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Abstract

New ferrocene-containing f3-diketones of the form FcCOCH,CO(CH,),OH (Fc = ferrocenyl) where n
= 3 [pK,' =5.97], 4 [pK,' = 8.01] and 5 [pK,' = 10.44] were prepared by the Claisen condensation of
acetyl ferrocene and the appropriate cyclic ester under the influence of lithium diisopropylamide. The
rate of conversion of FcCOCH,CO(CH,)sOH from the enol to the keto form and vice versa was
studied and the Kkinetic parameters determined.  All B-diketones were also reacted with

[Rh,(COD),Cl,] to yield the [Rh(B-diketonato)(COD)] complexes

[Rh(FcCOCHCO(CH,),OH)(COD)] where n = 3, 4 and 5.
The group electronegativity of the alcohol side chains was determined by the linear relationship
between the methyl or ethyl ester (RCOOMe or RCOOEt) infrared carbonyl stretching frequencies

and the group electronegativities of known R groups, R = CF,, CCl,, CH,, C;H, and Fc.

A cyclic voltammetry study of the free B-diketones showed chemical and quasi-electrochemically
reversible behaviour for the iron core in the free B-diketones with side-chain lengths of 3, 4 and 5
carbons with E* = 197 mV, 174 mV and 151 mV respectively. Electrochemical and chemical
reversibility were observed for the ferrocene moiety during the study of the [Rh(p-diketonato)(COD)]
complexes. It was found that the rhodium centre of the rhodium complexes exhibited two
coordination numbers. A 4-coordinate rhodium redox centre was observed with ip/iz, >1 and AE <
100 mV. Electrochemical evidence of a 5-coordinate rhodium centre by virtue of interaction between
the OH-endgroups of the side-chain of the f-diketonato ligand and the rhodium centre, was observed.

Substitution of the B-diketonato ligand from the [Rh(B-diketonato)(COD)] complexes with 1,10-
phenanthroline in methanol was also studied and the kinetic parameters determined. Large negative
activation entropy values were obtained; these suggested an associative substitution mechanism. All

substitution reactions had observable mechanistic solvent pathway contributions.

Keywords: metallocenes, p-diketones, rhodium, isomerization Kkinetics, cyclic voltammetry,

substitution kinetics



Opsomming

Deur middel van Claisen-kondensasie van asetielferroseen met die ooreenstemmende sikliese esters
onder die invioed van litiumdiisopropielamied, is nuwe ferroseen-bevattende p-diketone,
FCcCOCH,CO(CH,),OH (Fc=ferroseniel) waar n = 3 [pK,' = 5.97], 4 [pK, = 8.01] en 5 [pK, = 10.44],
gesintetiseer. Die reaksie tempo van omskakeling vanaf die enol vorm na die keto toestand en ook
omgekeerd is betudeer vir FcCOCH,CO(CH,)sOH met behulp van 'H KMR spektroskopie.
Kinetiese parameters is dus bereken. Die rhodium komplekse, [Rh(FCCOCHCO(CH,),OH)(COD)]

waar n = 3, 4 en 5, is berei deur die ooreenstemmende B-diketoon met [Rh,(COD),Cl,] te reageer.

Die skynbare groep elektronegatiwiteite van die alkohol sy-kettings is bepaal vanaf die lineére
verband tussen die metiel of etiel esters (RCOOMe of RCOOEt) se infrarooi
karbonielstrekkingsfrekwensies en die groep elektronegatiwiteit van bekende R groepe, R = CF,,
CCl,, CH,, CiH, en Fc.

Die sikliese voltammetries bepaalde formele reduksiepotensiale, E”, vir die ferrosenielgroep van die
B-diketone met sy-ketting lengtes van 3, 4 en 5 koolstowwe is gevind as E” = 197 mV, 174 mV en
151 mV onderskeidelik. Chemiese en quasi-elektrochemiese omkeerbaarheid is bevind. Tydens die
elektrochemiese studie van die [Rh(B-diketonato)(COD)] komplekse, is chemiese en elektrochemiese
omkeerbaarheid vir die ferroseniel groep opgemerk. Dit is gevind dat die rhodium kern in die
rhodium komplekse twee verskillende kodrdinasie getalle openbaar: ‘n 4-gekooérdineerde rhodium
redoks paar is waargeneem met i,o/i. >1 en AE < 100 mV, en as gevolg van interaksie tussen die OH
terminale groep en die rhodium kern, is ‘n 5-gekodrdineerde rhodium redoks paar ook waargeneem.
Substitusiekinetika van die bidentate p-diketone in die [Rh(B-diketonato)(COD)] komplekse met
behulp van 1,10-fenantrolien is spektrofotometries (UV/vis) ondersoek.  Relatiewe groot
aktiveringsentropie dui op ‘n assoiatiewe meganisme. Alle substitusie reaksies het ‘n beduidende

oplosmiddelroete komponent in die meganisme getoon.
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1 Introduction and aims to this study

1.1 Introduction

In this project, alcohol-functionalized ferrocene-containing B-diketones and their complexes
with rhodium(l) were studied.

Since the first characterization of ferrocene in 1952, it has become a well-known and widely
used organometallic compound.® Ferrocene and the derivatives thereof have many uses such
as catalysts, anticancer drugs® and as fuel additives.*

B-diketones with a ferrocenyl moiety have been well studied and were found to have a wide
range of uses ranging from biomedical applications to being used as ligands in metal
complexes for catalysis.®> B-diketones easily coordinate as ligands to metal centres and these
complexes have potential for various uses. One such metal is rhodium.

Rhodium compounds are widely used as catalysts® and for biomedical purposes.” In the
Monsanto process methanol is converted to acetic acid with the aid of a rhodium catalyst.?
Rhodium(l) complexes are used in the hydrogenation of alkenes® and rhodium(l) complexes
of ferrocene containing B-diketonates have been extensively studied for use as anticancer
drugs.*®

Most neutral organometallic compounds are poorly soluble in aqueous medium,** and
therefore a need arose to synthesize better soluble compounds if used in biological
environments.  B-diketones containing a hydroxy group could potentially show better

solubility™® as well as providing an additional reactive site through the O donor atom.
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1.2 Aims

With this background, the following goals were set for this study:

1. Optimized synthesis of new ferrocenyl B-diketones FCCOCH,CO(CH,),OH where n =
3,4 and 5.

2. Complexation of these p-diketones with rhodium(l) to obtain complexes of the type
[Rh(FcCOCHCO(CH,),OH)(COD)] where n = 3, 4 and 5.

3. Solving the single crystal X-ray structure of FcCOCH,CO(CH,);0H.

4. Determination of the rates of conversion between the enol and keto isomers of the new
[-diketones of goal 1 by means of NMR spectroscopy.

5. Determining the pK,' values of the B-diketones of goal 1.

6. Performing an electrochemical study on the new B-diketones and the corresponding
rhodium(l) complexes.

7. Determination of the mechanism of substitution of the B-diketonato ligand in [Rh(B-

diketonato)(COD)] with 1,10-phenantroline by means of a stopped flow kinetic study.
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Literature survey

2.1 Introduction

This chapter provides a short literature review on the topics relevant to this study. The
synthesis of B-diketones, complexation with rhodium and characteristics of these types of
compounds are covered in this chapter. Some aspects of kinetics and electrochemistry are

also discussed.

2.2 Synthesis

2.2.1 Chemistry of lactones

Lactones are cyclic esters of hydrocarboxylic acids that occur in nature.* This group of
compounds includes a large number of well-known chemical compounds such as vitamin C,?
perfume ingredients such as pentadecanolide and ambrettolide® and it is even the building
blocks for numerous antibiotics.* Simple lactones such as y-butyrolactone are also often used
as solvent.?

Lactones can be synthesized (Scheme 2.1) by dehydrogenation of a diol,” oxidation of a cyclic
ether® or the intramolecular esterification of an hydroxycarboxylic acid.” Lactones are

synthesized by enzymes in nature® and can also be synthesized by modified enzymes.’
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Lactones can be broken down in various ways, the easiest being hydrolization in the presence
of a base such as sodium hydroxide that will yield an aliphatic hydroxyl acid.® In an acidic
solution the lactone will only partially cleave leading to polimerization® and in the case of the
presence of a non-nucleophylic base such as lithium diisopropylamide the carbon a to the
carbonyl is deprotonated and a polyester is formed.** One well known polymer of lactones is

polycaprolactone made of e-caprolactone (Scheme 2.2).%°

(0)
HO Cu - catalyst
2) NV Non 180 - 240 °C ¢ ©
1 2
(0]
b) O NaBrO3, Hzo .
; / § (0]
3 2
O 0
HOM —
©) OH ~ _no 0
4 2

Scheme 2.1: Methods of synthesizing lactones; a) Dehydrogenation of a diol with a copper catalyst,5 b)
Oxidation of a cyclic ether with the aid of a base; 6 ¢) Acid catalyzed esterification of a hydroxycarboxylic acid’

O
O
“@ #’WJJ
O
n
5 6

Scheme 2.2: Thermal polymerisation of e-caprolactone *?

2.2.2 p-diketones
B-diketone compounds, such as acetyl acetone, have a number of interesting and specific

properties due to the presence of two B-positioned carbonyl groups causing them to be
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valuable substrates in many chemical syntheses.”* Substituents can be introduced without
lowering the activity of the compound in further synthesis, making it an easy method of
introducing different active groups in a complex.* Owing to their properties, p-diketones and
their complexes have been used both in science and in industry, such as polymer chemistry,*
healthcare'® and environmental protection due to the chelating properties.'’

B-diketones can be synthesized by a number of methods such as the acylation of ketones with
esters,'® acid anhydrides®® or acid chlorides? in the presence of a base or Lewis acid (Scheme

2.3).

(0] o O (0]
2) N NaOEt, Toluene
/\O)k 16h at 25 °C
7 8 9
(0] o o (0] O
b) AcOH, BF;
" )kok 30 minat 0 °C
O,N 24h at 25 °C O,N
10 11 12
(0] (0] (0] 0]
NaNHz, Etzo
—_— L
9) >Hk + Cl)* 20 min at 0 °C M
13 14 15

Scheme 2.3: Synthesis of B-diketones using different methods; a) Reaction of a ketone with an ester in the
presence of a base;*® b) The reaction between a ketone and an acid anhydride;'® c) Reaction of a ketone with an
acid chloride®

The most common method of synthesis of p-diketones is Claisen condensation where the
ketone is reacted with a suitable acylation reagent in the presence of a base. The mechanism

consists of three steps, as shown in Scheme 2.4.%
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O (O 5 ]
RIJ\C lej\c% Q Lc? o O Q o .O Li
Hj 2 2 0O O + 0O O
+ _— + ,ﬂs JJ\ [ ~——‘R1MR2 _— RIJ\)\RZ ‘i_‘
-NH(Pr), R! C/C‘(_) }g + + R! R2
H, O LiOEt EtOH

®

; H
YNQ% \(N\‘/
Scheme 2.4: The mechanism for the formation of B-diketones by the acylation of a ketone with an ester in the
presence of lithium diisopropylamide

This mechanism involves the removal of a proton from the a-carbon of the ketone by the base
to form a carbanion stabilized by Li*. This negatively charged CH, species then attacks the
carbonyl carbon of the ester, and a B-diketone is formed as well as LiOEt. The LiOEt in the
solution then reacts with the diketone to form a B-diketonato anion and only after acidifying

the solution can the B-diketone be isolated (Scheme 2.4).

2.2.3 Metallocene p-diketones

A sandwiched metallocene is an organometallic molecule where two negatively charged
cyclopentadienyl rings are bound to a metallic cation.?? Of these, the most well-know
example is ferrocene, as it and derivatives thereof have many uses as a ligand on catalysts,?
anticancer drugs®* and as fuel additives.?®

B-diketones containing a ferrocene moiety have been extensively studied, varying the

functional groups on the B-diketone as shown in Scheme 2.5.%

R = ferrocenyl (16)
dvj\ R phenyl (17)
. CH; (18)
Fe
CCl; (19)
Q CF; (20)

Scheme 2.5: A few ferrocene containing B-diketones with different side functionalities®®
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The above mentioned p-diketones have been studied as anticancer drugs with positive
results,?” as well as used as ligands on catalysts such as square planar rhodium catalysts for
the Monsanto process of converting methanol to acetic acid.*%

Ferrocene containing B-diketones are usually formed by reacting acetyl ferrocene with the
suitable ester via Claisen condensation,? or reacting a di-acetyl ferrocene with an ester to

form a bis-p-diketone, see Scheme 2.6.3%3%!

(@) O (@] O OH
©)k , 0 _Base Q)ULR . Q)VLR
Y Fe R)J\OR' -R'OH Fe Fe
&> > >
21 16 - 20

O 0] 0] O OH
=~ A PP
| NaNH N NH | ]
b) Fe + 2 )J\ —2 0, Fe <= Fe
R N R
o OH

N = S~y
22 23,24

O o (0]
Scheme 2.6: Synthesis of B-diketones containing ferrocene; a) Mono-substituted ferrocene p-diketones via a
basic route where R is ferrocene (16), phenyl (17), methyl (18), trichloromethyl (19) or trifluoromethyl (20); 2
b) Di-substituted ferrocene B-diketone synthesis where R is methyl (23) or phenyl (24)**%

Other methods of introducing ferrocene into the B-diketone pseudo-aromatic backbone exists
such as ferrocenyl substitution in the methine or a-position.*” This is done by reacting

(ferrocenylmethyl)-trimethylammonium iodide with salts of different 3-diketones.

R
N ©
\ =h
e e B
N
= a <&
25 26 -29

Scheme 2.7: Synthesis of a-substituted B-diketones where R=R’ is CH; (26); C(CHs); (27); Ph (28) or R is Ph
and R’ is CH; (29).
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2.2.4 Metal complexes of p-diketones
The strong chelating tendency of B-diketone ligands led to the synthesis of a number of
neutral coordinated complexes.®® These bidentate ligands react with metals of different

oxidation states as shown in Scheme 2.8.

O o M = Co
R + M Mt =U
' =Ni

=Pb

@ n =Cu

Scheme 2.8: Examples of complexes with B-diketones containing ferrocene where n can be 1,2,3 or 4%

B-diketonato complexes with rhodium are easy to prepare and have many uses in many
different fields.*> Rhodium is of the platinum group metals, and is well known for many uses
in industry.*® Rhodium exists in a number of oxidative states, 0, I, Il and 111 being the most
common. Rhodium complexes are often used as catalysts such as [RhH(CO)(PPh3);] as a
hydroformylation catalyst,>” [RhCI(PPhs)s] as a hydrogenation catalyst*® and [Rh(CO).l,] as
a carbonylation catalyst.** Rhodium complexes also have uses in medicinal areas, and have
been mainly used against cancer.*

Rhodium (I) complexes containing -diketonato ligands and cyclooctadiene can easily and in
good vyield be synthesized from [Rh,Cl,(COD),] as shown in Scheme 2.9. This is usually an
intermediate for synthesis of [Rh(B-diketonato)(CO),] complexes. The cyclooctadiene ligand

can easily be displaced by two carbon monoxide molecules.**

2 AN
Y NS
2RhCL, - 3H,0 —2S90 I_/J/\_,/\Rhiijh% Fe R .

30 31-35

Scheme 2.9: Synthetic route for the synthesis of [Rh(B-diketonato)(COD)] complexes where R is ferrocene
(31), phenyl (32), methyl (33), trichloromethyl 34) or trifluoromethyl (35)
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2.3 Keto-enol tautomerism of B-diketones

B-diketones display an equilibrium between keto and enol isomers.** It has been found that
although two enol forms are possible, the isomer with the OH-group furthest from the

ferrocene moiety is dominant for ferrocene containing B-diketones.’

(0] (0] K = ko/k, (0] OH
e W=
Fe k; Fe
Keto-form Enol-form

Scheme 2.10: Keto-enol tautomerism of ferrocene-containing -diketones

The proportion of tautomers present is greatly influenced by electronic properties of the
substituents, the size of the substituents, thus steric effect, as well as solvent and
temperature.?

The equilibrium constant associated with this equilibrium can be determined with a range of
methods, such as bromine titration,*”® ultraviolet spectroscopy,* infrared spectroscopy™® etc.,
but the easiest method is by NMR as this can be done without affecting the equilibrium
itself.*® For such a study the B-diketone can be reacted with a base such as NaOH. The
resulting B-diketonato anion will be predominantly in the keto form. After acidification the
formation of the enol form of the neutralized p-diketone can then be monitored.*” This
method is not suitable for B-diketones that are sensitive to prolonged basic conditions. It also
was found that in the solid state, the B-diketone will be converted mainly to the enol form
given enough time.*” When dissolved, the formation of the keto form can be monitored over
time utilizing NMR until equilibrium is reached. For compounds where both the acidic and
basic approach can be used, the resulting rate constants may be used to determine the

equilibrium constant, K, of the keto-enol equilibrium.*’
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forward rate = reverse rate
k¢[keto] = k,[enol]

[enol]  kf

[keto] k,

[enol form] kg

[keto form]  k,

eq. 2.1

At equilibrium, the forward rate and reverse rate will be the same. In equation 2.1, k is the

rate constant for the forward reaction in Scheme 2.10, and k, is the rate constant for the
reverse reaction.

In recent years computational chemistry has been implemented to study equilibrium constants
by calculating the theoretical constant based on the structure and electronic properties of the

B-diketone and comparing it with the experimental results.*®

2.4  Acid dissociation constants

2.4.1 Introduction

When a weak acid is ionized, the acid will be in equilibrium with the corresponding
conjugated base. This reaction’s equilibrium constant is also known as the acid dissociation
constant or K,** The acid dissociation constant is applicable to the following reaction:

HA(qq) + H0y = H;0% + A (4

(aq)
From equilibrium principle, a general equilibrium constant K, may be defined as:

[H;07][A7]
¢~ [HA][H,0]

By assigning K;=K, [H20], it follows that
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_[HY][A7]
e = har

By operating logarithms on both side of the equation, we obtain:

l _ _ [A7]
ogK, = log[H™] + logm

As log K, can be expressed as pK, and log[H*] as pH, it follows that

[HA]
[A7]

pK, = pH + log
eq. 2.2

The pK, value of a compound yields valuable information regarding the form the compound
will be in at a given pH. pK; values are especially vital for medicinal compounds, as pH in
the body varies from blood to cells and therefor the molecule will be in different forms
depending on the area of the body it is introduced t0.® lonization of any compound will
increase the solubility in water, but decrease the lipophilicity.® In pharmaceutical cases the
concentration of a compound in the blood can be adjusted by choosing derivatives with
different pK,’s of an ionizable group, and drug availability can thus be controlled.®* pK,
values are also important when synthesising complexes. The pK, value of a ligand can
influence the ease of complexation and also affects the most suitable pH at which the reaction

will take place.*

2.4.2 Methods of determining acid dissociation constants

The most common method of determining an acid dissociation constant is to monitor an acid
base titration by spectroscopy and potentiometry.>* The absorbance data is collected as a
function of the pH, and a least square fitting of the absorbance/pH data by equation 2.3 yields

the pK, value.”
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_ Apa107PH 4+ 4,107PKe
'™  10~PH + 10-PKa

eq. 2.3

In equation 2.3, Ay = total absorption, Ay, = absorption of the free acid and A4 =

absorption of the deprotonated species.

2.4.3 B-diketone acid dissociation constants
pK, values of B-diketone keto- and enol-tautomers are difficult to separate, and due to this the
symbol pKj' is rather used implying that it is the observed pK; of a solution consisting of a

mixture of keto and enol isomers.>® The reaction that takes place is shown in Scheme 2.11.

0 o 0 o
Q)UL R @'Ak@/ml‘ ) }
Fe Fe  Na' 0o o
< 1 i [ 4 _ e
0O o . 0 09Na* é;
Q)g/fR . <
=N <&

Scheme 2.11: The reaction that takes place during base titrations of B-diketones or acid titrations of -
diketonates.

pK,' values of ferrocene containing f-diketones 16-19 were determined as shown in Figure

2.1 and listed in Table 2.1.
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relative absorbance

Figure 2.1: S-curves for the change of absorbance due to change in pH for ferrocene containing B-diketones®

Table 2.1: pK,' values (In water containing 10% acetonitrile, 1 = 0.1 mol.dm™ (NaClO,)) and % enol tautomer
(determined in CDCI3) of ferrocene p-diketones 16-19%°

R-group | % Enol pK,
Fc >99 13.1
Ph ~95 10.41
CHs 86 10.01
CCl, ~95 7.13
CF; >99 6.56

2.5 Electroanalytical chemistry

2.5.1 Introduction

By understanding a compound’s electrochemical behaviour, much can be learned about
possible reactions and how the compound will behave in oxidative or reductive
environments.>” In this study cyclic voltammetry (CV), square wave voltammetry (SW) and
linear sweep voltammetry (LSV) was utilized to determine the electrochemical nature of the

compounds. These methods are summarized in Figure 2.2.
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A B C
Square wave Linear sweep
Cyclic voltammetry (CV) voltammetry (SW) voltammetry (LSV)
Potential Y
Waveform E 4 J’\J_“r‘_l—‘_r‘_] =
Time — Time — Time —
) = = =
Typical 2 & £
voltammogram 3 3 3 /
Potential Potential Potential

Figure 2.2: Methods used in voltammetry

2.5.2 Cyclic voltammetry
Cyclic voltammetry is an easy, but versatile method of studying electro-active species. This
is due to the ability to view the behaviour of the specie over a wide potential range in a very

short period of time, especially if the oxidised and reduced forms are relatively unstable over

long periods of time.*®

cathodic

CURRENT / pA

anodic

-20 EI‘-‘

0.6 0.4 0.2 0 -0.2
POTENTIAL / V versus SCE

Figure 2.3: Cyclic voltammogram of 6 mM KjzFe(CN)g in 1 M aqueous KNO;. Scan initiated at 0.8 V versus
SCE in anegative direction at 50 mV/s utilizing a platinum workingelectrode

Cyclic voltammetry implies the measuring of the current that flows due to the changing of the
potential of an electrode (the working electrode) in a solution. The potential of the working

electrode is referenced against a reference electrode such as a saturated calomel electrode
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(SCE), silver/silver chloride electrode (Ag/AgCl) or a silver or platinum wire. A

voltammogram such as shown in Figure 2.3 is then obtained.®

The peak anodic potential (Epa), peak cathodic potential (E,c) and the peak anodic current (ipa)
and peak cathodic current (i,c) are the crucial parameters to be obtained from a
voltammogram as shown in Figure 2.3.>® For a one-electron electrochemical reversible redox
couple the difference in peak potentials (AEp) should theoretically be 59 mV at 25 °C. n in
the equation below is the number of electrons involved in the redox process.

0.059V
n

AE

p = E

pa — Epc =

and the formal reduction potential is midway between the two peak potentials,

o _ (Bva + Epo)

2
For a chemically reversible processes exhibiting fast electron transfer kinetics between
electrode and substrate, i.e. electrochemically reversible couple, ip and iy should be equal.

This implies

2.5.3 Aspects that influence voltammograms

2.5.3.1 Solvent system

Traditionally (CH3),SO (DMSO) and CH3CN were favourite solvents for non-agqueous
electrochemical experimentation, but as both can coordinate to metals to form new species,
favour has moved to other solvents.?® This interaction can be reduced by using the non-
coordinating CH,Cl, (DCM), but this has a drawback since the solvent potential window does

not tolerate strong oxidizing or reducing conditions (See Figure 2.4).>°
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I { AcOH
I {| MeCON
[ i CH.C,
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{ |[NMP
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™S

Potential (V vs FcH/FcH")

Figure 2.4: Potential windows in various solvents referenced against FcH/FcH*

2.5.3.2 Supporting electrolyte

lon pairs can form between oxidized analyte and the supporting electrolyte cations and
anions. This unwanted side effect results in poor resolution of closely overlapping processes
and even false redox potentials. To minimize this ion pair formation, it is advantageous to
spread the charge of the electrolyte cation and anion over as large an area as possible to
reduce the charge density. One such electrolyte is tetrabutylammonium
tetrakis(pentafluorophenyl)borate (see Scheme 2.12). With [N("Bu),][B(CsFs)4] as supporting
electrolyte, better peak resolution can be obtained,® but as it is very expensive,

[N("Bu),][PFs] is rather used when sufficient resolution is achieved with this electrolyte.
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Scheme 2.12: Structure of [N("Bu).][B(CgsFs)4]

2.5.3.3 Reference electrode

Potentials are specified vs a reference electrode such as normal hydrogen electrode (NHE),
saturated calomel electrode (SCE) or Ag/Ag” electrode. However, IUPAC now recommend
that all electrochemical studies performed in organic media be reported vs
ferrocene/ferrocenium (FcH/FcH®) couple as an internal standard.®* In cases where this is not
possible, i.e. when the ferrocene oxidation/reduction peak potentials overlap with the analyte
peak potentials, another reference such as decamethylferrocene may be required. This
reference compound is then referenced against FcH/FcH®, and the data of the analyte is
manipulated to be as if referenced against the FcH/FcH™ couple. From an experimental view
it is advantageous to use ferrocene or decamethylferrocene as an internal standard in the same
solution as that of the analyte to be studied. This eases the data manipulation to be expressed

as referenced to FcH/FcH".

2.5.4 Examples of relevant electrochemical studies

An electrochemical study was performed on a series of ferrocene containing -diketones (16-
19) using CH3CN as solvent and [NBu4][PFs] as supporting electrolyte.®® All redox peaks
showed chemical and electrochemical reversibility (explained in paragraph 2.5.2) as shown
by Figure 2.5 and the data in Table 2.2.

It should be noted that the processes associated with two ferrocene groups in compound 16

could be resolved thus showing a good communication (intramolecular charge transfer)
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though the B-diketone. This communication can also be observed for the other compounds

where a higher electronegativity led to a higher oxidation potential for the ferrocene.

Table 2.2: Electrochemical data obtained from cyclic voltammograms performed at 50 mVs™. %

R-group | AE/mV | E'/mV ipc/ipa
Fc 74,71 106; 271 | 0.88; 1.09
Ph 81 231 1,01
CH; 92 236 0.97
CCl; 83 293 0.97
CF; 74 317 0.97
I 10 pA
CF,

< CCl,

Z | FcH

=

L

=

= CH,

(@]

o

N

=

T Ph

=

Fc
1 1 1 1
-0.1 0.3 0.7

Potential (V vs Ag/Ag")

Figure 2.5: Cyclic voltammograms of compounds 16-19 in CH;CN as solvent, [N("Bu)4][PFs] as supporting
electrolyte and 50 mVs™ as scanrate with FcH as reference®

An electrochemical study was also performed on the rhodium complexes of the form
[Rh(FCCOCHCOCR)(COD)] where R is ferrocenyl (31), phenyl (32), methyl (33),
trichloromethyl (34) or trifluoromethyl (35).°2 In all cases the CV’s showed an

electrochemically irreversible oxidation peak assigned to the oxidation of rhodium(l) to
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rhodium(111) followed by a reversible redox couple of the ferrocenyl group. In the case of the

complex with two ferrocenyl groups (31), two one-electron reversible peaks corresponding to

the ferrocenyl groups were observed as was the case with the free B-diketone. It was

observed that the ease of oxidation of the metal centres of these compounds increased as the

R-group group electronegativity decreased as can be seen from the values in Table 2.3

Table 2.3: 0.1 mol dm™ [N("Bu),]PF¢]J/CH5CN on a glassy carbon electrode at 25°C and a scan rate of 100 mV
-1

S

Ferrocenyl group Rhodium
R-group | 3= AE,/mV | E'/mV ipe/ipa Ep/mV
Fc 1.87 64,81 203;302 | 0.88;1.09 | 135
Ph 2.21 67 237 1,01 184
CH; 2.34 71 232 0.97 177
CCl, 2.97 92 312 0.97 256
CF; 3.01 75 329 0.97 269
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Figure 2.6: Cyclic Voltammograms of compounds 31-35 in CH;CN as solvent, [N("Bu)4][PFs] as supporting
electrolyte and 100 mV s™ as scanrate with FcH as reference®

2.6 Substitution kinetics

2.6.1 Introduction
Kinetics involves the study of reaction mechanisms, reaction rate and the changes the rate
undergoes due to changes in the environment. These changes can be in concentration of

reagents, temperature, solvent and pressure.®
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Generally a substitution reaction can follow one of three mechanisms; a dissociative (D),
associative (A) or interchange mechanism.”® Dissociative substitution resembles an Syl
reaction. This means that the leaving ligand first detaches from the metal and the incoming
ligand thus reacts with the transition state to form the final product.®*

Slow step:

1 kz,ifow [

[L.MX LsM] + [X]

-—

Fast step:

[LsM] + [¥]T ¥t [L,my]

—

The rate law associated with this process can be expressed as such:
Rate = k,[LsMX]
This shows that the reaction is independent of the concentration of the entering ligand and
AS* for this type of reaction is positive.
It is found that most square planar substitution occurs via an associative mechanism. This

means that an entering ligand attacks the metal centre to form a 5-coordinate intermediate

species.®*
Slow step:
k,, slow
[LsMX] + [Y] N [LsMXY]
Fast step:

[LsMxY]TSE [LMY] + [x]

=

The rate law associated with this process can be expressed as such:
Rate = k,[L;MX][Y]
This shows that the reaction is dependant of the concentration of the entering ligand. AS¥ for

this type of reaction is always negative.
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If the solvent interferes, it can also form a 5-coordinate intermediate via a solvent pathway.
The rate law for such a reaction can be expressed as

—d[ML;X]
T3 = [ks + ky [Y]][ML3X]
= kops[ML3X]
kops = ks + ky[Y]
eq. 2.4

Here k; is the rate constant due to the solvent pathway, k, is the rate constant of the path
independent of the solvent and k,,¢is the observed rate constant. If k,; is plotted against
[Y], the y-intercept will represent k., and if this is not 0, a solvent pathway contributed to the

overall reaction.®®

2.6.2 Activation parameters

The Eyring equation can be derived from the Arrenius equation as

kK AH*+AS*
"TT"RTRT TR

eq. 2.5

The mathematical solution of this is well known and this study will thus only focus on the

application of this equation.

If ln§ is plotted against in % it usually yields a straight line, and from this AH* and AS¥ can

¥ ¥
be found as the slope = —% and the y-intercept= ln% + % as shown in Figure 2.7. Much

can be deduced about the mechanism from AH* and AS*. AH* is the enthalpy of activation
and AS* is the enthropy of activation. A large negative AS* implies an associative

mechanism.
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¢ = In k/h+(ASHR

In k/IT

m = -(AHY)/R

In 1T

Figure 2.7: A typical example of an Eyring graph where there is a linear relationship between ln% and In % and
the enthalpy and entropy can be calculated as shown.

2.6.3 [Rh(p-diketonato)(COD)] substitution Kinetics

Rhodium(l) B-diketonato cyclooctadiene complexes can undergo substitution reactions to
replace either of the ligands as shown in Scheme 2.13. 1,10-Phenanthroline is a strong o-
donating ligand and thus replace the strong o-donating B-diketonato ligand, while in the case

of phosphines which are n-accepting, cyclooctadiene, which is n-donating, will be replaced.

ag
o NS
Fag
r -+
“
Q 6(‘31;
01,,@@ - N 7 0 o p
|N R R’
™

Scheme 2.13: [Rh(B-diketonato)(COD)] can undergo substitution at either of the coordinated ligands. Route A:
the cyclooctadiene group is substituted and Route B: the B-diketone is substituted.
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Compounds 31-35 were studied where the rates of substitution of the B-diketonato ligand with
1,10-pheneanthroline were measured.?® Large negative entropies of activation were obtained,
indicating an associative mechanism and only the phenyl containing complex substitution
reaction occurred via a solvent pathway. It was also found that the reaction rate increased as

the pKj' values of the free B-diketone decreased. Data is summarized in Table 2.4.

Table 2.4: pK,'values (in water containing 10% acetonitrile, pt = 0.1 mol dm™ (NaClO,)) of ferrocene-containing

B-diketones 16-19% compared with to the data obtained from substitution reactions of the corresponding [Rh(B-
diketonato)(COD)] with 1,10-phenanthroline

R-group | xx K, ky (dm® mol™ s AS* (I K™ mol™)
Fc 1.87 13.1 7.0 -162

Ph 2.21 10.41 30 -113

CHs 2.34 10.01 29 -123

CCl, 2.76 7.13 1375 -81

CF; 3.01 6.56 558 -107

2.7  Group electronegativities

Electronegativity can be described as the measure of the tendency of an atom to attract a
bonding pair of electrons.®® A trend can be seen over the periodic table with atoms with large
electronegativity in the top right-hand corner and smallest electronegativity in the bottom left-
hand corner.?® This property of elements has been quantified in numerous ways, though the
Pauling scale is the most commonly used.®” Electronegativity can be calculated using
thermodynamic properties (Pauling),®® ionization potentials (Mulliken)®® and through
distances in covalent bonds (Wilmshurst).”

A more practical approach to electronegativity was proposed by Gordy.” That is to correlate
electronegativity to bond stretching frequencies, thus infrared-spectrometry. By calculating
certain group electronegativities and plotting it against the stretching frequencies, the apparent

group electronegativities can be extrapolated as shown in Table 2.5 and Figure 2.8.
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Table 2.5: Carbonyl stretching frequencies and apparent group electronegativities (Gordy scale) of methyl and
ethyl esters’

Ester vie-o) (€m?) | %= (Gordy scale)
HCOOMe 1717 2.13
H;CCOOMe 1738 2.34
(CHCI,)COOMe | 1755 2.62
(CCl,)COOMe | 1768 2.76
CICOOMe 1780 2.97
FcCOOMe 1700 1.87%°
1790 -
y =74.254x + 1561.2
1770 +
1750 +
- 1730 -
£ 1710
L
?\ 1690
S
> 1670 o
1650

1,50 2,00 2,50 3,00 3,50
¥r (Gordy scale)

Figure 2.8: The relationship between carbonyl stretching frequencies and apparent group electronegativities
(Gordy scale) of methyl and ethyl esters.

Group electronegativity is quite useful when determining the nature of a compound.
Structure, pK,, keto-enol isomers, electrochemistry and substitution kinetics have direct

correlations to electronegativity.®’

This concludes a short literature survey covering topics relevant to this study.
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