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Abstract

The electrochemical reduction of the (#’-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 (1°-C3;Hs)Fe(CO)4Cl
complex, and the results corroborate the proposed redox mechanism. The electrochemical behavior of the
dimer {(7’-C;H;)Fe(CO);], 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 (7’
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 1], the first wave was judged to
involve the reductive cleavage of the Fe—X bond, with subsequent formation of the
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anion X and the radical [(C;H)Fe(CO),]" which is further reduced to the stable
[(C HH)Fe(COy,]™ anion at the potential corresponding to the second wave.

The detailed mechanism of the electrochemical dehalogenation of organic halides
RX is not only of theoretical but also of practical interest, and several metal
complexes can catalvse such a process [3]. We therefore decided 10 undertake a
study of the electrochemical behavior of the (C;HOFe(COY X (X = CL Br. 1) series
by means of cyclic voltammetry (CV) at either Pt or Hg electrodes in order 1o (1)
understand better the chemical aspects of such redox processes and (i) evaluate the
role played by the mercury in stabilizing the electrode surface intermediates.

Quantum mechantcal calculations by the Fenske Hall method were also per-
formed. and corroborate the proposed redox mechanism. as described below.

Results and discussion

The complexes (CH 1Fe(CO), X (X = CL Br. 1) were made by a published
procedure [4]. involving the following reaction:

Fe.(CO)y + CHy=CH-CH. X — (CH)Fe(CO)X + Fe(CO). + CO

The '"H-NMR spectra of the complexes confirm the presence of ende and exo
isomers, whose relative abundance depends on the nature of X [5]. However these
isomers give indistinguishable CV responses. The structure of the compounds under
study {6] 18 shown in Fig. 1.

Electrochemistry of (7)"‘-('}lli\)lfe'( CO)X(X=Ci, Br. ) wr a Hg electrode

Figure 2a shows the 'V response of a THF solution of (C;H)Fe(CO),Br at a
hanging mercury drop electrode (HMDE). In accord with the polarographic resulis
[1]. two cathodic peaks. A and B, of equal height. are observed. cach exhibiting
directly associated reoxidation peak. C and D, respectively. in the reverse scan.

Analysis of the CV response [7] with the scan rate varied {rom 50 to 500 mV s
indicates that the first peak svstem A/D corresponds o an electrochemically
quasi-reversible process (the A £ = E (A) - £ (D) values increases from 70 to 150
mV). and the second peak svstem, B/C. to a perfectly reversible process (the
AL, = E (B) - £,(C) value 1s constantly equal to 60 mV). The ;’,’1,';’?," rutio of both
the peak systems remains unity, suggesting [ull chemical reversibility for bath
processes. The other allyl complexes behave similarlv. A change of solvent {rom
THF 1o CH,C1, or CH,CN does not significantly alter the behaviour. a the case of
the coordinating CH,CN solvent there is no evidence of any preceding chemical
reaction (e.g. the departure of X to leave the cation [(C.HOFe(COy.}": Such
behaviour has been observed for the isoelectronic [in -allviy 7 -ovelopenta-
dienyD)CoX] complexes in acetonitrile [8].

The formal electrode potential values {7}, E° = l;‘i\‘x + f;'r,f 3/ 2. for the whole
series are in keeping with the polarographic £, , values [1] (Table 1), It can again
be seen that the electrode potentdal of the second reduction step. assigned to the
reduction of the radical (¢, H}Fe(CO) ;] to the monoanion [(C HOFe(C Oy, L is
almost independent of the nature of X, Furthermore. the potenual does not change
significantly f an excess of X s added to the solution (i.e. as Bu,NX sals). In
contrast the first peak svstem s profoundly affected by such an addition.
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Fig. 1. Structure of (3’-C3H;)Fe(CO);X (X = Cl, Br, I).

Fig. 2. CV response of a THF sotution of (C3;H)Fe(COy,Br (0.2 m M) containing {Bu NP} (0.05 M)
at Hg electrode (a) and at Pt electrode (b). Room temperature, scan rate 200 mV s~ '; (O) starting
potential.

Electrochemistry of {n°-C,;Hs)Fe{CO), X (X = Ci, Br, 1) ar a 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 50 to 500 mV s ' exhibits the
following features: (i) the difference between the potential of the cathodic and that
cf its dicectly assaciated reaxidatan aoae, & &, = & (E}— E (T}, tncreases fram 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,, =

—1.8 V) at o Pt bosket muacercelectrode consumes 2 Faradoys/mele of
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Table 1
Redox electrode potentials of the (:f-(‘;H;)l"c((f())‘X (X = Cl, 1: Br. 2. 1. 3) series and for the dimer
HCHOF(COY, ], () in various sobvents containing [BuNJ[PEJ (0.05 M) ar 20°C

compound peaks /s electrode B
material (Vovs, SCEy
CHON THF
[ SAD He o4 60
B« Hg B AG - 0TH
b/ F Py -7
G P -0.25
2 A Hg ~{1.39 {126 (1.54
B,/C Hp ~0.69 o6 (R
EF Pt ~ {166 .64 - 1179
G Py G135 0.61 124
3 AD Hg - (.37 -i3.22 (I
B/C Hg ~ {109 ~1.66 078
E F Pt S .68 .64 07T
(s Pt -0 e (L4
4 H /L Hg
i Hyg
H/1 Pt
I P

“ For the reversible processes. the £°7 value (F° =¢ Iip" + I'.rd 172y s oreported afong with the
indication of the peak system. For irreversible processes, the £ value w reported at a scan rate of 200
mV < T along with the indication of the peak. See the text and the Figures for the peak labeling scheme,

(C H;)Fe(CO),Br. Furthermore. EPR monitoring clearly  indicates that  the
(CHOHFe(COY. ] radical is formed at the beginning of the reduction {91

Similar behaviour was found for the other complexes of the series in THF,
CH.Cl, or CH,CN solvents {Table 1).

On the basis of these results we propose the following redox scheme at a Pt
electrode:
X

(7-CH)Fe(CO)X = (n-C.H.)Fe(CO).X
£

{7 -CH O Fe(COY,

(1-C.H ) Fe(CO), = (7-CiH.)Fe(CO),
:

where £, = £/, so that the two steps fully overlap in the CV response. The nature of
the electrode reaction corresponding to the trreversible anodic peak G. observed in
the reverse scan. will be discussed later.

The large difference in the redox behavior of the (C,H:)Fe(CO)Y, X complexes at
the Hg and Pt electrode provides unambiguous evidence for the involvement of the
Hg in the first reduction step {11]. The interaction of (C HO)Fe(CO), X with the Hy
surface facilitates the first reduction process. In the absence of <uch an interaction.

* Reference number with asterisk indicates « note in the list of references
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Fig. 3. CV response of a THF solution of [(C3Hs)Fe(CO);], (0.5 m M) containing [Bu 4N][PF] (0.05 M)
at Pt electrode, at room temperature (a) and at —35° C (b). Scan rate 200 mV s~ '; (©O) starting potential.

1.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
[(C3H)Fe(CO),],. This dimer was obtained by means of zinc dehalogenation [12]
of the iodine complex:

2(C3H;)Fe(CO);1 +Zn — [(C,H;)Fe(CO),l, + Znl,

Electrochemistry of [(7’-C;H;)Fe(CO),] , 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 s~ ', 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,
ipa/ipC being > 1 (solid line in Figure 3). As the temperature is lowered from 20 to
—35°C the first reduction peak, H, decreases and the second one, I, increases; this
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Fig. 4. CV response of a THF scluson of [(C:HOFe(COY s (0.5 m My contarming [Bu ) N{PE](0.05 M)
in the presence of 1.0 mM [Bu NiBr at Pt electrode and at room temperature. - first scan. 2-sccond

sean. Scan rate 200 mV s U0 staniing potentia,

behavior ts accompanied by a change in colour from green to bright red. and arises
from the well established [10.12] equilibrium between the radical monomer
[(C.HOFe(CO)4 | (greenj and the dimer (C HOF(CO) ;1 iredy. Indeed. ar - 357
the intensity of the EPR signal of the radical monomer 15 much fower. These
features unambiguously indicate that the peak system Ho L corresponds to the
one-glectron reduction of the radical [(CHOF(COy )" and peak 1 corresponds 1o
the two-¢lectron reduction of the dimer [(C H O Fe(€CO),].. The relative abundance
of the two species in sotution depends on the temperature. The electrochemival

hehaviour at a Hg electrode 15 similar, but the potential corresponding 10 peak s
ca. 260 mV more positive {for the Hg electrode than for the Pt clectrode. This man
be due to the absorpuon of the dimer on Hg with the formaton  of
{(CHOF(CO),]-Hg Formauon of an analogous compound. namely [(CiH.be-
(COY, 1 Hg, was observed in the reduction of { n~C.HOFerCOL X (X = CL Br. D
a Hg electrode [13],

Electrochemistsy of {(w'-C H JFeiCOJLf . in the presence of RBr

Figure 4 shows the CV response of & THF solution of [{CHOFe(COY, [ ara ™y
electrode in the presence of an excess of [Bu NIBr at room temperature.

The reversible one-electron peak systermn H /L s stil observed, corresponding to
the reduction of the radical. On the reverse scan, at moere positive potentials. an
irreversible oxidation peak G {exactly coincident with that of the (C,HOFaCO) . Br
complex previously discussed) is alse found. Furthermore, in the second reduction
scan the cathodic peak (now labelled as H') increases in height {147 and moves o
a shghtly more negative potential and is then exactly comadent with peak Eoan the
CV response of (CHOF(CO) Br complex. All these features indicate that the

anodic peak G corresponds to the oxidation of the radical [(CH U051 in the
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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.

Attempis to identify the Hg intermediate

The interaction of (C;H;)Fe(CO);X (X = Cl, Br, 1) 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
[(C3H)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)s]~ +HgCl, — *(C3H;)Fe(CO),HgCl"+ C1-

!
(C;H,)Fe(CO);Cl + Hg

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 (C3H;)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 allyl fragment [C;H]™ with [Fe(CO),Cl]*. The interfragment
interaction is a stmple 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 #-bonding orbital with the low lying o-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 a* character [16]. However, the calculations also show that a
second unoccupied MO lies 0.8 eV above the LUMO and that this orbital possesses

(C3H5)(CO)3FQ— R t-:x

"
Z

Fig. 5. Sketch of the surface heterometallic compound suggested to be formed during the reduction of
(C3H;)Fe(CO);X at a Hg electrode.
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Fig. 6. MO correlation diagram for the interaction of the fragments [Fe(CO),(1}" and [C:H] . The
characteristics of the lowest unoccupied MO's of (CiHOFe(COY,CT are alse depicted.

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-allyl bonding. Thus, the experimentally
observed reductive cleavage of the Fe-X bond is favoured by the interaction with
the electrode material.

Final remarks

(1) On the Pt electrode the (C;H;)}Fe(CO) X (X = Cl, Br. I) species are reduced
in a two-electron step (E,CE, mechanism where E, = F,) with Fe-X bond cleavage
(C step) and formation of the [(CyHs)Fe(CO).]" radical. which is further reducible
to the closed-shell [(C;H)Fe(CO),1 anion.

(i)) The chemical interaction of (C H)Fe(CO),X (X = Cl, Br, 1) compounds
with Hg electrode results in the formation of unstable heterometallic
{(C:Hy)Fe(CO),HgX} complexes. which are reduced at a potential 200 = 250 mV
more positive than the original complexes.
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Experimental section

The complexes (T, H)Fe(CU); X (A =T, Br, T) were made by a puviished
proeedure %), The punty of each was thecked oy YN and TSR SDECITD3CODY.

The EPK spectra were recorded on a ‘varian E-1UY instrument operating n the
X-band mode and equipped with a variable-temperature accessory. Varian pitch
(g = 2.0028) was used as reference standard for g values calibration.

The vdltammetric measurements were periormed on two types ot apparatus: (1) 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 (0/1 +)
coupte {17].

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

FFenske- Hall molecular othital calculations (190 were carried out on
(C;H;)Fe(CO),CI using crystallographically determined coordinates [6] for the
bromo-analogue. The Fe—Cl distance was set at 2.40 A. The calculations employed
singie-¢ Stater function for the is and Zs fancton of C and G. The exponents were
obtained by curve fitting double-§ function of Clementi [201; double-§ function for
the 2 p orbitals were used directly. An exponent of 1.16 was used for H.
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