanism. 

Some evidence of the formation of surface heterometallic products is reported. 

Introduction 

The electrochemical reduction of the allyltricarbonyliron complexes ( TJ~- 
C,H,)Fe(CO),X (X = Cl, Br, I) has been studied by Gubin and Denisovich [1,2] by 
DC polarography at a dropping mercury electrode (DME). The polarograms of all 
the compounds exhibit two subsequent one-electron cathodic waves, the E,,, value 
of the second wave being almost independent of the nature of the halogen X. On the 
basis of the results and additional chemical studies [l], the first wave was judged to 
involve the reductive cleavage of the Fe-X bond, with subsequent formation of the 

+ Dedicated to the memory of Dr. Gabriela Teixeira, a dear colleague and friend. 
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Fig. 1. Structure of (q7-C,H,)Fe(C0)3X (X = Cl, Br. I). 

Fig. 2. CV response of a THF solution of (C,H,)Fe(CU),Br (0.2 mM) containing [Bu,N][F’F,] (0.05 M) 

at Hg electrode (a) and at Pt electrode (b). Room temperature, scan rate 200 mV s-l; (0) starting 

potential. 

Electrochemistry 0J {q’-C3H,)Fe{CO),X ‘(X = Cl, Br, I) at u Pt electrode 

Figure 2b shows the CV response of a THF solution of (C,H,)Fe(CO),Br at a Pt 
electrode. 

A cathodic peak E (at a potential near that of peak B, found in the previous 
experiment) is observed, followed in the reverse scan by a directly associated 
reoxidation peak F and by a broad peak G at a more positive potential. Analysis of 
the CV response with the scan rate varying from Xl to 500 mV S-I exhibits the 
following features: (i) the difference between the potential of the cathodic and that 
cf its directly associated reatidatian one, d Ep = E,(E) - E,(F), increases fcam 85 

to 155 mV and (ii) the i,(F)/i,(E) ratio remains close to 0.5, throughout. 
Exhaustive electrolysis carried out at a working potential beyond peak E (E, = 

__?..Q. y. 32 2 pt &&&& ~c&Ts&&.&e_ 28nF&pAp=w 2 ~~&qF+~,‘;r~& sf 



H/I 

I 



425 

1 1 I 1 I 

-3 -2 -1 0 

E Vvs SCE 

Fig. 3. CV response of a THF solution of [(C,H,)Fe(CO),], (0.5 mM) containing [Bu,N][PF,] (0.05 M) 

at Pt electrode, at room temperature (a) and at - 35 o C (b). Scan rate 200 mV SK’; (0) starting potential. 

i.e. at Pt electrode, the first reduction is shifted to a more negative potential 
(200-250 mV) and the corresponding peak overlaps with the second. 

In order to clarify this point we examined the electrochemical behavior of 
[(C,H,)Fe(CO),],. This dimer was obtained by means of zinc dehalogenation [12] 
of the iodine complex: 

2(C,H,)Fe(C0)31 + Zn + [(C,H,)Fe(C0)312 + ZnI, 

Electrochemistry of [(qj-C,H,)Fe(CO),J, at a Pt and at a Hg electrode 
Figure 3 shows the CV response of a THF solution of [(C,H,)Fe(CO),], at a Pt 

electrode at 20°C (Fig. 3a) and at - 35’C (Fig. 3b), respectively. 
At room temperature a cathodic peak H is observed, exhibiting a directly 

associated reoxidation peak L (AE, = 70 mV, i,“/i,’ = 1 at 200 mV ss’, dashed 
line in Figure 3). At a more negative potential a small, irreversible cathodic peak I is 
also observed. When peak I is traversed, the current intensity of peak L increases, 
i,“/i,’ being > 1 (solid line in Figure 3). As the temperature is lowered from 20 to 
- 35 o C the first reduction peak, H, decreases and the second one, I, increases; this 
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presence of Br- (in the bulk solution in the present experiment or absorbed on the 
electrode surface in the previous one) to form (C,H,)Fe(CO),Br, which in turn 
undergoes a two electron reduction to [(C,H,)Fe(CO),]- and Br- (at the potential 
of peak H’ in the second cathodic sweep). 

Interestingly, the CV response of [(C,H,)Fe(CO),], at a Hg electrode in the 

presence of Br- is similar to that of (C,H,)Fe(CO),Br at the same electrode. 

Attempts to identify the Hg intermediate 
The interaction of (C,H,)Fe(CO),X (X = Cl, Br, I) with a Hg electrode should 

result in the oxidative addition of the FeX bond at Hg, which will facilitate the first 
reduction step. A precedent can be found in the electrochemical behavior of RHgX 
complexes at a Hg electrode, which results in the formation of an “organic calomel” 
RHgHgX compound [15]. 

In an attempt to produce a similar intermediate in solution the anion 
[(C,H,)Fe(CO),]- was treated with HgCl, in THF. The immediately-formed light 
brown product decomposed within a few minutes to the yellow (C,H,)Fe(CO),Cl 

complex with precipitation of Hg, as indicated below: 

[ (C,H,)Fe(CO),] - + HgCl, -+ “(C,H,)Fe(CO),HgCl”+ Cl 

We therefore propose the formation at the electrode surface of a similar product 
formed by partial insertion of Hg into the Fe-X bond, as shown in Fig. 5. 

When the reaction proceeds and the Fe-X bond is broken, the anion X- remains 
on the electrode surface long enough to permit the reoxidation of [(C,H,)Fe(CO),]’ 
to (C,H,)Fe(CO),X. The same situation holds for the Pt electrode, with a minor 
degree of Fe-X bond activation and chemical reversibility. 

Theoretical calculations 
The bonding in (C,H,)Fe(CO),X (X = halogen) was investigated for the case of 

X = Cl as a representative compound. The bonding was considered in terms of the 
interaction of the ally1 fragment [C,H,]- with [Fe(CO),Cl]+. The interfragment 
interaction is a simple one, and is summarised in the correlation diagram shown in 
Fig. 6. As expected there are two major orbital interactions: 67% of the total 
Mulliken overlap population arises from an interaction of the non-bonding MO of 

[C,H,]- with the LUMO of the [Fe(CO),Cl]+ fragment and 31% from the interac- 
tion of the allylic m-bonding orbital with the low lying u-orbital of the metal. 

In the context of the electrochemical results reported here it is the characteristics 
of the low lying MO’s of (C,H,)Fe(CO),X that are of interest. For X = Cl, the 
LUMO exhibits Fe-Cl u* character [16]. However, the calculations also show that a 
second unoccupied MO lies 0.8 eV above the LUMO and that this orbital possesses 

Fig. 5. Sketch of the surface heterometallic compound suggested to be formed during the reduction of 

(C,H,)Fe(CO),X at a Hg electrode. 



Fe~allyl antibonding character. Although the results are consistent with the fact 
that occupation of the LUMO upon electrochemical reduction would lead to a 
weakening of the Fe-Cl bond. they do not rule out the possibility that reduction 
might cause a perturbation of the metal-ally1 bonding. Thus, the experimentally 
observed reductive cleavage of the Fe X bond is favoured h\ the inttfraction with 
the electrode material. 

Final remarks 

(i) On the Pt electrode the (C,H,)Fe(CO),X (X = (.I. Ar. I) species are reduced 
in a two-electron step (E,CE, mechanism where L’, = E,) \tith Fe -X bond cleavage 
(C step) and formation of the [(C,H,)Fe(CO),]’ radical. \l,hich is further reducible 
to the closed-shell [(C,H,jFe(CO)l] anion. 

(ii) The chemical interaction of (C,H,)Fe(CO),X (X = c‘i. Hr, 1) compounds 
with Hg electrode resulta in the formation of unstable hcteromctallic 

{(CIH,)Fe(CO)lHgX} complexes. Lvhich are reduced at a pc>tential 200 -:- 250 m\’ 
more positive than the original complexe>. 



429 

Experimental section 

Tne comp’lexes &rYi5jFelc0j 3X ~~ = cl, Br, ‘I, were maae ‘py a pu’riiishea 
proccebure )%}. The pn15Q 05 each was che&eb br >R antr ‘H-Y+m% spectioscop~~. 

Tne YI% spectra were recorbea on a ‘\saiian E-Y09 ins’rrumerir operaimg in t’ne 
X-band mode and equipped with a variable-temperature accessory. Varian pitch 
(g = 2.0028) was used as reference standard for g values calibration. 

Tne vditammetfic measurements were per”rormea on ‘two ‘types 01 apparatus: Ii) a 
PAR model 173 potentiostat driven by a PAR model 175 universal programmer 
(Moscow) and (ii) a PAR model 273 electrochemical analyzer connected to an 
interfaced IBM microcomputer (Turin). All the potentials are relative to a saturated 
aqueous Calomel Electrode (SCE) and calibrated against the ferrocene (O/l + ) 
couple [I?]. 

The construction of the electrochemical cell for low temperature voltammetric 
measurements and the purification of solvents and supporting electrolytes were as 
previously described [18]. 

IFenske-Hall molecular orbital calculations JI?r were carried out an 
(C,H,)Fe(CO),Cl using crystaIIographicaIIy determiaed coordinates [6] for the 
bromo-analogue. The Fe-Cl distance was set at 2.40 A. The calculations employed 
single-{ -S$&e~ &~c~<QR for &e 1s and 2s Eur~&on of C and 0. The exponents were 
obtained by cume fitting double-< function of Clementi 1201; double-< function far 
the 2p orbitals were used directly. An exponent of 1.16 was used for H. 

We thank the Council of National Research (CNR, Rome) and the MURST 
(Rcme) Ear Financial support, PraEessar 175 Giacnella (Univ-ecsity of Turin] Ear 

reccnr&ng the Ep’E\ spectra, anb Pro’lessor S. &%a (utiYEY& 05 Btiogna) ID1 
useful discussions. M.R. thanks the European Economic Community (EEC) for the 
grant of a studentship under the ERASMUS scheme. 
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