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Two-electron reduction of  [(p-RS)2Fe2(CO)6] (R = alkyl) leads to  labile dianionic species which lose CO and decay or, 
in the presence of a ligand (L) such as P(OMe)3, are involved in a chain reaction affording successively 
[(p-RS)2Fe2(CO)&l and [(p-RS)#e2(CO)&I. 

Since the pioneering work of Rieger et a1.2 on electron transfer 
catalysis (e.t.c.) of carbon monoxide substitution in cluster 
compounds, many papers have described the use of this new 
tool in organometallic chemistry for purposes such as ligand 
exchange,3 ligand fragmentation ,4 ligand insertion ,5 and 
isomerization.6 The e.t.c. of a chemical reaction may be 
described in terms of two activation steps.7 The first step has 
been considered to involve formation of labile paramagnetic 
species having 17 or 19 electrons in the metallic co-ordination 
spheres. Chain propagation by electron exchange constitutes 
the second step. We now report that e.t.c. can also be initiated 
by a two-electron transfer, without observed paramagnetic 
species. 

Although some examples of two-electron reductions of 
di-iron complexes have been reported ,8 two-electron transfer 
catalysis (t.e.t.c.) of a chemical reaction is without precedent. 
We show in this paper that t.e.t.c. can occur if the following 
principal conditions for double activation7 are fulfilled: (i) 
enhanced reactivity of the intermediate formed after two- 
electron transfer, and (ii) fast electron exchange to ensure 
chain propagation. 

The readily available dinuclear compounds [ (p- 
RS)2Fe2(C0)6] (l)9 are reduced in dimethylformamide 
(DMF) in a single chemically reversible two-electron step 
leading to the dianions (12-), which are oxidized at less 
negative potentials (the values of Epa - Epc are in the range 
0.1-0.2 V). Under N2 the decomposition of (12-) occurs on 
the voltammetric timescale, as shown by the low intensities of 
anodic currents of (12-) (A1 in Figure 1) and by the presence 
of peaks corresponding to unidentified electroactive frag- 
ments (A2 in Figure 1). However (lc2-) and (ld2-), which 
bear a double-bridging ligand, are more stable (Table 1). In all 
cases the stabilities of (P-)  are enhanced by the presence of a 
CO atmosphere: the anodic currents of (12-) increase and, for 
(lcz-) and (ld2-) reach the values expected for a reversible 

Table 1. Electrochemical data for compounds (1); E,  and i, values 
determined by cyclic voltammetry (DMF; 0.1 M-Bu~N+BF~-  ; Pt 
electrode, 20 "C, potential scan rate 0.5 V s- l ) .  

EPchl %cC' 
Compounda V vs. s.c.e. ipJipcb V vs. s.c.e. ipalipcc 

-1.25 - 1.33 0.3 
0.5 -1.21 0.3 -1.30 

-1.19 0.25 -1.25 0.4 

( 1 4  -1.17 0.45 -1.15 0.9 

(la) s 
(1b) s 
(Ic) -1.17 0.6 - 1.20 1.0 
(1b) A 

a A and S denote anti- and syn-isomers.8 The proximity of potential 
peaks does not allow the study of antilsyn isomerization. Data 
obtained under N2 atmosphere. Data obtained under CO atmos- 
phere. 

process (Table l), while the anodic peaks corresponding to 
unidentified electroactive fragments decrease or disappear 
(Figure 1). These observations suggest that loss of a CO ligand 
is a reversible, rate-determining step in the decomposition of 
(12-). The shift towards more negative values of the cathodic 
peaks under CO atmosphere (Table 1) supports this hypothe- 
sis. 

The cathodic behaviour of compounds (1) can be sum- 
marized by equations (1)-(3). 

(1) + 2e- (12-) (1) 

( 2 )  (12-) % [(RS)2Fe2(C0)5]2- + CO 

fast 
[(RS)2Fe2(CO)5]2- --+ decomposition fragments (3) 

When a ligand L [ = P(OMe)3] is added to a solution of (1) in 
DMF cyclic voltammetry shows behaviour typical of a ligand 
substitution catalysed at the surface of the platinum cathode 
(Figure 1). The cathodic peak C1 of (1) decreases while two 
peaks (C2 and C3), corresponding respectively to the reduc- 
tion of [(p-RS)2Fe2(CO)5L] (2) and [(p-RS)2Fe2(C0)4L2] (3), 
appear at more negative potentials. We have checked that 
[(p-S[CH2]2S-)Fe2(CO)5P(OMe)3] (2c), obtained indepen- 
dently, is reduced in a single two-electron step (Ep, -1.45 V 
vs. s.c.e. at 0.5 V s-1). This monosubstituted compound (2c) is 
also involved, in the presence of P(OMe)3, in another t.e.t.c. 
of ligand exchange leading to the disubstituted product 
[(p-S[CH2]2S-)Fe2(CO)4{P(OMe)3}2] (3c), identified by its 
cathodic peak potential (Epc -1.75 V vs. s.c.e. at 0.5 V s-l). 
Compound (3c) is also reducible in a single two-electron step. 

Under CO atmosphere the voltammograms of (2c) [and 
(3c)l show, during the reverse scan, anodic peaks correspond- 
ing to (lcz-) [and (lcz-) and (2c2-)], respectively. Conse- 
quently, carbon monoxide replacements by P(OMe)3 are 
reversible processes occurring in the dianions (lcz-), (2c2-) , 
and (3c2-). 

The controlled potential electrolysis of (lc) at -1.35 V vs. 
s.c.e., in the presence of P(OMe)3 and under N2 atmosphere, 
leads to (2c) with a low consumption of electricity [64% yield; 

a;R = Me 

b ;  R = E t  

C ;  R R  = ( C H 2 1 2  
d ; R R  = [ C H Z I ~  
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Figure 1. Cyclic voltammetry of compound (lc) (2 x M )  in DMF 
(0.1 M - B u ~ N  + BFJ- ) at a Pt electrode (20 "C; potential scan rate 0.5 V 
s-I) (a) alone under N,; (b) alone under CO;  (c) under N2 and in the 
presence of P(OMe)3 (4 x 10-3 M ) .  

0.1 electron per mol of (lc)]. The t.e.t.c. of CO substitutions 
in compounds (1) and (2) can then be described by the 
equations ( I ) ,  (4), and ( 5 ) ,  and (6)-(8), respectively. 

(1) + 2e- .S (V-) 

( P )  + L 3 (22-) + co 
(1) 

(4) 
t 

(1) + (22-) + ( b - )  + (2) ( 5 )  

(2) + 2e- @ (22-) 

(22-) + L 2 (32-) + co 
t 

(6) 

(7)  

I 
(2) + (32-) + (22-) + (3) (8) 

The kinetic analysis10 of peak currents under N2 atmos- 
phere reveals that the overall t.e.t.c. of CO substitution in 
(1c2-) contains a dissociative pathway. This is deduced from 
the weak dependence of ip / ipo  upon ligand concentration 
(Figure 2). In contrast, under CO atmosphere the CO ligand 
substitution in (lc2-) follows an associative mechanism 
[equation (9)] with a rate constant k,, = 3.102 1 mol-1 s-1. 

(1c2-) + P(OMe)3 5 (2c2-) + CO (9) 

As already mentioned,g the two-electron reductions of 
binuclear di-iron compounds afford diamagnetic dianions in 
which 18-electron metal centres are formed by cleavage of 
Fe-Fe bonds. Then if a fast ligand exchange occurs at one 
metal atom of (12-), the low redox potential of the couple 
(2)/(22-) allows chain-propagation by two-electron exchange 
[equation ( 5 ) ] .  

However, there remains a question as to whether this 
apparent t.e.t.c. of ligand substitution is a real two-electron 
transfer catalysis or a masked classical one-electron transfer 
catalysis occurring with paramagnetic species generated by the 
disproportionation reaction (10). It is well known that ligand 

log h 
- 2  - 1  0 1 

I I I I I 

-4 -3 -2 
log ([ L I R T /  F v 1 

Figure 2. Kinetic analysis of the e.t.c. of CO replacement by P(OMe)3 
in compound (lc); ipo, i,, [L], and v represent peak currents of (lc) 
alone, (lc) in the presence of P(OMe)3, P(OMe)3 ligand concentra- 
tion, and scanning rate. The non-dimensional parameter h is k,,[L] 
RTIFv. The line is the theoretical curve for ligand exchange by an 
associative mechanism. The data were obtained under N2 ( a - d )  or 
CO (e-h) for [L] = 2 X l o - 3 ~  (a and e); 4 X 10-3 M (b and f) ;  8 X 
10- 3 M (c and 8); or 16 x 10-3 M (d and h). 

exchange reactions at paramagnetic metal centres are faster 
than the same reactions of their diamagnetic precursors.337 
However, ligand exchange at the level of ( lo-)  is unlikely, and 
the following facts allow the rejection of this hypothesis. 
Firstly, if ( lo-)  were produced by reaction (lo), the concentra- 
tion of this species would increase under CO atmosphere, 
because (12-) is more stable under these conditions. Thus, in 
contrast to what is observed, under CO atmosphere the ligand 
exchange rate should be greater. Secondly, the loss of CO 
from (la-) should be the rate-determining step for a ligand 
exchange reaction occurring by a dissociative process at a 
19-electron metal centre. This hypothesis is ruled out by the 
observation of an associative mechanism under CO atmo- 
sphere (Figure 2). 

(12-) + (1) * 2 (l*-) (10) 

The t.e.t.c. reported here is a ligand exchange related to 
processes occurring at 18-electron metal centres of (1*-). 
Other associative mechanisms are known when ancillary 
polyhapto ligands are able, by slippage," to free 
co-ordination sites in the transition state. In the absence of 
available ligand the decay of (12-) probably occurs by 
stepwise deco-ordination of the surrounding ligands. 
However, the loss of CO from (12-) allows a ligand present in 
solution to co-ordinate. When L = CO, (12-) is stabilized. 
When L = P(OMe)3, the dianion (22-) is formed by the 
dissociative pathway shown in equations (2) and (11). We 
suggest that, when CO and P(OMe)3 are both present, an 
associative process is allowed by the partial deco-ordination of 
one bridging sulphur ligand. 

(2) 
slow 

(12-) I [(RS)2Fe2(C0)5]2- + CO 

fast (22-) [L = P(OMe)3] { (12-) (L = CO) (11) 
[(RS)2Fe2(C0)5]2- + L --+ 

Reversible or quasi-reversible two-electron processes have 
been frequently observed in studies of the electrochemical 
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behaviour of binuclear12 or trinuclearl3 co-ordination com- 
pounds. Providing that two-electron transfer induces bond 
labilization in these species, one might expect the discovery of 
new examples of t.e.t.c.t 
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