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H2C=CH2 + HRh(CO)3

C2H5Rh(CO)3 + CO

C2HsCORh(CO)3 + H2

C2HsCORh(H2)( CO)3

--~. C2HsRh(CO)3

---.. C2HsCORh(CO)3

---.. C2HsCORh(H2)(CO)3

-----i.. C2H5CHO +HRh(CO)3

2 INTRODUCTION

1.1 The platinum group metals in catalytic processes

Rhodium, iridium, palladium, platinum, silver and gold are commonly known as the platinum

group metals. The chemistry' of these elements have common features, but there are also wide

variations including different stabilities of oxidation states and stereochemistry. There is little

similarity to cobalt, copper and nickel except in some compounds of re-acid ligands such as CO

and in stoichiometries of compounds. Platinum group metals have a strong tendency to form

bonds to carbon, especially with alkenes and alkynes.

These metals, especially rhodium, iridium, palladium and platinum are extensively used as

catalysts in industry. The catalytic fume converters in use in automobile exhausts use platinum

metal as catalyst. One of the biggest uses of Pt is as Pt-Re or Pt-Ge on alumina catalysts in the

production of crude petroleum from methane gas. Both palladium and platinum are capable of

absorbing large volumes of molecular hydrogen. Complexes of the platinum group metals are

mostly used in homogeneous catalytic processes such as hydroformylation and alcohol

carbonylation. This is a consequence of these metals being capable of undergoing oxidative

addition reactions with e.g. alkyl halides and also CO insertion reactions. In comparing the

activities of various metal carbonyls in hydroformylation reactions, rhodium carbonyls show a

very high activity. Rhodium carbonyls are approximately a thousand times more active than

cobalt carbonyls, the second most active metal carbonyl in CO insertion reactions.i The catalytic

cycle of hydroformylatiorr' of C2H4 by HRh(CO)3 to produce CH3CH2CHO, (the oxo process)

serves as an example:

1.2 The platinum group metals in medical applications

Cisplatin, [Pt(NH3hClz], one of the most widely used metal-containing chemotherapeutic drugs;'

has been found to have many side effects during chemotherapy. These include the inability to

distinguish between healthy and cancerous cells," high toxicity to the kidney and bone marrow.'
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loss of appetite,6 high rate of excretion from the body,' low aqueous solubility and development

of drug resistance after continued drug dosage." More recent studies have characterised some

aspects of antineoplastic properties of co-ordination metal complexes, other than platinum

compounds. The compounds examined include rhodium(I) and iridium(I) derivatives of the type

[M(chel)(L-L)tO (chel = pyridinalimine (N-N-R), acetylacetonate; L-L = 1,5-hexadiene, 1,5-

cyclooctadiene, norbomadiene) on mouse Lewis lung carcinoma." It was also found that

complexes of rhodium(I) are more active than the corresponding isomorph of iridium(I)

complexes. A significant increase in the antitumour activity was also obtained with [Rh'( chel)(L-

L)tO complexes having a acetylacetonato moiety instead of chelating agents, (chel), such as

piperidine, bipyridine and phenanthroline.l''' II, '2 The presence of the diolefenic ligand, (L-L),

1,5-cyclooctadiene, conferred more favourable antitumour properties than norbomadiene and

1,5-hexadiene." This discovery raised a question if antitumour activity of rhodium(I) can further

be increased by small variations in the ~- diketonato ligands in rhodium complexes of the type

[Rh'(Bvdiketonatou cod)].

1.3 Metallocenes in anticancer applications

In 1984 Kopf-Maier reported on the antineoplastic activity of some ferricenium salts against

Ehrlich Ascites tumour cell lines, which are very resistant to classical antitumour agents.':': 14

Some of these ferricenium salts showed more favourable 50% lethal dosage (LDso) values than

cisplatin. Experiments involving the combination of ferricenium tetrachloroferrate and cisplatin

showed the combination of the effects of the drugs to be additive. IS Tests involving combinations

of platinum complexes and other chemotherapeutic drugs, showed highly desirable synergistic

activity (therapeutic effects better than adding the individual effects of each component in the

drug mixture) during the treatment of mice with advanced L1210 leukaemia.l''

Molecules with a rhodium(I) and ferrocenyl fragment within the same molecule hold the promise

of displaying synergistic effects in chemotherapy without the need of administering two or more

types of antineoplastic drugs simultaneously to a tumour-bearing mammal. Hence, new ferrocene

containing rhodium(I) complexes have been synthesised, characterised and evaluated as

antineoplastic agents In this laboratory.l ' These complexes were of the type

[Rh(FcCOCHCOR)(cod)] with R = CH3, CF3, CCh, Ph (phenyl) and Fc (ferrocenyl). The CF3

analogue was by far the best complex evaluated to date. A need still remains to investigate other
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rnetallocene-containing p-diketonato complexes with different metallocenes and other R groups

to find the rhodium(I) complex with the best chemotherapeutic activity.

1.4 Aims of this study

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

(a) The synthesis of new ferrocene containing p-diketones of the type FcCOCH2COR, with

Fe = ferrocenyl and R =H, CH3, CH2CH3, CH(CH3)2 and C(CH3)3

(b) The complexation of p-diketones with [Rh2Clz(cod)2] giving complexes of the type

[Rh(FcCOCHCOR)( cod)]

(c) The determination of the group electronegativities ofCH2CH3, CH(CH3)2 and C(CH3)3

(d) The characterisation of p-diketone ligands in terms of pKa-values, keto-enol equilibrium

constants and the rate of conversion between keto and enol isomers.

(e) An electrochemical study utilising cyclic voltammetry to determine the formal reduction

potentials of the iron core and of the rhodium(I) nucleus in the free p-diketones and in the

complexes [Rh(FcCOCHCOR)(cod)]

(f) To study the kinetics of substitution of (FcCOCHCORr with 1,lO-phenanthroline from

[Rh(FcCOCHCOR)(cod)] complexes using stopped-flow techniques.

(g) The determination of the cytotoxic properties of the new ligands and rhodium(I)

complexes of goals (a) and (b).

(h) The determination of the relationships between the physical quantities such as group

electronegativities, rate constants, reduction potentials, pKa-values and carbonyl

stretching frequencies.
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2 The chemistry of ~-diketones

2.1.1 Synthesis

Under certain conditions, a ketone having an a-hydrogen atom may be acylated with an ester, an

acid anhydride, or an acid chloride to form a p-diketone. I The reaction, also known as Claisen

condensation, involves the replacement of an a-hydrogen atom of a ketone by an acyl group:

RCOX + HCH2COR----.1JJ> RCOCH2COR + HX

(X = OR, OCOR, Cl)

The acylation of ketones may also result in oxygen acylation rather than carbon acylation to form

O-acyl derivatives. These may be rearranged thermally to give a p-diketone.2 Although Lewis acids

such as BF3 can be used to promote p-diketone formation, the acylation of ketones with esters is

generally affected by means of a basic reagent such as sodium ethoxide, sodium amide,' sodium

hydride" or sodium, a process that probably involves a three-step ionic mechanism. For example,

the condensation of acetone with ethyl acetate' utilising sodium ethoxide or sodium amide as the

basic initiator, involves in the first step the removal of a a-hydrogen of the ketone to form the

acetonato anion. The second step may be formulated as the addition of the acetonato anion to the

carbonyl carbon of the ethyl acetate, followed by the release of the ethoxide anion to form

acetylacetone.

-----+ ---

With ethoxide anion, the equilibrium in the first step is probably on the side of the unchanged

ketone (i.e. to the left). However, with NaNH2, an equivalent of ketone is converted essentially

completely to its anion and ammonia, NH3, is produced rather than ethanol, C2H50H. The pKa of p-

diketones is so low (e.g. pKa of Hacac is 8.95) that it is invariably isolated as the salt (see final step

in (2)) and must be regenerated by acidification.

7

(' )

(2)
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The equilibrium of the overall reaction is shifted in the direction of the condensation product by the

precipitation of the ~-diketone as its sodium salt. When sodium ethoxide is used as the condensing

agent, the equilibrium may be shifted still further in the same direction (i.e. to the right) through the

removal by distillation of the alcohol formed during the reaction. The presence of excess sodium

amide, compared with the amount of ketone used, as illustrated in Table 2.1 has been found to have

a favourable influence on the yield of the ~-diketone. The yields of ~-diketones with two

equivalents of sodium amide to one equivalent of ketone are twice those compared with equivalents

of the base and ketone.

Table 2.1: Yields of p-diketones3 from ethyl esters and methyl ketones in the presence of sodium amide

Ethyl Ester, moles Ketone/ NaNH2/ ~-diketone Yield!

0.3 mol mol %

Propionate, 0.3 Methyl ethyl 0.3 Dipropionylmethane 30

Propionate, 0.6 Methyl ethyl 0.6 Dipropionylmethane 57

n-Butyrate, 0.3 Methyl n-propyl 0.3 Dibutyrylmethane 33

n-Butyrate,0.6 Methyl n-propyl 0.6 Dibutyrylmethane 68

n-Butyrate, 0.3 Methyl isobutyl 0.3 Butyrylisovalerylmethane 44
n-Butyrate, 0.6 Methyl isobutyl 0.6 Butyrylisovalerylmethane 80

It can also be observed that the ester reacts mainly with the ketone anion rather than an extra

equivalent of amide ion. The evolution of ammonia when sodium amide is used, may not be

particularly important, since the amide ion is strong enough to convert most ketones completely to

their anions. Hauser and Adams ' reported that sodium amide is superior as compared to either

sodium metal or sodium ethoxide for the acylation of aliphatic methyl ketones with aliphatic esters

other than ethyl acetate.

For the preparation of a ferrocene-containing ~-diketone, FcCOCH2COCH3, (Hfca5, with Fe =

ferrocenyl), the use of the sterically hindered base lithium diisopropyl amide, LiNPri2, was favoured.

The chemistry behind the use of this base is similar to the one of the other bases described above,

except that higher yields of Hfca were obtained with LiNPri2 and the reaction was faster than the

alkoxide method.
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2.1.2 Keto-enol tautomerism

Although ~-diketones are commonly represented in the ketonic form, most of them exist as keto and

enol isomers, which are in equilibrium with each other. The enol isomer can exist as two tautomers

and are stabilised by a hydrogen bridge as shown on Scheme 2.1. Structurally the enol form possess

a cis configuration and a syn conformation and is pseudo aromatic. The kinetics of conversion from

one enol form to the other is very fast, with a rate constant approaching 106 sol. Kwon and Moon6

investigated this conversion in selected ~-diketones using 170 NMR. It was observed that the

equilibrium constant is highly dependent on the character and the position of the R groups.

R3
I

IR C R2
-, /','.. /

C/ IC
I: 11o 10
, I,
\ .
H

R3
I

Rl C R2" / ~ /C C
II Io 0
\/
H
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I

Rl C R2" ~ '.. /C C
I IIo 0
\ • I

H

Keto form Enol forms

Scheme 2.1: Schematic representation of tautomerism of ~-diketones with the enol forms showing
pseudo aromatic character

The hydrogen atom of the CHR3 group (a substituted methine group) in the keto form is very acidic

because of the adjacent withdrawing C=O groups. Observed pKal values for several ~-diketones are

listed in Table 2.2. The keto-enol tautomerism of a wide variety of ~-diketones has been studied

over many years, by techniques such as bromine titration," polarographic measurements.t energy of

enolization." 10 UV, Il infra red 12 and NMR spectroscopy. 13, 14 It has been generally accepted that

the enolic form is favoured in non-polar solvents and simultaneous conjugation and chelation

through hydrogen bonding is responsible for the stability of the enol tautomer. From a IH NMR

study recently performed by Du Plessis,15 the percentages of enolised tautomers in deuterated

chloroform solutions of some ~-diketones were found to be very high (> 85%) (Table 2.2).

9
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Table 2.2: pK. values and % enol tautomers of various l3-diketones.

~-Diketones Rl R2 pKal % Enol

Hacac CH3 CH3 8.9515 91

Htfaa CH3 CF3 6.3010 >99

Hba CH3 C6Hs 8.551) 92

Hdbm C6Hs C6Hs 9.3510 >99

Hhfaa CF3 CF3 4.4310 100

Htmhd CH(CH3h CH(CH3)2 11.7711 98

Hfca Fc CH3 10.011:> 86

Hfctfa Fc CF3 6.531:> >99

Hbfcm Fc C6Hs 10.411) :::::95

Hdfcm Fc Fc 13.11:> >99

The proportion of the enol tautomers generally increases when an electron withdrawing group, for

example, fluorine, is substituted for hydrogen at an ex-position relative to a carbonyl group in ~-

diketones, or when the ligands contain an aromatic ring. IS Substitution by a bulky group such as an

alkyl, at ex-position tend to produce steric hindrance between R3 and RI (or R2) groups (Scheme 2.1)

particularly in the enol tautomer, and this together with inductive effects of the alkyl groups often

brings about a large decrease in the enol proportion."

Regarding ~-diketones with a ferrocenyl group, enolization in solution was found to be

predominantly away from the aromatic ferrocenyl group. Two different driving forces that control

the conversion from ~-diketone into an enolic isomer were postulated. ISThese forces were labelled

as electronic- and resonance driving forces. In the former, the formation of the preferred enol

isomer is controlled by the electronegativity of the RI and R2 substituents on the ~-diketone:

When the electronegativity of RI is greater than that of R2 the carbon atom of the carbonyl group

adjacent to R2 on the ~-diketone, k, will be less positive in character than the carbon atom of the

other carbonyl, implying that enol (II) will dominate. However, many ~-diketones were described

that did not follow the enolisation pattern predicted by the electronic driving force.!" 22 All the cited

exceptions had aromatic RI or R2 side groups and hence it was stated that the electronic driving

force will always take second priority compared with the resonance driving force.
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The resonance driving force implies that the formation of different canonical forms of a specific

isomer will lower the energy of this specific isomer enough to allow it to dominate over the

existence of other isomers that may be favoured by electronic effects.

e lectro ncl <kNmg fo;;oe

I I
I 2
o OH

4l+~~)
~ "( ~14

Fee) 2

~

OH 0-

~
Fe

~ ITI IV

Scheme 2.2: Electronic considerations in terms of electronegativity, X (Xmethyl = 2.34, Xrerrocenyl =
1.87), favour I as the enol form of Hfca. However, structure Il was shown by crystallography and
NMR spectroscopy to be dominant, implying that the equilibrium between I and II lies far to the
right. A dihedral angle of 4.9(2)° between aromatic ferrocenyl group and the pseudo-aromatic ~-
diketone core implies that the energy lowering canonical forms such as IV make a noticeable
contribution to the overall existence of Hfca. For clarity, the ferrocenyl group in II and IV is
shown just in canonical forms but in both cases the iron atom can be bound in any of the five
cyclopentadienyl carbon atoms as indicated in I. Likewise, the positive charge of IV is not
confined to the single position shown, but rather oscillates between C(2) and C(5) (it cannot be on
C(1), atom numbers are indicated to individual atoms) to give rise to four different canonical
forms as indicated in In.

Indirect evidence for the existence of these canonical forms is found in crystal structure

determinations of the enol forms of Hfctfa20 and Hfca21 as discussed elsewhere.15, 20 The two cited

examples cover the cases where the group electronegativity, XR, of RI and R2 are fairly similar (in

11
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Hfca) or very much different (in Hfctfa). This resonance driving force is valid when both RI and Rl

groups are aromatic groups or if one or neither RI nor R2 are aromatic, provided resonance

stabilisation via different canonical forms are still possible.

In addition, it was noted that under certain conditions the keto isomer of Hfca could be observed in

large quantities by proton NMR, while under other conditions the keto isomer of the same

compound is much less pronounced. The explanation for these apparent differences was postulated

to the p-diketone concentration of the solution studied, because at very low concentration hydrogen-

bonding stabilisation of the enol form should be absent. Although it has been shown that very low

concentrations slightly favour the keto form in solution, this did not adequately explain why in

some cases the keto form of concentrated solutions is observed in appreciable quantities (> 80%),

while in other cases not « 5%).22 In a follow-up kinetic investigation it was found that the rate of

conversion from keto to enol isomers for simple ferrocene-containing p-diketones is very slow (t1l2

= 4.4 hours for Hfca). Many p-diketones are isolated by isolating the solid Li salt,

R I-CO-CHLi+ -CO-R2 from solution, followed by acidification. This means that the first product

that is obtained during a synthetic procedure, must be the keto isomer, because the lithium salt

exists as a keto isomer. If the IH NMR is obtained very quickly after isolation and acidification (i.e.

within minutes), it follows that the keto content will be high. However, if the IH NMR is obtained

several days after synthesis, time would have elapsed to allow conversion of the keto form to the

equilibrium content. Consequently the keto form will be much less dominant. It is interesting to

observe that in the solid state, the enol form is the only stable isomer (i.e. no keto form) for the

ferrocene-containing p-diketones studied in reference 22, while in solution, the equilibrium

positions allows keto isomers in percentages up to 32%.

Cyclic p-diketones have been shown to have different enolisation behaviour as compared to acyclic

p-diketones. Acyclic enolised p-diketones form intra molecular hydrogen bonding while cyclic

enolised p-diketones form inter molecular hydrogen bonding (Figure 2.1). The tendency for

enolization is greater in cyclopentanediones than in cyclohexanediones.
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(1)

Figure 2.1: The structures of (1) acetylacetone demonstrating intra molecular hydrogen bonding
of acyclic l3-diketones and (2) R-substituted cyclohexanediones demonstrating inter molecular
hydrogen bonding of cyclic l3-diketones. Bulky R substituents on the a. position of cyclic 13-
diketones discourage enolisation.

It is of importance to note that bulkier a-alkyl groups such as isopropyl and sec-butyl depress the

percentage of enol form to zero, whereas smaller primary a-alkyl substituents favour enolization in

cyclic ~-diketones. The presence of a bulky a-group may be expected to force the carbonyl oxygen

atoms of the cyclic ~-diketone further apart from each other thus causing distorted Sp2hybridised

orbital shapes and overlaps in the enol form, and hence disfavours enolisation. Yogev and Mazur"

have shown that cyclohexanediones exist predominantly as the keto tautomers in very dilute

solutions of non-polar solvents.

2.2 Metal ~-diketonates

2.2.1 Introduction

Under appropriate conditions the enolic hydrogen atom of a ~-diketonato ligand can be replaced by

a metal cation to produce a six-rnembered pseudo-aromatic chelate ring (Scheme 2.3).

13
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R3
1 I 2
R", /,~~ /R

C,' -cli il + Mn+ --i>t>

Q ,0
"""H"""

n-1

Scheme 2.3: Schematic representation of pseudo-aromatic chelate ring of metal ~-diketonates, will
only form only if the ~-diketone is enolizable.

It should be noted that metal co-ordination is not possible if both hydrogen atoms of the methine

carbon atom in ~-diketones are replaced by an allyl or another group, (i.e. both R3 and R4 :F- H),

because the ~-diketone cannot exist in the enol form.

2.2.2. Classification of metal ~-dJketolDlates

Metal p-diketonates are classified based on the mode of binding between ligand and metal cation.

The p-diketone may be bonded to the metal through the oxygen; the carbon; both carbon and

oxygen and through the olefinic bond. The difference in the affinity of the metal for carbon, or for

oxygen, is the main factor that determines the formation of different types of metal p-diketonato

complexes.i" An extensive study on oxygen-bonded p-diketonato complexes has shown that the p-

ketonato anion R'COC(R3)=C(R2)O- may act as a ligand in several ways, viz., unidentate, bidentate

and neutral ligand.

The p-ketonato ligand can act as a unidentate ligand to form simple salts with highly electropositive

metals. An examplef of such system is shown in Figure 2.2, whereby the silicon atom has adopted

a tetrahedral conformation and the acetylacetonato is behaving as a unidentate ligand.

Me, .""Me
Si

0,- /\. /0/ '-0", -I'CH"",/0
c c c C

~e • le Jle
Figure 2.2: Behaviour of acetylacetonato as a unidentate Iigand25
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The second classification, which is the usual bonding mode of B-diketonato ligands, is shown in

Figure 2.3. Here, a metal replaces the enolic hydrogen, forming a six-membered chelate ring and

the B-diketonato now acts as a bidentate ligand. Based on physicochemical characteristics, the

possibility of resonance forms for the anion, with resultant electron cloud delocalization in the

resulting chelate ring can cause the ring to have a certain amount of aromatic character, hence the

term "pseudo-aromatic" is used in this study.

R2 -,
C--Q
/ ~~----- -,r> -,

R3--C: M

""~--------/C--Q
RI/

Figure 2.3: ~-Ketonato as bidentate ligand

This type of oxygen bonding has been extensively studied. For example, the crystal structure" of

[Rh(acac)(CO)(PPh3)], Figure 2.4 shows that the average C-C (1.392(12)Á), C-O (1.275(8)Á) and

Rh-O (2.058(5)Á) bond distances of the B-diketone ring are approximately the same. This confirms

a delocalization of electrons in the ring which supports the aromatic nature of the B-diketonato ring.

Figure 2.4: The structure of [Rh(acac)(CO)(PPh3)]

In the above diagrams, all B-diketonato ligands had a -1 charge after H+ abstraction.

Another class of oxygen bonded B-diketonato complexes is where the keto form act as neutral

ligands. An example'" of this rather rare bonding mode is [Co(NH3)z(Hacac)2], Figure 2.5. Two

neutral keto oxygens act as donor atoms forming an octahedral structure.
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Figure 2.5: Acetylacetonato acting as a neutral ligand

Carbon-bonded ~-diketonato complexes are usually those of non-metals.f sulphur, tellurium,

selenium and metals, mercury'" and gold.3o In these complexes, the carbonyl groups do not

participate in the bonding. Some examples are illustrated in Figure 2.6.

(a) (b)

Figure 2.6: Structures of carbon-bonded ~-diketonato complexes bonded to (a) a non-metar"
and (b) a metaeO

The metal-carbon bond in these complexes is quite stable since they were prepared in alkaline

medium. However, certain factors have been found to influence the formation of carbon-bonded ~-

diketonato complexes. The electronegativities of the bonding groups have been found to play an

influential role in the formation of carbon-bonded ~-diketonato complexes. The presence of high

electronegative groups in these complexes is known to favour their formation. Research results32

show an increase in the formation of carbon-bonded complexes for 5d transition metals as

compared to 4d transition state.

The last two classifications of metal ~-diketonates in which the metal atom is bonded to the methine

carbon of the ~-diketonato ligand and in which the metal is bonded to the olefinic part of the ~-
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diketonato ligand as illustrated in Figure 2.7 and Figure 2.8 respectively. In both these cases, the

mode of bonding is accompanied by M-O-bonding to a second ~-diketonato ligand. The former

class of compounds is also quite common, stable and soluble in organic solvents.

Figure 2.7: A simultaneously methine carbon-bonded and oxygen-bonded [3-diketonato complex,
[Ir2(acac)4Cli3

Although no X-ray crystallographic evidence has yet been established for the existence of metal-

olefin bonds in metal ~-diketonates, it has been generally accepted that such bonding does exist.i"

These complexes are also soluble in organic solvents.

Figure 2.8: Hypothetical complex showing simultaneous oxygen-bonded and olefin bonded [3-
diketonato co-ordination35

17
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2.2.3 Properties of the ~-dlilketolIllatocomplexes

2.2.3.1 Physical properties

The most important physical properties of ~-diketonates are those based on their volatility, thermal

stability and vapour pressure. Conditions that influence these properties are given below.'"

o The substitution of hydrogen with fluorine in the ~-diketone ligand greatly increases the

volatility and thermal stability of resultant ~-diketonato complexes. For example" the volatility

[Ln(RCOCHCOR)3·nH20], (Ln = lanthanide) were found to be less than those of fluorinated

complexes (Table 2.3) and hence the thermal stability decreases with non-fluorinated

complexes.

o A decrease in solvation effects and interaction between molecules due to the effective shielding

of the metal ions by ligands, increases their volatility. The larger the Rand R' groups on the ~-

diketonato ligand, the greater the stability of the complex and its volatility. This was observed in

reactions" of the type

Ln(RCOCHCOR')3(OH2) ~ Ln(RCOCHCOR')20H + RCOCH2COR'

more volatile less volatile

In hfaa chelates the above reaction occurs more readily than in dfhd chelates (abbreviations are

described in Table 2.3). The bulkiness of the dfhd ligands results in some steric crowding and

hence a lower reactivity, of the co-ordinated water molecule. This manifests a relatively greater

stability of Ln(dfhd)3(OH2) complex. Table 2.3 also compares some complexes on this basis.
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Table 2.3: Comparative effects of fluorination degree and ligand size in l3-diketonato complexes of
the type [Ln(RCOCHCOR)3'nH20], Ln = lanthanide

~-diketone R R' Volatility characteristics

Hacac CH3 CH3 Negligible volatile

Htfaa CH) CF3 Slightly volatile

Hhfaa CF3 CF3 Sublimes with slight decomposition

Hpta C(CH3)3 CF3 Sublimes without decomposition

Hfod C(CH3)3 n-C3F7 Sublimes easily without decomposition

Hthd C(CH3)3 C(CH3)3 Sublimes easily without decomposition

Hdfhd CF3 n-C3F7 Sublimes with slight decomposition

• A decrease in the radius of the central metal ion increases the volatility of metal chelates for a

given class of metals with a common ligand. Sievers and co-workers " observed an increase of

chelate volatility with decreasing ionic radius of the trivalent metal ions for the complex

[Lnïfodj-], Ln = Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu, and fod = (H3C)3C-

COCHCOC3F7.

o The substitution of a group other than hydrogen in the a-position of the ~-diketone ligand

decreases the volatility and the thermal stability of metal chelates. For example." substitution of

the hydrogen atom in the a-position with bromine for the complex [Crïacac)«] to give [Cr(Br-

acacj-], reduced the volatility of the chelate. At about 200°C the [Crtlsr-acacj-] complex was

found to be decomposing instead of subliming.

2.2.3.2 Chemical Properties

Because metal ~-diketonates possess pseudo-aromaticity, they are known to undergo electrophilic

substitution reactions. However, steric hindrance has been observed to cause electrophilic

substitution reactions to proceed sluggishly. The wide variety of electrophilic substitution reactions

in the metal ~-diketonato system can be classified under the following headings: halogenation,"

nitration.V diazotization." thiocyanation." acylation,45 formylation'" and other electrophilic

reactions." The general reaction for the electrophilic substitution reaction is shown in Figure 2.9.

The most widely studied ~-diketonato chelates which undergo electrophilic substitution reactions,

are those of the trisW-diketonato) chelates of Co(III),48 Cr(III)49 and Rh(III),46 which are kinetic ally

19
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stable. Amongst a variety of ~-diketonato systems studied, the most extensive investigations have

been carried out on electrophilic substitution reactions of metal acetylacetonates.

R2 -.c--o/~------ -,
x--c I M

"",------ /C--O
RI/

Figure 2.9: Electrophilic substitution of metal Bvdlketonates

2.2.4 Ferrocene-containing ~-dlilketolDles and their rhodiunul)

complexes

Studies's in this laboratory on different ferrocene-containing ~-diketones of the type

FcCOCHzCOR, with R = H, CH3, CF3, CCi), Ph and Fe have been conducted. These compounds

were characterised by using 'H NMR and cyclic voltammetry. Rhodium complexes of the type

[Rh(FcCOCHCOR)(cod)] were obtained for these ~-diketones by reaction with [Rh2Ch(cod)2J.

Oxidative addition, insertion and substitution reactions were conducted on these rhodium

complexes. The influence of the R group on rate constants, pKa' values, formal reduction potentials

and cytotoxicity activity, was also determined.

2.3 Substitution reactions of square-planar complexes

2.3.1 Introduction

Square planar metal complexes are complexes in which the metal has dsp' -hybridized orbitals

resulting in a planar geometry around the metallic nucleus for the ML~ entity. Substitution reactions

in such complexes occur by the replacement of a ligand (a leaving group) on the square-planar

compound by a substituent (the incoming group) as also shown in the following scheme:
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[LnM-X] + Y [LnM-Y] + x
where M = metal ion and L = ancillary non-participating kinetic ally inert ligand, X = the leaving

group and Y = the entering group. Y can also be a solvent species. In ligand substitution reactions,

the metal co-ordination number, the oxidation state and the number of valence electrons remain

unchanged.

Substitution reactions or ligand exchange are usually divided into three main groups: nucleophilic

substitutions, electrophilic substitutions and oxidative additions followed by reductive

elimination. 50 By far the greatest number of known square-planar complexes are formed by

transition metal ions with a d8 -electron configuration near the end of the transition series, for

example, Rh(!), Ir(I), Pd(II), Pt(II) and Au(II!). These reactions have been extensively studied,

because they are normally fast and the availability of methods for following fast reactions, e.g.

stopped-flow kinetic technique, has made it possible for a number of mechanistic studies of these

complexes. Substitution reactions involve the transition between 18-electron and 16-electron

species as encountered in catalytic processes.

2.3.2 Mechanisms of substitution reactions

There are three mechanisms by which substitution reactions can occur, namely dissociative

mechanism, an associative mechanism, or a hybrid of these two, the so-called interchange

processes.

2.3.2.1 Dissociative mechanism

This kind of mechanism resembles SN1 substitution (in organic chemistry) whereby the leaving

group first dissociates from the co-ordination sphere of the metal, thereby reducing the number of

ligands bonded to the central metal ion. Thereafter, the entering group reacts with the newly formed

transition state to form the final product.

~ [LnM]+X

~ [LnM-Y]

[LnM-X]

[LnM] + Y

(slow step)

(fast step)

21
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The intermediate (transition) state, [L,M], is co-ordinatively unsaturated and very reactive.

Reactions involving dissociation may proceed either with retention of stereochemistry or with

racemization, depending upon the rate of trapping of the intermediate by the incoming ligand."

Scheme 2.4 illustrates the dissociative process for an octahedral complex. If the second step is very

rapid, the 16-electron intermediate has no time to reorganise and [L,M -Y] has the same

stereochemistry as [L,M-X]. However, if the second step is slow, the first-formed square pyramidal

structure may rearrange to a trigonal bipyramidal, which permits racemization."

(leading to
Ls georretric invertion) Ls y (leading to

I r ~L I ~ mvet on)

L~" """,,,111111 Lt ~L~, "",,,,"11111Lt s 1[2~ ~w
M'" stept M" step2 '~Lt

L,~ II 'X -X t> I _,~ I I. reorganise I ~~ ~ I ~ 2Ymuk y
" Li fast
errpt Y L3 (lead ing to

L3 L3 bonding site georrettic retention)
trigonal bjpyrarndalsquare pyramidal

invertion

Scheme 2.4: A schematic representation of the stereochemistry of the product of a substitution
reaction of an octahedral complex following a dissociative mechanism. A fast process result in
retaining of stereochemistry, while with a slow process the first-formed square pyramidal structure
may rearrange to a trigonal bipyramidal structure leading to inverted stereochemistry.

2.3.2.2 The associative mechanism

This mechanism resembles the SN2 substitution reaction In orgamc chemistry. Associative

mechanism is favoured for electron-deficient complexes (e.g. 16 or 17 electron compounds e.g.

rhodium complexes) but is not totally excluded for 18 electron compounds." In this mechanism, the

incoming ligand initially attaches to the metal ion, leading to an intermediate with an increase in the

number of co-ordinated ligands on the metal. This intermediate subsequently undergoes a further

reaction to detach the leaving group to finally give the substituted product. The associative

mechanism often involves solvent co-ordination, especially if the solvent is polar, or has a tendency
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to solvate (e.g. acetonitrile or DMSO). However, if the solvent is non-polar or non-solvative (e.g.

hexane), the substitution reaction proceed without solvent participation. Scheme 2.5 summarises

these two paths while at the same time attempt to visualise intermediates that are associated with an

associative mechanism.

s S

L~ .....,,,,,,,,,L +S ~L.;IC""''''''L J";:l1IL
1

M'" --~M
\. solvent L~X ~I:'\.

L X path -"":L
square-planar square-pyramidal X

CO:~~:nt11+Y species ~g~::.bipyramilal

path,

y

+Y(fils t)~L~~ ..~L

Lv--' S

1
y

/L.dC.....",""L
/_ M" __ •

L~X

y

____J?L
1

£L~L
L~~L---·L~f~

X X
species

square-pyramdal
species trigonal-bjpyrarndalsquare-pyramidaltrigona ~bjpyramdal

species speciesspecies

-~

product of ligand
substitution reaction

Scheme 2.5: Schematic representation of the direct (non-solvent path) and solvent pathway of the
associative mechanism of substitution reaction of square planar complexes [ML3X]. S = solvent
and Y == incoming ligand

Reactions on square planar complexes that are associative, involve a nucleophilic attack of the

entering ligand Y on the metal with the 5-coordinate adduct passing through the square-pyramidal

and trigonal-bipyramidal stages,50 Scheme 2.5. As the entering group approaches the complex, the

symmetry of its donor orbital is usually appropriate for overlap with the unoccupied metal p., px and

py orbitals. Y at this stage can move in any the four possible directions. Thermodynamically, it is

generally expected that Y will move towards the group trans to the leaving group.r' The reaction

then undergoes geometrical changes, that is a transformation from square pyramidal to trigonal-

bipyramidal and again to square-pyramidal as illustrated in Scheme 2.5. As this study is concerned

with substitution in [Rhtjl-diketonatoucodj] square planar complexes, attention will hereafter be

mainly focused on such complexes.

23



Rate = ks[complex] + k2[Y] [complex]

= (ks + kz[Y])[complex]

= kobs[complex]

Equation 2. 1

24 LITERATURE SURVEY AND FUNDAMENT AL ASPECTS

The general rate law for a substitution process is summarised in Equation 2.1.)2

(= k2[Y][complex]ifks = 0)

with kobs= ks + k2[Y]. ks is the rate constant of the solvent pathway and k2 the rate constant of the

direct pathway for the substitution of X with Y. For the rate law of Equation 2.1 to be valid, it is

necessary for the step of the solvation pathway where Y replaces the co-ordinated solvent S to be

fast.53

2.3.2.3 The interchange process

In this process, the incorporation of the entering group into the co-ordination sphere and the

detachment of the leaving group from the co-ordination sphere of the metal ion, occur

simultaneously, causing no change in the overall number of ligands bonded to the metal ion.

Therefore, the intermediate or transition state, [Y---MLn----X], involved in this process is not the

formal three or five co-ordinated species, but rather a hybrid species as illustrated by the following

equation:

[Y----MLn-----X] -----ill> MLnY

The properties of this intermediate will vary from reaction to reaction, sometimes to induce a more

dissociative mechanism character into the reaction, and in other cases to induce a more associative

mechanism character. Thus, the interchange mechanism resembles both SN1 and SN2 types of

reactions simultaneously. The interchange process is therefore sometimes subdivided into two

types, namely, an associative interchange and a dissociative interchange mechanism.
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2.3.3 Activation Parameters

The measurement of reaction rates and rate constants, as a kinetic approach to elucidate the

mechanism of chemical reactions, is conducted as a function of many chemical and physical

variables. The magnitude and sign of the activation parameters, LlH*, ~S*, ~G* and ~V*, obtained

for a reaction often dictate the mechanism of that particular reaction. The theory of absolute

reaction rates postulates that molecules before undergoing reaction must form an activated complex

in equilibrium with the reactants, and that the rate of any reaction is given by the rate of

decomposition of the complex to form the reaction products. For the reaction:

[A·B]* k ~ products

The rate constant, k, of any reaction is given by the expression:

RT
k = --Kc*

Nh
(4)

where K," is an equilibrium constant, R is the gas constant, h Planck's constant, N Avogadro's

number and T the absolute temperature. The free energy of activation, ~G*, can then be defined

thermodynamically as:

~G* = -RT InK,"

= LlH* - T~S* (5)

where ~H* = enthalpy of activation and ~S * = entropy of activation. By introducing (5) into (4), we

obtain for k:

(6)

Consequently, when k and LlH* of a reaction are known at a given temperature, ~S* can be

calculated. The volume of activation" can be considered as consisting of two components, an

intrinsic part ~V*intr,and the solvation part, ~V* solv-

~V* = ~V*intr+ ~V*solv (7)

25
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~V*intr reflects the volume changes due to the variations in bond lengths and angles during the

formation of the transition state, while ~V* solv arises from the changes in solvation during this

process. ~V* for a dissociative mechanism are approximately zero due to positive values of ~V*intr

from bond cleavage and negative values of ~V* solv from an increase in electrostriction associated

with the development of two ions in the transition state. 55 On the other hand, an associative

mechanism will mainly involve a negative contribution from ~V*intr due to bond formation and

only a minor contribution from ~V* solv since uncharged species are involved. Hence, large negative

~S* and il V* values point mainly to an associative mechanism, whereas a small negative ~S* and

~V* values are most likely an indication of a dissociative interchange process.

Considering the reactions56 of pyridine with trans-[Pt(py)z(N02)CI] and trans-[Pt(PEt3)2C12] in

methanol, the low LlH* values and large negative value of ilS * and ~V* were clear evidence for an

associative mechanism. ~V* values were observed to be the same, within experimental error, at

different [py] for the reaction between trans-[Pt(pY)2(N02)CI] and pyridine, and were independent

to temperature within the range lO-25°C.

Table 2.4: Volumes of activation for the substitution reaction: trans-[Pt(py)z(NOz)CI] + ~l~
tralls-[Pt(py)3(NOz») + er, at different temperatures and different concentrations of pyridine

[py]/ mol dm" r/-c ilV*/ cm3 mol"

0.30 10 -11.6 ± 0.3

0.05 25 -12.2 ± 0.6

0.10 25 -11.6±0.6

0.02 40 -12.0 ± 0.5

0.03 40 -13.1 ± 0.6

Also ~S* was found not to be sensitive to the nature of the solvent, therefore indicating that

solvation effects do not play a major role in these reactions. 57

~H* is not known to be very useful in the interpretation of a reaction mechanism, although it can

sometimes assist in mechanism identification. For example, a molecular model showed that the
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formation of a trigonal-bipyramidal structure in the substitution reactions of cis- and trans-

[Pt(PEt3)2(2,4,6-Me3Ph)Br], offers a large steric crowding at the Pt(I!) centre for the cis isomer

compared to the trans isomer.i'' The decrease in the reactivity caused by steric hindrance for the cis

isomer correlates with the increase in Mf* and suggests an associative mechanism.

2.3.4 Factors influencing substitution reactions rates"

The factors that may determine the rate of substitution reactions of square planar complexes include

the type and nature of all the ligands (entering, remaining and leaving), the central metal atom and

the solvent utilised.

2.3.4.1 The effect of the entering ligand

As expected for an associative mechanism, the entering ligand has a large influence on the reaction

rate. This mostly depends on the nucleophilicity of that incoming ligand. The nucleophilicity is a

measure of the readiness of an entering ligand to attack the positive metal centre of a complex, or its

readiness to supply the electrons needed for the reaction to proceed. Thus, the rate of substitution is

determined by the incoming ligand's ability to induce bond making and breaking processes. A

stronger nucleophile will attack the metal centre of a complex more readily than a weaker one and

would hence form a more stable bond with the central metal. Consequently, the reaction rate will

increase. Nucleophilicity is, therefore, a kinetic term and differs significantly from the term

"basicity" which is thermodynamic in nature and is defined by the pK, of the conjugate acid of the

Lewis base (a nucleophile). Belluc060 and eo-workers confirmed this by the determination of the

rate constants for the substitution of Cl by a large variety of ligands from trans-[Pt(py)z(CI)2J.

Table 2.5 summarises the rate constants of the substitution of Cl in trans-[Pt(py)2(CI)2] with a

number of nucleophiles in CH30H. These rate constants have been fitted to the Swain-Scott
. 61· bequation, given y:

log k2 = snpt+ log ks

with s = discrimination constant (measures the sensitivity of the substrate) and npt = nucleophilic

reactivity constant. The term s and ks depend only on the Pt complex and not on the entering ligand.

The rate of the reaction can be predicted if sand n are known. The second-order rate constant, k2,

27
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for the reactions in CH30H of nucleophile Y with trans-[Pt(pY)2(CI)z] chosen as the standard

substrate according to the reaction

are compared with the rate constant for solvolysis, ks, for the same substrate. ks = k2 for CH30H,

therefore, ks= 0.01 S-I.

Table 2.5: Second order rate constants, kz, of the reactions between trans-[Pt(pY)z(CI)zl and a number
of nucleophiles in CH30H. *CI is a radioactive labelled Cl ion

Nucleophile 103 k2J npt pKa

dnr' mOri S-l

CH30H 1 x 10-) 0.0 -1.7

CH3O- Very slow <2.4 15.7

*cr 0.45 3.04 -5.7

NH3 0.47 3.07 9.25

CsHsN 0.55 3.19 5.23

Br- 3.7 3.7 -7.7

(CH3)zS 21.9 21.9 -5.3

r 107 5.46 -10.7

AsPh3 2320 6.89 -

CN- 4000 7.14 9.3

PPh3 249000 8.93 2.73

It can be seen in Table 2.5 that there is no correlation between nucleophile pKa values and npt. It is

important to note that, in a nucleophilic substitution reaction involving square planar complexes, the

nucleophilicity of the halide ions decrease in the order: r > Br' > cr » F. In contrast, the

nucleophilicity of the group VA bases PPh3, AsPh3, NPh3 etc., which are, with the exception of the

amines, excellent nucleophiles towards Pt(H), decrease in the order: phosphine> arsine> stibine.

Basicity of the incoming ligand has a rather small effect on the rate of associative square planar

substitution reactions. Table 2.6 summarises the second order rate constants, k2, for the substitution

of the ~-diketonato ligand in [Rh(acac)(cod)],62 [Ir(acac)(cod)]63 and [Rhïfcaucodj}" with ,

derivatives of 1,1O-phenanthroline and 2,2' -dipyridyl.
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(a) (b)

Scheme 2.6: Structures of (a) 1,10-phenanthroline and (b) 2,2'-dipyridyl

Over the pKa range of 3.57 to 6.31 for 1,10-phenanthroline derivatives, the slowest reaction rate

was 12.4 and the fastest rate was 29.0 drrr' mOrI S-Iin the case of the [Rh(acac)(cod)] reactions. The

rates were between 1.38 and 32.3 dm ' mol" S-I in the case of the [Ir(acac)(cod)] reactions and

between 5.46 and 17.8 drrr' mol" S-I in the case of [Rh(fca)(cod)] reactions. The much faster

reaction of 2,2' -dipyridyl compared to reactions of derivatives of phenanthroline was attributed to

the fact that 2,2'-dipyridyl is much less rigid than phenanthroline. Large negative ~S* values for

these reactions (Table 2.6) indicate an associative mechanism.f

Table 2.6: Rate constants (k2/dm3 mol" sol) for the substitution of the ~-diketonato in
[Rh(acac)(cod)), [Ir(acac)(cod)) and [Rh(fca)(cod)) complexes with derivatives of 1,10-
phenanthroline and 2,2'-dipyridyl

Incoming ligand pKa
U) [Rh( acac)( cod)] b) [Ir(acac)(cod)j c) [Rh(fca)( cod) j b)

k2 MI*/ 6.S*/ k2 6.H*/ 6.S*/ k2 6.H*/ 6.S*/

kj J KI kj JK-I kj JK-I

mol" mol" rl mol" mol" morimo

5-nitro- 3.57 12.4 30.8 -121 1.38 27.4 -150 5.46 25 -146

phenanthroline

1,10- 4.96 29.0 32.6 -108 13.6 29.5 -125 17.8 29 -123

phenanthroline

5,6-dimethyl- 5.20 19.9 38.7 -90 32.3 30.7 -113 13.7 23 -143

phenanthroline

4,7-dimethyl- 5.97 18.8 36.7 -97 21.9 36.5 -97 13.2 22 -149

phenanthroline

3,4,7, 8-tetramethy 1- 6.31 19.6 40.7 -84 22.1 28.7 -122 15.7 27 -128

phenanthroline

2,2'-dipyridyl 4.30 124 26.8 -115 116 28.2 -109 118 31.2 -100

a) pK. values of conjugate acid ill water from ref. 66
b) in methanol at 25°C
c) in acetone at 25°C
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2.3.4.2 Influence of ligands trans to the leaving group

(a) Monodentate ligands

The trans-effect67 is a kinetic property relating to the influence a fixed ligand may have on the rate

of substitution of a ligand trans to it. The trans-influence, however, has nothing to do with kinetics.

The trans-influence is a thermodynamic property related to the influence a fixed ligand may have

on the crystallographic bond length between a central metal ion and the ligand trans to the fixed

ligand.

As an example of a kinetic trans-effect, the following reaction is consideredr'"

When Y is B(, N3-, N02-, or pyridine (all relatively weak nucleophiles), the trans-effect is in the

following order ofR (rate constant, k2 in mol" drrr' S-I) for the substitution of Cl by N3· is

However, when a better nucleophile, r is used, the trans-effect order becomes (rate constant values

in mol" drrr' S-I, are given in brackets)

It is concluded from the above set of data that, trans-effect depends on the nature of the entering

group.

The thermodynamic trans-influence of a wide range of ligands has been measured with techniques'"

such as X-ray crystallography and infra-red, NMR, nuclear quadruple resonance, photoelectron and

Mëssbauer spectroscopy.Ï'' More precise techniques such as X-ray crystallography have led to more

accurate information on the variation in bond lengths of Rh-P bonds trans to a variety of ligands.

Table 2.7 summarises the Rh-P bond lengths for the complexes given in Figure 2.10 and the

electronegativities of selected donor atoms. The Rh-P bond lengths trans to donor atoms, 0, N

and S, increase on going from complex 1 to 3 in Figure 2.10. This means that S has a larger trans-



CHAPTER2

influence than N, while 0 has the smallest. It 1S also concluded that the electronegativity is

inversely proportional to trans-influence.

Table 2.7: Rh-P bond lengths for the complexes [Rh(acac)(CO)(pPh3)], [Rh(dmavk)(CO)(pPh3»)
and [Rh(sacac)(CO)(PPh3)] and the electronegativities of the donor atoms

Complex Electronegativity Rh-P bond lengths/

of donor atorn'" Á

[Rh( acac)( CO )(PPh3)] 3.5 for 0 2.244(2)

[Rh( dmavk)(CO)(PPh3)] 3.1 for N 2.275(2)

[Rh(sacac )(CO)(PPh3)] 2.4 for S 2.300(3)

21 3

Figure 2.10: Structures of [Rh(acac)(CO)(pPh3)] (1), 71 [Rh(dmavk)(CO)(pPh3)] (2) 72 and
[Rh(sacac)(CO)(pPh3)] (3), 73 with dmavk = dlmethyl-Bvaminovinylketonato and sacac =
thioacetylacetonato

Extensive studies on platinum complexes showed that, the structural trans-influence of a variety of

groups decrease in the order:

(largest trans-influence) e-R - H- :?: carbenes - PR3 :?: AsR3 > CO - RNC -

C=C - Cl::::::NH3 (smallest trans-influence)

It should be noted that, some groups with a high trans-influence also have a large trans-effect,

while others, especially olefins, have a high trans-effect, but a small trans-influence. The reason

behind this is the fact that trans-effect is related to the nature of the transition state, and trans-

influence to the ground state. The effectiveness of ligands such as olefins in labilizing trans ligands

can also be explained by the polarisation theory and the n-bonding effect.

Grinberg" proposed that the thermodynamic trans-influence was purely electrostatic by nature.

This is known as his polarisation theory. According to this theory, the residual charge on the central

metal atom allows the metal atom to induce a dipole on the trans-directing ligand (L). In turn, the

ligand L then induces a dipole back on the central metal atom. The region nearest to the leaving
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group (X) becomes partially negatively charged. Then, the bond strength between metal and the

leaving group, becomes weakened due to a repulsive effect between the partial negative charge on

the metal and on the adjacent leaving group as shown in Figure 2.11. This allows the entering

ligand to move, attack or migrate towards the weakly bound ligand (X) and away from the strongly

bound ligand (L).

Figure 2.11: Dipole formation in a complex according to the polarisation theory of Grinberg
explains the thermodynamic trans-influence.

The second theory that attempts to explain the trans-influence is the 'It-bonding effect,75 which is

based on the competition between trans-ligand, L and the leaving ligand X for the same d-orbital,

dxz' as shown in Figure 2.12. On the formation of the trigonal bipyramid, in substitution reactions

of the square planar complexes, the orbitals d xy' d xz > d yz and d x 2 -v' are on the right symmetries

for 'Itinteraction.

z

*III
\(JIL)]---------Q0~f3j------~x

I

Figure 2.12: 'ItInteraction of the trans d.<: orbitals illustrating the trails effect

It is significant that all these orbitals are shared in 'It interaction with the ligands in the trigonal

plane. The ligand system consists of the trans group, L, the entering group, Y, and the leaving



CHAPTER2

group, X. Thus the trigonal-bipyramidal transitional state is greatly stabilised, if the trans group

possesses empty, reasonably stable, 7t symmetry orbitals. The interaction of empty ligand 7torbitals

with the filled d(7t*) orbitals of the metal delocalizes electronic charge to the trans ligand, thereby,

lowering the energy of the system. Due to the 7t-bonding character of ligand, L, the electron density

in the filled dxz orbital of the metal M, is largely shifted towards L and therefore away from X. In

this case the M-X bond is not weakened, but the reduction of the electron density in the vicinity of

X facilitates an easy approach of the incoming ligand in that direction, leading to the displacement

of X. However, should ligand L have little or no tendency to rt-bond, then the electron density in the

dxz orbital of the metal is not disturbed. It then remains more or less distributed about ligands Land

X. In other words, the trans ligand L helps to accommodate the excess electronic charge added to

the central atom by the entering ligand. A conclusion: reached from the 7t-bonding theory is that the

fast substitutions found in square planar complexes containing at least one ligand of high trans

effect, should follow an associative mechanism.

(b) Bidentate ligands

(i) The trans-influence

Bonati and Wilkinson71 first prepared complexes of the type [Rh(L,L'-BID)(CO)2] (L,L'-BID =

mono anionic bidentate ligand with donor atoms L and L'). They showed that triphenylphosphine

(PPh3), arsine (AsPh3) and olefins could replace one carbonyl group according to Scheme 2.7.

C
L CO~/
Ct. Rh +

v9 "-pp",

L CO

( -, /
Rh +

L'/ ""CO

CO

Scheme 2.7: Only the CO group trans to the donor group with the largest trans-influence is substituted
by the PPh3 ligand in complexes of the type [Rh(L,L'-BID)(CO)21. L has a larger trans-influence than
L' in the above example. Ct. = bite angle.

This made it possible to study the relative thermodynamic trans-influence of the bonding atoms L

and L' in bidentate ligands, because the carbonyl group trans to the donor atom with the largest

trans-influence will be substituted by the PPh3 ligand. For [Rh(L,L'-BID)(CO)2] complexes with

symmetrical L,L' -BID ligands such as 2,4-pentanedionat026 (acac), deprotonated di-

33
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acetylbenzylmethane76 (bzaa), and tropolone77 (trop), the two carbonyl groups are chemically

equivalent and substitution of anyone of the two with PPh3, will yield the same isomer (Figure

2.13).

4 5 6

Figure 2.13: Structures of [Rh(acac)(CO)(pPh3)], (4), [Rh(bzaa)(CO)(pPh3)], (5) and
[Rh(trop)(CO)(pPh3)], (6)

In the case where the L,L'-BID ligand is unsymmetrical, the resulting [Rh(L,L'-BID)(CO)(PPh3)]

complex has been used to study the relative trans-influence of the donor atom, using the Rh-P bond

distance as an indication of the relative trans-influence of the donor atom trans to the PPh3. There

are two categories in this case, the first one being L = L' = 0 and the second one is whereby L and

L' atoms are different (can be N and 0, Sand 0 or Sand N).

For the first category (L = L' = 0), examples ([Rh(tfaa)(CO)z]77 and [Rh(cupf)(CO)2f8) are shown

in Figure 2.14. Different substituents (CF3, CH3 or Ph) exert different electronic influences on the

two CO groups. These substituents influence the effective strength of the trans-influence of each 0

atom. Larger group electronegativities for substituents (XCF3 = 3.01) lower the relative trans-

influence of the adjacent O-atoms, while lower group electronegativities (XCH3 = 2.34) increase the

relative trans-influence power of the adjacent O-atom.

[Rh(tfaa)(COhl [Rh(cupf)(COhl

Figure 2.14: Examples of unsymmetrical mono anionic bidentate ligands L,L'-BID with L =
L' = 0 co-ordinated to rhodium

The carbonyl ligand trans to the oxygen atom with the largest trans-influence (smallest

electronegativity) is normally substituted by PPh3. An example of this is shown in Scheme 2.8. This
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indicates that the oxygen atom nearest to the more electron-withdrawing group of the chelate ring,

such as CF3, has the smallest trans-influence.

---,1> + co

s

Scheme 2.8: Reaction of [Rh(tta)(CO)zl with PPh3 to give [Rh(tta)(CO)(pPh3)1 79 tta =
thenoyltrit1uoroacetonato

In the reaction between [Rh(fctfa)(CO)z] and PPh3 according to Scheme 2.9, it was previously

reported that steric effects dominate the thermodynamic trans- influence. 80 It was argued that

isomer 2 should be the dominant isomer based on electronic considerations (trans-influence)

according to the polarisation theory put forward by Grinberg.Ï"

e

@

o co
.r:" -, /

I Rh
\,----- / -,o PPh3

e

@
e

@
isomer 1isomer2

Scheme 2.9: Reaction between [Rh(fctfa)(CO)zl and PPh3 to give two isomers of the complex
[Rh(fctfa)(CO)(pPh3)j.

From a recent study." it was revealed that both isomers are observed by IH NMR and there is a fast

equilibrium between these isomers. The isomer with most favourable crystallisation energy will

crystallise. This isomer is not necessary the one that should dominate in solution according to

polarisation theory.



p-diketonato Rl R2
%Rl + XR2 k2/dm3 mol" S-1

ba CH3 C6Hs 4.55 0.10

dbm C6Hs C6Hs 4.42 0.36

tfaa CH3 CF3 5.35 2.30

tfba C6Hs CF3 5.22 4.10

hfaa CF3 CF3 6.02 200
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(ii) The trans-effect

The kinetic trans-effect ofbidentate ligands was observed in of the following substitution reaction:

[Rh(p-diketonato)(CO)2] + cod ~ [Rh(p-diketonato)(cod)] + 2CO

for p-diketonato = ba, dbm, tfaa, tfba and hfaa.82

Table 2.8: The sum of the group electronegativities of the ~-diketonato side groups and second
order rate constants, kz for the substitution reactions of cod in [Rh(l3-diketonato)(CO)zl complex
to illustrate the trans-effect of various ~-diketonato ligands R1COCHCOR2

The rate of substitution was found to be dependent on the terminal substituents (CH3 (XCH3= 2.34),

Ph (XPh = 2.21) and CF3 (XCF3= 3.01)) on the p-diketonato ligand in the following order

(smallest k2) ba < dbm «tfaa < tfba « hfaa (largest k2)

The influence that the terminal side groups of the p-diketonato ligands have on kinetic trans-effect,

therefore, increase with increase in group electronegativities of individual side groups. Hence, the

observed trans-effect of terminal side groups on p-diketones is in the order CH3 :::::Ph < CF3, with

CF3having the largest influence. It is of interest to note that the group electronegativities of the CH3

and the Ph group are almost equal. This implies that either of the CO groups in

[Rh(PhCOCHCOCH3)(CO)z] may be substituted by PPh3. This actually was observed by Preston et

al.83in a crystallographic study. Both isomers were observed within the same crystal with a ratio 1:1

as illustrated in Scheme 2.10.
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isomer 2isomer 1

Scheme 2.10: Reaction of [Rh(ba)(CO)z] with PPh3 giving two isomers of [Rh(ba)(CO)(pPh3)] that
existed simultaneously in the solid state in the same single crystal.

In conclusion then, for bidentate ligands, the thermodynamic trans-influence determines the

specific isomer that will be formed during substitution reactions, while, the kinetic trans-effect

determines how fast these complexes will react in substitution reactions.

2.3.4.3 Influence of ligands cis to the leaving group

The kinetic cis-effect is the effect of a co-ordinated ligand upon the rate of substitution of ligands

adjacent to that ligand. It is similar to the trans-effect, but when quantified, it is found to be a

smaller effect than the trans-effect.59 The similarity stems from the direct communication between

cis-ligands via the metal py and d 2 2 orbitals. In cases where a relatively poor nucleophile acts asx -y

the entering group, the relative ability of ligands to act as trans labilizers is the same as their ability

to act as cis labilizers. For example.l" compare the trans-effect in Scheme 2.11 (A) with trans

ligand = X versus the cis-effect in Scheme 2.11 (B) with cis ligand = Y of substitution reactions.
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(A) (largest trans-effect) X = H- (> 10000) > CH3 - (170)
> ~Hs- (40) > Cf (1) (smallest trans-effect)

I>
ElOH

(B) (largest czs-effect) Y = CH3 - (3.6) > C6Hs- (2.3) > cr (1) (smallest eis-effect)

Scheme 2.11: (A) Illustrates the trans-effect by measuring the kinetic substitution rate. X = ligand
exerting the trans-effect. Rate constants, expressed as the ratio k(X)/k(CI), are given in brackets
after each X. (B) Illustrates the cis-effect by measuring the kinetic substitution rate. Y = ligand
exerting the cis-effect. Rate constants, expressed as the ratio k(Y)/k(CI), are given in brackets
after each Y.

Molecular orbital calculations show that ligands that weaken bonds trans to themselves also weaken

bonds eis to themselves, but not by as large an amount.f Bond breaking in the transition state

becomes somewhat easier for good eis-directors, and the reaction rate increases, but not quite as

much as would have been in the case if the cis ligand was in the trans position.

2.3.4.4 Influence of the leaving group

The effect of the leaving group is often related to the strength of the M-X bond (metal-ligand bond,

where X = the leaving ligand). A stronger M-X bond makes it more difficult for X to be substituted

by another ligand, resulting into a decrease in the substitution rate, whereas the opposite applies to

the weaker M-X bond. The ligands trans and cis to the leaving group play vital roles in determining

the M-X bond strength. The groups with a pronounced ability to trans-Iabilize are the least easily

replaced ones. An extensive study of relative leaving group rates has been made, for the following

reaction:86

Pt( dienX" + pyridine ~ Pt( dien)(py)2+ + X

The rate effects of the various leaving groups, X, were determined. The order of increasing ease of

substitution was found to be:
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(slowest to replace) CN- < N02- < SCN- <N3- < < r,Br" < cr < H20 < N03- (easiest to replace)

The members of the above series differ in rate constants by as much as 105 from the slowest (CN-)

to the fastest (N03 -) substituted ligand.

In addition, the second order rate constant, k2, of a substitution reaction of a square planar complex

increases with the decrease in basicity (pKa values) of the leaving group. By way of example, a

linear free energy relationship exists for the substitution reaction

[M(p-diketonato)( cod)] + 1,1O-phenanthroline ~ [M(phen)( cod)r + ~-diketonato

. with M = Rhl6 or Ir.63 Ligands with smaller pKa values have larger substitution rate constants.

Results are summarised in Table 2.9 and are applicable to the above reaction.

Table 2.9: Rate constants at 25°C and the activation parameters for the reaction between [M(P-
diketonato)(cod)] and phen, with M = Rh and Ir.

~- pKa' [Rhïjl-diketonatou cod) ](a) [Ir(~-diketonato)( cod) ](b)

diketonato kz/ ~H*/ ~S*/ kz/ ~H*/ ~S*/

drrr' mol" s' kJ mor! JK-! mor! dm' mol" s' kJ mor! J K'! mor!

acac 8.95 29.0 32.6 -108 13.6 29.5 -125

ba 8.70 51.2 31.6 -106 85.8 31.5 -102

dbm 9.35 61.4 27.3 -119 413 26.3 -106

tfaa 6.30 1330 30.5 -83 17100 24.0 -83

tfba 6.30 2420 26.2 -93 25100 23.1 -81

hfaa 4.35 276000 23.2 -63 3000000 - -
(a) in methanol at 25°C
(b) in acetone at 25°C

This particular type of reaction was also the subject of this study. During this study we introduced

the influence a second metal centre in the form of a ferrocenyl group may have on this type of

substitution reaction, as well as the influence of bulkier R groups, particularly H, CH3, CH2CH3,

CH(CH3)2 and C(CH3)3.
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2.3.4.5 Influence of the centra! metal atom

The effect of a central metal atom on the rate of substitution is determined by the ease with which

the metal enhances the replacement of the ligand attached to it, by another ligand, and such a metal

needs to be able to form a five co-ordinate complex, if the reaction proceeds via the associative

mechanism. The easier a metal can form a five co-ordinate complex (intermediate) in a square

planar substitution reaction, the more stable is the transition state in an associative mechanism, and

hence substitution is enhanced. For the substitution reaction'"

+ pyridine

Scheme 2.12: Substitution reaction of Cl with pyridine from complex [M(CI)(mesityl)(PEt3hl· (M
= Ni, Pd and Pt)

second order rate constants, k2, are equal to 33 dm' mol" S-Ifor M = Ni, 0.58 dm' mOrI S-I for M =
Pd and 6,7 x 10-6 dm' mOrI S-I for M = Pt. This result is consistent with the higher electron density

of the third transition Pt atom not favouring an associative mechanism. The large difference in k2

for these complexes is due to the fact that the mesityl blocks the positions above and below the

plane making the smaller Ni(II) complex much more capable of stabilising labile five co-ordinate

transition states than the bulky, electron dense Pt(II) complex" The relative rate of substitution

decreases in going from top to bottom in a given group of transition metals as well as in going from

right to left in a given row of the transition metals.

2.3.4.6 Influence of the solvent

The solvent has been found to play a crucial role in substitution reactions of square planar

complexes. Solvation of the ground and activated states influences the energeties of the activation

process. The solvent's role lies mainly on the solvolysis steps of the reaction as seen in Scheme 2.5,

page 23. The nucleophilicity and polarity of the solvent play a major role in the influence exerted by

the solvent. For a solvent to act as a nucleophile it must have an ability to donate electrons and to

supply them to the metal centre, therefore, co-ordinating strongly to the metal. The order observed87

for some solvents (with large ks values) is as follows:
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(CH3)2S0 > CH3N02, H20> ROH

Bonding of these solvents to the metal causes a weakening of any existing metal-ligand bond, thus

enhancing the nucleophilic attack of the incoming ligand. The nucleophilicity, therefore, dictates

the co-ordination power of the solvent and ks. Solvents that are poor co-ordinators such as C6H6 and

CC14, have little or no influence on the reaction rate as 0 ;:::J ks « k2 in the reaction sequence shown

in Scheme 2.5.87

2.3.4.7 The steric effects of the ligands

This refers to the influence of different bulky ligands co-ordinated to the same metal centre. It has.

been observed that increasing sizes of reacting complexes and ligands lower the rate of reaction. In

sterically crowded complexes, bulky ligands shield the metal centre, thereby blocking the approach

of the incoming ligand. The rate constants for the hydrolysis of cis-[Pt(Cl)L(PEt3h]88 (replacement

of cr by H20) decreases as more bulkier ligands are used as follows:

L = pyridine, k = 8 xlO-1 S-I

L = 2-methylpyridine, k = 2.0 xlO-4 S-I

L = 2,6-dimethylpyridine, k = 1.0 xlO-6 S-I

The artha-CH) groups of the aryl ligands block positions above and below the plane of the complex

as illustrated in Figure 2.15 (a), therefore increasing the hindering effect. It was also observed that

if L is trans to cr the effect is smaller than when they were cis to each other. This is explained by

the CH) groups being further from leaving group, Cl, as shown in Figure 2.15 (b).

Cl

(a) cis isomer (b) trans isomer

Figure 2.15: [Pt(2,6-dimethylpyridine)(CI)(PEt3hl complexes «a) cis isomer, (b) trans isomer)
illustrating that ortho-Cii- groups of 2,6-dimethylpyridine may sterically hinder nucleophilic attack of
an entering group from both above and below the plane of the molecule in cis and trans isomers.
However, cis isomer is sterically more crowded in the Cl position than the trans isomer and hence, Cl
displacement is slower in the cis isomer.
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2.4 Cyclic volrammetry

2.4.1 Introduction

Cyclic voltammetry (CV) was first reported in 1938 and described theoretically in 1948 by Randles

and Sevcik.89 It is one of the most frequently used techniques for examining the electrochemical

properties of a chemical substance or material. Organic chemists/?' 91 have applied the technique to

the study of biosynthetic reaction pathways and to study electrochemically generated free radicals.

CV has also been used to evaluate the effects of ligands on the oxidation/reduction potential of the

central metal ion in complexes and multinuclear clusters in inorganic chemistry.V The effectiveness

of CV results stems from its capability for rapidly observing the redox behaviour of a compound

over a wide potential range. Both thermodynamic and kinetic information is available in a single

experiment. Thus both reduction potential and heterogeneous electron transfer rates can be

measured and also the rate and nature of a chemical reaction coupled to the electron transfer step

can be studied. It is also useful in the selection of the proper oxidising agent, which can be used to

convert the metal complex in an intermediate oxidation state.

2.4.2 The Basic CV Experiment"

Cyclic voltammetry consists of cycling the potential of an electrode, which is immersed in an

unstirred solution, and measuring of the resulting current. The potential of this working electrode is

controlled versus a reference electrode such as a saturated calomel electrode (SCE) or a silver/silver

chloride electrode (Ag/AgCl). The controlling potential that is applied across these two electrodes

can be considered an excitation signal. The excitation signal for a CV is a linear potential scan with

a triangular waveform, from an initial value, E, to a predetermined limit EAI, (known as the

switching potential) where the direction of the scan is reversed (see Figure 2.16). The scan can be .

stopped anywhere or it can do cycles between Ex: and some other preselected value, EA2.
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Figure 2.16: A typical potential-time excitation signal for cyclic voltammetry, EA.I and Eu are the
switching potentials. Ei is the initial potential.

The current response is plotted as a function of the applied potential. Often there is very little

difference between the first cycle and successive scans. However, the changes that do appear on

repetitive cycles are important keys to unlocking information about reaction mechanisms.

2.4.3 Important parameters of cyclic voltammetry

The important parameters of cyclic voltarnmetry include the magnitudes of the anodic peak current

(ipa), and cathodic peak current (ipe), the anodic peak potential (Epa) and cathodic peak potential,

(Epe) as shown in Figure 2.17.

12 Epa

~ 7
;::.
c:
Q) 2-.-.
:::l
u

-3

-8
-0.1 0.1 0.3 0.5 0.7

EN vs. Ag/Ag+

Figure 2.17: Cyclic voltammetry of a 2.00 mmol dm" Hbfcm (FcCOCHzCOPh) measured in 0.1
mol dm-3 TBAPFJCH3CN on a Pt working electrode at 25°C. Scan initiated at -0.097 V in a
positive direction at scan rate 0.1 VS-I.
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One method of measuring ip involves extrapolation of a baseline current as illustrated in Figure

2.17. The establishment of a correct baseline is essential for the accurate measurements of the peak

currents.

A redox couple mayor may not be electrochemically reversible. By electrochemical reversibility, it

is meant that the rate of electron transfer between the electrode and substrate is fast enough to

maintain the concentration of the oxidised and reduced forms in equilibrium with each other at the

electrode surface. It is common practice to report the average of the forward and return peak

potentials, the formal reduction potential, Eol, for the electrochemically reversible redox couple as

given by the following equation:

Epa + Epe

2
Equation 2.2

Electrochemical reversible couples imply that 6.Ep = Epa -Epe ~ 59 mV at 25°C for le- transfer

process. The number of electrons transferred in the electrode reaction (n) for a reversible couple can

be determined from the separation between the peak potentials, 6.Epfrom the following equation:

n

Many systems are reversible when the voltage is scanned slowly, but at higher scan rates 6.Ep

becomes larger than 59/n mV. This implies that the rate of electron transfer between substrate and

electrode are comparable to or slower than the scan rate." In practice, though, a system with a

potential difference, 6.Ep,up to 80 mV is still considered as an indication of a reversible couple,

even though theory predicts 59 mV for 1e' transfer processes.

Another characteristic of reversible systems is the dependence of the peak height on the square root

of the scan rate. At 25°C the peak current, as defined by the Randles-Sevcik equation, is:

Equation 2.4

Here ip is the peak current (measured in amperes), A is the electrode area (cm/), D is the diffusion

coefficient (ern' S-I), v is the scan rate (V S-I) and C is the concentration of the substrate (mol ern").
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The above relationship between peak current and concentration IS particularly important in

analytical applications and in studies of electrode mechanisms. Also for an electrochemical

reversible couple, which is not followed by any chemical reactions, the values of ipcand ipashould

be identical. That is:

Equation 2. 5

ipc
c ipc

b

POTENTIAL

c

Figure 2.18: A schematic presentation of the cyclic voltammogram expected for (a) an
electrochemical reversible process (b) an electrochemical quasi-reversible process (80 < LlEp < 100
mV) and (c) an electrochemical irreversible process (LlEp > 100 mV, often ipa/ipc ::;:.1)

Systems can also be quasi-reversible or totally irreversible (see Figure 2.18). For quasi-reversible

systems, kinetics are slow but the electron transfer process still takes place at a rate that allows 80 <

L1Ep< 100 mV. In such cases, scan rates should be slowed down to minimise L1Ep.However, for

quasi-reversible processes, the peak current is not proportional to vJl2.

A completely irreversible system is one where only oxidation (or reduction) is possible or where the

scan rate of the experiment cannot be made so slow that L1Ep< 100.95 This can inter alia be caused

by very slow electron exchange of redox species with the working electrode. In such a case

Equations 2.2, 2.3, 2.4 and 2.5 are not applicable.

2.4.4 Solvents and supporting electrolytes in electrochemistry

All electrochemical phenomena occur in a suitable medium, which generally consists of a solvent

containing a supporting electrolyte. Considerations must be given as to how the chemical and the

electrochernical properties of the electrode reaction in question may be affected by the solvent

system.
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The major requirement of a solvent is that the species under investigation must be soluble and stable

in it.96 The material under investigation must be soluble to the extent of at least 1 x 10-4mol dm"

and the concentration of the electrolyte must be at least lOx that of the material under investigation.

An ideal electrochemical solvent should possess an electrochemical and chemical inertness over a

wide potential range, it should be a good solvent for both electrolyte and substrate and it should

preferably be unable to solvate the substrate. The solvents that are often used, are dipolar aprotic

solvents. These solvents have large dielectric constant (;::: 10) and low proton availability.

Acetonitrile, CH3CN, is commonly used in anodic studies but is moderately nucleophilic. CH3CN

has a dielectric constant of 37 and is an excellent solvent for polar organic compounds and

inorganic salts and is stable after purification. If a strictly non co-ordinating solvent is required,

dichloromethane, CH2Clz, is often employed. The electrochemical studies reported in this study

were performed with CH3CN as the solvent.

A supporting electrolyte is used to increase conductivity in the majority of electroanalytical and

electrosynthetic experiments. Most of the current is carried by ions of the supporting electrolyte.

Tetrabutylammonium hexafluorophosphate, TBAHFP/TBAPF6, is widely used as a supporting

electrolyte and it is also soluble in CH3CN. A solution of TBAHFP/TBAPF6 in acetonitrile exhibits

a very wide accessible potential range with positive and negative decomposition potentials, 3.4 V

and -2.9 V (vs. SCE) respectively."

2.4.5 Cyclic veltammetry of ferrocene-containing ~-diketo][]les

The fifth aim (Chapter 1) of this study was to determine the formal reduction potentials of the iron

core in the ferrocenyl fragment of the p-diketones as well as of the Rh' centre in our new [Rh(P-

diketonato)(cod)] complexes. Results of a cyclic voltammetry study of previously studied ferrocene

containing p-diketones of the type FcCOCH2COR are important within the context of this study.

CV results 20 of five different ferrocene-containing p-diketones I-ferrocenyl-4,4,4-trifluorobutane-

1,3-dione (Hfctfa, R = CF3), l-ferrocenyl-4,4,4-trichlorobutane-l,3-dione (Hfctca, R = CCh), 1-

ferrocenylbutane-l,3-dione (Hfca, R = CH3), I-ferrocenyl-3-phenylpropane-l,3-dione (Hbfcm, R =
Ph) and 1,3-diferrocenylpropane-l,3-dione (Hdfcm, R = Fc) are listed in Table 2.10 and displayed

in Figure 2.19. The difference in peak anodic, Epa, and peak cathodic, Epe, potentials, .6.Ep, for all

the p-diketones indicates reasonable electrochemical reversibility at scan rates of 50 mV S-I. All

formal reduction potentials, EO/,values remained constant between scan rates of 50 and 200 mV S-I.

The ratio ipelipa was in all cases close to unity, implying that the electrochemical oxidation of the
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iron (II) nucleus of the ferrocenyl group is not followed by a chemical induced reduction of the iron

(III) nucleus of the ferrocenium group by the hydroxyl group of the enol form of the ~-diketone.

Table 2.10: Peak anodic potentials, Ep. (vs. FclFc); difference in peak anodic and peak cathodic
potentials, LlEp; formal reduction potentials, EO'; peak anodic current, ip.; and peak
anodic/cathodic current ratios, ip./ipe, for 2.0 mmol. dm" solutions of ~-diketones of the type
FcCOCH2COR, measured in 0.1 mol. dm-3 TBAPFJCH3CN on a Pt electrode at 25°C at a scan
rate of 50 mV S-I. Data from reference 20

~-diketone EpaN LlEp /mV Eol N ipa/~ ipa/ipc

Hdfcm-first ferrocenyl group 0.220 66 0.187 10.00 1.00

Hbfcm 0.267 73 0.230 11.58 0.97

Hfca 0~279 86 0.240 12.46 0.99

Hdfcm-second ferrocenyl group 0.333 72 0.297 12.14 1.02

Hfctca 0.332 78 0.293 12.08 0.98

Hfctfa 0.354 74 0.317 10.53 0.96

R
R = CF3; Hfctfa
R = CCl3; Hfctca
R = CH3; Hfca
R = Ph; Hbfcm
R = Fc; Hdfcm

j10llA J>
::::J Hfctfa

ë fr;(lee if Hfctca
~ Fe~ <? Htca

rn T>
~ <JA Hbfcm

~dfem

o o

o 0.3 0.6
EN vs. Ag/Ag+

Figure 2.19: Cyclic voltammograms of 2 mmol dm" solutions of ferrocene and ~-diketones
measured in 0.1 M TBAPFJCH3CN at a scan rate of 50 mV S-1 on a Pt working electrode at
25.0(1) °C versus Ag/Ag+

The spread of the formal reduction potential, measured vs. FclFc+, of the ferrocenyl groups of the ~-

diketones in Table 2.10 is large: from 0.187 V for Hdfcm to 0.317 V for Hfctfa. This large spread

in Eol is the result of good communication between the ferrocenyl group and the R substituents on

the ~-diketones via the backbone of the pseudo-aromatic ~-diketone core. Formal reduction

potentials of the ferrocenyl group on the ~-diketones were found to be directly proportional to the
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group electronegativities of the other substituent (R) on the ~-diketone. This result implied that

there is good communication due to electron delocalization between the ferrocenyl group and the R

group on the ~-diketone.

As seen in Table 2.10 and in Figure 2.19, Hdfcm shows two formal reduction potentials Eol =
0.187 and 0.297 vs. Fe/Fe ". This is in contrast to IH NMR measurements that could not differentiate

between the two ferrocenyl groups. This observation was explained by the fact that the two

ferrocenyl groups are not oxidised simultaneously at the surface of the electrode. Firstly, one

ferrocenyl group is oxidised according to the reaction

The group electronegativity of a Fe+ group (XFc+= 2.82) is, however, larger than that of Fe group

(XFc= 1.87), causing the Fe+ group to be much more electron withdrawing. The second Fe group

that still has to be oxidised in FcCOCH2COFc + is now, by conjugation, experiencing stronger

electron withdrawing properties of the Fe+ group making it much more difficult to oxidise

according to the reaction

FcCOCH2COFc+ -* Eol = 0.297 V vs. Fe/Fe+

2.4.6 Cyclic volrammetry of Rhodiumfl) complexes

Square planar rhodium complexes, being co-ordinatively unsaturated, can undergo oxidative

addition reactions with various organic and inorganic molecules.Y These reactions have been

studied in order to gain more understanding of the electronic and steric factors influencing the

oxidative reactions. The relation between electrochemical oxidation (oxidation potential by means

of cyclic voltammetry) and the pKa values of various ~-diketone co-ordinated onto the rhodium is

expected to be independent of steric parameters, where in contrast chemical oxidation (oxidation by

means of, for example, CH)I) is influenced by steric parameters. Electrochemical investigations can

therefore offer numerous ways to explore the steric hindrance effect on rhodium complexes.

Redox results'" of the rhodium core of four [RhI(~-diketonato)(CO)(PPh))] complexes, in which the I

free ~-diketones has different electronegativities and steric hindrances, are presented in Table 2.11.
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Table 2.11: Oxidation and reduction peak potentials vs. Fc/Fc+ of the various [Rh(P-
diketone)(CO)(pPh3)] complexes and their respective free p-diketone pK. values99

Free p-diketones pKal1 Complex Epal V EpcfV

Dibenzoylmethane (Hdbm) 9.4 [Rh(dbm)(CO)(PPh3)] 0.308 -0.76

Benzoylacetone (Hba) 8.7 [Rh(ba)(CO)(PPh3)] 0.336 -0.80

Benzoyltrifluoroacteone (Hbtfa) 6.3 [Rh(btfa)(CO)(PPh3)] 0.448 -0.64

Trifluoroacetone (Htfaa) 6.3 [Rh(tfaa)( CO)(PPh3)] 0.491 -0.66

The larger the pKa values of the free p-diketones (cited in Table 2.11) the less positive the

oxidation potential and the more negative the reduction potential. This indicates easier oxidation of

Rh(I) to Rh(III), and more difficult reduction of the Rh(III) to Rh(I) when the metal is co-ordinated

to more basic p-diketones. For these complexes ó.Ep is larger than 1 V, indicating definite

electrochemical irreversibility.

As expected, the steric effects from different terminal p-diketonato substituents did not have an

influence during electrochemical oxidation. This was shown by the same Epe, within experimental

error, of the [Rh(btfa)(CO)(PPh3)] and [Rh(tfaa)(CO)(PPh3)].

205 Cytotoxic studies

2.5.1 Introduction

Potentially good chemotherapeutic drugs often find limited clinical use due to the many negative

medical and physical side-effects they show. For cisplatin, [Pt(NH3)zCh], the most successful

metal-containing chemotherapeutic drug to date, these include inter alia high toxicity to the kidneys

and bone marrow, lOOloss of appetite (anorexia),'?' development of drug resistance after continued

drug dosage,102a high rate of excretion from the body,103 low aqueous solubility and perhaps, most

important of all, inability to distinguish between healthy and cancerous cells.l04 To combat these

negative aspects surrounding cisplatin and other chemotherapeutic drugs, new antineoplastic

materials are continuously being synthesised and evaluated. New methods of delivering an active

drug to a cancerous growth are being developed'I" and combination therapy has been investigated

in the hope of finding synergistic effects.106
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2.5.2 Fermeene derivatives OIIl chemotherapy

A new field of potential application of both ~-diketone complexes of rhodium(I) and derivatives of

ferrocene has evolved in recent years with reports that some of these compounds show

antineoplastic activity. It has been shown that certain ferrocenium saltsl07 have more favourable

50% lethal dosage values than cisplatin.l'" Kanzawa and co-workers'Y' showed that ferrocenylacetic

acid induced good to excellent cure rates against human adenocarcinoma, squamous cell carcinoma

and large cell carcinoma of the lung in in vitro human tumour clonogenic assays. Recently, Osella

and eo-workers 110 determined the mechanism of action of the ferrocenyl moiety in chemotherapy,

which is based on electron transfer. The Fell-containing ferrocenyl group needs first to be activated

by oxidation to a FelIl-containing ferricenium species by redox-active enzymes in a particular body

compartment. The ferricenium species then interact with water and oxygen to generate a hydroxyl

radical (OH} The hydroxyl radical then cleaves the DNA strands, which results in cell death.

Electrochemical and biological studies performed in this laboratory, III indicated that only

ferrocenyl derivatives with formal reduction potential less positive than ea. 0.216 V vs. SCE or

0.134 V vs. AglAg+ are active in cytotoxicity experiments. Ferrocenyl oxidation by redox enzymes

in the cell becomes thermodynamically impossible in compounds with much more positive formal

reduction potentials and the ferrocenyl derivatives become for all practical purposes, inactive.

New ferrocene-containing compounds of the type FcCOCH2COR (with R = H, CH3, CCI3, CF3, Ph,

and Fe) and their rhodium complexes of the type [Rh(FcCOCHCOR)(cod)] have been investigated

for their cytotoxic properties. ICso-values (mean drug concentration expressed in urnol dm-3 causing

50% cell death) of HeLa cancer cell line and PHA-stimulated cellsl12 are summarised in Table 2.12

and illustrated for the rhodium complexes in Figure 2.20. It was found that ICso value was

dependent on the R substituent for both ~-diketones and rhodium complexes. CF3-containing

compounds were observed to be having the lowest ICso values, therefore having the highest

cytotoxicity.
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Table 2.12: ICso values of the indicated ferrocene-containing ~-diketones and their rhodium
complexes against HeLa cancer cells and PHA-stimulated human lymphocytes. PHA =
Phytohaemaglutin stimulated human mononuclear lymphocytes.

~-diketones ICso /Ilmol dm-3 Rhodium complexes ICso /Ilmol dm-J

HeLa PHA- HeLa PHA-

stimulated stimulated

lymphocyte lymphocyte

FcCOCH2COH 73.4 - [Rh(FcCOCHCOH)(cod)] 62.4 -

FcCOCH2COCH3 66.6 - [Rh(FcCOCHCOCH3)( cod)] 64.4 -
FcCOCH2COFc 54.4 >100 [Rh(FcCOCHCOFc)( cod)] 18.4 42.2

FcCOCH2COPh 54.2 >100 [Rh(FcCOCHCOPh)(cod)] 28.3 97.2

FcCOCH2COCCb 37.7 67.5 [Rh(FcCOCHCOCCb)( cod)] 7.9 4.7

FcCOCH2COCF3 6.8 83.1 [Rh(FcCOCHCOCF3)(cod)] 12.5 41.6

Acac, IC 50 = 97.3J.1M

Cisplatin, IC 50 = 5.6J.1M

.0

Concentration (!J9 Rh per ml)

Figure 2.20: Percentage cell survival of HeLa cancer cell lines relative to the control experiment
vs. concentration (ug Rh cm") for the rhodium complexes of the type [Rh(FcCOCHCOR)(cod))
(with R indicated on the graph) and [Rh(CH3COCHCOCH3)(cod)).

Most of the complexes of Table 2.12 were more effective at killing cancer cells as compared to

healthy cells as determined by PHA-stimulated human lymphocytes. The only exception is that of

[Rh(FcCOCHCOCCh)(cod)]. The ~-diketone FcCOCH2COCF3 was 83.1/6.8 ~ 14 times more

effective in killing cancer cells than healthy lymphocytes. Rhodium complexes showed much more

cytotoxic activity than the free ~-diketones. The rhodium complexes also behave as radiosensitizers

~~TI[,0l\.lgll~t!~

JibS 0/3 63
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under hypoxic conditions, while the free p-diketones do not. The benefit of this is especially

important in treatment of advanced cancers. When cancer gets advanced, it begins to function in an

oxygen-starved environment, known as hypoxic conditions. Normally, drugs as well as radiation

therapy then, become less effective. Any drug that can be activated under such conditions or that

can enhance radiation therapy effectiveness under such conditions obviously is very appealing in

cancer therapy. It was found that the rhodium-containing drugs become radiosensitizers under

hypoxic conditions.l''' In particular, a dose modifying factor of 3 for [Rh(FcCOCHCOCF3)(cod)]

(i.e. radiation becomes 3x more effective in cancer treatment in the presence of

[Rh(FcCOCHCOCF3)(cod)] than in its absence) was found. This complex also exhibited an oxygen

enhancement ratio of 2.4 (i.e. radiation effectiveness remains unchanged even if the oxygen supply

falls 2.4 times from normal).

No detailed information on the mechanism of action of rhodium complexes in chemotherapy is,

however, currently available. From a chemical point of view it is reasonable to assume that either a

substitution reaction involving Rh-containing drug and DNA, or an oxidative addition reaction

where Rh' gets oxidised to RhII or RhIII, is involved. For the purpose of this study substitution

kinetics of [Rh(FcCOCHCOR)(cod)] complexes were studied as a function of different R groups.

Attention has also been focussed to determine the effect that the size of an alkyl group, R, has on

cytotoxic activity. The R groups that were focussed on in this study are: R = H, CH3, CH2CH3,

CH(CH3)2 and C(CH3)3.
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301 Introduction

The synthesis and characterisation of new ferrocene containing ~-diketones of the type

[FcCOCH2COR], with R = H, CH2CH3, CH(CH3)2 and C(CH3h are described in this chapter.

Characterisation of these ~-diketones includes techniques such as 1H NMR, cyclic voltarnrnetry and

keto-enol equilibrium studies as well as kinetics of conversion from enol to keto isomer. A

discussion of the complexation reactions of these ~-diketones with [Rh2CI2(cod)2] to give

[Rh(FcCOCHCOR)(cod)] complexes is also presented. Substitution kinetics of the ~-diketonato

ligand with 1,10-phenanthroline and the cyclic voltarnrnetry of these [Rh(FcCOCHCOR)(cod)]

complexes are also described. The influence of group electronegativities of R groups in the ~-

diketonato ligand on the rhodium centre is quantified, using parameters such as ferrocenyl formal

reduction potentials, second order rate constants for the substitution of (FcCOCHCOR)" with 1,10-

phenanthroline in [Rh(FcCOCHCOR)(cod)] and ~-diketone pKa values. Some cytotoxic properties

of these compounds on cancer cells are presented in the final section of this chapter.

302 Synthesis and identification. of compounds

3.2.1 Synthesis of ferrocene containing ~-diketones

As shown in Scheme 3.1, page 59, acetylferrocene (2) was prepared (in 81% yield) by treating

ferrocene (1) with acetic anhydride in the presence of phosphoric acid. It was important to maintain

an internal reaction temperature between 100 and 105°C to maximise yields. After abstraction of

the methine proton of acetylferrocene with a strong base like lithium diisopropyl amide, LiD IPA, the

lithium salt of acetylferrocene underwent a Claisen condensation reaction with a range of

monocarboxylic esters to afford the ~-keto-aldehyde, 2-ferrocenoyl-etan-l-al

(ferrocenoylacetaldehyde, Hfch (3)) and ~-diketones, 1-ferrocenylbutane-I ,3-dione

(ferrocenoylacetone, Hfca (4)), 1-ferrocenylpentane-1 ,3-dione (ferrocenoylpropan-2-one, Hfcp (5)),

I-ferrocenyl-4-methylpentane-l,3-dione (ferrocenoyl-3,3-dimethylacetone, Hfcdma (6)) and 1-

ferrocenyl-4,4-dimethylpentane-1 ,3-dione (ferrocenyl-3,3,3-trimethylacetone, Hfctma (7)). It was

observed that the more hydrogen atoms of the CH3 group of FcCOCH2COCH3 are substituted with

a methyl group, the lesser the yields became. Hfca (R = CH3) was isolated in yields of about 38%,
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Hfcp (R = CH2CH3) was isolated in 24% yields, Hfcdma (R = CH(CH3)2) in 21% yields and

Hfctma (R = C(CH3)3) in 17% yields. The ~-keto-aldehyde, FcCOCH2COH, was obtained by

reacting acetylferrocene with methyl methanoate in 32% yield. Hfcp (5) was very sluggish to form

crystals and was recrystallized with hexane and ether and stored in the freezer for about 2 weeks.

The other ~-diketones crystallised within 7 days. A self-aldol condensation product of

acetylferrocene, 1,3-diferrocenylbut-2-en-1-one (1-ferrocenoyl-2- ferrocenylpropene (8», was

obtained in all syntheses as a by-product. The highest yields (40%) of the by-product (8) was

obtained during Hfctma synthesis. Flash column chromatography was used to purify all the ~-

diketones, but the keto-aldehyde (3) fixated on a silica gel column, and then decomposed to a black

product. Hfch was, therefore, purified mainly by crystallisation.

o

~IDWA,TH'

-@/

(1) (2)

(i) RCOOCHzCHJ
(ii) H+

(8)
(3) R = H, Hfch

(4) R = CH3, Hfca

(5) R = CH2CH3, Hfcp

(6) R = CH(CH3)2, Hfcdma

(7) R = C(CH3h, Hfctma

Scheme 3.1: Claisen condensation of acetylferrocene (2) with an appropriate ester gives the 13-
diketones Hfch (3), Hfca (4), Hfcp (5), Hfcdma (6) and Hfctma (7). Self-aldol condensation of

acetylferrocene led to the side product (8).
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~-Diketones exist in solution (and in the vapour phase') as mixtures of keto and enol tautomers in

equilibrium with each other (Scheme 3.1). This equilibrium was studied for ~-diketones 3-7 and

will be discussed in section 3.3.

3.2.2 Synthesis of ferrocene-containlng ~-diketoltlato rhodlunul)

complexes

The rhodium dimer (9) was obtained by standard methods/ in yields up to 73%. The method

involved refluxing of RhCh· 3H20 and cyclooctadiene in the presence of ethanol for 21
/2 hours at

78°C, to give [Rh2Cl2(cod)2] as a yellow powder. Complexation of the ~-diketones 3-7 with

[Rh-Cl-tcod)»] (9) in DMF at room temperature (Scheme 3.2), leads to the formation of Rh(I)

complexes of the type [Rh'(B-diketonatoucodj] with yields of 75% for [Rh(fch)(cod)], 10, 80% for

[Rh(fca)(cod)], 11, 85% for [Rh(fcp)(cod)], 12, 90% for [Rh(fcdma)(cod)], 13 and 88% for

[Rh(fctma)(cod)],14.

FcCOCH2COR

NaHC03,DMF

(9) e
@

(10)R=H

(11) R = CH3
(12) R = CH2CH)
(13) R = CH(CH3h
(14) R = C(CH3h

Scheme 3.2: Reaction for the complexation of ferrocene-containing f3-diketones with

[Rh2Ch(cod)2) (9) at room temperature in the presence of NaHC03 to give [Rhtfchjtcodj] (10),

[Rh(fca)(cod)] (11), [Rhïfcpucodj] (12), [Rhïfcdmaucodj] (13) and [Rhïfctrnajtcodj] (14).

The base, NaHC03, added in stoichiometric amounts to the ferrocene-containing ligand, was used

to extract the methine proton from the ~-diketone to form a ~-diketonato anion. The ~-diketonato

anion is the actual complexing ligand in Scheme 3.2. It has been found3 that ~-diketones with pKa

values> 7 react more slowly than those with lower pKa values. Although complexes 11, 13 and 14
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were easy to crystallise. [Rh(fcp)(cod)], (12), did not form crystals. It was a thick waxy substance.

Attempts to crystallise 12 from acetone and water led to its decomposition. The rhodium complex

with keto-aldehyde, (10), was purified by recrystallisation as it could not be eluted from a silica gel

column. Complexes 11-14 could be purified with silica gel column chromatography.

3.3.1 The observed solution phase equilibrium constant, ~

All ~-diketones exist in principle as a mixture of keto and enol forms as shown in Scheme 3.3.

Although two enol isomers for the ~-diketones, FcCOCH2COR are possible, in solution it was

found that at equilibrium enol isomer A does not contribute much to the overall mixture.

OH 0 o OHo o

RR
e

@
e

@
Enol isomer A Fnol isomer BKeto isomer

Scheme 3.3: Keto-enol equilibrium for ferrocene-containing 13-diketones

The dominant isomers found in the overall mixture of each compound are the keto isomer and enol

isomer B. The reason why enol isomer B dominates over enol isomer A will be explained later

(section 3.4.3). The apparent absence of enol isomer A allows writing of the simple equilibrium:

Fc-CO-CH2-CO-R Fc-CO-CH=C(OH)-R
Reaction 3.1

with K = [Fc-<::O-CH=C(OH}-R]
c [Fc-<::O-CH2-<::O-R]

% enol isomer
=-----

% keto isomer
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100 - % keto isomer
Equation 3.1=-------

% keto isomer

In this study, K, values for ~-diketones, In CDCh solutions, were obtained from 'n NMR

spectroscopyat 19°C. Figure 3.1 shows the equilibrium 'n NMR spectrum ofHfcdma, 6. From this

spectrum, utilising the integral values of protons of the keto and enol isomers, the equilibrium

constant, Kc, can be calculated. Integration of the spectrum was done in such a way that the methine

proton of the enol isomer, FcCOCH=C(OH)CH(CH3)z, was assigned an integral value of one.

e-CsHs

I
e-CO-C[! -C(0 H)- I

j
i

(~j
"- D 5 5.0 5.5

i
2 0

i
1.55.0 JJ.5 3.5 3.0'.0 2.5

Figure 3.1: The IH NMR spectrum of Hfcdma, 6, at equilibrium: Fc-CO-CHz-CO-CH(CH3h 6=r

Fc-CO-CH=C(OH)-CH(CH3)z, at 19°C. The spectrum was obtained after enough time elapsed to

ensure that the sample was at equilibrium. The prefix 'e' implies a signal of the enol isomer, while

the prefix 'k' implies a signal of the keto isomer. Fe = CsHsFeCs~

Utilising the CH(CH3)Z signal of FcCOCHzCOCH(CH3)2 in Figure 3.1, the % keto isomer in

Hfcdma, 6, is

% keto isomer = (I of keto signalj/ {(I of keto signal) + (I of enol signalj} x 100

= 1.347/ (1.347 + 6.275) x 100

= 17.7%

Utilising the CH(CH3h signal, the % keto isomer is 17.6%. From the CsHs signal, the % keto signal

is 16.3%, while from the CSH2 signal it is 16.8%. From the methine proton signals,

FcCOCH=C(OH)CH(CH3)z and FcCOCH2COCH(CH3)z, the % keto isomer is calculated to be

17.4%. The average % keto isomer is therefore 17.2%. Substitution of this value in Equation 3.1

gives:
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K = 100 - % keto isomer
C % keto isomer

= (lOO-17.17)%
17.17%

= 4.82

for the equilibrium

Fc-CO-CH2-CO-CH(CH3h Fc-CO-CH=C(OH)-CH(CH3h

In a similar fashion, by fitting the average % keto isomer for 3, 4, 5 and 7 using appropriately

unambiguously definable IH NMR signals, the K, value for each ~-diketone was determined.

Results are summarised in Table 3.1.

Table 3.1: Equilibrium constant, Kc, at 19°C, the % keto isomer at equilibrium for the keto-enol

equilibrium, with Gibb's free energy for l3-diketones 3-7

Compounds % keto x, in CDCh !:l.G/

at 19°C kj mol"

Hfch, (FcCOCH2COH), 3 9.7 9.3 -5.5

Hfca, (FcCOCH2COCH3), 4 22 3.4 -3.0

Hfcp, (FcCOCH2COCH2CH3), 5 29.8 2.4 -2.1

Hfcdma, (FcCOCH2COCH(CH3)2), 6 17.2 4.8 -3.8

Hfctma, (FcCOCH2COC(CH3)3), 7 12 7.3 -4.8

From the well known thermodynamic expression"

!:l.G=-RTlnKc

The Gibbs free energy, óG for Reaction 3.1, page 61, can be calculated. Results are tabulated in

Table 3.1. A decrease in the equilibrium keto content (increase in the equilibrium enol content)

gives rise to an increase in equilibrium constant, K; As more H atoms of the CH3 group of

FcCOCH2COCH3, 4, are substituted with a methyl group, in 5, 6 and 7, larger K, values are

observed. This implies that the enol isomer becomes increasingly thermodynamically stable in

moving from 5 to 6 to 7. This is probably in part a consequence of the electron donating inductive
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effect of alkyl groups. Tertiary alkyl groups are more electron donating than secondary and primary

alkyls. There is also a correlation observed between Gibbs free energy, óG, and % keto isomer of p-

diketones. As óG becomes more negative, the % keto content becomes smaller. This means that the

thermodynamic driving force of the above equilibrium becomes more favourable to shift the

equilibrium to the right. Increased % enol content is, therefore, observed on p-diketones with a

more negative óG value for the equilibrium in Reaction 3.1 page 61

3.3.2 Kinetics of keto-enol conversion

From a kinetic point of view, the equilibrium constant, Kc, can also be expressed in terms of the

quotient of the rate of conversion of keto to enol isomers and the rate of conversion of enol to keto

isomers, as given by the following reaction

Fc-CO-CH=C(OH)-RFc-CO-CH2-CO-R

Keto isomer Enol isomer Reaction 3.2

In particular, K, = ~, with k, = rate constant for the conversion of keto to enol isomer and k., =
k .,

rate constant for the conversion of enol to keto isomer. To obtain a solution of the p-diketones 3-7

enriched in keto content, a solution of, for example, Hfcp, 5 (4 mg) in diethyl ether was extracted by

aqueous NaOH. The original organic layer was discarded and CDCl3 (3 cm:') was added to the

aqueous layer. Acidification with HCI allowed extraction of the p-diketone into the CDCh layer in

sufficient concentrations to obtain a IH NMR spectrum. The aqueous layer was discarded and the

CDCl3 layer was quickly washed with water and a portion of the organic layer (0.7 crrr') was taken

to record a IH NMR spectrum. A keto-enriched spectrum of Hfcp was obtained and is shown in

Figure 3.2 (A). In the solid state, however, after enough time has elapsed, the equilibrium in

Reaction 3.2, is essentially driven completely to the enol side. Aged samples of p-diketones were

therefore used to obtain enol-enriched spectra. Figure 3.2 (C) shows such a spectrum for Hfcp, 5.

Slow conversion of the enol isomer to the keto isomer until the solution equilibrium position

(Figure 3.2 (B)) is reached, was monitored by recording a IH NMR spectrum at specific time

intervals until the % keto isomer (see page 62 for its calculation) remained constant.
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k-CjHz e-

.; 0>i\'1
1

e-CO-CH=C(OH)

1

i (~J
i I
00. 5.5

Keto-enriched
spectrum \r

I
e-CjHs

I k-

(A)

5.0 4.5 .0 3.5 3.0 2.5 2.0 vs

Figure 3.2: (A) A keto-enriched IH NMR spectrum of Hfcp, 5 (Fc-CO-CHz-CO-CHzCH3 6:y Fc-

CO-CH=C(OH)-CHzCH3). The spectrum was recorded directly after extraction of Hfcp into

aqueous NaOH and recovery into CDCl3 after acidification. (B) IH NMR spectrum of Hfcp in

CDCl3 at equilibrium. (C) IH NMR of an aged sample of Hfcp containing mostly the enol isomer.

All spectra were recorded at 19°C. e = enol signal, k = keto signal.
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For each time interval the % keto isomer was determined and the observed first-order rate constant,

kobs, was obtained from Equation 3.2,5 utilising the fitting program MINSQ.6

30r---------------~

28...
al
Eo
.!!! 26
o-al
..:0::

~
24

22+,----~----~--~
(a) 0.0 0.5 1.0

10.3 time Is

Equation 3.2

18~--------------~

with [A], = % keto isomer at time t, [A]i = % keto isomer at infinite time, [A], = initial % keto

isomer, kobs = k, + k: Hence rate constants k, and k., were obtained by simultaneously solving the

equations kobs = k, + k., and K,= .!J......
k ;

Figure 3.3: Time traces showing the conversion from enol to keto isomers of (a) Hfcp, 5, (b)

Hfcdma, 6 and (c) Hfctma, 7 at 19°C in CDCh.

From the kinetic conversions of p-diketones from enol isomer to keto isomer (Figure 3.3), first

order rate constant, kobs were found to be 7.72(2) x 10.4 S·l for Hfch, 5.7(2) x 10.5 s' for Hfca,

4.36(4) x 10.3 S·l for Hfcp, 4.07(4) x 10.5 S·l for Hfcdma and 1.57 x 10.4(2) S·l for Hfctma. From this

data rate constants for the forward reaction, k, and reverse reaction, k.i, in Reaction 3.2 were easily

obtained and are given in Table 3.2.

"- 15
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Table 3.2: Rate constants for the conversion of keto to enol isomer, k, and for the conversion of

enol isomer to keto isomer, k.t for f3-diketones of the type FcCOCH2COR.

Compound 106 k, /S·1 106 k.l /S·l

Hfch,3 697(4) 75(2)

Hfca,4 44(2) 13(2)

Hfcp,5 3070(10) 1300(10)

Hfcdma,6 34(2) 7(2)

Hfctma,7 138(3) 19(2)

Larger rate constants for the conversion of keto to enol isomers were observed as compared to the

conversion of enol to keto isomers for all ~-diketones in this study. This implies that the enol

isomer is the favoured stable isomer in which ~-diketones 3-7 exist in CDCb solutions. Hfcp

reached the equilibrium (within 30 minutes) much faster and had less enol content than the other ~-

diketones. Hfcdma took much longer times (- 1700 minutes) to reach equilibrium.

3.4.1 Introduction

Compounds containing the carbonyl group have been the subject of many investigations and a

considerable amount of experimental data has been accumulated concerning the IR stretching

frequencies of the C=O bond. From these data it is possible to draw certain conclusions with regard

to the effects of various substituents on the carbonyl frequency. A C=O linkage may assume a

single or triple bond character according to the following equations:

X
<I",___", "'c=o+

y.

II

x
"'c ~o
/

y

x
'" + .c-o
/y

III
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If X or Y are strongly electronegative (i.e. electron withdrawing) they will tend to pull electron

density from the double bond to the C-atom by an inductive effect through the carbon atom,

resulting in a greater contribution from II to the overall structure of the compound. This will lead to

a relative increase in the IR carbonyl stretching frequency of the compound. For example/ an

increase in IR v(C=O) stretching frequencies from ea. 1718 ern" for CH3COCH3 to 1840 cm-I for

CH3COF is observed. On the other hand, if X or Y is electron donating in character, the oxygen

atom will gain electron density and the double bond will be weakened due to the larger contribution

of canonical form III to the overall structure I. This leads to a decrease in carbonyl stretching

frequency from ca. 1718 cm-I for CH3COCH3 to 1658 cm-I for CH3COFc (Fe = ferrocenyl group),

by way of example. The atom or group electronegativities XR, of R = F, CH3, Fe are 4.0, 2.34 and

1.87 respectively" 10 Since electronegativity of an atom or group of atoms, is a measure of its

relative electron attracting or donating power, a relationship between carbonyl stretching frequency

and group or atomic electronegativities of the substituents on the carbonyl compound would be

expected.

3.4.2 Determination of group electronegativlties from carbonyl

stretching frequencies

In this study, group electronegativities, XR, of the R groups of the p-diketones, FcCOCH2COR were

determined by using the carbonyl stretching frequencies, v(C=O), of the ethyl ester series,

RCOOCH2CH3, with R = H, CH3, CH2CH3, CH(CH3)2 and C(CH3h A calibration curve (Figure

3.4) of known XR values against v(C=O) for esters, with R = CHClz, CH2Cl, CH2Br, Cl, CCb, CF3,

Ph and Fe, was constructed using the data of Table 3.3. The experimentally determined v(C=O) for

R = H, CH3, CH2CH3, CH(CH3)2 and C(CH3)3 were then fitted to this calibration curve and XR

values were read off on the x-axis.
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Table 3.3: IR stretching frequencies of ethyl esters of the type RCOOCHzCH3 and group

electronegativities, XR, of each R group. R groups are indicated in the table.

Figure 3.4: Linear relationship observed between group electronegativities, XR, and the carbonyl

stretching frequencies of ethyl esters of the type RCOOCHzCH3•

R groups of v(C=O)/ ern" XR Reference

ethyl esters

CF3 1785 3.01 9
Cl 1772 2.97 10
CCl3 1763 2.76 9

CHCh 1750 2.62 10
CH2Cl 1747 2.48 11

CH2Br 1738 2.44 11

CH3 1736 2.38(a) This study

CH2CH3 1733 2.34 This study

CH(CH3)2 1730 2.29 This study

QCH3)3 1728 2.27 This study

Ph 1725 2.21 9

H 1717 2.11(b) This study

Fe 1700 1.87 9
Ca) reference 10 reports 2.34
Cb) reference 9 reports 2.13 from a spectroscopic study, reference 3 .reports 2.55 from an

electrochemical study

1840

1800

Fe

"':"E
CJ

61760
II
CJ->-

~CI

1720

1680+---------~----~----~--~----~----~
1.7 1.9 2.1 2.3 2.5 2.7 2.9 3.1
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From the graphical relationship above, group electronegativities for R substituents in this study

were obtained as 2.11 for R = H, 2.38 for R = CH3, 2.34 for R = CH2CH3, 2.29 for R = CH(CH3)2

and 2.27 for R = C(CH3h The newly obtained X.H is mutually consistent with what Du Plessis et al9

in spectroscopic studies found, i.e. 2.13. A tertiary alkyl group is found to be more electron

donating than a secondary alkyl group, which in turn is more electron donating than a primary alkyl

group. Group electronegativities, therefore decrease in the order:

However as will be seen in later sections, the position of H, as determined by spectroscopic

techniques in the above series is incorrect. The correct position ofH is actually before CH3.

3.4.3 Determination of dominant enol isomer using group

electronegativities

Two driving forces that explain the dominance of the observed enol isomer in ~-diketones have

been postulated." These forces were labelled electronic- and resonance driving forces. In the

electronic driving force, the formation of the preferred enol isomer is controlled by the

electronegativities of Fe and R groups in the ~-diketone Fc-CO-CH2-CO-R. When the

electronegativity of R is greater than that of Fe, the carbon atom of the carbonyl group adjacent to

Fe will be less positive in character than the carbon atom of the other carbonyl group. The dominant

enol isomer, therefore will be Fc-C(OH)=CH-CO-R. As determined in the previous section the

group electronegativities of R = H, CH3, CH2CH3, CH(CH3)3 and C(CH3)3 (see Table 3.3) are

infact larger than that of Fe (X.Fe = 1.87). This implies that enolisation should be in the direction of

ferrocenyl group (i.e. Fc-C(OH)=CH-CO-CH2CH3, enol isomer I in Scheme 3.4). This is in

contrast to what was practically observed in solution utilising results from the IH NMR studies of

these ~-diketones as well as in the solid state from X-ray crystallographic studies for Hfctfa9 and

Hfca.1O The observed dominant enol isomer had enolisation in the direction furthest from the

ferrocenyl group (enol isomer II in Scheme 3.4, i.e. Fc-CO-CH=C(OH)-CH2CH3). To understand

why the enol isomer II dominates over I in solution, implying that the equilibrium between I and II

is shifted very far towards II, one should realise that enol isomer I may convert to anyone of its

canonical forms Ill, while isomer II may convert to anyone of its canonical forms IV. To decide

which canonical forms III or IV is most stable, and therefore should dominate, the existence of

resonance driving force was described.lo The resonance driving force implies that the formation of
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different canonical forms of a specific isomer will lower the energy of this specific isomer enough

to allow it to dominate over the existence of the other isomer. Crystallographic studies'? of Hfca (R

= CH3) have shown that zwitterion resembling IV and which arises from isomer II dominates over

canonical form III arising from isomer I. Only one structural canonical form for IV is shown, but

like III it really is a mixture of several. The isomer II can only to dominate in solution and in solid

state if, the zwitterionic canonical form IV dominates over Hl Canonical form IV will only

dominate over canonical form HI if the conjugation between the ferrocenyl group and the u-

carbonyl group is much more effective and energy lowering than conjugation between the

ferrocenyl group and the y-carbonyl group. Since R, here shown as CH2CH3, has no double bonds

that can conjugate with its neighbouring carbonyl group, the y-carbonyl group, it follows that

canonical forms such as IV must dominate over canonical forms resembling III Hence, resonance

driving force determines which enolate is favoured and not electronic factors.

electronic

[I dw~fo~

1 1
OH O·

~
Fe

~ UI

Scheme 3.4: Electronic considerations in terms of group electronegativity favour isomer I as the

enol form of Hfcp. However, structure II was found to be dominant which implies that the

equilibrium between I and II lies far to the right. The ferrocenyl group in II and IV is shown in

just one canonical form but in both cases the iron atom can be bound to any of the five

cyclopentadienyl carbon atoms as indicated in I. Likewise, the positive charge of IV is not I

confined to the single position shown but rather oscillates between C2 and CS (it cannot be on Cl,

atom numbers are indicated next to individual atoms) to give rise to four different canonical

forms as indicated in Ill.
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3.5 pKa' determination

3.5.1 The pKa/ values of Hfcp, Hfcdma and Hfctma

Apparent pKa values for ferrocene-containing p-diketones refers to the following process:

H

\o 0

e
@

RR

Enol form Basic form

Scheme 3.5: Schematic representation showing the enolic and basic forms of the 13-diketones,with

R = H (Hfch), CH3 (Hfca), CH2CH3 (Hfcp), CH(CH3)2 (Hfcdma) and C(CH3h (Hfctma).

'Apparent' pKa values were determined in this study since it was not possible to separate pKa values

for the enol and keto tautomers. The symbol pK/ therefore, refers to 'apparent' pKa values, which

include inter alia simultaneous contribution of the keto and enol isomers to the experimentally

determined pK/ values. Since the p-diketones were not soluble in pure water, 10% acetonitrile in

water was used as solvent. Martell12 found that such mixtures have much less effect on p-diketone

pKa' determinations than do, for example, l,4-dioxane, methanol, ethanol or propan-2-ol mixed

with water. This was tested on p-diketones Hfca and Hfctfa, FcCOCH2COCF3.
10 The PKal of Hfca

in water and water containing 10% acetonitrile were 9.96 and 10.01 respectively. For Hfctfa the

pKalwas 6.53 in water containing 10% acetonitrile, 6.9 in water containing 5% aqueous l,4-dioxane

and 7.0 in 50% aqueous acetonitrile (at 21°C and !l = 0.1 mol dm-3 (NaCl04)).

The Uv/visible spectra of the protonated (enolie) and deprotonated (basic) forms of p-diketones

Hfcp, Hfcdma and Hfctma are shown in Figure 3.5.
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Figure 3.5: UV /Visible spectra of the l3-diketone (solid line) and l3-diketonate (dotted line) forms

of (a) Hfcp, (b) Hfcdma and (c) Hfctma in a 10 % acetonitrile/water mixture, Jl = 0.100 mol dm"

(NaCI04) at 25°C.

Table 3.4 gives the concentrations of the ~-diketones and the keto-aldehyde, Hfch, during the pKal

determination as well as pKal values as determined from the data in Figure 3.6.

Table 3.4: pK.' values, UVNis spectroscopie data of l3-diketones (Hfeh, Hfca, Hfcp, Hfcdma and

Hfctma) and l3-diketonates (fch, fca', fep", fcdma' and fctma) in water containing 10'10

acetonitrile at 25°C and Jl = 0.100 mol dm" (NaCI04). Values in brackets are extinction

coefficients in dm ' mol" ern" at A.max of the protonated form.

~- ~-diketooe ~-diketooate 104 ëJ / mol dm" Aexp
(b) pKal

diketooe Amax /om Amax / nm (E /dnr' mol" cm") /om

Hfch(c) 302 305 1.17 (15380) 320 7.04(1)

Hfca(d) 473 325 1.32 (24420) 325 10.01(2)

Hfcp 320 325 0.94 (11563) 325 10.57(1)

Hfcdma 315 330 1.14 (5508) 330 10.80(1)

Hfctma 320 330 0.79 (8392) 327 11.47(4)

(a) concentration of ê-diketones during pK,1 determination
(b) wavelength utilised during pK,' determination
(c) data from reference 3
(d) data from reference 10

These pK/ values were determined by measuring UV absorbance/ pH data with titration from high

to low pH and a least squares fit of the absorbance/pH data using Equation 3.3.
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A lO-pH + A lO-pK,
A - HA A

T - Equation 3.3
lO-pH + lO-pK,

AT = the total absorbance; AHA = the absorbance of the ~-diketone in the enolic form and AA = the

absorbance of the ~-diketone in the deprotonated ~-diketonate (basic) form.

0.65

1.9 2

1.7 1.8 ~ 0.55
Cl) Cl) c
u u C\:Ic:: e .c(II 1.5 (II 1.6.c a...c 0... ...
0 0 In
III III .c.c 1.3 .c 1.4 < 0.45« «

1.1 1.2

0.35
0.9 ,

8.5 10.5 12.5 9 10 11 12 13 9.5 11.5 13.5

pH pH pH
(a) (b) (c)

Figure 3.6: Absorbance dependence on pH for (a) Hfcp at 325 nm, (b) Hfcdma at 330 nm and

(c) Hfctma at 327 nm in 10 % acetonitrile/water mixture, )J. = 0.100 mol dm" (NaCl04) at 25°C.

The solid line presents the least squares fit to Equation 3.3.

3.5.2 p-Diketone pKa/ values in relation to other physical quantities

Three physical quantities, the number of C-atoms on the R substituent, group electronegativities of

the R groups and the IR v(C=O) stretching frequencies of the ethyl esters RCOOEt are related to

pKa'. It was observed that the ~-diketone with the most methyl groups, FcCOCH2C(CH3)3, had the

largest pKal value, while the keto-aldehyde, FcCOCH2COH, with no methyl groups, had the

smallest PKalvalue. (Figure 3.7 (a».

The basicity of ~-diketones, FcCOCH2COR, also increased (i.e. higher pKal values) as the

electronegativity of the R groups decreased. The relationship between these two quantities is

illustrated in Figure 3.7 (b). The keto-aldehyde (R = H) is the most acidic (i.e. least basic, pKal =

7.04(1» and Hfctma is the most basic ~-diketone of the series studied in this project. From the plot

in Figure 3.7 (b), it is obvious that XH "* 2.11 as obtained IR spectroscopic measurements on
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HCOOCH2CH3 (section 3.4.2 page 68). Utilising pKa'-XR relationship shown in Figure 3.7 (b) a

new XH = 2.64 was obtained, which is consistent with what was found by Conradie3 from

electrochemical studies (XH= 2.55).

A linear relationship is observed between v(C=O) stretching frequencies of the ethyl esters,

RCOOEt, and pKal values as shown in Figure 3.7 (c) From this graph it is apparent that v(C=O) for

HCOOEt is expected at 1753 ern", although the peak was actually observed at 1717 cm-I. A

possible reason for this anomalous measurement may lie in the formation of extended hydrogen-

bonded networks as shown in Figure 3.7 (d).

For Hfctma, the tertiary alkyl group donates more electron density to the carbon atom of the

adjacent C-(OH) group than, for example, the primary alkyl group of Hfca, as indicated by the

group electronegativities of C(CH3)3 = 2.27 and that of CH3 = 2.38. This would have a knock-on

effect in that more electron density is also distributed to the O-atom of Hfctrna, and to the enol H-

atom than for Hfca. As a result the enol H-atom would have lesser tendency to dissociate as a H+

cation according to Scheme 3.5 in Hfctma than in Hfca. This automatically also implies that the O-

H bond of the enol isomer of Hfctma is stronger than the O-H bond of the enol isomer in Hfca.
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Figure 3.7: (a) Relationship between pKa' values of l3-diketones, FcCOCH2COR, and the number

of CH3 groups on R. (b) Linear relationship between the pKa' values and group electronegativities,

XR·The point marked. indicates XH= 2.11 obtained from the IR studies. The newly obtained XH

= 2.64 is marked •. (c) Linear relationship between the pKa' values and v(C=O) stretching

frequencies of ethyl esters. The point marked. indicates V(C=O)H = 1717 cm" as described by

reference 3 while this graphs predicts V(C=O)H = 1753 cm'. R groups are as indicated on the

graphs. (d) Schematic representation illustrating hydrogen-bonded networks that can form

between molecules of HCOOEt
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3.6.1 Introduction

In this section the formal reduction potentials, Eol, of the iron core in the free ~-diketones,

FcCOCH2COR, and in [Rh(FcCOCHCOR)(cod)] complexes, are reported. All values were

measured vs. AglAg+, some in the presence of ferrocene as an internal standard. Peak anodic

oxidation potentials, Bpa, of the rhodium(I) nucleus in [Rh(FcCOCHCOR)( cod)] complexes as well

as correlation between Eol or Epaand parameters such as pKal and group electronegativities, XR, are

presented.

3.6.2 Cyclic veltammetry of ~-diketone§ Hfca, Hfcp, Hfcdrna and

Hfctma

The electrochemical reversible Fe/Fe + couple of ~-diketones, FcCOCH2COR, according to the

following equation was investigated:

Electrochemical reversibility of a one-electron process is characterised by the difference in peak

anodic (Epa) and peak cathodic potentials (Epe), ilEp, of 59 mV theoretically. In practice, in this

study, ilEp values up to 90 mV are taken as an indication of electrochemical reversibility. The cyclic

voltammograms of the free ~-diketones Hfca, Hfcp, Hfcdma and Hfctma shown in Figure 3.8 (a)

all imply an electrochemically reversible ferrocenyl based electron transfer process with ilEp values

less than 90 mV for 50 mV sol scan rates, see Table 3.5, page 80. The peak current ratio, ipa/ipe,for

all ~-diketones investigated was found to approach 1 at scan rates 50-250 mV S-I. This implies that

the electrochemical oxidation of the Fe(I!) nucleus of the ferrocenyl group is not followed by any

chemical reaction (reduction, substitution or complexation) of the newly formed ferrocenium

group.':' The Eol values remained constant between scan rate 50 to 250 mV S-1 (Table 3.5)
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Figure 3.8: (a) Cyclic voltammograms of 1.0 mmol dm" FcCOCH2COR solutions of Hfca (4, R =
CH3), Hfcp (5, R = CH2CH3), Hfcdma (6, R = CH(CH3)2) and Hfctma (7, R = C(CH3)3) measured

in 0.1 mol dm" TBAPFJCH3CN at scan rate of 100 mV S'I on a glassy carbon working electrode

at 25.0(1)OC versus Ag/Ag". (b) Cyclic voltammograms of 1 mmol dm" solution of Hfcdma

measured in 0.1 mol dm" TBAPFJCH3CN at scan rates 50, 100, 150, 200 and 250 mV S,I on a

glassy carbon working electrode at 25.0(1) °C versus Ag! Ag",

The electrochemistry of Ierroeene itself was found to be reversible (LlEp = 62 mV, ipa I ipc = 1.00 at a

scan rate of 50 mV S'I) with Eol = 0.077 mV versus Ag!Ag+ in acetonitrile. The same

electrochemical results for ferrocene and Hfcdma were obtained when ferrocene was added as

internal standard to the Hfcdma solution as illustrated in Figure 3.9 (a). However, due to the

difficulty to accurately measure ipa of ~-diketones in the presence of free Fe, experiments were

conducted in the absence of free ferrocene and potentials are referenced to the Ag! Ag+ reference

electrode.
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Figure 3.9: (a) CV of Hfcdma in the absence of ferrocene (-) and in the presence of ferrocene (---

--) added as an internal standard at scan rate of 100 mV S-I. EO! = 0.075 mV and ~p = 82.1 mV

for free added ferrocene. (b) A graph of anodic and cathodic peak currents vs. (scan rate)!" is

linear for both Hfch (------) and Hfcdma (-) with y-intercepts ip. = 1.17 and ipc = -1.20 for Hfch

and ipa = -6.05 and ipc = 7.70 for Hfcdma. V-intercepts for other ~-diketones were found to be ipa =

2.26 and ipc = -1.86 for Hfca; ipa = -9.76 and ipc = 9.32 for Hfcp and ipa = -6.95 and ipc = 10.15 for

Hfctma.

The Randles-Sevcik equation is given by:

where n is the amount of electrons transferred, A is the electrode area (cm"), D is the diffusion

coefficient (ern' S-I), C is the concentration of the substance (mol ern") and v is the scan rate (V S-I).

The peak current, ip should be directly proportional to the square root of the scan rate, V
I
/
2
, and the

graph should have a zero intercept if the electrochemical response is an electrochemical reversible

process that is only diffusion controlled. For all the p-diketones in study a linear relationship

between ip and vl
/
2 was observed (see Figure 3.9 (b)). It is clear that the y-intercepts of

FcCOCH2COR with R = H are smaller than those of the other ligands with R = CH3, CH2CH),

CH(CH)h and QCH3)3 (as mentioned in Figure 3.9 (bj). This is consistent with the smaller size of

FcCOCH2COH experiencing much less resistance to diffusion. It follows that the electrochemistry

of all the alkyl-containing p-diketones is less ideal than that of FcCOCH2COH in that the plots in

Figure 3.9 (b) show electron transfer that is not 100% diffusion controlled (because of definite non-
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zero y-intercepts). Other factors such as slow electron exchange at the surface of the electrode may

play a marginal role in explaining the non-zero y-intercepts of Figure 3.9 (b) as well.

Table 3.5: Electrochemical data of 1.0 mmol dm" solutions of ~-diketones of the type

FcCOCH2COR, measured in 0.1 mol dm" TBAPFJCH3CN on a glassy carbon electrode at 25.0(1)

°C versus Ag/Ag+.

v Epa AEp EO/ ipa ipa/ipc Epa LiEp EO/ ipa ipa/ipc

ImV S-l IV ImV IV 1)lA IV ImV IV 1)lA

Hfea, FeCOCH2COCH3 Hfep, FeCOCH2COCH2CH3

SO 0.352 89 0.308 25.52 1.01 0.371 87 0.310 18.00 . 1.00

100 0.354 92 0.308 36.54 1.01 0.371 90 0.309 29.82 1.01

150 0.357 101 0.308 43.75 1.03 0.373 93 0.309 39.21 1.02

200 0.358 102 0.307 49.80 1.02 0.375 100 0.308 46.00 1.02

250 0.362 108 0.308 55.10 1.00 0.379 102 0.309 52.58 1.01

Hfedma, FeCOCH2COCH(CH3h Hfetma, FeCOCH2COC(CH3)3

SO 0.341 78 0.302 21.05 1.05 0.344 80 0.304 20.00 1.05

100 0.345 86 0.302 32.55 1.03 0.348 86 0.305 31.22 1.05

150 0.346 89 0.302 41.06 1.00 0.352 96 0.304 40.88 1.03

200 0.347 94 0.300 48.62 1.00 0.354 100 0.304 47.52 1.00

250 0.349 98 0.300 54.58 1.01 0.354 98 0.305 53.24 0.99

Hfeh, Fe-CO-CH2-CO-H<a)

50 0.384 82 0.342 11.26 1.02

100 0.388 88 0.344 15.21 1.02

150 0.388 89 0.344 18.79 1.03

200 0.389 94 0.342 21.18 1.02

-(a) Results from reference 3

The formal reduction potential, EO/,for the ~-diketones of this study with R = primary, secondary or

tertiary alkyl groups (Table 3.5) show no significant difference from one ~-diketone to the other.

This indicates that the potential at which the ferrocenyl group on FcCOCH2COR is oxidised, for all

practical purposes was independent of the R group for these ~-diketones if R = CH3, CH2CH3,

CH(CH3)2 and C(CH3)3. This is somewhat suprising in view of the IR and pKa' results described in

previous sections. However, when R is not an alkyl group but a proton, i.e. FcCOCH2COH, Eol

becomes more positive by almost ea. 40 mV.
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The increase in the number of C-atoms on the R substituent in moving from primary to tertiary

alkyl groups has very little influence on the formal reduction potential of the ferrocenyl group inter

alia due to the lack of conjugation between the ferrocenyl group and the alkyl R groups in

FcCOCH2COR (see Figure 3.10 (a» and also because any electronic effects induced by electron

donating alkyl substituents may be so small that they cannot be detected by cyclic voltammetry. A

linear relationship is observed between substituent group electronegativities and reduction

potentials of the ferrocenyl group (see Figure 3.10 (bl). The larger EO' value when R = H implies a

larger atom electronegativity for H on the Gordy scale than for compounds with alkyl R groups.

This result implies that XH = 2.64 is a much more valid value than XH = 2.11 from spectroscopic

measurements and also consistent with determinations of utilising pKa'- XR relationship in section

3.5.2, page 74.
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Figure 3.10: (a) Relationship between the formal reduction potential, Eol
, and the number of C-

atoms on R substituent. (b) Linear relationship between formal reduction potential, Eol, and

group electronegativity, XR, of R groups in FcCOCH2COR, with R = CF3 (E0I = 0.394 V, X = 3.01)

CCI3 (E0I = 0.370 V, X = 2.76), Fe (EOI = 0.265 V, X = 1.87), H, CH3, CH2CH3, CH(CH3h and

C(CH3)J. Fe = ferrocenyl group. The group electronegativity of H, XH = 2.64, titted in this series.

This XH value is also consistent with the value Conradie.' reported i.e. XH = 2.55.

Table 3.6 summarises the XR, EO' and pKa' values of ~-diketones obtained during this study.

EO and Ka are thermodynamic quantities linked by the following equation: 14

EO = (RT/nF) In(Ka)

= -RT/2.303 nF pKa

= -0.011 pKa
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Therefore a graph of EO' vs. pKa' should be linear (by using EO' instead of EO and pKa' instead of

pKa, the slope (=-0.011) may be affected but not its linearity). The dependence of the reduction

potentials, EO',on the pKa' of FcCOCH2COR is demonstrated in Figure 3.11. From our ~esults the

slope was found to be -0.012, which agrees very well with what theory predicts.

R 'X.R Eo!N vs. Ag/Ag+ pKa'

H 2.64 0.344(a) 7.04(1/a)

CH) 2.38 0.308 10.01(2)

CH2CH3 2.34 0.309 10.57(1)

CH(CH)h 2.29 0.301 10.80(1)

C(CH)h 2.27 0.304 1l.47(4)

Table 3.6: Group electronegativities, AA' formal reduction potentials, EO' vs. Ag/Ag+ of the

ferrocenyl group and pK.' values of FcCOCH2COR, for the indicated R groups

(a) results from reference 3

+ 0.36
Cl
~
Cl«
II) 0.31
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~
o
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Figure 3.11: Linear relationship between the formal reduction potentials, EO',of the ferrocenyl

group and the pK.' of FcCOCH2COR. The slope of the graph was obtained as -0.012. pK.' value

for Fe = 13.1.
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3.6.3 Cyclic veltammetry of [Rhfji-dtketcnatoucodj] complexes

The cyclic voltammograrns of the ferrocene-containing rhodium complexes, [Rh(~-

diketonato)(cod)], W-diketonato = fca, fep, fcdma and fctma) are shown in Figure 3.12 (b). They

all exhibit an electrochemically irreversible anodic peak, which corresponds to the oxidation of

rhodium(I), Equation 3.4, as well as an electrochemically reversible Fe/ Fe + couple according to

Equation 3.5.

The cyclic voltammograrns of [Rh(fcdma)(cod)] displayed in Figure 3.12 (a) represents the general

trend observed for all [Rhïji-diketonatojf cod)] complexes at different scan rates. The ratio, ipa/ipc for

the ferrocenyl group was found to be close to unity for all the rhodium complexes . .0.Ep of the

ferrocenyl group was observed to be less than 76 mV at slow scan rates (50 mV s") for all the

[Rh(FcCOCHCOR)(cod)] complexes (Table 3.7), which implied excellent electrochemical

reversibility for the Fe/Fe + couple.

Figure 3.12: (a) Cyclic voltammograms of almmol dm" solution of [Rh(fcdma)(cod)] measured

in 0.1 mol dm" TBAPFJCH3CN at scan rates of 50, 100, 150, 200 and 250 mV s' on a glassy

carbon working electrode at 25.0(1) °C versus Ag/Ag", (b) Cyclic voltammograms of 1 mmol dm"

solutions of different [Rh(FcCOCHCOR)(cod)] complexes at scan rate 100 mV S·l under the same

conditions as in (a).

Fe ~ Fc+ + e'

The overall reaction sequence observed is
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EN vs. Ag/Ag+
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The anodic peak current of the ferrocenyl group, ipa (Fe) (peak 2 in Figure 3.13), could not be

measured directly from the CV of [Rh(FcCOCHCOR)(cod)] due to the overlapping of the oxidation

peak of the ferrocenyl group (peak 2 in Figure 3.13), with the oxidation peak of rhodium(I) (peak 1

in Figure 3.13). To construct an accurate decay curve for peak 1, the following techniques and

arguments were employed. Since the Fe group and Rh nucleus are part of the same molecule in each

[Rh(FcCOCHCOR)(cod)] complex, the diffusion rate of the RhIIl Fe species (see Equation 3.6) and

the RhIIl Fe+ species should be approximately the same even though Rh! oxidation represents a 2

electron and Fe a 1 electron process.

i 30
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; 20
t::
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Figure 3.13: Construction of the decay current of Rh(I) oxidation (peak 1) may be achieved by

multiplying the decaying current of Fe oxidation (peak 2) with ratio ipa(Rh)/ipc(Fc). The artificially

obtained line is shown as -----. This line is then translatorily shifted without distortion to coincide

exactly with the Epa value of the Rh(I) oxidation peak and is indicated by ...... The anodic peak

current ipa(Fc) of the ferrocenyl group can then be measured as the current between peak 2 and

the newly obtained anodic decay current for Rh(I) oxidation.

40

O·
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·20 I-----r----r------r----,.-----,r----.,....--J
-o.a .(l.1 0.1 0.3 0.5

EN vs. Ag/Ag'
0.7

The decay current of rhodiurn(I) oxidation to form RhIII Fe during the generation of peak 1 can

therefore be constructed by multiplying the decaying current of Fe oxidation during the formation

of peak 2 from the basis line AC with ratio ipa(Rh)/ipc(Fc) to allow for the 2 electron flow during

Rh(I) oxidation as compared to the 1 electron flow during Fe oxidation. The artificially obtained

line is shown as ---- in Figure 3.13. This line may then be translatorily shifted without distortion to

coincide exactly with the Epa value of the Rh(I) oxidation peak and is indicated by the dotted line,

C .. .), in Figure 3.13. The anodic peak current of the ferrocenyl group can then be measured as the

perpendicular current between the maximum of peak 2 and the newly obtained anodic decay current

for Rh(I) oxidation, as illustrated in Figure 3.13.
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Table 3.7: Electrochemical data of 1.0 mmol dm" solutions of [Rh(FcCOCHCOR)(cod))

complexes measured in 0.1 mol dm" TBAPF JCH3CN on a glassy carbon working electrode at

25.0(1) °C versus Ag/Ag".

vI Rhodium Ferrocenyl group Rhodium Ferrocenyl group

mV Ep. ip. Ep. LlEp Eol -ipc iptl'ipc Ep. ip. Ep. LlEp EoI -ipc iptl'ip
-I N IliA N ImV N IliA N IliA IV ImV N IliAs

[Rh(FcCOCHCOCH3)(cod)),11 [Rh(FcCOCHCOCHzCH3)(cod)I,12

50 0.248 26.1 0.336 74 0.299 12.8 0.98 0.252 22.4 0.339 74 0.302 12.2 0.9

100 0.246 37.0 0.338 74 0.301 17.8 1.02 0.248 32.6 0.339 79 0.300 19.8 1.0

150 0.250 45.5 0.340 76 0.302 25.8 0.98 0.251 39.5 0.336 72 0.300 25.3 0.9(

200 0.248 52.9 0.342 83 0.301 33.2 1.02 0.251 46.7 0.340 80 0.300 29.1 0.9~

250 0.250 56.1 0.344 87 0.301 41.0 0.99 0.252 51.5 0.342 84 0.300 33.4 0.9~

[Rh(FcCOCHCOCH(CH3h)(cod)I,13 [Rh(FcCOCHCOC(CH3h)(cod)I,14

50 0.246 20.8 0.336 71 0.301 12.9 0.98 0.247 18.9 0.334 76 0.296 11.0 0.9

LOO 0.244 30.8 0.338 78 0.299 L8.5 1.02 0.248 25.9 0.336 75 0.299 17.6 0.9

LSO 0.251 36.4 0.335 72 0.299 24.0 1.01 0.253 31.8 0.336 76 0.298 23.2 0.9~

200 0.252 42.6 0.338 75 0.301 29.5 0.99 0.250 35.5 0.342 88 0.298 28.4 0.9~

250 0.254 47.5 0.338 73 0.302 35.0 0.99 0.251 40.1 0.345 90 0.300 32.9 0.9

[Rh(FcCOCHCOH)(cod)](a),10

50 0.263 31.5 0.380 79 0.341 22.0 0.98

LOO 0.273 49.3 0.380 83 0.338 33.4 0.97

LSO 0.281 61.8 0.384 91 0.338 40.1 0.97

200 0.294 73.1 0.387 97 0.338 46.8 0.99

(a) results from reference 3

CV results of [Rh(FcCOCHCOR)(cod)] complexes, with R = H, CH3, CH2CH3, CH(CH3h and

C(CH))), indicated that Rh(I) (Figure 3.12 (b)) is oxidised at potentials not too far from the

potential range in which the ferrocenyl fragment is active. At scan rate of 50 mV s:', óEpa = Epa(Fc)

- Epa(Rh) = 117 mV for the ~-keto aldehyde while for the ~-diketones (R = CH), CH2CH),

CH(CH)h and C(CH)))) this value was between 87 and 90 mV. The Rhl nucleus (Epa= 0.263 V) of

[Rh(fch)(cod)] was oxidised at a potential of Il - 17 mV more positive than for the alkyl-substituted

complexes (Epa's = 0.246 - 0.252 V) . This is consistent with H being more electronegative (XH =

2.64) than alkyl groups with 2.27 < Xalkyl< 2.38. The larger EO/value for the ferrocenyl group of the

~-keto aldehyde may also be traced to the larger XHvalue compared to that of alkyl groups.



86 CHAPTER3

Although previous studies3 have showed a weak Rhlll reduction wave at ca. -0.44 V for

[Rh(FcCOCHCOR)(cod)] with R = Hand CH3 (see Figure 3.14), no RhIII reduction could be

uniquely detected for the new complexes with R = CH2CH3, CH(CH3)3 and C(CHJ)J of this study

(see Figure 3.15).
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Figure 3.14: Cyclic voltammogram of 1.2 mmol dm" [Rh(fca)(cod)] (bottom) and 1.1 mmol dm')

[Rh(fch)(cod)] (middle and top) measured in 0.1 mol dm') TBAPFJCH3CN at scan rate of 100 mV

s' on a glassy carbon working electrode at 25.0(1) °C versus Ag/Ag", Scans initiated at + in the

positive scan direction for the solid lines and in the negative scan direction for the dashed lines.

The scans shown above are from reference 3.

Fc oxidation
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Figure 3.15: Cyclic voltammogram of 1 mmol dm') solution of [Rh(fcp)(cod)] measured in 0.1 mol

dm" TBAPF6/CH3CN at a scan rate of 100 mV S·l on a glassy carbon working electrode at 25.0(1)

°C versus Ag/Ag", Solid line is the scan in the positive direction reversed at 0.65 V and the dotted

line is the scan in the positive direction reversed at 0.2 V.
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The rhodium anodic peak potentials, Epa(Rh) and the formal reduction potential of the ferrocenyl

group, EO/(Fc), in these [Rh(FcCOCHCOR)(cod)] complexes as well as various physical quantities

are summarised in Table 3.8. The relationship between Epa(Rh) or EO/(Fc) and the pKa/ of the free

uncoordinated FcCOCH2COR is shown in Figure 3.16 (a).

Table 3.8: Electrochemical and chemical data for [Rh(FcCOCHCOR)(cod)] complexes. Oxidation

peak potentials are reported versus Ag!Ag". pK.' values are for free uncoordinated l3-diketones.

Complex R XR Epa(Rh)/ V EO'(Fc)/ V pKa'

[Rh(fch)( cod)](a) H 2.64 0.273 0.338 7.04(1)

[Rh(fca)( cod)] CH) 2.38 0.246 0.301 10.01(2)

[Rh(fcp)( cod)] CH2CH) 2.34 0.248 0.300 10.57(1)

[Rh(fcdma)( cod)] CH(CH3)2 2.29 0.244 0.299 10.80(1)

[Rh( fctma)( cod)] C(CH)) 2.27 0.248 0.299 11.47(1)

(a) results from reference 3

0.4
+0) 0.35 Ferrocenyl +< Cl

Cl ~ 0.35< Cl<
ui 0.30 ui~ :..
> ~ 0.3_-
0 uw... 0.25 !:..0 0
" w 0.25a. CH(CH,), ...W 0nucleus CICH,),~

0.20 , s.. 0.26 8 10 Cl.w 2.3 2.4 2.5 2.6 2.7
(a) pKa' (b) XR

Figure 3.16: (a) Linear relationship between Epa of Rh or EO' of the Fc group in

[Rh(FcCOCHCOR)(cod)] and the pKa' of the free uncoordinated FcCOCH2COR. (b) Linear

relationship between: (i) Epa of Rh in [Rh(FcCOCHCOR)(cod)] (-~-) and the group

electronegativities, XR' (ii) EO' of Fe in [Rh(FcCOCHCOR)(cod)] (-00-) and the group

electronegativities, XR'

The relationship between Epa (Rh) and the group electronegativities, XR, indicates that the Rh(I)

core becomes increasingly difficult to oxidise as the R groups of the co-ordinated p-diketonato
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ligand, becomes more electronegative. However, this trend is not clearly observable for R groups

ranging from CH3 to C(CH3h The group electronegativities (in brackets) of these substituents are

of comparable values CH3 (2.38) ~ CH2CH3 (2.34) ~ CH(CH3h (2.29) ~ C(CH3)3 (2.27). Therefore

the Epa and Eol values of [Rh(FcCOCHCOR)(cod)] (Table 3.8) are expected to vary only slightly.

The fact that they are almost constant indicates that a further factor than merely pKa' or XR

influences the observed Epa and Eol values. The discussion on page 97 will show that this factor

probably relates to slow kinetics of heterogeneous electron transfer between electrode and

compound as a result of the increase in bulkiness ofR groups in moving from H to C(CH3)3.

307 Substitution reactions

This section concerns the kinetics of substitution of ~-diketonato ligands, (FcCOCHCORr, from

[Rh(FcCOCHCOR)(cod)] with 1,lO-phenanthroline (phen), to give [Rhtphenjtcodj]".

3.7.1 The Beer Lambert Law

The UV spectra of [Rh(fcp)(cod)] and the product of the substitution reaction between

[Rh(fcp)(cod)] and 1,lO-phenanthroline (phen), viz. [Rhrphenucodj]", in methanol at 25°C are

given in Figure 3.17 (a). Linear relationships between the absorbance, A, and concentration, c, of

[Rh(FcCOCHCOR)(cod)] with R = CH2CH3, CH(CH3)2 and C(CH3)3, at Aexperimental (Figure 3.17

(b)) confirm the validity of the Beer Lambert law (A = eel, with E = extinction coefficient and 1=

path length = 1 cm) for each one of these complexes. The extinction coefficient for each complex at

the experimental wavelength where substitution was monitored is given in Table 3.9.
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Table 3.9: Molar extinction coefficients, E, at the indicated wavelengths, A., for [Rh(B-

diketonato)(cod)] complexes

Complex A.expl nm EI dnr' mOrI cm-l

[Rh(fch)(cod)],<a) 10 525 661

[Rh(fca)(cod)],lO! 11 472 2390

[Rhïfcpjtcodj]?", 12 480 384

[Rh(fcdma)(cod)t!,13 460 427

[Rhïfctmaucodj]'", 14 480 418

(a) results from reference 3
(b) results from reference 16
(c) this study

Since complexes 12-14 each obey the Beer-Lambert law at the indicated wavelengths, the kinetics

of substitution of ~-diketonato ligands from the complexes [Rhïjl-diketonatou cod)] with 1,10-

phenanthroline could be studied utilising UVNis spectroscopy.
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Figure 3.17: (a) UV spectra of [Rh(fcp)(cod)] L___) and [Rh(phen)(cod)t (....... ) in methanol at

25°C. (b) The linear relationship between absorbance and concentration of [Rh(P-

diketonato)(cod)] complexes at A. = 480 nm for [Rh(fcp)(cod)] (-<>-), A. = 460 nm for

[Rh(fcdma)(cod)] (-ill-) and A. = 480 nm for [Rh(fctma)(cod)] (-G>-) confirms the validity of the

Beer Lambert law.
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3.7.3 Substitution kinetics of [Rh(B-diketonato)(cod)] with 1,10-

phenanthroline

The substitution reaction between rhodium complexes of the type [Rh(FcCOCHCOR)(cod)] and

phen to form [Rhïphenucodj]" is illustrated in Scheme 3.6. The general rate law applicable to this

substitution reaction is given by Equation 3.7.

+

Scheme 3.6: Schematic representation for the substitution of (FcCOCHCOR)" ligand from

[Rh(FcCOCHCOR)(cod)] complex with 1,lO-phenanthroline to liberate [Rhtphenucodj]" and

(FcCOCHCORr. R = H, CH3, CH2CH3, CH(CH3h and C(CH3h

Rate = {ks + k: [phen]}[Rh(FcCOCHCOR)(cod)]

= kobs [Rh(FcCOCHCOR)(cod)] Equation 3.7

with the pseudo-first-order rate constant, kobs = ks + k2[phen]. k2 is the second-order rate constant for

the substitution process and ks is the rate constant associated with solvent taking part in the reaction.

This substitution reaction may occur via a dissociative (Equation 3.8) or an associative mechanism

(Equation 3.9, NN = I, IO-phenanthroline).

[Rh(FcCKOCHC KOR)(cod)] ~ [Rh(cod)t + (FcCOCHCORr or }
Equation 3.8

[Rh(FcCOCHC KOR)(cod)] NN [Rh(KNKN)(cod)t

[Rh(FcCKOCHC KOR)(cod)] NN [Rh(FcCKOCHC KOR)(cod)(KNN)]~}
Equation 3.9

[Rh(FcCKOCHCOR)(cod)(NKN)] --7 [Rh(NKN)(cod)t + (FcCOCHCORr

In both reactions the notation KO or KN indicates that the specified O-atom or N-atom is co-

ordinated via a co-ordination bond to the rhodium nucleus. The expected transition state for a

dissociative mechanism may either be the cationic 12-electron [Rh(cod)t species or the neutral 14-



RESULTS AND DISCUSSION 91

electron [Rh(FcCOCHC KOR)(cod)] species lil which the ~-diketonato ligand (FcCOCHCORr

reverted from being a bidentate ligand to a monodentate ligand after one Rh- KObond has broken. In

the associative mechanism, a neutral five-co-ordinated 18-electron intermediate species

[Rh(FcCKOCHC KOR)(cod)(KNN)], in which only one N atom of phen is co-ordinated to the Rh

nucleus, is expected to form first. As l2-electron or 14-electron Rh species are extremely unlikely,

Equation 3.9, which demonstrates the associative path, is the most possible mechanism of

substitution. To prove this expectation, results of a temperature dependent kinetic study are

presented on page 93. The large negative entropies of activation that were found are conclusive

proof that the substitution process under investigation in this study proceeds via an associative

mechanism as shown in Equation 3.9. Proof of associative mechanism may also be obtained by

determining activation volumes from a pressure dependent kinetic study, but this method was

considered outside the scope of this study.

The reaction rate constants for the reaction in Scheme 3.6 with R = H (see reference 3), CH3 (see

reference 16), CH2CH3, CH(CH3)2 and QCH3)3 (this study) were obtained by following the

formation of [Rhïphenucodj]" at wavelengths indicated in (page 89) for each complex. An excess

of 10-400 fold 1,10-phenanthroline over [Rh(FcCOCHCOR)(cod)] concentrations was used for all

experiments in order to achieve pseudo-first order reaction conditions. For each kinetic run,

absorbance-time data was collected and the observed pseudo-first-order rate constants, kobs, were

determined from a linear fit of data to Equation 3.1015

Equation 3.10

Aa indicates initial absorbance and AI absorbance at time t. The pseudo-first-order rate constants

determined experimentally were converted to second-order rate constants, k2, by determining the

slopes of the linear plots of kobs against concentration of the incoming phen ligand (Equation 3.11)

kobs = ks + k2 [phen] Equation 3.11

where ks is the rate constant of the solvent path.

A graph of kobs against phen concentration was linear in all cases as shown in Figure 3.18 (a). All

complexes showed a zero intercept (i.e. ks ~ 0), thereby confirming that the solvent path did not

make an observable contribution to the reaction. This was in fact expected since the displacement of
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bidentate ligands such as (FcCOCHCORr with mono dentate solvent molecule (MeOH in this

study) would be much more difficult, and hence slower, than the displacement of a bidentate B-
diketonato ligand with the bidentate phenanthroline ligand.

Activation parameters were obtained from a fit of kz and temperature data to the Eyring equation'S

(Equation 3.12). All mathematical fits were carried out using the fitting program MINSQ.6

In (k2/T) = -LlH* I(RT) + LlS* IR + In (kj/h) Equation 3.12

The Eyring plots of In (k2/T) versus liT for the substitution reactions for these complexes, over a

temperature range of 10 - 35°C, are given in Figure 3.18 (b). A summary of the second-order rate

constant, ka, as well as the entropy of activation, LlS*, activation enthalpy, LlH* and the activation

free energy LlG*, which were determined from the temperature study, is given in Table 3.10. The

activation free energy was obtained from the following equation:

LlG* = LlH* - TLlS*

Results in Table 3.10 show that the entropy driving force becomes more dominant in complexes

with bulkier R groups [e.g. C(CH3)3], while the enthalpy driving force is more important in

complexes with smaller R substituents, here R = H, at 25°C. It is also important to note that the sign

of LlG* is positive and not negative. This must be so because LlG* is the free energy of activation,

not the free reaction energy.
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Figure 3.18: (a) Graphs of pseudo-first-order rate constant, kobs, versus [phen] at 25°C for the

[Rh(FcCOCHCOR)(cod)] complexes passing through the origin implying ks :::::O. (b) Eyring plots

of In(k2/T) versus liT at various temperatures (10 - 35°C) for the [Rh(FcCOCHCOR)(cod)]

complexes. R substituents are indicated on the graphs.

Table 3 10' Second order rate constants k activation enthalpy m* ent opy of act' tio ~S*- , 2, , , r iva n,

and Gibbs activation free energy, óG*, for the substitution reaction of (FcCOCHCOR)' with 1,10-

phenanthroline in [Rh(FcCOCHCOR)( cod)] complexes at 25°C. pKa' values of the free

uncoordinated FcCOCH2COR ligand, group electronegativities, XR of the R groups and Rh-O

bond lengths are also tabulated. R substituents are indicated in the table.

R ki l MI* / ÓS*/ óG* / pKa' XR Rh_O(a,l) /

dm3 mOri S,I kJ mol" J K-I mOri kJ mol" Á

H(a) 47(1) 35(2) -94.7(1) 63.2(3) 7.04( 1) 2.64 -
CH3(b) 18(1) 29(4) -120(10) 64.8(4) 10.01(2) 2.38 2.042(6ie, I)

CH2CH3(C) 12.6(4) 16.9(1) -197(1) 75.6(4) 10.57(1) 2.34 2.048(13)(t)

CH(CH3)z(C) 6.93(1) 16.7(1) -197(1) 75.4(5) 10.80(1) 2.29 2.057(6)(g)

QCH3)3(CJ 4.33(1) 14.4(9) -197(1) 73(5) 11.47(4) 2.27 2.061(8)\nJ

(a) results from reference 3
(b) results from reference 16
(c) this study
(d) Rh-O bond lengths closest to the indicated R group for [Rh(CFJCOCHCOR)(CO)(PPhJ») complexes
(e) for [Rh(CF JCOCHCOCHJ)(CO)(PPh)), reference 17
(f) for [Rh(CF)COCHCOCH2CH)(CO)(PPh)), reference 17
(g) for [Rh(CF3COCHCOCH(CH)2)(CO)(PPh)), reference 18
(h) for [Rh(CF 3COCHCOC(CH3h)(CO)(PPhJ»), reference 19
(i) Rh_OCF)> 2.07 Á for complexes cited in footnotes e-h, Rh_OFc= 2.039 Á and Rh_OCHJ= 2.048 Á for

[Rh(FcCOCHCOCH)(cod)] from reference 16. Note that although footnotes d-h describe Rh-O bonds for
complexes [Rh(CF)COCHCOR)(CO)(PPh)) and not [Rh(FcCOCHCOR)(cod)], the indicated Rh-O bond
lengths are not expected to differ much in cod complexes. This is proved by the Rh_OCHJbond lengths of
[Rh(CFJCOCHCOCH3)(CO)(PPh)) (see table) and of[Rh(FcCOCHCOCHJ)(cod)].
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The large negative activation entropies clearly indicate that the substitution process proceeds via an

associative mechanism (Equation 3.9, page 90) and not a dissociative mechanism (Equation 3.8).

A schematic representation of this mechanism is given in Scheme 3.7. The rate-determining step

involves the formation of the five-co-ordinated species (b) in Scheme 3.7. This step is followed by

breakage of one of the two Rh-O bonds of the p-diketone co-ordinated to the rhodium nucleus. To

decide which Rh-O bond will most probably break first, a consideration of group electronegativities

and Rh-O bond length is instructive. The group electronegativity of the Fe group (XFc= 1.87) is

substantially lower than those of all the other R groups (Table 3.10). Therefore the carbonyl group

on the ferrocenyl side of the p-diketonato ligand should be more electron rich than the other

carbonyl group, and it should interact strongly with the positively charged rhodium nucleus. This

statement is supported by a survey of Rh-O bond lengths. The Rh-O bond length closest to the

ferrocenyl group is the shortest of the cited bonds in Table 3.10 (and footnote i) and thus the

strongest. Conversely, the carbonyl group on the other side of the p-diketonato ligand should be

relatively more positive in nature (because of the relative high XRvalue). This carbonyl group will,

therefore, interact more weakly with the positively charged rhodium nucleus compared with the

carbonyl group on the ferrocenyl side of the p-diketonato ligand. This statement is again confirmed

by considering Rh-O bond lengths. All the Rh-OR bond lengths with R = CH3, CH2CH3, CH(CH3)2

and C(CH3)3, cited in Table 3.10 are larger than the Rh_OFcbond. The Rh-OR bond strengths are

therefore all weaker than Rh_OFcbond. It is therefore expected that the weaker Rh-O bond nearer to

the R group will break first with simultaneous formation of a bond between Rh and the still

uncoordinated N atom of phen, forming the five-co-ordinated transitional state (c). This transitional

state quickly reacts to form the product of the substitution reaction (d), and the p-diketonato anion,

(FcCOCHCOR)" is liberated.
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Scheme 3.7: Schematic representation of the associative mechanism of the substitution reaction

between [Rh(FcCOCHCOR)(cod)] and 1,lO-phenanthroline, with R = H, CH), CHzCH),

CH(CH))z and C(CH))), Fe = ferrocenyl group. It is expected that the Rh-O bond nearer to the

more electronegative substituent (in this case, R group) will break first (see text for explanation).

It has been discussed in chapter 2 that an increasing steric hindrance of ligands co-ordinated to the

metal complex slows down the rate of substitution of the incoming ligand (section 2.3.4.7 page 41).

This was also found to be the case in this study. Considering the results obtained for the complexes

in this study [Rh(FcCOCHCOR)(cod)], (R= H, CH3, CH2CH3, CH(CH3h and C(CH3)3), these R

groups systematically increase in bulkiness, the corresponding second-order rate constants, k2, (see

Table 3.10) decrease as R becomes more bulky. Figure 3.19 illustrates the relationship between

second order rate constant and the change in the number of C-atoms on R groups in the complexes

of [Rh(FcCOCHCOR)( cod)].
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Figure 3.19: Relationship between log kz, second-order rate constant, and the number of C-atoms

on R groups in the complexes [Rh(FcCOCHCOR)(cod»). R = H, CH3, CHzCH3, CH(CH3h and

QCH3)3

However, it is not only the R group bulkiness that determines the rate of substitution. pKa' values,

substituent group electronegativities and redox potentials also play a role. These relationships were

explored in this study. Kinetic data, potentials and pKa' values that were used for investigation but

were not determined from this study may be found in references 3, 10 and 16. The effect of pKa'

values on the reaction rate is shown in Figure 3.20 (a). From the insert of this graph it can be

observed that as the pKa' values of ~-diketones become larger, the rate of substitution becomes

slower for the complexes of this study (R = H, CH3, CH2CH3, CH(CH3)z and C(CH3)3). This

general trend is also valid when one considers a wider range of ~-diketones. The main graph in

Figure 3.20 (a) illustrates the general case for ferrocene containing ~-diketones of the type

FcCOCHCOR with additional groups of R = CF3, CCh, Ph and Fe (Ph = phenyl and Fe =

ferrocenyl). Reference 20 considers this relationship also for ~-diketones which do not have a

ferrocenyl group. The k2-pKa
l relationship implies that the more basic the ~-diketone becomes, the

slower the substitution becomes, and that the rate becomes virtually independent of pKal for very

basic ~-diketones.

Figure 3.20 (b) shows the relationship between k2 and group electronegativities, XR, of R

substituents. From the insert in Figure 3.20 (b), the rate of substitution decreased with decrease in

the XRvalue. The insert only considers the complexes that were synthesised in this study. The main

graph in Figure 3.20 (b) also considers complexes with XR values over a much wider range.

Complexes containing R substituents with larger XR values (e.g. XCF3= 3.01) showed faster

substitution of the ~-diketonato ligand than those with smaller XRvalues (e.g. XFc= 1.87).
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Figure 3.20: (a) The relationship between second-order rate constant, kz, for the substitution

reaction between [Rh(FcCOCHCOR)(cod)] complex and 1,lO-phenanthroline in methanol and

pK.' values of the free uncoordinated j3-diketones. (b) Relationship between kz and group

electronegativities of j3-diketonato R substituents. (c) The relationship between second-order rate

constant, kz, and EO' of the ferrocenyl group, il, or Ep. of Rh, 0, vs. Ag/Ag+ in

[Rh(FcCOCHCOR)(cod») complexes. Inserts of these graphs give the mentioned relationships for

complexes of this study, that is with R = H, CH), CHzCH3, CH(CH3)z and C(CH3h only.

However, the dependence of k2 on XR becomes less for compounds with substituents having small

XR values. Again, the main graph in Figure 3.20 (b) demonstrates the case for ferrocenyl-containing

~-diketones, whereas reference 20 addresses the more general case. A small deviation from the
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main log k2-XR graph is observed for complexes with R = CH(CH3)2 and C(CH3)3 when the broad

picture is considered, i.e. for l.8 ~ XR ~ 3.0. This implies that the rate of substitution for the

complexes in study is not only dependent on the electronegativities of the R groups. Other factors

influence the rate as well. This deviation is attributed to the greater steric crowding of the secondary

and the tertiary alkyl groups compared to the other R groups. It implies that as 1,1O-phenanthroline

approaches the rhodium nucleus, these fast rotating bulky substituents (e.g. R = C(CH3)3) hinder

phen from binding with Rh above or below the square planar surface of the molecule. This,

therefore, slows the rate determining step of Scheme 3.7 down. Hence, smaller than expected k2

values are observed for bulkier alkyl groups.

Therefore, if steric factors did not play a role, the general trend of the relationship between k2 and

EO/(Fc) or Epa(Rh) of [Rh(FcCOCHCOR)(cod)] (Figure 3.20 (c)) also shows that fast substitution is

observed in complexes where Rh(I) showed the most positive oxidation potential (values in

brackets) or where EO/ (Fe) was more positive, in the following order

(fast substitution) CCl3 (0.333 V) > CF3 (0.346 V) > H (0.273 V) > Ph (0.261 V) > CH3 (0.246

V) ~ CH2CH3 (0.248 V) ~ CH(CH3)2 (0.244 V) ~ C(CH3)3 (0.248 V) > Fc (0.212 V) (slowest

substitution).

As observed in log k2-XR relationship (Figure 3.20 (b)), bulkier alkyl groups totally deviate from

the general trend predicted in Figure 3.20 (c), see dotted lines. The insert of this graph illustrates

that the rate of substitution really becomes independent of Fe formal reduction potentials or Rh

oxidation potentials in [Rh(FcCOCHCOR)(cod)] when R = CH3, CH2CH3, CH(CH3h and QCH3)3.

It implies that for these four complexes, the thermodynamic driving force of the described

substitution reaction is equal (because EO/(Fc) or Epa(Rh) remained constant), but the kinetic driving

force becomes smaller as the size of R increases from CH3 to C(CH3)3. The lower than expected

rate constants for these four complexes are therefore attributed to the steric crowding effect of bulky

R groups on the route of access of the rhodium centre an incoming ligand may need. This inter alia

means that it becomes more and more difficult for phen to gain access to the Rh centre lil

substitution reactions involving complexes where R changes from CH3 through to C(CH3)3.

From the above results, it is evident that the rate of ~-diketonato substitution from [Rh(~-

diketonato)( cod)] complexes with 1,1O-phenanthroline is not governed by a single factor or

variable. Rather, it is governed by the combined superimposed influence of a variety of factors. This
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study highlighted at least four parameters that each has an individual effect on the substitution rate.

These were steric factors from bulky substituents (Figure 3.19), acidity (pK/ values) of ~-diketones

(Figure 3.20 (a)), group electronegativities, XR, of the R substituent on the ~-diketonato ligand,

(FcCOCHCOR)" (Figure 3.20 (b)) and the thermodynamic driving force as expressed by the

reduction potential of redox active moieties in the [Rh(FcCOCHCOR)(cod)] complexes (Figure

3.20 (c)).

3J~Cytotoxic studies

The cytotoxic properties in terms of potential anticancer applications of new ferrocene-containing

~-diketones and their rhodium(l) complexes are discussed in this section. It has been shown"

before that in ~-diketones of the type FcCOCH2COR and rhodium complexes of the type

[Rh(FcCOCHCOR)(cod)], the R group drastically influence antineoplastic activity. It was observed

that the complex with R = CF3 was dramatically more active than, for example, R = Ph, in killing

cancer cells.

3.8.1 Cytotoxicity of ~-diketones, 3-7 and their rhodium complexes

10-14

In this study we determined how antineoplastic activity differ with R = H, CH3, CH2CH3, CH(CH3)2

and qCH3)3. The cytotoxicity of these compounds was determined by observing their effects on

cultured HeLa, A2780 and A2780 platinum resistant cancer cell lines. HeLa is a human cervix

epitheloid cancer cell line, while A2780 is a human ovarian cancer cell line and A2780 (platinum

resistant) is a platinum resistant variant of the human ovarian cancer cell line. The author

acknowledges Dr. C.E.J. van Rensburg and Mrs. E. Kreft from the University of Pretoria who

performed the cytotoxic tests on each cell line. Survival curves (Figure 3.21 and Figure 3.22)

indicating percentage cell survival were plotted as a function of drug dose with concentration

expressed in umol dm". IC50 values (drug dose required for 50% cell death) were estimated by

extrapolation and are summarised in Table 3.11.
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Table 3.11: ICso values of HeLa, A2780, and A2780 platinum resistant cancer cell lines, with formal

reduction potentials, EO/, for ferrocene-containing ~-diketones and their rhodium complexes. The

second-order rate constants, kJ, for the substitution of FcCOCH2COR in

[Rh(FcCOCHCOR)(cod)] with 1,10-phenantrholine are also stated.

Compounds EO/(Fc) or kz / ICso /umol dm')

Epa (Rh) / V dm) mol" S'I HeLa AZ780 Amo platinum

resistant

FcCOCH2COH, 3 0.344 - 73.4 - -
FcCOCH2COCH3,4 0.308 - 66.6 - -

,(

FcCOCH2COCH2CH3,5 0.309 - 62.1 32.5 22.3

FcCOCH2COCH(CH3)2,6 0.301 - 95.2 32.6 39.1

FcCOCH2COC(CH3)3, 7 0.304 - 67.0 44.2 45.2

[Rh(FcCOCH2COH)(cod)], 10 0.273\a), 0.338(0) 47(1) 62.4\C) - -
[Rh(FcCOCH2COCH3)( cod)], 11 0.246,0.301 18(1) 64.4(C) - -
[Rh(FcCOCH2COCH2CH3)(cod)],12 0.248,0.300 12.6(4) 21.5 9.8 4.68

[Rh(FcCOCH2COCH(CH3)2)(cod)], 13 0.244,0.299 6.9(1) 33.8 24.6 20.8

[Rh(FcCOCH2COC(CH3h)(cod)], 14 0.248,0.299 4.3(1) 29.1 26.1 19.6

(a) Epa for the irreversible Rh(I) oxidation
(b) pi for the reversible ferrocenium reduction
(c) From unpublished results by J.C. Swarts, with permission.

Figure 3.21: Plots of the percentage survival of cells for (a) the HeLa cancer cell line (b) the Amo

cancer cell line and (c) the Amo platinum resistant ceU line, against concentration (umol dm") of

the ~-diketones, FcCOCH2COR, 3-7. 3: R = H, *; 4: R = CH3, <>; 5: R = CH2CH), 'f'; 6: R =
CH(CH3h. • and 7: R = C(CH3)3, Ó. (The author acknowledges Mrs. E. Kreft from the University

of Pretoria for compilation of the survival curves).
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Figure 3.22: Plots of percentage survival of cells for (a) the HeLa cancer cell line (b) the A2780

cancer cell line and (c) the A2780 platinum resistant cell line, against concentration (umol dm") of

[Rh(FcCOCHCOR)(cod)] complexes 10-14. 10: R = H, II; 11: R = CH3, \7; 12: R = CHzCH3, e;
13: R = CH(CH3)z, 0 and 14: R = C(CH3)J, *. (The author acknowledges Mrs. E. Kreft from the

University of Pretoria for compilation of the survival curves).

~-Diketones and rhodium complexes with R = H and CH3 were not tested against A27so and A27so

platinum resistant cancer cell lines, because at the time of testing these cells were not available.

From the survival plots and ICso values tabulated in Table 3.11, it is clearly observed that rhodium

complexes are more cytotoxic than the free ~-diketones for each cancer cell line. This was expected

as the same trend was observed for other ferrocene-containing rhodium complexes studied in this

laboratory." The rhodium complexes were also more effective in destroying A27so and A27so

platinum resistant cell lines than HeLa cells. Particularly striking is the observation that the rhodium

complexes are more effective in killing the platinum resistant A27so cancer cell line. A graph of

amount of C-atoms on the R group compared to the ICso values for the rhodium complexes is

shown in Figure 3.23 (a). It is clear from the results that the ethyl-containing derivative,

[Rh(FcCOCHCOCH2CH3)(cod)] is slightly more active in killing cancer cells (smaller ICso values)

than the other R groups viz. H, CH3, CH(CH3)2 and QCH3)3.
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Figure 3.23: (a) Relationship between the ICso of the rhodium complexes [Rh(FcCOCHCOR)(cod)]

with R indicated on the graph, for the HeLa cancer cell line (-- and +), the A2780 cancer cell line (.....

and 4.) and the A2780 platinum resistant cancer cell line (-..-..-.. and 1.1) and the number of C-atoms on

R. (b) Relationships between ICso values for HeLa (.), A2780 cancer cell line (A) and A2780 platinum

resistant cancer cell line (II) and second-order rate constant, k2, for the substitution of

(FcCOCHCOR)" from [Rh(FcCOCHCOR)(cod)] with 1,lO-phenanthroline.

The mechanism of action of rhodium complexes in chemotherapy is assumed to involve at least in

part a substitution reaction between Rh-containing drug and DNA. A relationship between the

second-order rate constant, k2, for the substitution of (FcCOCHCOR)" from

[Rh(FcCOCHCOR)( cod)] with 1,1O-phenantrholine and rcso values is given in Figure 3.23 (b).

The mechanism of action of the ferrocenyl moiety in chemotherapy is based on electron transfer see

chapter 2, page 51). In contrast to what was found for ferrocene-containing acids of the type

Fc(CH2)nCOOH, no clear-cut relationship is observable between rcso and reduction potential of the

ferrocenyl group in compounds 3-7 and 10-14. This means the driving force that makes the ethyl

derivative the most antineoplastic material is not thermodynamic in origin, or even a kinetic driving

force. Rather, it appears to be a physical effect in that, for example, the ethyl derivatives are more

successful in crossing intercellular membranes than any of the other derivatives.
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4.1 Materials

Solid reagents (Merck, Aldrich) were used without further purification. Solvents were distilled prior

to use and water was double distilled. THF was dried by refluxing over sodium wire under nitrogen.

Flash column chromatography was performed on Silica gel 60 (particle size 0.040-0.063m, eluent

hexane-ether 1:1 by volume unless otherwise stated). Melting points (m.p.) were determined with a.

Reichert Thermopan microscope with a Koffler hot-stage and are uncorrected. Liquid reactants

(esters) were purchased from Aldrich without further purification.

4.2 Spectroscopy, equilibrium constants, K, and pKal

measurements

NMR measurements at 292 K were recorded on a Bruker Advance DPX 300 NMR spectrometer.

The chemical shifts are reported relative to SiMe4 at 0.00 ppm. IR spectra (KBr pellets or

chloroform solutions) were recorded on a Hitachi model 270-50 speetrometer with data processor.

UV spectra of [Rh(FcCOCHCOR)(cod)] and [Rhtphenjtcodj]" were recorded in a Cary 50 Probe

UVNisible spectrophotometer.

4.2.1 Calculation of % keto isomer and determination of K,

IH NMR spectra of ~-diketones, FcCOCH2COR were recorded at 292 K with concentrations

ranging between 1.3 and 1.7 mmol dm-3 in CDCh. Integration of spectra was done in such a way

that the methine proton, Fc-CO-CH=C(OH)-R at ea. 5.73 - 5.80 ppm was always assigned an

integral value of one. The % keto was calculated from the relationship

% keto isomer = (J of keto signal)/ {(1of keto signal) + (I of enol signal)} x 100

with I = integral value. Once the % keto isomer was known, the equilibrium constant

105
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K: = [Fc-{:0-CH=C(OH)-R]
[Fc-{:0-CH2-{:~R ]

= k.lk», applicable to equilibrium

Kc
Fc-CO-CH=C(OH)-RFc-CO-CH2-CO-R

was obtained from the relationship

K: = (% enol isomer)/ (% keto isomer)

= (100 - % keto isomer)/ (% keto isomer).

4.2.2 Observed acid dissociation constant, pKa/, determination

The pKal values were obtained by measuring the absorbance at different pH during an acid-base

titration in acetonitrile-water mixtures 1:9 by volume, fl = 0.100 mol dm-3 (NaCI04) at 25.0 (l)OC

with ~-diketone concentrations less than 0.12 x 10-3 mol dm-3. A linear response by the pH meter

(Hanna instruments model HI 9321), fitted with a glass electrode, was ensured by calibration with

buffers at pH = -log aH = 4.00, 7.02 and 12.00 respectively, aH = activity of H+. A test pKal

determination was performed by titrating Hfca, which was previously characterised.' The titrations

were performed with HCI04 from high pH, adjusted with NaOH to low pH. The least squares fit of

the obtained UV absorbance/pH data for this titration using equation

A lO-pH + A 10-pKa
A - HA A

T - lO-pH + 10-PKa

by utilising the fitting program MINSQ,2 resulted in a pKal of 9.98 ± 0.05. This was within

experimental error of the published pKal of 10.01 ± 0.02. It was therefore concluded that our

electrode system was calibrated to measure hydrogen ion activity under the conditions used.

The Beer-Lambert law, A = ECI with A = UV/Vis absorbance, E = molar extinction coefficient, C =

concentration and I = path length = 1 cm, were found to be valid for all complexes in the

concentration range utilised for the kinetic studies. Pseudo-first-order rate constants, kobs, were
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determined by monitoring the disappearance of [Rh(FcCOCHCOR)(cod)] at wavelengths 480

nm for R = CH2CH3 (C = 4.07 X 10-4mol dm"), 460 nm for R = CH(CH3h (C = 4.04 X 10-4mol

dm") and 480 nm for R = C(CH3)3 (C = 4.02 X 10-4mol dm") on a 05-109 pbp Spectrakinetic

stopped flow spectrometer. 1,1O-Phenanthroline concentrations were between 4.02 x 10-3 and 0.16

mol dm-3. Absorbance-time data was collected and kobs values were determined from a linear fit of

data according to:

In (A ofAt) = kobs t

Ao indicates initial absorbance and At is the absorbance at time t. The second-order rate constant, k2,

was determined (slope) from the relationship between the kobs and different phen concentrations

according to the following equation

kobs = k2[phen] + ks

It was found that ks = 0 for all complexes. The activation parameters LlH*, LlS* and ~G* were

obtained from fitting second order kinetic data between 10 and 35°C to the following equations:

k LlH* LlS* R
In-=---+--+ln-

T RT R Nh

LlG* = LlH* - TLlS*

Utilising the fitting program MINSQ.2 Temperatures were kept constant to within 0.01QC.

4.4 Cyclic Veltammetry

Measurements on ea. 1 mmol dm-3 ~-diketone solutions in acetonitrile with 0.10 mol dm-3 tetra-n-

butylamonium hexafluorophosphate (Fluka, electrochemical grade) as supporting electrolyte were

conducted under a blanket of purified argon at 25.0°C utilising BAS model CV-27 voltammograph

interfaced with a personal computer. A three-electrode cell, which utilised a Pt auxiliary electrode, a

Pt (surface area = 0.03142 cm/) or a glassy carbon (surface area = 0.0707 crrr') working electrode,

and a AglAg+ (0.010 mol dm", AgN03) reference electrode ' mounted on a Luggin capillary was

employed." Data, uncorrected for junction potentials, were collected with an Adalab-PC ™ and

Adapt™ data acquisition kit (Interactive Microwave. Inc.) with locally developed software, and

107



108 EXPERIMENTAL

analysed with Hyperplot (JHM International, Inc.). All temperatures were kept constant to within

0.2°C.

The author acknowledges Mrs. E. Kreft from the University of Pretoria for performing these

experiments.

4.5.1 Sample preparation

~-Diketones 3-7 and rhodium complexes 10-14 were dissolved in DMSO to give stock

concentration of 10 mg cm". These were then diluted in the appropriate growth medium

supplemented with fetal calf serum to give final DMSO concentrations not exceeding 0.5% and

drug concentrations of 1-3000 ug cm" prior to cell experiments.

4.5.2 Cell CUllUUreS

Human ovarian cancer cell line, A278o, and its platinum resistant variant cell line were grown as

suspended culture in RPMI 1640. The human cervix epitheloid cancer cell line, HeLa, was grown as

a monolayer culture in MEM. Growth medium was incubated at 37°C under 5% CO2 and fortified

with 10% FCS, and 1% penicillin and streptomycin. Appropriate solvent control systems were

included. Cells were seeded at 2000 cells/well for 24 h incubation experiments and 400 cells/well

for 7 day incubation experiments in 96 well microtiter plates in a final volume of 200 ul of growth

medium in the presence or absence of different concentrations of experimental drugs. Wells without

cells and with cells but without drugs were included as controls. After incubation at 37°C for 1 day

or 7 days, survival was measured by means of the colometric 3-(4,5-dimethylthiazol-2-yl)-

diphenyltetra sodium bromide (MMT) assay.
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406 Synthesis

4.6.1 Acetylferrocene (2)

A mixture of ferrocene (9.3 g, 0.05 mol), acetic anhydride (25 crrr') and 85% phosphoric acid (2

cm'') was heated at 100°C for 10 minutes. Care was taken to maintain the internal temperature of

the reaction mixture between 100 and 105°C. The reaction mixture was cooled slightly and poured

onto ice. After standing overnight, the mixture was neutralised with sodium carbonate monohydrate

(20 g) in 20 crrr' of water. The resulting brown pasty product was cooled on an ice bath and filtered.

The tan product was washed four times with 100 ml portions of water and filtered. The granular

product was dried in a vacuum dessicator over phosphoric anhydride. Recrystallisation from hexane

gave a sufficiently pure product (81% yield) for ~-diketone synthesis. Characterisation data: m.p.

85°C; R, = 0.38 (ether: hexane = 1:1) vrnax(KBr)/cm-1 1662 (C=O), bH (80 MHz, CDCI3) 2,40 (3H,

s, CH3), 4.21 (5H, s, C5H5), 4.52 (2H, t, C5H4), 4.78 (2H, t, C5H4).

4.6.2 p-Diketones

All the ~-diketones were synthesised from a general procedure as described for Hfca.

4.6.2.1 1-Ferrocenylbutane-1,3-dione (Hfca, 4)

Nitrogen was flushed through a flask equipped with acetylferrocene (1.0 g, 4.38 mmol) for an hour

and then dissolved in dry THF (5 cnr'). LiNPri2 (2 ml) was added at O°C and the solution was stirred

for 30 minutes before a solution of ethyl acetate (0.4478 g, 0.5 crrr' and 4.38 mmol) in 1 ml dry

THF was added. The resulting dark red suspension was stirred under nitrogen for 16 hours,

followed by treatment with HCI (100 crrr', 0.5 mol dm"). After extraction of the product with ether,

purification was effected by column chromatography on silica gel with hexane as the eluent

yielding dark red oil, which was recrystallized with hexane and ether. Two weeks storage in the

freezer and solvent removal under reduced pressure afforded dark red crystals of Hfca (0.384 g,

28%), m.p. 98°C, Rf = 0.78 (ether: hexane = 1:1). bH (300 MHz, CDCi)) 2.10 (3H, s, enol CH3),

2.32 (3H, s, keto CH3), 3.85 (2H, s, keto CH2), 4.22 (5H, s, enol C5H5), 4.25 (5H, s, keto C5H5),
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4.52 (2H, t, enol C5H4), 4.60 (2H, t, keto C5H4), 4.80 (2H, t, C5H4), 4.81 (2H, t, keto C5H4) and 5.74

(lH, s, enol CH).

4.6.2.2 f-Ferrocenylpentane-l Bcdlone (HIep, 5)

Hfcp was prepared in yields up to 24% as described for Hfca by replacing ethyl acetate with ethyl

propionate. Characterisation data: m.p. 41°C, Rr= 0.85 (ether: hexane = 1:1). OH (300 MHz, CDCh)

1.22 (3H, t, enol CH2CH3), 1.34 (3H, t, keto CH2CH3), 2.37 (2H, q, enol CH2CH3), 2.67 (3H, q,

keto CfuCH3), 3.84 (2H, s, keto CH2), 4.20 (SH, s, enol C5H5), 4.25 (SH, t, keto C5H5), 4.51 (2H, t,

C5H4), 4.49 (2H, t, C5H4), 4.79 (2H, t, C5H4) and 5.73 (lH, s, enol CH).

4.6.2.3 1-Ferrocenyl-c-methylpentane-I ,3-d.ione (Hfcdma, 6)

Hfcdma was prepared in yields up to 21% as described for Hfcp by replacing ethyl propionate with

ethyl isobutyrate. Characterisation data: m.p. 50°C, Rf = 0.80 (ether: hexane = 1:1). OH (300 MHz,

CDCh) 1.15 (6H, d, keto CH(CH3)2), 1.23 (6H, d, enol CH(CH3)2), 2.53 (lH, m, enol

CH(CH3)2),2.86 (lH, m, keto CH(CH3)2), 3.90 (2H, s, keto CH2), 4.20 (SH, s, enol CsH5), 4.26 (SH,

s, keto C5H5), 4.51 (2H, t, enol C5H4), 4.58 (2H, t, keto CsH4), 4.80 (2H, t, C5H4) and 5.74 (lH, s,

enol CH).

4.6.2.4 1-Ferrocenyl-a.d-dimethylpentane-I ,3-dione (Hfctma, 7)

Hfcdma was prepared in yields up to 17% as described for Hfcp by replacing ethyl propionate with

ethyl trimethylacetate. Characterisation data: m.p. 58°C, Rf = O.72 (ether: hexane = 1:1). OH (300

MHz, CDCI3) 1.19 (9H, s, keto C(CH3)3), 1.21 (9H, s, enol C(CH3)3), 3.91 (2H, s, keto CH2), 4.16

(SH, s, enol C5H5), 4.24 (SH, t, keto CsH5), 4.47 (2H, t, enol C5H4), 4.52 (2H, t, keto C5H4), 4.77

(2H, t, CsH4) and 5.79 (lH, s, enol CH).
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4.6.2.5 2-Ferrocenoyletan-l-al (Hfeh, 3)

This product fixated on a silica gel column and therefore was purified mainly by crystallisation.

Characterisation data: m.p. 104°C, bH (300 MHz, CDCb) 3.79 (2H, d, keto CH2), 4.23 (SH, s, enol

CSH5), 4.24 (SH, t, keto C5Hs), 4.53 (2H, t, keto C5~), 4.57 (2H, t, enol C5H4), 4.59 (2H, t, keto

CSH4), 4.81 (2H, t, enol CSH4), 5.77 (lH, d, enol CH), 7.75 (lH, m, enol H) and 9.91 (lH, t, keto

H).

4.6.3 Di-J.l-chloro~bis(1l-cycloocta-l,5-diene)dirhodium(I)

[Rh2Ch( cod)z] (9)

RhCl3.H20 (0.50 g, 2.2 mmol) was dissolved with few drops of water and ethanol (l l crrr') was

added while stirring the solution. Cyclooctadiene (3.25 crrr') was added dropwise and the dark red

solution was refluxed at 78°C for 21
/2 hours. The mixture was cooled down on an ice bath. The

yellow precipitate was filtered off and washed with cold methanol. The product (73% yield) was

then left overnight in a dark place to dry. Characterisation data: m.p. 256°C bH (300 MHz, CDCb)

1.30 (4H, m, half of 4CH2), 2.08 (4H, m, half of 4CH2) and 4.42 (4H, m, 4CH).

4.6.4 [Rh(~-diketone)( cod)] complexes

The general procedure for all rhodium complexes was as follows. [Rh2Clz(cod)2] (0.5 g, 1 mmol)

was dissolved in 4 crrr' DMF. The base NaHC03 (2 mmol) was added followed by the addition of

the p-diketone (2 mmol). After 4 minutes of stirring the product was precipitated with an excess of

ice cold water, filtered off and then dissolved ether. The ether solution was washed with water,

dried with MgS04 and evaporated to dryness. Column chromatography gave the pure products with

yields above 80%.
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4.6.4.1 (Ti4-1,5-eydooctadiene)(1-ferrocenyl-l,3-proparnedliornato_K2

O,O)rhodhnm(I) [Rh(fch)(eod)] (10)

This product was purified by recrystallisation, as it could not be eluted from a silica gel column.

Characterisation data: rn.p. 173°C, bH (300 MHz, CDCi)), 1.85 (4H, m, half of aliphatic CSHl2

protons), 2.49 (4H, m, other half of aliphatic CSHl2 protons), 4.07-4.25 (9H, m, four olefinic protons

ofCsHl2 and 5H ofCsHs), 4.36 (2H, t, CSH4), 4.65 (2H, t, CSH4), 5.55 (lH, d, CH) and 7.88 (lH, d,

CH).

4.6.4.2 (Ti4-1,5-cyclooctadiene)(1-ferrocenyl-1,3-pentanediornato_K2

O,O)rhodium(I) [JRh(fca)(eod)] (11)

Characterisation data: 80% yield, rn.p. 92°C, R; = 0.79 (ether: hexane = 2:3); bH (300 MHz, CDCi))

1.87 (4H, m, half of aliphatic CsHl2 protons), 2.02 (3H, t, CH3), 2.51 (4H, m, other half of aliphatic

CSHl2 protons), 4.12 (4H, four olefinic protons of CsHl2), 4.16 (5H, s, C5Hs), 4.34 (2H, t, CSH4),

4.64 (2H, t, CSH4) and 5.62 (IH, s, CH)

4.6.4.3 (Ti4-1,5-cyclooctadiene )(l-ferrocenyl-l ,3-penta][]edionato-K2

O,O)rhodium(I) [Rh(fcp)(eod)] (12)

Characterisation data: 85% yield, rn.p. 92°C, Rf = 0.78 (ether: hexane = 2:3); bH (300 MHz, CDCi))

1.07 (3H, t, CH2CH3), 1.83 (4H, m, half of aliphatic CSHl2 protons), 2.22 (2H, q, CH2CH3), 2.48

(4H, m, other half of aliphatic CsHl2 protons), 4.05 (9H, four olefinic protons ofC8Hl2), 4.12 (5H,

s, C5Hs), 4.29 (2H, t, C5H4), 4.60 (2H, t, C5H4) and 5.59 (lH, s, CH)

4.6.4.4 (Ti4-1,5-eyclooctadiene )(1-ferrocernyl-4-methyl-1 ,3-pentanedionato-1C2

O,O)rhodium(I) [Rh(fedma)( cod)] (13)

Characterisation data: 82% yield, rn.p. 102°C, Rf = 0.81 (ether: hexane = 2:3). bH (300 MHz,

CDCb) l.08 (6H, d, CH(CH3)2), 1.82 (4H, m, half of aliphatic CSHl2 protons), 2.42 (lH, m,
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CH(CH3)2), 2.47 (4H, m, other half of aliphatic CsH12protons), 4.04 (9H, four olefinic protons

ofCsHl2) 4.11 (5H,s, CsHs), 4.28 (2H, t, CsIL), 4.60 (2H, t, CSH4) and 5.60 (lH, s, CH)

4.6.4.5 (114-1 ,5-cyclooctadiene )(1-ferrocenyl-4,4-dimethyl-1 ,3-

pentanedionato-x' O,O)rhodium(I) [Rh(fctma)(cod)] (14)

Characterisation data: 88% yield, m.p. 148°C, R; = 0.80 (ether: hexane = 1:1). bH (300 MHz,

CDCl)) 1.11 (9H, s, C(CH3)3), 1.82 (4H, m, half of aliphatic CSHI2 protons), 2.47 (4H, m, other half

of aliphatic CsHI2 protons), 4.08 (9H, four olefinic protons of CsH12), 4.11 (SH, s, C5Hs), 4.28 (2H,

t, CsIL), 4.59 (2H, t, CsH4) and 5.77 ( IH, s, CH).

113
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In this study, six new compounds were synthesised. These were p-diketones FcCOCH2COR and

their rhodium (I) complexes, [Rh(FcCOCHCOR)(cod)], with R = CH2CH3, CH(CH3)2 and C(CH3)3

and Fe = ferrocenyl. The newly synthesised p-diketones were characterised by several techniques in

order to differentiate their activities and compare them to p-diketones and rhodium complexes with

R = H and CH3. Group electronegativities, XR,of the R substituents were determined from the IR

carbonyl stretching frequencies of their ethyl esters. There was an inconsistency with the group

electronegativity of H before. The IR carbonyl stretching frequency data gave XHvalues of 2.111

and 2.132 and electrochemical studies gave a value of2.55.3 Utilising pKa/-XRrelationship, XHwas

found to be 2.64, which is mutual consistent with the electrochemically determined value of2.55. It

was observed that as the group electronegativities of the R substituents decreased, the p-diketones

become more basic. The keto-aldehyde, FcCOCH2COH was found to be the most acidic of the

series in this study with p-diketone FcCOCH2COC(CH3)3 being the most basic. The pKal values and

group electronegativities ofR substituents were found to be (pKa', R, XR)= (7.04, H, 2.64), (10.01,

CH3, 2.38), (10.57, CH2CH3, 2.34), (10.80, CH(CH3)2, 2.29) and (1l.47, C(CH3)3, 2.27).

All p-diketones exist in principle as a mixture of keto and enol isomers as given by

Fc-C(OH)=CH-CO-R ~ Fc-CO-CH2-CO-R ~ Fc-CO-CH=C(OH)-R

(~) (lJ)

IH NMR studies on FcCOCH2COR indicated that enolisation in a direction away from the

ferrocenyl group, i.e. isomer B, always dominates. This observation was explained in terms of

resonance stabilisation of canonical forms. The formation of different canonical forms of isomer B

lower the energy of this isomer enough to allow it to dominate the existence of the isomer A, Proof

of the resonance stabilising effect of canonical forms are presented in the discussion of the crystal

structure ofFcCOCH2COCH3.4

From electrochemical studies, utilising cyclic voltamrnetry, it was found that free p-diketones

exhibited an electrochemical reversible Fe/Fe + couple. It was also observed that the oxidation of

ferrocenyl group of FcCOCH2COR was independent of the different R groups for R = CH3 (0.308

V), CH2CH3 (0.309 V), CH(CH3)2 (0.301 V) and C(CH3)3 (0.304 V). Values in brackets are the

formal reduction potential, Eol versus Ag! Ag", for each p-diketone. When R = H, ferrocene was

much more difficult to oxidise with the Eol value about 40 mV more positive than ifR = alkyl
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group. This is consistent with H having a much larger group electronegativity (more electron

withdrawing) than the alkyl groups. The H group withdraws more electron density from the

ferrocene, causing the ferrocene to be oxidised at a more positive potential. All rhodium complexes,

[Rh(FcCOCHCOR)(cod)], exhibited an electrochemical reversible Fc/Fc+ couple at 0.299 V < EO/<

0.338 V and an electrochemically irreversible Rh! oxidation wave at 0.248 V < Epa< 0.273 V. The

formal reduction potentials of the ferrocenyl group, EO/(Fc) and anodic potential of the rhodium,

Epa(Rh), were again independent of R, provided R = alkyl group. The rhodium nucleus of the

complex with R = H was oxidised at potentials of 15 mV more positive than those with alkyl

groups.

The kinetic study of the substitution of the ~-diketonato ligand, (FcCOCHCORr, from

[Rh(FcCOCHCOR)(cod)] with 1,10-phenanthroline (phen) was conducted utilising UV/Visible

stopped-flow kinetic techniques. All rhodium(I) complexes obeyed the Beer-Lambert law, which

allowed substitution kinetics to be studied by optical methods. The general rate law applicable to

this substitution was found to be

Rate = kz[phen] [Rh(FcCOCHCOR)(cod)]

Second-order rate constants, measured in drrr' mor! s', were found to be kz = 47 (H), 18 (CH3),

12.6 (CH2CH3), 6.9 (CH(CH3)z) and 4.3 (C(CH3)3). All substitution reactions did not show a

noticeable solvent related pathway. The substitution reaction was found to be proceeding via an

associative mechanism due to large negative entropies of activation, LlS*. The rate-determining step

involved the attack by the 1,1O-phenanthroline ligand on the rhodium centre. The rate of

substitution was found to be decreasing as the number of C-atoms on the R group increased. This

implies that the rate is retarded when bulkier R groups are present on the ~-diketonato ligand as

they hinder the approach of phen to an appropriate rhodium binding site. Other factors that

influence the rate of substitution other than steric hindrance were also explored. It was inter alia

found that the rate of substitution decreased with increasing pKa/ values of the ~-diketones, it

increases with an increase in the group electronegativities of R substituents, for the complexes of

this study. An independence of the rate of substitution on the formal reduction potentials of the

rhodium complexes was observed. Further reactions like oxidative addition and carbonyl insertion

reactions are still to be investigated for rhodium complexes of the type [Rh(~-

diketonato)(CO)(PPh3)] containing the new ~-diketonato ligands of this study.
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The cytotoxic properties in terms of potential anticancer applications of these newly synthesised ~-

diketones and their rhodiumfl) complexes were studied. HeLa, A2780 and A2780 platinum resistant

cancer cell lines were utilised to determine how cytotoxicity differ with R = H, CH3, CH2CH3,

CH(CH3)2 and C(CH3)3. It was observed that rhodium complexes are more effective in killing

cancer cells than the free ~-diketones. The rhodium complex with R = CH2CH3 was also found to

be more cytotoxic than other complexes. The compounds of this study were found to be less

effective in killing cancer cells as compared to complexes with R = CF3.

In this laboratory, fairly detailed studies involving different R groups have been performed. Future

studies on similar systems may include varying the ferrocenyl group with a variety of other

metallocenes including ruthenocene, osmocene and cobaltocene. Other metallic centres than

rhodium may also be considered. These include iridium, platinum and palladium. Applications of

these novell complexes in terms of catalysis should also be addressed. These would include carbon-

carbon bond formation utilising palladium complexes in, for example, typical Heck reactions, and

the conversion of methanol to acetic acid utilising the rhodium based Monsanto process or the

iridium based Cativa process.
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ABSTRACT

Synthetic routes to prepare new ferrocene-containing ~-diketones, FcCOCH2COR, with Fe =

ferrocenyl, R = H, CH3, CH2CH3, CH(CH3)2 and C(CH3)3, have been developed. Rhodium

complexes of the type [Rh(FcCOCHCOR)(cod)] were obtained in yields approaching 80% by

treating these ~-diketones with [Rh-Cl-Icod)»]. Group electronegativities XR ofR substituents were

determined from a linear relationship between ethyl ester IR carbonyl stretching frequencies of the

type RCOOCH2CH3 and group electronegativities of known R groups. pKa' values of new ~-

diketones were determined. 'n NMR studies on FcCOCH2COR indicated that enolisation in the

direction furthest from the ferrocenyl group always dominate. This finding is considered to be the

result of resonance driving force rather than inductive electronic effects of substituents on the

pseudo-aromatic ~-diketone core.

Formal reduction potentials (Eol values vs. AglAg+) of the iron core in the free ~-diketones,

FcCOCH2COR, and in [Rh(FcCOCHCOR)(cod)] complexes as well as the peak anodic oxidation

potentials, Epa, of the rhodium(I) nucleus were determined. The roles of pKal and group

electronegativities on redox potentials are also discussed.

Second-order rate constants, k2, for the substitution of the ~-diketonato ligand, (FcCOCHCORr,

from the complexes [Rh(FcCOCHCOR)(cod)] with 1,10-phenanthroline at 25°C in methanol were

determined. Large negative values obtained for entropy of activation suggested an associative

substitution mechanism. All substitution reactions were independent of a solvent step.

Cytotoxic properties in terms of potential anticancer applications of these newly synthesised ~-

diketones and their rhodium complexes on cancer cells are described. Cytotoxicity was tested on

HeLa, A2780 and A2780 platinum resistant cancer cells lines. Rhodium complexes were observed to

be more effective in killing cancer cells than the free ~-diketones.

Keywords: Ferrocene, ~-diketones, rhodium, group electronegativities, cyclic voltammetry,

substitutionkinetics and cytotoxicity.
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OPSOMMING

Sintetiese prosedures ter bereiding van nuwe ferroseenbevattende p-diketone, FeCOCH2COR, met

Fe = ferroseniel, R = H, CH3, CH2CH3, CH(CH3)2 en C(CH3)3, is ontwikkel. Rodiumkomplekse

van die tipe [Rh(FeCOCHCOR)(eod)] in opbrengste van bykans 80% is verkry deur hierdie p-

diketone met [Rh2Ch(eod)2] te reageer. Groep elektronegatiwiteite, XR, van die R-substituente is

bepaal vanaf direkte verwantskappe tussen etielester IR.-karboniel strekkingsfrekwensies van die

tipe RCOOCH2CH3 en groep elektronegatiwiteite van bekende R-groepe. pKa/-waardes van nuwe

p-diketone is bepaal. 'H KMR studies van FeCOCH2COR het deurgaans gedui op dominante

enolisasie in die rigting verste van die ferroseniel groep. Hierdie bevinding word beskou as die

resultaat van resonansdryfkragte eerder as induktiewe elektroniese effekte van substituente op die

pseudo-aromatiese p-diketoon kern.

Formele reduksiepotensiale (Eol waardes vs. Ag! Ag) van die yster kern in die vry p-diketone,

FeCOCH2COR, en in [Rh(FeCOCHCOR)(eod)] komplekse, sowel as die piek anodiese

oksidasiepotensiale, Epa, van rodium(I)kerne was bepaal. Die rol wat PKal en groep

elektronegatiwiteite op redokspotensiale speel is ook bespreek.

Tweede-orde tempokonstantes, k2, vir die substitusie van die p-diketonato ligand (FeCOCHCORr,

van komplekse [Rh(FeCOCHCOR)(eod)] met 1,10-fenantrolien by 25°C in metanol was bepaal.

Die groot negatiewe waardes wat verkry is vir die aktiveringsentropie dui op 'n assosiatiewe

substitusie meganisme. Alle substitusiereaksies was onafhanklik van 'n oplosmiddel stap.

Sitotoksiese eienskappe in terme van potensiële antikanker toepassings van hierdie nuut

gesintetiseerde p-diketone en hulle rodiumkomplekse op kankerselle is beskryf. Sitotoksisiteit op

HeLa, A2780en A2780platinum weerstandbiedende kankerselbelynings is getoets. Daar is bevind

dat rodiumkomplekse meer effektief is as p-diketone in die vernietiging van kankerselle.
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