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Abstract: The electrochemical reduc-
tion of anti- and syn-[Cr(CO)3(inde-
nyl)Rh(cod)] complexes (cod� cyclo-
octadiene) has been investigated, to
evaluate, in each stereochemical situa-
tion, the effects of the contemporary
presence of two metals coordinated to
the indenyl ligand. In contrast to the
reduction of monometallic [(inden-
yl)Rh(cod)], which gives rise to two
well separated monoelectronic waves,
the reduction of both bimetallic com-

plexes occurs at more positive potentials
in a single bielectronic and chemically
reversible wave. These results indicate
that an ECrevE mechanism is active, in
which the chemical step following the
first electron transfer is the reversible
structural rearrangement of the 35-elec-

tron radical anion, which allows the
second electron transfer to occur at a
more positive potential than the first
one. This structural rearrangement is
more marked when the two metals are
syn, which suggests the presence of an
interaction between the two metals in
this configuration. Side reactions corre-
spond to the dissociation of the mono-
and dianions; yet the dianions are sur-
prisingly less frangible than the mono-
anions.
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Introduction

The paramagnetic species generated by addition or uptake of
one electron from a stable compound are very often
recognised as the key intermediates in many catalytic cycles,
even if the initial electron transfer (ET) activation process is
not clearly identified.[1] In a recent paper,[2] we reported a
study on the electrochemical reduction of the [(indenyl)-
Rh(cod)] complex and the reactivity of the corresponding
mono- and dianion towards free cycloctadiene. Those results
established the ET-tunable change of hapticity of the indenyl
ligand, which we related to the formation of 17- and 19-
electron metal-centred intermediates.

In most cases, the ET induces a profound chemical
reorganisation of the structure, which makes the complex
prone to react chemically. Yet, the drawback is often that the
intermediate formed after the ET is so activated (note that the
transfer of one electron over one volt amounts to the injection

of 23 Kcalmolÿ1) that several reaction pathways are generally
opened, which leads to a poor selectivity. In the case of
bimetallic complexes, the situation can be depicted as two
coordination shells with possible interactive effects between
the two metal centres. Since electronically cooperative
bimetallic centres are more prone to stabilise one extra
electron (or hole), the corresponding radical ions are often
fairly stable and several studies have aimed to characterise the
coupling of the unpaired electron with centres in terms of
ªelectronic communicabilityº.[3] However, bimetallic or poly-
metallic centres (clusters) are also catalysts and are frequently
more efficient and more selective than the corresponding
monometallic analogues, which fully justifies the importance
of studying their ET activation. In this respect, it seems
worthwhile to be able to control the energy release to the
metal centre Mcat of interest, namely to that where the sought
catalytic reaction should occur (Scheme 1). A solution to the
problem consists in designing structures in which one metal
centre, Mant , plays the role of an electron (or hole) antenna,
which upon ET activation is able to shuttle selectively part of
the energy gained to a second centre through chemical
modification of their common coordination sphere.

The concept of ªtopo-chemical communicabilityº can be
invoked for those compounds where the activation of one
metal centre by an electron transfer or the addition of a ligand
would result in a structural modification responsible for the
chemical (not the redox) activation of the second centre. This
tandem activation, which differs from the ªelectronic com-

[a] Dr. C. Amatore, Dr. J.-N. Verpeaux
DeÂpartement de Chimie de l�Ecole Normale SupeÂrieure
UMR 8640 PASTEUR
24 rue Lhomond, F-75231 Paris Cedex 05 (France)
Fax: (�33) 1-4432-3863
E-mail : amatore@junie.ens.fr

[b] Dr. A. Ceccon, Dr. S. Santi
UniversitaÁ degli Studi di Padova, Dipartimento di Chimica
Fisica Via Loredan 2, I-35131 Padova (Italy)
E-mail : s.santi@chfi.unipd.it

FULL PAPER

Chem. Eur. J. 1999, 5, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3357 $ 17.50+.50/0 3357



FULL PAPER C. Amatore et al.

� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3358 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 113358

Scheme 1.

municabilityº in which the tandem activation occurs by means
of electronic delocalisation or internal ET, may appear
somewhat idealistic. However, it should be kept in mind that
it actually governs a lot of fundamental biological processes,
which require a separation of charges.[4]

Within this framework, it appears that the presence of a
bridging ligand is required. In this respect, indenyl is a good
candidate since its hapticity (from 1 to 6) may be governed by
the oxidation state, electronic properties and the total number
of ligands of the coordinated metal centre.[5] Also of great
interest when two metals are coordinated to the same indenyl
ligand is that the control of the oxidation state of one of the
metal centres Mant (namely antenna) should lead to a
modification of its electronic demand to the shared ligand.
This in turn forces a change of hapticity at the second (namely
catalytic) metal centre Mcat that will eventually control further
modifications of this latter coordination shell (Scheme 1). The
redox changes on the antenna should allow a fine tuning of the
chemical reactivity of the true catalytic centre by means of a
structural modification of its ligand sphere. In this respect, it is
worth emphasising that this concept is quite different from
that of ªelectronic communicabilityº between redox centres,
which occurs by means of electronic delocalisation or internal
electron exchange.[3]

The above concept requires the confluence of two factors.
1) One must be able to induce changes in the topology of the

indenyl ligand by redox changes on the first centre.
2) Structural modification of the indenyl ligand should result

in a chemical activation of the second metallic centre.
[(In)RhL2](In� indenyl) complexes have proven to be very

efficient catalysts for hydroacylation of olefins, cyclotrimer-
isation of alkynes or even CH bond activation of alkanes.[6]

The ªindenyl effectº is quite strong in this series since it was
shown that the rate of exchange of ligand L becomes 108 times
faster when the cyclopentadienyl ligand in CpRhL2 is replaced
by the indenyl. Three more orders of magnitude are gained
when a tricarbonylchromium group is coordinated to the six-
membered ring.[6, 7] This establishes the experimental validity
of the second requirement above, which shows that the most
critical point of the above somewhat idealistic concept relies
in fact on the validity of the first requisite. We wish to present
evidence that this is actually the case by examining the effect
of the ET activation in the bimetallic anti and syn isomers
of [Cr(CO)3(indenyl)Rh(cod)] (cod �cyclooctadiene).
[Cr(CO)3(indenyl)Rh(cod)] was denoted by [CTC(In)Rh-
(cod)] in the following (CTC� chromium tricarbonyl).

Results

Electrochemical reduction of anti- and syn-[Cr(CO)3(inde-
nyl)Rh(cod)]: The reduction of both isomers, the anti
represented by 1 and the syn represented by 2, led to
analogous cyclic voltammograms, as illustrated in Figure 1a
(solid line for 1, dashed line for 2), for a 2.2 mm solution of
complex in THF/0.15m nBu4N ´ BF4 at 0.5 V sÿ1. In either case,
the voltammogram exhibits one apparently chemically revers-
ible reduction wave, with a rather broad peak-to-peak

Figure 1. Voltammetric reduction of anti- and syn-[Cr(CO)3(indenyl)Rh-
(cod)] (2.2 mm) in THF (0.3m) nBu4BF4 at a gold disk electrode (0.5 mm
diameter); n� 0.5 V sÿ1, 20 8C. a) solid line for the anti isomer, dashed line
for the syn isomer; b) after electrolysis at ÿ2.1 V vs. SCE (solid line)
superimposed to the previous voltammograms (a) shown now in dotted
line; c) reduction of [(indenyl)Rh(cod)] (solid line) superimposed to the
voltammograms shown in (a) in dotted line.

separation: Ep�ÿ1.89 V vs. SCE (saturated calomel elec-
trode), DEp�Ep

oxÿEp
red� 360 mV for 1 and Ep�ÿ1.82 V vs.

SCE, DEp�Ep
oxÿEp

red� 440 mV for 2.[8] The peak current
associated with the reduction wave is not proportional to n1/2

as would be expected for a simple reversible process;[9] the
current function ipnÿ1/2 increases with decreasing potential
scan rate. Figure 2 shows the variation of this current
functionÐnormalised to its value at high scan rateÐwith
the potential scan rate.

Figure 2. Variations of the current function normalised to its value at
infinite scan rate (n� 100 V sÿ1) of the reduction wave of anti- (solid line)
and syn- (dashed line) [Cr(CO)3(indenyl)Rh(cod)] (2.2 mm) in THF (0.3m)
nBu4NBF4 at a gold disk electrode (0.5 and 0.125 mm diameter according to
the scan rate), 20 8C. Symbols: experimental data; solid or dotted lines:
theoretical variations based on the results of simulation; for the kinetic
parameters used, see the Experimental Section.
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For the anti isomer, this normalised current function
increases from one, at high scan rate, to approximately two
at low scan rates; determination of the absolute electron
stoichiometry[10] at sufficiently low scan rate (napp� 2.0� 0.4
at n� 0.1 V sÿ1) confirmed that, within this time scale, the
reduction wave is bielectronic. The syn isomer behaves
similarly, except that the current function remains smaller
than two (Figure 2 dashed line), in agreement with the
measured value of napp� 1.73� 0.35 at n� 0.1 V sÿ1. It must
be pointed out that the overall reduction wave of either
isomer remains reversible chemically within the range of the
scan rate investigated.

In contrast, preparative scale electrolytic reduction, carried
out on one isomer or the other, requires only one Faraday at
this longer time scale and yields h6-indenyl tricarbonylchro-
mate [(CO)3Cr(In)]ÿ , (denoted as [CTC(In)]ÿ , quantitative-
ly. The final voltammogram (identical for either isomer),
obtained after consumption of one electron per mole (Fig-
ure 1b solid line), displays only one oxidation wave (Ep�
ÿ0.25 V at 0.5 V sÿ1) corresponding to CTC(In)ÿ. This could
be checked with an authentic sample generated by in situ
deprotonation of [Cr(CO)3(indene)].

In fact, this oxidation wave is already present in the cyclic
voltammograms obtained from complex 2 for the whole range
of scan rates (Figures 1 and 3d ± f). The wave indicates that the
formation of CTC(In)ÿ from the reduced syn isomer takes
place, at least to some extent, on the time scale of cyclic
voltammetry. This supports qualitatively the difference in
voltametric electron stoichiometry noted above, since this

Figure 3. Experimental (solid line) and simulated (open circles) voltam-
metric reduction of anti- and syn-[Cr(CO)3(indenyl)Rh(cod)] (2.2 mm) in
THF (0.3m) nBu4NBF4 at a gold disk electrode (0.5 mm diameter) 20 8C;
a) isomer anti at n� 0.5 Vsÿ1, b) isomer anti at n� 5 V sÿ1, c) isomer anti at
n� 100 Vsÿ1, d) isomer syn at n� 0.2 V sÿ1, e) isomer syn at n� 2 Vsÿ1,
f) isomer syn at n� 20 V sÿ1.

wave features a one-electron pathway. A different situation is
encountered with the anti isomer 1, for which the cyclic
voltammogram displays a different oxidation wave (Ep�
ÿ0.35 V at 5 V sÿ1). The size of the wave increases with the
potential scan rate and the wave is practically absent at n�
0.5 V sÿ1 but clearly visible at 5 V sÿ1 and above (Figure 3a ± c).
Finally, two other oxidation waves are also present on the
reverse scan following the reduction of the syn isomer 2
(Figures 3d ± e) but these do not occur for 1. The waves are
located at ÿ1.6 (shoulder) and ÿ0.8 V and they originate (see
below) from the rhodium fragment Rh(cod).[11]

Discussion

Qualitative analysis of the cyclic voltammetry behaviour

The bielectronic reversible wave : an ECrevE mechanism
controlled by the rates of the heterogeneous electron transfers :
The reduction of syn and anti isomers of [Cr(CO)3(inde-
nyl)Rh(cod)] appears as a chemically reversible monoelec-
tronic process at high potential scan rate (n> 20 V sÿ1); upon
decreasing the scan rate, the reduction tends to and finally
becomes (isomer 1) a bielectronic process, which is still a
chemically reversible process at a lower scan rate. This is
characteristic of an ECrevE mechanism in which the radical
anion formed after the first electron transfer undergoes a
reversible chemical transformation, which leads to a product
reducible at the potential of the first electron transfer. At a
sufficiently high scan rate, the forward reaction of the
chemical step is kinetically ªfrozenº and the scheme is
restricted to the first reversible electron transfer. When the
time scale increases, the reducible product formed by the
chemical step is significantly formed, which leads to the
progressive increase of the current function from 1 to 2. The
fact that the two electron reduction waves never appear
chemically irreversible indicates that both the forward and
backward reactions of the chemical step become operative
almost in the same time scale, which means that the forward
rate constant k1f cannot be significantly different from the
backward rate constant k1b. In other words, in both cases the
interposed chemical step is almost isoenthalpic (DG0� 0).

The reversible chemical step involved in this ECrevE process
cannot be the cleavage of the rhodium ± indenyl bond, as
established in the case of the monometallic analogue;[2]

indeed, in the latter case, the rhodium fragment Rh(cod) is
necessarily reduced at the very negative potential, at which
the reduction of the parent monometallic complex (E0�
ÿ2.35 V) takes place. However, this fragment cannot be
reduced at the less negative reduction potentials for the
bimetallic species 1 or 2. Therefore, a two-electron reversible
reduction could not be observed. This crucial point was
demonstrated by an independent study of the electrochemical
behaviour of [Rh(cod)(THF)2]� as well as [{Rh(cod)Cl}2],
which allowed us to determine the reduction potential of the
[Rh(cod)] radical at Ep�ÿ2.15 V.[11]

For this reason, and because of the presence of only one
reduction wave for the bimetallic complex (whereas two, one
for the formation of the monoanion and one for the dianion,
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were visible for the monometallic analogue[2]), a structural
rearrangement of the monoanion from a form Aÿ to a readily
reducible form Bÿ precursor of the dianion B2ÿ has been
considered [Eq. (1) ± (3)] as the reversible reaction Crev, which
takes place on the time scale of a few milliseconds.

Main reversible reduction wave : ECrevE system.

[CTC(In)Rh(cod)]� e> [CTC(In)Rh(cod)]A
ÿ E0

1, k0
1, a1 (1)

[CTC(In)Rh(cod)]A
ÿ> [CTC(In)Rh(cod)]B

ÿ k1f, k1b, K1� k1f/k1b (2)

[CTC(In)Rh(cod)]B
ÿ� e> [CTC(In)Rh(cod)]B

2ÿ E0
2, k0

2, a2 (3)

Cleavage of the monoanion [Eq. (4) ± (5)].

[CTC(In)Rh(cod)]A/B
ÿ> [CTC(In)Rh(cod)]C

ÿ k2f, k2b, K2� k2f/k2b (4)

[CTC(In)Rh(cod)]C
ÿÿ!CTC(In)ÿ�Rh(cod) k3 (5)

In those time scales where the equilibrium is labile, the
apparent standard potential of the bielectronic reduction
wave normally depends on both E0

1 and E0
2, as well as K1.[12]

[Eq. (6)].

E0
app� (E0

1�E0
2�/2� (RT/2F) ln K1 (6)

This square scheme situation, an example of which is the
well-known hydroquinone/quinone system, leads to the
reversible bielectronic wave being situated in between the
two reversible monoelectronic waves, which correspond to the
reduction of A (redox couple A/Aÿ) in one case and the
oxidation of B2ÿ (redox couple Bÿ/B2ÿ) in the other case. Both
processes take place more easily than expected from their
thermodynamics, as a result of the kinetics of the labile
equilibrium.[9] However, in the system described here, the
situation looks slightly different because it involves slow and
eventually rate-determining heterogeneous electron transfers.
These are responsible for the broad peak-to-peak separation
observed even at low potential scan rate (DEp�Ep

oxÿEp
red�

360 mV for 1 and 440 mV for 2 at 0.5 V sÿ1) and for the width
of the waves measured by (EP/2ÿEp) (Figure 4). Under such
conditions, the position of the reduction wave is mostly
determined by the thermodynamic (E0

1� and kinetic (k0
1, a1)

parameters of the heterogeneous electron transfer from the
electrode to the neutral species. The position of the oxidation
wave is determined by the related parameters of the electron
transfer from the dianion to the electrode.[9] The peak current
(Figure 2) is far less affected by this phenomenon and remains
governed by the extent of the rearrangement, which leads to
the second electron transfer.

The cleavage process, a two-step pathway from the monoanion :
Preparative scale electrolysis showed that the final reduction
product of either isomer is the indenyl tricarbonylchromate
[CTC(In)]ÿ , which was obtained in a quantitative yield after
consumption of one Faraday; the neutral rhodium fragment
or its evolution products were not characterised.

Figure 4. Experimental (solid line) and simulated (circles) data concerning
the main reversible reduction wave of anti- and syn-[Cr(CO)3(indenyl)Rh-
(cod)] (2.2 mm) in THF (0.3m) nBu4NBF4 at a gold disk electrode (0.5 mm
diameter) 20 8C; a) and c) variation of the half peak width (Ep/2ÿEp)red for
the reduction wave as a function of log(n): a) anti, c) syn ; b) and d) variation
of the peak potentials Ep

red (open circles) and Ep
ox (full circles) vs. log(n):

b) anti and d) syn.

In the case of the syn isomer, this cleavage takes place
partially on the time scale of cyclic voltammetry and the
oxidation wave of [CTC(In)]ÿ is visible in the whole range
of potential scan rates at approximately ÿ0.2 V vs. SCE
(Figure 3d ± e). This is crucial since it indicates that on the
shorter time scales, when the reduction is monoelectronic
(Figure 2), that is when the dianion is not formed, the
formation of [CTC(In)]ÿ already occurs; it establishes that
the cleavage works on the monoanion. At lower scan rates,
when the Aÿ to Bÿ rearrangement is fully operative and the
dianion has formed for a significant time, the wave at ÿ0.2 V
is less developed. This is a further confirmation that the
monoanion is the main source of [CTC(In)]ÿ as it is less stable
than the dianion with respect to its cleavage. In the case of the
anti isomer, the cleavage does not take place on the time scale
of cyclic voltammetry. However, the oxidation wave at around
ÿ0.35 V proves the formation of an intermediate complex
(represented by Cÿ); the fact that this oxidation wave is very
visible at scan rates as high as 100 V sÿ1 (Figure 3c) indicates
that this intermediate is formed from a monoanion. That it
disappears at low scan rates and is totally absent at 0.5 V sÿ1

proves that the process yielding the Cÿ intermediate is fully
reversible.

Since the syn and anti isomers exhibit similar behaviour
with regard to the main reversible reduction peak and their
fate in preparative scale electrolysis as well, we are forced to
consider that the cleavage processes are analogous despite the
difference observed in cyclic voltammetry. Indeed both
voltammetric patterns can be explained by a common two-
step pathway, which consists of a reversible reaction leading to
Cÿ [Eq. (4)], followed by an irreversible cleavage of Cÿ

leading to [CTC(In)]ÿ and the rhodium fragment
[Eq. (5)].[13] However, the rate constant kanti

3 is too slow for
the cleavage to take place on the time scale of slow cyclic
voltammetry and the scheme is limited to reactions 1 to 4, and
the oxidation of Cÿ atÿ0.35 V. Conversely, ksyn

3 is high enough
to drive part of the reversible dynamic system to the final



Reductive Activation of [(indenyl)RhL2] Complexes 3357 ± 3365

Chem. Eur. J. 1999, 5, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3361 $ 17.50+.50/0 3361

fragmentation. This partial irreversible loss of some mono-
anionic bimetallic species on the time scale of voltammetry
accounts for the lower limit of the normalised current function
for the syn isomer, since the corresponding pathway accounts
for one electron in the overall stoichiometry.

Rates and mechanism of the reduction process using digital
simulation : The mechanism shown in Equations (1) ± (5) and
proposed on the basis of cyclic voltammetry at different scan
rates and preparative scale electrolyses needs to be ascer-
tained on quantitative grounds. This requires the use of digital
simulation because of the complexity of the scheme. The rate
constants are far too numerous to allow a significant blind
search for a fitting set of values. This operation must be
performed step by step and the approach sticks to the
qualitative analysis described above: the characteristics of the
main reversible reduction wave were determined first and the
parameters related to the chemical follow-up reactions were
then introduced progressively in a second stage.

Since the intrinsic slowness of the two heterogeneous
electron transfer steps [Eq. (1) and (3)] governs primarily
both the position Ep and shape (half width) of the reduction
and subsequent oxidation waves, the corresponding transfer
coefficients a had to be determined first. Voltammograms at
high potential scan rate, that is when the reduction process is
mainly restricted to Equation (1) without the interference of
any homogeneous kinetics (plateau value in Figure 4a and c),
were used to measure a1 associated with the cathodic wave.
The half peak width value (Ep/2ÿEp� 47.7/ana) gave aanti

1 �
0.39 and asyn

1 � 0.5, whereas another determination of the
same coefficients based on the peak potential shift with the
potential scan rate (DEp� 29.6/ana per decade of n) led to
aanti

1 � 0.43 and asyn
1 � 0.6.[9] The average values aanti

1 � 0.41 and
asyn

1 � 0.55 were then used in the digital simulations. The
thermodynamic (E0

1� and heterogeneous rate constants of the
first electron transfer (k0anti

1 � 2.0� 10ÿ3 and k0syn
1 � 3.5�

10ÿ2 cm sÿ1) were then adjusted from the peak potential
position of the reduction wave in the same range of scan
rates.

The parameters a2 and k0
2 relating to the second electron

transfer (Bÿÿ!B2ÿ) can be extracted in a similar way from the
reverse oxidation wave, under conditions where this wave
actually corresponds to the oxidation of the dianion B2ÿ (the
initial electron transfer being again determining) and not to
the oxidation of Aÿ. The voltammograms at low potential
scan rate (0.1 to 5 V sÿ1) were then used. The shift of the peak
potential with the scan rate (DEp� 29.6/(1ÿa)na per decade
of n) meant that (1ÿaanti

2 �� 0.5 and (1ÿasyn
2 �� 0.8. The

thermodynamic (E0
2� and heterogeneous rate constants of the

second electron transfer (k0anti
2 � 4.0� 10ÿ3 and k0syn

2 � 4.5�
10ÿ2 cm sÿ1) were also adjusted from the peak potential
position.

Whereas the position of the reduction (and backward
oxidation) wave is set by the thermodynamics and kinetics of
the initial heterogeneous electron transfers, the current is
essentially related to the kinetics of the homogeneous
chemical reactions: the shift from one to two electrons
reflects:

1) The possibility to settle the dynamic equilibrium between
Aÿ and Bÿ (rate constants k1f and k1b), which controls the
second electron transfer.

2) The competition between this bielectronic reduction to
B2ÿ and the monoelectronic pathway leading first
to Cÿ and eventually to the cleavage (rate constants k2

and k3).
The parameters k1f and k1b have been adjusted to reproduce

the experimental cathodic peak current function of the
reduction wave (Figure 2); more precisely, k1f was optimised
from the peak current of the cathodic wave in the range of
higher scan rates (n� 5 V sÿ1) and then k1b was extracted from
the same peak current in the range of lower scan rates. The
best fittings were obtained for kanti

1f � 150 sÿ1, kanti
1b � 150 sÿ1,

ksyn
1f � 100 sÿ1 and ksyn

1b � 600 sÿ1.
In the case of isomer 1, the competition parameter kanti

2f /kanti
1f

was then introduced and optimised from the values of the
reduction and oxidation peak currents measured in the whole
range of scan rates. Finally the rate constant kanti

2b has been
adjusted to simulate the dependence with the scan rate of the
size of the oxidation wave of Cÿ visible at ÿ0.35 V [Eq. (7)].

[CTC(In)Rh(cod)]C
ÿÿ e> [CTC(In)Rh(cod)]Cÿ! .. E0

3, k0anti
3 , aanti

3 (7)

It was not possible to distinguish which of the two forms of
the monoanion (Aÿ or Bÿ) was actually responsible for the
follow-up reaction [Eq. (4)], since the results of digital
simulation (kanti

2f � 100 sÿ1, kanti
2b � 100 sÿ1) were practically

identical for either case. This occurs because the first
equilibrium [Eq. (2)] is first order both ways and kinetically
labile when the reaction in Equation (4) occurs significantly.
The cleavage rate constant kanti

3 could obviously not be
determined since the cleavage does not take place on the
time scale of cyclic voltammetry.

In the case of isomer 2 where the intermediate Cÿ is so
frangible that it is never seen in the voltammograms, the only
kinetic parameter that can be extracted is the overall rate
constant ksyn

app that includes Ksyn
2 and ksyn

3 . The parameter ksyn
app/

ksyn
1f influences the oxidative current of the main wave, as in

the previous case, but it influences also the current of the
oxidation wave of [CTC(In)]ÿ . The value ksyn

app� 20 sÿ1 gave
the best results; it was also necessary to introduce two other
homogeneous reactions [Eq. (8) and (9)] involving the
products of the cleavage reaction to reproduce simultaneously
the size of the oxidation wave of [CTC(In)]ÿ and the size of
the two smaller oxidation waves assigned to [Rh(cod)]
residues. These reactions did not affect significantly the
parent wave but were required to fit correctly the behaviour
of the [CTC(In)]ÿ wave over time.[14]

syn-[CTC(In)Rh(cod)]ÿ� [Rh(cod)]ÿ![CTC(In)]ÿ� [Rh2(cod)2] ksyn
4 (8)

[CTC(In)]ÿ� ][Rh(cod)]�ÿ! ksyn
5 (9)

Although not directly apparent from the cyclic voltammo-
grams, a cleavage reaction of the dianion must also be
considered [Eq. (10)]. Such a cleavage cannot play a decisive

[CTC(In)Rh(cod)]B
2ÿÿ![CTC(In)]ÿ� [Rh(cod)]ÿ k6 (10)
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role, that is it cannot be fast enough to significantly compete
with the other reactions, considering that the overall reduc-
tion process is reversible at low potential scan rate and a
recombination of the would-be anionic fragments appears
rather unlikely.

Equation (10) was then introduced into the digital simu-
lation pattern for both isomers and, as expected, the current of
the reoxidation peak atÿ1.4 V in the range of 0.05 to 0.5 V sÿ1

was found to be very sensitive to the value of the correspond-
ing rate constant k6 . The best simulation corresponds to a slow
process (k6� 0.01 sÿ1), which confirms the higher stability of
the dianion compared to the monoanion.

This process, in which one kinetic aspect only is favoured,
allowed us to construct a basic set of thermodynamic and
kinetic parameters. Variations of each parameter around its
initial value were then admissible to reproduce at best the
voltammetric behaviour over the whole range of the scan rate.
In fact, the values given above are the final values obtained at
the start of the process. The fact that no significant variation
(<20 %) of each parameter was necessary validates a
posteriori the procedure used to determine each parameter
independently. The remarkable agreement between experi-
mental and predicted voltammograms is illustrated by the set
of three voltammograms shown for each isomer in Figure 3 as
well as by the agreement between measured individual
characteristics and their predicted variations (Figures 2
and 4).

Topological aspects : First of all, the presence of two metals,
which coordinate simultaneously to the indenyl ligand, poses
the question regarding the first site of reduction. The
chromium tricarbonyl group is well known as a strong
electron-withdrawing group[15] as well as an electroactive
centre; [(arene)Cr(CO)3][16] undergo a bielectronic reduction
around ÿ2 V. The compound [(naphtalene)Cr(CO)3], which
is isoelectronic with [(indenyl)Cr(CO)3], is reduced atÿ1.9 V
vs. SCE in THF/nBu4NBF4 with a chemically reversible two
electron wave.[17] On the other hand, the rhodium cyclo-
octadiene group bears a formal positive charge, but the
monometallic [(indenyl)Rh(cod)] complex exhibits two re-
duction waves[2] at more negative potential (ÿ2.42 and
ÿ2.7 V) than [(naphtalene)Cr(CO)3]. Bimetallic complexes,
1 and 2, are reduced at potentials very close to [(naphtha-
lene)Cr(CO)3] and this suggests that the initial electron
transfer occurs at the chromium site. However, the cleavage of
the radical anions of 1 and 2 to give, on a long time scale, the
[(indenyl)Cr(CO)3] anion as discussed above and the absence
of any trace of [(indenyl)Rh(cod)] indicate an activation of
the rhodium coordination shell.[2]

Thus, it seems likely that the Cr(CO)3 group plays the role
of the ªantennaº, which accepts the first electron and then
transfers the ªactivationº to the rhodium centre. A similar
interpretation has been recently made for the oxidation of the
bimetallic complex [Cr(CO)3(phenyl)Fc],[18] where a fast
internal electron transfer from the oxidised chromium centre
to the iron centre has been suggested in the radical cation.

Comparison of the results obtained for the parent mono-
metallic [(indenyl)Rh(cod)] complex (Figure 1c, solid line)
shows that the introduction of Cr(CO)3 on the six-membered

ring makes the reduction of the complex easier by 560 mV.
This is in agreement with its electron-withdrawing properties
but it also greatly changes the reactivity associated with the
electron transfers and the stability of the generated inter-
mediates. Since the radical anions (form Bÿ) of the bimetallic
complexes are more easily reduced than the corresponding
neutral species, we can conclude that the reduction potentials
of Bÿ are at least 830 mV (anti isomer) and 900 mV (syn
isomer) more positive than the values for the radical anion of
the monometallic complex.

These data can be more clearly understood if the following
points are considered.
1) The presence of the electron-withdrawing group Cr(CO)3

facilitates the initial reduction.
2) The excess electron density in the coordination shell of

chromium is reduced by an electronic rearrangement,
which involves a change in the hapticity[19] of the bridging
indenyl ligand and this in turn leads to a decrease in the
coordination number and electronic availability at the
rhodium centre. This decrease is responsible for a favour-
able second reduction (Scheme 2).

3) The dianion, which can be depicted as two 18 electron
centres (see below), is thus expected to be quite stable
compared with the dianion of the monometallic species,
which undergoes a fast cleavage.[2]

Scheme 2.

The bimetallic dianions are far more stable than the
corresponding monometallic dianion (k6� 0.01 sÿ1 against
kmono� 1200 sÿ1). The consideration that these formal 36-
electron species have a 18�18 close shell configuration should
be enough to explain the high stability. Note however that this
dianion could not be obtained in preparative electrolysis,
since on a long time scale the cleavage of the radical anion,
which is formed by conproportionation of the dianion and the
neutral parent in solution, prevents the accumulation of the
dianion, as shown by the consumption of one Faraday per
mole and the quantitative formation of the [(indenyl)Cr-
(CO)3] anion in the electrolysis.[20]

A comparison between the reduction of anti and syn
isomers indicates that, even if their reduction potentials are
almost the sameÐthat is the electronic environments at the
metal centres are similarÐthe peak to peak distance DEp of
the reversible reduction wave is greater for the syn isomer. It
means that the structural rearrangement concomitant with the
second electron transfer is more important; the oxidation of
the syn dianion, which occurs at less negative potential than
that of the anti isomer, is more difficult and this suggests a
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greater stabilisation of the added electrons for the syn dianion
than for the anti. A reasonable explanation is that, in the syn
geometry, the two additional electrons are shared between the
two metals placed side by side thus giving rise to a bond
interaction, which is not feasible when the metals are on
opposite sides as in the anti configuration. In the absence of
any spectroscopic data,[20] the structure of the dianions
remains hypothetical. The electrochemical results described
above and their interpretation in terms of a change of
hapticity in both coordination shells (isomerisation from Aÿ

to Bÿ) point to a 17-electron rhodium centre for the
monoanion and support the idea of a 18-electron rhodium
centre, which bears the two formal charges in the dianion. In
the case of the syn geometry, the extra stabilisation of the
dianion suggests a bonding interaction between the two
metals that is better accounted for by a structure with two 17-
electron monoanionic centres (18-electron if considering a
real bond) and a non-coordinated double bond at the junction
of the two rings.

To conclude this section, it must be stressed that these
bimetallic compounds do not undergo trans to syn or syn to
trans interconversion upon electron transfer on the time scale
of cyclic voltammetry. This is made clear by repetitive scan
voltammetry and by the different patterns observed during
the backward oxidation scan of the voltammograms of each
isomer.

Conclusion

The two isomers anti- and syn-[Cr(CO)3(indenyl)Rh(cod)]
complexes have 34 electrons shared between the two coordi-
nation shells; both metals are coordinatively unsaturated.
They are easily reduced at approximately ÿ1.8 V vs. SCE,
irrespective of their stereochemistry in an overall reversible
bielectronic wave on the time scale of cyclic voltammetry. This
situation contrasts with the stepwise reduction (namely two
well separated waves vs. a single two-electron wave) of the
monometallic [(indenyl)Rh(cod)]. The reason for this differ-
ent behaviour is to be found in a rearrangement of the
monoanion, which makes the second electron transfer easier
than the first one. The rearrangement can be depicted as a
modification of hapticity of the indenyl ligand. Whatever the
syn or anti structure, the monoanion evolves over a longer
time scale and it eventually leads to a decoordination of the
rhodium moiety. It has not been possible to characterise all
the steps of this decoordination process, which depends on the
stereochemistry of the parent complex, yet this probably
occurs as suggested before for the monometallic species.[2]

The dianion formed after the two-electron reduction
appears to be highly stabilised by the presence of the
tricarbonylchromium group. The data obtained here showed

that this stabilisation is more pronounced in the syn geometry,
which supports the hypothesis of a bonding interaction
between the two metals in the dianionic form. The existence
of such an interaction had already been proposed for the
neutral species[21] on the basis of the metal ± metal distance
and this is reinforced at the two electron reduction stage.

Finally, this electrochemical investigation has shown that
the three step general schemeÐactivation of one metal centre
by electron transfer, relaxation by bridging ligand slippage,
chemical activation of the second metalÐis indeed realistic.
The electron demand of the rhodium group, which is observed
here by the very easy reduction of the monoanion, is
transposable to a coordination unsaturation responsible for
enhanced catalytic activity.

Experimental Section

Chemicals and instrumentation : THF (Acros or Carlo Erba) was purified
by distillation from Na/benzophenone under an argon atmosphere and then
oxygen degassed with vacuum line techniques just before use. Ferrocene
(Acros) was purified by recrystallisation before use.

The complexes anti-[7b] and syn-[Cr(CO)3(indenyl)Rh(cod)][21] were syn-
thesised according to the published procedure. [Cr(CO)3(indenyl)K] salt
was prepared at 243 K from a solution of freshly crystallised [Cr(CO)3(in-
dene] and KH (10 equiv) in THF (0.1m) under a blanket of argon, as
previously described.[22]

The supporting electrolyte nBu4NBF4 was prepared from nBu4NHSO4
ÿ

and NaBF4, recrystallised from hexane/ethylacetate and dried at 60 8C
under vacuum.

All the electrochemical experiments were carried out under a blanket of
argon. The electrolyses were performed in a two-compartment cell with
solutions of the complex (3 mm) in THF (concentration of nBu4NBF4

0.2m). The working electrode was a 2 cm2 platinum grid basket, the
counter electrode a platinum grid set in the anodic compartment, which
had been filled with the same THF supporting electrolyte solution. A Amel
Model 731 (integrator) and Model 551 (potentiostat) were used in the
electrolyses.
Cyclic voltammetry experiments were performed in an air-tight three-
electrode cell, which was connected to a vacuum/argon line. The reference
electrode was a SCE (Tacussel ECS C10), which was separated from the
solution by a bridge compartment filled with the same solvent/supporting
electrolyte solution used in the cell. The counter electrode was a platinum
spiral with approximately 1 cm2 apparent surface area. The working
electrodes were disks obtained from the cross section of gold wires of
various diameters (0.5, 0.125 mm and 25 mm) sealed in glass. Between each
CV scan, the working electrodes were polished on alumina according to
standard procedures and sonicated before use.
An EG&G PAR 175 signal generator was used. The potentiostat was home-
built with a positive feedback loop for compensation of ohmic drop.[23] The
currents and potentials were recorded on Nicolet 310 or Lecroy 9310L
oscilloscopes.

Simulations : Digital simulations of the proposed mechanisms were
performed with the program Antigona for applied electrochemistry
(chronoamperometry and voltammetry) written by Loïc Mottier.[24] It
allows the treatment of experimental curves and the comparison with the
prediction based on a kinetic mechanism defined by the user. The
numerical algorithm is based on the Crank ± Nicholson algorithm with a
space exponential grid.[25] The program runs under Windows 95 and 3x with
the extension Win32 and its running codes can be provided by Dr. Mottier
on request.

The voltammograms resulting from the simulation were obtained when
using the following set of kinetic data.

anti isomer : reduction of 1: E0
1�ÿ1.75 V vs. SCE, k0anti

1 � 2.5� 10ÿ3 cm sÿ1,
aanti

1 � 0.42; reduction of 1ÿ: E0
2�ÿ1.62 V vs. SCE, k0anti

2 � 4� 10ÿ3 cm sÿ1,
aanti

2 � 0.5; oxidation of Cÿ : E0
3�ÿ0.45 SCE, k0anti

3 � 4� 10ÿ3 cm sÿ1, aanti
3 �
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0.5; homogeneous rate constants: kanti
1f � 150 sÿ1, kanti

1b � 150 sÿ1, kanti
2f �

100 sÿ1, kanti
2b � 100 sÿ1 and kanti

6 � 0.01 sÿ1

syn isomer : reduction of 2 : E0
1�ÿ1.71 V vs. SCE, k0syn

1 � 3.5� 10ÿ2 cmsÿ1,
asyn

1 � 0.55; reduction of 2ÿ : E0
2�ÿ1.46 V vs. SCE, k0syn

2 � 4.5� 10ÿ2 cmsÿ1,
asyn

2 � 0.8; oxidation of [CTC(In)]ÿ: E0
3�ÿ0.30 V vs. SCE, k0

3�
0.005 cmsÿ1, a3� 0.5; oxidation at ÿ1.6 V assigned to [Rh(cod)]: E0

4�
ÿ1.59 V vs. SCE, k0

4� 0.1 cmsÿ1, a4� 0.5; oxidation wave at ÿ0.8 V:
E0

5�ÿ0.87 V vs. SCE, k0
5� 0.1 cmsÿ1, a5� 0.5; homogeneous rate con-

stants: ksyn
1f � 100 sÿ1, ksyn

1b � 600 sÿ1, ksyn
app� 20 sÿ1, ksyn

6 � 0.01 sÿ1. The rate
constants for the extra homogeneous reactions (8) and (9) were found to be
ksyn

4 � 4� 104mÿ1 sÿ1 and ksyn
5 � 104mÿ1 sÿ1.

Determination of the absolute electron stoichiometry :[10] The chrono-
amperometric diffusion currents at a 0.5 mm diameter gold electrode for a
stepuration of 0.2 s and the steady-state reduction currents at a 12.5 mm
radius gold disk microelectrode (potential scan rate 20 mV sÿ1) were
measured for solutions of 1 and 2 (3 mm) and ferrocene (D� 8�
10ÿ6 cm2 sÿ1 under identical conditions (THF 0.28 mol dmÿ3 nBu4NBF4).
These data allowed the determination of the absolute consumption of
electrons at the reduction wave of 1 and 2 and the diffusion coefficients
of these two isomers. For a given period of 0.2 s, the results were as follows
for complex 1. napp� 2.0� 0.35, D� (9.6� 0.1)� 10ÿ6 cm2 sÿ1; for complex
2 : napp� 1.75� 0.3, D� (5.2� 0.5)� 10ÿ6 cm2 sÿ1.
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