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Abstract 

Recent advances in electrochemistry are presented as a tool for mechanistic studies and synthesis of organometallii compm~mk. 
Special attention is given to the use of microelectrodes, ultrafast cyclic voltatnmetry. spectroelectrochemistty and digital simttlation for 
mechanistic and thermodynamic studies. Electrochemically initiated electron transfer chain catal for 
selective substitution in clusters and binuclear compounds. The synthesis of organotttetallic corn the 
electrochemical generation of organometallic catalysts u&itl in organic synthesis are presettted. 0 I997 Elsevier Scknce S.A. 

1. Introduction 

The use of electrochemical methods for studying the 
mechanism of electron transfer (ET) to obtain thermo- 
dynamic data and for the synthesis of organometallic 
complexes has been known since the early work of Page 
and Wilkinson [ 11. From the late 197Os, organometallic 
compounds have generated a series of new electrodes 
by modification of their surfaces with monolayers [2] or 
electroactive polymeric materials [3]. Some of them 
have found electroanalytical uses [4.5]. A comprehen- 
sive review of the electrochemistry of organometallic 
compounds was written by Morris [6] in 1974. Since 
then, the field has grown exponentially and reviews 
devoted to particular areas of this field have appeared. 
Among them it is worth mentioning the reviews by 
De Montauzon et al. [7] and Connelly and Geiger [8] on 
electrochemistry of transition metal organometallic 
compounds, the relation between photochemical and 
electrochemical activation 191, solution ET reactions in 
organometallic el~,c;.rochemistry [ 101, the aid of etectro- 
chemistry in deducing structures combined with spec- 
troscopic techniques [I I], electrochemical synthesis of 
organometallic compounds [I21 and the periodical re- 
views of Analytical Chemistry on Dynamic Electro- 
chemistry, the last one from 1994 [13]. We attempt to 
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cover the period 1980-1995 with special emphasis in 
the advances of electrochemical techniques useful in 
organometallic electrochemistry. the electrosynthesis of 
organometallic compounds. theii use as catalysts in 
electrochemical synthesis and ti application of 
organometallics in modified electrodes. 

2. Elec- me&ads 

Several electrockmical teclmiques are used in the 
synthesis and study of organometallics. Cyclic voltam 
metry !CV), polarogxaphy, chronoamperomeay and 
coulo.metry are among the most used. These were well- 
established methods by 1980, and there are existing 
excellent texts [14-161 and articles [7,17] describing 
their thcorctical background. Some of the major innova- 
tions in electrochemical techniques in the 1980s were: 
the use of electrodes with diameter less than Xtpm, 
called microelectmdes; the development of ultrafast CV; 
new advances in spectroelectmcknistry; the popular- 
ization of digital simulation of electrochemical pro- 
cesses as a tool to elucidate reaction mechanisms. A 
brief description of their advantages and theoretical 
background are+ given. 

2. I. Microelectrodes and ultrafast CV 

Microelectrode techniques have been utilized increas- 
ingly in electrocheniistry since the advantages of low 
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dimensioned electrodes began to be realized. Many of 
the undesirable aspects of electrochemical techniques, 
namely uncompensated resistance in non-aqueous sol- 
vents and mass transport limitations, are reduced with 
microelectrodes. Moreover, microelectrodes are easily 
implemented and involve relatively low costs. There- 
fore, a growing number of laboratories are applying 
microelectrode techniques to investigate a wide variety 
of problems in diverse systems, some of them not 
accessible with conventional, larger electrodes. The pur- 
pose of this section is to describe the most remarkable 
features, theoretical background and some experimental 
aspects on microele;tmdes. Further information can be 
found elsewhere [ 16,13,19]. 

Three major consequences arise from the reduction 
in size of an electrode: (I) mass transport rates to and 
from the electrode are increased because of non-linear 
diffusion; (2, the double layer capacitance is reduced 
due to the reduction in electrode surface; (3) ohmic 
drops, which are the product of electrode current and 
solution resistance, are reduced due to the low current 
and geometry-dependent resistance. 

In particular, the use of microelectrodes in CV has 
the following effects. (1) At conventional scan rates 
(less than 2 V s- ’ ) a current plateau is observed (Fig. 
l(a)) instead of a peak since the behavior is closer to a 
spherical electrode than a planar electrode. When a very 
fast scan rate is used, the diffusion layer is thin and the 
behavior is equivalent to linear diffusion. Then, the 
shape of the voltammogram is similar to a conventional 
CV (Fig. l(b)). (2) Since ohmic drop and double layer 
capacitance are reduced, higher scan rates can be 
achieved. This reduces the time scale available for this 
type of experiment and meaningful CV at scan rates 
approaching 10” V s- ’ has been established. This al- 
lows the measurement of heterogeneous ET rate con- 
stants il? the range of centimeters per second or ho- 
mogenous rate constants corresponding to submicrosec- 
ond lifetimes [20]. 

Another major advantage of microelectrodes is that 
as currents are small, ohmic drop is also small. This 
allows the use of organic solvents cf high resistance 

Fig. 1. Shape of voltammograms for (a) micraelecrrode 31 slow wn 
mtes. (b) for a conventional electrode or a mwwlectrode III very faq 
scan rates (linear diffusion). 

such as benzene or toluene. Bond et al. [21] have used 
these solvents, with tetrahexylammonium salts as sup- 
porting electrolytes, to study the 
[Cr(C0)&Ph2PCH2CH2PPhz)l+/o system. The princi- 
ples of the use of microdisk electrodes in high-resis- 
tance media have been reviewed by Heinze [22]. 

Owing to the low currents, it is possible to avoid the 
addition of supporting electrolyte to the solvents. There- 
fore, the positive limit of some non-aqueous solvents 
can be considerably extended since this limit is fre- 
quently due to reactions of the added electrolyte anion. 
This allowed, for example, the study of the anodic 
oxidation of methane, butane and other aliphatic alkanes 
in acetonitrile at potentials up to ca. 4.3 V versus 
&/At?+ 1231. 

Conventional potentiostatic control with three-elec- 
trode cells is generally not necessary due to the low 
currents and the reference electrode serves also as 
counter electrode. Potentiostatic control is usually 
achieved by applying the potential directly to the refer- 
ence/counter electrode. The currents are measured with 
a high gain picoammeter or purpose-built current fol- 
lower connected in series with the cell. 

The main source of noise in the measured current is 
due to capacitive coupling resulting from the high 
impedance of the microelectrode. Therefore, it is impor- 
tant to electrically shield the cell and its connections 
from external sources of a.c. voltage. This can be 
achieved by enclosing the electrochemical cell in a 
Faraday cage and using low noise coaxial cable to 
connect it with the waveform generator and picoamme- 
ter. Details on the instrumentation are found elsewhere 
[24-271. 

2.2. Digital simulation in electrochemistq 

The rate of an electrochemical reaction is governed 
by the rate of mass transport and the homogeneous 
reactions coupled to the heterogeneous ET. In some 
cases, it is possible to solve the Jifferential equation 
that describes the chemical reactions and the mass 
transfer. However, in most cases the analytical solution 
is impossible to obtain. In these cases numerical meth- 
ods are used. The applied model consists of dividing the 
solution of an electrolyte into elements of small and 
discrete volume. In each element the electrolyte concen- 
tration is regarded as constant. Since these methods are 
implemented on a digital computer and a model of the 
electrochemical system is allowed to evolve by means 
of algebraic equations, a digital simulation of the exper- 
iment is carried out. 

The simplest model is to consider linear diffusion to 
the electrode surface, since the concentration in each 
box only changes in the normal direction to the elec- 
trode surface. For microelectrodes, or when a convec- 
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tive process is added. the model becomes more com- 
plex, but can be treated. 

For linear diffusion the so!ution is represented by a 
series of boxes extending away from the electrode 
surface (Fig. 2). The electrode surface is in the center of 
the first box and each box j characterizes the solution at 
a distance x = (j - I)Ax from the interface. If A is the 
species in solution, its concentration in each box is 
denoted as C,(j). In this way the discrete model with a 
concentration array describes closely the continuous 
system. Ax is a variable of the model. The smaller is 
Ax, the more elements are needed in the array and the 
model becomes more refined. 

The diffusion process and the possible coupled chem- 
ical reactions change the concentrations of the species 
in solution in each tirne step. Therefore it is necessary 
to discretize the time variable in small intervals AL 

To model the system, the equations which describe 
the mass transfer process and the chemical reactions 
must be written in an algebraic form that consider the 
changes in an interval At. These equations are applied 
to the concentration arrays that describe the initial sys- 
tem. 

The first application transforms the arrays in a new 
set of data which can be seen as the evolution of the 
system at a time Ar. The second application character- 
izes the system at a time 2At and so on. The evolution 
in time of the digital model approaches the real system 
as Ar is decreased. 

Digital simulation allows treatment of the interplay 
of diffusion, homogeneous kinetics and convection that 
accompany beterogeneous ET processes at electrodes of 
partictilar geometFi under a given potential or current 
perturbation. 

The pioneer of digital simulation in electrochemistry 
is Feldberg, who in 1964 co-wrote his first article on 
this subject [28]. Today, the fundamental reference for 
digital simulation in electrochemistry is the article by 
Feldberg in ‘Electroanalytical Chemistry: A Series of 
Advances’ [29], in which he describes the box method. 
A more recent text on this subject is the book by Britz 
1301. Heinze and co-workers wrote a series of papers 
dealing with digital simulation of microelectrodes for 
different electrochemical techniques [3 l-331. Also, 
commercial software for digital simulation of electro- 
chemical processes is available [34,35]. A review on 
commercial software applied to CV can be found in 
Ref. [36]. 

Fig. 2. Discrete model of the solution m an electrochemical experi- 
ment considering only linear diffusion. 

The use of digital simulation in the study of reaction 
mechanisms h;ls proved to be very useful. This will be 
discussed in a laier section. especially those involving a 
several steps mechanism in organometallic electrocbem- 
istry. 

2.3. Spectroelectrochemistry 

Spectroscopic detection of reaction mtermediates 
produced by electrochemical methods has increasingly 
been used in organometailic chemistry by IN-visible, 
infrared and electron spin resonance (ESR) spectro- 
scopies simultaneously with electrolysis. Reviews on 
spectrwlectrochemistry are available [37-3S]. 

Among the aspects to be considered when designing 
a spectroelectrochemicrt experiment are: mass 
conditions; time scale of c’.:tection and integrat 
short-lived intermediates are involved; the sensitivity 
limit of the spectroscopic techniques under tbe condi- 
tions of the electrochemical experiment. Hydrodynatni~ 
electrodes such as channel electrodes nave been specifi- 
cally designed for use with spectroscopic techniques in 
relation to concentration gradients and diffusii. Fi- 
nally. it is always important to match both the 
mental conditions for spectroscopic and electroc 
experiments, which are usually in conflict. 

Opticaily transparent electrodes (OTEG operate 
the semi-intinite diffusion regime. They consist of 
transparent conductive electrode sandwiched in the opti- 
cal path, thns operating in the transmission 
the Lambert-Beer law, the absorbance ts gt 
integration of all absorbing molecules in the 
path. The time dependence of the absorbance A can be 
obtained from the Cottrell semi-infinite diffusion equa- 
tion: 

A( h,r) = 
2Co.s( A) D’/‘t’/’ 

yr’/2 (1) 

where D is the dirfusion coefficient of the reactant or 
intermediate 0, produced or consumed at the transpar- 
ent electrode, c” is its bulk concentration, E(A) is the 
absorptivity at wavelength A and r is time. 

Since it is possible to record the A vs. t response 
with a resolution of 5-1Oms it is possible to obtain 
bimolecular rate constants as high as IO* to 
IO9 dm3 mol-’ s-‘. The limit is given by the rise time 
of the potential perturbation or the time constant of the 
cell (limited by the RC with R the solution resistance 
and C the double layer capacitance). 

For complex reaction mechanisms involving chemi- 
cal steps, rate constants can be obtained by comparison 
of the experimental absorbance transient with digital 
simulation for a given kinetic scheme. Reilley and 
co-workers have analyzed many different mechanisms 
using double-potential step chrono-absorptiometry WI. 
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A variation of the potential transient is the ‘switch 
off or open circuit relaxation (OCR) experiment, in 
which after a Fxed potential is applied for some time 
the electrical circuit is opened. Then, the absorbance is 
monitored while allowing chemical relaxation of the 
species electrochemically formed. For complex reac- 
tions where the concentration decay equation cannot be 
obtained in analytical closed form, analysis of the ex- 
perimental transient in the Laplace space [41] allows 
rate constants to be obtained. 

Optically transparent thin-layer electrodes (OTTLEs) 
were introduced by Murray et al. in 1967 [42]. This 
technique consists of a noble metal minigrid sand- 
wiched between two glass plates entrapping electrolyte 
in the light path. OTTLE cells are sufficiently small to 
fit in a conventional spectrophotometer in the UV-visi- 
ble and complete electrolysis can be achieved in 30-f0 s 
due to the thin electrolyte layer. By controlling the 
electrode potential, very reactive intermediates can be 
isolated and identified spectroscopically free from resid- 
ual details of redox chemical reagents. 

In addition. the number of faradays exchanged per 
mole of intermediate being formed can be obtained by 
extensive or complete electrolysis and coulometry since 
the charge and concentration changes can be quantified. 

Spectroelectrochemical mediator titration can be used 
to determine formal potentials and the number of elec- 
trons n involved in the reaction, as currently done in 
b&inorganic chemistry with redox proteins. This can 
be compared to the method developed by Pugh and 
Meyer [43] (vide infra). 

An important drawback of OTTLEs in transient stud- 
ies, however, is their poor time response due to the high 
resistance of the thin electrolyte layer. They are better 
suite9 for the study of species with long half-lives that 
catmat be studied with OTEs because of convection 
limit4tions. 

Combination of an OTTLE and hydrodynamic elec- 
trode [44] is the channel electrode geometry developed 
by Compton and Wellington [45]. A semi-transparent 
minigrid electrode mounted within a thin layer silica 
.ell with the reference electrode upstream and the 
counter electrode downstream. The electrolyte can be 
flowed through the cell, and tlectrolysis under UV- 
visible irradiation could be carried out under steady 
state conditions. The absorption spectrum of electrogen- 
erated species can be recorded at different Ilow rates or 
the absorbance at constant wavelength can be necorded 
under electrochemical perturbation. 

The precise knowledge of the convective flow for 
this geometry permits the quantitative modeling of mass 
transport within the cell and the concentration as a 
function of cell length perpendicular to the optical path. 
This makes it possible to carry out kinetic studies 
spectroscopically on the electrochemical intermediates 
as well as identify them by new spectra. 

An extension of this set-up for electro-fluorimetric 
measurements of electrogenerated species could be real- 
ized [4.5]. 

Electrochemical flow OTTLE cells have been used in 
combination with UV-visible as well as ESR spectro- 
scopies by Compton and co-workers [46,47]. In the 
latter case the electrochemical ESR signal could be 
described to follow a dependence on the length in the 
direction of flow given by the convolution of the cavity 
sensitivity function and the concentration decay if the 
electrode was positioned just above the cavity. 

In situ electrochemical ESR provides a very sensitive 
method to detect paramagnetic species, such as interme- 
diates of one-electron electrode reactions. In addition, 
-iectrochemical ESR can be used to follow reaction 
kinetics. lnitislly it was introduced for electrochemical 
generation of radical species just above the ESR cavity. 
Highly resolved ESR spectra can be obtained by freez- 
ing the electrolyzed solution. For a review on electro- 
chemical ESR see Ref. [48]. ESR electrochemical cells 
under electrolyte flowing conditions are useful to detect 
short-lived intermediates if a paramagnetic signal can be 
detected at room temperature under steady state condi- 
tions. For the shortest lived intermediate species that 
can be annihilated during the transit from the generator 
electrode to the ESR cavity, in situ experiments with the 
electrode inside the cavity at high flow rate are better 
smted. This requires careful positioning of the electrode 
in the cavity at a node of the stan&ng wave. 

Hydride-forming catalyst intermediates 
(bpylM(C,R,,) with M = Rh, Ir (n = 5): M = Ru, OS 
(n = 61 undergo two-electron reduction, chemically or 
electrochemically, with formation of highly colored un- 
saturated species. Stable hydride intermediates of these 
catalyst were isolated and characterized for Sd systems 
[(hpy)MH(C,R,l]+, with M = Ir (n = 51 and OS (n = 
6). They can be reversibly reduced to neutral radical 
complexes as shown by resolved ESR spectra [49]. 

Other recent examples of in situ simultaneous ESR 
and electrochemistry are the papers of Bond and co- 
workers on the oxidation of mer/fac-Cr(CO),(rl’-L- 
L)(q’-L-L) 1501 and Ghilardi et al. on 
[Me((PPhzCH,),CMe)(o-S~C~~I~)~+, with M = Fe, 
Co or Rh and n = 0 or 1 [51]. 

Du Bois and Turner pioneered the field of FTIR 
spectroelectrochemistry in organometallics. They stud- 
ied Mo(N,l,(PPhrMel, with an OTTLE [52]. Instead of 
the conventional stagnant cell, Roth and Weaver devel- 
oped a thin-layer spectroelectrochemical cell with forced 
hydrodynamic flow to study adsorbed species in situ 
t531. 

Mann and co-workers studied &he IR spectroelectro- 
chemistry of substituted phosphine complexes, 
XTaKO),(dppel (X = 1,Br) and XM(CO)r(dppe), 
(where dppe is 1,2-his(diphenylphophino)ethane; X = H, 
I, Br, Cl; M = Nb,Ta) with a thin layer cell [54]. 
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Characterization of the electrochemically gcneraied rad- 
ical cations ClNMCO)&dppe)f  and HNb(CO),(dppe)~ 
was also achieved by ESR spectroscopy. 

Weaver  and co-workers [55] explored the IR spectro- 
electrochemical properties of several high nuclear@ Pt 
cubonyl clusters in dichloromethane. The three Pt clus- 
ters Pt24(CO)301”-, ]Pt26(C01321n- and [Pt,,(CO),,l”- 
(n =  0  to 6) exhibit a  sequence of fast ET reactions at 
electrodes with net charges from 0  to IO. Simultaneous 
FTIR spectroelectrochemistry shows that the C-O 
stretching frequency decreases systematically as n  be- 
comes more negative (for PtZJ it decreases 15-20cm-’ 
per added electron). 

A good example of combinat ion of several spectro- 
electrochemical techniques appl ied to organometahic 
chemistry is the work of Kaim and co-workers [56]. By 
combinat ion of CV, IR, O’ITLE UV-vis-near-IR, and 
ESR spectroscopies the authors elucidated the electronic 
structure of the 16-valence electron fragments 
M(CO)3(PR,)2 (M = MO, W;  R =  isopropyl, cyclc- 
hexyl) in their complexes with H,, Ti-ii: alid ihrce 

p-conjugated dinucieating l igands. 

3. lMechanistic and kinetic studies 

In recent years more complex mechanisms could be  
studied with the aid of digital simulation and the combi- 
nation of electrochemical techniques with spectroscopic 
methods. Microelectrodes and ultrafast CV were used to 
detect short-lived species. Some examples are presented 
m  the use of these techniques to understand ET mecha- 
nisms in organometall ic compounds.  

Generally, the electrode reaction is combined with 
other homogeneous reactions. The types of chemical 
reaction that are encountered as steps in organometali ic 
electrode reactions are extremely diverse. A given reac- 
tion can be  protonation, deprotonation, bond cleavage, 
complexation or decomplexation, l igand exchange, nu- 
cleophilic or electrophilic attack, homogeneous ET, iso- 
metization, conformational change, etc. 

Reactions that occur at the electrode surface are 
named electrochemical (E) and those that occur in 
solution are named chemical (0. Thus, the different 
steps involved in a  given mechanism can be  classified 
as E or C. Their combinations follow the same rules 
independently of the reagents and they have distinctive 
patterns in CV. W e  will discuss some of the most 
important mechanisms in orga,?ometalI ic electrochem- 
istry. 

The simplest reaction studied by electrochemical 
methods is a  one-electron step (E reaction) 

O+e-+R (2) 
W h e n  ET between an electrode and an  electroactive 

species proceeds at the thermodynamic potential of the 
electroactive species the reaction is called e!ectrocbemi- 
tally reversible, Nemstian or simply fast. W h e n  the 
potential required to transfer the electron between the 
electrode and the electroactive species is much larger 
than the thertnodynamic potential of the electroactive 
species the electrochemical reaction is then called slow 
cr irreversible. The difference between the required 
e iamde potential and the thermodynamic potential of 
the electroactive species is termed ovetpotential. 

Reactions that appear to be  simple E reactions may 
involve significant structtu~t changes, so that chemical 
steps need to be  included. ‘Thus, Eq. (2) may be  split 
inio a  square scheme with horizontal E-steps and verti- 
cal C-steps CScheme 1). 

W h e n  the chemical steps are in equil ibrium in the 
t ime scale of the experimenf the system behaves as a  
single ET reaction of equil ibrated O/O’ to produce 
R/R’. Iaviron and co-workers have provided a  compre- 
hensive analysis of the schemes of squares for differertt 
cases 157-671 f68.691. Nowadays, with the availability 
of spectroelectrochemical techniques. it is possibte to 
observe in situ the structural changes pmduced by reac- 
tions at the rlectrode surface [I 11. Meanwhile,  uhrafast 
CV allows us to work at t ime scales never achieved 
before by electrochemical techniques. 

One of the most common mecbanistns found in 
organometall ic electrochemistry is ECE. This is the type 
of mechanism involved in electrochemically initiated 
ET chain caodysis (ETC), which has become an impor- 
tant method for the synthesis of organometall ic com- 
pounds.  

3. I. ECE scheme 

A general ized sequence of ECE reactions is given by 
Scheme 2. The ECE scheme involves many possible 
variations. For exmple, the shape of the cyclic voham- 
mogram depends on  the reversibility of the different 
steps and the &at&e Ea vdues of the different couples 
involved. The theory for ECE reactions is well under- 
stood [70-741. including preparative-scale aspects [75- 
811. W e  discuss her? only th? most common cases 

O+e-+ R 

R +R 
R’+e-+ R“ 

scheme 2 
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found in organometallic electrochemistry and how the 
techniques discussed before can help us to obtain a 
better insight into the nuances of the different mecha- 

3.1. I. ECE-DISP scheme 
In the general scheme for ECE reactions R is formed 

in solution and reduced at the electrode surface. A 
common behavior observed in organometallic electro- 
chemistry [82-851 is that R’ is reduced by R before it 
can reach the electrode surface. The reaction is formally 
a disproportionation in that R and R’ are at the same 
oxidation state. We have to add to Scheme 2 the 
following equation: 

R+R’+O+R’- (3) 
The scheme of reactions depicted by Scheme 2 and 

Eq. (3) combines the ECE mechanism with a dispropor- 
tionation reaction (ECE-DISP). It is important to point 
out that R’- is formed both at the electrode surface and 
in solution. The analvsis of this mechanism is compli- 
cated and requires digital simulation. 

An interesting example is the work of Kuchynka and 
Kochi [85]. They studied the reduction of trans- 
Mn(C0)2($-dppe)f (I+ ) in tetrahydrofuran. l+ 
(closed) is reduced in an overall two-electron process to 
produce the anion 2- (open) in which one end of a 
dppe ligand has been displaced, forming a ring-opened 

A. E~pcrtmcnlol 8. Simulcled (ECEI 

V n SCE 

Fig. 3. (A) Initial negative scan (four-cycle) cyclic voltammograms 
of 5mM I’ at 5OOmVs- ‘. (B) Computer-simulated CV according 
to ECE mechanism in Scheme 3. Reprinted from Ref. [85] 0 
American Chemical Society. 

structure. An experimental multicycle voltammogram of 
5mM 1+ at SOOmVs-’ is shown in Fig. 3(A). 

If +e- ----D 1’ 
1’ k. 2’ 
2-c e- _ 2. 

Scheme 3. 

The ECE sequence represented in Scheme 3 is the 
most economical pathway for the reduction of the 
cationic Mn(C0)2(dppe)f to the anion 2-. Fig. 3 shows 
the computer simulations (Fig. 3(B)) of the experimen- 
tal cyclic voltammograms (Fig. 3(A)) over a sequence 
of four repetitive cycles considering Scheme 3. The CV 
simulations were carried out by using Feldberg’s finite 
difference method [29]. Although the general features of 
the computer-simulated cyclic voltammograms in Fig. 3 
resembled the experimental ones, the authors pointed 
out three important discrepancies. 

(a) a pair of isopotential points (IPP) was observed in 
the simulated CV. However, they occurred at the stme 
potential, which was not the situation in the experimen- 
tal CV; 

(b) no curve crossing was brought out in the simu- 
lated cyclic voltammograms; 

(c) no cathodic peak current for the reduction of l+ 
on the fourth cycle was substantially larger than that 
observed experimentally 

These discrepancies pointed toward the necessity of 
including an additional factor that would reduce the 
concentration of l+. A disproportion process between 
I+ and its reduced product 2- that gave rise to the pair 
of radicals 1’ and 2’ could produce this effect, i.e. 
1++2-41’(19e-) +2’(17e-) 
Owing to the rapid conversion of the 
this process was approximated as 
1++2-+22’ 

19e- radical to 2 ‘, 
(4) 

(5) 
Fig. 4 shows the computer-simulated voltammogram 
constructed from the ECE-DISP model based on 
Scheme 3 and Eq. (5). Excellent agreement with the 
experimental CV was obtained with the same electro- 
chemical parameters employed in Fig. 3(B). 

The mathematical treatment of ECE schemes is very 
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A. EXPTL. I). ECT. -DiSP 

v “I SCE 
Fig. 4. (A) Repetitive four-cycle CV of Mn(CO)2(dppeff 3s in Fig. 
3(A). (B) Computer-simulated CV b&ed on ECE-DISP mechanism 
with the inclusion of Eq. (5). Reprinted from Ref. (851 Q American 
Chemical Society. 

complicated. and only in extreme cases are analytical 
solutions obtained. In most of the ECE reaction schemes. 
digital simulation techniques, combined with the data 
obtained by CV, are used to disclose the mechanism 
involved. 

3.1.2. ECE-square scheme 
This mechanism can be represented as a restricted 

square scheme (Scheme 4). In this case, R’ is oxidized 
to 0’. rather than further reduced to R’- (Scheme 2). 
The main difference with the whole square scheme is 
that the species 0 and 0’ do not interconvert in the time 
scale of the experiment. The nature of the vohammetric 
response depends on the relative values of Ei,R and 
E$,rr. Two situations may be considered, when R’ is 
more difficult to oxidize than R (E$, Ra - Ez, R > 0) 
and when R’ is easier to oxidize than R ( E$, R8 - Ei, R 
< 0). 

3.1.2.1. Em.,,.-E~,,>O.When(E~.,,-E~,,>O), 
the reduction of 0 proceeds by a simple EC reaction to 
give R’. In CV experiments 0’ is formed in the return 
scan. 

A good example is the isomerization of cis- 

O+e- _ R 

it 
o’+e’ __ R 

scheme 4. 

Fig. 5. Voltammograms of cis-W(CO)&ppe), (R) in O.ZmM 
Bu,NC;O;-dimethylfomwide at a platkm diik micmektmde 
kuiitts 62.5pm). 0’ and Iy designate the uans ismwr. (a) ItlOVs-‘. 
(b) IOOOVs-‘. Adapted from Ref. [86] D American al 
Society. 

WKO),fdppe)z (R) [Ss]. Cyclic vohammograms for 
oxidation of R in dhnethylformami ‘de are shown in Fig. 
5. In this case the cis form is favored in the neutral 
complex (reduced form) whereas trans 
equilibrium in the oxidized form (0’). Upon 0 
at + 0.2 V, R forms short-lived 0 that rapidly isomer- 
izes to the trans isomer (09. Consequently, no peak for 
the reduction of 0 to R is detected on the reverse sweep 
at a scan rate of IOOV s- ’ (Fig. %a)). Instead. the 
reverse sweep features a single prominent peak for 
reduction of 0’ to R’. At a scan rate of lOOOVs-’ a 
peak for the reduction of 0 is observed (Fig. J(b)) since 
the time scale of the experiment does not allow the 
conversion of 0 to 0’. Using uhrafast CV a compkte 
analysis was achieved. including evahration of ti re- 
versible potentials, equiiibrium constants for the chemi- 
cal cteps, and rate constants for the chemical steps. 

Another example involves the use of ESR in situ to 
study the mechanism of the isomerization of far- 
[hin(CO),Cl(dppm)] (dppm = bis(diphenylphos- 
phinohnethane) in acetonitrile [87,88] which can be 
analyzed by an EC mechanism: 

FCM + FCM++ e- E” = 1.25 V vs. SCE (6) 
FCM+ --) MCM+ (7) 
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with further electrochemical detection of MCM+ by 
reduction in the teverse scan at 0.83 V: 
MCM++ e-+ MCM (8) 
where FCM is far-tricarbonylchloro[bis(diphenylphos- 
phino)me.thane] manganeseW and MCM is the mer 
isomer. Molecular evidence of the reaction product was 
found by ESR experiments with a TE,,* cavity and a 
channel cell; the electrolysis of FCM at 1.3OV under 
transport limiting conditions produced an ESR spectrum 
of MCM+ cation. 

Under light irradiation (A = 390 nm) a new oxidation 
wave was observed at 0.85 V with increase also of the 
anodic current due to oxidation of fuc- 
Mn(CO),Cl(dppm) at 1.25V. The new redox system 
MCM+/MCM could be seen in further cycles at 0.83- 
0.85V both in anodic and cathodic peaks. The photo- 
chemical-electrochemical reaction sequence is 
FCM+hv-,MCM (9) 
MCM + MCM++ e- E” = 0.83 V (10) 

The action spectra (plots of transport-limited pho- 
tocurrent against excitation wavelength1 at 0.85 V and 
1.25V were identical in shape, suggesting that they 
arose from the excitation of FCM by comparison with 
the UV-visible absorption spectrum of FCM and MCM 
with 4na, = 390nm (fig. 4 in Ref. 1871). 

In situ electrochemical ESR at 0.9OV with simulta- 
neous irradiation at A = 390nm of FCM produced a 
six-line spectrum of M&I: identical to the spectrum of 
the electrochemical oxidation product of FCM (reac- 
tions in Eqs. (61 and (711 ana provided evidence for the 
formation of MCM+ cation. However, no ESR spec- 
trum was obtained in the dark. At 1.3OV the same ESR 
spectrum as for MCM+ was observed in the dark and 
under irradiation, with a larger signal in the latter case. 

Some evidence for the disproportionation step 

ZFCM+-, FCM + FCM’+ (11) 
was suggested from the action spectrum at 1.25 V where 
FCM is destroyed electrochemically while at the same 
time this is the light absorbing species. 

The above example shows that reactive intermediates 
can be obtained both photochemically and electrochemi- 
tally. By combination of spectroscopy, photochemistry 
and electrochemistry, detailed mechanistic information 
can be gained. 

Furthermore, photocurrent vs. flow rate data tits for 
the O’ITLE channel electrode flow cell [89] proved to 
be diagnostic of a photo-CE mechanism by careful 
analysis of the spatial and time distributions of the 
reaction intermediates. 

Other examples of this type of mechanism are given 
by the groups of Bond [21] and Geiger [90,91]. Bond et 
al. were able to resolve the mechanism involved in the 
isomerization of [Ct(COlz(dppe),l+ by using micro- 

electrode and rotating-disk techniques in several sol- 
vents including toluene and benzene. Geiger and co- 
workers studied the isomerization of a cobalt complex: 
CpC~l,5-C,H,). They found that one-electron reduc- 
tion of this complex produced an anion radical with a 
different isomeric make-up, but still containing a di- 
olefin-bound C,H, ring, [CpCo(1,3-C,H,l]-. Using 
tiltrafast CV and spectroscopic techniques, such as ESR 
and ‘H NMR, they were able to elucidate the different 
structures. 

3.1.2.2. ETC (E$,:‘/Rs - Ez,R < 01. In this case the reac- 
tion between the reactant 0 and R’ needs to be added to 
Scheme 4: 
O+R’+R+O (14 

At the potential where 0 is reduced, the R’ fomted 
from R can be oxidized to 0’, either at the electrode 
surface or in solution by 0 Thus, the conversion of 0 
to 0’ is catalyzed by ET. Because of the combination of 
the R to R’ step and Eq. (121 constitutes a chain 
reaction, the process is termed ETC. ETC (also named 
electrocatalysisl belongs to the family of chain reactions 
[92,93] where the electron is the catalyst. As electrons 
are involved in this type of reaction, electrochemical 
metho& are well suited for mechanistic studies and 
bulk electrolysis is a convenient method for the synthe- 
sis of new organometallic compounds. Feldberg and 
Jeftic [94] were the first to study this type of reaction 
using electrochemical methods. 

In ETC. the overall reaction usually proceeds without 
net redox change. Thus fcr an isomerization reaction we 
have 
0 * 0’ ( 13) 
Meanwhile, in the case of ligand exchange: 
ML,+L’eML,-,L’+L ( 14) 

CV provides a unique insight into the mechanism of 
electrocatalysis. Fig. 6 shows how the addition of triph- 
enylephosphine (L’ in Eq. (14)) leads to a drastic alter- 
ation of the reversible CV of $-MeCpMn(CO),L (R) 
(Fig. 6(a)), where L in this case is acetonitrile (NCMe) 
1951. The reactant wave (R) in Fig. 6(b) becomes irre- 
versible, as indicated by the absence of the coupled 
cathodic wave. Furthermore, the anodic peak current for 
R decreases in magnitude in propcrtion to the concen- 
tration of .riphenylphosphine (PPh,), and the diffusion 
current falls to near zero. This behavior requires that R 
be removed from the vicinity of the electrode by some 
alternative process that does not require a net flow of 
current. Such a process simultaneously leads to the 
substitution product (Pl, which is clearly in evidence in 
Fig. 6(b) and Fig. 6(c), by its reversible CV wave at 
E” = 0.55 V. The anodic electrode process leads to the 
depletion of R and results in the concomitant formation 
of P. 
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Potonllal , v 
Fig. 6. Effect of added PPh, on the reversible CV ot MnX(NCMe), 
fx = g5-MeCpKO),) R, at a scan rate of 2COmVs-‘. The CV 
waves of R and MnX(PF’hl). P. ate indicated for solutions containing 
(a) 0. (b) I and (c) 9equiv. of PPh,. (d) CV of pure P under the same 
conditions. Adapted from Ref. [95] 0 American Chemical Society. 

When one of the isomers is more diftkult to reduce 
than the other, ETC is a convenient way to produce 
isomerization (Scheme 4). As an example, Mevs and 
Geiger [%] in their study of a trirhodium cluster (3 and 
4, Cp is T$-C,H,). one of the two forms, 4, is the mote 
stable. Both isomers are reduced to stable anions that do 
not isomerize (E3”/; = - 1.22 V vs. SCE, E& = 
- 1.01 V vs. SL’E) but oxidation of solutions of 3 leads 
to rapid ETC isomerization to 4. The process is so rapid 
that absolutely no oxidation peak for 3 could be de- 
tected even at a scan rate of 100 V s- ’ . The authors 
conclude that the rate constant for the isometization of 
3+ to 4+ must exceed loss- ’ . As no oxidation peak 
could be observed, an indirect method was used to 
estimate the potential for Eq. ( 15): 
3++e-+3 (15) 

Voltammetric reduction of a solution of 3 reveals a 

can be found in tk literature [97-1041, 

tic compounds catalyzed by 
several systems. A good e 
by iron complexes when 
Fe(I). Moinet et al. [ 1051 
$-cyclopentadienyl iron 
duces radicals of the same formula The behavior of 
the radicak depends on the nature of the substituents 
on the rings and on the medium. The 
carried nut using conventional CV and 
Decomposition, dimerization and catalys 
as possible reactions. They fotmd that 
reduction of the complex in 95% ethanol (Hg pooI, 
0.1 M LiOH) provides quantitatively Fe’+, Cyclopes&+ 
diene and benzene. Later, Da&en [106] studied the 
reduction of the same compound and the coordination 

Fig. 7. Cyclic vokatnt~grams of compound 3 in THF as a fimctiott 
of the initial potewial: 0.2SV (top), 0.3OV ~middk). 0.35V httom). 
Adapted from Ref. [%I Q American Chemical !k!ciity. 
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of the radical formed with the solvent molecules. The 
increasing stability of $-cyclopentadienyl Fe(I) $- 
arene follows the order of solvent used: acetonitrile OI 
pyridine < dimethylfotmamide < acetone or methylene 
chloride. In acetonittile, the fast replacement of the 
arene by donor ligands occurs via a postulated interme- 
diate q*-C,H,FefI)(CH,CN). Without donor ligands, 
decomposition leads to the corresponding ferrocenes. 

Rieger and co-workers [ 1071 studied electron-induced 
substitution in Fe(CO), initiated by reduction in the 
presence of phosphites or phosphines. The reduction of 
this compound produces a dimer, Fe,(CO)i- , presum- 
ably with Fe(COl;- and Fe(CO);- as short-lived inter- 
mediates. In this case the action of the nucleophile is to 
trap Fe(CO);- . Radical dimerization of Fe(C0); - com- 
petes very effectively and only 10% substitution is 
obtained. 

An important body of work was done on ETC reac- 
tions of carbonyl clusters. The electrocatalytic substitu- 
tion of (id.. or several carbonyl ligands by P or As 
donors or by isonitriles in transition-metal carbonyl 
clusters is induced by monoelectronic reductants. In this 
case, electrochemical techniques are well suited since 
the electrode potential for the reaction can be estab- 
lished to produce a selective substitution of ligands. 
Rieger and co-workers [107] showed that CO ligands 
can be readily replaced by phosphite or phosphine 
ligands in clusters of the type [XCCo,(CO),] (X = 
Ph.Cll by a cathodic current. D.C. polarographic and 
cyclic voltammetric studies show that the reduction 
current wave of the initial compound decreases in the 
presence of the P-ligand as the expected wave for the 
substitution product appears. A similar behavior was 
found with the binuclear compound 
[(PhCCPh)co,(COl,]. It was proposed that radical an- 
ions of the bi- and trinuclear cobalt complexes have 
their extra electron in metal-metal antibonding orbitals, 
which leads IO Co-Co bond cleavage, a.. depicted in 
Scheme 5. In agreement with the proposed mechanism, 
Rieger and co-workers [108] observed that the anodic- 
cathodic CV peak current ratio for the primary electrode 
process is not affected by the presence of Lewis bases 
or CO. Thus, the rate-limiting step involves a reaction 
of this radical anion wtth a species that reacts rapidly 
with the Lewis base, but the rate-limiting step does not 
involve the Lewis base itself. 

Kochi and co-workers have examined the sequential 

AL- -$- ;z- L 
Schemz 6 

replacement of CO ligands in the phosphanediyl-capped 
clusters (5-7) by P-donor ligands, essentially using a 
cathodic current [ 109- 11 I]. 

[‘WW,d wP”h)z] 
5 

6 

[Fe,(CW cL3-PW2] 
1 

In Co clusters [ 109.1 lo], coulombic efficiencies were 
between 4 and 11, because radical anionic intermediates 
tend to decompose at competitive rates. The lifetimes of 
the primary radical anions are independent of the P 
donor concentrations, indicating that the rate-limiting 
step does not involve the nucleophilic attack on the 
primary radical anion; rather, it involves the formation 
of another intermediate that reacts with the P donor 
molecule. 

The studies on the electrocatalysis of 7 [ Ill] demon- 
strated the need for generating a reactive ’ 17e- center’ 
by cleavage of one cluster edge. Transient ESR studies 
combined with the analysis of the cyclic voltammo- 
grams allow the authors to propose the following mech- 
anism (Scheme 6): the opening of an Fe-P bond, the 
reaction of PEt, or P(OMe), with the temporary open 
cluster anion, and the closure of the phosphine-sub- 
stituted open cluster anion to the substituted closed one. 
The experimental results indicate that Fe-P cleavage is 
preferred over Fe-Fe cleavage and highlights the cru- 
cial role of the phosphanediyl cap. 

In a later section we will discuss the use of electro- 
catalysis in the synthesis of organometallic compounds 
and its comparison with the thermal excitation mecha- 
nism. 
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3.2. ECEC mechanism 

Using conventional CV, Bond and co-workers [I 121 
and Roth and Kaim [I 131 studied the isomerization of 
different organometaiiic compounds that involves the 
ECEC mechanism. 

Roth and Kaim studied the ET isomerization 
$(C=C) + q’(N) of the tetracyanoethyiene complex 
(C,N,)W(CO)t/- . They concluded that conventional 
CV is not enough to disclose unmistakably the 
organometaiiic molecular process involved. Experi- 
ments at higher scan rates and the use of several 
spectroscopic techniques are necessary. Meanwhile. 
Bond and co-workers studied the electrochemical be- 
havior of cationic carbonyl hydride complexes of Group 
VI transition metals. They established that the eiectro- 
chemical experiments carried out were not able to dis- 
tinguish between a number of possible mechanisms. 

This work. made by leading groups in organometaiiic 
electrochemistry, shows the need for more sophisticated 
techniques to elucidate a more complex mechanism. 

3.3. Eiectrochemist~ as a tool for the mechanistic stad! 
of heterogeneorts phase reactions 

The synthesis of symmetrical or asymmetrical biaryis 
involves the use of catalytic amounts of zero-valent 
transition metal. Several attempts to elucidate the role 
of the zero-valent transition metal catalyst have been 
made. Among them, Amatore and Jutand [114-i 161 
have used the conceptual analogies between eiectro- 
chemically initiated homogeneous reactions and their 
equivalents taking place at the surface of metal parti- 
cles. The advantage of this approach is that etectro- 
chemistry can provide kinetic information about the 
region where the reaction develops. This region is close 
to the n1er.d surface for a heterogeneous reaction. In a 
reaction initiated eiectrochemicaiiy, this region is the 
electrode surface. In both cases a diffusion-reaction 
layer is formed, but electrochemical techniques have a 
better control of the reaction conditions. 

The investigations of the rates and mechanism of 
homocoupiing and carboxyiation of aryi halides cat- 
alyzed by nickel complexes were done by an eiectro- 
chemical approach [ 1141. The same methodology was 
extended to palladium complexes [ 11.5]. As an example. 
we discuss here the nickel catalysis of bromobenzene 
homocoupiing to biphenyi [I 161. 

When bromobenzene is eiectroiyzed in the presence 
of NiCi,(dppe) in a molar ratio 9:i. biphenyi is ob- 
tained quantitatively: 

2PhBr + 2e- 
IO%NiCl,vJppe) 

+ Ph-Ph + 2Br- 

ES -2V vs. SCE (16) 

served the existen 
difficult to reveal 

biphenyi is obtained, but two faradays per make of 
nickel complex are used and one equivalent of bromo- 
benzene is consumed to yield a phenyinickelf1 
tive, Ph-Ni(lIXdppe)Br. Voltage sweep vol 
reduction of NiCi&dppe). without PhBr. occurs in two 
one-electron waves: 

Ni( II)Ci,( dppe) + e- + Ni( I)Ci( dppe) 

+ Cl- (E,,: = -0.8OV vs. SCE) 

Ni( I)Ci( dppe) + e- --f Ni(O)Ci(dppe) 

+a- (E,,z= -1.35Vvs.SCE) 

(17) 

(18) 
In the presence of bromobenzene, the development of a 
third wave is observed ( E, ,? = - ! S V vs. SCE). which 
can be shown independently ic correspond to the one- 
electron reduction of a phenyimckel(I1) complex 
by oxidative addition of PhBr to the zero valent nickel 
eiectrogenerated in the second wave (Eq. ( 18)). Eq. ( 19) 
and (20) depict the reactions involved. 

PhBr + Ni( 0)( dppe) ---) Ph-Ni( II)Br( dppe) (19) 

Ph-Ni( II)Br( dppe) + e- + Ph-Ni( I)( dppe) + Br- 
(21) 

Ph-Ni( I)( dppe) + PhBr + (Ph),Ni( III)Br(dppe) 
(22) 

( Ph)2Ni( III)Br( dppe) + 

WW(dw4 + e- + Ni( 0)( dppe) f Br- 

Ni(O)(dppe) + PhBr + Ph-Ni( II) Br( dppe) 

* Ph-Ph + Ni( I)Br( dppe) 
(23) 

(24) 

(25) 
They observed that the reduction of NtiI)Btidppe) is 

largely exergonic at the electrode potential used in 
preparative experiments (E < -2V vs. SCE); simi- 
larly. within the time scale of steady-state voitammetry, 
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tbe oxidative addition step in Eq. (25) is sufticiently fast 
not to be involved in the kinetic control of the overall 
sequence. The rate of this sequence of reactions is then 
controlled by the slower step between Eqs. (22) and 
(23). At low PhBr concentrations oxidative addition of 
bromobenzene concentrations to the phenylnickekt) 
derivative forces the overall rate to be first order in 
nickel and first order in PhBt. In this case, the current 
will depend on the square root of PhBr concentration. 
At larger concentrations of bromobenzene the reductive 
elimination of biphenyl from nickelfIB) species in Eq. 
(23) becomes the rate-determining step and the current 
has no dependence on the bromobenzene concentration. 

The authors pointed out that the electrode-solution 
interface is structured in a fashion similar to a particle- 
solution interface. However, now all kinetic data are 
sampled at the electrode surface and depend on the 
exact concentration profiles in the close vicinity of the 
electrode surface. Since diffusion of molecules at an 
electrode surface is easily modeled, one can derive the 
theoretical rate law corresponding to a given sequence 
of reactions and compare its predictions with the actual 
experimental data. 

3.4. Thennodwarnics 

In this section, we plan to introduce the methodology 
developed by Parker and co-workers to obtain thermo- 
dynamic data meaningful for reactions in solution. Later, 
we vi11 discuss the use of microelectrodes and ultrafast 
CV to determine electrode potentials for short-lived 
species. 

Wayner and Parker pointed out that thermochemical 
cycles incorporating electrode potentials provide a 
means of obtaining thermodynamic data for reactions in 
solution that are either difftcult or impossible to obtain 
directly [ 1191. The rigorous application of thennochemi- 
cal cvcles requires reversible electrode potentials. These 
are thermodynamically significant quantities defined as 
the electrode potential at which equal concentrations of 
the reduced (R) and oxidized (0) forms of the redox 
couple exist in equilibrium (Eq. (2)). 

In order that the measurements actually reflect the 
reversible potential, equilibrium must be attained. This 
implies that both reduced (R) and oxidized (0) forms 
must be long-lived and that the charge transfer must bc 
rapid relative to the time scale of the measurement. The 
latter criterion is often referred to as Nemstian or 
reversible. 

The two criteria stated above for the measurement of 
reversible electrode potentials are often in conflict. For 
instance, if it is necessary to use a very rapid technique 
(to detect the existence of both R and 0) the charge 
transfer may not appear as Nemstian. On the other 
hand, at slow scan rates follow-up reactions can occur, 
hence the concentrations of the electroactive species not 

only depend on the electrode potential but also on the 
kinetic constant of the following reaction. This trans- 
lates into a shift of the electrode potential giving an 
error in the thermochemical quantity derived from the 
irreversible peak potential. 

CV is a simple and powerful method to determine if 
an electroactive species behaves as Nemstian from the 
difference between anodic and cathodic potential peaks 
(A/Z, = 60mV for a one-electron reversible couple). A 
non-Nemstian behavior or a following reaction can 
affect the value of A Er. Two approaches can be adopted 
to minimize the error due to A,!$,. One of them is to 
estimate the rate constants of the homogeneous follow- 
up reaction. This can be done by recording voltammo- 
grams at different scan rates and concentrations, since 
the different mechanisms (EC, ECE, etc.) follow differ- 
ent expressions that depend on the scan rate and the 
ccncentration of the electroactive species [ 141. The sec- 
ond approach is to increase the voltage scan rate in 
order to diminish the effect of the kinetic step on the 
peak potential. However, the second method requires 
ihe use of microelectrodes and more sophisticated in- 
strumentation. 

In the study of oganometallic compounds the knowl- 
edge of the bond dissociation energy (BDE) of metal- 
hydrogen, metal-metal and metal-carbon is essential to 
distinguish between mechanistic possibilities. Tilset and 
Parker pointed out that thermochemical data for the 
homolytic metal hydrogen (M-H) bDE of organotransi- 
tion-metal hydrides are scarce and that those available 
were derived from metal-metal (M-M) BDE estimates 
that vary over wide ranges [ 1201. These authors esti- 
mated M-H BDEs by using a thermodynamic cycle that 
requires the knowledge of the M-H Branstead acidity 
and the reversible oxidation potential of the correspond- 
ing M- anion. They made use of the isodesmic reac- 
tions (reactions where the total number of bonds re- 
mains constant) to construct a relationship. Having ac- 
cess to experimental values mentioned before and the 
value of BDE for M,-H, it is possible to determine the 
BDE value for any other compound. M,-H, as illus- 
trated in Scheme 7 [ 12 11. 

Using this approach Wayne an Parker [I191 and 
Tilset and co-workers [ 120-1231 have accumulated an 
important body of thermochemical data for M-H and 
M-C BDEs for organometallic compounds . 

Pugh and Meyer [43] used ultrafast CV combined 
with a redox equilibration technique to determine free 

-3 Ml-+MpH MC,12 = 2.303RTApK, 

MI-H+Mf ABDE 

-~ 
M;+M,‘ -t M;+ ML’ F( cl it., -Et,, ‘h,, ) , 2 

Scheme 7. 
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MIQ(CO)~” + 2e 4 2 [Mn(CO)rl E”, (8-l ) 

Mn(CO)c + e --t [Mn(CO)J E02 (8-2) 

2 Mn(CO)< AG” = -2F(E’, - E:) (8-3) 

Scheme 8. 

energy changes in metal-metal bond homolytic dissoci- 
ation. As an example we use the determination made for 
Mn2(CO),,, (Scheme 8). 

The irreversibility of the two-electron reductions or 
oxidations, as in reaction (8-l) of Scheme 8. precluded 
the measurements of E” values by CV. The potentials 
of these couples were measured by redox equilibration. 
A couple of known potential was mixed with 
Mn2(CO),,, both of them in a known concentration. 
Changes in concentration were followed by changes in 
IR band intensities characteristic of the reagents present 
in solution. When the system reached equilibrium, the 
final concentrations were determined; therefore, the 
equilibrium constant could be established. From the 
known redox potential of the auxiliary couple and the 
equilibrium constant, the redox potential of the two- 
electron couple of reaction (8-l) in Scheme 8 was 
determined. 

In order to determine the redox potential of the 
couple depicted in reaction (8-2) in Scheme 8, 
[Mn(CO),]- was generated. At very fast scan rates 
(5000 V s- ’ 1 the oxidation of [Mn(CO),]- to [MnfCO),] 
is reversible because the reduction of [MnfCO),] to 
[Mn(CO),]- is faster than the dimerization to give 
Mnz(CO),,. From the redox potential of the couples 
Mn2KO),,/[Mn(CO),l- and [Mn(CO),l-/[MnfCO),l 
the free energy change of metal-metal bond dissocia- 
tion is established, as &own in Scheme 8. 

4. Electrosynthesis 

In recent years, there has been a growing concern in 
the use of raw materials and energy production compati- 
ble with a clean environment. In this context, elec- 
trosynthesis represents a convenient method when elec- 
trons are involved as reactants or catalysts, since it is 
more selective and energetically more efficient. 

Electrode reactions provide fine control of reaction 
free energy. Both the equilibrium position and the kinet- 
ics can be altered by approximately 10”‘-fold and 109- 
fold respectively when the electrode potential is changed 
by 1 V [124]. 

Reactions at electrodes provide milder conditions 
than thermal routes for the production of highly reactive 
intermediates. For instance, thermal reactions offer con- 
ditions of lower selectivity and yield than ETC (vi& 
infra). 

Electrochemistry in organometallic synthesis is used 
in different ways. It can be used to produce an in situ 
reactant or catalyst by electrolysis using 
trades, as starting material (either as sacrifici 
cathode), and as a source or sink of electron 
a reaction in electrocatalysis. 

4. I. Sacrificial electrodes 

The use of sacrificial electrodes 
organometallic compounds is a well 
[6]. Recent reviews dealing with 
dissolution of metal electrodes were written by Tuck 
11251, Grobe II261 and VechhioSadus [12]. 

Tuck and co-workers [127-1311 have synthesized a 
series of organometallic halides using f 
nium, hafnium [ 1271 zinc, cadmium [I 
sium [130]. indium [I311 and other metals [ 
metal is used as anode in a cell containing a sohnion of 
organic halide RX in acetoniuile or methanol. The 
mechanism proposed for titanium. zirconium and 
hafnium involves the cathodic reduction of an organic 
halide followed by the migration of the halide ion to the 
anode where MX is formed. Then, this species u 
goes a variety of oxidative inserti . 
R2MXI species stabilized in situ 
tral donors. In the case of magnesi 
RMgX’bipy. where bipy is bipyridine) 272 salts 
[R,N(RMgX;MeCN)I do not have typicai ~iignard 
reagent chemistry. For indium. low oxidation states can 
be obtained by this technique. 

Banait and Pahil [ 132.1331 synthesized organocop- 
pert111 complexes with stoichiometry C&R), and 
CdCR Z 1. Using a Cu anode, they carried out e&&y- 
sis of organic precursors with one or two functional 
groups that have withdrawing properties, such as ni- 
tromethane. nitroethane, Me-CN. mabnitrik. dietbyl- 
malonate and cyanoacetamide. These compounds have 
abstractable protons yielding compounds with general 
formula Cu(CR)z for those with one functional group or 
Cu(CR,) for those with two functional groups. 

Successful preparations of a range of metallocenes 
and methylated metallocenes have been achieved di- 
rectly from the metal (Fe. Co. Nil and cyclopentadiene 
in DME-acetonitrile, THF-acetonitrile or acetouitriIe 
[ 134- 1361. The use of electrolysis is far superior to the 
conventional use of the alkali salt of the d&e. Corn- 
plexes are isolated as products of excellent purity and 
crystahinity. 

4.2. Electrocatalwis 

In Section 3.1.2.2 we discussed the mechanism of 
ETC and the use of electrochemical techniques for 
mechanistic studies. Chain initiation can be carried out 
chemically or at an electrode surface. For chemical 



F. Battaglini er al. / Joamnl of Orgawnwrallic Clwnismrv 547 f 1997) I-21 

If an exergonic reaction is too slow, electrocatalysis 
can be an efficient means to overcome the kinetic 
problem. The reaction can be initiated by using the 
electrode as a source of electrons (reductive initiation, 
Scheme 9) or holes (owidative initiation. Scheme 10). 

There are two propagccion steps in the mechanisms 
shown in Schemes 9 and 10, one of them must provide 
the driving force for the cycle. Even though the overall 
free energy of the reaction does not depend on the 
pathway, the mode of initiation (oxidative or reductive) 
is a key factor in the reaction rates. If nothing is known 
about the reversibility of the ligand exchange step, the 
driving force needed may be obtained from the ET 
propagation step (Eq. (27)) since the Marcus theory 
estabiishes that an exergonic ET is fast. 

(ML,,-,L’)+j(ML,,-,L’)-+ML,, 

-‘ML,,_,L’+(ML,)+/(ML,,)- (27) 
This means that. if ML,,- ,L’ is easier to oxidize than 
ML,, ( EiL,_ ,L’ < ELL ), then it is possible to obtain a 
favorable driving force” in the ET propagation by choos- 
ing reductive initiation. On the other hand, if ML,,.. ,L’ 
is more difficult to oxidize than ML,, ( Et,r ,, < EE,r,, , ,.’ ) 

+T L% 
ML, - ‘M~,.,L*F 5 ML,.,L’ 

ML,.,L’ ML 

In most of the cases studied, the product (MnXL’) is 
more difficult to oxidize than MnXL (I$,,,,; > EE,,x,). 
then electrochemical oxidative initiation is a -rell suited 
method for electrocatalysis. For these liganu substitu- 
tions, the reactions occur rapidly, quantitatively and 
with coalombic efficiencies over 1000 in some cases. 
However, when they considered the substitution of 
MnX(norbomene) by acetonitrile using oxidative initia- 
tion, only 15% yield of MnX(NCMe) was observed. 
Even though the overall ligand substitution process 
thermodynamically lies to the right (Eq. (29)), in this 
case %nX,norbornmr~ > ~~nX~NCh,r~~ The authors at- 
tributed the inefficiency of the process to the ender- 
gonicity of the ET step and the pathways available for 
the ready decomposition of MnX(NCMe)+. 
MnX( norbomene) + MeCN --, MnX( NCMe) 

Scheme 9 + norbomene 

t>-i 
ML, 2 (M~.,L+ ML,.,L’ 

ML,.,L’ ML 

Scheme IO. 

it is , 3ssible to gain the driving force in the ET 
propagation step by choosing oxidative initiation. The 
efficiency of the process is measured by the relation of 
the moles of starting material consumed divided by the 
faradays of charge passed through the solution; this 
relation is called coulombic efficiency. 

Kochi and co-workers studied the ligand substitution 
of metal carbonyls (Eq. (28)) [95,141]. They studied 
ligand exchange electrocatalysis in carbonylmanganese 
derivatives, $-MeCpMn(CO&L, hereafter MnXL. us- 
ing oxidative initiation [95]. 
MnXL + L’ 4 MnXL’ + L (28) 

Generally, the ligand substitution was carried out in 
acetonittile (containing tetraethylammonium perchlorate 
is supporting electrolyte) using a set of platinum elec- 
trodes [95]. The electrolysis was generally carried out at 
constant current. Working in this way, it is possible to 
follow the ligand substitution by monitoring the elec- 
trode pokeutial during the experiment. For example, for 
the ligand substitution of pyridine (py) by PPh,, the 
starting potential at the platinum gauze anode ( - 0.13 V 
vs. saturated NaCl SCE) reflects the oxidation of 
MnX(py). The consumption of the reactant is accompa- 
nied by a gradual increase in the electrode potential 
until that dme at which there is a sharp rise in the 
potential owing to the complete disappearance of 
MnX(py). The new plateau at 0.28V is due to the 
oxidation of the product, MnX(PPh,). 

(29) 
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brings new opportunities for the synthesis of optically 
active clusters. The chirahty results from a non-sym 
metric combination of ligands. 

. ..+ 

The monophosphite product was isolated with a 65% 
yield; a similar result was obtained when triethylphos- 
phine (PEt,) was used under the same conditions. In the 
absence of cathodic current, the thermal substitution 
was not observed. 

The bis-phosphite substitution product was obtained 
by passing a partial charge first at - 0.80 V and then at 
- 1.15 V. The yield was 63% for PfOMe), and 66% 
when the added nucleophile was PEt,. 

The tris-phosphite substitution product was obtained 
directly from (7) working at a potential of - 1.4oV by 
a procedure similar to that described above. However, 
the best result was obtained when the partially con- 
verted bis-phosphite was used. 

Darchen and co-workers [142,143] studied the con- 
trolled substitution of CO by P(OMe), in bimetallic iron 
complexes (8) using thermal activation or ET catalysis. 
The authors found that thermal substitution is not selec- 
tive and leads to a mixture of mono- and di-substituted 
complexes 9 (62%) and 10 (29%). The monosubstituted 
product is regiospecitic. Electrochemistry studies show 
an enhanced reactivity for the ligand substitution cat- 
alyzed by ET. Controlled potential electrolysis of 8 in 
the presence of P(OMe), follows an ECE mechanism 
selectively affording monosubstituted products. The ma- 
;or complex 9 is accompanied by complex 11 in which 
P(OMe), is bound to the s~qqe iron atom but occupies 
the axial position in contrast to complex 9 where 
P(OMe), is equatorial. The authors also studied the 
isomerization of 11 to 9 by ET catalysis. They con- 
cluded that 11 is not the primary product of the thermal 
reaction but it is the kinetic product when the reaction is 
promoted by ET. 

The efficiency and selectivity wi& hich multiple 
processes, such as ligand substitution, I be carried out 
under mild conditions in ET catalysi re an important 
advantage over the thermal activation ?chanism. This 

4.3. Electrochemical synthesis of catalysts 

P&icbon and cc .workers [ 144] have reported an elec- 
trosynthesis of homoallyl alcohols and &hydroxy esters 
in the presence of catalytic amounts of NiBr,(2Z’bi- 
pyridine) complex by mixed e!ectrolysis of metbal- 
lylchloride or methylchloroacetate with severai carbonyl 
compounds, using a one-compartment cell equipped 
with a sacrificial zinc anode. Aromatic as well as 
aliphatic compounds give good yields of the corre- 
sponding alcohols, except for hindered ketones [I451 
The proposed mechanism of the reaction involves the 
electrochemical reduction of the nickel bipyridine com- 
plex to produce a zero-valent nickel species that reacts 
with the allylic compound. The intermediate so pro- 
duced reacts further with Z&I) (originated by the oxi- 
dation of the zinc anode) and the starting ketone, pro- 
ducing a zinc alkoxide (Scheme 11). The nature of the 
nickel ligand as well as the anodic material are crucial 
factors, since replacing phosphine for bipyridine towers 
the yield of alcohol signifi~antty, the same as changing 
the zinc anode to Mn. Mg or Al. The method compares 

IL? NiC%(bpy~ + II:! --(-Ni-)- 
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Similarly, olefin hydroformylation can be performed 
on an elcctrochemically generated rhodium catalyst: 

Rh(CO)(PPh,),CI +  2e‘. 
-0 9V Y,. Ag/AgCI 

+ [Rh(CO)(PPh,),] - +  CI- (32) 

When the triphenylphosphine ligand is replaced by a 
chiral one, the asymmetric hydroformylation of styrene 
is achieved with good yields and enantiomeric excess 
up to 30.9% is obtained. 

5. Modified electrodes 

We discussed in Section 3 that reactions at the 
electrode surface can occur rapidly (reversible) or slowly 
(irreversible) in the t ime scale of the experiment. As 
Marcus theory predicts, the difference between these 
two behaviors arises from the activation energy of the 
reaction at the electrode surface, since a reaction that 
requires a min imum structural change of the electroac- 
tive species behaves as reversible with a small activa- 
tion energy which is easily overcome at room tempera- 
ture. Meanwhile, those electroactive species that involve 
large structural changes or bond breaking will have a 
higher activation energy for the same ET process. 
Sometimes the overpotential needed is larger than the 
window potential of the solvent. To avoid this problem, 
redox mediators can be used. These redox mediators are 
reversible redox systems aimed to decrease the ET  
activation energy between the electrode and the slowly 
reactive electroactive species. Redox mediators have to 
fulfill the following conditions: 
I. ET  between the electrode and the redox mediator 

must be fast; 
2. ET  between the redox mediator and the non-reversi- 

ble electroactive species must be faster than between 
the electrode and the non-reversible electroactive 
species; 

3. the oxidized and reduced forms of the mediator 
should not undergo secondary reactions. 
As an example, the catalytic re-oxidation of the 

enzyme glucose oxidase (GOx) by ferrocene derivatives 
has been studied extensive11 [5,148- ISO]. Eqs. (33)- 
(35) show the catalytic cycle. 
GOx( FAD) +  glucose +  GOx( FADH ?) 

+  gluconic acid (33) 
2FeCp: +  GOx( FADH ? ) 

+  2FeCpl +  GOx( FAD) t 2H+ (34) 

FeCp, +  FeCpl +  e- (35) 

GOx oxidizes glucose to gluconic acid through its 
active center flavin adenine nucleotide (FAD) which is 
reduced (FADH,), Eq. (33). The active center of GOx, 
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Fig. 8. Modified platmum surface with allylamine fermcene. 

is deegly buried in the structure of GOx with a diameter 
of 70 A [ 15 I], making impossible the direct ET between 
the active center and the electrode. The FADH? there- 
fore must be oxidized by a soluble mediator: ferrice- 
nium ion, Eq. (34). The reduced form of the mediator 
diffuses to the electrode where it is oxidized, Eq. (35). 

t R 

The electrode should be held at a potential at which 
ferrocene is totally oxidized. In this way tbe resuhtng 
current can be related to the glucose cozener. 

Modified electrodes break ~~di~ns~~ restric- 
tions of bare electrodes, since the surface-attached re- 
dox centers are able to produce new arrangements in the 

Ferrocene derivati 
the organometallic compounds used in 
trodes. They are electrocbemicaily reve 
easy to synthesize and theii electrode pote 
potential window that make them usetitl 
any solvent. 

One of the early examples of an organometaliic 

Fig. 9. Examples of femxene-based polymers. 
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to an adsorbed species. Since then there has been a 
considerable interest in understanding the electronic 
coupling between the electrode and the electroactive 
molecular surface site, but it remained poorly under- 
stood until Chidsey and co-workers [153,154] incorpo- 
rated a ferrocene couple at well-defined distances from 
an electrode. In this case, ferrocene groups were con- 
nected to a gold electrode through alkanethiol chains. 
The e!ecmactive alkanethiol chains were diluted with 
unsubstituted alkanethiols avoiding interactions among 
ferrocenes. The resulting chains tilied to achieve the 
most densely packed structure. This model monolayer is 
a two-dimensiona! crystalline solution of electroactive 
and electroinactive adsorbates. Chidsey and co-workers 
were able to measure ET rates and to determine the 
thermal activation and electron tunneling components of 
this prototypical interfacial ET reaction. This work rep- 
resents an important step forward in the understanding 
of heterogenous ET and its control. 

The self assembled monolayers (SAMS) are well 
suited for ET studies and for those reactions where the 
mediator has to be in a well-defined position. Most of 
the mediators in solution interact randomly with redox 
species as explained for ferrrocene and GOx. Another 
way in which it is possible to approximate the behavior 
of the mediator in solution is to bind the mediator to a 
surface polymer with a random distribution of the redox 
centers. If the redox centers are close enough. electrons 
propagate through the layers of the polymer resembling 
the behavior of a frozen solution where electrons diffuse 
instead of ions. The electronic diffusion coefficients by 
hopping mechanism are lower than diffusion coeffi- 
cients in solution (ca. lG-y-lG-” cm’ s-’ against ca. 
I()-’ cm2 se’) but surface concentrations of 
organometallic mediators can be considerably high (ca. 
0. 1 - 1 M). Furthermore, the electronic diffusion coeffi- 
cient depends on the concentration of redox centers in 
the polymer; a recent discussion of the charge transport 
in polymer-modified electrodes was written by lnzelt 
[I%]. There is considerable work on the synthesis of 
these polymers. Fig. 9 depicts some of the most studied 
polymers: polyvinylferrocene [ 1.561, poly(ferrocenylsi- 
lanes) [157,158], polysiloxanes [3, : 591 and polyal!y- 
lamine [5]; some of them have technological applica- 
tions like sensors and electronic devices. 

Polyvinylferrocene (PVF) combined with a 
viologen-polymer have found application as a chemical 
diode [16G]. The viologen-polymer (BPQ) is cathodi- 
cclly deposited on one electrode and polyvinylferrocene 
on the other. The electrochemical behavior of this struc- 
ture is shown in Fig. 10. Ideally, current flow should be 
unidirectional, because the viologen polymer cannot be 
reduced and polyvinylferrocene can only be oxidized 
within the available potential window. Thus current 
flow begins when the potential applied between the two 
array electrodes is close to the difference between the 

Termuwl 8-V ChwoeMirlic 
of BP02+/PVFc Inlcrface 
1.0 E 00 LICIO, 

Fig. 10. Two terminal steady-state chamcteristica of the army of 
mtcroelectrodes. The right-hand side corresponds to the connections 
and bias ar shown m the inset: the Isft-hand side. to the opposite bias 
(PVF \ide negative). Reprinted from Ref. [ 1601 0 American Chemi- 
cal Society. 

standard potentials of the two redox couples, with the 
occurrence of the following reactions: 
Attheanode:PVF--+PVF++e- (36) 
At the cathode: BPQ”+ + E- -+ BPQ+ (37) 
At the interface: BPQ++ PVF + PVF++ BPQ’+ 

(38) 
When the system is polarized with opposite bias, 

only a small current flows for the same applied bias 
potential (ca. G.9V); the finite reverse current is likely 
due to impurities in ihe water or the onset of water 
decomposition since Eq. (38) is thermodynamically up- 
hill. 

Different ferrocene-based polymers were use to con- 
struct biosensors [4,5, I6 I, 1621. Fig. 11 depicts the relay 
mechanism used to sense glucose by ferrocene deriva- 
tives as mediators. In our !aboratory, polyallylamine 

glucose GOx(FAD) ferrocene electrode 
derivative 

glucolactonate GOx(FADHZ)ferricene 

Fig. I I. The ET reactions involved in the determination of glucose 
. 

oy an amperometnc aewe. 



19 

ferrocene-modified electrodes have shown high density 
currents for the amperometric determination of glucose 
[s] comparable to those obtained with osmium com- 
plexes by Heller [ 1631. 

Another example of an organometallic compound 
with electroanalytical application is pentaoxa[l3]-ferro- 
cenophane (12). which can bind in its reduced state 
Group IA metal cations, but releases them in its oxi- 
dized state (12+) 11641. For example, when Na+ is 
coordinated to 12 its potential is shifted by around 
200mV toward anodic potentials. Also, the facility to 
switch cations on and off has been used [I651 to trans- 
port alkali metal cations across a liquid membrane 
containing 12 as the carrier. Several crown ethers com- 
bined with ferrocene and other organometallic com- 
pounds were synthesized; a review was written by Beer 
[ 1661. 

6. Concluding remarks 

The work described in this review outlines the trend 
expected in the future for organometallic electrochem- 
istry. The extensive use of digital simulation and ultra- 
fast CV will allow the elucidation of complex 
organometallic reaction mechanisms. The advances in 
spectroelectrochemistry will produce an important im- 
pact in the understanding of the molecular structure of 
very reactive and unstable intermediates in organometal- 
lit chemistry. 

The selectivity and efficiency of ET-catalyzed reac- 
tions have a strong potential for the alternative synthesis 
of organometallic compounds with chit-al properties. 
The electrochemical generation of catalysts for regiose- 
lective synthesis evolves as a promising field. 

The use of organometallics in electrochemically based 
sensors and molecular devices are a reality ’ and fur- 
ther uses in molecular electronics are expected. 
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