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Structural Effects in the Reductive Activation of (Indenyl)RhL, Complexes: 
The Reduction of [Rh(q5-C,H,)(q4-cod)] 

Christian Amatore,* Albert0 Ceccon, Saverio Santi, and Jean-Noel Verpeaux 

Abstract: The reduction of the indenyl 
complex [Rh(y5-C,H7)(y4-cod)J has been 
investigated in the context of structural 
effects induced by the transfer of one elec- 
tron. The reduction of this complex oc- 
curs in two steps, leading first to the radi- 
cal anion and then to the highly frangible 
dianion. Both species eliminate the in- 

denyl anion. In the presence of free cy- 
clooctadiene, the related cleavage leading 
to the indenyl anion and his-cyclooctadi- 
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Introduction 

The one-electron-transfer activation of coordination complexes 
of transition metals most generally results in an electronic and 
structural alteration of the coordination shell in relation to the 
ability of the metal center(s) or ligands to gain or lose this 
electron. Structural modifications involving cleavage or forma- 
tion of chemical bonds can thus be induced in the highly activat- 
ed species. This may lead to ligand exchange, metal-metal bond 
formation, or ligand reorganization, all reactions extensively 
documented in the literature.“. Among these subsequent pro- 
cesses, changes in the hapticity with redox state is of special 
interestc3’ since the corresponding reversible ligand distortion 
amounts to a modification of the electronic density at the metal 
center, which could eventually protect the complex against more 
drastic reactions (e.g., ligand cleavage). Complexes bearing in- 
denyl (In) ligands are illustrative:[41 for example, reduction of 
the 18-electron cation [(q5-In)2V(CO),]’ gives the [(q5-In)- 
(y3-In)V(CO),] radical after slippage of one five-membered 
ring,r51 whereas the same treatment of the corresponding cy- 
clopentadienyl complex [Cp,V(CO),] leads to the cleavage of a 
molecule of CO. 

This possibility of accommodating various electronic envi- 
ronments provides chemical flexibility associated with enhanced 
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ene rhodium fragments now follows a 
Michaelis- Menten-type mechanism in- 
volving precoordination of one extra 
COD ligand to the initial radical anion. 
These results suggest the modification of 
the hapticity of the indenyl ligand in con- 
nection with 17- and 19-electron metal- 
centered intermediates. 
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Scheme 1 .  The indenyl slippage process. 

reactivity (the indenyl effect),r6] which justifies quantitative in- 
vestigation of this indenyl slippage process (Scheme 1). 

[(In)RhL,J (In = indenyl) complexes have proven to be very 
efficient catalysts for the hydroacylation of olefins, cyclotrimer- 
ization of alkynes or even hydrocarbon CH bond 
The “indenyl effect” is quite strong in this series; it was shown 
that a ligand exchange reaction became faster by a factor of lo8 
when the cyclopentadienyl ligand in [CpRhL,] was replaced by 
the indenyl ligand. Since the catalytic efficiency is also heavily 
dependent on the ability to accommodate new ligands in and 
out of the coordination shell, it was decided to investigate the 
effect of electron-transfer activation on the structural properties 
of the complex [(In)Rh(cod)], where cod is cyclooctadiene, both 
in the presence and absence of extra ligand. Kinetic data allowed 
the range of stability and reactivity of the monoanion 
[(In)Rh(cod)]- to be established (in the presence and absence of 
free COD), and finally to propose a mechanism for the stepwise 
decoordination of indenyl involving a precoordination of a sec- 
ond COD ligand (see Scheme 3). 
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Results and Discussion 

Delineation of reactivity induced by electron transfer 
Retluction q f ' [  ( I n )  Rh(corl)] alone: As shown in Figure 1, the 
cyclic voltammogram at  0.5 Vs- of a 3 mM solution of the title 
compound in THF/0.3 M nBu,N. BF, exhibited two reduction 
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Potential (V vs. SCE) 
k'ignre 3 .  Expcriincntal (solid linc) and simulated (circles) voltammetric reduction 
of ((ln)Rh(cod)]. 3 mM, in THF,U3 M ~iBu, BF, at a gold disk electrode (0.5 mm 
diamclcr); 18 = 0.5 VsC' ,  20-C. Thermodynamic and kinetic parameters uscd in 
thc simulated voltainmograni: = - 2 35 V vs. SCE, k: = 5 x IO-'cms-', 
x,==O.35.  e=-2.65V vs. S C E . / ~ ~ = S x 1 0 ~ ' c r n s ~ ' . a , = 0 . 3 5 .  k r = 0 . 6 s - ' ,  
k b ..5M~ls-' - -  and k 2 2 x  lo '  SKI (see text and experimcnlal scction) [14]. 

waves a t  rather negative potentials. The first wave was chemical- 
ly partially reversible although electrochemically irreversible 
( x  = 0.35, AEp = E,", -EL, = 140 mV a t  0.5 Vs-') whereas 
chemically the second wave was totally irreversible. The peak 
current function of the first wave, that is, i p  1'- L / 2 ,  was no1 con- 
stant with the scan rate (Figure 2), thus establishing that the 
first reduction wave involved a subsequent reaction coupled 
wil h further electron 
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Figure 2 .  Variations of the currcnt function ( i 7 v - I  ') of the lirst reduction wave 
(top) and of the ratio (i4Jir) of the peak current of the second and first reduction 
wave (bottom) of [(In)Rh(cod)]. 15iiiM in THF,0.3hl riBu;BI.k at  a gold disk 
clcctrode (0.5 rnm, 0.125 m m  or 25 pm diameter according to the scan rate). 20 C. 
Symbols: expcriinental data; solid lines: theoretical variations based on simulations 
using tlie set of thermodynamic and kinetic parameters given in Figore 1. Note that 
the current function (top) is normalized to its value at infinite scan rate (here 
i'> 100 Vs-  ' )  where the wave obeys a chemically reversible but slow charge transfer 
kiiietic regime 181: because of this choice the normalized current function reaches 
\ d u e s  larger than two at low scan rates, although thiscorresponds t o  a two-electron 
limit. 

Determination of the absolute electron s t ~ i c h i o m e t r y [ ~ ~  at  
sufficiently high scan rate ( v 2 2  Vs-') showed that within this 
timescale the first wave corresponds to a one-electron process 
(napp = 2.2f0.2). This process was associated with the observa- 
tion of a chemically fully reversible wave, provided that the scan 
was inverted between the two reduction waves. Both facts indi- 
cate that the anion radical [(In)Rh(cod)]- is the reduction 
product for the first wave [Eq. (l)], provided that the timescale 
is short enough, that is, v 2 2  Vs-'.  

At lower scan rates, for example 0.5 Vs-' (Figure l ) ,  this 
intermediate is not fully stable, as indicated by the growth of the 
current function of the first peak (nap,> 1) and by the partial loss 
of chemical reversibility of the wave. The second wave can then 
be assigned a priori either to the further reduction of the anion 
radical, or to  the reduction of one of the products formed by 
evolution of the anion radical. The fact that the second wave 
corresponds to the further reduction of the anion radical to  the 
dianion [(1n)Rh(cod)l2- [Eq. (3)] was established by the obser- 
vation that at large scan rates (v22 Vs I )  the two reduction 
waves had approximately the same size (viz., corresponded 
to one electron each). Thus, when the decomposition of 
[ (In)Rh(cod)]- was suppressed, the amount of species reduced 
at  the second wave was quantitative (Figure 2). Despite its one- 
electron stoichiometry, the second wave remained chemically 
irreversible over the complete range of scan rates investigated 
( v  < 100 Vs- I ) ,  which showed that the dianion was considerably 
less stable [r i  <0.2 ms, Eq. (4)] than the anion radical. 
Chronoamperometric experiments in which i(0), the current 
measured a t  the end of a potential step of duration 0 = 0.2 s, 
was plotted as a function of the step potential confirmed the 
existence of a monoelectronic reduction when Eslup> - 2.55 V 
and of a bielectronic overall reduction at  more negative values. 

[(ln)Rh(cod)] + e  [(In)Rh(cod)] ~ (Ef = - 2.35V vs SCE) (1) 

[(In)Rh(cod)] ~ . * etc. ( V i 2 V s - i )  (2) 

[(In) R h( cod)] ~ + e . 4 [(In) R h(cod)12 
(E,P = - 2.72 V a t  0.5 VSC') (3) 

[(In)Rh(cod)l2- -----t etc. (fast. li 1 0 . 2  ms) (4) 

The gradual loss of reversibility of the first reduction wave on 
increasing the timescale (decreasing the scan rate) associated 
with a concomitant rise of the current function (Figure 2) sug- 
gested that Equation (2) corresponds in fact to the setting up of 
an ECE/disproportionation process"'] in which the anion radi- 
cal formed in the first wave generated a product that was quan- 
titatively reduced at  this potential. 

Figure I shows that an oxidation wave a t  -0.43 V is present 
on the reverse potential scan provided that the potential scan is 
inverted after the first reduction peak. This wave is much more 
intense when the potential is reversed after the second reduc- 
tion wave. I t  could be assigned to  the oxidation of the indenyl 
anion by comparison with an authentic sample generated by in 
situ deprotonation of indene. This indicates that the indenyl 
anion, I n - ,  is a common reaction product ofeach redox process. 

Reduction oj" ( In)Rh(cod)]  in the presence of,free COD: The 
reduction of [(ln)Rh(cod)] in the presence of one equivalent of 
COD was then investigated. Figure 3 a  shows the voltam- 
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Figure 3.  Voltammetric rcduction 
of [(ln)Kh(cod)], 15 mM, in THF/ 
0 . 3 ~  nBu;BF, at a gold disk elec- 
trode (0.Smm diameter), in the 
presence of added COD; v = 

mograms in the absence (dashed 
line) or in the presence (solid line) 
of one equivalent of COD. b) Ex- 
perimental (open circles) or theo- 
retical (solid line) variations of the 
peak current of the first reduction 
wave normalized to its value in the 
absence of COD. The theoretical 
curve was obtained by simulation 
based on thc set or thermodynamic 
and kinetic parameters given in 
Figure 1 and k* = 10.5 s- ' .  p = 
k,/(l + k . , / k * )  = l . S M - ' S . "  (see 
text). The dashed line IS the theo- 
retical prediction for a classical S,? 
mechanism (as in Scheme 2). Note 
that although the limit of the 
dashed line at infinite COD con- 
centration corresponds to a two- 
electron process, it  appears smaller 
in the Figure bccaux of the nor- 
malization used, since the peak 
current in the abscncc of added 
COD already corresponds to 
1.15 electron per mole. c) Plot of 
the same experimental data as in 

0.5 vs- 1,  20'C. a) Voltam- 

(b) in the rorm of Equation (17); the regression line (correlation coefficient 0.985) 
correspondstok* =10.5sC1andp = kJ(I  + k - , / k * )  = 1 , 5 ~ - s ~ ' , a n d i s i d e n t i c a l  
to the solid working curve in (b) 

mograms obtained before (dashed line) and after (solid line) the 
addition of the free ligand. Comparison of such voltam- 
mograms indicates that, within the same timescale (i.e., a t  con- 
stant potential scan rate), addition of COD results in 1) a n  
increase of the  peak current and a loss of reversibility of the first 
reduction wave, 2) a decrease of the peak current of the second 
one associated with a marked positive shift of its peak potential 
(50 mV for one equivalent of COD added at  0.5 Vs-I), and 
3) the observation on reverse potential scan of a set of two new 
oxidation waves of nearly equal intensity (at E p  - 1.15 and 
-0.78 V versus SCE for v = 0.5 Vs-I)  in addition to the oxida- 
tion wave of the indenyl anion. 

An independent study of the voltammetric reduction of an 
authentic sample of [Rh(cod),]+ in the same medium led to the 
observation of two consecutive one-electron reduction waves 
corresponding to  the cation/radical and radical/anion redox 
couples, in agreement with previous observations, albeit in dif- 
ferent solvents.["] The position of the waves allowed assign- 
ment of the new set of oxidation waves in Figure 3 a  to  the 
successive monoelectronic oxidation of [Rh(cod),]- and [Rh- 
(cod),], respectively. 

Kinetics and mechanism 
Mechunisrn in the absence of free ligund: In the absence of free 
COD ligand, the electrochemical reduction of [ (In)Rh(cod)] led 
to the monoanion and then, a t  a more negative potential, to the 
dianion. The dianion is very unstable, its lifetime being less than 
0.2ms, and undergoes a fast cleavage of the indenyl anion, 
oxidation ofwhich was observed at  -0.43 V. Thus, a reasonable 
description of the process a t  the second wave can be given ac- 
cording to  Equations (3), ( 5 ) ,  and (6). 

[(In)Rh(cod)]' - In- +[Rh(cod)]- ( k > 2 x  103 SKI) ( 5 )  

[Rh(cod)]- - degradation products (6) 

[Rh(cod)] represents an unstable, unsaturated anionic 
rhodium fragment. N o  direct information concerning the nature 
or the fate of this rhodium center could be obtained in this 
study,[''] since no wave that could have been ascribed to  this 
species was visible on the cathodic or anodic voltammetric 
scans. Such an unsaturated rhodium anion is not expected to be 
stable, since it is formally a 14-electron complex, which may 
explain why no electroactive fragment could be detected in the 
absence of extra ligand. Note that the observation of rhodium 
bis(cyc1ooctadiene) redox couples in the presence of added cy- 
clooctadiene also supports the formation of a [Rh(cod)] frag- 
ment in the absence of COD. 

The anion radical is far more stable; nevertheless, it afforded, 
through a route involving uptake of an additional electron, the 
same indenyl anion formed by cleavage of the dianion [Eq. (j)]. 
Two possible routes could be proposed to account for this be- 
havior. One consists of a slow endergonic disproportionation 
[Eq. (7)] ,  leading to the dianion and thus being continuously 
displaced by its fast cleavage [Eq. ( 5 ) ] .  This route could be ruled 

2[(ln)Rh(cod)] 4 

[(ln)Rh(cod)] t[(In)Rh(cod)]'- (AGO = b'(e - E ' , ' ) z O )  (7)  

out based on the fact that the chemical irreversibility of the first 
wave was independent of the concentration of the substrate.[l3I 
A second route consists of an ECE/DISP sequence,""] in which 
the anion radical underwent a slow cleavage, leading to the 
indenyl anion and to a reducible rhodium-centered fragment. 
According to simple stoichiometry, this rhodium species must 
be [Rh(cod)], reduction of which a t  the electrode surface (or 
homogeneously) should afford the same [Rh(cod)]- fragment as 
that formed on decomposition of the dianion [Eq. ( 5 ) ] .  All the 
experimental observations converge, therefore, on the mecha- 
nism at the first reduction wave being described by Equa- 
tions @-( lo ) .  

[(In)Rh(cod)] +e-  [(In)Rh(cod)]- (EP = - 2.35 V vs SCE) (8) 

[(In)Rh(cod)] --f [Rh(cod)] + I n -  (9) 
[Rh(cod)] f c  - [Rh(cod)]- ( s " E ; )  (10) 

Quantitative assessment of the two mechanisms described 
above could be performed only based on simulation procedures 
because of the intrinsic slowness of the two electron transfers 
[Eqs. (3) and @)I. The rate of electron transfer for Equation (8) 
(k: = 5 x cms-  ') was adjusted based on the peak-to-peak 
separation['] of the first wave at  high scan rates ( r t>5 V s - I ) ,  
where the wave was chemically re~ersible ."~]  An arbitrary rate 
constant for the cleavage of the dianion [Eq. (511 was chosen to  
be sufficiently large for the simulations to result independent 
of this parameter. Therefore the simulations of a series of 
voltammograms at  moderate scan rates ( v < 5  Vs-') required 
only determination of the rate constant for the cleavage of the 
anion radical [Eq. (9)]. 

First, this parameter was adjusted (k, = 0.6 s- I )  to  reproduce 
the experimental dependence of the peak current of the first 
wave as a function of the scan rate (compare Figure 2). How- 
ever, and despite the good agreement between simulations and 
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experimental results for the peak current, we found that this rate 
constant led to a degree of reversibility of the first wave that was 
slightly smaller than the experimental value, especially when the 
second wave was scanned before the potential scan inversion. 
This result indicates that products formed a t  the second wave 
could affect the overall stability of the anion radical. The most 
simple explanation to account for this phenomenon is that the 
cleavage of the anion radical is slightly reversible. The effect of 
such a slight reversibility could be negligible a t  the level of the 
first peak current, where the flux production of the stable in- 
deny1 anion is small. Conversely, because scanning the second 
wave resulted in the build-up of a quantitative concentration of 
indenyl anion in the diffusion layer, a bimolecular reverse reac- 
tion could lead to partial reversal of the cleavage reaction, lead- 
ing then to  an apparent increase in the reversibility of the first 
wave. The validity of this hypothesis was checked by means of 
simulations based on the above value of k,, by adjusting the rate 
constant k ,  of the reverse reaction so that the experimental 
degree of reversibility could be correctly reproduced in the sim- 
ulations ( k ,  = ~ M - ' s - ' )  [Eq.(11)].["] 

k 
[(ln)Rh(cod)]- [Rh(cod)]   in^ (11) 

The rate constants k,  and k ,  of the forward and reverse reac- 
tions, respectively, were thus determined and the mechanistic 
sequence [Eqs. (8), ( I l ) ,  and (lo)] demonstrated. Note that it 
can be seen from the small value of k ,  (which leads to  a pseudo- 
first-order rate in the range of 0.01 s - '  for a 2 mM substrate 
concentration) that the coupling between indenyl anion and 
the Rh(cod) fragment is not a favorable process unless the con- 
centration of indenyl anion is high and the equilibrium dis- 
placed toward its left-hand-side by the reoxidation of the 
[(In)Rh(cod)]- anion radical. This explains why the current 
function of the first reduction wave depended almost exclusively 
on the forward process (i.e., on kf)["] while the reversibility of 
the wave was also a function of the reverse reaction [Eq. ( l l ) ] ,  
that is, of k ,  and of the concentration of the indenyl anion, that 
is, the point of inversion of the potential scan. 

k b  

Mechanism in the presence of.free COD: The presence of free 
COD ligand provided further support for Equations (5) and 
( I I ) ,  since this allowed the rhodium fragments to  be stabilized 
by COD coordination, thus permitting their identification based 
on the observation of the characteristic system of paired one- 
electron waves due to the sequential oxidation of the anion 
[Rh(cod)l2 and of the radical [Rh(~od) , ] [ '~]  Thus, the forma- 
tion ofindenyl anion on the one hand, and rhodium bis(cyclooc- 
tadiene) anion on the other, both detected by their oxidation 
wave on the reverse scan, suggest that the same overall reactivity 
was preserved in the absence of COD. 

The increase of the first reduction wave at  the expense of the 
second, as well as the loss of reversibility when C O D  is added to  
the solution, indicates decreased stability of [ (In)Rh(cod)] in 
the presence of COD. One could argue that this effect is only 
indirect and reflects suppression of the reverse reaction 
[Eq. (II)] because of a fast stabilization of the rhodium frag- 
ment by COD coordination after the cleavage. This first inter- 
pretation was rejected, however, because we saw above that the 
reverse reaction does not significantly influence the current 

function of the first wave. Since this is mainly a function of the 
forward step (i.e., of k , ,  which would not be modified in this 
process) we are forced to conclude that COD reacts directly with 
the anion radical (in an associative mechanism), in competition 
with Equation (1 I ) ,  that is, with the former spontaneous de- 
composition of this species. 

The mechanistic sequence shown in Scheme 2 is kinetically 
equivalent to that in Equations @-(lo) ,  with an apparent rate 

(In)Rh(COD) ~ 5 1 
R ~ ( C O D ) ~  + In- 

kz [COD1 

t + e  

Rh(COD)z-+ In- 

Scheme 2. Mechanistic sequence of the overall decomposition of the anion radical 
[(ln)Rh(cod)] ~. 

constant k,,, = k, + k,[COD] for the overall decomposition of 
the anion radical [ (In)Rh(cod)] - .I1 61 Accordingly, this apparent 
rate constant should be made as large as desired just by increas- 
ing the concentration of COD. That means that for a given scan 
rate, it should be possible to  make k,,, sufficiently large to reach 
the two-electron limit of the ECE process simply by increasing 
the excess of COD. Conversely, a t  a given COD concentration, 
the same two-electron limit should be achieved by decreasing 
the potential scan rate v (compare, e.g., the analogous effect in 
Figure 2), since the actual parameter that governs the current 
function of the first peak is then kapp/v = ( k ,  + ~, [COD]) /V. [ '~]  
Experimentally, we did not observe such symmetric roles for 
[COD] and scan rate. Indeed, if a two-electron limit could be 
reached on decreasing the scan rate, the limit reached by increas- 
ing the COD concentration at  a given scan rate was significantly 
lower (Figure 3 b) and, furthermore, depended on the scan rate, 
being closer to the two-electron limit the smaller the scan rate. 
This asymmetry is sufficient to rule out the occurrence of the 
mechanism in Scheme 2, at least within its present formulation. 

The existence of a limit less than the expected two-electron 
limit on increasing the COD concentration implied a leveling of 
its effect. The simplest way to account for such a saturation 
within the framework of Scheme 2 was to consider a Michaelis- 
Menten-like mechanism, in which the COD-assisted cleavage of 
[(In)Rh(cod)] occurs by a two-step mechanism involving re- 
versible addition of COD to the anion radical followed by a fast, 
irreversible cleavage of the adduct [Eqs. (12) and (13)] that is 

[(ln)Rh(cod)] ~ +cod & [(In)Rh(cod),]- (12) 
k 

~ ., 

(1 3) 
k*.fxt 

[(In)Rh(cod),]~ - [Rh(cod),] + In -  

COD-independent. At sufficiently low COD concentration, the 
equilibrium according to Equation (12) is expected to lie mostly 
to  the left-hand side. Thus, the apparent rate law for the chem- 
ical decomposition of the anion radical can be expressed simply 
as Equation (14), showing that the whole sequence then behaves 

1997 0947-6539/97/0302-0282 3 tS.OO+ ,2510 Chem. Eur. J.  1991. 3, No. 2 
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as explained above for Scheme 2, with k ,  ndw being equal to 
k*k,/(k* + k - J .  This scheme predicts an increase in the current 

d[(ln)Rh(cod)-]/dt r - { ____ k*k3 [COD] +k,)j(ln)Rh(cod)-] (14) k* + k _ ,  

function of the first wave with an increase in the COD concen- 
tration or a decrease in the scan rate. Conversely, at sufficiently 
high COD concentration, the equilibrium in Equation (12) is 
expected to be shifted completely toward the right-hand side. 
The kinetics of the sequence given by Equations (12) and (13) is 
then controlled only by the rate of cleavage of the adduct, that 
is, by k*.  The current function, therefore, becomes independent 
of the COD concentration, but still increases with a decrease in 
the scan rate. 

Therefore, the sequence in Equations (12) and (13) qualita- 
tively explains the experimental behavior described above. In a 
general case, that is, when [COD] is not an extreme value, the 
system still behaves as an ECE sequence [i.e., as given in 
Eqs. (8)-(lo)] with an apparent rate constant k,,, for the decay 
of the anion radical given by Equations (15) and (16). 

d[(In)Rh(cod)-]/dt = - k,,,[(In)Rh(cod)-] (1 5) 

1 k,  -k* 
k,,, = ,*[I + 

k* + k, [codl/(l + k-  Jk*) 

When [COD] is sufficiently small for [COD] 4 (k* + k -  , ) / k 3 ,  
one obtains k,,, x k, + k,k* [COD]/(k* + k -  ,), which then 
leads to a rate expression identical to the above limiting Equa- 
tion (14). Conversely, when [COD] is sufficiently large for the 
condition [COD]$((k* + k - , ) / k ,  to be true, Equation (16) can 
be simplified into k , , , z k * ,  which shows that the rate of cleav- 
age of the anion radical becomes independent of the COD con- 
centration. One interesting aspect of this latter limiting case is 
that it allows the independent determination of k* (i.e., 
k* = 10.5 s-l)  based on the scan rate dependence of the current 
function measured at high COD concentration, that is, in the 
range of concentration where the current function is dependent 
on the scan rate but is independent of [cod] (compare Fig- 
ure 3 b). Independent knowledge of k* and k ,  allows Equa- 
tion (16) to be rewritten as Equation (17). This formulation 

Rk,,,,) = (kap, - k)/(k* - kapp) = Ik3/(k* + k -  3)KCODI 

= (P/k*)[CODI (17) 

shows that the function F(ka,,), which can be evaluated from the 
experimental k,,, values determined by simulating at each scan 
rate and COD concentration a simple irreversible ECE se- 
quence"'] (vide supra for the determination of kf), must depend 
linearly on [COD]. This is actually what is observed in Fig- 
ure 3 c,[I7] thereby supporting the above mechanism [Eqs. (12) 
and (1 3)]. Furthermore, from the slope of the regression line and 
from independent knowledge of k*, the rate parameter p 
( p  = kJ(1 + k _ , / k * )  = I . ~ M - ' s - ' )  can be determined. Note, 
however, that the individual rate constants k ,  and k _  , cannot be 
determined because the current function is independent of their 
actual values but depends only on k, ,  k*,  and p [compare with 
Eq. (16)]. Based on the knowledge of these three rate parame- 
ters, the theoretical variations of the current function of the first 
wave can be simulated as a function of the COD concentration 
at any scan rate based on the complete mechanism [namely, 

Eqs. (S) ,  (12), (13). followed by the exergonic reduction of 
[Rh(cod),]] and compared with the experimental dependence. It 
is seen in Figure 3 b that the agreement between experimental 
determination and prediction (solid line) is excellent, providing 
additional support for the validity of the mechanism represent- 
ed by Equations (12) and (13). 

Structural aspects: Electrochemical methods are quite efficient 
for picturing intermediates and providing kinetic data necessary 
to build reactivity schemes. Unfortunately, they are less well- 
suited to solving the structure of these intermediates. This is 
particularly true in the case of 17- versus 19-electron complexes, 
as recently stressed.[31 The following section presents a reason- 
able structural interpretation of the reactivity scheme estab- 
lished above. 

There is no doubt that the thermodynamically favored struc- 
ture of [(In)Rh(cod)] corresponds to an 1 &electron compound 
with an y5  indenyl ligand. On the other hand, the dianion 
formed after the second electron transfer must correspond to a 
q3 indenyl hapticity to avoid a 20-electron metal configura- 
tion."'] The required ring slippage is known to be easy in in- 
deny1 complexes.[61 Regarding the intermediate anion radical, 
things are less obvious and two possibilities (17-electron com- 
plex with y 3  indenyl ligand or 19-electron complex with y5 hap- 
ticity) must be ~ons ide red . [~ .~ ]  In the absence of spectroscopic 
or structural data, nothing definitive can be formulated. How- 
ever, several facts have been established in this work: l )  the 
peak-to-peak separation of the reversible first reduction wave is 
large and its transfer coefficient small (AEP = ex -eed = 

140 mV, SI = 0.35, at v = 0.5 Vs-I) suggesting that an important 
structural rearrangement is associated with the electron trans- 
fer. 2) The second reduction takes place only about 300 mV 
after the first. This gap is quite small compared with the usual 
separation between the reduction waves of a neutral species and 
its anion radical in THF due to coulombic repulsion. For ex- 
ample, for conjugated organic molecules such as azobenzene 
this gap is in the 600 mV range under the same conditions. A 
comparison with other organometallic compounds is certainly 
more relevant: the two reduction waves of the 16-electron 
[Rh(cod),]+ are also separated by ca. 600 mV in chlorinated 
solvents or acetone["] and approximately 500 mV in THF. 
Data concerning 18-electron compounds cannot be used so eas- 
ily, because they necessarily raise the same problem of the 17- 
versus 19-electron structure of the first reduced species, as illus- 
trated by the example of indenyl tris carbonyl manganese.["] 
The small gap observed in our case indicates that the effect of 
the coulombic repulsion (ca. 50-55 kJmol-I based on a peak 
separation of 500-600 mV) is counteracted by a decrease of the 
standard reduction potential of the anion radical vis-a-vis its 
would-be 19 electron structure. Based on the experimental peak 
separation of ca. 300 mV, the reduction potential is shifted by 
ca. 20-30 kJmol-'. This observation is better accounted for 
when assuming that a 17- rather than a 19-electron anion is 
being reduced at the second wave.r31 3) The radical anion at 
hand has been shown to coordinate an extra COD ligand readily 
[Eq. (12)], which is also indicative of a hypovalent complex. All 
these three arguments point to the reduction of a 17-electron 
anion radical, that is, with y 3  hapticity, at the second wave.[191 
This may correspond either to a true 17-electron structure or to 

Chem. Eur. J.  1991, 3, No. 2 0 VCH Vevlagsgesdlschafi mbH. 0-69451 Weinheim. 1997 09$7-6539197/o302-0283 $ 15.00+ .25/0 283 



C. Amatore et al FULL PAPER 

a fast CE sequence['] involving a rapid equilibrium between 19- 
and 17-electron forms that would provide the same kinetic data 
when quenching the 17-electron intermediate by reduction at  
the second wave or by COD coordination. In other words, the 
results obtained here support a ring slippage towards the allyl- 
like coordination associated with the first clectron transfer or a 
very labile structure for the radical anion due to a low barrier 
between the 17- and 19-electron isomers.[2o1 It is impossible to 
distinguish firmly between the two possibilities on  the basis of 
the present results. 

'The fact that this radical anion [(In)Rh(cod)]- adds a free 
COD ligand [Eq. (12)] before cleavage of the rhodium-indenyl 
bond [Eq. (13)] has been established on kinetic grounds. The 
small but significant (50 mV) positive shift of the second reduc- 
tion peak observed on addition of free COD (see Figure 3) pro- 
vides additional support["] for such an associative mechanism 
with formation of an intermediate adduct [Eqs. (12) and (13)] by 
opposition to the simple associative mechanism initially consid- 
ered in Scheme 2. Indeed, the latter case would imply that the 
second wave still corresponds to the reduction of the same spe- 
cies [(In)Rh(cod)]- as in the absence of COD, whereas in the 
Michaelis - Menten-like process the second wave must be as- 
signed to the reduction of the adduct, the stoichiometry of which 
is [(In)Rh(cod),]-. 

Experimental Section 

Chemicals and Instrumentation: T H F  was purified by distillation from 
sodium benzophenone under argon and thoroughly degassed. Fluorenone 
(Aldrich) was used without further purification; cyclooctadienc (Aldrich) 
was redistilled prior to use. The starting complexes [(indenyl)Rh(cod)] [22] 
and [Rh(cod),]BF, [23] were synthetized according to published proce- 
dures. (1ndenyl)K was prepared by dcprotonation of freshly distilled indcne 
(0.1 M solution in T H F )  by 10 equivalents of potassium hydride under 
argon. 

All the electrochemical experiments wcrc run under argon. nBu,N.BF, was 
used as thc supporting electrolyte; it was obtained from nBu,N.HSO, and 
NaBF, and recrystallized from ethyl acetate/hexane. Cyclic voltammetry ex- 
periments were performed in an air-tight three-electrode cell connected to a 
vacuum line. The rcference electrode was SCE (Tacussel ECS C 10) separated 
from thc solution by a bridge compartment filled with the same solvent/sup- 
porting clectrolyte solution as that uscd in the cell. The counter electrode was 
a platinum spiral with ca. 1 cmZ apparent surface area. The working elec- 
trodes wcrc disks obtained from cross-sections of gold wires of various diame- 
ters (0.5 or 0.125 mm and 25 pni) sealed in glass. Bctween each CV scan the 
working electrodes were polished on alumina according to standard proce- 
dures and sonicated before use. A EG&G PAR-175 signal generator was 
used. The potentiostat was home-made [24], with a positive feedback loop for 
ohmic drop compensation. The currents and potentials werc rccorded on 
Nicolet 310 or Lecroy 9310L oscilloscopes. 

1 +e 
COD 

1 ' lF-L 111- + Rh(COD), w e r e n , , , = l 2 ~ 0 2 a n d D = ( 1 3 4 ~ 0 1 8 )  x10 ' cm*s 

~ 

Simulations Digitdi siinulations of the voltammogrdrns cor 
responding to the proposcd mechanism$ were performed 

19e Rh 17e Rh 

I 

Determination of the absolute electron stoichiometry [9] : The steady-state 
reduction currents a t  a 12.5 pm radius gold disc microelectrode (potential 

scan rate 50 mVs-I) and the chronoamperometric diffusion- 
al currents at a 0.5 mm diameter electrode for a step duration 
of 0.2 s were measured for a 3 mM solution of [(In)Rh(cod)] 
and fluorenone (D =1.017 x cm2s I )  under idcnti- 
cal conditions (THE 0.28 M nBu,N.BF,). These data 
allowed the determination of the absolute consumption of 
electrons at the First reduction wave of ((in)Rh(cod)] and 
thc diffusion coefficient of this rhodium complex in this 
medium. For a characteristic time of 0.2 s the results 

COD 
In- + Rh(C0D) - in- + Rh(C0D);- - 

1 
J 

with the program elaborated by D. Gosser [XI, from the set 
of values indicated in the captions of Figures 1 and 3. The 
thermodynamic and kinetic parameters featuring the first 
reduction wave were determined from thc experimental 

I +e 

voltammograms following the procedures indicated in the 
text. This led to a set of thermodynamic (e), heterogeneous 
kinetic ( x l .  kp),  and homogeneous kinetic (k,.  k , ,  k * ,  and p )  

Schcme 3. lopolog~cal processes triggered by the electron transfer activation of [(In)Rh(cod)] 
in the presence of free COD. 

It is remarkable that this adduct, which bears the same charge 
as and more ligands than the parent mono-COD anion radical, 
is reduced at a potential very close to and even slightly more 
positive than the reduction potential of the parent 
[(In)Rh(cod)]-. This result suggests that the electronic density 
around the metal center is quite similar in both cases. Conse- 
quently, if [(In)Rh(cod)]- is to  be depicted as [(y3-In)Rh(q4- 
cod)] -, the bis(C0D) radical anion can be regarded either as 
[ (y3-In)Rh(y2-cod),] .- or as [ (y l  -In)Rh(y4-cod)(q2-cod)]-. On 
the other hand, the adduct undergoes a fast cleavage of the 
indenyl anion, a t  least compared with the parent mono(C0D) 
anion radical (k* = 10.5 s -  vs. k,. = 0.6 s -  I ) .  This would rather 
fmor a weaker association of the indenyl ligand and conse- 
quently y'-hapticity for the indenyl ligand. The overall dance of 
the rhodium center on the indenyl ring ends here with the cleav- 
age of the indenyl anion. Scheme 3 suinniarizes the topological 
processes triggered by the electron transfer activation of 
[(In)Rh(cod)] in the presence of free ligand. 

paraincters that IS really charactel-istic of the electron transfer 
and subsequent kinetics involved in the first reduction wavc. The situa- 
tion is different for the second wave. Formally, its simulation requires inde- 
pendent knowledge of the thermodynamic (E:) and kinetic (x2, k:) parame- 
ters of the electron transfer, as well as  the rate constant ( k )  of the cleavage 
of the dianion [eq. ( S ) ] .  Howcvei-, since this wave is controlled by the 
kinetics of clcctron transfer, its shape and position are independent of 
the value of k ,  provided that this value is large enough to lead to a chem- 
ically irreversible wave at each scan rate considered [8]. Thus, a value 
for k of 2 x lo3 sC1 was uscd, although this value represents only a 
minimum value of the true rate constant in equation ( 5 ) .  x I  = 0.35. used 
in the simulations, was dctermined from the experimental half-width 01' 
the second reduction peak [g]. Owing to its charge transfer control, the 
position of the second reduction peak depends only on  the value of the 
global parameter E: +(Rr/x,F)ln k:  [ X I ,  and not on  the individual values of 

and k: .  Therefore, choosing arbitrarily k: = k: in the simulations [I41 
implied the use of a value for such as E; -E: = Z$ -q. Using the 
experimental value for 4 - q of -0.30 V at  0.5 Vs - 1, and 6: = 2.35 V vs. 
SCE thus imposed an arbitrary value of = - 2.65 V vs. SCE in the 
simulations. However, it should be emphasized that thc set of I?;, k: .  and A 
values used in the simulations should not be considered individually but j u h t  
as a coherent set allowing the simulation of the shape and position of the 
second wave. 
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