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Abstract--The electrochemical reduction of #-oxo bridged Fem dimers (L)Fe---O---Fe(L), 
where L is a Schiff base, has been investigated in aprotic solvents by cyclic voltammetry 
and coulometry with UV-vis spectroscopy. Three complexes deriving from Schiff base 
ligands with N202 environments are described. The reduction of (L)Fem--O--FeIH(L) 
occurs at a potential around - 1 V/SCE and releases the monomeric Fell(L) complex. A 
mechanism is proposed using high speed cyclic voltammetry. The reduction pattern is 
affected by dioxygen through the high reactivity of Fe u(L). These #-oxo bridged Fe tlI dimers 
(L)Fe--O---Fe(L) can also be cleaved by C1- addition and yield the monomeric Fern(L) 
complexes. Finally, the Fe---O bond is not so strong because it cleaves either by electro- 
chemical reduction or by chemical addition of C1-. 

In the chemistry of dioxygen activation, iron is one 
of the most involved metals.l'2 In this context, the/~- 
oxo-bridged dinuclear complexes Fe--O---Fe have 
been studied extensively with respect to their struc- 
tural, magnetic and spectroscopic properties and 
are potentially models of biological systems. 2'3 

In recent years, synthetic efforts have been made 
in modelling the diferrous active sites of the oxo- 
proteins. 4-~ In these proteins, the active centre exists 

* Author to whom correspondence should be addressed. 

under the various oxidation states : a reduced Fe~12, 
a mixed valence FeHFe m and an oxidized Fern2 
form. Among the various models, 3 the best models 
eem to be those which contain the /~-oxo-bis(#- 
carboxylate) bridges 6 or at least a /~-carboxylate 
bridge.4 In this way the chemistry of iron Schiff base 
complexes has been investigated. 7,g The Fe2(salmp)2 
complex exhibits the smallest Fe--O--Fe angle and 
Fe--Fe separation) Moreover, the three oxidation 
levels are related by reversible redox reaction. 

In connection with our work on iron Schiff 
bases, 9 we have followed the reactivity of mono- 
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meric Fem(L)CI towards dioxygen. Under 
reduction, the Fe t~ complex is extremely reactive 1° 
and yields upon oxygenation the simplest /~-oxo- 
bridged 3 dinuclear complexes (L)Fe m -  
O--Fern(L). These compounds exhibit strong anti- 
ferromagnetic coupling between the two high spin 
Fe "l ions, which is dependent on the F e - - O - - F e  
bond angle. 7 Unfortunately, these complexes pre- 
sent no reactivity towards dioxygen and seem to be 
thermodynamic wells. The electrochemical reduc- 
tion of [Fe(SALEN)]20 was first reported by 
Schultz et al. ~ but the mechanism is not clear. 
In this paper (Part ll), we describe the electro- 
chemical behaviour of three complexes (L)Fe m 
- - O - -  Fern(L), where L is an N202 Schiff base 
(SALEN type, see part I9): H2AEAP = N , N ' -  

ethylene (acetylacetoneimine) (hydroxyacetophen- 
oneimine);12 H2SALEN = N,N'-ethylene-bis(sali- 
cylideneimine) ;~3 H2SALOPH = N,N'-orthophenyl- 
ene-bis(salicylideneimine). ~3 The complexes are 
referred to as [Fe(AEAP)]20, [Fe(SALEN)]20 TM 

and [Fe(SALOPH)]20.15 

E X P E R I M E N T A L  

Products  

The Schiff bases were prepared according to 
literature methods through the well-known amine- 
aldehyde (or ketone) condensation: HzAEAP, ~2 
H2SALEN ~3 and HzSALOPH. ~3 The monomeric 
complexes Fem(L)C1 were synthesized by com- 
plexation of FeC13 with the protonated ligand H2L 
in basic methanol: Fe(AEAP)CI, ~6 Fe(SALEN) 
C1 ~3 and Fe(SALOPH)C1.13 They are used for the 
synthesis of the / t -oxo(L)Fem--O--Fe"I(L)  com- 
plexes through an acid-base reaction: [Fe 
(SALEN)]20 '4 and [Fe(SALOPH)]20.'5 

[Fe(AEAP)]20 

The electrochemical cell was a conventional one 
with three electrodes [working electrode : platinum 
(diameter 2 mm, EDI, Tacussel) for analytical pur- 
poses, platinum microelectrode (diameter 100/tm) 
for kinetics analysis and platinum foil for elec- 
trolysis; counter electrode: platinum wire; ref- 
erence electrode: Ag/AgCI, KC1 0.1 mol dm -3 or 
SCE]; the potentials are given vs the SCE in the 
tables. The supporting electrolyte Bu4NPF 6 (Ald- 
rich, electroanalytical grade) was used as received. 
Acetonitrile, CH3CN (Aldrich, Gold Label), was 
used without any further purification while di- 
chloromethane, CH2C12 (SDS, Purex), was passed 
over alumina prior to use. UV-vis spectroscopic 
measurements were conducted with an UVIKON 
930 spectrophotometer (Kontron Instruments). 

R E S U L T S  A N D  D I S C U S S I O N  

Within the electroactivity domain of  the solvent, 
the general voltammogram shows two distinct elec- 
trode processes (Fig. 1): 

(1) An oxidation process around 1 V which is 
attributed to the Schiff base oxidation. This oxi- 
dation leads to the polymerization of the complexes 
on the electrode surface and is a way to obtain 
modified electrodes. 19"2° By high speed voltam- 
metry, it has been shown that the oxidation is 
reversible so that their formal oxidation potential 
can be obtained. Moreover, the polymerization 
may go through a radical cation radical cation 
coupling of the phenyl group. 2° 

(2) A reduction process around -1 .1  V which 
appears more or less reversible according to the 
nature of the base and the potential scan speed. 
This process corresponds to the reduction of  the #- 
oxo complex. As with [Fe(SALEN)]20 in DMSO ~° 
or in DMF, 2~ these reductions seem to proceed 
through a one-electron exchange by comparison 
with the well known ferrocene electrochemical 

To a suspension of 0.5 g of Fe(AEAP)C1 in 20 
cm 3 aqueous solution was added 0.5 cm 3 of tri- 
ethylamine, NEt3. Within 15 min, an orange solid 
precipitated, which was filtered and dried (0.45 g, 
98%). The compound was recrystallized in meth- 
anol-isopropyl alcohol and dried in vacuo. Found : 
C, 55.1; H, 5.5; N, 8.4. Calc. for C30H32Fe2N405 : 
C, 55.9; H, 5.6; N, 8.7%. 

Phys ica l  measuremen t s  

Electrochemical measurements were carried out 
with home-made potentiostats controlled by an 
Apple Ile microcomputer t7 or by a PC for high 
speed cyclic voltammetry (from 10 to 2000 V s-~.t8 

10 t, 
-1200 -6OO 0 6OO E"/mV 

Fig. 1. General voltammogram of [Fe(L)]20 complexes 
at a platinum electrode in CHzC12-Bu4NPF6 (0.1 tool 
dm 3), potential sweep rate 0.1 V s ~: [Fe(SALEN)]20, 

1 mmol  dm 3. 
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system. In any case, whatever the solvent, CH3CN 
or CHzCI2, we do not observe a second reduction of 
the complexes as in DMSO.t° This second reduction 
process, which is near the solvent discharge, has 
been attributed to the reduction into the Fen2 form, 
but may be interpreted by the ligand reduction, as 
for Ni(SALOPH),  which yields dimeric species) 2 

In the sequel, the study is restricted to the electro- 
chemical reduction in the/~-oxo complexes, which 
appears around - 1.1 V (Fig. 1). Earlier electro- 
chemical studies of [Fe(SALEN)]20 in DMSO 1° 
have shown that the reduction process is more com- 
plicated than a single electron transfer which 
affords the mixed valence Fe In Fe" complexes. The 
apparent electron number varies and is greater than 1. 

As for the monomeric  Fe(L)C1 complexes, 9 the 
vol tammograms of the different complexes present 
the same shape (Fig. 2). As expected, the reduction 
potential of  [Fe(L)]20 depends on the nature of  the 
Schiff base. The increase in the electronic delocal- 
ization of the Schiff base ring (with the number of  
aromatic rings) shifts the redox potential towards 
the anodic side: it makes the electrochemical 
reduction of Fem into Fe n easier. 

Under stationary conditions (Table 1) at a ro- 
tating platinum disc electrode, the vol tammograms 
show the diffusion-controlled wave of the reduction 
of the complexes. Exhaustive electrolysis of  
[Fe(L)]20 at the potential - 1 . 3  to - 1 . 5  V show 
that there is a bielectronic exchange. With 
L = SALEN, the orange solution (2 = 450 nm) 
turns light yellow (2 = 280 nm). Electrolysis has to 
be carried out under drastic anaerobic conditions 
in order to avoid reoxidation of the products by 
dioxygen and to obtain an electron exchange higher 
than 2. Then, the electrochemical reduction of these 
complexes should yield Fe"2 species. This bielec- 
tronic exchange matches the diffusion currents mea- 
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Table 1. Electrochemical characteristics under stationary 
conditions of [Fe'"(L)]20 complexes (1 mmol dm-3: Pt 

rotating electrode, 1000 t min t) 

E,/2 (mV) Ir~ (#A) p (mY) 

Solvent CH2C12, Bu4NPF6, 0.1 mol dm 3 
[Fe(AEAP)]20 - 1508 -20.3 114 
[Fe(SALEN)]20 - 1158 - 25 102 
[Fe(SALOPH)]20" - 1007 - 8.5 96 

Solvent, CH3CN, Bu4NPF6, 0.1 mol dm 
[Fe(AEAP)]20 - 1290 - 7.9 140 
[Fe(SALEN)]20 - 1098 - 36.9 75 
[Fe(SALOPH)]20 h - 969 - 2.4 121 

"For 0.5 lmmol dm --3. 
Sparingly soluble, <0.5 mmol dm 3. 

p = slope of the linear regression 
I I~-I / I I ) .  

of E = f  (log 

sured under stationary conditions. In CH3CN or 
CH2C12, the limiting currents obey the Levich law ; 
they are proportional  to the square root of  the 
electrode rotation speed (Fig. 3), as for a diffusion- 
controlled process. According to the Levich law, 
we obtained in C H z C I  2 a n  average diffusion 
coefficient of  3.5 x l 0  -6 c m  2 s - I .  In CH3CN , we 
observed some passivation phenomena,  especially 
when L is SALOPH. This passivation may be attri- 
buted to the low solubility of  [Fe(SALOPH)]20 or 
to the imine bond reduction of  the base (L), z3 yield- 
ing a C - - C  bond and then polymeric deposits. This 
implies direct reduction of the base or electron 
transfer from the metal to the base. 24 

Cyclic vol tammetry  at millimetric electrodes 

At a platinum electrode, the vol tammograms 
depend on the nature of  the Schiff base as men- 

i/ ~ ' .  

-5 • + ." 

_10b , "  ÷** *.**÷/,a'"-,\ ] 

" i I I ! ; ! ! 
- 1 6 0 0  - 1 2 0 0  - 8 0 0  - 4 0 0  E / m V  

Fig. 2. Cyclic voltammogramns at a platinum electrode in CH2CI2-Bu4NPF6 (0.1 tool dm -3) of 
[Fe(L)]20, potential sweep rate 0.1 V s- ' .  L = AEAP (+ + +) 1 mmnol dl'n -3, SALEN ( ) 2 mmol 

dram -3, SALOPH (..-) 1 mmol dm -3. 
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Fig. 3. Limiting current ID VS ~0 ~/2 for [Fe(L)]20 in CH2C12-Bu4NPF 6 (0.1 mol dm-3); platinum 
electrode : L = AEAP 1 mmol dm -3, SALEN 1 mmol dm -3, SALOPH 0.5 mmol dm -3. 

tioned above (Fig. 2), but  they present the same 
shape. Beside the thermodynamic  influence o f  the 
Schiff base, the delocalization on the base increases 
the kinetics o f  the electron transfer. By cyclic vol- 
t ammetry  (Table 2), the peak separation AEp is 
decreased and the peak ratio Rip increases: the 
reduced produc t  is stabilized. Figure 4 shows the 
variat ion o f  the vo l t ammograms  as a function o f  
the potential  sweep rate v. At  low speed v (v = 0.02 
V s-~), the electrochemical system does not  appear  
reversible. When  the sweep rate is increased, the 
reverse oxidation peak at ~ - 1.05 V appears and 
increases. Moreover ,  a secondary backward oxi- 
dat ion peak arises a round  - 0 . 8  V. The electro- 
chemical reduct ion o f  [Fe(L)]20 is more 
complicated than a simple electron transfer. The 
plots o f  the reduction peak Ip vs the square root  of  
the potential scan rate ,/v are not  linear as for pure 

electron transfer. 26 At low speed, the current  related 
to ,/v matches with bielectronic transfer, while at 
high speed (in the domain  o f  speed for millimetric 
electrodes ~8) it matches monoelectronic  transfer. 
This means that in a first step the reduct ion yields 
the mixed valence (L )Fe I I I - -O- -Fe" (L)  form which 
is not  stable. The appearance o f  the oxidation peak 
at ~ - 0 . 8  V can be attr ibuted to the oxidation o f  
Fem(L)OH.  I°'21 These hydroxy species are not  
stable because acid-base  titrations o f  Fe (SALEN)  27 
or F e ( S A L O P H )  28 always yield the / l -oxo-br idged  
dinuclear complexes (L) F e m - - O - - F e I I ( L )  in 
D M S O - H 2 0 ,  according to : 

2Fe(L) + + H20  ~-/~-O-[Fe(L)]2 + 2H + (1) 

KD = 5 x 10 -~3 for L = S A L E N  or 

1.5 x 10 -12 for L = S A L O P H ,  27'28' 

where the titration reaction is 

Table 2. Electrochemical characteristics by cyclic voltammetry of [Fem 
(L)]20 complexes (1 mmol dm -3, Pt electrode, potential scan speed 0.1 V 

S -1) 

Epred (mV) AEp (rag) lpred (/xA) Rip 

Solvent CHzC12, BuaNPF6, 0.1 mol dm -3 
[Fe(AEAP)];O - 1382 183 - 9 . 2  0.29 
[Fe(SALEN)]20 - 1195 127 - 11.3 0.48 
[Fe(SALOPH)]20 a - 1052 85 - 5.1 0.59 
Solvent CH3CN , Bu4NPF6, 0.1 mol dm -3 
[Fe(AEAP)]20 - 1367 157 - 6 . 9  0.32 
[Fe(SALEN)]20 - 1230 129 - 10.6 0.64 
[Fe(SALOPH)]20 h - 989 544 - 1.1 0.69 

aFor 0.5 mmol dm 3. 
b Sparingly soluble, <0.5 mmol dm -3. 
AE o = Epbackwar d --Epforwar d = Epo x --Epred and Rip = [Ipbackward/lpforward 1. 
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Fig. 4. Cyclic voltammograms at a platinum electrode in CH2CI 2 Bu4NPF6 (0.1 mol dm -3) of 
[Fe(SALEN)]20, 1 mmol dm 3 for various potential sweep rate: v (V s-]) = 0.02 ( ), 0.1 (...), 

0.4 ( + + + ) a n d l  (x x x). 
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Fig. 5. Plots of Jlpred] VS ,/V (potential scan rate) for [Fe(L)]20 in CH2C12-Bu4NPF6 (0.1 tool din-3), 
platinum electrode (diam. 2 ram). L = SALEN, 1 mmol dm 3. SALOPH, 0.5 mmol dm 3. 

2Fe(L) + + 2 O H -  ~-#-O-[Fe(L)]z+H20.  (2) 

These results imply cleavage of the Fe - -O  bond of 
the mixed valence (L)FeIn--O--FeH(L) form. The 
overall process may be expressed as follows : 

(L) FeIH--O--FenI(L) + e-  

[(L)FenI--O--Fen(L)] E (3) 

[ (L)FeIn--O--Fe ' (L)]  --+ 

(L)Fe n + ( L ) F e m - O  - C (4) 

(L)Fen[--O +H20--* ( L ) F e m - - O H + O H  - C 
(5) 

( L ) F e ' " - - O H + e  ~-[(L)FeII--OH] E. (6) 

The first electrochemical step (3) at ~ -  1.1 V 
yields the mixed valence form which is not stable. 
Reaction (4) is the Fe - -O  bond cleavage into 
(L)Fe" and (L)FeI"--O - ,  which may react with 

residual water according to reaction (5). At the 
potential where the reduction of  [Fe(L)]20 is 
observed, the hydroxy compound is reduced 
because its potential is more anodic ( ~  - 0 . 8  V1°'2~). 
This reaction scheme explains the bielectronic ex- 
change at low potential scan speed or under station- 
ary conditions: the kinetics of the Fe - -O  bond 
cleavage drives the overall process. Moreover, elec- 
trolysis conducted in air-tight cells leads to the 
determination of two electrons per complex; the 
UV-vis spectra match the one of Fen(L) yielded by 
electrolysis of FeIn(L)C1. The Fe ' (L)  complexes are 
extremely reactive towards dioxygen to yield the #- 
oxo complexes, which are observed in Fig. 6 when 
dioxygen traces are present. With no dioxygen, the 
voltammogram shows the classical pattern of the 
[Fe(L)]20 reduction. It is a poorly reversible system 
that gives the formation of [ (L)Fen--OH]- ,  which 
is detected on the backward scan by a peak around 
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Fig. 6. Dioxygen action on the cyclic voltammograms at a platinum electrode in CH2C12-Bu4NPF 6 
(0.1 tool dm 3) of [Fe(SALOPH)]20, 1 mmol dm -3 (~ = 0.1 V s ~). 

- 0 . 8  V. With dioxygen traces, the voltammogram 
is modified: no backward peaks are observed and 
the reduction peak current of [Fe(L)]20 is increased 
as for a catalytic process. The interaction with 
dioxygen goes through the monomeric (L)Fe", 
which reacts with dioxygen 9 according to : 

2 (L)Fe"+  1/202--* [ (L)Fe--O--Fe(L)] .  (7) 

This confirms the high reactivity of the Fell(L) 
species and the cleavage of  the Fe - -O  bond. How- 
ever, according to the proposed scheme, Fen(L) is 
produced and should be detected by an oxidation 
peak around - 0 . 4  V. Surprisingly, the voltammo- 
grams do not give evidence of Fe"(L) formation. 
This may be due to the high reactivity of FeI~(L) ; 
high speed voltammetry at ultramicroelectrodes is 
required to answer this question. Nevertheless, 
under electrolysis it appears that Fe - -O  bond cleav- 
age is achieved easily through the mixed valence 
dinuclear compound [(L)FeIII--O--Fen(L)] -.  Is 
this cleavage possible through a chemical route? 

Chemical cleavage of the Fe - -O  bond 

As the monomeric complexes are synthesized 
with an axial chloride ion, 13A6'29'3° we have studied 
the influence of C1- on the redox properties of 
[Fe(L)]20. To [Fe(L)]20 solutions was added equi- 
valent quantities of  Et4NCI and the analysis carried 
out by recording the voltammograms. 

Under stationary conditions (Fig. 7), the C1- 
addition presented two effects : 

(i) At first, vs the original voltammogram with 
no C1- ions added, we observed the appearance of 
a new reduction wave at -0 .45  V whose diffusion 
current increased when the C1- concentration 
increased. This reduction wave is attributed to the 

reduction process of FeIH(L)C1. This implies F e - -O  
bond cleavage by CI- ions according to : 

[ (L)Fe--O--Fe(L)]  + 2Et4NC1 ~ 2(L)FemC1 

+ (Et4N)20. (8) 

(ii) Moreover, C1 ions affect the shape of the 
reduction wave of  [Fe(L)]20. The half-wave poten- 
tial is highly shifted towards the anodic potential 
when C1- ions are added: the reduction becomes 
easier. The diffusion currents of  this wave are 
enhanced as for a catalytic process. The ratio (Is 
with CI-/lo without C1-) goes up to 1.8 for one 
C1 equivalent per iron, then decreases because of 
the transformation of [Fe(L)]20 into (L)FeH1C1. As 
to the diffusion current of the first wave [reduction 
of (L)FemC1], it is nearly linear with the C1- con- 
centration, but could not be related by least squares 
fittings to an equilibrium constant. Since the 
diffusion currents of [Fe(L)]20 and (L)FemC1 
depend on the C1- concentration, their values 
cannot be used to determine the complex con- 
centrations and then an eventual dissociation 
constant. 

Under non-stationary conditions (Fig. 8), the 
voltammograms are in agreement with the ones 
recorded under stationary conditions. When C1 is 
added, the reduction peak of (L)FelHCI is observed 
and confirms the occurrence of reaction (8). As 
mentioned above, the peak potentials are shifted 
towards anodic potentials when the C1 con- 
centration increases and non-quantitative deter- 
minations could be achieved: the total current 
[Ipred(L)FeIUC1 + Ipred[Fe(1)]20] increases with C1- 
concentration. Concerning the kinetics, CI- ions 
affect the reversibility of [Fe(L)]20 reduction: the 
backward peak disappears. Moreover, the oxi- 
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Fig. 7. Voltammograms at a rotating (1000 t min t) platinum electrode in CH2C12 Bu4NPF6 (0.1 

mol dm ~) of [Fe(SALEN)]20, 1 mmol dm --3 for various EtaNCI additions. 
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dation peak of the hydroxy complex [around -0 .6  
V for SALOPH and generated by reaction (6)] dis- 
appears, while the oxidation peak of (L)Fe'CI 

I/~tA f . . . . .  r ~  ~ ' ~  "-"---,,-.~.~_,...~_.,,,_ 

o t . . . . . . .  / ............... ~"'~ 

,T-"',: :/ ,,,,, 
~1, ,"J, , , , , , , 

- 1200 -900 ,600 -300 E/mY 

. . . . . . . .  

I ," 

"= I ./.._.i" i/ 3 
l; ....... " ' , ,  / a c.'/F.'" 

-4!T~-'i;~l '-~' '-3oo' ~/.v' 

z+ I . . . .  L-" . . . . . . . . . . . . . . .  ~.>.:..,-A 

I e" -2+ /- : . .~" 

t ,... / -4 / "  / 

.6L..., \..(1 , 

I/pA 
)" 

12 Cl" / Fe I" 

I I I I 
-900 -600 -300 E/mV 

Fig. 8. Cyclic voltammograms at a platinum electrode in 
CH2C12-Bu4NPF6 (0.1 mol dm 3) of [Fe(SALOPH)]20, 
I mmol dm 3 for various EhNCI additions (v = 0.1 V 

S 1), 

appears and increases when the Cl concentration 
increases. So CI ions cleave the Fe--O bond 
according to reaction (8), but also interact in the 
reduction process of [Fe(L)]20 : C1- ions shift the 
bond cleavage of the mixed valence compound to 
the right [reaction (8)] and substitute OH in the 
hydroxy species. From Fig. 8, one can see that the 
peak ratio for the (L)FeCI complex [Rip = 
Ipox(L)Fe'Cl/Iprcd(L)FemCl] becomes higher than 
1 for high CI- concentrations. This resulting excess 
of (L)FenC1 at the electrode comes from Fe--O 
bond cleavage during the reduction process of 
[Fe(L)]:O. 

The reduction process of [Fe(L)]20 appears 
rather complicated. Polynuclear units were pos- 
tulated in order to explain the reduction of [Fe 
(SALEN)]20. '~ Such species can explain the pas- 
sivation phenomena observed in the study by their 
deposition onto the electrode surface. On the 
contrary, in solution it appears that the dinuclear 
#-oxo [Fe(L)]20 complexes are easily cleaved into 
monomeric species. In order to check the formation 
of high nuclearity compounds, we studied the inter- 
action of [Fe(L)]20 and (L)Fe'IC1 (Fig. 9). In solu- 
tion, the voltammogram of (L)FemC1 presents the 
pattern of a quasi-reversible system (9). When 
[Fe(L)]:O was added, we observed the two 
reduction processes of (L)FemCI and [Fe(L)]20. 
However, the reduction peak current of (L)FemCI 
increased and the reversibility of this system 
vanished (Rip= lpo×/Ipred decreases) when the 
[Fe(L)]20 concentration increased. The pattern of 
the [Fe(L)]20 reduction was also modified: the 
electrochemical system appeared less reversible and 
the reduction peak current of [Fe(L)]20 was lower 
than expected. Moreover, the oxidation peak of the 
hydroxy species was enhanced. When the potential 
scan rate was increased, the monomer redox couple 
appeared reversible and the oxidation peak of the 
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Fig. 9. Cyclic voltammograms at a platinum electrode in CH2C12-Bu4NPF6 (0.1 mol dm -3) of 
(SALEN)FeI"CI, 1 mmol dm -3 for various [Fe(SALEN)]20 additions (v = 0.1 V s-l). (+ + +) 
(SALEN)FemC1 alone, ( ) with [Fe(SALEN)]20 (0.5 mmol dm-3), ( × × × ) with [Fe(SALEN)]20 

(1 mmol din-3). 

hydroxy species decreased. Under stationary con- 
ditions, the diffusion current of (L)FenICI was also 
enhanced when [Fe(L)]20 was added. Taking into 
account the results, we propose an electron trans- 
fer reaction between electrogenerated Fe n and 
[Fe(L)]20 according to : 

(L)FenIC1 + e- ~ (L)FenCI-  (9) 

(L) FeIII--O--FeII(L) + (L)FeHC1- 

[(L)Fem--O--FeI~(L)]- + (L)Fe"IC1. (10) 

The mixed valence dimer is when cleaved following 
reactions (4)-(6). 

Cyclic voltammetry at micrometric electrodes 

According to the proposed scheme [reactions 
(4)-(6)] for the reduction of [Fe(L)]20, cyclic vol- 
tammograms should give evidence of the oxidation 
peak of (L)Fe n. This was not observed with milli- 
metric electrodes because of the high reactivity of 
(L)Fe n. By decreasing the electrode diameter, cyclic 
voltammograms can be recorded at higher potential 
scan rates in order to observe intermediates. ~8"31 At 
a 100 #m platinum electrode (Fig. 10), cyclic vol- 
tammetry has been carried out for potential scan 
speeds from 10 up to 1800 V s-~, the upper limit of 
the equipment. The voltammograms are different 
from the ones obtained at millimetric electrodes. 
The electrochemical reduction of [Fe(L)]20 appears 
more reversible but presents on the backward scan 
the oxidation peak of [(L)FeH---OH] -,  whatever 
the scan speed. Moreover, the oxidation peak of 
(L)Fe n is never observed, which is not in agreement 
with the proposed scheme. Due to the high reac- 
tivity of (L)Fe n, the hydrolysis by residual water of 

the mixed valence compound may thus be pos- 
tulated according to : 

[(L)Fem--O--Fen(L)]-  + H20 --* [(L)FeH--OH]- 

+ (L)Fem--OH (11) 

but addition of water to the medium does not affect 
the voltammograms. Another explanation could be 
the reductive cleavage of [Fe(L)]20 by (L)Fe H as 
mentioned above [reaction (10)]. By classical vol- 
tammetry, this reaction appears slow and should be 
blocked by high speed voltammetry. The dis- 
appearance of (L)Fe i~ could be due to an intra- 
molecular electron transfer from Fe H to the ligand 
which yields a dimer, as reported for the reduction 
of Ni(SALOPH). 22'23 The dimer is produced by 
C- -C  bond formation through the reduction of the 
imine bond : 

2[Fen(L)]- __, 2[Fern(L°)]- ~ [Fem2(L'2)] 2-. 
(12) 

The dimerization rate constant has been estimated 
to be 6 x 105 dm 3 mol -l s -1 for Ni(SALOPH). 22 
However, electrochemical studies of (L)FemCI 
complexes 9 did not give evidence of such a pathway 
because the reduction potential of (L)FeInCI is 
around 1 V more anodic than the one of NiII(L) 
and is not able to transfer an electron towards the 
ligand. Nevertheless, as the reduction potential of 
[Fe(L)]20 is of the same order of magnitude as 
that of Ni(SALOPH) this intramolecular electron 
transfer may proceed. Such a reaction would 
explain the difference between chemical and electro- 
chemical Fe---O bond cleavage. The chemical cleav- 
age by C1- ions yields unambiguously (L)FeHIC1, 
while by electrochemistry only the hydroxy species 
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are observed: no oxidation peak of (L)Fe" or 
reduction peak of (L)Fe m is present on the vol- 
tammograms.  

The electrochemical reduction of [Fe(L)]20 is 
rather complicated and is reduced to the proposed 
scheme in order to carry out simulations with Gos- 
ser's program. 3z So, we take into account reactions 
(3)-(6) : an ECE scheme where the reaction is a fast 
equilibrium and disappears through the irreversible 
dimerization reaction (12) [the rate constant is esti- 
mated as 6x105 dm 3 mol -~ s -~ as for Ni 
(SALOPH)].  22 The standard rate electron transfer 
constants are also estimated through the peak 
potential separation AEp. 26 In  CH2CL2, for 
L = SALEN, we obtained the following results. As 
regards the first electron transfer, reaction (3), we 
obtained a standard rate electron transfer constant 
k ° of  0.05 cm s -~ with ~ = 0.5 and E ° = - 1 . 1 8  V. 
Taking into account chemical F e - - O  bond cleav- 
age, reaction (4), the rate constant k4 is estimated 
as 100 s-i .  The hydroxy redox couple, reaction (6), 
presents a standard rate electron transfer constant 
k ° of 0.2 cm s - t  with ~ = 0.5 and E ° = - 0 . 8  V. The 
rate constant k4 depends on the nature of  the Schiff 
base and decreases when the ligand delocalization 
increases : 

ka(AEAP) = 600 s--~ ; k 4 (SALEN) = 100 s-  ~ ; 

k 4 (SALOPH) = 40 s-I.  

The rate constant k4 is quite high and is in agree- 
ment with the cyclic vol tammograms and the 
electrochemical behaviour under stationary con- 
ditions. In the latter case, the electrochemical 
reduction of [Fe(L)]20 proceeds through a global 
two-electron exchange. 

C O N C L U S I O N  

Transition metal complexes play a very impor- 
tant role in many electrochemical catalytic 
processes. 33 Schiff base complexes have been recog- 
nized as powerful catalysts. Among these 
compounds,  iron Schiff base complexes have been 
fully described as chemical models of  biological 
systems but have received less attention for their 
electrochemical properties. We focussed here on the 
reduction of the /~-oxo dimer (L )Fe - -O- -Fe (L) .  
From these results it appears that the F e - - O  bond 
can be cleaved either chemically or electro- 
chemically. This property is quite promising for 
dioxygen activation and will be the subject of  a 
forthcoming paper. Moreover, these complexes 
may manage C - - H  activation as with similar com- 
pounds. 34 
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