ELECTROCHEMICAL BEHAVIOUR OF SOME ORGANOMETALLIC
COMPOUNDS CONTAINING IRON AND MOLYBDENUM

by

Keith L. Daries
B.Sc.(Hons)

- A thesis submitted in the fulfilment of the requirements for the Degree of Master
of Science in the Department of Chemistry, University of Cap[e Town, under the
supervision of Professors J. R. Moss (UCT) and A. M. Crouch (UWC).

November 1995

the right 10 reproduce this thesls In whols

The University of Cape Town has been givent
¥ or in part. Copyright is held by the author.




CONTENTS

Acknowledgements

Abstract .

Poster presentations

Abbreviations
Chapter 1

1.1 Overview

1.2 Introduction

1.3 Ferrocene-ferrocinium system

1.4 Ligand-effects on electrochemical behaviour in
metal complexes

1.5.1 Stereo-electronic effects of tertiary phosphine ligands

1.5.2  Correlation of E° and v(CO) for CpFe(CO)L(COMe),
Cp’Fe(CO)L(COMe) and CpFeL(CO)Me

1.6 Electrochemical behaviour of some cyclopentadienyl iron
carbonyl alkyl complexes

1.7 Kinetic studies on alkyl molybdenum carbonyl compounds
of the type CpMo(CO),R

1.8 Electrochemical behaviour of some diiron systems

Objecives of research

PAGE

Sl

iii

iv

13

15

18

23

28

42

46

52



2.1

2.2

2.3

24

2.4

Electrochemistry of CpFe(CO),(CH,),CH, (n =0 to 10)
Electrochemistry of CpMo(CO),(CH,) CH, (n =2, 3)

Electrochemistry of Cp(CO),Fe(CH,) Mo(CO),Cp (n=31t06)

Conclusions

Experimental

References

Chapter 2

Results and discussion

Chapter 3

73

76

89

92

95



Acknowledgments

I would like express my sincere thanks to the following personsf

My supervisors, especially Prof. Moss for his encouragement during the writing

up of this manuscript;
Robyn George for synthesising some of the compounds;

Dr. Selwyn Mapolie for proof reading this manuscript and his helpful

discussions;

My late parents.



i

Abstract

The electrochemical behaviour of some mononuclear alkyl compounds of the
types CpFe(CO),(CH,),CH, (n = 0 to 11, Cp = n-CH,), CpMo(CO),(CH,),CH,
(n = 3,417) have been investigated in aprotic solvents. The . cyclic
voltammograms obtained for all the iron alkyi1compounds suggest similar
‘behaviour after the initial oxidation. The oxidation potentials showed no linear
correlation with the corresponding lengths of the alkyl chain, but could,
however, be interpreted with the available Tolman’s x-values. The subsequent
CO insertion reaction to give an acyl species was found to be dependent on the
nucleophilicity of the solvent.

The relative rates of decarbonylation of the acyl species could be assessed
through cyclic voltammetry.

The electrochemical behaviour of heterobimetallic complexes of the type
CpFe(CO),(CH,) Mo(CO),Cp (n = 3 to 6) was found to be solvent dependent.
The anodic waves obtained for these complexes in acetonitrile showed up as two
closely spaced waves. Qur results suggest that the two metals in
CpFe(CO),(CH,) Mo(CO),Cp behave independently, with the iron end of the
molecule being oxidized first, followed by CO insertion/alkyl migration at this

end.
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CHAPTER 1

1.1 Overview

The use of electrochemical techniques in probing mechanistic routes of reactions
of metal complexes has been much less studied when compared to that of
organic reactions over the past few c.iecades.1 Most of the initial electrochemical
studies performed on transition metal vsystems were confined to investigations of
the reversibility of a voltammetric wave or to changes in oxidation states. The
important role of electron-transfer reactions™ in organotransition-metal
chemistry has only been recognized in the last ten years or so, even though the

ferrocene-ferrocenium electrochemical couple was discovered as long ago as the

1950's.°

Earlier work by Dessy and co-workers’" on organometallic complexes centred
on cathodic processes from which evolved the generalised”” modes of reactions

of these complexes upon electrochemical reductions in non-aqueous media.



The organometallic grouping RMX (where M is a metal, R is an alkyl or aryl
moiety, and X is another R group or another ligand) was considered to undergo

several possible reactions’ after initial reduction, as outlined in Scheme I-1.

The anionic radical (1), which is produced on reduction of the substrate RMX,
may be stable or may react to form the neutral radical (2). This radical may then
react to form new organometallic species (equation I-2) or abstract hydride from

the solvent to yield the hydride, (3) (equation I-3). Further reduction of (2)

produces the anion RM (equation I-4) which may also react to form (3).

RMX <% BRMX™ — X~ . RM- LIl
@ (2)
2RM+ — RMMR (orRMR + M) )
RM+ -2~ RMH 13
3)

RM+ — RM — 3)

SCHEME I-1



Many of these processes would be relevant to catalytic reactions involving

transition metal alkyl intermediates.

In early studies, most of the polarographic waves for organometallic complexes

2 The combination of this information

were reported as irreversible processes.”
with that obtained from cyclic voltammetry, controlled potential electrolysis and

ultraviolet spectroscopy has enabled the reductive behaviour of many

organometallic compounds to be explained.

As a result of their studies, Dessy and co-workers formulated a general

approach’ to survey a particular compound. This involves the following;:
1. Polarographic examination;

2.  Multple triangular sweep studies (i.e. cyclic voltammetry) to establish

reversibility of the system, chemically or electrochemically;
3. Controlled potential elec{rolysis at the required potential and the
determination of n, the number of electrons involved in the polarographic

step;

4. Polarographic study of the resulting solution;



5. Electron spin resonance studies at this point if warranted;

6. Attempted re-oxidation (or reduction) of the electrochemically generated

species to the initial compound;

7.  Polarographic and spectroscopic studies of this final solution to compare

with the initial solution.

Development of more sophisticated equipment” has enabled transient
electrogenerated species with lifetimes of = 20 ns® to be characterized
electrochemically.  Voltammetric measurements of chemical systems thus
unquestionably promise to be highly informative and have thus become an

irreplaceable tool in the study of metal complexes in recent times.



1.2 Introduction

Electrochemical studies on chemical systems have in general dealt with the
measurement of, and the relation between current and potential.*** This enables
the relation between the reaction rate (from the measured current) and a

thermodynamic driving force parameter (from the potential) to be established.

Chemical reactions very often proceed via electron transfer steps which may be
y P P y

preceded and followed by chemical processes.”” These charge transfer

processes, however, seldom take place as simple steps and are frequently

coupled to chemical reactions.

For organic and organometallic molecules, complex sequences of these processes
are often proposed to describe an overall electrochemical redox reaction. A
variety of characteristic chemical processes are encountered as steps in organic
and organometallic electrode reactions” and may include protonation or
deprotonation, bond cleavage, complexation or decomplexation, ligand
exchange”” nucleophilic or electrophilic attack, polymerization, isomerisation,

or conformational change.”



Various electroanalytical techniques™ have been developed in recent decades of

17,19,25

which cyclic voltammetry (CV) is the most well-used and versatile method
for studying electrochemical reactions. Special characteristics of this technique

are:

(a) Peak currents can be used for quantitative analysis of the electroactive
species;

(b) Voltage measurements corresﬁonding to the peaks can be used to aid
identification of species being electrolysed;

() A number of different species can be determined in a single scan if the E-
values are far enough apart;

(d) Itis relatively fast; a voltammogram takes of the order of seconds or

minutes to run.

The general set-up of the cyclic voltammetry apparatus (Figure I-1) comprises of
a three electrode system. These electrodes are immersed in an unstirred
solution of the compound. A voltage is applied to the "working electrode" and is
varied linearly from an initial value, E;. When the switching potential, Ej, is
reached, the direction of the sweep is reversed until the potential returns linearly

to its initial value.
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Figure I-1. THE CYCLIC VOLTAMMETRY APPARATUS.
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Charge flows between the working and inert auxiliary electrodes, while an
external potentiostat monitors the potential difference between the working and
reference electrodes. The resulting voltammogram thus represents the current
response as a function of the applied potential.
The potential applied between the working and the reference electrode is varied
with time in a typical saw-tooth wave form as shown in Figure I-2a. At the
starting potential no electrode reactién occurs, and the scan is initiated towards
values positive enough to effect the oxidation of the material being studied
(Figure I-Za). Those species at the surface of the working electrode will undergo
oxidation, and electrons will flow from the solution to the electrode, resulting in
an anodic current. This faradéic current depends on (i) the rate at which the
species are brought from the bulk of the solution to the electrode (mass
transport), and (ii) the rate at which electrons are transported from the solution
to the electrode (charge transfer).
The three modes by which mass transport can take place, are
(i) migration - movement of charged species due to the presence of an
electric field,
(ii)  convection - movement of species contained in a volume of stirred
solution.

(iii)  diffusion - movement of species along a concentration gradient.
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The first two modes of mass transport are repressed by the addition of a
supporting electrolyte and to keep the solution quiescent. The anodic current is
therefor controlled by the rate of diffusion of the oxidisable species towards the
electrode surface. A maximum current is eventually reached afterwhich it falls
off due to the depletion of the species at the surface. The scan direction is
reversed at the switching potential, and the diffusion-controlled cathodic current
is observed. In this case electroné flow from the electrode and reduce the
oxidised species produced in the forward scan. A typical curve is obtained over
the entire cycle of forward and reverse sweeps (Figure I-2b).

Several important parameters characterisé a cyclic voltammogram:

(i) the anodic (E ) and cathodic (E,) peak potentials,

(ii)  the anodic (i) and cathodic (i) peak currents,

(iii)  the half-wave potential E, defined as

E +E
- pa
E}é 5

The criterion for reversibility (over a given range of conditions) is that

(i) AE=E -E = 59/nmV (n = number of electrons involved in charge
transfer process), which should be independent of concentration and scan
rate.

(i)  the peak currentis

i, = (2.69x 10 ADAv/C,)
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where A = electrode surface (cm®), D, = diffusion coefficient (cm’ s™), v = scan

rate (V s”) and C,’ = concentration (mole cm®).

Besides thermodynamic data” which can be obtained from precise CV
measurements, mechanistic énalyses can be made regarding electrode reactions
including both homogeneous and heterogeneous charge transfer steps as well as
coupled chemical processes.” Furthermore, since the sweep rate can technically
be increased up to 109 V s, ** the tiﬁle scale of the experiment can be controlled,
giving insight into the kinetics of these processes.

3

Modified potential wave forms™” can also be used to resolve mechanistic

ambiguities.

Spectroscopic techniques used in situ with voltammetric methods enable
identification of intermediates in electrolytic reactions.” Various
spectroelectrochemical methods have been developed™ and applied successfully
for observing and identifying electrogenerated species within an electrochemical

boundary of less than 5 um.

The synthetic use of charge transfer reactions of organotransition-metal
complexes has become an important tool in recent years, in that otherwise

inaccessible complexes can be synthesized via routes that are fast, efficient and
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5,35-39

stereo- or regioselective. Redox activation of the metal centre has led in some

cases to the synthesis of new species™™.

In addition, new information can be
obtained about the behaviour of known or proposed catalytic intermediate

species, such as metal alkyls, in important reactions such as the alkyl migration

reaction.

An overview of some of the known redox systems investigated up to now will
be given in the ensuing sections. This includes the well-known ferrocene-
ferrocenium system, effect of ligands on metal complexes, and more specifically

metal carbonyl complexes.
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1.3 Ferrocene - ferrocenium system

The redox behaviour of ferrocene, bis(cyclopentadienyl)iron(II), using DC
polarography and controlled potential coulometry, was first investigated by
Page and Wilkinson’ They reported a reversible one-electron oxidation of the
molecule in a 90 % ethanol solution at a dropping mercury electrode to form the
ferricinium ijon. The halfwave potential of this couple (equation I-5) was

measured at +0.31 V versus the standard calomel electrode.
(CH),Fe = [(CH,Fel* + e L5

Investigations into the electrochemical behaviour of ferrocene in different
solvents soon followed, establishing the highly reversible nature of the

heterogeneous electron charge transfer process with its corresponding halfwave

1 4043 41,4548

potentia Redox potentials of ferrocene-derivatives show that oxidation
takes place at more positive potentials for electron-withdrawing substituents.
This enabled a correlation to be drawn between quater-wave potentials and Taft

o constants for substituted phenylferrocenes.”
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The electrochemical properties of the ferrocene-ferrocenium couple has led to it

being used as a standard for comparison of measured potentials in various

solvents. The required properties of such a standard were determined as:*

(a)
(b)
(c)
(d)
-(e)

(f)

Both halves of the couple should be soluble, and should further

Have a-small charge and large ionic radii;

Bel spherical;

Undergo rapid and reversibleAredox reaction;

Be reasonably soluble in suitable solvents, and not undergo chemical or
structural changes upon the charge transfer process;

Not have strong oxidizing or reducing power.
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14 Ligand OEffects On Electrochemical Behaviour In Metal Complexes.

The electrochemical parameter E° (standard reduction potential) is indicative of
the energy difference between two oxidation states. This thermodynamic
property is directly measurable or determined from polarographic voltammetric
measurements for reversible electrode processes. Factors such as substituent
effects which have an influence on Ei; or E° may thus be readily interpreted,
provided the electrode processes are diffusion controlled. More complex situations
arise when dealing with non-Nernstian conditions (i.e. where the electrode
process is determined by the rate of a chemical or electron-transfer step) since
the corresponding Ei, measurement reflects both thermodynamic and kinetic

information.

For metal complexes, ML, the electron-withdrawing or electron-donating
ability of the ligand, L, is reflected in the Properties of the complex, and is
determined by the flow of electron density from the metal orbitals into the
ligand orbitals (back bonding) and the counter flow from ligand o, px or dn
orbitals onto the metal. These compounds can conveniently be classified

according to their coordinated ligands. The types of reactions these compounds



16

undergo are often determined by the nature of the metal-ligand bond.* Ligands

are divided into two main classes™ which reflect their mode of bonding:

(i) simple donor ligands, eg. NH,, halides

(ii) m-bonding or m-acid ligands, eg. CO, PPh,

Also, depending on their ability to form multiple bonds, simple donor ligands
can supplement their o-bonds by = interaction.
The electronic environment of the central metal is thus dependent upon the

nature of the metal-ligand bond.

The oxidation potential of a metal complex is related to the energy of the highest

occupied molecular orbital (HOMO).

** Two ways™ of metal-ligand interaction

can lower the energy of this level and consequently lead to less anodic oxidation

potentials:
(i) since the energy of the electrons occupying these orbitals is influenced by
the effective nuclear charge on the metal, net donor ligands will bring about

more effective screening of these electrons;

(ii) conjugation of the ligand orbitals with the HOMO.
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Chatt et al”” reported the one-electron oxidation of [Cx(CO),L] to be very sensitive

to the nature of L. The ligand constant, P (equétion I-6), has more positive

values for ligands having weak o-donor and strong n-acceptor properties (such

as N,*, NO+* and CO) and more negative values for ligands having strong o-

and n-donor properties (e.g. Cl, OH").

P, = E%[Cr(CO)L] - E% [Cr(CO)] .16

These constants thus represent the change in the energy of the HOMO of

Cr(CO), when a CO ligand is replaced by L.

Various attempts to utilize the electrochemical potential of metal complexes to
resolve the o- and n-components of transition metal-tertiary phosphine bonding
and to classify these ligands as o-donor/m acceptor ligands have been
reported.®*™" Giering et al,”* for example, successfully applied these data to
interpret the kinetics and mechanisms of the redox-promoted carbonylation of

Cp(CO)(L)FeMe as a function of the nature of L (L = tertiary phosphine ligands).



18

1.5.1 Stereo-Electronic Effects Of Tertiary Phosphine Ligands.

Changing substituents on tertiary phosphine ligands causes changes in the

kinetics and mechanisms of reactions involving transition metal tertiary

phosphine complexes.”** These ligands are thought to involve two intimately

related components,” viz.

electronic‘ejffects, which are a measure of change due to the electronic
transmission along a chemical bond;

steric effects, - which are a measure of change due to (usually) non-bonding

forces between parts of a molecule.

Attempts to quantify these effects were first done by Tolman® by introducing the
cone angle (6, steric parameter) and x-values (electronic parameter). The

proposed electronic parameter was based on substituent contributions, y;, which

were derived from the CO stretching frequency belonging to the A; mode of the

complexes, Ni(CO),L (L = tertiary phosphine ligands).

In general, the electronic properties of phosphorus ligands are divided into o-
donor ability and n-acidity.” Tolman's x-values are thought to reflect the net
electron donor/acceptor properties of the ligands and include both o- and =-

effects.
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It has been shown™ that the oxidation potentials of a series of manganese
complexes, (MeC,H)Mn(CO),L (L = triaryl or mixed aryl/alkyl phosphine

ligands) are linearly related to the basicities (pK, values) of the ligand L. The
complexes with less basic phosphorus(Ill) ligands are more difficult to oxidise,
while those containing the highly electron rich trialkylphosphines were oxidized
at less anodic potentials. The ease of oxidation of these complexes is directly

related to the strength of the o-donor ability (x-values) of the ligands.

The electron density on the metal centre is strongly influenced by the nature of
the phosphine ligand, which in turn depends on the type of groups attached to
the phosphorus atom. Thus, strong o-donors (low x-values) will increase the
electron density whereas strong n-acids will decrease the electron density. Also,
the terminal carbonyl stretching  frequencies  of the complexes
CpFe(CO)(L)(COMe) (L = phosphorus(lIl) ligands) would be directly related to

the electron density on the metal to which the carbon monoxide is bonded.

For metal carbonyl complexes containing pure o-donors, plots of v(CO)
(cyclohexane) against the oxidation potential (MeCN, 0 °C) of these acyl
complexes showed a linear relationship™: complexes having higher CO

stretching frequencies are more difficult to oxidize. Thus, the electrochemical
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oxidation potential is a useful tool to determine the extent of electron density on

the metal. Similar observations were made for the complexes Cp'Fe(CO)(L)Me.*

Giering et al’* have attempted to quantitatively resolve the ligand effects of the

metal-PR,; bond into o- and n- components by correlating Tolman's electronic

parameters (x) of phosphorus(lll) ligands with the oxidation potentials of the

corresponding manganese complexes,” Cp'Mn(CO),L.

The pKa values of the conjugated acids of all the phosphorous bases (Table 1-1)
showed a remerkable linear correlation with the E° values of these manganese
complexes. Since the pKa value increases with decreasing basicity of the
corresponding phosphorous base, it serves as a suitable parameter for the
electron donor ability of the phosphorous ligand. These ligands were
consequently grouped as "pure o-donors". These ligands are also known to have
low m-acceptor ability”. The ease of oxidation thus reflects the o-donor strength

-only.
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Table I-1. Standard reduction potentials? for Cp'(CO)zMnL.
Substituent L E°b (V) v(CO)* (cm?)
PPh, 0.51 2068.9
P(p-MePh), 0.49 2066.7
P(p-MeOPh); - 0.478 ' 2066.1
PEtPh, 0.475 2066.7
PMePh, 0.472 2067.0
PBuPh, 0.47 -
PEt,Ph 0.444 2063.7
PMe,Ph 0.436 2065.3
PMe, 0.400 2064.1

@ Taken from reference 56. b Acetonitrile, -45°C, vs SCE, 200 mV s1.

€ Values for Ni(CO,), taken from reference 66.

The trend of potential values is in agreement with work done by Puddephatt etl
al” who established that methyl groups increase the donor ability of phosphine

ligands, compared to phenyl groups.

Other manganese complex'es studied® were found to be either more or less

difficult to oxidize than predicted by their corresponding pK  values and were
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grouped as such. The class of compounds which is more difficult to oxidise thus
contains those phosphorus ligands having an overall poorer electron donor
ability and this was suggested to be the onset of the n-acids. Thus, their o-donor
strength is diminished by back bonding into the d-orbitals of the ligand,

effectively reducing the electron density on the metal.

The class of compounds which is less difficult to oxidise (n-bases) experiences an
enhanced electron density (from o-donor and n-donor effects) on the metal
centre, thereby easing the oxidation process. The corresponding ligands were

classified as m-bases.
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1.5.2 Correlation of E° and v(CO) for CpFe(CO)L(COMe),

Cp'Fe(CO)L(COMe) and CpFeL(CO)Me.

The carbonyl stretching frequencies of the single terminal carbonyl group for the
complexes CpFe(CO)L(COMe), Cp'Fe(CO)L(COMe) and CpFeL(CO)Me were
analysedsk8 as a function of the formal reduction of these complexes. In each case,
for plots of stretching frequencieé against the formal reduction, a‘ linear
relationship was obtained and the ligands were divided into two characteristic
groups: one having a steeper slope and showing more scattering than the other.

-The model” proposed to separate the o-donor and o-donor/zn-acceptor ligands

was that for the same family of complexes, the property of formal reduction

should be linearly related to the o-donicity (o,) and =-acidity (x,) (equations I-7

and I-8) of the ligands.

Thus, for o-donor ligands,

E°=aoc, + b 17
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and for n-acceptor ligands
E°=Aoc, + Bn_ +C. I8

(a, B, etc. are constants)

Based on the above equations, plots of E° against v(CO) will show less spattering
(apart from experimental error) for complexes containing o-donor ligands than
for those containing ligands exhibiting both o- and n-effects. Experimentally
obtained results™ (Tables I-2 to I-4) were resolved using these criteria and

ligands could thus be tabulated according to their qualitatative donor abilities.



TableI-2.  Reduction potentials and v(CO) for CpFe(CO)L(COMe) :

(L = o-donor tertiary phosphines)?4.

25

Substituent L v(CO)Y E°c
(em1) (mV)
P(p-Me,NPh), 1913.2 0.189
P(i-Bu), 1914.1 0.202
PEt, | 1916.6 0.219
PBu, N 1915.1 - 0.222
PMe(i-Bu), 1916.0 0.242
PEt,Ph 1917.6 . 0.248
1917.0 0.257

PCyPh, 1
PMe,Ph 1918.7 0.274
P(p-MeOPh), 1919.0 0.276
P(p-MePh), 1920.0 0.280
PPh, 1922.0 0.322
PPh,(CH,CH,CN) 1924.0 0.347
P(p-FPh), 1924.0 0.361
P(OEt)Ph, 1926.0 0.375
P(p-CIPh), 1926.0 0.380
P(OMe)Ph, 1926.1 0.383
P(p-CF,Ph), 19294 0.439
* Taken from reference 58.

b Cyclohexane.
€us SCE, in CH3CN (0.2 M LiClOy), at O °C.



Table I-3. Reduction potentials and v(CO) for Cp’Fe(CO)L(COMe):

L = o-donor ligand®.

26

Substituent L v(CO)’ E°c

| (cm™l) (mV)
P(p-Me,NPh), 1909.0 0.159
P(i-Bu), 1910.0 - 0.174

' PEt, 1912.0 0.178
PMe(i-Bu), 1911.9 0.197
PBu, 1911.0 0.202
PEt,Ph 1913.0 0.216
PCyPh, 1911.0 0.225
PMe,Ph 1914.4 0.236
P(p-MeOPh), 1915.0 0.259
P(p-MePh), 1916.0 0.266
PPh, 1918.0 0.297
PPh,(CH,CH,CN) 1919.0 0.319
P(p-FPh), 1920.0 0.356
P(OMe)Ph, 1922.9 0.358
P(OEt)Ph, 1922.0 0.358
P(p-CIPh), 1921.0 0.366
P(p-CF,Ph), 1924.4 0.412

@ Taken from reference 58.
b Cyclohexane.
¢ws SCE, in CH3CN (0.2 M LiCIOy), at O °C.



'Table’ 1-4. Reduction potentials and v(CO) for CpFe(CO)LCOMe:

L = o-donor ligand.?

SubstituentL - v(CO) E°¢
(em'1) (mV)
P(p-Me,NPh), 1912.7 0.149
PE, 1915.0 | 0.152
PBu, 1914.0 0.156
PMe(i-Bu), 1914.1 . 0191
PEL,Ph 1915.4 0213
PMe,Ph 1916.8 0.217
P(-MeOPh), 19150 0.250
P(p-MePh), 1917.1 0.285
PPh, 19200 0.302
P(p-FPh), 19221 0338
PPh, (CH,CH,CN) 1918.6 0345
P(OMe)Ph, 19200 0352
P(OEYPh, 1919.2 0.355
P(p-CIPh), 1924.0 0.385
T Taken from reference 58,
b Cyclohexane. |

¢ vs SCE, in CH3CN (0.2 M LiClOy), at O °C.
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1.6 = Electrochemical behaviour of some cyclopentadienyl iron carbonyl

alkyl compounds.

Electrocheﬁﬁcal studies on organometallic compounds have, apart from the
synthetic applications’, drawn much interest because of the subsequent reactions
these spe‘cies undergo upon electrochemical activation. The alkyl migratory CO
insertion reaction, (equation I-9) being a key step in 'many catalytic
transformations, is among the most studied of chemical processes,”” both

chemically’*” and electrochemically.”**

=

M—C

=
.
Il
O

7'\

The oxidation of iron carbonyl alkyl compounds, which has been found to
initiate and enhance the alkyl migration process, has received much attention.”
%% These investigations were mainly done

(a)  in solvents of different donor strengths to investigate solvent dependence

‘of the mechanism;
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(b)  under varying scan rates to investigate the kinetics of the redox processes,
and also the reversibility thereof;
(c)  at sufficiently low temperatures to slow down the reaction rates to

facilitate the characterisation of reaction intermediates.

Magnuson et al’ have characterised an intermediate 17e radical cation (5,

Scheme 1-2) which was generated by one-electron chemical oxidation of

CpFe(CO),Me (4) using ceric ammonium nitrate (CAN) or anhydrous cupric

triflate (equationI-10).

CpFe(CO),CH, — [CpFe(CO),CH,]* + e ...I-10
(4) (5)
[CpFe(CO),CH,]* + MeCN — [Cp(CO)(MeCN)FeCOCH,]* -1
(5) (6)
SCHEME I-2

In acetonitrile at -20 °C the resulting deep green solution was shown to contain

the solvent incorporated cation [Cp(CO)(MeCN)Fe(COCHB)]+ (6), with a

reported half life of 22 seconds. Similar results were obtained by chemical
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oxidation of the acyl complexes Cp(CO)(L)Fe(COCH,) (L = CO, PPh,), to give

the acetyl cation, [Cp(CO)(L)Fe(COCH,)]*.

Thus, the oxidation of CpFe(CO),CH, is followed by a rapid methyl migration

(Scheme I-2, equation I-11). Cyclic voltammetric studies have shown that the
‘anodic wave of (4) is irreversible at scan rates of up to 105 mV s*. This means
“that upon scan reversal (that is after the initial anodic wave has been swept),
virtually none of the radical cation (5) is present, since virtually all has been
transformed to the acetyl cation (6) via methyl migration. The irreversibility of
the oxidation wave at such high scan rates thus gives an insight intb the
enormous rate enhancement of the alkyl migration step upon oxidation of the
iron-alkyl compound (4).

Upon further investigzition,” the oxidation of complexes of the type

Cp(CO)(L)FeCH, (7, L = PPh,, P(:-PrO), 4, L = CO) was studied in weakly

coordinating solvents such as acetone and dichloromethane at 0 °C. Under these

conditions, the cation [Cp(CO)(L)FeCH,]* (8, Scheme I-3), was observed

electrochemically.
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Fe—CH; + AN — \FC—C———CH3
/ / I
L cCo L o)
(7 (10)

/_Fg—-CH3 \/Fe----i:—CH3
| L co | L o)
8) &)
SCHEME I-3

Cyclic voltammograms of (7) showed the appearance of a cathodic wave which

is coupled to the initial oxidation wave to pfesent a quasi-reversible oxidation

process. Thus, in the absence of a strong nucleophilic solvent, the formation of

the solvent incorporated acyl cation [Cp(CO)L)(S)Fe(COCH,)]* (S = solvent), is
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excluded and the generated [Cp(CO)(L)FeCH,]* is reduced electrochemically to

again form the neutral compound, (7).

With increasing amounts of the stronger nucleophilic solvent, acetonitrile, the

reduction wave of [Cp(CO)L)FeCH,]* is steadily suppressed with the

simultaneous appearance of a new reduction wave at more negative potentials.

This new cathodic wave was attributed to the reduction of

[Cp(L)( MeCN)Fe(COCH,)]* (9), to form Cp(L)(MeCN)Fe(COCH,), (10).

What is of importance in the mechanism is that for the rate enhancement of the
alkyl migratory insertion step for the iron alkyl compound (7), one-electron
oxidation is not the only requirement. The presence of a nucleophile, in this case
the solvent acetonitrile, is needed and is suggested to be coordinated to the metal
bf the acyl cation (9). It was also found that in the cyclic voltammograms of
these iron alkyl species, the presence of cation (8) was observed in cycles with
scan rates of up to 20 V s™. The equilibrium constant for the migratory insertion
(8) == (10) is reported” to increase a trillion fold compéred to that undergone

by the neutral 18e” parent complex; (7) <= (10).

The reduction wave of [Cp(L)(MeCN)Fe(COCH,)]* (9) was found to be coupled

to a quasi-reversible anodic wave. Repeated cycles over this couple indicated
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chemical decomposition of the neutral complex, Cp(L)(MeCN)Fe(COCH,). This

is attributed to the decarbonylation step to reform the starting complex (7).

Golovin et al” investigated the electrochemical and chemical oxidation of the

complex Cp'(CO),FeMe (11), in mixtures of methanol and acetonitrile

(Scheme I-4).

Cp'(CO),FeMe = [Cp'(CO),FeMe]* + e

(11) (12)
[Cp'(CO),FeMe]* +MeOH  —  [Cp'(MeOH)(CO)Fe(COMe)]* L2
(13)

[Cp'(CO),FeMe]* + MeCN —  [Cp'(CO)(MeCN)Fe(COMe)]*

[Cp'(CO)(MeOH)Fe(COMe)]* + MeCN = [Cp'(CO)(MeCN)Fe(COMe)]+ + MeOH

...1-13
[Cp'(MeOH)Fe(COMe)]* + e = Cp'(MeOH)Fe(COMe) 114
[CP'(CO)(MeCN)Fe(COMe)]* + e« = Cp'(CO)(MeCN)Fe(COMe) ...L15

SCHEME I-4
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Cyclic voltammograms (CV’s) of Cp'(CO),FeMe at -45 °C in neat methanol

showed that it was oxidised irreversibly at 1.25 V (vs. SCE), followed by a
reversible couple at -0.03 V whjch was assigned to the redox reaction as in
Scheme I-4 (equation 1I-14).

Identical CV's were obtained for solutions that were oxidised chemically with 0.8
molar equivalents of CAN. IR spectroscopy on the fesulting solution of
[Cp'(CO)(MeOH)Fe(COMe)]* (13) showed a strong absorption band at

1605 cm-], in agreement with the similar complex, [Cp(CO)(MeCN)Fe(COMe)]*.”

The reduction of [Cp'(CO),FeMe]* (12), in methanol or ethanol could not be

observed electrochemically, even at a temperature of -34 °C and scan rate of

1V s”, due to its fast transformation to the acyl complex.

Two redox couples (0.1 V and -0.07 V) appeared in CV's of solutions at -34 °C
containing (12) in methanol to which acetonitrile was added. These coupled
waves were assigned to the redox processes of [Cp(CO)(MeOH)Fe(COMe)]*
(equation I-14) and [Cp'(CO)(MeCN)Fe(COMe)]* (equation I-15) which was

formed after the initial chemical oxidation of Cp'(CO),FeMe with CAN. It was

found that the ratio of the reduction currents (iyjocn / iMeop) reflects the relative
concentrations of the two solvents. Furthermore, the interconversion of
[Cp'(CO)(MeCN)Fe(COMe)]* and [Cp'(CO)(MeOH)Fe(COMe)]*+ (equation I-13),

was followed by reverse pulse voltammetry. This indicated second-order
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kinetics with a rate constant of k = 5'x 10-3 M1 s-1, favouring the acetonitrile
complex. The formation of both complexes was found to occur with

approximately equal rate constants. These constants have large values at

temperatures as low as -34 °C since the reduction of [Cp'(CO),FeMe]* (12) could

not be observed in mixtures of these solvents, implying a highly reactive electron

deficient species.

Trogler and Therien™ used transient electrochemical techniques in combination
with spectroscopic studies to show that the cation, [CpFe(CO)(PPh,)CH,]* (15),
resulting from the one-electron oxidation of CpFe(CO)(PPh;)CH, (14), undergoes

nucleophilic attack at the 17e” metal centre to form the 19¢’ transition state (16),

(Scheme I-5) .
CpFe(CO)(PPh)CH; = [CpFe(CO)(PPh,)CH,]* + e
(14) (15) |
[CpFe(CO)(PPh,)CH,]* + L = [CpFe(CO)(PPh,)(L)CH,]*

(16, L = pyrridine)

- [CpFe(CO)(PPh,)(L)CH,]* <= [CpFe(PPh,)(L)(COCH,)]* +.1-16

SCHEME I-5
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This hypervalent intermediate [CpFe(CO)(PPh,)(L)CH;]* (L = incoming ligand),
was found to be a direct precursor to the acyl species CpFe(PPh;)(L)(COCHj), in

- the alkyl to acyl migratory insertion reaction.

The cyclic voltammogram of (14) in CH,Cl, at 0 °C (scan rate = 200 mV s”) with

an added 200 molar excess of pyridine showed, after the initial oxidation wave,
the appearance of a new reduction wave prior to the potential required to reduce
the 19e~ cation (16). Also, under tl1e;e conditions the oxidation of the iron-alkyl
compound (14) becomes reversible.

The new cathodic peak at -290 mV (vs Ag wire pseudo-reference electrode)

could also be observed at room temperature at scan rates of between 2.5 to 15

V s’ and was attributed to the reduction of [CpFe(CO)(PPh,)(py)CH,]*:

(equation I-17)

[CpFe(CO)(PPh,)(py)CH,]* + e == CpFe(CO)(PPh,)(CH,) + py ...117

(16)

Thus, during the time-scale of the cyclic voltammogram, this reduction process
renders the 19e’ species unavailable for the methyl migration reaction (equation

I-16). At a scan rate of 15 V s' the electron transfer process involving the

reduction of [CpFe(CO)(PPh,)(py)CH,]* takes place fast enough, that is virtually
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none of it rearranges to the acyl cation and hence no cathodic wave for the

reduction of the 19e” acyl species is observed.

It was also shown™ that at a particular scan rate at 0 °C, the addition of different

amounts of nucleophiles was needed to produce equal currents for the reduction

of [CpFe(CO)(PPh,)CH,]*. The ratio of molar excess of nitrogen containing

nucleophiles with respect to the iron-alkyl compound increases with decreasing
o-basicity:
(3,4-dimethylpyridine : pyridine : 3-chloropyridine = 60 : 200 : 5000).

Hence, increasing amounts of ligands of decreasing nucleophilicity are needed

for the chemical conversion of a fixed amount of electrochemically generated

(15) to [CpFe(CO)(PPh,)(py)CH,]*. These nucleophiles thus stabilize the latter

cation (16) which serves as further proof for the existence of the proposed 19¢’
species. Cyclic voltammograms also showed, that at a constant scan rate, the CO

insertion step takes place faster for the more electron rich nucleophile.

In an attempt to understand the dynamic role of the solvent in the

transformation of [Cp(CO),FeMe]* (5), to [Cp(CO)(Sol)Fe(COMe)]*, Giering et

al” extended their investigations to the oxidation of Cp(CO),FeMe (4), at low

temperatures in acetone.
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Cp(CO),FeMe — [Cp(CO),FeMe]t + e
(4) (5)
[Cp(CO),FeMe]* + S — [Cp(CO)(S)Fe(COMe)]*
(17)

[Cp(CO),FeMe]* + ClO,~ Cp(CO)(ClO,)Fe(COMe)

4) | (18)
[Cp(CO)(S)Fe(COMe)]"‘ + e = Cp(CO)S)FeMe 118
(17)

[Cp(CO)(CIO,)Fe(COMe) + 5 — [Cp(CO)(S)Fe(COMe)]* + CIO,”

(18)
S = Acetone

SCHEME I-6

It was found that the CV for (4), in acetone (0.1 M LiClO, as supporting

electrolyte) at -41 °C showed a quasi-reversible couple at E° = -0.08 V (vs. SCE)
after the initial irreversible oxidation wave (Ep = 1.20 V). This process was
assigned to the oxidation and reduction of the acetone complex (17), Scheme I-6,

equation I-18) and compares well with E° = -0.07 V for the methanol complex

[Cp(CO)(MeOH)Fe(COMe)]*+.”
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At temperatures below -35 °C, however, the appearance of a new irreversible

wave at a more cathodic potential occurred, which was attributed to the

reduction of the perchlorate complex, Cp(CO)(ClO,)Fe(COMe) (18). The ratio of

the reduction currents for the acetone and perchlorate complexes,
iMeCN/ Eperchlorate Was found™ to be independent of the starting concentration of
the iron-alkyl compound, but increases with decreasing scan rate. Thus, the

formation of the perchlorate complex in competition with the acetone complex,

despite ClO,” being a much poorer nucleophile than acetone (which is in 100-

fold excess), indicates the high reactivity of the 17e’ species [Cp(CO),FeMe}*,

which indiscriminately reacts with available nucleophiles. Also, the electrostatic

forces play an important role in this particular system. The absence of

Cp(CO)(CIO)FeCOMe in earlier experiments,” also suggests the greater

solvating power of methanol compared to acetone.

The redox-catalysed carbonylation of Cp(CO)(L)FeMe (L = tertiary phosphine
ligands) was investigated”® under a CO atmosphere using solvents of different
nucleophilicities and mixtures thereof. These studies probed the carbonylation
mechanism of the cation [Cp(CO)(L)FeMe]*, usingvvoltammetric' techniques.

In methylene chloride,” the migratory insertion rate constants, ky,;, remained

unaffected with changes in both substrate and CO concentrations. The rate-
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defermining step is suggested to be the transformation of [Cp(CO)(L)FeMe]*
into a transient intermediate, followed by the rapid reaction with CO (Scheme I-
7).

slow '

. L~ F et
phyp” / \C o PhyP" C/ N\

H;C— \O

| @ ciy

...... Fet
PhsP / \CO

C
H:.C—™ ™\
3 \O

CICH,CI

+ CHyCh

SCHEME I-7

Although the complex [Cp(CH,CL)(L)Fe(COMe)]* was not observed,

thermodynamic data favoured its existence over the transient, unsaturated 15-
electron complex. The subsequent reaction is thus the rate determining
displacement of the solvent ligand by carbon monoxide.

In support of this, exclusive incorporation of "CO at the terminal position in

[Cp(13CO)(PPh,)Fe(COMe)]* was found.
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The rate of carbonylation of [Cp(CO)(L)FeMe]* was found to increase with

decreasing electron-donor ability of L.

In acetonitrile (1 atm CO, 0 °C), however, the rate determining step was found””
to be the reaction of CO with the solvent-coordinated acyl complex,
[Cp(MeCN)(L)Fe(COMe)]+. Linear sweep voltammograms enabled the
equilibrié of |

[Cp(MeCN)(L)FeMe]* + CO = [Cp(MeCN)(L)Fe(COMe)]*

were studied and was found to be dependent on the nature of the tertiary
phosphine ligand. The electronic profile of Keq for these equilibria showed that

- poorer electron donor ligands were associated with larger Keq-
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1.7 Kinetic studies on alkyl molybdenum carbonyl compounds of the

type CpMo(CO),R.

The kinetics of the alkyl migration reaction of alkyl molybdenum carbonyl

compounds have received some attention.”> "™

These investigations have
mainly focused on the influence tertiary phosphines have on the rate of
migration in different solvents.

l73

The mechanism first put forward by Butler et al” (Scheme I-8) was based on

kinetic measurements on the compound CpMo(CO),Me (19). They found no
appreciable change in the rates of reaction of (19) with tertiary phosphines, L, to

give the acyl complex (21), using tetrahydrofuran as solvent.

The mechanism (Scheme I-8) was found to be dependent on
(i) the interaction of the solvent

(ii) the nucleophilicity of the ligand, L.

CpMo(CO),(S)(COCH3)
(20)

+S (slbv)v/

CpMo(CO);Me | ]t + L (fast)

a9
\L (slow)

CpMo(CO)x(L)(COCH3) + S
1)

S =solvent, L = PPh3, P(H-C4H9)3, P(11-OC4H9)3, P(OC6H5)3

SCHEME I-8
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The two reaction pathways thus consist of

(a)  asolvent-assisted pathway whereby a polar solvent molecule induces the
formation of an acyl intermediate (20) and which is subéequently
displaced by a nucleophilic ligand;

(b)  adirect attack on the metal alkyl by the nucleophile.

The rates of the alkyl migration reaction only become dependent on the
concentration of L when either the nucleophilicity of L is high or the co-
ordinating ability of the solvent is low, or both. The methyl migration reaction

of (19) thus proceeds via the solvent- and/ or nucleophilic route.

Hart-Davis and Mawby™ suggested that the ground state of CpMo(CO),Me is
hardly affected by the replacement of the cyclopentadienyl by the indenyl
ligand. This observation was based on the very similar CO stretching
frequencies for corresponding complexes. They found that the complex
(C,H,)Mo(CO),Me undergoes the carbonyl insertion reaction in the presence of
tertiary phosphines via the mechanism proposed by Butler et al”’ (Scheme I-8).
However, values obtained for the rate constant, ki (equation I-19), were found to
be approximately 20 times faster than that for the corresponding

cyclopentadienyl complex.

kq
(C,H)Mo(CO),Me + S ~— (C,H,Mo(CO),(S)(COMe) 19

S =THF

This increased reactivity of the indenyl analogue was proposed to be due to the

sideways displacement (nf’»to n’slip) of the indenyl ligand (Scheme I-9) with
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respect to the coordination site which transforms the bonding to an allyl system.

~ The resulting vacant orbital is then available for the incoming nucleophile.

(The two CO groups not involved in the reaction have been omitted)

SCHEME 1-9

The triphenylphosphine-induced alkyl migration reactions (equation I-20) of a

series of benzylmolybdenum complexes have been studied extensively.” """

MeCN
CpMo(CO),Bz + PPh; — » CpMo(CO),(PPh,)COBz ..I-20
Bz =PhCH,

The variation of the rate constants for the above reaction shows” no correlation
with Tolman's™ electronic parameter v (see p. 18), and decreases with increasing
cdne angle, 6, of the phosphine (Table I-5). This is in contrast with the -
(CO),MnCH,CH, system where these constants increase with decreasing v, i.e.
with increasing electron donicity.

For several para- and meta-substituted benzyl compounds™

of the type
CpMo(CO),CH,C,H,X, the rate of the CO insertion reaction increased with
increasing electron-donating ability of the substituent, X. The most reactive

system (p-methoxy) reacted approximately five times faster than the least
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reactive (p-trifluoromethyl) complex and values obtained correlated well with

the Hammet o substituent parameters.

Table I-5. Variation of rate constants with electronic parameter, v*, for the
reactions of CpMo(CO),CH,C H, with tertiary phosphines in
‘toluene at 30 °C.¥

L | 106 k v(CO)"
(L mol-1s) ‘ (em1)
PMe,Ph 193 2065.3
'PEt, 192 2061.7
PMePh, | 9.9 2067.0
PPh, 43 2068.9
P(i-Bu), 3.4 2059.7
P(t-Bu)Ph, 1.9 2064.7

) v(CO) = electronic parameter.

Rate studies were done by Wax and Bergman’ on the carbonyl insertion reactién
of CpMo(CO),CH, in the presence of the nucleophile diphenylmethylphosphine
(equation I-2i). By using a series of a-methyl-tetrahydrofurans as solvents, they
have found that the rates of alkyl migration were drastically influenced by the

donicity of the solvent used.
CpMo(CO),CH, + PPh,Me — CpMo(PPh,Me)(CO),(COCH,) 121

Their results” (order of reactivity for k;: THF > 2-MeTHF >> 2,5-Me,THF)
suggest the direct attack of donor solvent at the metal centre as the alkyl

migration is occurring.
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1.8  Electrochemical behaviour of some diiron systems.

97,102-115

Interest in diiron cyclopentadienyl complexes of conjugated systems has

been specifically directed at the possibility of interaction between the iron
centres. Extensive molecular orbital calculations and spectroscopic studies”**"
suggest that the metals should strongly interact in the case of a delocalized

bridging ligand but should be independent in the case of a non-conjugated

system.

The extent of this interaction would thus be indicated by the difference in

reduction potentials of the two metal centres.'™ """

Cyclic voltammetry is
therefore the ideal tool to asses the extent of communication between the two metals.
Electrochemical studies of the mono- (22) and diiron (23) cyclopentadienyl

complexes of thianthrene (TH) in acetonitrile were compared by Bligh and co-

Qe

workers.'®

_1+

(22)

e

(23)

2+

CpFe'"
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The cyclic voltammetry of (22) indicates a reversible one-electron reduction in
CH,Cl, (E = -0.92 V vs NHE, v = 200 mV s”) which becomes irreversible in
acetonitrile. The EC mechanism followed in the co-ordinating solvent was also
shown to produce ferrocene, benzene and zerovalent iron.
The diiron complex (23) shows under similar conditions,.two irreversible

reductions in acetonitrile (Ep; = -0.81 V, Ep; = -1.20 V vs NHE, v = 50 mV s™)

which become reversible at a scan rate of 20 V s™.

The mechanism proposed for the heterogeneous charge transfer process is a
sfepwise reduction of the two metal centres followed by a breakdown of the

complex, as a result of solvent interaction with (24) (Scheme 1-10)
[TH(FellCp),]2+ + e« = [TH(FelCp)FellCp]*

[TH(FelCp)FellCp]* + e- == TH(FelCp),
(24)

SCHEME I-10

The comparative cyclic voltammogram studies of diiron complexes of
phenothiazine, diphenylene dioxide and 9,10-dihydroanthracene were studied
in acetonitrile (Table I-6). These complexes, which are all anthracene
derivatives, should have nearly equal iron-iron distances.

103

It has been shown ™ that the peak separation of the reductions of two completely

non-interacting metals are caused by probability factors only and would in

general have a value of Ep; - Epy = 35.6 mV. In such cases, the resulting

voltammogram would be identical to a one-electron reduction wave.
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Table I-6 Peak separations for some diiron complexes*.
Ligand AE/ mV
thianthrene 180
phenothiazine 125
diphenyl dioxide 219
9, 10-dihydroanthracene 125
*Taken from reference 103.

The diiron complexes of those ligands listed in Table I-6 have AE = 100 mV,
which implies interaction between the two Fe atoms in each case. The reduction
potential of the FelICp moiety depends on the charge of the other Fe atom. Also,
this interaction is proposed'® to occur through space or via delocalization

through the ligand.

Compounds of the type [(CpFe),(n®-cyclophane)]?+ (25) - (28) were shown' to

undergo two one-electron reductions in acetone (v = 0.20 V s”). Although the
electrochemistry of these bis(iron) complexes was not always reproducible, the
separations of the reduction peaks (Table I-7) were found to be dependent on the

solvent, the supporting electrolyte and the cyclophane.

The reduction process is represented by an EE mechanism and describes the

sequential reductions of each iron:

FellFell + e- == FellFel + e~ == FelFel
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Table I-7 Reductive properties for complexes of the type
[(CpFe)y(nb-cyclophane)]2+'

Compound Ep;/V Ep,/V AEp/mV
25 -1.18 -1.32 ' 140
26 -1.24 -1.40 160
27 -1.16 -1.37 210
28 -1.28 -1.42 140
*Taken from reference 104. .

Similar reduction processes were found'®'”® with [(CpFe),(arene)]2* complexes
P prejp(arer P

in which each CpFe fragment is bonded to a different centre of the polyaromatic
ligands. The measure of interaction between the two iron centres was related to
the peak separation between the first and second reductions: a greater

interaction will give rise to a greater potential separation.

I CpFe 12" )
CpFe

3

CpFe - FeCp

(25) (26)



50

FeCp

(27) (28)

107

The electrochemistry of some binuclear iron n-complexes (29), (30)™ and fused

109

aromatic (31)" ligands has also been reported.

FeCp

FeCp

(29)

FeCp

FeCp

31)
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Two reversible oxidation waves were observed for these compounds which
correspond to two successive one-electron oxidations. The magnitude of the

separatioh of these peaks, AE (Table I-8), provides a measure of the transmission

of charge between the ferrocene-like units.

TableI-8.  Difference in oxidation potentials’ (AE) for ferrocenyl type

compounds

Compound AE/mV Referénce
29 340 107
30 820 107
31 40 109

*Obtained in dichloromethane, scan rate = 100 mV s’

The saturated hydrocarbon-bridged diferrocenes (29), (31) were found to be
considerably poorer than the fused n-conjugated compound (30) in tlieir
effectiveness at delocalizing charge. The considerably small AE value obtained
for (31) would suggest thé total absence of conjugation between the two metal
centres. For binuclear iron(Il) compounds, a separation between the first and

second oxidation peaks of approximately 1 V manifests charge delocalization.'”
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Objectives of Research

We aim  to  investigate  the  electrochemical = behaviour  of
CpFe(CO),(CH,) Mo(CO),Cp in acetonitrile and dichloromethane solutions.
These investigations will be done using cyclic voltammetry. This will enable us
to gauge how and to what extent the two metals influence each other and hence

whether communication exists between them.

Multinuclear organometallic complexes, in general, exhibit complex
electrochemical behaviour. Thus it becomes necessary to first investigate the
electrochemical behaviour of the mononuclear alkyl complexes of molybdenum

(MpR) and that of iron (FpR).

The electrochemistry of some iron methyl complexes has been reported
extensively. It is known that the electrochemical oxidation of these complexes in
acetonitrile enhances the rate of the subsequent alkyl migration reaction by a
factor of 10°. We were interested in how the oxidation potentials of FpR are
affected by changing the length of the R-group. Moreover, whether the
electrochemical characteristics of the FpR remain intact in the heterobimetallic
complexes CpFe(CO),(CH,) Mo(CO),Cp, since this will be indicative of the

electrochemical communication between the metal centres.
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CHAPTER 2

Results and discussion

2.1  Electrochemistry of CpFe(CO),(CH,) CH,

In the present study, the electrochemical oxidation of compounds of the type

CpFe(CO),(CH,) CH, (n = 0 to 11) was studied in non- aqueous solvents. It was

found that the oxidation process occurs at onset potentials of about 0.8 V (vs.
Ag/AgCl) and higher. The oxidation process (wave I, Figure 2.1) for these
compounds was found to be irreversible at 100 mV s’ in acetonitrile solutions.
The peak potentials (Table II-1) were collected from the respective cyclic
voltammograms scanned between 0.0 V and 1.1 V, initiated at 0.2 V (zero current
potential) initiated in the positive direction.

The oxidation potentials for these complexes may serve as‘ a measure of the
relative electron density around the metal centre. Complexes having alkyl
groups with stronger o-donor capacities should enhance the electron density and
may therefore ease the oxidation process, thereby shifting the oxidation potential

to less anodic values.
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Figure 2.1  Cyclovoltammogram of 8.9 x 10" M CpFe(CO),(CH,),CH, in acetonitrile/0.1M

TBABF,, scan rate 100 mV s™. The scan was initiated in the positive direction. The

couple on the left is that of Fc/Fc’.
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Table II-1.  Oxidation potentials of CpFe(CO) (CH,) CH, in acetonitrile.

Concentration/ | Wave I
n mole I E,/V
0 9.9 x 10” 1,004
1 1.4 x 10° 0.904 |
2 1.2 x 10° 1.025
3 9.9 x 10° 0.954
4 8.7 x 10” ¢ 0.984
5 9.2 x 10 0.924
6 9.7 x 10* 0.921
7 9.6 x 10° 0.920
8 9.2 x 10* 0.921
9 1.1x10° 0.928
10 9.8 x 10 0.968
11 1.1x10° 0.918

“Versus Ag/AgCl, 0.1 M TBABE,.

No clear correlation was found between the oxidation potential and the length of
alkyl group (n-value). In addition, °C NMR data™ for the series of iron alkyl
compounds with R = n-CH,, to n-C H,, showed no appreciable variation in the
chemical shift of the resonances for the a-carbon of the alkyl ligand.

Table II-2 lists the Tolman's - values® (see p. 18), which is a quantification of o-
donor capacities, for a few R-groups. These values predict the iron methyl

compound to have a slightly higher anodic potential and that, that of the ethyl

and butyl analogues not to differ much.
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Table II-2 Tolman’s X, -values for some substituents.”

R-group X;
CH, 2.6
CH,CH, 1.8
CH, CH, CH, CH, 1.4
CF, 19.6

* Taken from reference 66.

These values (Table II-2) show that the increasing chain length should not cause
a remarkable increase in the electron density on the metal in our complexes.
One would therefore also expect x, values not to increase as a function of the
increase in chain length, but in fact to hardly differ from the above values. Our
experimentally obtained E, - values (Table II-1) appear to indicate this.

59-61,90-95

Electrochemical studies that have been carried out on similar systems

(including CpFe(CO),Me) have shown that the mechanism followed after

electrochemical oxidation in acetonitrile is that as outlined in Scheme 2-1.

We have run several cyclic voltammograms on our CpFe(CO),R complexes
which could all be interprefed by Scheme 2-1.

Electrolysis at potentials slightly more anodic than the corresponding oxidation
potential gives, on the back scan, a growth in height of wave II (Figure 2.2(b)).
Also, scanning from zero current pétential in the positive direction with Ep
smaller than the onset potential of wave I, leads to, upon scan reversal, the

disappearance of wave IL
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CPFe(CO)R ———»  [CpFe(CORR]* MMy [cpFe(cO)R]*
MeCN
(32) 33) (34)
i 1+
0 0
| I _€ l
CpFe— C—R == CpFe— C—R
/ + € /
MeCN GO _ MeCN  CO
(36) (35)
SCHEME 2-1

- These observations thus clearly demonstrate the dependence of wave II on the

oxidised species. The cation (33), is known™™

to undergo alkyl migration at a
very fast rate, and the reduction thereof was unobservable at scan rates up to 10°
mV s”'. Hence, the reduction that is observed (wave II) is that of (35) — (36).

The oxidation process of these iron alkyl compounds could therefore be

described as following an ECE mechanism.
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Figure 2.2 (a) Cyclic voltammogram of 1.4 x 10° M CpFe(CO),(CH,),CH, in acetonitrile /0.1 M

TBABF,. (b) Growth in peak II is observed after electrolysis at slightly more anodic
potentials than E,. :
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Completing the cycle, and scanning beyond the starting potential produces an

oxidation wave III which was absent during the first scan (Figure 2.3).

Furthermore, wave III was found to be coupled to wave II and represents the

redox reaction (35) == (36) in Scheme 1. Table II-3 lists the electrochemical

data pertaining to waves II and III for CpFe(CO),(CH,) CH,. These data were

collected from the respective cyclic voltammograms scanned between 0.0 V and

1.1V, initiated at 0.2 V (zero current potential) in the positive direction.

Table II-3. Cyclic voltammetry data for waves II and III of

CpFe(CO),(CH,) CH,.
Wave II Wave III
n E. /V E,/V AE /mV® iJi,
0 0.241 0.272 31 0.164
1 0.211 0.257 46 0.154
2 0.197 0.238 41 0.186
3 0.199 0.250 51 0.201
4 0.200 0.245 45 0.393
5 0.219 0.264 45 0.340
6 0.203 0.250 47 0.505
7 0.201 0.257 56 0.637
8 0.189 0.238 49 0.496
9 0.207 0.241 33 0.335
10 0.210 0.263 53 0.450
11 0.207 0.248 42 0.170

*Versus Ag/AgCl, 0.1 M TBATBF, , scan rate 100 mV s”. *AE = E, - E,. Concentrations are the same as

in Table 11-1.
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Figure 2.3 Cyclic voltammogram of 5.1 x 104 M CpFe(CO)CH:CHs in acetonitrile/0.1M

TBABF,.

Anodic wave III appears only after wave Il had been scanned.
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It has been proposed™ that the acyl species (36) can revert back to the starting
complex (1) via decarbonylation. If this so, then not all of (36), thaf is produced
during wave II, is available (and thus electroactive) for oxidation during wave
111 Tﬁe ratio of the peak currents i /i (Table II-3) was found to be less than
unity for all the iron alkyllcompounds, indicating a quasi-reversible couple.
Thus, an.ECE mechanism is followed during this redox couple and this is
reflected in the quasi-reversibility. Voltammograms for CpFe(CO),R (Figures 2.4
to 2.8) obtained in dichloromethane and/or acetonitrile support the mechanism
as outlined in Scheme 2-1:
(i) Changing the solvent from CH,CN to the non-coordinating solvent
dichloromethane would prohibit the formation of the solvated 19¢’ cation.
The resulting CV should thus show the absence of the waves II and III, as
was observed, see Figure 2.4. The anodic peak potentials for the iron alkyl
compounds are listed in Table II-4. These values were collected from the
respective CV’s scanned between 0.0 V and 1.2 V, initiated at 0.2 V (zero
current potential) in the positive direction.
(i) The addition of small amounts of acetonitrile to the above solution should
make the formation of (35) possible and lead to the growth in the cathodic

peak for the reduction of (35) (Figure 2.5).
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Table II-4.  Oxidation potentials of CpFe(CO),(CH ) CH, in dichloromethane.

Wave I
n M/mole I" E,/V
0 1.7 x 10° 1.184
i 1.2 x 10° 1.181
2 5.5 x 10 1.175
3 9.1 x 10* 1.129
4 8.1x10* | 1.073
5 9.7 x 10° 1.159
6 8.7 x 10? 1.111
7 1.4 x 10° 1.148
8 9.6 x 10 1.190
9 1.5 x 10° 1.194
10 9.1 x 10* 1.192
11 1.0 x 10° 1.162

* Peak values, vs. Ag/AgCl

(iif) Cycling the voltammograms over the quasi-reversible couple after the
initial oxidation wave (Epa) had been scanned, shows a remarkable drop in
current of the waves of this couple with time (Figure 2.6). This scan format
essentially prevents the further production of (33) (and therefore also (35)),

after wave [ had been scanned. The resulting voltammograms are

interpreted as follows:



(a)

(b)
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Depending on the scan direction over the couple, the working
electrode is at any stage surrounded by (35) and/or (36). Since this
couple was found to be quasi-reversible, the concentration of the
electroactive species will steadily diminish around the working

electrode with time.

It has been suggested™ ™ that (36) reverts to (32) via
decarbonylation. The drop in current during each successive scan
over waves Il and Il would indeed give us some insight into the
relative reaction rate of this process, sincé it would be directly
related to the amount of the iron acyl compound (36) that is

converted to the parent molecule (32).
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Figure 24  Cyclic voltammogram of 1.2 x 10 M CpFe(CO),CH,CH, in dichloromethane/0.1M

TBAFB, versus Ag/AgCL. Note the absence of the couple. The small peaks at
ca. 0.5 V is due to impurities in the solvent. :



+50.00

65

0.000

—-300.0+

~350.0+

----- 400.0-

—450.0-
0.00

i

1
+0.20

i 1
+0.60 +0.80 +1.00

Potential vs. Ag/AgCl

e 2.5  Cyclic voltammogram of 1.1 x 10° M CpFe(CO), (CH,),CH, in 30% acetonitrile in
dichloromethane /0.1M TBABF,, versus Ag/ AgCl, scan rate = 100 mV s™.
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The ratio of currents of waves II and III was determined for a few iron alkyl
compounds (Table II-3). The values of fhe peak currents were taken from
voltammograms scanned between 1.1 V and 0.0 V, initiated at 0.2 V (zero current
potential) in the positive direction. The magnitudes of the currents of these
waves are directly proportional to the concentration of the corresponding
electroactive species, according to the Randles-Sevcik equation. It should be
pointed out however, that although the time elapsed from the moment the peak
potential of wave Il had been scanned to that of wave III is not the same for these
compounds, the calculated ratios should be considered as being an
approximation to the relative rates of decarbonylatioﬁ.

The data (Table II-3) essentially suggest a faster rates of decarbonylation for the
short chain alkyl complexes than for the longer chain iron alkyls. These results
are in contrast with that found by Moss and Andersen™ for the thermal
decarbonylation of acylmanganese pentacarbonyl compounds [Mn(COR)(CO).]

(R=CH, to n-C_H,)).

() The amount of (32) which is oxidised during wave I is not reproduced at
the end of any scan, but is in fact converted to (35) and (36). If a second
cycle is scanned immediately after the first, a decrease in current for wave I

should then be observed (Figure 2.7).
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Figure 2.6 Cyclic voltammogram of 1 X 103 M CpFe(CO)(CH2)«CHs in acetonitrile/0.1M
TBABF,, versus Ag/ AgCl, scan rate = 100 mV s. The scan was initiated at 0.2 V
and allowed to cycle over the quasi-reversible couple, waves I and 1L
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. Figure 2.7 Cyclic voltammogram of CpFe(CO),(CH,),,CH, in acetonitrile/0.1M TBABE,,
' versus Ag/AgCl, scan rate = 600 mV s". The scan was initiated at 0.0 V and
allowed to cycle over waves I to IIL
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The addition of triphenylphosphine to a dichloromethane solution of the iron
alkyl compound, CpFe(CO)(CH,),CH, shows the appearance of a new oxidation
wave at a more positive potential than the corresponding wave I (Figure 2.7).
This is most probably due to the oxidation of the acyl complex formed by the
coordination of PPh, to the metal before initial oxidation of CpFe(CO)(CH,),CH,

(equation 1):

CpFe(CO)(CH,),CH, + PPh, — CpFe(CO)(PPh,)C(O)CH,),CH, ...(1)
The infrared spectrum of the sample above shows the presence of both the acyl
function at v(CO) = 1609 cm™ of CpFe(CO)(PPh,)C(O)(CH,),CH, and the terminal
carbonyl stretching frequencies of CpFe(CO)(CH,),CH..

The consistent appearance of a reduction peak (wave IV) at about -0.30 V (versus
Ag/ AgCl) was observed, after the initial oxidation peak was scanned, for all of

the iron-alkyl compounds (Table II-5). Bullock et al” reported a similar

reduction wave for the subsequent behaviour of the dimer [CpFe(CO),],, upon
electrochemical oxidation (Scheme 2-2). In dichloromethane the 16e- cation
[CpFe(CO),]*, showed two reduction waves with increasing amounts of

acetonitrile, which was attributed to the reduction of the acetonitrile and aqua

complexes.
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Cyclic voltammogram of 9.1 x 10* M CpFe(C0),(CH,),CH, in

dichloromethane /0.1M TBAFB, , versus Ag/AgCl. Addition of PPh, results in the
appearance of a new anodic wave.
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Fe

cCoO CO wio

= OH
co CO- 2

L e

SCHEME 2-2 Mehanism for the formation of CpFe(CO)(OH,)

We have found a growth in the reduction wave when small amounts of water

were added to the solution, which supports the formation of

[CpFe(CO)(OH,)(COR)]*, most probably due to the presence of adventitious
p p y p

water in our solvent. This wave would thus represent the reduction of this

complex:

[CpFe(CO)(OH,)(COR)]* + e~ — [CpFe(CO)(OH,)(COR)]
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Table II-5. Peak potentials of waves IV of CpFe(CO)ZLCH:)CH:.

Wave IV

E, /V"
-0.284
-0.361
-0.289
-0.303
-0.318
-0.316
-0.297
-0.352
-0.300
-0.282
-0.291
11 -0.282

* Versus Ag/AgCl, 0.1 TBABF,. Concentrations are similar to that of Table II-1.

O 00 NI N W b W N = OB

oy
o

In summary, the iron alkyl compounds exhibit different electrochemical
behaviour in the two solvents, acetonitrile and dichloromethane. After the initial
electrochemical oxidation of FpR in acetonitrile, the solvent coordinates to the
metal followed by the alkyl migration reaction. This was not observed when
dichloromethane was used as the solvent. In order to get an insight as to how .
the electrochemical mechanism (especially in acetonitrile) will be affected
around the Fe centre in the heterobimetallic complexes Fp(CH,) Mp, it becomes

inevitable to study the electrochemistry of a few molybdenum alkyl compounds.
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22 The electrochemistry of CpMo(CO),(CH,) CH, (n=3,4,17)

The oxidation of Mp-R (Mp = CpMo(CO),; R = n-butyl, n-pentyl, n-octadecyl) in
acetonitrile is observed as an irreversible anodic wave. Cyclic voltammograms
of these compounds produce ill-defined reduction peaks upon scan reversal
(Figure 2:8), which grow when electrolysing the solutions at potentials slightly |
more positive than that of the corresponding oxidation peaks (Table II-4). We

have not been able to interpret these reduction peaks.

TableII-6  Oxidation gotenﬁals of some molybdenum-alkyl compounds.

n in CpMo(CO),(CH,) CH, E_ (V)
3 1.154
4 1.174
17 1.195

®Peak values, versus AglAgCl.

It has been shown™ that (19) exists as the acylated species in coordinating
solvents. Infrared spectra of our molybdenum alkyl compounds run in
acetonitrile however, have shown no absorbance in the acyl stretching frequency
region. Thus, the anodic potentials (Table II-6) are associated with the oxidation
process of the corresponding molybdenum alkyl compound, and not its acyl

analogue.
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CpMo(CO);R S,  CpMo(CO),(COR)
MeCN
19)

S = methyl-substituted terahydrofurans
The peak wvalues obtained confirm that the oxidation potentials for
CpMo(CO),(CH,) CH, are slightly higher than those for the corresponding
iron-alkyl compounds. This information proved to be vital for the interpretation
of the elctrochemical behaviour of the hetero-bimetallic compounds of the type
Cp(CO),Fe(CH,) Mo(CO),Cp (n = 3 to 6) (Section 2.3) which contain both

molybdenum and iron.
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- 2.3 The electrochemistry of CpFe(CO),(CH,) Mo(CO),Cp (n = 3 to 6)

Fe —CO0

@ /(CHZ)H\(QM ODO
The anodic oxidation of Cp(CO),Fe(CH,) Mo(CO),Cp was investigated in
dichloromethane and acetonitrile solutions, at room temperature. Cyclic
voltammograms of Fp(CH,) Mp (Fp» = CpFe(CO),; Mp = CpMo(CO),) suggest
different electrochemical behaviour in these solvents.

In tile coordinating solvent MeCN, the oxidation of Fp(CH,) Mp appears to occur
as a two-step process (Figure 2.9). When scanning from the rest potential to
more positive potentials at 100 mV s”, two consecutive, irreversible anodic
waves (Table II-7) are encountered. These waves are very closely spaced, the

first of which is just resolved.

Table II-7 Oxidation peaks for Cp(CO),Fe(CH,) Mo(CO),Cp in acetonitrile.

n 1st oxidation (V)* 2nd oxidation (V)" AE(V)®
3 1.320 1.535 0.215
4 1.322 - 1.162 0.160
5 1.360 1.585 0.225
6 1.319 1.564 0.245

* Peak values, vs Ag/AgCl; scan speed, v = 100 mV s™; * AE = 2nd - Ist oxidation potential
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Figure 2.10 Cyclic voltammogram of 8.9 x 10* M Fp(CH,),Mp in acetonitrile/0.1M TBABF,,
versus Ag/AgCl.
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On the reverse scan, a quasi-reversible couple is observed. Scans to establish the
interdependence of this couple on the oxidation waves were run as follows:
Cyclic voltammograms were initiated from the rest potential up to increasing
switching potentials, up to slightly less cathodic than tlﬂat of the first oxidation
peak. (This method of investigation was préferred over electrolysis because we
wanted to exclude the second anodic wave in the scans; electrolysis at more
positive potentials thén that of the first peak value could produce products
which are oxidisable at the second peak as a result of the closeness of these two
peaks.)

A remarkable increase of the quasi-reversible couple was found with increasing
switching potentials (Figures 2.11a - d). This observation clearly indicates the
dependence of the couple on the first oxidation wave. Cycling the voltammogram
over the potential range (including only the cduiale), show a sharp decrease in
current with time (Figure 2.12). Thus, Figures 2.11 and 2.12 show a striking
similarity with cyclic voltammograms obtained from the iron alkyl compounds,

CpFe(CO),R in acetonitrile.

In CH,Cl,, however, the oxidation of Fp(CH,)Mp (Table II-8) is represented by
one ill defined irreversible wave at Ep = 1,201 V at a scan rate of 100 mV s

(Figure 2.13). On the return scan no significant reduction peaks were observed

up to -1,00V.
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Table II-8 Oxidation peaks for Cp{(CO). Fe(CH ) Mo(CO).Cp in dichloromethane.

n

1st oxidation (V)

4
5
6

1.120
1.498
1.524

*Peak potenti;zls,versus AglAgCL

The addition of MeCN (25% by volume) to solutions of Fp(CH,);Mp in CH,CI,

results in the sudden appearance of a quasi-reversible couple. This couple was

previously found by us in neat acetonitrile solutions (Figure 2.14).
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These results firstly indicate the important role the solvént has to play in the

mechanism following electrochemical activation of Mp(CH,) Fp. A strongly

coordinating solvent such as acetonitrile may coordinate to the metal centre,

should a vacant site become available. As a result, one may anticipate a

chemical reaction to follow the oxidative electrode reaction of Mp(CH,) Fp in the

presence ‘of acetonitrile.

Secondly, a comparison of the CV’s of Fp-R and those obtained for Fp(CH,) Mp

(see Figures 2.10 to 2.13) suggest to us that:

(i) the electrochemical oxidation of Mp(CH,) Fp in MeCN takes place as the
successive oxidation of the two metal centres;

(il)  the first anodic wave represents the oxidation of the Fe side of the
molecule and the second represents the oxidation of the Mo side. Thus
both metals appear to behave independently of each other in these
systems.

Earlier work by others™” have shown that the electrochemical activity of Fp-R in

MeCN shows an ECE mechanism whereas in CH,Cl, an EC mechanism is

followed. Carbonyl inseftion and solvent incorporation take place in Fp-CH,

systems after the initial irreversible one-electron oxidation. This 19¢” complex™ is

reduced on the reverse scan to render the neutral species as in Scheme 2-1.
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In the oxidation of Fp(CH,) Mp, we view the successive abstraction of charge as
being from either one or both metal centres in succession. Ceftainly an
interesting feature of the irreversible anodic wave of these compounds (in
acetonitrile) is the splitting thereof into two successive waves. If these two
waves represent the abstraction of charge from the metal centres, then these
éentres should have different electron der;sities.
The oxidative properties of a few binuclear iron complexes (Table II-9) in
dichloromethane were also investigated. Data were obtained from cyclic
voltammograms in which scans were initiated from zero currént potential in the
positive direction up to 1.5 V (vs Ag/AgCl). These compounds were chosen
since they contain metal centres of different electron environments due to the

different ligands attached to them.

TableII-9  Oxidative properties of some homobinuclear iron compounds.

Compound E, /V)y
Fp(CH,),Fp 1.251
Fp*(CH,),Fp 1.005 and 1.196

*Peak values, versus Ag/AgCl, v =100 mVs'

The choice of dichloromethane as the solvent precludes the possibility of solvent

participation in the mechanism that follows oxidation.
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The absence of a delocalized n-system between the metal centres in these

107-109

molecules impedes electronic interaction. The difference in the potentials for

the successive oxidations of the centres depends on the extent of the interaction

between the sites.'”'®'™

In the complexes under study, one would expect the
interaction to be minimal. In fact, the shape of the anodic wave for these
complexes resembles that of a molecule containing a single electroactive centre.
Hence it can be classified'™ as a species with non-interacting redox sites.
Replacement of the one  cyclopentadienyl ligand with a
pentamethylcyclopentadienyl ligand results in a more electron-rich metal centre.
Thus, the compound Fp*(CH,),Fp contains two of the same metals but in

different ligand environments. This difference is displayed in the two

consecutive anodic waves found for this compound.

Cyclic voltammogram of Fp(CH,) Mp in MeCN including only the first oxidation
wave thus resembles that of Fp-R (Figure 2.2). It is reasonable to suggest that the
first anodic wave represents the oxidation at the Fe centre. The carbonyl
insertion process can then occur at the Fe side of the molecule (Scheme 2-3). In

118

contrast, it was found = that the chemical reaction of Fp(CH,)Mp



87

+

CpFell(COY,(CHy)Mo(CORCp  —S [ CpFeHI(CO)z(CHz)nMO(C0)3Cp']

/VIeCN

[ Cp(COYFellIC(O)(CHy)Mo(CONCp ]

MeCN

+ €

Cp(CO)F\eHC(O)(CHZ)nMo(C.O)3Cp

MeCN

Scheme 2-3

(n = 3-6) with PPh, at room temperature (equation 2) was metalloselective with

PPh, attack occurring at the Mo side of the molecule.

PPhs
CPFe(COR(CH2)Mo(CORCp — > CpFe(CO),(CH,)nC(0)Mo(PPhs)(CO),Cp ..(2)
. 3 :

Thus, the carbonyl insertion reaction takes place only at the Mo side in the

presence of a strong nucleophile, and leaves the Fe side of the molecule intact.
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Furthermore, the rates- of CO insertion for the homodinuclear alkanediyl
complexes of Mo were found to be greater than for the Fe analogues.
The infrared spectra of our heterobimetallic.complexes in acetonitrile however,

991,92

showed no presence of the acyl function. It is also known™ ™ that the rate of
carbonyl insertion of Fp-R systems is enhanced by a factor of 10° upon one

electron oxidation. This should be the overriding factor in support of our

proposed mechanism.

Our results also imply that one can oxidize the Fe centre without oxidizing the
Mo centre, and itl requires less energy foi' the Fe centre to be activated
electrochemically. The greatest AE value of 0.245 V was found for the complex
Cp(CO),Fe(CH,)Mo(CO),Cp. This small separation between the two éuccessive
anodic waves signifies a lack of a significant electronic interaction between the
metal centres. This could be attributed to the absence of charge delocalization
between the metalls, the presence of which results in a separation of

approximately 1V between successive anodic waves.'” -
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2.4 Conclusions

The electrochemical behaviour of the transitional metal alkyl complexes of the
types Cp(CO)zFe(CHz)nCI-g (n = 0 to 11), Cp(CO),Mo(CH,),CH, (n = 2,3 and 16)
and Cp(CO),Fe(CH)Mo(CO)Cp (n = 3 to 6) in acetonitrile and/or
dichloromethane has been investigated. The behaviour of the iron alkyl
compounds upon electrochemical oxidation was found to be solvent dependent.
The oxidation potentials for the iron alkyl compounds as a function of the
number of carbon atoms in the alkyl chain do not show any clear observable
trends. The potentials can be correlated with the available Tolman’s electronic
parameters for the alkyl groups. The iron alkyl compounds yield, after initial
electrochemical oxidation in acetoﬁitrile, the corresponding acyl derivatives.
The relative rates of decarbonylation for these acyl compounds was assessed
using cyclic voltammetry, and the results agree satisfactorily with thbse obtained
| for other related systems. The oxidation potentials for the molybdenum alkyl
complexes were found to be higher than for their corresponding iron alkyl
analogues in acetonitrile. The reduction scans (obtained after the initial
oxidation wave) for the molybdenum compounds show a number of small
cathodic waves which we were unable to identify. The electrocheniiéal

behaviour of Cp(CO),Fe(CH,) CH, and Cp(CO),Mo(CH,),CH, proved to be very °*
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useful in the interpretation of electrochemical data obtained for

Cp(CO),Fe(CH,) Mo(CO),Cp.

The results for the oxidation of Cp(CO),Fe(CH,) Mo(CO),Cp support the
suggestion that the Fe centre of the molecule is oxidised first, followed by the
oxidation of the Mo centre. Unambiguous assignment of the two successive
anodic waves to the two metals, however might be achieved through the
identification of the acyl species resulting from the CO insertion process
occurring at the first anodic wave.  This might be obtained using
spectroelectrochemistry and investigating the infrared spectra in the v(CO)
region resulting from electrolysis at a slightly more anodic potential than the
first oxidation peak. Other possible future work on the present systems could
include cyclic voltammetric investigations at low temperature at which the alkyl
migration reaction is slowed down. Kinetic measurements could be made by
varying the scan rates. It would also be interesting to study the electrochemical
behaviour (especially for the iron alkyl complexes) in more coordinating
solvents e.g. dimethyl formamide or dimethyl sulphoxide. A strongly
coordinating solvent molecule L, would act as a poor leaving group in the

reaction
Cp(CO)FeC(O)(L)R) === CpFe(CO),R + L,

greatly influencing the decarbonylation step. These conditions could also then

be applied to the heterobimetallic systems.
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Cyclic voltammetry has been shown to be a valuable tool for investigating the
electrochemical b.ehaviour of the complexes studied. This technique seems to
offer much promise for significant and fascinating results of key importance in
the field of mechanistic organometallic chemistry and should prove to be aﬁ area

of vigorous future research endeavours.
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CHAPTER 3

31 Experimental

Materials and synthesis of the complexés»

The complexes [CpFe(CO)z(CHz)nMo(CO)3Cp], n = 3 to 6
[CpFe(CO)z(CHz)sFé(CO)sz*]113, [CpFe(CO),(CH,)sFe(CO).Cp]'® - were
synthesised according to literature procedures. All the iron alkyl complexes, |
CpFe(CO)2(CH2)nCHs, n = 0 to 11 were synthesised as previously described.
The molybdenum alkyi complexes CpMd(CO)3(CHz),,CPI3, n = 2 and 16 were
prepared according to the method described.!®

Tetrahydrofuran (THF) was distilled over sodium before use. Acetonitrile and
dichloromethane were distilled over P;Os prior to use. Alumina (BDH, active
neutral, Brockman grade 1) was  deactivated before use.
' Tetrabutylammoniumtetraﬂuorobqrate‘ (TBABF,) and ferrocene (both obtained
from Sigma)were used as received and kept under vacuum.

Microanalyses were performed by the University of Cape Town Microanalytical
Laboratory. Infrared spectra were recorded on a Perkin-Elmer 983 spectrometer.
1H and 13C NMR spectra were recorded on a Varian XR 200-MHz spectrometer.
Tetramethylsilane (TMS) was used as an internal reference standard.

All organometallic complexes were judged pure from their infrared and 'H

NMR data prior to subjected to electrochemical measurements.

Synthesis and c_haracterisdtion of CpMo(CO)3(CH2)sCH3
The dimer [CpMo(CO);}. (2.00g, 4.18 mmole) in THF (25 ml) was stirred over

sodium amalgam (0.51g Na in 5 ml Hg) under N: for 1.5 hours at room
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temperature. The resulting solution of Na[CpMo(CO)s] was transferred
dropwise to a Schlenk tube containing n-butyl iodide (1.52g, 8.41 mmole) over 20
minutes. The reaction mixtqre was stirred for 15 hours at room temperature.
After the solvent was removed the crude product was extracted witl; hexane (é) X
20 ml) and filtered. The filtrate was taken to dryness leaving a dark brown
residue. This was transferred to an alumina column made up in hexane. Upon
elution with hexane a yellow band was collected, concentrated and cooled to -78~
°C. The product separated from this solution as yellow crystals. The mother
liquor was syringed off and‘ the product dried under reduced pressure. Yield:.
1.50g (62%) | |
IR v(CO) (hexane): 2018 cm- (vs) 1934 cm (s). *H NMR (CDCls) & 0.92 (t, 3H,
CHs), 1.35 (m, 2H, Mo-CH), 1.59 (m, 4H CH:CH>CHs) 3C NMR (T MS): 5 92.69
Cp), 38.77 (MoCHy), 28.39 (), 13.67 (G), 237 (Cy)

Micro-analysis: Calculated for Ci2Hi1sOsMo: C, 47.70; H, 4.68. Found: C, 47.26;

- H,4.59

Electrochemical measurements

All electrochemical data were collected with the BAS CV 50W voltammograph
connected to a printer. The three electrode cell used for cyclic voltammetry
consisted out of a bright platinum disc (1.4 mm diameter) as the working
electrode and a. platinum wire electrode as the auxiliary electrode. A silver-
silver chloride reference electrode was employed, separated from the sample

compartment via a Luggin capillary, which was positioned as close as possible
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| (4 ﬁm) to the working' electrode. No iR compensavtion was used. Potentials
were referenced relative to the ferrocenium/ fénocene (Fc*/Fc) couple?, This
was done by adding ferrocene to the sample solution after each experiment. The
Fc*/Fc couple was measured‘ as 0.56 V vs. Ag/AgCl in CHsCN aﬁd 0.46 V bs.
Ag/AgCl in CH:Cl,, both solvents containing 0.1 M TBABF; as electrolyte. A
scan rate of 100 mV s was used unless otherwise stated. Potentials recorded
were alwayé reproducible to within 10 mV.
Solutions for cyclic voli_:ammetry containing the organometallié,complex had
concentrations within the range of 0.2 x 103 Mto 1.5 x 10'5 M. ‘These solutions
were pui'ged with N2 for 10 minutes pﬁor to the experiment and kept under a N2
blanket. After each scan both the working and auxiliary electrodes were
repeatedly rinsed with distilled water and acetone and air dried. All |

éxperiments were performed at room temperature.
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