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Abstract
Recent ad in el h are d as a tool for hanistic studies and is of Hlic pound:
Special :menuon is given to the use of mlcroelecrrodes ulnafasl cyclic 1! h v and digital simul for
hanistic and th d ic studies. El h y initiated electron tmnsfercham lysis is di d as a synthetic method for
selective substitution in clusters and binucl d The is of llic ds using sacrificial electrodes and the
1 hemical ion of llic calaly:ls useful in orgamc synthesis are presented. © 1997 Elsevier Science 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 [1]. From the late 1970s, organometallic
compounds have generated a series of new electrodes
by medification 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 electrochenstry 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 [9], solution ET reactions in
organometallic el::cirochemistry [10], the aid of electro-

h y in ded bined with spec-
troscopic techniques [11], electrochemical synthesis of
organometallic compounds [12] 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 wn.h specnal emphasis in
the of electroch ques useful in
organometallic electrochemistry, the electrosynthesis of
organometallic compounds, their use as catalysts in
electrochemical synthesis and the application of
organometallics in modified electrodes.

2. Electrochemical methods

Several el hemical techni are used in the
synthesis and study of organom:tal]lcs Cyclic voltam-
metry (CV), graphy, chrc metry and

coulometry are among the most used. These were well-
established methods by 1980, and there are existing
excellent texts [14-16] and articles [7,17] describing
their theoretical background. Some of the major innova-
tions in electrochemical techniques in the 1980s were:
the use of electrodes with diameter less than 50 pm,
called microelectrodes; the develop of ull CV;
new advances in spec hemistry; 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.

2.1. Microelectrodes and ulirafast CV

Microelectrode techniques have been utilized increas-
ingly in el istry since the ad 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-
vants 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 microelectrodes. Further information can be
found elscwhere [16,18,19).

Three major consequences arise from the reduction
in size of an electrode: (1) 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 2Vs™') a current plateau is observed (Fig.
1(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. 1(b)). (2) Since ohmic drop and double layer
capacitance are reduced, higher »can rates can be
achieved. This reduces the time scale available for this
type of experiment and meaningful CV at scan rates
approaching 10° Vs™' has been established. This al-
lows the measurement of heterogeneous ET rate con-
stants ir 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

a b
potontial ‘potantial
Fig. 1. Shape of for (a) microel de at slow scan
rates, (b) for a i 1! de or a mici ctrode at very fast

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
[CHCO),(Ph,PCH,CH,PPh,)]*/® 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. 43V versus
Ag/Ag* [23]

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
conrect it with the waveform generator and picoamme-

ter. Details on the instr ion are found elsewh
[24-27].

2.2. Digital simulation in electrochemistry

The rate of an electrochemical reaction is governed
by the rate of mass transport and the homogeneous
reactions coupled to the heterogenecous ET. In some
cases, it is possible to solve the ifferential equation
that describes the chemical reactions and the mass
transfer. However, in most cases the analytical solution
is impossible to obtain. In these cases numerica! 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 solution 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 — 1)A x from the interface. If A is the
species in solution, its concentration in each box is
denoted as C (). 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
A x, the more elements are needed in the array and the
model becomes more refined.

The diffusion process and the possible coupled chem-

The use of digital simulation in the study of reaction
mechanisms has proved to be very useful. This will be
discussed in a laer section, especially those involving a
several steps mechanisin in organometallic electrochem-
istry.

2.3. Spectroelectrociemisiry

Spectroscopic detection of reaction intermediates
produced by electrochemical methods has increasingly
been used in organometallic chemistry by UV-visible,
infrared and electron spin resonance (ESR) spectro-
scopies simultaneously with electrolysis. Reviews on

ical reactions change the concentrations of the sp
in solution in each iime step. Therefore it is necessary
to discretize the time variable in small intervals Ar.

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 Ar. 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 scen as the evolution of the
system at a time Ar. The second application character-
izes the system at a time 2A7 and so on. The evolution
in time of the digital model approaches the real system
as At is decreased.

Digital simulation allows treatment of the interplay
of diffusion, homogeneous kinetics and convection that
accompany heterogeneous ET processes at electrodes of
particular geometry 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 elec y is the article by
Feldberg in ‘Elec lytical Ch y: A Series of
Advances’ [29), in which he describes the box method.
A more recent text on this subject is the book by Britz
[30]. Heinze and co-workers wrote a series of papers
dealing with digital s:mulanon of microelectrodes for
different  electrochemical techni ques  [31-33). Also,
commercnal software for digital simulation of electro-

is available [34,35). A review on
commercml software applied to CV can be found in
Ref. [36].

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

spectroelectroch y are ilable {37-35].

Among the aspects to be considered when designing
a spectroelectrochemicz' experiment are: mass transport
conditions; time scale of «'2tection and integration when
short-lived intermediates are involved; the sensitivity
limit of the spectroscopic techniques under the condi-
tions of the electrochemical experiment. Hydrodynamic
electrodes such as channel electrodes nave been specifi-
cally designed for use with spectroscopic techniques in
relation to concentration gradients and diffusion. Fi-
nally, it is always important to match both the expen»
mental conditions for sp opic and el
experiments, which are usually in conflict.

Opticaily transp el des (OTEs; op in
the semi-infinite diffusion regime. They consist of a
transparent conductive electrode sandwiched in the opti-
cal path, thus op g in the ission mode. From
the Lambert—Beer law. the absorbance is given by
integration of all absorbing molecules in the optical
path. The time dependence of the absorbance A can be
obtained from the Cottrell semi-infinite diffusion equa-
tion:

Coe(A) D242
S 0

where D is the diifusion coefficient of the reactant or
intermediate O, produced or consumed at the transpar-
ent electrode, C* is its bulk concentration, £(A) is the
absorptivity at wavelength A and ¢ is time.

Since it is possible to record the A vs. ¢ response
with a resolution of 5-10ms it is possible to obtain
bimolecular rate ¢ as high as [0° to
10° dm® 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 hani 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 [40].

A(A1) =
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A variation of the potential transient is the ‘switch
off” or open circuit relaxation (OCR) experiment, in
which after a fixed 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
cbtained 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 30-0s
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 nuinber of faradays exchanged per

An extension of this set-up for electro-fluorimetric
measurements of electrogeneraied species could be real-
ized [45].

Electrochemical flow OTTL.E 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 fnterme-
diates of one-electron electrode reactions. In addition,
ciectrochemical ESR can be used to follow reaction
kinetics. Iniiially 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 ic signal can be

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
bio-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
suited for the study of species with long half-lives that
cannot be studied with OTEs because of convection
limitations.

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
cell with the refe e electrode and the
counter electrode downstream. The electrolyte can be
flowed through the cell, and electrolysis under UV~
visible irradiation could be carried out under steady
state conditions. The absorption spectrum of electrogen-
erated species can be recorded at different {low rates or
the absorbance at constant wavelength can be iecorded
under electrochemical perturbation.

The precise knowledge of the convective flow for
this geometry permits the guantitative 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
speciroscopically on the electrochemical intermediates
as well as identify them by new spectra.

d d at room temg 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
suited. This req careful positioning of the el d
in the cavity at a node of the standing wave.

Hydride-forming catalyst intermediates
(bpy)M(C,R,) with M =Rh, Ir (n=5);: M=Ru, Os
(n=6) undergo two-electron reduction, chemically or
electrochemically, with fermation of highly colored un-
saturated species. Stable hydride intermediates of these
catalyst were isolated and characterized for 5d systems
[(bpy)MH(C,R )]*, with M=1Ir (n=35) and Os (n=
6). They can be reversibly reduced to neutral radical
complexes as shown by resolved ESR spectra [49].

Other recent of in situ simu! ESR
and electrochemistry are the papers of Bond and co-
workers on the oxidation of mer/fac-C{CO)y(n'-L~
L)n?-L-L) [50] and Ghilardi et al. on
[Me{(PPh,CH,);CMe)}(0-S,C H,)I"", with M = Fe,
CoorRhand n=0or 1 [S51]

Du Bois and Turner pioneered the field of FTIR
spectroelectrochemistry in organometallics. They stud-
ied Mo(N,),(PPh,Me), with an OTTLE [52]. Instead of
the conventional stagnant cell, Roth and Weaver devel-
oped a thin-layer spectroelectrochemical cell with forced
Elyd]rodynamic flow to study adsorbed species in situ
53).

Mann and co-workers studied the IR spectroeleciro-
chemistry of substituted phosphine complexes,
XTa(CO)(dppe) (X = L,Br) and XM(CO),(dppe),
(where dppe is 1,2-bis(diphenylphophino)ethane; X = H,
I, Br, CI; M=Nb,Ta) with a thin layer cell [54].
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Characterization of the electrochemically generated rad-
ical cations CINb(CO),(dppe); and HNK(CO),(dppe);
was also achieved by ESR spectroscopy.

Weaver and co-workers [55] explored the IR spectro-
electrochemical properties of several high nuclearity Pt
carbonyl cl h The three Pt clus-
ters [Pt,(CO)3, 1", [P1,4(C0)5, 1"~ and [Pt 4(CO),, 1"~
(n =0 to 6) exhibit a sequence of fast ET reactions at

in dichlor

O+e - R
‘{A [}
y. v

O+e - R

Scheme 1

SpeCleS proceeds at the thermodynamic potential of the

electrodes with net charges from 0 to 10. Simul u

FTIR spectroelectrochemistry shows that the C-O
stretching frequency decreases systematically as n be-
comes more negative (for Pt,, it decreases 15-20cm™"
per added electron).

A good example of combination of several spectro-
electrochemical techniques applied to organometallic
chemistry is the wosk of Kaim and co-workers [56]. By
combination of CV, IR, OTTLE UV-vis-near-IR, and
ESR spectroscopies the authors elucidated the electronic
structure of the 16-valence electron fragments
M(CO);(PR;), (M =Mo, W; R =isopropyl, cyclc-
hexyl) in their complexes with H,, THF and thiee
p-conjugated dinucleating ligands.

3. Mechanistic and kinetic studies

In recent years more complex mechanisms could be
studied with the ald of dlgnal simulation and the COI‘I'Ibl-
nation of el hni with sp
methods. Microelectrodes and ultrafast CV wer° used ©0
detect short-lived species. Some examples are presented
in the use of these techniques to understand ET mecha-
nisms in organometallic compounds.

Generally, the electrode reaction is combined with

ve species the reaction is called electrochemi-

cally reversxble, Nernstian or simply fast. When the

polenual required to transfer the electron between the

de and the elec 've P is much la.rger

than the thermodynamic p i of the el ive

species the electrochemical reaction is then called slow

or imeversible. The difference between the required

eluctrode potential and the thermodynamic potendal of
the electroactive species is termed overpotential.

Reactions that appear tc be simple E reactions may
involve significant structurz! 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 {Scheme 1).

When the chemical steps are in equilibrium in the
time scale of the experiment, the system behaves as a
single ET reaction of equilibrated O/0’ to produce
R/R'. Laviron and co-workers have provided a2 compre-

hensive analysis of the sch of sq for different
cases {57-67] {68, 69] Nowadays, with the availability
of el hniq it is possible to
observe in situ the structural changes by reac-

tions at the clectrode surface [11]. Meanwhile, ultrafast
CV allows us to work at time scales never achieved
before by electrochemical techniques.

One of the most common mechanisms found in

other homogeneous reactions. The types of chemical
reaction that are encountered as steps in organometallic
electrode reactions are extremely diverse. A given reac-
tion can be protonation, deprotonation, bond cleavage,
complexation or decomplexation, ligand exchange, nu-
cleophilic or electrophilic attack, homogeneous ET, iso-
merization, conformational change, etc.

Reactions that occur at the electrode surface are .

named electrochemical (E) and those that occur in
solution are named chemical (C). Thus, the different
steps involved in a given mechanism can be classified
as E or C. Their combinations follow the same rules

dependently of the reag and they have distinctive
patterns in CV. We will discuss some of the most

important hani in or netallic electroch
istry.

The simpl died by el b emical
methods is a one-electron step (E reaction)
O+e >R 2

When ET between an electrode and an electroactive

org llic electroch y is ECE. This is the type
of mechanism involved in electrochemically initiated
ET chain catalysis (ETC), which has become an impor-
tant method for the synthesis of organometallic com-
pounds.

3.1. ECE scheme

A generalized sequence of ECE reactions is given by
Scheme 2. The ECE scheme involves many possible
variations. For exumple, the shape of the cyclic voltam-
mogram depends on the reversibility of the different
steps and the relative E” values of the different couples
involved. The meory for ECE teaclions is well under-
stood [70-74). includi parative-scale aspects [75—
81]. We discuss here nnly 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-
nisms.

3.1.1. 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 [82-85] is that R’ is reduced by R before it
can reach the electrode surface. Tiie reaction is formally
a disproportionation in that R and R’ are at the same
oxidation siate. We have to add to Scheme 2 the
following equation:

R+R—-0+R"~ (3)
The scheme of reactions depicted by Scheme 2 and
Eq. (3) combines the ECE mech 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 analysis 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(CO),(n*-dppe); (17) in tetrahydrofuran. 1*
(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. Experimeniol B, Simulcted {ECE)

21}1 A
]

1"+¢ —» 1°
- ke, g
e g 2

Scheme 3.

structure. An experi I multicycle vol
SmM 1* at 500mVs~' is shown in Fig. 3(A).

gram of

o, f° B
P PL| _co

om0 Qoml ™
, (|:0 P, ™, ll{ Pty

3

1 r

The ECE sequence represented in Scheme 3 is the
most cconomical pathway for the reduction of the
cationic Mn(CO)2(dppe); 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 comp imulated cyclic vol »grams in Fig. 3

bled the experi | 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 saziie
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 1*
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 1*. A disproportion process between
17 and its reduced product 2™ that gave rise to the pair
of radicals 1" and 2" could produce this effect, i.e.

1*+27 517 (197) +2° (17¢7) 4
Owing to the rapid conversion of the 19¢™ radical to 2,
this process was approximated as

17427 -22" 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

? L e J [ . i )
-5 22 15 22
Potentiol vV v SCE
Fig. 3. (A) Initial negative scan (four-cycle) cyclic " v
of SmM 1* at S00mVs~'. (B) Computer-si oV di exper

I CV was obtained with the same electro-

to ECE mechanism in Scheme 3. Reprinted from Ref. [85] ©
American Chemical Society.

chemical parameters employed in Fig. 3(B).
The h ical of ECE sch

is very
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A, EXPTL. B, ECF. -DiSP

ZInA

B A

V vs SCE
Fig. 4. (A) Repetitive four-cycle CV of Mn(CO)-(dppe); as in Fig.
3(A). (B) Computer-simulated CV based on ECE-DISP mechanism
with the inclusion of Eq. (5). Reprinted from Ref. {85] € 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 hanism can be rep d as a restricted
square scheme (Scheme 4). In this case, R is oxidized
10 O', rather than further reduced to R~ (Scheme 2).
The main difference with the whole square scheme is
that the species O and O’ do not interconvert in the time
scale of the experiment. The nature of the voltammetric
response depends on the relative values of Eg,, and
I:'o/R Two si may be considered, when R’ is
more difficult to oxidize than R (E§. & — Eg g > 0)
and )when R’ is easier to oxidize than R (Eg. IR ES /R
<0

3.1.2.1. B} ) — Eg ;> 0. When (EG o — Eg ;g > 0),
the reduction of O proceeds by a simple EC reaction to
give R. In CV experiments O’ is formed in the return
scan.

A good example is the isomerization of cis-

O+e T—= R
!
O+e = R’

R—-0

[*) [ -a2

FOTENTIAL (¥ ve.5CE)
Fig. S. Voltammograms of cis-W(CO),(dppe); (R) in 0.2mM
Bu,NCiO, -di y at a i disk
{radius 675|xm) O’ and R designate the trans isomer. (a) 100Vs™'.
(b) 1000Vs~'. Adapted from Ref. [86] © American Chemical
Society.

W(CO),(dppe), (R) [86] Cyclic voltammograms for
oxidation of R in dimethylformamide are shown in Fig.
5. In this case the cis form is favored in the neutral
complex (reduced form) whereas trans predominates at
equilibrium in the oxidized form (O'). Upon oxidation
at +0.2V, R forms short-lived O that rapidly isomer-
izes to the trans isomer (O'). Consequently, o peak for
the reduction of O to R is detected on the reverse sweep
at a scan rate of H00Vs™' (Fig. 5(a)). Instead, the
reverse sweep features a single prominent peak for
reduction of O’ to R’. At a scan rate of 1000Vs™' a
peak for the reduction of O is cbserved (Fig. 5(b)) since
the time scale of the experiment does not allow the
conversion of O to O'. Using ulirafast CV a complete
analysis was achieved, including evaluation of the re-
versible potentials, equilibrium constants for the chemi-
cal steps, and rate constants for the chemical steps.

Another example involves the use of ESR in situ to
study the mechanism of the isomerization of fac-
[Min(CO);Ci(dppm)] (dppm = bis(diphenylphos-
phino)methane) in acetonitrile [87,88] which can be
analyzed by an EC mechanism:

FCM > FCM*+e~ E®=1.25V vs. SCE (6)
FCM* > MCM* (7N
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with further electrochemical detection of MCM™* by
reduction in the reverse scan at 0.83 V:

MCM*+ ¢~ MCM (8)
where FCM lS fac-tncarbonylchloro[b1s(dlphenylphos-
phino)meth g (I) 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 1.30V under
t limiting conditions produced an ESR spectrum
of MCM* cation.

Under light irradiation (A = 390 nm) a new oxidation
wave was observed at 0.85V with increase also of the
anodic current due to oxidation of fac-
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-

h

chemical-electrc | reaction sequence is
FCM + hv > MCM 9)
MCM —MCM*+e~ E®=0.83V (10)

The action spectra (plots of transport-limited pho-
tocurrent against excitation wavelength) at 0.85V 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 A, =3%0nm (fig. 4 in Ref. [87]).

In situ electrochemical ESR at 0.90V with simulta-
neous irradiation at A =390nm of FCM produced a
six-line spectrum of Mn(If} identical to the specirum of
the electrochemical oxidation product of FCM (reac-
tions in Egs. (6) and (7)) ana provided evidence for the
formation of MCM™* cation. However, no ESR spec-
trum was obtained in the dark. At .30V 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

2FCM* - FCM + FCM?* )

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 ¢ d both phe ically and electrochemi-
cally. By combmanon of specu'oscopy‘ photochemistry

istic information

and ele y. d d mech
can be gained.

Furthermore, photocurrent vs. flow rate data fits for
the OTTLE 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 [CH{CO),{dppe),]* 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:
CpCi(1,5-C4H,). 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 CzH, ring, [CpCo(1,3-C4H,)]™. Using
tltrafast CV and spectroscopic techniques, such as ESR
and 'H NMR, they were able to elucidate the different
structures.

3.1.2.2. ETC(E} ;p — Eg ;5 < 0). In this case the reac-
tion between the reactant O and R’ needs to be added to
Scheme 4:

O+R ->R+0 (12)

At the potential where O is reduced, the R’ formed
from R can be oxidized to O', either at the electrode
surface or in solution by O. Thus, the conversion of O
to Q' is catalyzed by ET. Because of the combination of
the R to R step and Eq. (12) constitutes a chain
reaction, the process is termed ETC. ETC (also named
electrocatalysis) 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
methods are well suited for mechanistic studies and
bulk electrolysis is a convenient method for the synthe-
sis of new org; ds. 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 for an isomerization reaction we
have
OO0 (13)
Meanwhile, in the case of ligand exchange:
ML,+LeML, 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 7°-MeCpMn(CO),L (R)
(Fig. 6(a)), where L in this case is acetonitrile (NCMe)
[95]. 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 (P), which is clearly in evidence in
Fig. 6(b) and Fig. 6(c), by its reversible CV wave at

=10.55V. The anodic electrode process leads to the
depletion of R and results in the concomitant formation
of P.

llic cc
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o

Potentiel, V

Fig. 6. Effect of added PPh; or the reversible CV ot MnX(NCMe),
(x =7°-MeCp(CO),) R, at a scan rate of 200mVs~'. The CV
waves of R and MnX(PPh,), P, are indicated for solutions containing
(a) 0. (b) 1 and (c) 9equiv. of PPh;. (d) CV of pure P under the same
conditions. Adapted from Ref. [95] © American Chemical Society.

When one of the isomers is more difficult to reduce
than the other, ETC is a convenient way to produce
isomerization (Sch 4). As an Mevs and
Geiger [96] in their study of a trirhodium cluster (3 and
4; Cp is 7°-C;H,). one of the two forms, 4, is the more
stable. Both isomers are reduced to stable anions that do
not isomerize (Ej;;= —1.22V vs. SCE, Ej;,=
—1.01V vs. SCE) but oxidation of solutions of 3 leads
to rapid ETC isomerization to 4. The process is so rapid
that absolutely no oxidatior: peak for 3 could be de-
tected even at a scan rate of 100Vs~'. The authors
conclude that the rate constant for the isomerization of
3* to 4" must exceed 10°s™'. As no oxidation peak
could be observed, an indirect method was used to
estimate the potential for Eq. (15):

3" +e 3 (15)
Ly @
‘a{\ 0w R~co
! 1
TN & Y e
3 4

Vol ic reduction of a solution of 3 reveals a
single peak when the initial potential is about 0.2V vs.
SCE (Fig. 7, top). However, when the initial potential is
more positive, the voltammograms reveal a peak for
reduction of 4 (Fig. 7, middle and bottom). Thus the
reductive voltammograms provide a means of monitor-
ing the oxidative ETC isomerization. By vsing a fast
sweep rate that ‘freezes’ the reaction-ditfusion layer,
the cathodic peak height for 4 was measured after
holding the potential for 15s at a series of initial
po(enuals The peak curmrent of the isomer reduction
increases sigmoidally as a function of the initial poten-
tial. From the midpoint of this sigmoidal curve a formal
potential value for the 3* /3 couple was estimated to be
0.25 V. Other examples of ET-catalyzed isomerization
can be found in the literature [97-104].

Ligand exchange and decomposition of organometal-
lic compounds catalyzed by ET have been studied in
several systems. A good example is the reactivity gained
by iron complexes when the iron nucleus is reduced to
Fe(I). Moinet et al. [105] studied the electroreduction of
7°-cyclopentadienyl iron nS-arene cations which pro-
duces radicals of the same formula. The behavior of
these radicals depends on the nature of the substituents
on the rings and on the medium. The studies were
carried out using conventional CV and polarography.
Decomposition, dimerization and catalysis were found
as possible reactions. They found that the cathodic

duction of the complex in 95% ethanol (Hg pool,
0.1 M LiOH) provides quantitatively Fe**, cyclopenta-

diene and b Later, Darchen [106] studied the
reduction of the same compound and the coordination
3
4
[on s
|
z
Wl
3
4
3
9|
L 1 1 A 1
4025 -0.58 -L38
vour

Fig. 7. Cyclic voltammograms of compotind 3 in THF as a function
of the initial potential: 0.25 V (top). 0.30 V (middie). 0.35 V (bottom).
Adapted from Ref. [96] © American Chemical Society.
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of the radical formed with the solvent molecules. The
increasing stability of n’-cyclopentadienyl Fe() n°-
arene follows the order of solvent used: acetonitrile or
pyridine < dimethylformamide < acetone or methylene
chloride. In acetonitrile, the fast replacement of the
arene by donor ligands occurs via a postulated interme-
diate 7°-CH Fe(IXCH,CN). Without donor ligands,
decomposition leads to the corresponding ferrocenes.

Rieger and co-workers [107] studied electron-induced
substitution in Fe(CO); initiated by reduction in the
P of phosphites or phosph The reduction of
this compound produces 2 dimer, Fe,(CO):™, presum-
ably with Fe(CO);~ 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(CO); ~ 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 cu: 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.CD) 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,(CO),1. 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, as 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 with 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

R R R
7 7 /
| — X e xT
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replacement of CO ligands in the phosphanediyl-capped
clusters (5-7) by P-donor ligands, essentially using a
cathodic current [109-111].

[COJ(CO) 10{ #4-PPh) :]
5
[Co,(CO),P(OMe)( p2,-PPh),]
6

[FEJ(CO)g( #J‘Pph)zl
7

In Co clusters [109.110}, coulombic efficiencies were
between 4 and |1, 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 [111] 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 [112]
and Roth and Kaim [113] studied the isomerization of
different organometallic compounds that involves the
ECEC mechanism.

Roth and Kaim studied the ET isomerization

Using electroch ' the authors ob-
served the existence of a threshold potential, a fact
difficult to reveal when a metal is used as the reductant.
They aiso observed that when electrolysis is performed
at potentials less negative than —2V vs. SCE, no
biphenyl is obtained, but two faradays per mole of
nickel complex are used and one equivalent of bromo-

7*(C=C) - 5'(N) of the tetracy hylene pl
(C,N,)W(CO)?/~. They concluded that conventional
CV is not enough to disclose unmistakably the
organometallic 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 electro-
chemical experiments carried out were not able to dis-
tinguish between a number of possible mechanisms.
This work, made by leading groups in organometallic
electrochemistry, shows the need for more sophisticated
techniques to elucidate a more complex mechanism.

3.3. Electrochemistry as a tool for the mechanistic study
of heterogeneous phase reactions

The synthesis of symmetrical or asymmetrical biaryls
involves the use of catalytic amounts of zero-valent
transition metal. Several aitempts to elucidate the role
of the zero-valent transition metal catalyst have been
made. Among them, Amatore and Jutand [114-116]
have used the conceptual analogies between electro-
chemically initiated homogeneous reactions and their
equivalents taking place at the surface of metal parti-
cles. The ad ge of this approach is that eiectro-
chemistry can provide kinetic information about the
region where the reaction develops. This region is close
to the me: .l surface for a heterogeneous reaction. In a
reaction initiated electrochemically, 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
homocoupling and carboxylation of aryl halides cat-
alyzed by nickel complexes were done by an electro-
chemical approach [114). The same methodology was
extended to palladium complexes [115). As an example,
we discuss here the nickel catalysis of bromobenzene
homocoupling to biphenyl [116].

When bromobenzene is electrolyzed in the presence
of NiCl,(dppe) in a molar ratio 9:1, biphenyl is ob-
tained quantitatively:

10%NiCl tdppe)
-

2PhBr + 2e” Ph-Ph + 2Br™

E< -2V vs. SCE (16)

b is d to yield a phenylnickeK1I) deriva-
tive, Ph—Ni(I1Xdppe)Br. Voltage sweep voltammetry
reduction of NiCl,(dppe), without PhBr, occurs in two
one-electron waves:

Ni(IT)Cl,(dppe) + e — Ni(I)Cl(dppe)

+CI" (E,,,= —0.80V vs. SCE) a7
Ni(1)Cl{dppe) + e~ — Ni(0)CI{dppe)
+CI™ (E, = —1.35V vs. SCE) (18)

In the presence of bromob the develop ofa
third wave is observed (E, ,, = — 1.3V vs. 3CE). which
can be shown independently ic comespond to the one-
electron ion of a phenylnickel(II) complex formed
by oxidative addition of PhBr to the zero valent nickel
electrogenerated in the second wave (Eq. (18)). Eq. (19)
and (20) depict the reactions involved.

PhBr + Ni(0)(dppe) — Ph—Ni(I1)Br(dppe) (19)
Ph—Ni(IT)Br(dppe) + ¢~ — Ph-Ni(I)(dppe) + Br~
(20)

From fast CV the rate of the oxidative addition in Eq.
(19) has been determined to be 10°M~'s™'; this is
several orders of magnitude greater than those corre-
sponding to the chemically saturated zero-valent nickel
complexes [117,118].

The reduction of PhNi(I)Br(dppe) is required to
initiate the process, since in preparative electrolytic
experiments the potential must be located more cathodic
than in Eq. (20). Amatore and Jutand demonstrated that
the following mechanism is involved:

Ph—Ni( ) Br(dppe) + e~ — Ph-Ni(1)(dppe) + Br
(21

Ph-Ni(I)(dppe) + PhBr — (Ph).Ni( 11)Br(dppe)
(22)

(Ph),Ni(IIT)Br(dppe) — Ph—Ph + Ni{1)Br(dppe)
(23)
Ni(1)Br(dppe) + ¢~ = Ni(0)(dppe) + Br~ (24)
Ni(0)(dppe) + PhBr — Ph—-Ni(II)Br(dppe) (25)
They observed that the reduction of N{D)Br(dppe) is
largely exergonic at the electrode potential used in

preparative experiments (E < —2V vs. SCE); simi-
farly, within the time scale of steady-state voltammetry,
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the oxidative addition step in £q. (25) is sufficiently 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 phenylnickel(l)
derivative forces the overall rate to be first order in
nickel and first order in PhBr. 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 nickelIID) 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 siructured 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. Thermodynamics

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 will 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 difficult or impossible to obtain
directly [119)]. The rigorous application of thermochemi-
cal cycles requires reversible electrode potentials. These
are thermodynamically significant quantities defined as
the electrode potential at which equal concentrations of
the reduced (R) and oxidized (O) 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 (O) forms
must be long-lived and that the charge transfer must be
rapid relative to the time scale of the measurement. The
latter criterion is often referred to as Nernstian 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 O) the charge
transfer may not appear as Nernstian. 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 Nernstian from the
difference between anodic and cathodic potential peaks
(AE,=60mV for a one-electron reversible couple). A
non-Nemstian behavior or a following reaction can
affect the value of A E,. Two approaches can be adopted
to minimize the error due to AE,. 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 [14]. 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
the use of microelectrodes and more sophisticated in-
strumentation.

In the study of organometallic compounds the knowl-
edge of the bond dissociation energy (BDE) of metal—
hydrogen, metal-metal and metal—carbon is essential to
distinguish between meck 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 [120). These authors esti-
mated M—H BDEs by using a thermodynamic cycle that
requires the knowledge of the M—H Brgnstead 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 [121).

Using this approach Wayne an Parker [119] and
Tilset and co-workers [120-123] have accumulated an
important body of thermochemical data for M-H and
M-C BDE:s for organometallic compounds .

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

Mp-H+My
Mp"+Ma-H o

Mi-+My-H  AAG3 =2.303RTApK,
Mi-H+M>*  ABDE

M +M, - M+M,"  F(E Ev?«‘m"

0 -
MiiMy

Scheme 7.
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Mny(CO)yp+2¢ —> 2 [Mn(CO)J’ B @-1)
Mn(CO); +e —  [Mn(CO)} B, (8-2)
Mny(CO)o —  2Mn(CO)  AG’=-2FE";-E%) (8-3)

Scheme 8.

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

The irreversibility of the two-electron reductions or
oxidations, as in reaction (8-1) 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
Mn,(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; theref the

Electrochemistry in organometallic synthesis is used
in different ways. It can be used to produce an in situ
reactant or catalyst by electrolysis using inert elec-
trodes, as starting material (either as sacrificial anode or
cathode), and as a source or sink of electrons to initiate
a reaction in electrocatalysis.

4.1. Sacrificial electrodes

The use of sacrificial electrodes in the syans of
organometallic ¢ ds is a well established
[6] Recent reviews dealing with the electrochemical
dissolution of metal electrodes were written by Tuck
[125), Grobe [126] and Vechhio-Sadus {12].

Tuck and co-workers [127-131] have synthesized a
series of organometallic halides using titanium, zirco-
nium, hafnium [127), zinc, cadmium [128,129], magne-
sium [130], indium [131] and other metals [125]). The
metal is used as anode in a cell containing a solutior of
organic halide RX in acetoniisile or methanol. The

h

mechanism proposed for titanium, zirconium and

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 (8-1) 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 Vs™') the oxidation of [Mn(CO);)~ to [Mn(CO);]
is reversible because the reduction of [Mn(CO);] to
[Mn(CO),]~ is faster than the dimerization to give
Mn,(CO),,. From the redox potential of the couples
Mn,(CO),,/IM(CO),]~ and [Mn(CO);]~/IMn(CO),]
the free energy change of metal-metal bond dissocia-
tion is established, as s.iown 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 wuh a clean environment. In this context, elec-
P ac ient method when elec-
u'ons 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 10°-
fold respectively when the electrode potential is changed
by 1V [124].

Reactions at electrodes provide milder conditions
than thermal routes for the production of highly reactive
intermedi For i thermal reactions offer con-
ditions of lower selectivity and yield than ETC (vide
infra).

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 uader-
goes a variety of oxidative insertion reactions yielding
R,MX, species stabilized in situ as adducts with neu-
tral donors. In the case of magnesium, the adduct- ‘e.g.
RMgX bipy, where bipy is bipyridine) 27 salts
[R N‘R’ng MeCN)] do not have typical Grignard

istry. For indi low oxidation states can
be obtamed by this technique.

Banait and Pahil [132.133] synthesized organocop-
per(Il) pl with stoichi y Cu(CR), and
Cu(CR,). Using a Cu anode, they carried out electroly-
sis of organic precursors with one or two functional
groups that have withdrawing properties, such as ni-
tromethane, nitroethane, MeCN, malonitrile, diethyl-
malonate and cyanoac ide. These compounds have
abstractable protons yielding compounds with general
formula Cu(CR), 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, Ni) and cyclopentadiene
in DME-acetonitrile, THF-acetonitrile or acetonitrile
[134-136]. The use of electrolysis is far superior to the
conventional use of the alkali salt of the diene. Com-
plexes are isolated as prod of llent purity and
crystallinity.

+4.2. Electrocatalysis

In Section 3.1.2.2 we dncussed the mechamsm of
ETC and the use of el h for
mechanistic studies. Chain initiation can be carried out
chemically or at an electrode surface. For chemical
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initiation we have to look for a compound with the right
potential and suitable physical properties. Using an
electrochemical method the rate of reactions and num-
ber of electrons transferred can be adjusted by the
electrode potential leading to selective transformations.
One-electron transfer steps with formation of ion-radi-
cals and highly reactive intermediates can be achieved
by tuning the electrode potential. Also, the same system
can be used for different reactions initiated at different
potentials which, for instance, allows the selective sub-
stitution of ligands in clusters (vide infra).

All types of reactions have been electrocatalyzed
[137,138] including ligand exchange, insertion, extru-
sion and isomerization. The ligand-exchange reaction,
however, has been by far the most studied [139,140].
The advantage of using these reactions in synthesis is
the generation of 17e”/19e™ species that produces a
very fast associative hgand exchange (Eq. (26)) and the
ability of transition metal species to undergo the redox
reactions required in the whole cycle.

ML, (17¢7) +L & [ML,LT** (19¢7)
2ML,_,L(17%") +L (26)

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 (oxidative initiation, Scheme 10).

There are two propagaion 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
establishes that an exergonic ET is fast.

(ML,_ L) /{(ML,_ L) +ML,
~ML,_ L'+ (ML,)" /(ML,)" (27)

This means that, if ML, _ L’ is easier to oxidize than

n-1
ML, (Ey . <Ey ), then it is possible to obtain a
favorable dnvmg force in the ET propagation by choos-
ing reductive initiation. On the other hand, if ML,, L

is more difficult to oxidize than ML, (E}, <EW, )
+oo . e
ML, —= (ML,) (ML, L'y == ML,,L

MLl ML,

Scheme 9.

L L
\»
ML, S (ML MLLY * % MLy
r
ML, L ML,
Scheme 10.

it is , ossivle 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, 7°-MeCpMn(CO), L, hereafter MnXL, us-
ing oxidative initiation [95].

MnXL + L' - MnXL + L (28)

Generally, the ligand substitution was carried out in
acetonitrile (containing tetraethylammonium perchlorate
«s 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 votesitial during the experiment. For example, for
the ligand substitution of pyridine (py) by PPh,, the
starting potential at the platinum gauze anode (—0.13V
vs. saturacted 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 :ime 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,).

In most of the cases studied, the product (MnXL)) is
more difficult to oxidize than MnXL ( E}y,x;: > Emox, )+
ther electrochemical oxidative initiation is a ell suited
method for electrocatalysis. For these liganu substitu-
tions, the reactions occur rapidly, quantitatively and
with coulombic efficiencies over 1000 in some cases.
However, when they considered the substitution of
MnX(norbornene) 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  Epx(norbomene) > Evxinemeyr  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(norbornene) + MeCN — MnX(NCMe)
+ norbornene (29)
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For Fe,(CO)y( ;-PPh), (7), the exchange of one,
two or three CO ligands by trimethyiphosphite
[P(OMe),] ligands were obtained with coulombic effi-
ciencies between IO and 20 [111). The authors found
that each substi product can be synthesized sepa-
rately at room temperature in good yields by simply
passing a small cathodic current (reductive initiation)
through the solution of the cluster. The ligand substitu-
tion was carried out in either acetonitrile or tetrahydro-
furan (THF) containing supporting electrolyte at a con-
stant potential until 10—15% charge was consumed.

The first ligand substitution was carmried out at a
constant potential of —0.8CV vs. SCE (Eq. (30)).

Fe,(CO)y( p5-PPh), + P(OMe),

TV Fe,(COYu( uy-PPh),[P(OMe);] + CO

(30)

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 —0.80V and then at
—1.15V. The yield was 63% for P(OMe), and 66%
when the added nucleophxle was PEl‘

q

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

(CH30)3P(0C), Fe—7Fe(COLMOCH,);

/
(CH30P

4.3. Electrochemical synthesis of catalysts

Périchon and cc ‘workers [144] have reported an elec-
trosynthesis of homoallyl alcohols and B-hydroxy esters
in the presence of catalytic amounts of NiBr,(2,2"-bi-
pyridine) complex by mixed electrolysis of methal-
lylchloride or methylchloroacetate with several carbony!

ds, using a one-compartment cell equipped

The tris-phosphite sub ion was «
directly from (7) working at a potenual of —1.40V 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 regiospecific. Electrochemisiry smdies 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
selcclively affording monosubpstituted products. The ma-

Jarc lex 9 is accc ied by ¢ 11 in which
P(OMe)‘ is bound to th= szime iron atom but occupies
the axial position in contiast 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 with hich multiple
processes, such as ligand substitution, 1 be carried out

with a sacrificial zinc anode. Aromatic as well as
aliphatic compounds give good yields of the cofre-
sponding alcohols, except for hindered ketones [145]
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 Zn(1l) (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 lowers
the yield of alcohol signifi.antly, the same as changing
the zinc anode to Mr, Mg or Al. The method compares

[ DR by 37— OO
oo+ L 0 e (i7" o
S

172 NiCly(bpy), + 172 —<-Ni—
e ”

R|

bpy
nl)
R, X [Nithbpy] ™ + R.c\)\
|

under mild conditions in ET catalysi e an imp
advantage over the thermal activation  :chanism. This

Y
Ry

OZnCl
& cheme 11.
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favorably chemical procedures involving
organometaliivs. the starting materials are allylic chlo-
rides or aceftates instead of bromides; the nickel com-
plex is used in catalytic (instead of stoichiometric)
amounts; as the coupling product is obtained in one
step, the delicate preparation of the 7r-allyl nickel com-
plex is avoided.

Another interesting exampic of this type of reaction
is the electrochemical reductive cyclization of aromatic
halides containing unsaturated ethers as ortho-sub-
stituents (Scheme 12) [146). As with the previous case,
a catalytic amount of Ni(cyclam)’* (cyclam = 1,4,8,11-
tetraazacyclotetradecane) is used in conjunctior: with a
magnesium anode. The product yields are good, and the
electrochemical reaction has the advantage over chemi-
cal methods using tin hydride and Sn(II) species of not
requiring reactive iodo derivatives, which can be re-
placed by chlorinated compounds. The electrochemical
conditions used for this cyclization are very specific: a
magnesium anode and a carbon fiber cathode are impor-
tant for the production of cyclic compounds in good
yields. The mechanism of the reaction involves a radi-
cal-type reactivity of the reduced aryl-halogen bond of
the substrate.

Electrochemical reduction of organometallic com-
plexes of rhodium and platinum [147] is used for the
synthesis of active species which are useful for regio-
and enartioselective olefin hydroformylation:

[Pt] or [Rh]

— RCH,CH,CHO

+ RCH(CHO)CH,
(31)
A 98% regioselectivity is obtained for 1-hexene with a
Pt-Sn system to produce only the linear aldehyde (1-
heptanal). In this case, the complex PiL,Cl, (in which
the ligand is a phosphine derivative) is reduced in the
presence of a tin anode to produce new platinum species.
The reactions were carried out in a benzene—propylene
carbonate mixture. The authors concluded that the na-
wre of the solvent and ligand are critical in these
reacticns. Dissociated platinum complexes are probably
responsible for the regioselectivity. Meanwhile, the role

of tin is to abstract chloride anions to produce cationic
platinum species.

RCH=CH, + CO +H,

y+e R2
X i(eyclam)®™ (10%) Rl
Rl DMF.20C ~ ] R3
—_— | m
o ‘r]/j\( R2 anode : Mg < A o
noom IS cathode : carbon n
2)hydrolysis
X=CLBrnl
n=0.1
m=12
Scheme 12.

Similarly, olefin hydroformylation can be performed
on an electrochemically generated rhodium catalyst:

Rh(CO)(PPh,),Cl + 2~

=09V vs. Ag/AagCl -

L Rn(co)(PPh,),] T +C1m (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.

§. Modified electrodes

We discussed in Section 3 that reactions at the
electrode surface can occur rapidly (reversible) or slowly
(irreversible) in the time 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 minimum 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
highker 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:

1. 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;

. 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 extensively [5,148-150]. Egs. (33)-
(35) show ihe catalytic cycle.

GOx(FAD) + glucose » GOx(FADH,)

w

+ gluconic acid (33)

2FeCp; + GOx(FADH,)
— 2FeCp, + GOx(FAD) + 2H* (34)
FeCp, — FeCpy +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 plati

surface with ally}

is deeply buried in the structure of GOx with a diameter
of 70 A [151], 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).

3

5
f

P
2

L

E

Q kY
c
Ok ™"hN \
n
/[’\E.’,.\/{’\E}am
NH NH,

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

Modified electrodes break two-dimensional restric-
tions of bare electrodes, since the surface-antached re-
dox centers are able to produce new arrangements ir the
transition state. The ET to the electrode surface is then
made by reversible electroactive species attached to the

1 de surface. A comprehensive review on modified
electrodes can be found in the book by Murray [152].

Ferrocene derivatives are by far the most popular of
the organometallic compounds used in modified elec-
trodes. They are electrochemically reversible, stable,
easy to synthesize and their electrode potentials fall in a
potential window that make them useful in practically
any solvent.

One of the early examples of an org flic
compound attached to an electrode surface was given by
Sharp et al. [2]. These authors modified a platinum
surface with allylamine and co ly bound fer-
rocenecarboxyaldehyde to the amino group as shown i
Fig. 8. The voltammetric observed pond:

polyvynilferrocene
polyferrocenyisitare
e polyfemocenylsitoxane
NH_ A0
n
polyaiiyiferrocene
hased "

Fig. 9. of
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to an adsorbed species. Since then there has been a

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 electroactive alkanethiol chains were diluied 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 abie 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. 107°-10"" cm®s™' against ca.
107 °cm? s™ '} but surface concentrations of
organometallic mediators can be considerably high (ca.
0.1-1M). 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 Inzelt
[155]. There is considerable work on the synthesis of
these polymers. Fig. 9 depicts some of the most studied
polymers: polyvinylferrocene [156], poly(ferrocenylsi-
lanes) [157.158], polysiloxanes [3,159] and polyally-
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
diede [160]. The viologen-polymer (BPQ) is cathodi-
czlly deposited on one electrode and polyvinyiferrocene
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

Steady - Stale Two
Terminal i-V Chorocteristic
of BPQZ¥/PVFc interface
LOM oq. LiCIO,4

i
4 ana

6.1mascm?

4 8rat purct,

BPQ?* PVFC

W=
i

T
-Lzv
<+ —0S5nA

Fig. IO Two (errnmal steady-state characteristics of the array of
micr s, The right-hand side ponds to the S
and bias as shown in the inset; the l2ft-hand side, to the opposite bias
(PVF side negative). Reprinted from Ref. [160] © American Chemi-
cal Society.

standard potentials of the two redox couples, with the
occurrence of the following reactions:

At the anode: PVF —» PVF" + e~ (36)
At the cathode: BPQ** + ¢~ — 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. 0.9 V); 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 [4,5,161,162]. Fig. 11 depicts the relay
mechanism used to sense glucose by ferrocene deriva-
tives as mediators. In our laboratory, polyallylamine

glucose GOx(FAD) ferrocene electrode
derivative

glucolactonate GOx(FADH,)ferricene
derivative
Fig. 11. The ET reactions involved in the d
by an amperometric device.

of glucose
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ferrocene-modified electrodes have shown high density
currents for the amperometric determination of glucose
[5) comparable to those obtained with osmium com-
plexes by Heller [163).

Another example of an organometallic compound
with electroanalytical application is pentaoxa[13]-ferro-
cenophane (12), which can bind in its reduced state
Group IA metal cations, but releases them in its oxi-
dized state (12*) [164). 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 [165] 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
[166]).

o) o0

@/ok/o\) @/0\\/ J

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 vltra-
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-
lic chemistry.

The selectivity and efficiency of ET-catalyzed reac-
tions have a strong potential for the alternative synthesis
of organometallic compounds with chiral 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.

* Exactech blood glucose meter, Medisense. Inc.. Waltham, MA
02154, USA.
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