A STRUCTURAL, ELECTROCHEMICAL AND
KINETIC INVESTIGATION OF FLUORINATED
AND METALLOCENE-CONTAINING PHOSPHINES
AND THEIR RHODIUM COMPLEXES

A thesis submitted in accordance with the requirgsér the degree

Philosophiae Doctor

in the
Faculty of Natural and Agricultural Science

Department of Chemistry

at the

University of the Free State

by

Eleanor Fourie

Promoter

Prof. J.C. Swarts

March 2008



Aan my Ouma Lenie
27 September 1916 — 7 November 2007

“U is my toevlug en my veilige vesting, my God op ek vertrou.”
Psalm 91:2



Dankbetuigings

My opregte dank aan die Here wat my die geleentheid
vermoéns gebied het om sy wonderlike skepping te ka

bestudeer, asook vir Sy krag wat my deur elke dag g
het.

Ek bedank graag Prof. Jannie Swarts vir die uitstek
voorbeeld wat hy stel, asook vir al sy kosbare tyd
afgestaan het en al die kennis wat hy met my gedeel

Ek bedank ook graag Dr. J. Conradie vir al haar hul
die studie.

My dank gaan ook aan die volgende persone vir hulle
in die studie:

Prof. D. Lorcy, van die Universiteit van Rennes, Fr
wat die tetrathiofulvaleen-bevattende ligande versk

Prof. C.E.J. Medlen, van die Departement Farmakologie by die

Universiteit van Pretoria, vir die uitvoer van sito
toetse en die opstel van oorlewingsgrafieke. Mnr.
Janse van Rensburg en Dr. A.J. Muller vir die bepal
oplos van kristalstrukture.

Die NRF vir finansiéle steun.

My dank ook aan al die lede van die Fisiese Chemie

Aan my vriende, Lizzie, Frenchie, Nicoline, Nicola,

Lizette J en Inus, dankie vir al die ondersteuning
tye.

Aan my ouers, dankie vir julle onvoorwaardelike lie
ondersteuning.

en

edra

ende
wat hy
het.
p tydens

insette

ankryk,
af het.

toksiese
J.M.
ing en

groep.

Zeldy,
en goeie

fde en

Eleanor Fourie
Maart 2008



Contents

List of Structures
List of Abbreviations

Chapter 1 Introduction and Aim of Study

1.1. Introduction
1.2. Aims of Study

Chapter 2 Literature Survey

2.1. Introduction

2.2. p-Diketones

2.2.1. Synthesis off — Diketones (basic route)

2.2.2. Synthesis off — Diketones (acidic route)

2.2.3. Other Methods of Synthesis fpr— Diketones
2.2.4. Keto-enol Tautomerism ¢f — Diketones

2.2.5. Ferrocene containin@— Diketones

2.3. Metallocene Containing Phosphine Ligands
2.3.1. Monodentate Metallocene Phosphines

2.3.2. Symmetrical Bidentate Metallocene Phosphines
2.3.3. Unsymmetrical Bidentate Metallocene Phosphines
2.4. Rhodium Complexes

2.4.1. Rhodiump-diketonato Complexes

2.5. Tetrathiafulvalene-containing Ligands

2.6. Kinetics

2.6.1. Oxidative Addition

2.6.1.1. Mechanisms of Oxidative Addition Reactions
2.6.1.2. Carbonyl Insertion

2.6.1.3. Oxidative Addition in Rhodium Complexes
2.6.2. Substitution Reactions

2.6.2.1. Mechanisms of Substitution Reactions

11
13
13
15
7 1
17
18
20
22
23
24
25
25
31
31



2.6.2.2. Substitution Reactions in Bidentate Rhodium Comgdex
2.7. Electrochemistry

2.7.1. Introduction

2.7.2. Cyclic Voltammetry

2.7.3. Electrochemistry of Metallocene-containifgliketones
2.7.4. Electrochemistry of Metallocene-containing Phosphin
2.7.4.1. Monodentate Ferrocenyl Phosphines

2.7.4.2. Bidentate Metallocenyl Phosphines

2.7.5. Electrochemistry of Rhodium(l) compounds

2.7.5.1. Rhodium(l) Dicarbonyl Compounds

2.7.5.2. Rhodium(l) Phosphine Compounds

2.8. Anti-Cancer Studies on Metal-Containing Complexes

Chapter 3 Results and Discussion

3.1. Introduction

3.2. Synthesis

3.2.1. Ferroceny-Diketones

3.2.2. AttemptedB-Diketone Synthesigia BF;-Catalyst

3.2.3. Metallocene-containing Phosphine Ligands

3.2.4. Rhodium Dicarbonyl Complexes

3.2.5. Rhodium(l) Phosphine Complexes

3.2.5.1. Rhodium(l) Complexes with Metallocene Phosphines
3.2.5.2. Rhodium(l) Complexes with Fluorinated Phosphines
3.2.6. Tetrathiafulvalene-containing Rhodium(l) Complexes
3.3. Kinetics

3.3.1. Oxidative Addition

3.3.1.1. Extinction Coefficient Determinations

3.3.1.2. Rhodium(l) Complexes with Metallocene Phosphines
3.3.1.3. Rhodium(l) Complexes with Fluorinated Phosphines
3.3.1.4. Conclusion

3.3.2. Substitution Reactions

32
34
34
36
37
39
39
41
44
44
45
a7

52
54
54
55
56
58
59
59
64
67
68
68
69
71
90
103
104



3.4. Crystal Structure Determinations

3.4.1. 1-Ferrocenyl-3-osmocenylpropan-1,3-diqiig

3.4.2. Ruthenocenyldiphenylphosphi(@5)

3.4.3. [Rh(FcCOCHCOCE)(CO)(PPhFc)] (70)

3.5. Electrochemistry

3.5.1. Introduction

3.5.2. Electrochemistry of Metallocenes

3.5.3. Metallocene-containing Phosphines

3.5.4. Electrochemistry of Rhodium Complexes

3.5.4.1. Rhodium Dicarbonyl Complexes

3.5.4.2. Metallocene-Containing Rhodium(l) Phosphine Comegex
3.5.4.3. Rhodium(l) Complexes Containing Fluorinated Phosesi
3.5.5. Electrochemistry of Tetrathiafulvalene-Containingndplexes
3.5.6. Electrochemical Isomerization Kinetics

3.5.6.1. Introduction

3.5.6.2. CH3CN as Solvent

3.5.6.3. CH.CI; as Solvent

3.6. Anti-Cancer Studies on Metal-Containing Complexes
3.6.1. Metallocene-containing and Fluorinated Phosphines
3.6.2. Rhodium(l) Phosphine Complexes

3.6.3. Tetrathiafulvalene-Containing Compounds

Chapter 4 Experimental
4.1. Introduction

4.2. Materials

4.3. Spectroscopic Measurements
4.4. Synthesis

4.4.1. Ruthenocen€93)

4.4.2. Acetyl Ferrocend€94)

4.4.3. Acetyl Ruthenoceng9b)
4.4.4. Acetyl Osmocené€96)

110
110
111
115
119
119
121
123
131
131
138
148
152
156
156
158
159
163
163
165
168

171
171
171
172
172
172
173
173



4.4.5. 1-Ferrocenyl-4,4,4-trifluorobutane-1,3-dioflg

4.4.6. 1,3-Diferrocenylpropane-1,3-dior(g)

4.4.7. 1-Ferrocenyl-3-ruthenocenylpropane-1,3-digde

4.4.8. 1-Ferrocenyl-3-osmocenylpropane-1,3-di¢ng

4.4.9. Cobaltoceniun{97), Methylcobaltoceniun(98) and
1,1'-Dimethylcobaltoceniur(®9) Hexafluorophosphate

4.4.10.Carboxycobaltocenium hexafluorophosph@f@0)

4.4.11. Chlorocarbonylcobaltocenium gai01)

4.4.12 . Propanoylferrocengr9)

4.4.13.Ferrocenoic Anhydridé77)

4.4.14.Cobaltocenoic anhydride hexafluorophosph@&)

4.4.15 Attemptedp-Diketone Synthesis utilizing BF

4.4.16.Ferrocenyldiphenylphosphir{&3)

4.4.17 Ruthenocenyldiphenylphosphi(éb)

4.4.18.0smocenyldiphenylphosphirié6)

4.4.19.Diphenylphosphinocobaltocenium Hexafluorophospkéig

4.4.20.Di-p-chloro-bis[(1,2,5,63)1,5-cyclooctadiene]rhodiur(d4)

4.4.21 [Rh(FcCOCHCOCE)(cod)] (47)

4.4.22 [Rh(FCCOCHCOFc)(cod)[51)

4.4.23.[Rh(FcCOCHCORCc)(cod)[81)

4.4.24 [Rh(FcCOCHCOOc)(cod)|82)

4.4.25.[Rh(FCCOCHCOCE)(COY),] (57)

4.4.26.[Rh(FCCOCHCOFc)(CQ) (60)

4.4.27 [Rh(FCCOCHCORCc)(CQ) (68)

4.4.28.[Rh(FcCOCHCOOC)(CQ) (69)

4.4.29.[Rh(CRCOCHCOCH)(COY),] (83)

4.4.30.[Rh(FCCOCHCOCE)(CO)(PPh)] (29)

4.4.31.[Rh(FcCOCHCOCE)(CO)(PPhFc)] (70)

4.4.32 [Rh(FcCOCHCOCE)(CO)(PPhRc)] (71)

4.4.33. Attempted Synthesis of Rhodium(l) Osmocenyldiphenyl
phosphine compound85), (86) and(87)

174
174
175
176

176
178
178
179
179
180
181
181
182
182
183
184
184
185
185
186
186
187
188
188
189
190
190
191

192



4.4.34 [Rh(FCCOCHCOCE(CO)(PPh(CsFs))] (72)
4.4.35 [Rh(FCCOCHCOCE(CO)(PPh(GFs),)] (73)
4.4.36 [Rh(FCCOCHCOCE(CO)(P(GFs)s)] (74)

4.4.37 Attempted Synthesis of [Rh(FCCOCHCOEO)(PPRCC]

(PF) (102)

4.4.38. Attempted Synthesis of [Rh(FCCOCHCOR)(C®O)tFc)]
(103), (104)and(105)

4.4.39.Attempted Synthesis of [Rh(FCCOCHCOR)(CO)(FRt)]
(106), (107)and(108)

4.4.40.[Rh(a-TTF-Sacac)(cod){75)

4.4.41 [Rh(y-TTF-Sacac)(cod){76)

4.5. Kinetics

4.5.1. Oxidative Addition Kinetics

4.5.2. Substitution Kinetics

4.6. Structure Determinations

4.6.1. FcCOCHCOOC(7)

4.6.2. PPhRc(65)

4.6.3. [Rh(FCCOCHCOCE)(CO)(PPhFc)] (70)

4.7. Electrochemistry

4.7.1. Spectral Electrochemistry

4.7.2. Electrochemical Isomerization Kinetics

4.8. Cytotoxic Tests

Chapter 5 Summary and Future Perspectives
Appendix 1 NMR Spectra
Abstract

Opsomming

192
193
193

194

195

195
196
196
197
197
198
198
198
198
199
199
200
201
202

203



List of Structures

O O o
w R W
Fe Fe
(@) @)
R=CR (1), CCk(2), (8)

Ch (3), (GsFs) (4),

{(GsHy)Fe(GHs)} (5),
{(GsHa)Ru(GHs)} (6),
{(GsHa)Os(GHg)} (7)

PPh PPh

M = Fe(16), (19)
Ru(17),
05(18)

Fe

R=R'=CH(9),
R = R' = P{10),
R =R'= C(Ck (11),
R = Ph, R' = GH12)

YL

OO
(@

(15)

R

>—Q_ CO
( RH
N 7N
—0  PPh
R

R = CR, R'= () (20),

R = CH, R' = CH; (21),

R = CE R' = CH(CH), (22),
R = CR, R'= C(CH)3 (23),



R

»=—Q__ CO
[ RK
=<0’ "PPh
R

R=CF, R = Fc, R' = CH(28),
R=CF, R = Fc, R' = CF(29),

R = CH, R = Fc, R' = gHs (30),
R = GHs, R = Fc, R' = F¢31)

R
R =R'=PPh R"=R" = Mg32), R = R'= R" = M€36),
R =R"=PPj R'= R" = Mg33), R =R" = Me, R' = Sac487)
R = S((CH)s)PPh, R' = R" = R" = M¢34), R = R" = Me, R' = SM38)
R = R" = S((CH)3)PPh, R' = R" = M&35) R = R'= R" = SM¢39),

R = H, R' = R" = SM¢40)



R N
;—"O\ % N—N
‘ RH
\\~~—O/
F ©
R = CR (47), CCl (48),
CH, (49), Ph(50), Fc(51)

K59

Se
II|3
Fe Fe
O
(56) R = CR (57), R = CH (58),
R = GHs (59), R = Fc(60)
o}
HaN _
HaN HaN~ P‘<§#<>
HsN ™~ l<C| o}
(63) (64)

(66) (67)

R )62 I6E3)

R = GHs, R' = CH; (61),
R = GHs, R' = CF (62)

(68)



(71)

(70)

(69)

Fe

Fe

(74)

(73)

(72)

(77)

(76)

(75)



(81)

cl
AN
Rh< RH
| cr’ |

(84)

T 2H(PFRs)2

(82)

(@) )
(80)

(86)



(93)

<

©}{©

Co

(98)

<o

Co

(99)

(100)



(104)
(107)

(103)

(106)

(105)

O .
)
(102)

(108)



List of Abbreviations

A

A

acac
AICl3
BF;
bipy
BuLi
Ccc
CeFs
CHCI3
CH.Cl,
CHsCN
cisplatin
CO
cod
Colo
cp

Ccv

d

DCM
DMF
DMP
DMSO
[(dppc")PF6]
dppe
dppf
dppo
dppr

€

absorbance

angstrom

acetylacetonato
aluminum trichloride
boron trifluoride
2,2'-bipyridyl

butyl lithium
cobaltocenium
pentafluorophenyl
chloroform
dichloromethane
acetonitrile
cis-diamminedichloroplatinum(ll)
carbon monoxide or carbonyl
1,5-cyclooctadiene
human colorectal cell line
cyclopentadienyl

cyclic voltammetry
chemical shift
dichloromethane
dimethylformamide
Dess-Martin periodinnane

dimethyl sulfoxide

1,1'-bis(diphenylphosphino)cobaltocenium hexafbphosphate

1.2-bis(diphenylphosphino)ethane
1,1'-bis(diphenylphosphino)ferrocene
1,1'-bis(diphenylphosphino)osmocene

1,1'-bis(diphenylphosphino)ruthenocene

molar extinction coefficient



= formal reduction potential

Ea energy of activation

Epa anodic peak potential

Eoc cathodic peak potential

AE, separation of anodic peak and cathodic peaknpiate
Et ethyl

EtOH ethanol

eq equivalents

F Faraday constant

Fc ferrocene or ferrocenyl

Fc decamethyl ferrocene

FT-IR Fourier transform infra-red spectroscopy
AG Gibbs free energy of activation

h Planck’s constant

AH enthalpy of activation

HelLa human cervix epitheloid cancer cell line
HMPA hexamethylphosphoric triamide

H3POy phosphoric acid

ICso drug dose required to kill 50 % of cancer cells
Ipa anodic peak current

Ipc cathodic peak current

J coupling constant

k rate constant

kp Boltzmann constant

Kc equilibrium constant

Kobs observed rate constant

I path length

LDA lithium diisopropylamine

LSV linear sweep voltammetry

M central metal atom

Mc metallocene or metallocenyl



Me
MeOH
Mel

N

[NBu4][B(CeFs)]

[NBug][PFg]
NMR

Oc

Ph

phen

pKa

PPhCC' PRy

PPhCI
PPhFc
PPRhOc
PPhRc
PPh
ppm

R

Rc
RhCk.3H,0
S

AS
SCE
S\2
SOCb
SW

t

T
THF
TTF

methyl

methanol

methyl iodide

Avogadro’s constant
tetrabutylammonium tetrakis(pentafluorophenylpder
tetrabutylammonium hexafluorophosphate
nuclear magnetic resonance spectroscopy
osmocene or osmocenyl

phenyl

1,10-phenanthroline

- log Ky, Ka = acid dissociation constant
diphenylphosphinocobaltocenium hexafluorophosphat
chlorodihenylphosphine
ferrocenyldiphenylphosphine
osmocenyldiphenylphosphine
ruthenocenyldiphenylphosphine
triphenylphosphine

parts per million

gas constant

ruthenocene or ruthenocenyl

rhodium trichloride

solvent

entropy of activation

saturated calomel electrode

bimolecular nucleophilic substitution
thionyl chloride

square wave voltammetry

time

temperature

tetrahydrofuran

tetrathiafulvalene



UV/vis

AV’

xR

ultraviolet/visible spectroscopy

infrared stretching frequency

scan rate

volume of activation

halogen

group electronegativity (Gordy scale) of R group

wavelength



Chapter 1

| ntroduction and Aim of Study

1.1. Introduction

Platinum group metal complexes are widely used omdgeneous as well as
heterogeneous catalysis, in a variety of chemiattions. Despite problems associated
with the purification and separation of productsnirespecially homogeneous catalysts,
the high activity and product selectivity that dasachieved by homogeneous catalysis,
have allowed platinum group metals to be used sktely in industry. Central to this
study are rhodium complexes. Examples of succkedsbaium-catalyzed processes are
the hydroformylation of alkenes catalyzed by [RhB{(PPh)s], hydrogenation of
alkenes in the presence of the well known Wilkirisaratalyst, [RhCI(PP§)], and the
carbonylation of methanol to liberate acetic acsthg [Rh(CO)l;] in the well known

Monsanto process.

The first methanol-to-acetic acid carbonylationgess was commercialized by BASF in
1960. It made use of a cobalt catalyst promotediddide, and required high
temperatures (230°C) and pressures (600 atm).nDthie 1960’s, the Monsanto process
was implemented, utilizing the above mentioned nnodcatalyst and operating at much
milder conditions (180°C and 40 atm pressure), @ & introducing higher selectivity
into the reactiof. Despite the improvements, the search for newlysisaoperating
under milder conditions, has continued. Reseashfbcused on accelerating the rate
determining step of the catalytic cycle, whichhe pxidative addition of methyl iodide to
the rhodium-based catalystSchieme 1.1). To improve the rhodium-based catalysts,
efforts have focused on coordinating more electtonating ligands to the central
rhodium atom, as the increased electron densith@mhodium metal center will increase
the rate of the oxidative addition reacti@heme 1.1 shows the catalytic cycle for the

conversion of methanol to acetic acid utilizing thedium-based catalyst. In contrast,



although electron-withdrawing ligands will slow dowhe rate of oxidative addition, it
will enhance the rate of reductive elimination hetfinal step of the catalytic cycle.
Careful manipulation of the mechanism of oxidatagdition will thus have a large

influence on the overall efficiency of the catalyst

Reductive T Cxidative

eliminaion /Rh — addition

CH,COI o, _
lH“ILh o
e | "o
CH;cOOH  CHaOH !
CHs |~

. ‘h/" Ivli grati ot

co |

Scheme 1.1. The catalytic cycle of the Monsanto process.

Phosphine ligands generated much interest andya &mount of work has been done on
finding new phosphines, with increased electronodaabilities’> Towards electron-
donating ligands, ferrocene-containing phosphigands have become very popular in
many catalytic processes. The strong electron-dapatoperty of the ferrocenyl group
provides the necessary electronic and steric ptiegeto form a highly active and
selective catalyst. The question remains unexplained how other nuetatie-containing

phosphine ligands would influence the rate of oth@saddition during a catalytic cycle.

The platinum group metals are also known for these in medical applicatiohs
Previous work in the UFS research group has de=sttiee ferrocenyl- and ruthenocenyl
B-diketonato complexes of rhodium as possible amicer drugé. In some cases

improved antineoplastic effects over cisplatms{diamminedichloroplatinum(ll)], the



most widely used metal-containing chemotherapetrity, was found. The benefit of

these rhodium complexes is lower toxicity, as tle af cisplatin is accompanied with

numerous side-effects, and an enhanced activitystgalatinum resistant cancers. Thus

rhodium B-diketonato complexes containing metallocenephesgshicould potentially

exhibit some anti-cancer properties.

1.2

Aims of study

With the above background, the following goals waefor this study:

1)

2)

3)

4)

5)
6)

The synthesis of metallocene-containfirgiketones of the type FCCOGEOR,
where R = CE Fc (ferrocenyl), Rc (ruthenocenyl) and Oc (osmmgbe via
known methods, and the synthesis of rhodium congslexof the type
[Rh(FcCOCHCOR)(CQ)J], incorporating these synthesizgdliketones.

The synthesis of new and known electron-rich metathe-containing phosphine
ligands of the type P(P#g, where R = Fc (ferrocenyl), Rc (ruthenocenyl), Oc
(osmocenyl) and Cc(cobaltocenium), and the synthesis of rhodium phise
complexes of the type [Rh(FCCOCHCO{EO)(PPhR)], where R = Fc, Rc and
Oc.

The synthesis of rhodium phosphine complexes of thgpe
[Rh(FCCOCHCOR)(CO){PPRIiCsFs)3n}], with 1 < n < 3. The electron-
withdrawing properties of the pentafluoro phenybuy (GFs) will result in an
electron-poor rhodium center.

A kinetic study of the oxidative addition reactibetween synthesized rhodium
phosphine complexes and methyl iodide comparatistlgied by FT-IR, UV/vis,
H NMR, *'P NMR and"°F NMR spectrophotometric techniques.

An electrochemical study of all new compounds sgsited.

A cytotoxic study of all new ligands and rhodiumngaexes to determine any
antineoplastic activity against cancer cells fronmlan cervix epitheloid (HelLa)

and human colorectal (CoLo) cancer cell lines.

1 J. Conradie, G.J. Lamprecht, S. Otto, J.C. Swhmsganica Chimica Acta, 2002,328, 191.

2 M.C. Simpson, D.J. Cole-Hamilto@oordination Chemistry Reviews, 1996,155, 163.

3 C.M. Thomas, G. Siiss-Fin&pordination Chemistry Reviews, 2003,243, 125.

*J. Rankin, A.C. Benyei, A.D. Poole, D.J. Coel-Htami, J. Chem. Soc., Dalton Trans., 1999, 3771.



° E. Daura-Oller, J.M. Poblet, C. Bd,Chem. Soc., Dalton Trans., 2003, 92.

® M.D. Sliger, G.A. Broker, S.T. Griffin, R.D. Rogerk.H. Shaughnessyournal of Organometallic
Chemistry, 2005,690, 1478.

"W.C. du Plessis, T.G. Vosloo, J.C. Swait;hem. Soc., Dalton Trans., 1998, 2507.

8J.C. Swarts, C.E. MedleEpropean Patent. EP 1 345 951 B1, bulletin 2004/34, 2004, pp 1-36.



Chapter 2

Literature Survey

2.1. Introduction

This chapter provides a concise literature reviemthee aims and topics relevant to this
study. It cover$-diketone synthesis, phosphine synthesis, rhodiomptexation (goals
1-3, Chapter 1), and aspects of rhodium complegtida (both substitution and oxidative
addition) (goal 4). This is followed by a shorfpagisal of electrochemical studies (goal

5) and cytotoxic studies (goal 6) of these compexe

2.2. P - Diketones

The synthesis of — diketonato complexes has been reported as aatlye late 1880’s,
by Combe$ as well as Claiseet al.> B — Diketones can form anions as a result of
enolization and ionization, as shown $theme 2.1 which form very stable chelate
complexes with most metals? Thus, the complexes @f— diketones are some of the
most widely studied coordination compounds kndwrt should be pointed out that,
althoughp — diketones are commonly represented in the ketftorim, many of them

exist mainly in the enolic form, which is stabilizby a hydrogen bridge.

H .

O o ol’ o o o o Yo
Voo +M Voo
PN G S | N
R R R R
H

keto enol

Scheme 2.1.The enolization, ionization and coordination @eges of-diketones.

2.2.1.Synthesis offf — Diketones (basic route)

The most widely used synthetic route fadiketones issia Claisen condensation, which
consists of the acylation of a ketone containingvdrydrogen with either an ester, acid
anhydride or acid chloride. This reaction consatseplacing the ketone-hydrogen



with an acyl group. Generally, the reaction is effected by reacting®mne and ester in
the presence of a strong base, such as sodiununs@&iihoxide, sodium amide or sodium
hydride® More recently, lithium diisopropylamide (LDA) had®en used as base for the
preparation of enolate ions. It is a very stroagdy with Ka of approximately 40, very
soluble in organic solvents, and it is a hinderagebwith bulky side chains, preventing it

from adding to the carbonyl group in a nucleophifiildition reactiofi.

The mechanism, as shown$theme 2.2proceeds stepwise by firstly deprotonation of
the ketone by the base to form an anion, stabilisethe Li cation. Secondly, addition
of the ester leads to release of an ethoxide iah farmation of af-diketone. The
strongly basic ethoxide anion is then neutralizggtwton abstraction from the acidie
diketone to form g3-diketonato anion that exists in different resomaferms and is
stabilized by the Li counter ion. Finally, acidification leads to thelease of thes-
diketone. Theoretically all steps of the mechanam reversible, but in practice the
equilibrium is shifted towards product formationtitwe precipitation of th@- diketonato
anion as its lithium saft.

s

o
- Lt R)k R'COOEt R)k ? L
CH3 YY—‘ cw+YY_ CHz—Cli—R'

OEt

O O o _0 O O

— M + Li*OEt —> EtOH + N i» M
R R R

Scheme 2.2.Mechanism of-diketone formatioia Claisen condensation.

The success and yield of the reaction depend la@elthe reactivity of the ketone and
the strength of the base. The more complex thuetsire of the ketone, the more difficult

it is to acylate it. Also, the stronger the bake, more successful is the acylatfon.

A variety of side reactions is possible. Firstg|f condensation of the ketone is possible

via aldol condensation, forming frhydroxy ketoné? This occurs when the ester is



relatively unreactive in comparison to the ketoespecially at elevated temperatures.
Secondly, when the ester is more reactive comptreéde ketone and possessesoan
hydrogen, self condensation of the ester can tékeepo form ap-keto ester. Under
such circumstances the ester can also undergo adotlensation formingo-p-
unsaturated esters. Thirdly, the base may reaetttyi with the carbonyl group, instead
of deprotonation of the-hydrogen, forming an amidé. This, however, can be avoided
by using a different, sterically hindered base sash.DA. Most of these side reactions
can be limited by adjusting the reaction time, long the temperature, or changing the
sequence of substrate addition. Slight adjustmeainssibstrate to base stoichiometry can
also improve yield$?

2.2.2.Synthesis offf-Diketones (acidic route)

An alternative route to the synthesis [pidiketones is possible by an electrophilic
substitution reaction of a ketone by an acid aniagdin the presence of boron trifluoride
as Lewis acid catalydf. Acylation occurs mainly on the more highly subséd side of
the ketone, with the final product actually bein@®k-containingp-diketone complex.
The BR-complex can be decomposed by either sodium acetaakiminium trichloride

to give the desirefl-diketone product® *°

Boron trifluoride plays a double role in the medsan'® It assists in the ionization of
the anhydride, forming a carbocation, as well as/eding the ketone to a boron enolate
derivative. Finally condensation of the carbocatmd boron enolate takes place to form
the BF, containingB-diketone complex, as shown$theme 2.3



+ p—
(RCOO + BF; ——= RC=0 + RCOBF;

. O/éFg

I |
R—C—CHrR" + BF3 ———~ R—C=CH—R" + H'

- BF3
BF /
‘g 2
+
R—C=CH—R" + RC=0 —» R'—C—CliH—C—R
+
RII
BF,
¢ 0 2 9
_HE R'—C:(lz—c—R AlCls, R'—c—(lz—c—R
RII RII

Scheme 2.3.Mechanism of-diketone formation via Bfcatalyzed method.

The only side reaction causing occasional diffieglis the self condensation of either the
anhydride or the ketone. Since these side reactian severely lower yields, limitations
on the scope of this reaction may exist. In gdnéna basic route for synthesis [pf
diketones (as described $®ction 2.2.]1 seems to have a much wider application than the
boron trifluoride method. However, depending on substrate, the boron trifluoride
route may offer better yields and cleaner reactiombe boron trifluoride route is also
preferred for synthesizinf-diketones containing side chains on thearbon, whereas
the basic route mostly yields unsubstitupediketones.’

2.2.3.0ther Methods of Synthesis forf — Diketones

Due to the wide variety of differeifitdiketones synthesized and wide variety of uses for
thesep-diketones, new methods of synthesis are constdrgigg developed to meet
specific needs. A solid-phase polymer supportedn®gis has been developed by Park
and co-worker? (reaction(a) in Scheme 2.making use of enamine methodology, with
a piperazine linker, yielding &-diketone with no traces of polymer binding. An
alternative three step synthesis from aldehydedbas reported (reactigh) in Scheme



2.4), making use of a dianionif-ketosulphone as a masked equivalent to acetone.
Condensation is followed by oxidation and desulfmma to yield the p-diketone®®
Another method for synthesis @fdiketones is a proline catalyzed aldol-type additi
reaction (reactior(c) in Scheme 2.% making use of an electron-withdrawing cyano
group in an acyl cyanide molecule to enhance naacn the carbonyl group and bring

about condensaticf.

* .

(a) @ RJ\ @ R/”\ cl @ N HCI

p-TsOH \’/ Et;N W THE M R
Benzene CH,Cl,
Dean-Stark R
o) o o
(b) H o O)\*/SOZPF' SOPh
Li* _THF DMP Na(Hg)
+ PhCzS\i)Kil E - S Teon
Li*

NC OH O

(© R)(LCN . /ﬁ\ L-proline M _OH M

Scheme 2.4.Alternative methods d¢§-diketone synthesis, where HMPA = hexamethylphosphigamide
and DMP = Dess-Martin periodinnane.

2.2.4.Keto-enol Tautomerism offp — Diketones

B-Diketones containing am-hydrogen are capable of converting between the &atl
two different enol isomers, thus exhibiting ketaktautomerism$cheme 2.5 Theao-
hydrogen, which is also described as a methineoprot activated by the adjacent
carbonyl groups, thus a conjugate system can adseequilibrium exists between the
different tautomers, all possessingia configuration, and under suitable conditions the
enolic hydrogen can be replaced by a metal cefdrejying a six-membered psuedo-
aromatic chelate ring. In the absence oédrydrogen, enolization cannot take place and

thus no metal coordination occurs.



H. .H
o} o} o "0 o Yo ‘
— S~ — e — 5 /,’
MR. MR. R)K%\R' - R’
H H H

Keto form Assymetric enol forms Symetric enol form

Scheme 2.5.Keto-enol tautomerism iprdiketones.

The position of the equilibrium between the diffgréautomers is highly variable, and
depends on a number of different factors, includtegtronic properties of substituents,
steric effects, aromatic effects, solvent and teadpee. In general the equilibrium is
shifted more towards the enol with increasing etecwithdrawal by the substituents.
Pendant aromatic groups often enhance enolizghongh steric groups tend to have the
opposite effect. The enol form is also generadlyolured in non-polar solvents, due to
the tendency of enol tautomers to form intramolachldrogen bonding. In contrast, the

keto form favours hydrogen bonding with polar sokge

Extensive research has been done to investigataliffezent factors influencing the
position of the equilibrium between the differeatitommers. Recent work done by Sloop
and co-worker® has made use of IR, UV and NMR spectroscopic fgcies to
determine the equilibrium constants for differ@ndiketones containing trifluoromethyl
R-groups. IR and UV techniques were found moreald in determining the
equilibrium constant between different enol formi$d, **C and'°F NMR studies were
also performed, but found not to be useful in tleigard, due to the very rapid dynamic
equilibrium between the two different enol formsrRheir compounds, the dynamic
equilibrium is generally too fast to be monitored the NMR timescale. Small
differences in chemical shifts also make it difftdw distinguish between different enol
NMR signals?* Computational chemistry are becoming more widelgd to understand
and evaluate the equilibrium between differ@rdiketone tautomers. It offers a new
method for determining equilibrium constants thetically to complement

experimentally obtained resufts*
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2.2.5.Ferrocene containingp-Diketones

B-Diketones containing ferrocenyl side chains hareglbeen knowfA® B-Diketones of
the type FCCOCKCOR, where R = Ck were synthesizeda Claisen condensation by
Cullen and Wickenheisér,as well as Bell and co-workef%.Bell also managed to solve
the crystal structure of the enol form of 1-fernoge3-hydroxybut-2-en-1-on&. Since
then the range of ferrocenyl containifigliketones has been extended significantly. Du
Plessis and co-workérshave synthesized a range of sietiiketones, where R = GF
(1), CCk (2), CHs (3), (CsHs) (4) and {(GH.)Fe(GHs)} (5), as shown irFigure 2.1
More recent work in this group has also includesl glinthesis off-diketones with other
metallocenyl side groups, where R = {lG)RU(GHs)} (6),%° and {(GH4)Os(GHs)}
(7)_30

R R = CRK(1), CCk(2),
Fe CH (3), (CaHs) (4),
(@) {(CsHa)Fe(GHs)} (5),
{(CsH4)RU(GsHs)} (6),
{(CsHa)Os(GHs)} (7)

Figure 2.1. Structures of ferrocene containifrgliketoneg1) - (7).

Structural studies have shown that in the solitedtae enol form ofl1) — (7) dominates,
due to intramolecular hydrogen bonding. Freshiptlsgsized(1) — (7) have large
amounts of keto isomers. However, after synthissscompletely converted to the enol
form via a slow kinetic process over long periods of tinteew stored in the solid state.
When redissolved, it slowly converts back to theoKerm, until equilibrium is reached,
offering an explanation to varying reports on thercentage of keto or enol form
present’ The direction in which enolization takes place ks investigated, and it was
found that two main driving forces exist. The ffirgas labelled an electronic driving
force, which implies that enolization should takace with the enol on the side of the
less electronegative side group. This happensusectihe carbonyl carbon next to the
less electronegative side group will be less pasiin character. However, many

exceptions to this rule were found. This pointed second more important driving force
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that governs the direction of enolization. Thism® driving force was labeled the
resonance driving force. In the case of aromatie groups, the formation of different
canonical forms of a specific enol isomer will lawtke energy of the isomer enough to
allow it to dominate over another enol isomer whigight be favoured by the electronic
driving force. This leads to enolisation takingg# mostly away from the aromatic side
group?® Physical properties dfl) — (7) have been determined and are summarized in
Table 2.1 Linear relationships were observed between gedegtronegativityyg) and

formal reduction potentials fiE as well as Ka' values and group electronegativity.

Table 2.1. Physical properties @ — diketoneg1) —(7), FcCOCHCOR

p — Diketone R = pKa' % Enol in solution AR

1) CR 6.53(3) 97 3.01
2) CCls 7.15(2) 95 2.76
(3) CHs 10.0(2) 78 2.34
(4) (CeHs) 10.41(2) 91 2.21
(5) {(CsHs)Fe(GHs)} 13.1(1) 67 1.87
(6) {(CsH4)Ru(GHs)} *° >13 47 1.99
) {(CsH)Os(GHs)}*®  13.04(1) 43 1.90

- Fc' 6.80 - 2.82

" As determined itChapter 3, Section 3.5.4.1

Ferrocene-containing-diketones have also been synthesiagd other methods.
Compound(3), as well asp-diketones containing phosphaferrocenes, have latsm

synthesized by Bfcatalyzed reaction, as showndoheme 2.6°%

F._F
o/\Bjo o} o
:CXD (ij/ BF3.E Cx> Cx)
Fe . 5.E,O o AICl =
&> &> (e

X =CH(3), P(8)
Scheme 2.6.BF; catalyzed synthesis of ferroceytliketones, with X = CH3) or P(8).
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B-Diketones substituted with a ferrocenyl group ¢ ti-position have also been
synthesized. Zakaria and co-workéfisave synthesized a series of 2-(ferrocenylmethyl)-
1,3-diketones by reacting (ferrocenylmethyl)trimgdmmonium iodide with the mono-

sodium salts of a range pf diketones, as shown 8theme 2.7

: CHyNMes'™ 0
Fe + M R —> R+ Nal
@) Na -

R =R'= CH(9), or Fe

R = R' = Ph(10), or

R =R'= C(CH)3 (11), or
R =Ph, R'= CH(12)

Scheme 2.7.Synthesis oéi-substituted — diketones.

2.3. Metallocene-Containing Phosphine Ligands

Incorporating metallocenes as part of a phosphbbusf/stem led to a new class of
organophosphines, which are very useful ligandsatalytic processe$. Their value as
ligand backbone stems from their unique and vepcifig geometries, as well as their
electronic propertie¥, These phosphines can be devided into three nwajmups,
namely monodentate ligands, symmetrical bidentagantls, and unsymmetrical

bidentate ligands.

2.3.1.Monodentate Metallocene Phosphines

Until now, only ferrocene-containing monodentatetatiecene phosphines have been
known in the literature. Mono{13), di- (14) and tri-substituted(15) ferrocenyl
phosphine compoundsFigure 2.2 have been synthesized under Friedel Crafts
conditions in the presence of AlCIcontrary to the general behavior of aromatic
compounds. The utility of this method for syntlsesi ferrocenylphenylphosphines

stems from the fact that it is a simple one pottsgsis with few side-producis.
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@ @ e Fe
20 2 2y
(13) (14) (15)

Figure 2.2. Structures of ferrocenyl-containing phosphine pommds(13) - (15).

The mechanism proceeds as showSdcheme 2.8 Multiple substitution takes placta
a stepwise process, meaning that for di- and bsswted phosphines the process shown

in Scheme 2.8vill be repeated either 2 or 3 times.

Fc + PPh1C|(3_n) + AICl3 —> Fc + PPh1C|(2_n)+ + ACly ——> FCPPECl(z_n) + HCI
Scheme 2.8.Synthesis of ferrocenylphenylphosphines.

Phosphineg¢13), (14) and(15) are all readily air-oxidized in the presence afmaihum
trichloride, explaining the observed phosphine exXarmation in early reports, as well as
the need for inert reaction conditions during sgsth. However(13) and(14) do show
stability towards air oxidation similar to that tfphenylphosphine when isolated and
stored in the solid staté. Triferrocenyl phosphingl15) is much less stable towards
oxidation, indicating that the presence of at least phenyl ring largely contributes to
the stability of the compound through withdrawal tbe lone electron pair on the
phosphorous, by the phenyl ring. Once oxidizedious methods have been published
recently to reduce the phosphine oxide and regenéna phosphine, although none has

so far been tested on metallocene phospfithéds
The s-donor ability of these ligands was found to inseeavith the increasing number of

ferrocenyl groups. However, the steric size of tigands also increased, largely

influencing the expected chemical behavio¢k#).**
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2.3.2.Symmetrical Bidentate Metallocene Phosphines

A range of symmetrical metallocene-containing phasgs, of the type shown Figure

2.3 is known. The first to be isolated was 1,1'tiigllenylphosphino)ferrocene (dppf)
(16),in 1965. In the past 15 years the series has egmded to include other metal
centers, such as rutheniyi7) and osmium(18). The side groups on the phosphorous
centers have also been varied to includmityl-, i-propyl- andi-propylaryl-groups,
among other§? *3

PPh

= Ru(17)
PPh = Os (18)

<
M M = Fe(16)
@\

Figure 2.3. Structures of diphosphinometallocene compoy@é}- (18).

The general route for synthesis of these phosphasshown irScheme 2.9consists of
deprotonation and lithiation on both cyclopentagiemings, by addition of two
equivalents of an alkyl lithium base, followed bgdéion of a chlorophospine, to yield
the required produdf ** Dppo (18) was synthesized by Gusev and co-workanga
similar methods, but they reported significantlyér yields for(18) than for(16) and
(17), reflecting a lower tendency towards metalatianodemocene compared to ferrocene
and ruthenocene.
PR
@ 2 BulLi ©/ 2 R2PCI @/
@) @ O,

Scheme 2.9.Synthesis of diphosphinometallocene compounds.

These ligands have been complexed to palladiumngnoher metals, and tested in
catalytic processes. It was found that varyingrttegallocene metal among Fe, Ru and
Os, did not significantly change the chemoselettivir the regioselectivity of the

catalyst® It was found however that changing the metalaefiom Fe to Ru, increases
the phosphine bite-angle. This can be attributedhe increased distance between

cyclopentadienyl rings for ruthenocene (3.68 A) paned to ferrocene (3.32 A)lt was
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also found that the metal center, as well as tyjpsubstituent on the cyclopentadienyl

ring, largely influences the chemical stability thie catalyst. It has been shown that
metal-to-metal bonding can occur between the noetatle center and the catalytic metal
center, which can stabilize catalytic intermediatasl increase the overall success of the

catalytic cycle'®

Another metallocene-containing phosphine has beemthasized, viz. 1,1'-
bis(diphenylphosphino)cobaltocenium hexafluorophase [(dppt)PF6] (19). This
phoshine exists as a cationic species due to thaltcoenter being in the +3 oxidation
state. It therefore requires a different syntheditte as shown iScheme 2.10where the
cyclopentadiene rings are firstly substituted wthle phosphine-group, followed by the
construction of the metallocene core, and finalhgcpitation of the product with
ammonium hexafluorophosphate. Due to the posytivailarged nature of19), its
chemical behaviour differs significantly from théoxe mentioned phosphines, thus

requiring fundamental changes in synthetic procesiéor complexatiof®

PPh
7 ta, e 2ehec) + Nag
PPh
@ + n-Buli ‘ _* CoCh @/ + Licl
PPh
R
PPh PPh
g =
O\ .,

(19)

Scheme 2.10.Synthesis of 1,1'-bis(diphenylphosphino)cobalbiae hexafluorophosphaté9).
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2.3.3.Unsymmetrical Bidentate Metallocene Phosphines

A number of different unsymmetrically substitutedrocenyl phosphine ligands has been
synthesized. The pattern of substitution can eileeon the same cyclopentadienyl ring
(1,2-substitution) or on different cyclopentadiemylgs (1,1'-substitution), as shown in
Figure 2.4 The number of different applications for thegmmds is as diverse as the
number of different ligands, and their synthesisl aise in catalysis are thoroughly

summarized by Atkinsor> as well as Colacdt.

R
o o
Fe Fe
(@ O,
1,2-substitution 1,1'-subtitution

Figure 2.4. The different substitution patterns of unsymnuoetrferrocenyl phosphines.

The two chelating groups can either be two diffeprosphine groups, or one phosphine
group in combination with a different donating gopwsuch as nitrogen, oxygen, or
sulphur groups. Utilizing different coordinatingogps offers an advantage when one
group is more labile towards substitution than dtigeer. The more weakly coordinating
group can stabilize coordination sites on the mesalter, until displaced by a substrate
molecule, but due to the more inert group, theniibatill stays anchored to the metal
center. Such ligands are termed “hemi-labile” ame widely used in homogeneous

catalysis®

2.4. Rhodium Complexes

A wide range of different rhodium complexes has rbegnthesized, among other
complexes of the type [RhH(CO)(P#dh, for use as hydroformylation catalyst,
[RhCI(PPh)3], a hydrogenation catalyst, and [Rh(GIQ) as carbonylation catalyst3-
Diketones form very stable six-membered cyclic simghen complexed to rhodium, and
due to their bidentate nature are less likely tgsaltiate from the metal center under

catalytic conditions than monodentate ligands. Thwroved stability leads to
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widespread application in catalysis. This studywéver, has focused on rhodiusn
diketonato complexes as substitute for [[RBD),] for the carbonylation of methanol to
acetic acid, as stated in goals 3 and 4. Thodiump-diketonato complexes of the type
[Rh(B-diketonato)(COy) and [Rh-diketonato)(CO)(PR] will be discussed here.

2.4.1.Rhodium g-Diketonato Complexes

Two general routes are employed for the synthefls@icarbonyl rhodiumB-diketonato
complexes, as shown iBcheme 2.11% *° In both routes chloro-bridged dimeric
rhodium intermediates are formed from rhodium todke, followed by reaction with a

B-diketone to form a monomeric rhodium(l) species.

R R
OC, Cl CcO . O, CcoO QO PR
N ) — >
“ji VRH B-diketong 7 “RiY PRs | ’ SR
/ONA N DMF ey’ O Sy’ O
DME oc” ‘¢ “co o “co d “co
H reflux R R
RhCkL.3H,0O
k.3H; CO|cod
5 -cyclooctadiene Aceton

R
—O0
r3 diketone - \Rh
DMF \‘“O/

Scheme 2.11. Schematic representation of the two differenttesufor the synthesis of rhodiug:
diketonato complexes.

In the case of the 1,5-cyclooctadiene route (ctitg, last step involves bubbling of

carbon monoxide gas to substitute the cod-ligardchvis an equilibrium process. The

product is isolated in pure form by precipitatiolorh the carbon monoxide saturated
acetone solution by addition of water. It was fotinat the best yields are obtained when
the first route (the tetra carbonyl route) is uad3-diketones containing more electron-

withdrawing side-groups. The second (cod) routeke/dest for3-diketones containing

more electron-donating side-groufis.

It has also been found that, in most cases, onlgosswibstitution of the two carbonyl
groups with a phosphine group takes place. Incds®s where di-substitution do take
place, the reaction is significantly slower and endifficult. Extreme conditions are

required, including removal of all free CO by punrgiwith an inert gas and a large excess
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of phosphine ligand. A general trend is found wehtbie rate of substitution of the second
carbonyl group increases along with an increasedonor abilities and a decreasenin

acceptor properties. Stronger Rh-P bonds are fbmith stronges-donor properties?

by

(200 R=CR, R'=H, R"="{J (24) R=CR, R=H, R"=CH (28) R=Fc, R'=H, R"=CH
(21) R=CH;, R'=H, R"=CH (25) R=CR, R =H, R" = CHCHs (29) R=Fc, R'=H, R"=GF
(22) R=CR, R =H, R"=CH(CH), (26) R=CHs;, R =CH(CeHs), R"=CH (30) R=Fc, R'=H, R" =gl
(23) R=CR, R=H, R"=C(CH)3 (27) R=GHs, R'=H, R"=GHs (31) R=Fc, R'=H, R"=Fc
Figure 2.5. RhodiumB-diketonato complexes with varigddiketonato side-groups.

Leipoldt and co-workers synthesized a large nundbehodium complexe$20) — (27)
with variedp-diketonato side-groups (shownhigure 2.5), ranging in size and electron-
donating abilities, and investigated the steric atettronic influences of-diketonato
substituents on the crystallized rhodium complege¥: >> ¢ 57 38 5% heir work focused
on determining the influence of thieans effect. It was shown that the carbonyl group
trans to the B-diketoneoxygen atom attached to the more electronegativepgge.g.
CFs) has the smallegtans influence and is least likely to be substitutddowever, it
was also found that steric hindrance can overtueeiectronic effect when bulky side-
groups are present on tfediketone, and causes substitution to take pteass to the
more electronegative grodp. More recently rhodium complexg€8) — (31) with
ferrocenyl B-diketonato side-groups have been synthesizedwa#t observed that two
isomers exist in solution, where the ferrocenylugras eithercis or trans to the
phosphine group. The isomer dominating in solui®rthe more thermodynamically
stable solution species, but not necessarily thst stable one to crystallize in the solid

state!

Studies have also been carried out to investigageinfluence of varied phosphine
ligands on the structure and efficiency of rhodiwametylacetonato catalysts. ©°
Riihimaki and co-workef$ have synthesized a series of aryl- and alkyl-dnittg

phosphine ligands ranging in steric size and ededtrinfluence and examined their use
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as hydroformylation catalysts. They found the atoh of pure [Rh(acac)(CO)
(phosphine)] complexes difficult due to an equilion between starting materials and
product. It was also observed that steric sizesteangly influence and even overrule
electronic effects on the activity of the cataly§dne reported case can be found of the
synthesis of a ferrocenyl phosphine ligand complete rhodium,viz. [Rh(acac)(CO)
(PPhFc)], with a full structural investigation carriedt®?

2.5. Tetrathiafulvalene-containing Ligands
As an additional part of this study, rhodium comple with non-metallocene-containing
redoxactivep-diketonato ligands have been synthesized. Tlfedietonato ligands

contain tetrathiafulvalene (TTF) groups, of whickhert overview is given here.

Functionalized tetrathiafulvalene (TTF) (showrFigure 2.6) compounds have attracted
much interest, due to its unique electronic, magreetd optical properties and value as
organic conductor®’

(= L,

R
(32) R=R'=PPj R"=R"=Me
(33) R=R"=PPj R'=R"=Me

© (34) R = S((CH))PPh, R'=R"=R" = Me
o o (35) R = R" = S((CH)2)PPh, R'=R"=Me
2oe
S ST R O o
(36) R=R' =R"=Me Me
(37) R=R"=Me, R'=Sacac | |
(38) R =R" = Me, R’ = SMe g S
(39) R=R'=R"= SMe M Me
(40) R"'=R"=SMe, R=H (41)

Figure 2.6. Structures ofa) the tetrathiafulvalene-backbon@) TTF-containing phosphine ligand&)
TTF-containing3-diketonato ligands, and (d) TTF-containipgliketonato ligand with no thio-linker.
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Many different compounds have been reported irrditee, although only a few
examples exist with coordinating grolfs TTF-containing compounds, however, show
great promise as ligands in coordination chemidtrg to their high electron-donating
abilities. A range of phosphine ligands containihg TTF-group has been synthesized,
varying the position of substitution, as well as #ikyl -chain length between TTF-group
and phosphine group, as showrFigure 2.6 (b). Compounds were fully characterized
as well as electrochemical studies carried °bup-Diketonato ligands containing the
TTF-group have also been synthesized by Lorcy agiéB(36) - (39)),°>°® as well as
Dai and co-workefS (40), as shown irFigure 2.6 (c). Crystal structure studies have
shown that the acetylacetonato group is positiamesatly perpendicular to the plane of
the TTF-core, with rotation possible around the4lmker unit. The latest report shows a
TTF-acac ligand41), with the acetylacetonato group linked directlytb@ TTF-core
with no thio-linker unit, as shown figure 2.6(d). Thus the acetylacetonato group is in
the same plane as the TTF-group, with no rotatssible, increasing the possibility of

interaction between TTF-units in the crystal fofm.

To date, very few reports have been made of TTRawoing ligands complexed to
metals. The first was made by Lorcy and co-worK&mwhere nickel and zinc have been
complexed to TTF-acac ligan(@9), forming octahedral metal-linked TTF dimers of the
type [M(TTFSacag)pyridine)]. Attempts to incorporate other TTF-acac ligag@B) -
(38) resulted in a highly insoluble product, renderitngjfficult to work with. Increasing
the number of thiamethyl groups increased the ddlplof the metal complexes. The
co-planar TTF-acac ligan@1l) has also been complexed with copper, nickel and, zin
forming similar octahedral dimeric species, [M(THESc)(pyridine)y], with both
coordinating groups in the same pl&fe. Other reported metal TTF-complexes
containing(40) were synthesized by Dai and co-work&f$prming square-planar metal-
linked TTF dimers with manganese and copper, oftyjpe [M(TTFSacag). In this
study, collaboration with the Lorcy group saw tlyatkesis of the first Rh(l) complexes
of (36) and(41).
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2.6. Kinetics

In order for molecules to undergo a chemical reactthey must pass through some

increased energy state that is higher than bothethetants and products. This increased
energy state is known as a transition state andri@int of energy needed to reach it is
called the activation energy {JEas shown in the energy profile givenFigure 2.7 (a)

A clear distinction exists between a transitiories&nd an intermediate, which possesses
a secondary energy minimum along the reaction coate, and needs further activation

to reach a transition state to form final produassshown irFigure 2.7 (b)®°

(a) ()

Transition state
Transition state

il i
g R g
= eactants = In .
= itermn ediate
= = | Reactants i
Products Products
Reaction Coordinates Reaction Coordinates

Figure 2.7. Energy profile for a simple chemical reaction @)d a chemical reaction with an intermediate
species forming (b).

The rate of a chemical reaction can be expressamtding to one of two ways. The first

is according to the familiar Arrhenius equati&ggation 2.1).

k = AetEaRT) Equation 2.1

According to the transition state theory, summaligeScheme 2.12the transition state

is in equilibrium with the reagents, before reattiakes place to form the products.

Ke

A + B [A-B] — K~ products

Scheme 2.12.Schematic representation of the transition staery.

The rate of reaction is expressed as the decongosif the transition state to form

products according to the transition state theisrgescribed b¥quation 2.2
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k = (RTINh) K Equation 2.2

In Equation 2.2 R = gas constant, T = temperature (in Kelvin),=NAvogadro’s

constant, h = Planck’s constant and ¥ equilibrium constant.

The equilibrium constant can also be expressedring of the free energy of activation
(AG), as shown ifEquations 2.3and2.4.

AG = -RTInk
or Ko = g (AGVRT) Equation 2.3

AG = AH - T(AS) Equation 2.4
Combination oEquations 2.2 2.3and2.4, givesEquation 2.5
Ink = In[(RT)/(Nh)] + AS /R) - AH /RT) Equation 2.5

From these activation parameters, valuable infaonacan be deduced regarding the
mechanism of the reaction. The enthalpy of adtivafAH) gives an indication of the
bond dissociation enthalpies of the bonds beingveld during the activation process, but
also includes differences in solvation energiepgeiglly for ionic species. The entropy
of activation AS) gives a direct indication of the mechanism inenly For
unimolecular reactiondS is near zero. Bimolecular reactions having arociasve
mechanism tend to have large negati®-values indicating the loss of entropy from the
union of two reacting partners into a single tréasistate. In the same way, positive

AS -values tend to indicate a dissociative mecharifsm.

2.6.1.Oxidative Addition
As mentioned inChapter 1, rhodium-based catalysts are utilized for the ession of
methanol to acetic acidS¢heme 1.1 Chapter 1). This study has focused on

investigating the rate-determining first step aéttycle,viz. oxidative addition, and will
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thus be discussed here. The second stefabieme 1.1 viz. carbonyl insertion,
frequently cannot be separated from step 1, imglyfmat it is studied jointly. Both will

be discussed here.

Oxidative addition can be described as the additiba neutral molecule (X-Y) to a

transition metal, leading to an increase in theatfeebxidation state by two units, as well
as the increase of its coordination number by tWhis occurs when the transition metal
complex can behave as a Lewis acid and a Lewis, ladtb®ugh the actual mechanism

may be much more complicated.

2.6.1.1. Mechanisms of Oxidative Addition Reactions

In the oxidative addition of organic halides to aletomplexes, either any& mechanism

or a concerted 3-centered mechanism is most commanS2 mechanism, shown in
Scheme 2.13nvolves attack of the electron-rich metal cemterthe more electropositive
alkyl-group, forming a linear transition state dedding totrans-addition of the alkyl

halide’?

*

LaM" + R=X ——> [LiM%-R-X] ——> LaMOPRIX —— [LMOPRX]

Scheme 2.13.5,2 mechanism of oxidative addition. R = alkyl groem. CH.

The other common mechanism, the concerted 3-cehtaeehanism, shown iBcheme
2.14 involves a three-centered transition state. Tégsls tocis-addition of the alkyl
halide and occurs mostly with molecules havindglittr no polarity.

X—R
X

LM'Q  + R=X —> LM — LM
R

Scheme 2.14.Concerted 3-centered mechanism of oxidative mdditR = alkyl group, e.g. CH

Oxidative addition can also occui a radical mechanism, shown$theme 2.150r an

ionic mechanism.
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LoM™ + R—X — » [LHMG\?\TB]* — [RXM "L —— [RXM™2

Scheme 2.15.Radical mechanism of oxidative addition.

2.6.1.2. Carbonyl Insertion

The term “insertion” is used in a very wide conterd, in general, refers to a reaction
where any atom or group is inserted between twoatmitially bonded together, as
shown inScheme 2.16 Insertion may be considered 1,1, 1,2, 1,3, d&pending on the

atom to which the migrating group is transferred.

LM—X + YZ —» L,M—(Y2)—X

Scheme 2.16.General representation of an insertion reaction.

When insertion of a carbonyl ligand takes place,@® group is inserted into the metal-
alkyl-carbon bond to from a metal acyl complex.suicth a case, the CO ligand is derived
from one already coordinated to the metal centad mot from an external source.
Insertion can be effected by addition of CO, ad agladdition of ligands other than CO,
or the solvent, and in all cases, the incomingniiyes addeais to the acyl group. The
migration of an alkyl-group to ais-coordinated CO group is assisted through the
polarization of CO. It proceeds through a threeteed transition state, with retention of

configuration, as indicated Bcheme2.17."3

R - R
R R R R
\(lz_R SR “C-R
M——CO ’ M’—--CO ’ M—Cs
Alkyl Acyl

Scheme 2.17 Mechanism of insertion reaction with three-cesdieiransition state.

2.6.1.3. Oxidative Addition in Rhodium Complexes

The oroginal square-planar rhodium catalyst for ¢hebonylation of methanol is the
anionic Monsanto catalyst, [Rh(CD)". It is known that increasing the electron density
on the rhodium center, through electron-donatiggrids, increases the rate of oxidative

addition.
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Rhodium diphosphine catalysts of the type [Rh(C®R].], with X a chloro or iodo
ligand, have been investigated as possible aliggsat Among these the
trialkylphosphine complexes were found to be vetgiva highly selective catalysts.
This can be attributed to the very short lifetinefanetal-containing intermediates that
are not susceptible to reactions leading to sidelymts. Kinetic studies showed
triethylphosphine complexes to be most effective tluthe high electron-density on the
metal center, with a decrease in rate with longrch@alkylphosphines, possibly due to
steric interference. It was also observed thath van increase in rate of oxidative
addition, the rate of CO-migration decreased, altfiothe oxidative addition remained
the rate-determining stép. An S2 mechanism was postulated, witans-addition of
methyl iodide, and large negative entropy of atidra values AS) were found.
Decomposition of the active catalyst was observeding the reaction to form
[Rh(COXI,]"."

Mixed bidentate ligands, as shown kigure 2.8 have also been shown to be very
effective carbonylation catalyst5.”® These hemi-labile ligands were shown to not only
increase the rate of oxidative addition, but alsrease the rate of CO-insertion. This
was an unexpected finding, since careful optimizatis usually required to improve
parameters in such a way as to afford an effectiamlyst. This occurrence was
attributed to the steric influence of the bulky ppbine substituents. The high electron-
donating abilities increase the rate of oxidatidelifon, while the large side-groups is
responsible for the increase in the rate of ingerti This is due to the six-coordinated
rhodium-alkyl species being much less stable urilerinfluence of the bulky side
groups than the five-coordinated rhodium-acyl specipromoting CO-insertiofi.
Computational studies were also carried out onettsstems, confirming the possible

explanatior’® &
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O_% /9@
66  “0b

(42) (43)

Figure 2.8. Rhodium catalysts with mixed bidentate ligands.

Another method used for increasing the rate of @aylation is by using additives with
the original Monsanto catalyst [Rh(C@)". It was shown that the addition of transition
metal salts notably increased the rate of oxidagiteition®* The most effective of the
transition metals was shown to be nickel. Whiles iknown that nickel compounds can
also be used as carbonylation catalysts (industrigded in the BASF process), it is
postulated that synergistic effects between thelitmo catalyst and the transition metal

are responsible for the rate increase.

The oxidative addition of methyl iodide on rhodiyidiketonato complexes of the type
[Rh(B-dik)(CO)(PXs)] was studiedria a combination of spectrophotometric methods by
Bassonet al.* Their studies have included variations of substits with different
electronegativity on thp-diketonato group, as well as the phosphine groligeir results
favoured an ionic & mechanism. As shown iBicheme 2.18the reaction proceeds
through an equilibrium, leading to a postulatedidoimtermediate species with no
observable kpath, and a finatrans-addition alkyl complex. As expected, increased

rates were observed with an increase in electromiittg abilities of the substituents.

Via IR-studies, they observed the disappearance aftdréng Rh(l) compleXA) with
the simultaneous appearance of an intermediataesg®). The disappearance of the
intermediate specig8) coincided with the appearance of the Rh(lll) &pécieqC). A
final, much slower, step was observed with the ppsarance of specig€) and
formation of the final Rh(lll) alkyl specief®). Although (D) is considered the final
reaction product after extended reaction times,tunes of (A), (C) and (D) were
observed in solution, confirming the overall eduilim of the proces¥
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[Rh(B-dik.)(CO)] + PX%

[Rh(R-dik.)(CO)(PX)]
(A)

- CHy || + CHyl
K1 Ky
[Rh(R-dik.)(CO)(CH)(PXa)] 1"

(B)
ko
kg\H\

9y 1
K
[Rh(R-dik.)(COCH)(1)(PX3)] 2~ [Rh(B-dik.)(CO)(CH)(I)(PX3)]
©) K.g (D)

Scheme 2.18.Postulated mechanism for oxidative addition of;IaH rhodiump-diketonato complexes.

Further research was done on rhodium complexesaicomg mixed-donor bidentate
ligands, similar tg-diketones, as shown Figure 2.9 In some of these cases, the final
product was a Rh(lll) acyl species, and not a Rhélkyl species, as in the case [bf
diketonato complexes. This is due to the abilitymmre nucleophilic donor atoms to
better stabilize the Rh(lll) acyl bofid.

R—
—0 (6{0] CcoO N=0O CcoO
CT 2R >SRIC | R
=57 PXg ll\l PXs N—O PXs

(44) (45) (46)

Figure 2.9. Rhodium catalysts with mixed bidentate-ligands.

In the case of the thioacetylacetonato compleXes, as well as the group of N,S-
complexeq(45), time dependent overlaid IR spectra showed thd) Rigrting complex
disappears with the simultaneous formation of a ilmensity Rh(lll) alkyl peak as well
as a high intensity peak associated with a Rhétyl species. This indicates that the
Rh(lll) alkyl species remains at a low concentnatio solution and is converted to the
Rh(lll) acyl species as it forms, pointing to a plexmechanism as illustrated $theme

2.19%* For the N,S-complexes no significant solvent pathwas observed: 2
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[Rh(L,L"bid)(CO)(PXg)] + CHl

k|| ke

[RA(L,L"bid)(CO)(CH)()(PX3)]

k_2 k2

[Rh(L,L"bid)(COCH)()(PX3)]

Scheme 2.19. Postulated mechanism for oxidative addition of;Ctd rhodium thioacetylacetonato
complexeg44) and N,S-complexe@b5).

In the case of the cupferron complexés$), the reaction proceeds similarly to the
diketonato complexes, with the Rh(lll) alkyl specigeing the major oxidative addition
product. Isolation of the Rh(lll) alkyl speciedioatescis-addition, possibly through a
three-centered transition state. Time dependerdrland IR spectra shows the
disappearance of the Rh(l) starting complex, togrettith the simultaneous appearance
of the Rh(IIl) alkyl species. This is followed ltye much slower disappearance of the
Rh(lll) alkyl species, forming a Rh(lll) acyl spesi A significant solvent pathway is

also observed, as indicated in the mechanism slm®oheme 2.2

[Rh(L,L"bid)(CO)(PX%)] + CHgl

lkl > + solvent
[Rh(L,L"bid)(CO)(CH)((PX3)] <-solvent [Rh(L,L"bid)(CO)(PXg)(solvent)] + CHl
+ solvent
slow

[Rh(L,L"bid)(COCH)(I)(PX3)(solvent)]

Scheme 2.20.Mechanism of oxidative addition of GHo rhodium cupferron complexé46).

Activation parameters of the reactions of thioaleetgtonato complexes and cupferron
complexes were determined in different solvents.inferease in rate of reaction was also
observed in more polar solvents, pointing to thivesd playing an important role in

charge separation during the formation of a tramsi$tate. The transition state has been
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reported as either a three-centered intermediage]inear {K2-type polar transition state.
The three-centered intermediate was shown to be iilaly, due to the isolation of the
cis-addition product for the cupferron complex. Inlgsosolvents though, a linear

transition state was shown to be more likely, dumore negativaV -values®®

The oxidative addition of methyl iodide to rhodiucomplexes with ferrocenyl-
containing f-diketonato ligands was studied by Conradieal.?® A detailed study of
[Rh(FCCOCHCOCE)(CO)(PPR)] (29), shown inFigure 2.5 (page 19), was carried out
utilizing a variety of spectrophotometric methods;luding *H and*'P NMR. In all
cases three general reaction steps were obsenved fifBt step showed a first-order
dependence on methyl iodide, with the second amd #teps independent thereof.
During the first step, the starting Rh(l) speciesagpears at exactly the same rate as the
formation of a Rh(lll) alkyl species as well as B(R) acyl species. This indicates the
existence of a fast equilibrium between the Rh(@#lByl species and the Rh(lll) acyl
species. The second, slower step showed the diaepme of the Rh(lll) alkyl and
Rh(lll) acyl species together with the appearanta second, geometrically different
Rh(lll) alkyl species, all at the same rate. Thad, much slower step showed the
disappearance of the second Rh(lll) alkyl speciabeasame rate as the formation of a
second geometrically different Rh(lll) acyl specie$he same reaction sequence and
rates were observed during the NMR studies, buatddition also showed that for each
Rh(l) and (Rh(lll) complex two isomers A and B €xi These two isomers were showed
to be in a fast equilibrium with each other, sitive rate of formation and disappearance
of each corresponded to its other isomer. Alse,rdtio of A to B is independent for
each Rh species throughout the reaction sequefites led to a proposed reaction
mechanism as showed 8cheme 2.21 This mechanism can be considered a general
mechanism, since manipulation of the rate constamtssimplify the mechanism to

represent all previously proposed mechanisms.
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[Rh(fctfa)(CO)(PPh3)]a [RhIll-alkyl1A] [RhITl-acyl1A] [RhIl-alkyl2A] [RhIl-acyl2A]

K CHal — L= K — K X K s K
cl +Ch3 -k_—l €2 Ko=ko/k-2 c3 ~k—_3 C4 -k_.4 Cs
[Rhl(fctfa)(CO)(PPh3)]p [RhIII-alkyl 1 B] [RhIll-acyl1B] [RhIIL-alkyl2B] [RhITL-acyl2B]
| J |
I
First set of reactions Second set of reactions . .
Third set of reactions

Scheme 2.21. Proposed mechanism for oxidative addition of;lCtd ferrocenyl-containing rhodiurfi-
diketonato complexes.

Activation parameters were determined for all riescsteps, and showex -values for

the second and third steps of the reaction sequertzeindependent of the methyl iodide
concentration and approaching zera\S -values for the first step of the reaction
sequence gave large negative values. This isdtidecof an associative mechanism for
the addition of methyl iodide to the rhodium centacreasing the coordination number

from 4 to 6, in agreement with the proposed tramsistates.

A solvent study was also carried out, showing &-dspendence on the dielectric
constant of the solvent. For the oxidative additgiep, a linear increase in rate of
reaction was observed with an increase in dieteatanstant. The second and third

reaction steps showed little solvent effects.

2.6.2.Substitution Reactions

Substitution reactions are one of the most comneattion types in transition metal

chemistry. It involves the substitution of onealigl in the coordination sphere of a metal
with another, without any change in the final pratdim the coordination number or the

oxidation state of the central metal atom.

2.6.2.1. Mechanisms of Substitution Reactions

Two major reaction pathways exist for substitutieactionsyiz. the dissociative and the
associative mechanism, as shown Soheme 2.22 In the case of a dissociative
mechanism, the outgoing ligand (X) leaves the doatthg metal as the first step,
forming a three-coordinated intermediate. Durihg second step, the incoming ligand

(Y) binds to the three-coordinated intermediatdéoton the final substituted product. In
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the case of the associative mechanism, the incohgagd (Y) binds to the metal first to
form a five-coordinated intermediate. This intedia¢e can either be of trigonal
bipirimidal or square-pirimidal geometry. The firddep consists of dissociation of the

leaving ligand (X), to yield the final product.

Route A L';M—L
- X L Y
Slow fast
Luopg .o X Lupg .Y
LVM\L LVM\L
Y - X
sl ) o e
Route B L....M:.X or L""M—L as
L” L L7 |

Scheme 2.22. Possible substitution mechanisms for square-plamenplexes,viz. the dissociative
mechanisnfA) and the associative mechani@).

In both mechanisms, the first step is the raterdeteng step, in the case of an

associative mechanism it is bond-formation, anthencase of a dissociative mechanism
it is bond-breaking. A dissociative mechanismhigstindependent of the concentration
of the incoming ligand (Y). Determining the mecisam is, however, not necessarily
simple, since the reaction very rarely proceadsuch a simplified mechanism. In most
cases an interchange mechanism is followed, in lwtbond-breaking and bond-

formation take place simultaneously in a concemeechanism. This process can

frequently be more associative or dissociativeature®

2.6.2.2. Substitution Reactions in Bidentate Rhodium Complegs

Rhodium B-diketonato cyclooctadiene (cod) complexes can rgulesubstitution to
replace either of the two ligands, as showisaneme 2.23depending on the nature of
the incoming ligand. In the case of stromgdonating ligands, such as 1,10-
phenanthroline (phen) and 2,2'-bipyridyl (bipy)e th-donating p-diketonato ligand is
replaced. In the case afbonding ligands, such as phosphines and phosphates-
bonding cod-ligand is replaced. In the caseBafiketonato substitution, the rate of
substitution is dependent on the electronegatioftyhe B-diketonato side groups. An
increase in side-group electronegativity is assediavith an increase in substitution rate.

An increase in da of thep-diketone leads to a decrease in rate of subsiituti
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Route A

/PP@
+ 2 PPh N PPh +
/ R
+
+ phen ON
\
Route B ,Rh
@)

Scheme 2.23.Substitution reactions of rhodiupadiketonato complexes.

+

The kinetics of substitution for a range of rhodiirdiketonato complexes with phen
was investigated by Vosloet al.”’, as shown in route BScheme 2.28 Complexes
studied included ferrocene-containifigliketonato complexeg47) — (51)), as shown in
Figure 2.10 Kinetic results showed large negative entrogigctivation, indicating
that the reaction proceedi® an associative mechanism, with breaking of theCRbwnd
being the rate-determining step. Further circumigth evidence for the associative
mechanism can be presented upon considering tlstbposmtermediates. An associative
mechanism will proceeda an 18-electron five-coordinated intermediate. igsdciative
mechanism would require a 12-electron 2-coordinadpdcies, or a 14-electron 3-
coordinated species. The last two possibilities laoth highly unlikely. This gives
further credit to proposing an associative mecharfigr the substitution reaction. An
exponential relationship was found between the ddteeaction and i, of the -
diketone. The rate increased along with a decraapK, It was also found that for
most compounds containing a pherfydiketonato side group, a significant solvent
pathway existed.
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R = CR(47), CCk(48),
CH (49), Ph(50), Fc(51)

R = @ (52) @ (53),
\)< (54)

Figure 2.10. Rhodiump-diketonato complexes used to investigate subigtitueactions.

The reactivity of acylpyrazolonate rhodium compkeegure 2.10(52) — (54)) towards
substitution was investigated by Pettinetrel .®> The reaction 0f52) — (54) with phen
and bipy yielded the [Rh(phen)(cot)land [Rh(bipy)(cod)] complexes with the
acylpyrazolonate as counterion. The phen-contgiocomplexes was found to be much
more stable, and could be isolated in air, whike ltipy-containing complexes needed to
be isolated under nitrogen and was obtained inlgiedds. Compound2) — (54) was
also reacted with phosphine ligands, BRIppf and dppe. Substitution of the cod-ligand
took place, as shown in route Adheme 2.28 In the presence of phosphines the
rhodium complexes became much more sensitive t@av@lation, yielding Rh(lll) oxo

species.

2.7. Electrochemistry

This study is concerned with the electrochemisfra gariety of metallocene-containing
complexes (goal 5, Chapter 1). A short review lé¢ telectrochemical techniques
employed, as well as the electrochemistry of relewaetallocene-containing complexes

is given here.

2.7.1.Introduction

Electrochemistry is concerned with the relationshgiween electrical properties and
chemical reactions. This relationship is fundarakand far-reaching, since the structure

of matter is basically electrical in nature. Etechemistry has widespread application in
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ionization, electrolysis, metallurgy, battery saen fuel cells, organic chemistry and
biochemistry.

Voltammetry consists of changing the potential sgapto an electrode, immersed in an
unstirred solution containing an electroactive sgecand measuring the resulting current
that flows between the working and auxiliary eledes. The potential of this working
electrode is controlleds. a reference electrode. The controlling potert#ad be changed

in various ways, depending on the type of voltammyneerformed, as summarized in
Table 2.2

Table 2.2. Potential excitations used in voltammetry, whh typical voltammograms they produce.

Type Cyclic Square-wave Linear-sweep
Voltammetry Voltammetry (CV) Voltammetry (SW) Voltammetry (LSV)
Potential 5 - E
Waveform
Time Time Time

Typical
Voltammogram

Current
Current
Current

e

Potential

I

Potential

Potential

In cyclic voltammetry (CV), the potential is cycleda triangular waveform between two
values, increasing linearly to a maximum and thecrelsing at the same linear rate to a
minimum. This cycle can be repeated numerouslth tiie current being recorded as a
function of time. Square-wave voltammetry (SW) emkise of a square-wave potential
excitation signal, with the current measured atousr times during the pulse sequence.
Better resolution is obtained with SW when CV d#tas not clearly distinguish between
multiple peaks. During linear-sweep voltammetrySY) the potential is increased
linearly at a very slow rate of no more than 2 m\{mpared to a scan rate of at least

50 mV s' for CV). LSV represents the first wave of the @Wa very slow rate, but can
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practically be used to determine the number oftedas transferred during a particular
electrochemical process compared to another in dhme system. This is the

electrochemical equivalent of NMR integration.

2.7.2.Cyclic Voltammetry

Cyclic voltammetry is one of the most versatile amaost easily performed
electoanalytical techniques in the study of eleattive compounds. It enables the rapid
observation of the redox behavior of a given salbstover a wide potential range. CV is
capable of rapidly generating a new oxidation sthteng the forward scan, and then
investigating its fate during the reverse scan.eréhs often very little change in the
observed spectrum over multiple scans, but the gdsarthat do occur hold valuable
information on electron transfer reaction mechasi$m

An example of a typical CV is given Figure 2.11 The important parameters of a CV
are the anodic peak curreiy), the cathodic peak currentd, the anodic peak potential
(Epa) and the cathodic peak potentiapdEas indicated ifrigure 2.11

12 1
10 4

Epa

Forward
sweej

Current / yA
N

Reverse
0 A sweej
2 A
-4 -
6 -

Epc
'8 L) T
-600 -100 400

Potential / mV
Figure 2.11. A typical cyclic voltammogram.

When measuring the peak current, the correct extitipn of a baseline is critical,
although not always easy, especially with more darated multiple electron-transfer
systems. An electrochemical reversible couplenesia which both oxidized and reduced

species rapidly exchange electrons with the worlgtegtrode. The formal reduction
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potential, B, of an electrochemically reversible redox couplealculated as the average
between the peak potential values {£ (BEpa + By /2}, and indicates the position of the
redox couple. A measured electrochemical revéityitlman be obtained by calculating
the AE,-value (Ba - Eyc) for the couple, since a theoretical reversiblapte has a\Ey-
value of 59 mV. In practice, howeverA&y-value of up to 90 mV is still considered to
be indicative of a reversible system, whilE;-values of between 90 mV and 150 mV are
considered to indicate an electrochemical quastnsale process. AE,-value of more
than 150 mV is considered to imply an irreversigecess? Electrochemical
irreversibility is caused by slow exchange of elees between the working electrode and
substrate. Chemical irreversibility on the otheanth is caused when the
electrochemically generated oxidized (or reduceacies is labile and prone to further
chemical reaction prior to reduction (or oxidation)a cyclic voltammetry experiment.
This is determined by the peak current ratiQ (everse sweep) ip (forward sweep Which
approaches 1 for chemically reversible procesdes: chemically irreversible systems
the oxidized or reduced species undergoes furehesstion before it can be reduced or

oxidized back to the original speci&s.

2.7.3.Electrochemistry of Metallocene-containing-diketones

The electrochemistry of a series of ferrocene-animg p-diketones(1) — (5) have been

investigated by Du Plessig al.® 2" with CH;CN and [NBu][PF¢] as solvent and

electrolyte system. All ferrocenyl peaks showeady@lectrochemical and chemical
reversibility, as summarized iRigure 2.12 and Table 2.3 Peak current ratios were
close to unity for all compounds, indicating that follow-up chemical reactions

occurred after the electrochemical oxidation ofitba nucleus.
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110 LA
(1)
v/mV . o
2) R Sl AE/mV  E°/mV ipallipc
Fc
< CF:(1) 50 74 317 0.96
- (3) CCL (2) 50 78 293 0.98
‘g CH; (3) 50 86 236 0.99
E (4) CoFs (4) 50 73 230 0.97
o Fc(5) 50 66 187 1.00
Fc(5) 50 72 297 1.02
5) * Second ferrocenyl peak of compoufi)
1 1 1 1
-0.1 0.3 0.7

E/V vs. Ag/Ag’

Figure 2.12 & Table 2.3. CV’s and electrochemical data®fliketoneq1) — (5) (FcCOCI—1_>COR).31'27

The electrochemical processes associated withvibefdrrocenyl groups of compound
(5) could be resolved. In contrady NMR observations could not distinguish between
these two ferrocenyl groups. A mixed-valent [FCGQCOFC] species forms when
only one ferrocenyl group is oxidized. Good comination between Fc and Fc
through thep-diketonato backbone, leads to oxidation of thesdderrocenyl group at a
different, higher potential than the first undefluence of the electron-withdrawing

ferrocenium (FE) species.

Large variations in Evalues were observed f¢t) — (5) under the influence of side-
groups with different group-electronegativitieshig also points to good communication
between the p-diketonato substituents through the pseudo-arem@tdiketonato
backbone, with oxidation of the ferrocenyl groupcdmaing more difficult with an
increase in electronegativity of the other substitu A linear relationship was
established betweerf &alues of the ferrocenyl-group, and group electgativities {r)

of the otherp-diketonato substituent, and could be used to oheter selected group

electronegativity values.
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More recent work done in this group has included #ectrochemistry of mixed
metallocene-containing-diketones FCCOCHCORc (6)*° and FcCOCHCOOc (7).
The electrochemistry of6) and (7) showed reversible one-electron oxidations for the
ferrocenyl group, and irreversible one-electrondakons for the ruthenocenyl or
osmocenyl groups. It was possible to distinguitteochemically between keto- and

enol-forms of the3-diketones’®

2.7.4.Electrochemistry of Metallocene-containing Phosphias

2.7.4.1. Monodentate Ferrocenyl Phosphines

Many reports have been made on the electrocheno$tigrrocenyl phosphine ligands.
PPhFc (13) have first been studied by Kogt al.*! in the early 1970’s, showing two
irreversible oxidation peaks at approximately OM&nd 1.5 V ys SCE), as well as a

reduction peak at approximately 0.5V, as showhRigure 2.13

<12 -08 -04 0 04 {o1:] -L2 16
Vs. SCE

Figure 2.13. CV of PPhFc in CHCN with [NEY][CIO,] as supporting electrolytg.

The first oxidation peak becomes practically red#eswhen the scan is reversed at 0.8
V, before the oxidation process at 1.5 V can tdkee with the reduction peak at 0.5V,
also disappearing. These results were later exgiaby Grefet al.?” as the oxidation of

the iron-center of the ferrocenyl group at 0.48f&lowed by a chemical step (C), as

summarized irscheme 2.24
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FCPPI‘Q —(E)—n [FCPPI’ﬂ'+ + e _(g_> prOdUCtS

Scheme 2.24 Postulated EC (electrochemical and chemical) meisim for the redox system (f3).

Coordination of(13) to a Lewis acid, or chemical oxidation of the pbluse to
FcP(O)Ph, completely changes the CV. In all such caseg onk reversible wave is
observed for the Fe-center, which is moved togh#l higher potential due to the more
electron-withdrawing effect of the phosphine-oxgteup on the ferrocenyl group. This
was also observed for all other ferrocenyl-containphosphine compound$. This
observation, with the phosphorous devoid of a fedéectron-pair, indicates that the

chemical step first postulated by Gfefan be linked to the phosphorous atom.

Compoundg13) (PPhFc), (14) (PPhFg) and(15) (PFg) were also recently investigated
by Barriéreet al.”®, establishing that medium effects play a significaole in the
electrochemistry of these compounds, and can go@way in explaining differences in
published results. Their studies made use of@Hand [NBu][B(CeFs),] as solvent and
electrolyte system, which have been shown to blelyigon-interacting and limit solvent

(CH.CI,) or electrolyte-analyte association effects toiaimum.

Similar results were obtained to previously reprtesults, showing irreversible and
indistinguishable ferrocenyl redox couples and sdoi®w-up phosphorous activity.
The phosphine chalcogenides fFecP=0)(55) and (FgP=Se)(56), however, showed
CV’s with reversible and separated ferrocenyl redouples, as shown Figure 2.14
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F,PhP(14) FG,PhP=0(55)

1A
06 0.3 0 0.3 0.6 4 08 06 0.4 0.2 0 02
Volt vs. [Fe(Cp),]"" Volt vs. [Fe(Cp),]”*
FosP (15) FcsP=Se(56)
1 1
i I
1UA
11
1.5 1 0.5 0 05 15 1 0.5 0 -0.5 -1
Volt vs. [Fe(Cp),]>~ Volt vs. [Fe(Cp),]**

Figure 2.14. CV’'s of some ferrocenyl phosphine compounds in,QH with [NBuy][B(CeFs)s] as
supporting electrolyt&

The oxidized species @¢il4) and(15) showed significant radical cation character at the
phosphorous center, susceptible to attack by npbles such as [RF, from a
supporting electrolyte, other weak nucleophilesgwen the phosphorous group from the
neutral starting material. These reactions aresidenably slower than ones associated
with organic phosphines, such as BRInd are due to the intrinsic charge delocalimatio
of the ferrocenyl groups. When the chalcogeni@s and (56) are formed, the free
electron-pair of the phosphine is eliminated asaction site and the expected ideal

ferrocenyl redox couples are observed.

2.7.4.2. Bidentate Metallocenyl Phosphines

The electrochemistry of bidentate metallocene-dnimg phosphine ligands, dpi16),
dppr(17) and dppd18) have been investigated by Natata@l.'° They have found that,
similar to the mono phosphines, oxidation of thdathecene metal center is irreversible
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and followed by further chemical reaction. It waand to be very dependent on solvent
and electrolyte effects as the perchlorate animm fiNBw][CIO,4], was found to react
with the oxidation product ofL6), contributing to the irreversibility of the systenthe

CV'’s of the ferroceny(16) and ruthenocenyl compoun(ls/) are given irFigure 2.15

(16)

0.85 0.8 0.75 0.7 0.65 0.6 0.55 0.5 0.45 0.4 4 08 06 04 02 0

Potential (V) Volts

Figure 2.15. CV’s of (16) and(17) in CH,Cl, with [NBuy][B(CeFs)4] as supporting eIeCtrontJeo.O

Further studies were carried out investigating thectrochemistry of analogue
compounds, where no lone electron-pair is availabléhe phosphorus atom, mostly as
the chalcogenide compounds or complexed to metéisthe case of the ferrocene-
containing compounds, the electrochemistry showecrsible one-electron systems.
This indicates that oxidative instability, in thase of(16), is dependent on the lone
electron-pair on the phosphorous atom. After tba center is oxidized, intramolecular
rearrangement with the phosphorous lone pair cka pace, forming a phosphorus
radical capable of undergoing dimerization, as shaw Scheme 2.25 The exact

structure of the dimerization product is still unéevestigation:**
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Scheme 2.25.Postulated electrochemical dimerizatior{f).

In the case of ruthenocene-containing chalcogecosiepounds or metal complexes, the
CV still showed an irreversible oxidation peak floe metal center, similar to the original
compound(17). This indicates that dimerization through the ggtwrus group is a
possible explanation for the irreversible oxidatioh(17), but probably not the only
contributing factor, since complexation with a nhewould prevent this type of
dimerization. Dimerization through the rutheniuretal centers is also a possibility, as
seen in the electrochemistry of pure ruthenocdhd.this is thought to be avoided by the
use of bulky uncoordinating electrolytes. The @aged reactivity of the oxidized
ruthenocene species is attributed to the largéanmtie (approximately 0.3 A) between the
cyclopentadiene rings compared to ferrocenyl comgsuThis larger distance makes it
sterically more possible for small molecules tocteaith the metal center. No clear
explanation is yet known for the irreversibility nfthenocene-containing chalcogenide

compounds or metal complex&s.

The electrochemistry of the osmocenyl bis(diphenggphino) compound18) also
showed an irreversible one-electron oxidation floe tmetal center. The oxidation
potential was as expected, more positive than ¢énedenyl-compound16), but less
positive than the ruthenocenyl compouy@d), in a similar order to the electrochemistry
of the parent metallocenes. The CV of metal-comtdid compounds ¢18) showed no

reversibility, and is thought to behave in the savag as the ruthenocenyl compouritfs.
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2.7.5.Electrochemistry of Rhodium(l) compounds

2.7.5.1. Rhodium(l) Dicarbonyl Compounds
The electrochemistry of ferrocene-containing dicagd rhodium(l) p-diketonato
complexes (shown iffigure 2.16 was investigated by Conradée al.'> in CH:CN as

solvent and [NBy[PFg] as supporting electrolyte.

(57 R=CR  (59) R= GHs
(58) R=CH, (60) R= Fc

Figure 2.16. Ferrocene-containing dicarbonyl rhodium(l) comple

The CV’s showed three oxidation waves as showhigure 2.17. Peaks 1 and 2 are
overlapping in most cases, but are best observeddimpound(57). Three reduction
waves are also observed. The ferrocenyl group staw all cases a reversible one-
electron couple, with Evalues varying between 0.172 V and 0.304 V for pounds
(57)-(60), depending on the group electronegativities ofitiiéketonato side-groups.

It was shown that in C4€N as solvent, the GJN coordinates to the rhodium center,
forming a five-coordinate  trigonal-bipyrimidal coteg of the type
[Rh(FCCOCHCOR)(CQJCH3CN)]. Rhodium(l) does favour a four-coordinate 16-
electron coordination sphere, but 18-electron @werdinate complexes are known as
well. Under the utilized conditions rhodium(l) agidized to rhodium(lll) and does not
exhibit any reversible behavior. Peaks 2 and Jatk thought to be two-electron Rh(l)
to Rh(lll) oxidation peaks, one peak 2 belongingthe CHCN-adduct, and peak 3
belonging to the unsolvated compound. The intgridipeaks 2 and 3 were found to be
dependent on the position of the equilibrium betwebe CHCN-adduct and the

unsolvated compound.
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Figure 2.17. CV’s of (@) compound58) at different scan rates from 50 — 250 rfyand(b) compounds
(57)—-(60), in CH,CN with [NBw][PF¢] as supporting electrolytleo.?’

Two reduction peaks at much lower potentials asepted for the reduction of Rh(lll) to
Rh(l), with each of these peaks found to be astmtiaith one of the oxidation peaks.
The relatively low intensity of these Rh(lll) rediom peaks, compared to the oxidation
peaks, can be attributed partially to the highabsity of the electrochemically generated
Rh(lll) species, as no ligands are available tordioatively saturate the Rh(lll) species
upon electrochemical formation, as well as the ddtéiffusion. By the time that the
potential is switched to the cathodic cycle anddmd enough to reduce Rh(lll), the
majority of the Rh(lll) species have either diffdsaway from the electrode surface, or
have decomposed.

2.7.5.2. Rhodium(l) Phosphine Compounds

The electrochemistry of rhodium(B}-diketonato carbonyl phosphine complexes, shown
in Figure 2.18 was studied by Lampreckt al.'®* Acetonitrile and [NBul[PF¢] were
used as solvent and supporting electrolyte respyti
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(24) R=CR, R'=CH (61) R=GHs, R'=CH
(27) R=GHs, R'=GHs (62) R=GHs, R'=CR

Figure 2.18. Rhodium(l)B-diketonato phosphine complexes.

The CV’s, shown irFigure 2.19,illustrated irreversible oxidation peaks for th@dum
center at potentials ranging from 0.308 V to 0.49hnd correlated to a decrease Ky p
of the freep-diketone. As thelg, of the freep-diketone ligand increases, the electron
density on the rhodium center also increases, rgakieasier to oxidize, thus reducing

the oxidation potential.

Relative Current

A2 0.8 0.4 0 0.4 0.8
E/V vs. Fc/Fc*

Figure 2.1190.4 CV’'s of compoundg24), (27), (61) and (62) in CH;CN with [NBuw][PF¢] as supporting
electrolyte.

Bulk electrolysis was used to show that it was @tla two-electron process, oxidizing
rhodium(l) to rhodium(lll). A reduction peak waBosvn at a potential more than 1 V
more negative than the oxidation peak, indicatimg itreversible nature of the rhodium
redox processes. The reduction peak of Rh(lIRkgl) is of a much lower intensity than
the oxidation peak, and can be attributed to tigh Imstability of the electrochemically
generated Rh(lll) species in the absence of seithpands of Rh(lll) away from the

surface of the electrode, as well as the ratefbfsion being fast.
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Hill and co-worker$®® have shown that when bulky non-coordinating etéygtic anions,
like [B(CsFs)4]” and [B({(GsH3)CFRs}2)4], are used instead of the normal smaller and more
coordinating anions like [RF or [CIO,], rhodium is oxidized in a one-electron quasi-

reversible process to rhodium(ll).

2.8. Anti-Cancer Studies on Metal-Containing Complexes

Metals or metal-containing compounds have been usedncer and leukemia treatment,
as early as the sixteenth century. The discovEtiiestrong anti-tumor activity afis-
diamminedichloroplatinum(ll) (cisplatin(63), shown inFigure 2.2Q led to increased
research on other types of non-organic cytostatigsl To date, however, cisplatin and
carboplatin(64) are still the only widely used metal-containingid@amor drugs, despite
poor solubility and severe and numerous side-effeaffered from their use. Some of
the side-effects experienced include intensive dgma the intestinal linings, leading to
loss of appetite (anorexia), as well as nauseavamiting. Damage to the kidneys and
bone marrow may also occur. Cispl&(8) is also a moderate carcinogen, and can lead
to lung cancer and other carcinomas. In generast side-effects of these drugs can be

attributed to the lack of differentiating betweezalthy and cancerous celf§.

O
HsN Cl H3N
oPK P
HsN Cl HsN
o)
(63) (64)

Figure 2.20. Anti-tumor drugs, cisplati(63) and carboplatiii64).

Even if synthetic chemotherapeutic drugs show gaodtro (i.e. test tube) anti-cancer

properties, it is not necessarily successful inicil use. Chemotherapeutic drugs are
usually poisons to some extent, thus the defenshamésm of the body recognizes them
as such and tries to remove them as fast as pesstbfjuick excretion rate causes large
fluctuations in drug concentration in the body,diag to an initial overdose often being

responsible for most of the negative side-effestsoaiated with chemotherapeutic drugs.
Furthermore, the development of drug resistanctiimpur-cells, after prolonged use, is

often observed®®
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Only a small number of non-platinum compounds hasglenit into clinical trials as
potential anti-tumor drugs. Among these are gallitrinitrate, spirogermanium,

budotitane (a titaniurf-diketonato complex) and titanocene dichloritfe.

Research has been done on rhodium complexes ablpassti-tumor drugs. A number
of Rh(l) complexes has been tested and found te wawvying degrees of activity, giving
interesting suggestions for the synthesis of furtlierivatives'®  Rhodium(l)
cyclooctadiene complexes of the type [Rh(cod)(Ql)(las well as the acetylacetonato
derivative [Rh(acac)(cod)], have shown promisingtii-eancer activity, with only
marginal toxicity. Rhodium(l) dicarbonyl complexesth sulfur-containing bidentate
ligands have also been found to possess anti-tumetivity, as well as rhodium
complexes adsorbed on water-soluble polymers. iRegpese positive results, very little

is still known about the mechanism of action ofsthanti-tumor agents.

Ferrocene-containing compounds has also been igatsd as possible anti-tumor drugs.
Promising results were obtained, especially for glexes posessing the Fe(lll)
ferrocenium species. These showed significant-cartcer activity, even at low

concentration$®®

Previous work in this laboratory have included itest metallocene-containing
compounds, as well as their rhodium and titaniumvdgves, as possible anti-tumor
drugs, with very promising results. As a resullt,n@w compounds synthesized in this
study have also been tested for anti-tumor actiwityh the hope of finding synergistic

effects between more than one active site in theesaolecule.
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Chapter 3

Results and Discussion

3.1. Introduction

In this chapter, the synthesis and characterizatfaan series of mostly new metallocene-
containing ligands and their rhodium(l) complexes described. These include the
ferrocene-containin@-diketone ligands, FcCOGEBOR with R = Ck (1), Fc(5), Rc(6),
Oc (7), shown inFigure 3.1, which were synthesized by Claisen condensatidme new
phosphine ligands were synthesized by variousréiftemethods, and include ferrocenyl-
diphenylphosphine (PRRc) (13), ruthenocenyldiphenylphosphine (RBRh) (65),
osmocenyldiphenylphosphine (RBit) (66) and diphenylphosphinocobaltocenium
hexafluorophosphate (PRC'PR) (67).

By complexing the above-mentioned electron-richarids with suitable rhodium(l)
centers, the rhodium(l)p-diketonato complexes [Rh(FCCOCHCOR)(GJO)and
[Rh(FcCOCHCOCE)(CO)(PPhMc)], with R = Fc, Rc, Oc and GFand Mc = Fc or Rc,
were obtained. Electron-poor rhodium(l) complex@dsthe fluorinated phosphines
P(Ph)(CgFs)sn, N = 0, 1 or 2, are also described, as well as tiwodium(l)

cyclooctadiene tetrathiafulvalene-containing correte as shown iRigure 3.1

Characterization studies of the above new compléxaaded proton nuclear magnetic
resonance 'H NMR), Fourier transform infrared (FT-IR) and alolet (UV)
spectroscopy, as well as fluorinER) and phosphorusP) NMR, where appropriate.
Single-crystal crystallography was also performedleferrocenyl-3-osmocenylpropan-
1,3-dione (7), ruthenocenyldiphenylphosphine (65) and 1-ferrocenyl-4,4,4-
trifluorobutane-1,3-dionato carbonyl diphenylfereogl phosphino rhodium(()70).
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Figure 3.1. Structures of metallocene-containing compoundst®sized during this study.

Reactivity studies of the new compounds includeectebn-transfer studies utilizing
electrochemical techniques, oxidative addition kmstudies utilizing UV/vis, FT-IR*H
NMR, *F NMR and®P NMR techniques, as well as fast substitution tiinstudies
utilizing stopped-flow techniques. Where approjgsisspectro-electrochemical studies
were also used to highlight mechanistic factorshisTstudy is also the first ever to
demonstrate the use of cyclic voltammetry to swusfally probe the kinetics of

enolisation of a keto-enrichgddiketone.

The cytotoxic properties of selected synthesizeghpmunds on cancer cells were also

determined and are presented here.
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3.2. Synthesis

3.2.1.Ferrocenyl g-Diketones

The ferrocene-containingrdiketones FCCOCHCOR [where R = {E) (59 % vyield), Fc

(5) (62 %), R(6) (29 %) and O¢7) (31 %)] were synthesized by Claisen condensation,
with complex(7) new. In the case dl) and(5), acetyl ferrocene was deprotonated by
LDA and reacted with the appropriate ester, whilethe case of6) and (7), acetyl
ruthenocene and acetyl osmocene were used asitia¢ ketone to react with methyl
ferrocenoate. Ferrocene complexes were reddishemacene complexes have a dark

yellow colour, while osmocene derivatives are offi& in colour.

Acetyl ruthenocene was prepared by a Friedel-Ceafedylation of ruthenocene by acetic
anhydride in the presence of aluminum trichloridéC{s) in 55 % vyield. In contrast,
acetylation of ferrocene (60 %) and osmocene (55v&6¢ carried out in the presence of
phosphoric acid (KPQy), which is a much milder Lewis acid catalyst. the case of
osmocene, much longer reaction times of at ledstuts were required to obtain good
yields, in contrast to reaction times of 10 minudtesferrocene.

2) CRCOOCHCH; CF3COOCHZCH3

M_ + CHCOOCOCH _catalyst |

Treflux COOMe
@
M = Fe(94), 1) M = Fe(5),
Ru(95), Ru(6),
0g96) 0g7)

Scheme 3.1. Synthetic route for acetylation of metallocenasd #he synthesis of ferrocen§ddiketones.
When M = Fe and Os, catalyst sy, and when M = Ru, catalyst = AlCI

Deprotonation of the acetyl metallocene with LDAh{um diisopropylamide) yields an
in situ generated nucleophile McCO@H(Mc = Fc, Rc or Oc), which can attack
unreacted acetyl metallocene and lead to self-awat®n, forming an aldol side-
product. To avoid this, the added base was mdhgimaexcess, not to be the limiting
reagent. Careful optimization of the reaction tibefore addition of the ester is also

needed to avoid self-condensation. In our hanelst iesults were obtained by allowing
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LDA to react with the ketone to generate the nyatdac species (MeCOCH), for no

more than 30 minutes, before addition of the appatgester.

3.2.2.Attempted p-Diketone Synthesisiia BF; Catalyst

As part of this study attempts were made to exthedknown series db-diketones to
include cobaltocenium-containirfizdiketones. The known instability of cobaltocenium
derivatives to strong basic compounds (cyclopeetadi cleavage takes place)
necessitated an alternative synthetic approache dwis acid approach using boron
trifluoride as catalyst (as described@mapter 2, section2.2.2 offers an alternative to
the basic LDA route. Reactants are a ketone anahlgdride. Ferrocenoic anhydride
(77) and cobaltocenoic anhydride hexafluorophosphét8), Scheme 3.2 were
synthesized from the appropriate metallocenoic andlacid chloride, in the presence of

pyridine, by adaptation of known general proceddres

e ey [ lha]

M + M Pyridine, O .2(PRy)

@ @ @ 77 @ @ (78)

Scheme 3.2. Synthesis of ferrocenoic anhydridg7) (M = Fe) and cobaltocenoic anhydride
hexafluorophosphat@8), (M = Co . Pk).

First attempts focused on the reaction betweenyladetrocene and either acetic
anhydride or trifluoro acetic anhydride as a tesiction. However, all attempts failed as
only starting materials were recovered. This tesds considered to imply that the
strong electron-donating properties of the ferrgtgnoup forces the equilibrium shown
in Scheme 3.3s0 far to the left that the reactive intermedia¢eessary fof-diketone

synthesis does not form in synthetically usefulrdities.

BF
i 7
C—CH; @c=0|—|2
Fe + BF ~——— Fe + H

(94)

Scheme 3.3.Electron-donating properties of the ferrocenyugr disfavours formation of the BRnionic
complexes.
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To overcome this problem, propanoylferroc€ii®) was synthesized by Friedel Crafts-
acylation. It was thought that the larger ketorde-hain would stabilize the anionic
BF; complexes. Despite this modification, the desiiediketone was never obtained.
Reacting(79) with a range of anhydrides, includi{@7) and (78), as well as acetic
anhydride and trifluoro acetic anhydride, all ledthe self aldol condensation product
(80), shown inScheme 3.4 The Aldol reaction is a competing side-reactiath BF;-
catalysed3-diketone formation reactions and hence this syitthreute was not further

pursued.
0 O O O O
oA Ah e AL
&/ cnercon, + S @0,

(79)

R = CH;, CR, Fc, CEPRy

Scheme 3.4.Aldol formation during attemptegtdiketone synthesis with Brs catalyst.

3.2.3.Metallocene-containing Phosphine Ligands

The metallocene-containing diphenylphosphine ligarfdrrocenyldiphenylphosphine
(PPhFc) (13), ruthenocenyldiphenylphosphine (BRh) (65), osmocenyldiphenyl-
phosphine (PR®c) (66) and the positively-charged compound diphenyl-
phosphinocobaltocenium hexafluorophosphate {€ERF) (67), where the cobalt-
center is in a +3 oxidation state, have been sgizbd.

A different synthetic route was required for ea€tthe different metallocene phosphines,
due to the different reactivity of each parent riietane, as summarized 8cheme 3.5
PPhFc (13) was synthesized by Friedel Crafts reaction of olene and chloro-
diphenylphosphine, in the presence of AlGccording tcknown methods, as shown in

reaction(a).> In our hands slightly better yields, at shoreaation times were obtained
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in n-heptane (36 %) due to its higher boiling pgd& °C) compared to n-hexane (69 °C,
with 31 % vyield). For phosphinef5), reaction (b), and (66), reaction(c), the
metallocene was firstly deprotonated with a strbage, followed by reaction with chloro
diphenylphosphine. Yields were low (19 % and 13régpectively), but acceptable,
considering unreacted metallocene was recoverasmp@und(67) required a different
approach, since it exists as a cationic species,tduhe cobalt center being in the +3
oxidation state. Fafl3), (65) and(66), the Fe, Ru and Os metal centers are all in the +2
oxidation state. Similarly to the synthesis of ti@entate cobaltocenium phosph{i®),
cyclopentadiene is firstly derivatised to cyclomehényldiphenylphosphine.  After
addition of an equal amount of unsubstituted cyefdadiene, complexation with CaoBr
led to a statistical mixture of cobaltocenium, diplphosphinocobaltocenium
hexafluorophosphat€67) and 1,1'-bis(diphenylphosphino)cobaltocenium hiexab-

phosphaté. These three products could be separated fromatheh by recrystallization.

@ <:;;7 + PPhCI 7;25%%ﬁ; <;;;T/’P\?[::i7
@) @)

(13)
e
(b) Ru 2) PPbCI
O @
(65)
[
o & yme- 1O
(SNEEG
(66)
(d)
PPh PPh
Ty N, Sy B O 3% i O
CoBrz @
2)NH4PF6 @
(67)

Scheme 3.5. Synthesis of metallocene-containing phosphinels,iRP(a), PPhRc (b), PPBOc (c) and
PPhCC'PFs (d).
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Purification of phosphinegl3), (65) and(66) proved difficult as the phosphine and the
parent metallocene was not easily separated. Comp®7) was easily purified by
recrystallization and contained little impuritieghile compound13) required repeated
recrystallization. Compound$65) and (66) were purified by repeated column

chromatography of dilute solutions as describetthénexperimental section.

3.2.4.Rhodium Dicarbonyl Complexes

The known dicarbonyl complei83), bearing no ferrocenyl substituent on fadiketone,
was synthesizedia route A (Scheme 3.5 according to published methotls.The
synthesis proceeds in a one-pot process, witlntlséu formation of the chloro-bridged
tetra-carbonyl rhodium dimer [RGIl,(CO)] being reacted, without isolation, with
trifluoro acetylacetone, to yield complé&3). This route, however, gave poor yields for
the metallocene-containing complex&s), (60), (68) and(69). Hence, to obtain these

complexes, routB (Scheme 3.pwas followed.

Route A o /N _ O /”\/U\CFS /,,..\O\ ,Co
R R T ™
DME oC Cl CcO - co
reflux FoC
RhCkL.3H,0 (83)
Route B
(o] (o]
EtOH| 1,5- cyclooctad|ene
- coa
Acetone
84
o Fe Fe
@ R = C% (47). @ R = CF& (57),
Fc(51), F(60),
R¢(81), Ro(68),
0c(82) 09(69)

Scheme 3.6.Synthetic routes used for the synthesis of rhrodiup-diketonato dicarbonyl complexes.

The synthetic approach, demonstrated by rdBteinvolves first the synthesis and
isolation of a rhodium-chloro-cod dimé4) followed by the isolation of the rhodium(l)
B-diketonato cod complex€d7), (51), (81) and(82). Only then was substitution of the
cod ligand achieved by bubbling of CO gas, at asree of approximately 10 mm Hg
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above atmospheric pressure, through an acetondiosolef the rhodium(l) cod
complexes, yielding the desired complexes. Alldibm(l) cod complexes were
synthesized at room temperature and isolated irlliext yields (77 - 91 %). The
displacement of cod by CO is an equilibrium proce$he product$57), (60), (68) and
(69) were precipitated from solution and care was takeseparate the precipitate from
the liberated cod that float on top of the aququhese, to prevent the backward reaction.
Yields varied between 74 and 97 %.

3.2.5.Rhodium(l) Phosphine Complexes

3.2.5.1. Rhodium(l) Complexes with Metallocene Phosphines

The new rhodium(l) complexes containing metallocgh@sphine ligands, shown in
Scheme 3.7have been synthesized by addition of an equivaemunt of phosphine to
a solution of [Rh(FCCOCHCOGHKCOQOY),] in the minimum amount of either n-hexane or
benzene as solvent. In some cases bubbling wses\aa due to the rapid release of the
substituted CO ligand. Phosphine substitution litaio (29)° and the new complexes
(70) and(71) were long; generally reactants were stirred 16$i¢m ensure high yields.
All complexes were isolated by slow evaporationtlod solvent, forming crystalline
solids in good yield (> 75 %). It was observedt thenzene as solvent yielded cleaner

reactions with fewer impurities in the final produc

R = Ph(29), @

F(70),
Ro(71)

Scheme 3.7.Synthesis of rhodium(p-diketonato phosphine complexes.

'"H-NMR spectra Eigure 3.2) of compound$29), (70) and(71) all showed the existence

of two isomers in solution. The two observed issneshown inScheme 3.8 is
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considered either aisisomer (isomer 1), where the phosphine ligandissto the -
diketonato oxygen closest to the ferrocenyl-graupa transisomer (isomer 2), where
the phosphine ligand tsansto thep-diketonato oxygen closest to the ferrocenyl group.
These isomers are in equilibrium in solution, bt expected to crystallize in only one
structural orientation. In this study, the cryssaucture of thecisisomer of(70) was

solved, se&ection 3.4

cis-lsomer : trans-Isomer :

R = Ph(29), Fc(70) or Rc(71)
Scheme 3.8.Cis andtransisomers of rhodium(Ip-diketonato phosphine complex¢29), (70) and(71).

Large 64 shifts were observed for the different isomergqeesmlly with regard to the
metallocenyl peaks of thigdiketonato and phosphine ligands. This made isipdes to
distinguish between different isomers. It is knavat electron-withdrawing substituents
move the proton peaks downfield. For example, abetyl group in acetyl ferrocene
moves cyclopentadienyl peaks to lower peak posifiorin contrast, electron-donating
substituents move the proton peaks upfield, as dessribed for ethyl ferrocerie.By
recognizing thatransinfluences in square-planar complexes are stroeffects than cis
influences, it is possible to assifd NMR peaks to theis- andtransisomers. For the
transisomer (isomer 2 ifrigure 3.2), the phosphine ligand donates electron density
the o-bond, across the rhodium center, to ttems locatedp-diketonato oxygen. This
increases the electrondensity on fheiketonato ferrocenyl group, thus moving the
ferrocenyl peaks of this isomer upfield. ThHe-NMR spectrum of(71) is shown in
Figure 3.2 indicating the location o€is- and transisomer peaks. The equilibrium
constant (K = [transisomer]/cis-isomer]) can be determined from the NMR-data as
{(Integral oftrans-peak)/(Integral otis-peak)}. This can be determined for each peak in

the spectrum, e.g. {(0.556)/(0.432)} for the metpeak of compoun(r0), giving a K-
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value of 1.287. The average-talue for compoundé/0) and(71) was determined and
is listed inTable 3.1

ocC
N\
/R
RcPhP
Isomer 1 €is) Isomer 2 {rans
2Rc
+ 1re 1Fc 2Fc
1F
2RC ZRC
1y 2H 1rc Ire lee 2R 2F
— O ©| O] [0 MM o ™| O N[O
rng sngma s 2 S IS
ol IS N oo N | o il
6.‘0 5‘8 5.‘6 5‘4 5.‘2 5.‘0 4.‘8 4.‘6 4.‘4 4.‘2 4.‘0 ppm

Figure 3.2. *H NMR spectrum of rhodium(Ip-diketonato phosphine compl¢¥1). The footnotes (Fc)
indicates signals from th@-diketonato ferrocenyl group, (Rc) indicates sign&lom the phosphine
ruthenocenyl group and (H) indicates the signadsaated with th@-diketonato methine protons.

3P NMR spectra of complex¢g9), as well ag70) and(71), shown inFigure 3.3 also
showed two isomers in solution. A doublet is obsdrfor each isomer, due to coupling
with the Rh center. No signal overlapping was oles# Physical data for compounds
(29), (70) and(71) are summarized ihable 3.1.

CRs
FCPhP <
R
] ocC
Isomer 2 (70) FC  Isomer 2
Isomer 1

Wity
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Figure 3.3. *'P NMR spectra of rhodium()-diketonato phosphine complex@®) and(71).
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Table 3.1. Physical parameters of [Rh(FCCOCHCQJZEO)(PPhR)] complexeg29), (70) and(71).

3P/ EP"Rh)/ 8'H / ppm Isomer  Average v(CO)/
Compound Isomer ppm Hz (methine peak) Ratio K. cm?

(297, cis-1  48.04 176.4 6.05 40 %

R = Ph trans-2 48.04 176.4 6.05 60 % 1.47 1987
(70), cis-1  40.59 171.3 6.12 44 %

R =Fc trans-2  42.59 171.3 6.10 56 % 1.23 1975
(71), cis-1  41.39 170.5 6.08 43 %

R =Rc trans-2 42.59 170.5 6.06 57 % 1.29 1978

Attempts were made to synthesize rhodium(l) comgdexontaining the osmocenyl
phosphine ligand, as shown Bcheme 3.9 PPhOc (66) was firstly reacted with
[Rh(FCCOCHCOOC)(CQ) (69). A *H NMR of the crude mixture showed the presence
of the desired produ¢87), mixed with large portions of reactants. Attemptpurify the
compound by column chromatography led to decomiposédnd fixation of the product
on the origin. The mixture could, however, be emed in the produd87) by fractional
precipitation from CHCI, by the slow addition of n-hexane. The productidamever be

obtained in a pure state due to an apparent equititbetween reactants and product.

QP

P, Ot

Os \/RK .

+ PPBOC(66)

(83) R=CH;, R'=CR (85) R =CH;, R'=CR
(57) R=Fc,R'=Cf (86) R=Fc, R'=CF
(69) R=Fc, R'=0c (87) R=Fc, R'=0Oc

Scheme 3.9.Synthesis of rhodium(l) osmocenyl phosphine caxgs.

A similar equilibrium that prevented product isadat was observed when the phosphine
(66) was reacted with [Rh(FCCOCHCOGFO)] (57) and [Rh(CHCOCHCOCHE)
(CO)] (83), as shown irscheme 3.9 A mixture of reactants in equilibrium with the
desired product was obtained.
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Figure 3.4. 'H NMR spectra of the best purified reaction mixtu# (85) - (87), showing reactants still
present in the solution.

When focusing on the methine protons of tReNMR of the best purified mixtures of
products, shown ifigure 3.4, two peaks are observed for the two isomers opthduct
as well as the methine peak of the starting matefiihis was used to determine the ratio
of product to reactant. A general trend is obs#rtleat with an increase in group
electronegativitygr) of thep-diketonato side-groups, the equilibrium moves niorthe
direction of the productg,e. complex with mono CO substitution. Thus, the enor
electron-poor the rhodium center, the more sucukssabstitution of one of the carbonyl
ligands in [Rhg-diketonato)(COy, with a highly electron-donating phosphine ligand

takes place. This trend is summarizeéigure 3.5andTable 3.2
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2 %
% Product 1R + AR Product
9 60
g = [Rh(CRCOCHCOCH) c 35 s
3 (86) : (E(O)(PPEOC)] (85!% '

Rh(FcCOCHCO C
g 50 4 (CO)(PPROC)] (86) 4.88 >7
= [Rh(FcCOCHCOOC)
§ (CO)(PPROC)] (87) 3.77 41
S 40 4

(87)

30

Xr T Xr
Figure 3.5 & Table 3.2. Relationship between substituent group electratigty (yr + xr) of B-
diketonato side-groups on product formation of ([Rtiketonato)(CO)(PPJ©Oc)], with R = Ck, R' = CH;
(84), or R = CR, R' = Fc(85), or R = Fc, R' = O¢86).

Reactions were also carried out between metallopaosphine ligands PE#c (13) or
PPhRc (65) and rhodium(l) complexes [Rh(FCCOCHCOFc)(GIO) (60),
[Rh(FCCOCHCORCc)(CQ) (68) and [Rh(FcCOCHCOOC)(CE))(69). In all cases an
equilibrium was observed and the desired produgidcoot be isolated as single species.

3.2.5.2. Rhodium(l) Complexes with Fluorinated Phosphines
Rhodium(l) complexes of the type [Rh(FCCOCHCQEQO)(PPR(CsFs)3-n)], with n =
0, 1, 2 and &Fs = pentafluorophenyl, have also been synthesizedhawn inScheme
3.10

\R T + L
oc’ h<
L = PPh(CeFs) (72),
PPh(GFs)2 (73),
&7 P(GFs)3 (74)

Scheme 3.10.Synthesis of rhodium(l}-diketonato phosphine complexes.
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'H-NMR spectra of complexe€72) - (74) showed the existence of two isomers in
solution, either ecis-isomer (isomer 1), where the phosphine liganatissto the -
diketonato oxygen closest to the ferrocenyl grompatransisomer (isomer 2), where
the phosphine ligand tsansto thep-diketonato oxygen closest to the ferrocenyl group.
The B-diketonato portion of th&H-NMR spectrum 0{72) is shown inFigure 3.6 The
position of cis- and transisomer peaks, identified by using the same priesipas
described inSection 3.2.5.1is highlighted. K-values were also determined and are
listed inTable 3.3

OC_ (CeFs5)PhpP_ —
/ R / Rr(
(C6F5)Ph2P ocC =
Isomer Lif)
2
1
Al I ]
‘ 6.‘0 5.‘8 5.‘6 5.‘4 5.‘2 5.‘0 4.‘8 4.‘6 4‘4 4.‘2 4.‘0 ppn

Figure 3.6. Thep-diketonato portion of thtH NMR spectrum of compleé<72):

The **F NMR spectra of compoundd2), (73) and (74), shown inFigure 3.7, also
showed two isomers in solution. In all cases alsinpeak is observed for the
diketonato CE-group for each of the two isomers, between -78¢&% -&5.5 ppm. Three
sets of peaks are observed, to higher field, far iR’ either the orto-, meta- and para-
position of the phenyl rings. Of these, the mdeeteon-poor meta-position is to highest
field, and has been shown in literature to occaratind -160 ppm for pentafluorophenyl
rings? Similarly, fluorine substituents in the para-piissi have been shown to occur
between -145 to -155 ppm and fluorine substituenthe ortho-position between -125
and -145 ppm® ™ The fluorine peaks can thus be assigned as slowigure 3.7.

Two isomers can also be observed in these peak§/Zp In the case of73) and(74),
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rotation around the Rh-P bond is limited and nbphEnyl rings equivalent, due to the
bulkiness of the phosphine ligand, leading to teakig of isomer 2 being split. Physical
data for compound$72), (73) and (74) are summarized ifable 3.3 5-Values are
reported relative to CFght O ppm, using §sF as standard at -113.15 ppm.

B-Ch ortho- para- meta

| e |

(CeFs)PhpP_ t‘( =X
R )
Isomer 2| |lsomer 1 oc’ —
J (72) Fc
nm L ,

-75 -125 -130 -135 -140 -145 -150 -155 -160

100~
262 =

207=

524=
—
204~
536=

(CeFs)2PhR

RI
Isomer 2 Isomer 1 OC/

(73) ch
Al ’J L (SO . A L\_N_

T
-75 -8l -126 -128 -130 -146 -148 -150 -158 -160

AN R}( \/‘
oc’
Isomer 1 (74) Fc
Isomer 2

T T T T T
-75 -125 -130 -135 -140 -145 -150 -155 ppm

1.00=
1157~

Figure 3.7. F NMR spectra of rhodium(Ip-diketonato phosphine complexég2), (73) and (74) in
deuterated chloroform as solvent.
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Table 3.3. Selected spectral data of [Rh(FCCOCHCQQEEO)(PPR(CeFs)3r)].

19 1

Compeun_omer__ STIPO— SHIR e A o)
IS - - 0,

@ ek, em Ee oom
IS - - 0,

@ L, mE e uE 0w
IS - - 0,

@ oL mE o ER 0w ww

3.2.6.Tetrathiafulvalene-containing Rhodium(l) Complexes

The Lorcy grouf? provided us wittB-diketone(39) and(88). These were reacted with
[RhClx(cod)] (84) to give [Rh@-TTF-Sacac)(cod)[75) and [Rhf-TTF-Sacac)(cod)]
(76) containing tetrathiafulvalene groups substituted-aliketones in either the- or the

B-position of the acetylacetonato group, as showscimeme 3.11

cl
AN
RR{ R
Cl DMF

S SMe
L~

(88)

MeS SMe

Scheme 3.11.Synthesis of rhodium(l) complexes with TTF-contag p-diketonato ligands.

Compoundg75) and(76) were synthesized (shown $theme 3.1)Lby the addition of 2
equivalents of the approprigtediketone to a stirred solution of the rhodium(@gdedimer
[RhoCly(cod))] in DMF. The product could be purified by flasbolumn
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chromatography, and was obtained in very good yield@0 %). Unreacte@-diketone
was recovered. '"H NMR data, summarized iTable 3.4 showed little difference
between compoundg5) and(76), due to their similar electronic properties. Connpd
(76) showed the presence of a methane proton (5.46. p@ainpound75) showed the
presence of 5 methyl groups, and compoui@8) 4 methyl groups, with some

overlapping observable.

Table 3.4. *H NMR data for of rhodium(l) complex&§5) and(76) with tetrathiafulvalene-containingy
diketonato ligands.

o'H / ppm o'H / ppm o'H / ppm
Compound (methine peak) (cod) (methyl-groups)
(75) - 4.13,2.52,1.86 2.54,2.48,2.44, 2 x 2.39
(76) 5.46 4.12,2.49,1.85 2.19,2.02,2x1.95
3.3. Kinetics

3.3.1.0Oxidative Addition

In this study the oxidative addition reaction ofthy iodide with rhodium(l) phosphine
complexes [Rh(FCCOCHCOGKCO)(PPhFc)] (70), [Rh(FcCOCHCOCE(CO)
(PPhRc)] (71), [Rh(FcCOCHCOCE(CO)(PPR(CeFs))] (72), [Rh(FCCOCHCOCE)
(CO)(PPh(GFs)2)] (73) and [Rh(FCCOCHCOGHHCO)(P(GFs)3)] (74) was investigated,
with chloroform as solvent throughout. CompleX@8) and (71) have electron-rich
PPhFc and PPRc ligands due to the electron-donating effecthef Ec and Rc groups
on the phosphine ligands. Complexég), (73) and(74) become more electron-poor as
the phosphine ligand has progressively magie; @roups on them. Kinetic rate constants
for metallocene-containing compoun(i)) and (71) were determined by IR, UVH
NMR and 3P NMR spectroscopy, and IR, UYH NMR and'®F NMR spectroscopy

were used for fluorinated compoun@?) — (74).
Previous studies of oxidative addition reactionsrladdium(l) complexes with methyl

iodide proposed a variety of mechanisms, as diecussChapter 2 (Section 2.6.1.3

The most recent of these, proposed by Conrea ' and shown irScheme 3.12can
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be considered a general mechanism, with previquslgosed mechanisms being special
cases of this more general mechanism.

[RhI(fctfa)(CO)(PPh3)]a [RhIIL-alkyl1A] [RhIll-acyl1A] [RhIll-alkyl2A] [RhIll-acyl2A]
| el + CHyl = [k ko Key |2 ke K Ke
7k Ka=ko/k-2 k3 kg 3
[Rhl(fctfa)(CO)(PPh3)]p [RhI-alkyl1B] [RhIll-acyl1B] [Rhlll-alkyl2B] [RhIIl-acyl2B]

First set of reactions Second set of reactions

Third set of reactions

Scheme 3.12.Proposed general mechanism for the oxidativetiatddof CH;l to rhodium(l) complexes.

In this study we investigated the oxidative additreactions of compoundg0) — (74)
which showed that these compounds also follow tl®ve-mentioned general
mechanism. The following discussion will show thia fluorinated compoundS2) —
(74) and the metallocene-containing compoun@®) and (71), have differently
emphasized equilibrium positions in the overallggahScheme 3.12

3.3.1.1. Extinction Coefficient Determinations

To study the kinetics of the above-mentioned oxwatddition reactions by UV/vis
spectroscopy, it is important to show that the Beambert law is valid over the

concentration ranges used. The UV/vis spectraoofppundg70) — (74) are shown in

Figure 3.8
@ié
M R*(

S

(1)
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20000 1
4000 -
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Figure 3.8. UV/vis spectra of rhodium(l) complexes containmegtallocene phosphines (M = F&0), or
Ru (71) (bold line)) (left), and fluorinated phosphines<12 (72), 1 (73) (bold line), or O(74) (right).

70



The validity of the Beer Lambert law was confirméy determining the linear
relationship between the UV absorbance (A) and eotnation (c) for compound30) —
(74), as shown irFigure 3.9, According to the Beer Lambert relationship (A sl) the
extinction coefficient) can be determined from the gradient of the limetationship
between absorbance and concentration. The pagthler 1 cm. A linear relationship
was found, and extinction coefficients for compaaifd0) - (74) are summarized in
Table 3.5 at the indicated wavelength maximady). The error of all data is presented
according to crystallographic conventions. Fornepe ¢ = 1730(30) drfmol*cm*
impliese = (1730 + 30) drfmol*cm™.

1.0 1 (70) (73)
0.8 4 (72)
) 1.0 1 (74)
(&) ()
c [&]
o G
2 0.6 1 8
2 o
; 5
0.4 - <
0.5 -
0.2 -
0.0 T T T 0.0 T T
0.0000 0.0005 0.0010  0.0015 0.0000 0.0003 0.0006
Concentration / mol dm Concentration / mol dm 3

Figure 3.9. Absorbancevs concentration graphs used to determine validitytre Beer Lambert
relationship for rhodium(l) complexes containingtallecene phosphines (M = K&0) (A), and Ru(71)
(m, bold line)) (left), and fluorinated phosphines 12 (72) (A), 1 (73) (m, bold line), or 0(74) (e)

(right)}.

Table 3.5. Molar extinction coefficients for rhodium(l) phaisine complexes in chloroform as solvent at
the indicated wavelenghts.

Compound Wavelength Wavelength LB

(Amax) /nm (Aexp) / NM / dm” mol™ cm’
[Rh(FcCOCHCOCE)(CO)(PPhFc)] (70) 501 490 1730(30)
[Rh(FcCOCHCOCE)(CO)(PPhARC)] (71) 489 490 2000(20)
[Rh(FCCOCHCOCE)(CO)(PPQ(CsFs))] (72) 498 500 1600(20)
[Rh(FCCOCHCOCE)(CO)(PPh(GFs)2)] (73) 500 500 2000(20)
[Rh(FCCOCHCOCE)(CO)(P(GFs)3)] (74) 503 500 2540(30)
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3.3.1.2. Rhodium(l) Complexes with Metallocene Phosphines

A (@) The reaction between [Rh(FcCOCHCOCF3)(CO)(PPh,Fc)] (70) and CHal
monitored by IR.

The reaction trace of the carbonyl peaks of theti@a betweer{70) and CHI at 25 °C,
shown inFigure 3.10 as monitored by infrared spectroscopy, shows @secutive
reaction steps. The first step consists of theaptiearance of the Rh(l) starting
compound (at 1987 cf), together with the simultaneous formation of aIRhalky!
species labeled “Alkyl 1" (at 2072 ¢ty as well as a Rh(lll) acyl species labeled “Acyl
1" (at 1724 crit), all at the same rate. This indicates a fastliegum between the two
formed Rh(lll) alkyl 1 and Rh(lll) acyl 1 speciestivan equilibrium constant = k, / k.

2, Where k = the rate of the forward reaction and % the rate of the reverse reaction.
The first step, with a half-life of 104 s at a mgdtlodide concentration of 1 M, can thus
be summarized i®&cheme 3.13

ki

Rh(l) phosphine + CHgl |:Rh(lll) alkyl 1 RA(I1I) acyl 1]

-1

Scheme 3.13.The first reaction step for the oxidative additimf CH;l to (70).

The observed rate constant, for the first reacéiep, k,s was found to be dependent on
the CHl concentration. With [CH] >> [Rh(I) phosphine], the pseudo first-ordererat
law, shown inEquation 3.1, was used to calculate the reaction parameteen@ k;
graphically, with k = slope = rate constant of the forward oxidatidgelition reaction,

and k; = y-intercept = rate constant of the reverse regeelimination reaction.

Kobs = ki [CHal] + k1 Equation 3.1
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Figure 3.10. (a) IR-spectra at different times of the oxidative aigai reaction between GHand(70) for
the complete reaction, between 0.8 and 8500 niesiks labelled as per the proposed mechanismIR-
spectra of the first reaction step recorded betw®8rand 60 mins. The insert shows an absorbasice
time graph following the formation and disappeaeant all three peaks(c) IR-spectra of the second
reaction step recorded between 60 and 340 mins. ingert shows an absorbamnvsetime graph following
the formation and disappearance of the Alkyl 2- Alld/l 1-species. (d) IR-spectra of the third reaction
step recorded between 500 and 8500 mins. Thetiskews an absorbange. time graph following the

disappearance of the Alkyl 2-peak.
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The second step, according to the IR-data, sholhedgitultaneous disappearance of the
Rh(ll1) alkyl 1 and Rh(lll) acyl 1 species, formedring the first step, together with the
formation of a second Rh(lll) alkyl species at 2@80" (Rh(lll) alkyl 2). This step was
found to be independent of the @Honcentration. The disappearance of the Rh(lll)
alkyl 1 and Rh(lll) acyl 1 species taking placels same rate, gives further evidence for
the existence of a rapid equilibrium between the $wecies. This is a much slower step,

with a half-life of 115 minutes, and can be summstiaccording t&cheme 3.14

|:Rh(lll) alkyl 1 Rh(lll) acyl 1] ks, Rh(lll) alkyl 2

Scheme 3.14.The second reaction step for the oxidative aolditif CHl to (70).

The third and final observable reaction step (shamviScheme 3.1p consists of the
disappearance of the second Rh(lll) alkyl spe@eas, the formation of a second Rh(lll)
acyl species, also independent of theslC¢bncentration. This is a much slower step,
with a half-life of approximately 75 hours. Measugy the rate of formation for the
Rh(lll) acyl 2 peak proved difficult due to the pmeaction time and the relative low
peak intensity, leading to baseline interferenthe rate of reaction for the third reaction
step was thus only determined from the rate ofpisarance of the Rh(lll) alkyl 2
species.

k
Rh(lll) alkyl 2 ——  Rh(lll) acyl 2

Scheme 3.15.The third reaction step for the oxidative additaf CHsl to (70).
The overall reaction sequence for the oxidativeitadd reaction of CH to [Rh

(FcCOCHCOCE)(CO)(PPRFc)] (70), as measured by IR, can be summarized as shown
in Scheme 3.16
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[Rh'(FcCOCHCOCE)(CO)(PPhFc)] + CHyl

ki
:

[Rh"' (FcCOCHCOCR)(CO)(PPhFC)(CHs) ()] aikyi2

lm

[Rh" (FcCOCHCOCE)(PPRFC)(COCH)(1)] acyi2
Scheme 3.16.The overall reaction scheme for the oxidativeitamid of CHgl to (70).

k1

|:[Rh'” (FCCOCHCOCR)(CO)(PPBFC)(CHs)(1)] alkyit [Rh" (FcCOCHCOCE)(PPhFC)(COCH;)(I)] acyq

The rate constants for the reaction at 25 °C, obthiby varying Ckl concentrations
between 0.02 and 0.25 M, are summarize@lahle 3.6 Rate constants obtained for the
reverse reaction, k are dramatically smaller than-kalues. This indicates that the
reverse reaction has no significant influence oa tverall reaction, and can be
considered omissible. The relationship betweenadihgerved rate constant.§ and

methyl iodide concentration, for all reaction stegg® shown ifFigure 3.11

(a) Step 1 (b)
0.0015 - ¢
0.0002 -
F"cn ‘_"w
=, 0.0010 4 2
: & = u ¥ Step 2
= [ |
0.0001 1
0.0005 -
Step 3
A—4A 7y} A A
0.0000 . . 0.0000 . :
0 0.1 0.2 0 0.1 0.2
[CHl] / mol.dm 3 [CH,l] / mol.dm

Figure 3.11. (a) Graph of kysvs. methyl iodide concentration for the first reactgiep, andb) the second
and third reaction steps, as measured by IR.
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Table 3.6. Kinetic rate constants for the IR-monitored reatbetweer(70) and CHI at 25 °C.

First reaction step ki / dnPmol’s™ kal/s'
Rh(l) disappearance 0.0066(6) 0.00005(9)
Rh(ll)-alkyl 1 formation 0.0071(7) 0.00002(1)
Rh(lll)-acyl 1 formation 0.0081(6) 0.000021(2)
Second reaction step ks/s™
Rh(lll)-acyl 1 disappearance 0.000096(5)
Rh(ll)-alkyl 2 formation 0.00013(1)
Third reaction step kel s
Rh(lll)-alkyl 2 disappearance 0.0000026(5)

A (b) The reaction between [Rh(FcCOCHCOCF3)(CO)(PPh,Fc)] (70) and CHal
monitored by UV.

The reaction between [Rh(FCCOCHCQEEO)(PPhFc)] (70) and CHIl also showed
three consecutive reaction steps when monitored\byas shown irFigure 3.13 The
rate constants obtained for the three reactiorsstepresponded with the rate constants
obtained for the three reaction steps identifiedRy

The first reaction step showed significant increaase490, 435 and 370 nm, but was only
followed at 490 nm to avoid interference with réactsteps 2 and 3, still to follow. Step
1 corresponded to the disappearance of the Rlgi)ires§ compound together with the
simultaneous formation of the Rh(lll) alkyl 1 andh(R) acyl 1 species in equilibrium.
Mutually consistent rate constants obtained fromoraases at 435 and 370 nm
corresponded to the simultaneous disappearandeed®i(lll) alkyl 1 and Rh(ll) acyl 1
species together with the formation of the Rh(Hlkyl 2 species. The final step,
showing a decrease at 435 and 370 nm, correspdodbd final step observed by IR as
the disappearance of the Rh(lll) alkyl 2 speciggtoer with the formation of the Rh(lll)
acyl 2 species. Rate constants obtained by U\6 4C2is summarized ifable 3.7. Itis
important to note that, although UV/vis spectrometould detect three consecutive
reaction steps, it would not be possible to assigrat each reaction step actually
represents, without the information obtained bysfectrometry described in the previous

section. Rate constants obtained for the reveraetion, kg, are dramatically smaller
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than k-values ¢a. 400 times), and approaching zero, as showhigare 3.12 This

indicates that the reverse reaction has no sigmfimfluence on the overall reaction, and
can be considered omissible.

Table 3.7. Kinetic rate constants for the UV-monitored réacbetweer(70) and CHI at 25 °C.

First reaction step ki / dntmol’s™ kail/s”
490 nm 0.0081(4) 0.00002(3)
Second reaction step ka/s™
435 nm 0.00013(4)
370 nm 0.00013(1)
Third reaction step Kal ™
435 nm 0.0000034(6)
370 nm 0.0000026(4)
0.0010
Step 1
L S
FI'(/)
2 0.0005 -
Step 2
0.0000 f-te—@ ¢ Step 3

0 0.05 0.1 0.15
[CH5l] / mol.dm

Figure 3.12. Graph of k,s vs. methyl iodide concentration for reaction step® Bnd 3, as measured by
UVivis.
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Figure 3.13. (a) Time-basedJV/vis-spectra for the oxidative addition reactibetween CH and (70)
showingthe first reaction step recorded between 0.8 anthi®®. (b) UV-spectra of the second reaction
step recorded between 60 and 340 mi(®.UV-spectra of the third reaction step recorded ketw500
and 6000 mins.
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The temperature dependence of the oxidative addigaction was monitored by UV at
490 nm. This was used to determine activationmatars AH andAS', according to

the Eyring relationship, given Bquation 3.2

Ink = In[(RT)/(Nh)] + AS /R) - AH /RT) Equation 3.2

A linear plot of (In k / T)vs (1 / T) gives a slope of 4H" / R) and a y-intercept of {In (R

/ Nh) + AS / R)} = {23.760 + AS / R)}, where R is the gas constant, N is Avogasiro’
constant and h is Planck’s constant. This linetationship for the oxidative addition
reaction of CHI to (70) is shown inFigure 3.14 Rate constants and activation

parameters are summarizedliable 3.8

0,015 - T/ ki / AH"/ AS /
' K dm’mol?s? kJ mol* J mol*K™
- \{ 278.15 _ 0.00017(1) Step 1
K 288.15  0.00034(1)  19.1(2) -197(1)
< 298.15  0.00093(1)
308.15  0.00098(4) Step 2
-0.020 4 314.15 0.00150(6) -9.2(3) 19.5(2)
2
-0.025 ' y r
0.003  0.0032  0.0034  0.0036

THK?

Figure 3.14 & Table 3.8. Eyring plot and activation parameters for thetfstep of the oxidative addition
of CHgl to (70).

A (c) The reaction between [Rh(FcCOCHCOCF3)(CO)(PPhyFc)] (70) and CHal
monitored by *H and *'P NMR.

'H and*P NMR was also used to study the oxidative additeattion betwee(i70) and
CHsl. During*H NMR, the methine (CH frorf-diketone) and methyl (CHrom CHgl
added) signals were used to follow the kineticstitd reaction. Extensive signal
overlapping in the ferrocenyl region was obserwadking it too difficult to interpret

them.

79



The'H NMR spectra, shown ifigure 3.15 followed the same reaction steps observed
during IR-studies, showing three reaction stepsttieérmore, each species was observed
to have two isomers, indicated as A and B. Infils step the two isomers of the
rhodium(l) starting complex {Rh(I) A and Rh(l) B}eact with CHI to form two
observable isomers of the Rh(lll) alkyl 1 specid@saqid B) in equilibrium with the two
isomers observed for the Rh(lll) acyl 1 speciesaf#d B). The two isomers of the
Rh(ll)-alkyl 1 and Rh(lll) acyl 1 species disappe# the same rate as the formation of
two isomers of the Rh(lll) alkyl 2 species, durithge second step. In the final step the
two isomers of the Rh(lll) alkyl 2 species disappedut the formation of the Rh(lll)
acyl 2 species is not observed due to interferémce background noise'H NMR-data
was used to determine the equilibrium constanj, (& indicated ir5cheme 3.11{page
81), for the equilibrium between two isomers of fagne species, and is listedTiable

3.9

methinesignals CHjssignals
| Rh(l) AlthU) B | | Rh-CO-CH Rh-CH |
o A&Bl Acyl-1B TAIkyI-l AZB

Alkyl-l A&B Acyl-l A T

Step 1 Acyl-1 A&B 4 \

Alkyl-1 A&B Alkyl-1 A&B
l Acyl-1 B Alkyl-2 A&B
Acyl-1 A T
Acyl-1 A&B v Alkyl-2 A&BT l
Step 2 L
Alkyl-2 A&B l lA'kY"Z A&B
Step 3 T T T T T 1T T T T [ T
6.4 6.2 6.0 5.8 ppm 3.0 2.8 ppm 1.5 ppm

Figure 3.15. 'H NMR-spectra of the reaction betwegfD) and CHI at times 0 (top), 4.5, 51.5, 860
(bottom) minutes.
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The 3P NMR spectra, shown iffigure 3.16 followed the same reaction steps as
described above. DuririgP NMR, only the phosphorus atom on the phosphinamis
observable, giving doublets through coupling witle rhodium center. Two isomers
were also observed throughout for all species. &l@w the intensity of the Rh(lll) acyl
peaks, as well as the Rh(lll) alkyl 1B peaks, pbv¥oo low to be used accurately for
following the reaction kinetics. Due to the lorigeés required to produce®® NMR
spectrum (approximately 15 minutes) only four dadéits were obtained for the first

reaction step, making accurate determinationstefganstants difficult.

Rh(l) A Rh(l) B
MMMMMWMMMWMWMWM
Rh(l) A Rh(l) B TAIkyI-l A

Alkyl-1 B

cen s w’i NJLW,LN Acyl-1 A&BT T -

Alkyl-1 B lAIkyI-l A

Alkyl-2 B

Alkyl-2 A T T

Acyl-1 AZB l l
Step 2 i3 oA ijhm
Alkyl-2 A l lAIkyI-Z B
Step 3 Whuslteitainiiluishubehilnatiiinis MJLJLL

43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 pm

Figure 3.16. *P NMR spectra of the reaction betwd@0) and CHI at times 0 (top), 23.6, 75.4, 2 013
(bottom) minutes.

The observed rate constants for the formation asapgearance of A and B isomers of
any species were, within experimental error, fobmde the same. Furthermore, the
ratios of A and B isomers were not the same fofetdht species, implying that A
isomers did not exist separately from the B isomérBis means that a fast equilibrium
exists between the A and B isomers of each specidghat the equilibrium position is
different for each set of products. The overalchaism can thus be summarized as in

Scheme 3.17with rate constants summarizedTiable 3.10

81



Table 3.9. K.-values determined from non-overlapping peaks foflIR-intermediate species.

Rh(lIl)-species Equilibrium constant Average K.
Alkyl 1 Kei 0.41
Acyl 1 Ke2 0.49
Alkyl 2 Kes 0.69

I:[Rh'(FcCOCHCOCE)(CO)(PPch)]A — [Rh'(FCCOCHCOCE)(CO)(PPBFC)]B:I + CHgl

[Rh!" (FCCOCHCOCE)%TO)(PPBFC)(CFE)U)]AIkyIlA
Ke1

[Rh"'(FCCOCHCOCR)(CO)(PPhFC)(CH)(1)] alkylze

ERh”' (FcCOCHCOCE)(CO)(PPhFC)(CHy)(1)] Alkyiza

4 {kl

ko
Ko

ks

\
Kc3

kg

\

LKCZ

[Rh!"! (FcCOCHCOCR)(PPRFC)(COCH)(1)] Acyiza

[Rh" (FCCOCHCOCR)(PPRFC)(COCH)(1)] acyins

[Rh" (Fccochocg)(CO)(PPaFc)(CI-b)(l)]Alkyl2EZ|

K¢
ERh'” (FCCOCHCOCE)(PPRFC)(COCH) ()] agyiza ——= [RN" (FcCOCHCOCE)(PPQFC)(COCF&)(I)]Acymeﬂ

Scheme 3.17.Complete reaction mechanism for the oxidativetamdof CH;l to (70).

Table 3.10. Kinetic rate constants for the NMR-monitored teatbetweer(70) and CHI at 25 °C.

*IP NMR 'H NMR
Isomer 5P Ky / 3 T™H CH ky / 3™H CHs ky / dnPmol
/ ppm dm’mol’s?® / ppm dmmol™s’? / ppm st
Step 1
Rh(l) A 42.6 0.001(2) 6.12 - :
Rh(l) B 40.6 0.002(2) 6.10 0.006(1) - -
Alkyl 1 A 34.9 - 6.02
Alkyl 1B 33.7 0.0002(1) 6.00 0.006(1) 1.20 0.006(1)
Acyl 1A ] 6.15 3.10 0.009(1)
Acyl 1B 35.8 6.13 0.007(1) 3.00 0.008(1)
Step 2
31 1 1
5P e 5 H CH e 5™H CHs / e
/ ppm / ppm ppm
Alkyl 1 A 34.9 - 6.02 1.20
Alkyl 1 B 33.7 0.0002(4) 6.00 0-00013(1) 1.20 0.00012(1)
Acyl 1A ] 6.15 3.10 0.00015(2)
Acyl 1B 35.8 6.13 0.00013(3) 3.00 0.00014(2)
Alkyl 2 A 26.0 0.0002(3) 5.50 - -
Alkyl 2 B 23.8 0.0001(3) 549 000012(1) . .
Step 3
3P 1 3™H CH 1 3™H CHs / 1
/s /s /s
/ ppm ks / ppm ke ppm ke
Alkyl 2 A 26.0 - 5.50 - -
Alkyl 2 B 23.8 - 5.49 0.000005(1) -
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B (@) The reaction between [Rh(FcCOCHCOCF;3)(CO)(PPh,Rc)] (71) and CHagl
monitored by IR.

In contrast to the [Rh(FCCOCHCOGGECO)(PPhFc)] (70) reaction, the reaction
between71) and CHI at 25 °C, as monitored by infrared spectroscepgwn inFigure
3.17, shows only two reaction steps. The first steps@gis of the disappearance of the
Rh(l) starting compound (at 1987 ¢jntogether with the simultaneous formation of the
first Rh(lll) alkyl species (Alkyl 1, at 2075 ¢ty and Rh(lll) acyl species (Acyl 1, at
1720 cnt), all taking place at the same rate, indicatirfigsa equilibrium with each other.
The first step, as summarized $Stheme 3.18possesses a half-life of 39 s at a methyl
iodide concentration of 1 M. The rate of reactiwas found to be dependent on the

methyl iodide concentration.

Ky
Rh(l)-phosphine + CHgl |:Rh(lll)—alkyl 1 Rh(III)-acyI1:|
-1
Scheme 3.18.The first reaction step for the oxidative additimf CHl to (71).
(a) l h(l) (b) 0.020 1
0154 Alkyl 2
0.145 1
0.015 4 Alkyl 2
ﬂ g o 0.095 4 3 Alkyl 1
2 § 0.010 4
< AIKyl 2
° 0.095 A 0.05 4 ) 1 Y <
< e 0.005 4
g Alkyl 8 l
Ak :
e a 0.000 T T
< _ ) < 0.045 1 0 200 400
Time / min . ;
0.045 A Time / min
-0.005 - - - - -0.005 e ansiil ,
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Figure 3.17. (a) IR-spectra at different times of the oxidative aitai reaction between GHand(71) for
first reaction step, recorded between 0.6 and 5&m{b) Time-based IR-spectra of the second reaction
step recorded between 60 and 450 mins.
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According to the IR-data, the second step showedsitmultaneous disappearance of the
Rh(lll) alkyl 1 and Rh(lll) acyl 1 species, togetheith the formation of the second
Rh(lll) alkyl species at 2063 ch (Rh(Ill) alkyl 2), independently of the GH
concentration. This step took place at a much astaate, with a half-life of 80 minutes,
and is represented [8cheme 3.19 No third step was observed and the Rh(lll) akyl
species appeared stable in solution for up to 8,daith no second Rh(lll) acyl species
forming. In terms of the complete general mecharstiown inScheme 3.14page 69)

this means k= 0.

|:Rh(lll)-alkyl 1 Rh(ll)-acyl 1] LN Rh(lll)-alkyl 2

Scheme 3.19.The second reaction step for the oxidative aolditif CHl to (71).

The overall reaction sequence for the oxidativeitadd reaction of CH to [Rh
(FCCOCHCOCE)(CO)(PPhRc)] (71), from the IR-data only, can be summarized
according toScheme 3.20 The rate constants for the reaction monitored IRy
spectroscopy, at 25 °C, are summarizetlable 3.11

[Rh'(FCCOCHCOCE)(CO)(PPhRc)] + CHal

:

Ko

k1

|:[Rh'” (FCCOCHCOCR)(CO)(PPBRC)(CH)(1)] Alkyia [Rh"' (FcCOCHCOCR)(PPRRc)(COCH)(1)] AC@

-2

Js

[Rh" (FeCOCHCOCR)(CO)(PPBRC)(CHy)(N] aikyiz

Scheme 3.20.The overall reaction scheme for the oxidativeitamid of CHgl to (71).

Table 3.11. Kinetic rate constants for the IR-monitored reacbetweer(71) and CHI at 25 °C.

First reaction step Ky / dm’mol™s®
Rh(l) disappearance 0.0098(1)
Rh(ll)-alkyl 1 formation 0.0129(2)
Rh(lll)-acyl 1 formation 0.0140(5)
Second reaction step Ks/ S
Rh(lll)-acyl 1 disappearance 0.00013(6)
Rh(ll)-alkyl 2 formation 0.00015(1)

84



B (b) The reaction between [Rh(FcCOCHCOCFj3)(CO)(PPh,Rc)] (71) and CHagl
monitored by UV.

Two reaction steps could also be observed wheroviollg the reaction between
[Rh(FcCOCHCOCE)(CO)(PPhRCc)] (71) and CHI by UV, as shown irFigure 3.18
Rate constants obtained for these steps corresgamelewith the rate constants obtained

for the reaction steps identified by IR.

@ LJ‘ ®)
1
1
[ dreaction ste .
E 00 nm 0.0020 - Step !
1
15 reaction step
|
) 1
e | 0.0015 A
© | -
2 0.2 : "
2 | ~
o] ] 2
< : N
| 0.0010 -
| 445 n
|
|
| 0.0005 A
1
1
: _‘_A_A_A—A
| .
| Step :
0.15 +— . . . . . 0.0000 , .
0 100 200 300 400 500 0 0.05 0.1
. . -3
Time / min [CHl] / mol.dm

Figure 3.18. (a) UV time trace of the oxidative addition reactiogtlween CHI and(71) showingthe first
(0.8 - 50 mins) andecond (60 — 500 mins) reaction steps at 445 a@hB0 (b) Graph of kysvs. methyl
iodide concentration for the first and second rieacsteps.

The first reaction step was followed at 490 nm voi@ interference with the second

reaction step. This step corresponded to the pesapnce of the Rh(l) starting

compound together with the formation of the simndtaus formation of the Rh(lll) alkyl

1 and Rh(IIl) acyl 1 species in equilibrium. Sianlly, rate constants obtained from
increases at 445 and 370 nm corresponded to theltamaous disappearance of the
Rh(ll1) alkyl 1 and Rh(lll) acyl 1 species togetheith the formation of the Rh(lll) alkyl

2 species. The rate of reaction for the first tieacstep was found to be dependent on
the methyl iodide concentration, while the secobep swas independent thereof, as

illustrated inFigure 3.18 Rate constants obtained by UV are summariz8dite 3.12
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A temperature study was carried out at 490 nm oewoto determine the activation
parametersAH™ andAS', according to the Eyring relationship. This lineelationship
for the oxidative addition reaction of GHo (71) is shown inFigure 3.19 Temperature

dependent rate constants as well as activatiomyedess are summarizedTiable 3.12

Table 3.12. Kinetic rate constants and activation parametarshe UV-monitored reaction betwe€nl)
and CH.

First reaction 3k1/l ) Ki/ Step 1
-l -1 3 3
step dm'mol”s S T/ Ky / AH'/  AS /3
490 nm 0.0177(5) __ 0.00015(3) K dm’mol’s® kI mol® mor'K™
Second e 27815 0.00113(2) _ 31.5(9) -196(5)
reaction step 3/S 288.15  0.0064(3) Step 2
225 nm 0.000124(4) 298.15  0.0188(1) AH/  AS [ J
370 nm 0.000162(2) 308.15 _0.0313(4) ~_kJmol® mol’K™
31415 0.1008(7) _-7.1(4) _19.8(6)
-0.01 -
_ .
Z ®
<
< ®
-0.02 -
.
-0.03 . . .
0.003 00032 00034  0.0036
THIK?

Figure 3.19. Eyring plot for the oxidative addition of GHo (71).

B (¢) The reaction between [Rh(FcCOCHCOCF3)(CO)(PPhyRc)] (71) and CHal
monitored by *H and *'P NMR.
'H and®*P NMR were also used to follow the oxidative aduitreaction betwee(v1)
and CHI. During'H NMR, the methine (CH frons-diketone) and methyl (CHfrom

CHsl added) signals were used to follow the kineticthe reaction. No ferrocenyl peaks

were used to follow the reaction, due to extenprak overlapping.
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The'H NMR, as well as’P NMR spectra, allowed detection of the same tvemtien
steps that were observed during IR and UV studiduring *'P NMR, only the
phosphorus atom on the phosphine group is obsexvgiving doublets through coupling
with the rhodium center. As with compouidD), the PPhFc-complex, each PBRc
species was observed to have two isomers, indiestéddand B. In the first reaction step
the two isomers of the rhodium(l) starting comp{&h(l) A and Rh(l) B} react with
CHsl to form two observable isomers of the Rh(lll) @lkL species (A and B) in
equilibrium with the two isomers observed for the(IR) acyl 1 species (A and B). The
two isomers of the Rh(lll) alkyl 1 and Rh(lll) ac¥Ispecies disappear at the same rate as
the formation of two isomers of the Rh(lll) alkylspecies during the second step. Once
again, the Rh(lll) alkyl 2 species was shown tcstable in solution for up to a weekH
NMR-data was used to determine the equilibrium mg(K:), as indicated ifscheme
3.2], for the equilibrium between two isomers of theneaspecies, and is listed Tiable

3.13 The equilibrium amended reaction mechanismmnsmsarized inScheme 3.21

IERh'(FCCOCHCOCE)(CO)(PPIQRC)]A ——= [Rh/(FcCOCHCOCE)(CO)(PPhBRC)]s ] + CHgl

4 {kl

. [Rh" (FCCOCHCOCE)(PPRRC)(COCH)(1)] acyita
2

-~ Kc2

s

[Rh" (FcCOCHCOCE)(CO)(PPRRC)(CH)(1)] alkyira
[Rh" (FcCOCHCOCE)(CO)(PPBRC)(CHy)(1)] alkyi1n

[Rh" (FcCOCHCOCR)(PPBRC)(COCH)()] acyin

k3

|:[Rh”' (FCCOCHCOCE)(CO)(PPBRc)(CHs)(1)] A|ky.2AE% [Rh" (FcCOCHCOCER)(CO)(PPBRC)(CH)(1)] A.ky.2€|

Scheme 3.21.Reaction mechanism for the oxidative additiolCekl to (71).

Table 3.13. K.-values determined from non-overlapping peaks to(lIR-intermediate species.

Rh(1l1)- Equilibrium Average
species constant K
Alkyl 1 K 0.37
Acyl 1 Ke 0.47
Alkyl 2 Kes 0.85

The observed rate constants for the formation asapgearance of A and B isomers of
any species were, within experimental error, af@imd to be the same, again indicating
a fast equilibrium between the A and B isomers axfhespecies. Observed rate data is
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summarized inTable 3.14 During*'P NMR studies, the Rh(lll) acyl peaks, as well as
one of the Rh(lll) alkyl 1 peaks, proved too sntalbe used accurately for following the
reaction kinetics. Once again, only four data fmimere obtained for the first reaction
step, due to long acquisition times required taba usablé’® NMR spectrum. This

made accurate determinations of rate constanisuliff

Table 3.14. Kinetic rate constants for the NMR-monitored teatbetweer(71) and CHI at 25 °C.

*Ip NMR "H NMR
Isomer 33 P/ k1 3'H CH ke 8'H CH, k1
ppm / dm’mol’s? / ppm / dm’mol’s? / ppm / dm’mol’s?
Step 1
Rh(l) A 42.60  0.007(5) 6.08 0.011(1) - -
Rh(l) B 4139  0.008(6) 6.06 0.010(1) - -
Alkyl 1 A 31.00 0.014(5) 6.04 0.026(2)
Alkyl 1B 30.60 - 6.02 0.016(2) 1.35 0.018(2)
Acyl 1 A 35.58 - 6.12 0.015(2) 3.10 0.011(3)
Acyl 1B 33.81 - 6.10 0.015(1) 3.00 0.013(2)
Step 2
8P/ ks 8H CH ks 8"H CH;, ks
ppm /s! / ppm /s! / ppm /s!
Alkyl 1 A 31.00  0.0003(1) 6.04 0.00032(3)
. 0.00038(4
Ayl 1B 30.60 : 602  o0o003i(1) P @
Acyl 1 A 35.58 - 6.12 0.00029(4) 3.10 0.00034(3)
Acyl 1B 33.81 - 6.10 0.00070(1) 3.00 0.00034(2)
Alkyl 2 A 24.47  0.0004(1) 5.52 0.00025(1) - -
Alkyl 2 B 22.08  0.0002(1) 5.50 0.00032(1) - -

C Summary of kinetic data obtained by various spectroscopic techniques.

Kinetic data, obtained from various spectroscopithhiques for the oxidative addition
reactions of rhodium complexes containing metahecphosphines,
[Rh(FCCOCHCOCE)(CO)(PPhFc)] (70) and [Rh(FcCOCHCOGHCO)(PPhARCc)] (71),
are summarized iffable 3.15 as well as literature valuésfor the similar non-
metallocene phosphine complex [Rh(FcCOCHCEQEFO)(PPR)] (29). Very good
agreement was found between results obtained Wgrelift spectroscopic techniques.
Only 3P NMR data for the first reaction step)(lshowed a small deviation from-k
values determined by other techniques. This istdueo few data points obtained, as
discussed earlier. Despite this, the kinetic détained by**P NMR are still considered
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mutually consistent with those obtained by othehtéques. A deviation of less than one

order of magnitude was observed.

Table 3.15. Average kinetic rate constants, obtained by werigpectroscopic techniques, for compounds
(29), (70) and(71).

Compound [Rh(FCCOCHCOCF3)(CO)(PPhy)] (29) =
TSI kol st s Kol st
uv 0.0060(1)  0.0005(1)  0.00017(2)  0.000004(1)
AH" / kJ mol® 29(3)
AS /J mol'’K™ -188(9)
Compound [Rh(FCCOCHCOCF3)(CO)(PPhFc)] (70)
Method drfmols? ko/st ks/ st kol st
IR 0.0073(6)  0.00003(2)  0.00011(4)  0.000002(1)
uv 0.0081(4)  0.00002(3)  0.00013(3)  0.000003(1)
'H NMR 0.0070(4) - 0.00013(2)  0.000005(1)
3p NMR 0.0020(6) - 0.00018(5) -
AH" / kJ mol" 19.1(2)
AS /J mol'’K™ -197(1)
Compound [Rh(FcCOCHCOCF3)(CO)(PPh,RCc)] (71)
k! ] _ _
Method dm3mlo gt kq/st ky/s* kel st
IR 0.012(3) - 0.00014(4) -
uv 0.018(1) 0.00015(3) 0.00014(1) -
'H NMR 0.015(9 - 0.00036(2) -
*p NMR 0.008(6) - 0.00029(3) -
AH" / kJ mol* 31.5 (9)
AS /J mol'K™ -196(5)

The rate constants for reductive elimination (reeeneaction, k) could be measured for
compounds(70) and (71), although it was found to be very small. In these of
compound(29) the rate of the reverse reaction was approxima&ely of the forward
reaction. In contrast, the rate of the reversetie@a was found to be 0.4 % and 1.1 % of
the forward reaction respectively f6r0) and (71). This approaches zero, and can be

considered to have no significant influence onaberall reaction.

In general an increase in electron density on te&ahtenter leads to an increase in the

rate of oxidative addition (se€hapter 2, Section 2.6.). Considering the group
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electronegativities of the different phosphine s$ilsnts, it was expected that both
compoundq70) {yr(Fc) =1.87} and(71) {yr(Rc) =1.99} would show larger;kvalues

than compound?29) {yr(Ph) =2.21}. The krate constant fof70) was 1.2 times larger
than that of(29), and 2 times larger fo(71). However, there is no simple linear

relationship between landyg.

Large negative\S -values for the kstep were obtained for bof0) and(71), indicating

an associative mechanism for both, with a posshree-centered transition state. The
Rh(l1) alkyl 1 and Rh(lll) acyl 1 species were falito exist in a fast equilibrium, which
is only possible when the GHind CO groups are in@s configuration to each other.
This configuration is most probable from the coflef a three-centered transition state.
Due to the fast equilibrium observed we do not tawbe argument that the Rh(lll) alkyl
1 species could have undergone isomerization tdyme the suitableis configuration

for CO migration, but with the present evidenceocaenot exclude this possibility.

It is clear from the NMR results that at least tigomers of each species exist in
equilibrium with each other, and react at the saate. All the different spectroscopic
techniques also show that a fast equilibrium existsveen the Rh(lll) alkyl 1 and Rh(lll)
acyl 1 species. All evidence thus indicates the teaction between GHand
[Rh(FcCOCHCOCE)(CO)(PPhFc)] (70) follow the same reaction mechanism as that
proposed by Conradiet al. for the similar [Rh(FCCOCHCOGKCO)(PPh)] (29), see
Scheme 3.22° For [Rh(FcCOCHCOGH(CO)(PPhRc)] (71)the main difference to this
mechanism is the absence of a third reaction ste&p,the reaction ending at the Rh(lll)

alkyl 2 speciesi.e. ks = 0.
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I:[Rh'(FCCOCHCOCE)(CO)(PPPQR)]A Koo [Rh'(FcCOCHCOCE)(CO)(PPhR)]B:I + CHal

. [Rh" (FcCOCHCOCR)(PPBR)(COCH) ()] Acyi1a
2
—2~ Keal b

Kead b ——
k2 | [RN" (FcCOCHCOCR)(PPRR)(COCH:)(] acyns

[Rh" (FcCOCHCOCE)(CO)(PPBR)(CHs)(1)] alkyiza
[Rh"' (FcCOCHCOCR)(CO)(PPBR)(CH)(1)] akyl18

1
k.3 =0 k3
'
[[Rh“'(FcCOCHCOCE)(CO)(PPrzR)(crb)(l)]A.ky.ZA f% [Rh"'(FcCOCHcoca(CO)(PPaR)(CHe)(I)]Alkylzs]

1

k_4 =0 k4

/
Ke

|:[Rh'” (FCCOCHCOCE)(PPBR) (COCH)(1)] acyiza ——=[Rh" (FECOCHCOCE)(PPRR) (COCH%)(I)]AcyIZB]

R = Fc, Rc (For Rc, 4= 0)

Scheme 3.22.Overall reaction mechanism for the oxidative &ddiof CH;l to rhodium complexe70)
(R =Fc), and71) (R = Rc).

3.3.1.3. Rhodium(l) Complexes with Fluorinated Phosphines

A (a) The reaction between [Rh(FcCOCHCOCF3)(CO){PPhy(CsFs)}] (72) and CHal
monitored by IR.

In contrast to the metallocene phosphine complgx83 and (71), which were very
electron-rich, the rhodium(l) complexes of the fimated phosphines discussed in this
section were chosen to be all electron-poor. Was done to highlight any mechanistic
differences that may be obtained as a functionhafsphine-rhodium electron density.
The IR spectra for the reaction betwg@g) and CHI at 25 °C shows only one reaction
step, as illustrated iRigure 3.2Q The reaction takes place at a much slower frete t
that observed with above mentioned metalloceneagming compounds, and has a half-
life of approximately 30 minutes at a methyl iodmncentration of 1 M (the for (71)
was 39 seconds at the same methyl iodide concem)at The IR data shows the
disappearance of the Rh(l) starting compound (1@94'), together with the
simultaneous formation of a Rh(lll) acyl speciega8 cm'). A very small amount of a
Rh(l1) alkyl species is observed at 2071 %nbut too little to be quantified. For both
Rh(ll1) alkyl and Rh(lIl) acyl species two peaksr@@bserved by IR, indicated as A and

B. This was the first instance where it was pdssib identify the two isomers by any
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other spectroscopic technique tHBhNMR. Since an alkyl species is necessary ieord
to undergo carbonyl insertion to form an acyl spgcit is clear that as soon as the alkyl
species forms, it immediately transforms fast te #tyl species. This observation is
consistent with a fast equilibrium between the RRBtarting compound and the Rh(lll)
alkyl species, with the formation of the Rh(lll)yhspecies being the rate determining
step. This is summarized i8cheme 3.23 The equilibrium for Kk.; is proposed
because even after 20 hours, a significant amotiRhgl) species is still visible in
solution, with no further concentration change beabserved. In addition, the/k;
equilibrium lies very far to the right because Rig(lll) alkyl species is only detected in

very low concentrations, and the Rh(lll) acyl spsalominates.

0.15 4 Rh(l)l{\ 0_15:

(0]
IE
8 0104
o
3
(\ < Rh(lll) -acy
0.05 <
3 0.10 4
C
I Rh(I)
2 0.01 v v
+ CH3| g 0 500 1000
< Time / min

0.05 A1

-0.01 +
2150 2050 1950 1850 1750 1650
1

Wavenumber / cm -~

Figure 3.20. IR-specta of the oxidative addition reaction betw CHI and(72), recorded between 1 and
1200 mins.

Rh(I) phosphine + CHal Rh(ll) alkyl Rh(Ill) acyl

Scheme 3.23.The oxidative addition reaction betweenL{&hd(72).

The observed rate of reaction was found to showst&drder dependency on the ¢H

concentration. Thus, pseudo first-order conditiff@ sl] >> [Rh(I) phosphine]} were
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utilized to calculate the reaction parameterand k.. The rate constants for the reaction

monitored by IR spectroscopy at 25 °C are summaiiz&able 3.16

Table 3.16. Rate constants for the IR-monitored reaction ketw{72) and CHI at 25 °C.

Kz
Rh(l) disappearance 0.00032(1)
Rh(lll)-acyl formation 0.00037(1)

A (b) The reaction between [Rh(FcCOCHCOCF3)(CO)(PPhx(CeFs))] (72) and CH3l
monitored by UV.

The reaction between [Rh(FCCOCHCQEEO)(PPR(CsFs))] (72) and CHI, when
followed by UV, showed also just one reaction stdpate constants obtained for this
reaction corresponded well with the rate constabtained by IR. The reaction showed
an increase in UV absorbance at 530 nm, as shoWwigure 3.21 Rate constants were
obtained under pseudo first-order conditions witkthgl iodide concentrations between
0.01 and 0.15 M, and are summarizedable 3.17
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0.00006 4
0.2 1
Q
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14 8 -
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Figure 3.21. (a) UV time trace of the oxidative addition reacticetween CHl and(72). (b) Graph of ks
vs. methyl iodide concentration for the reaction betw€Hl and(72).

A temperature study was also carried out at 530dmorder to determine the activation

parametersAH™ and AS, according to the Eyring relationship. The terapare was
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varied between 15 and 41 °C. Due to the long i@atimes, difficulty was experienced
in controlling the temperature at 5 °C, and codddst not be used in the temperature
study. The linear relationship for the oxidatiklrion reaction of Chl to (72) is shown

in Figure 3.22 and activation parameters are summarizéthinie 3.17
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Figure 3.22. Eyring plot for the reaction betwe€r) and CHl.

Table 3.17. Kinetic rate constants and activation paramdtarshe UV-monitored reaction betweér?)
and CH.

Wavelenght ki / k,/s? T/ ky/ AH"/
dm’mol?s® K dm’mol*s? kJ mol*
530 nm 0.00038(1)  0.0000019(9) 288.15  0.000717(3) 13.3(2)
298.15  0.000544(2) AS |
308.15 0.000736(3) J mol'’K™
314.15  0.001714(4) -197(5)

A (c) The reaction between [Rh(FcCOCHCOCEF3)(CO)(PPh,(CsFs))] (72) and CH3l
monitored by *H and *°F NMR.

'H and'*F NMR were used to follow the oxidative additioracon betweer{72) and
CHsl. For'H NMR measurements, the methine (CH frprdiketone) and methyl (CH
from CHsl added) signals were monitored to follow the kiceetof the reaction. No
ferrocenyl peaks were used to follow the reactdre to extensive peak overlapping in
the ferrocenyl region. For tHéF NMR study, peaks from the @Broup were used, as

well as lone standing peaks from theKgJ}-region {.e. peaks that did not overlap). The
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'H NMR, as well ag®F NMR spectra (showed ifigures 3.23and3.24), followed the
same reaction path observed during IR and UV ssudigdditionally, each species also

showed two isomers, indicated as A and B.

Rh(l) Bl
Rh(l) Al
t=0 min
Rh(l) B
Acyl-1 A
Acyl-1 B T
Rh(l) Al T
t=216 min — /‘A
Acyl-1 A
Acyl-1 B Acyl-1 A
t = infinite : ‘ : ‘ : : :
6.2 6.1 ppnm 3.1 3.0 2.9 ppmr

CF;-peak: (CgFs)-peak:

‘ Rh(l) Ai ‘ ‘ l t=0 min
Rh(1) Bl

Figure 3.23. 'H NMR spectra for the reaction between £ldnd (72), at times 0 (top), 210 and 840
(bottom) minutes.

L .L ) k j
l l t=102 min

'
| |
N, MMJ

Acyl A t=612 min

il

\ T \
ppn - ppr  -158 -160 ppr

Figure 3.24. 19F NMR spectra for the reaction betweenCHnd (72), at times 0 (top), 102 and 612
(bottom) minutes.
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The spectra show the disappearance of the two uhii isomers {Rh(l) A and Rh(l)
B}, together with the formation of two observabs®imers of the Rh(lll) acyl species (A
and B). The observed rate constants for the foomaind disappearance of A and B
isomers of any species were again found to beahmee swithin experimental error, again
indicating a fast equilibrium between the A and ®mers of each species. The
equilibrium constant (k) between the two acyl isomers was also determiaad, is
listed inTable 3.18 The reaction mechanism can be summarized asatediecnScheme
3.24 Observed rate data are summarizetiahle 3.18

|:[Rh'(FCCOCHCOCE)(CO)(PPQ(CG&))]A f— [Rh'(FCCOCHCOCE)(CO)(PPIQ(CGFS))]B:| + CHgal

4 {kl

Ke
[ [RA" (FeCOCHCOCR(CO)PPH(CHF)(CH M atot 4 === [RR' (FeCOCHCOCE(CO)(PPA(CEFs)(CHI (] att

kz||kz

[[Rh'“(FccocHcocné)(PPrk(cer))(cocrb)(l)]Acy| S [Rh"'(FcCOCHCOCE)(PPQ(CGF5))(COC|—5)(I)]Acy|B:I

Scheme 3.24.Reaction mechanism for the oxidative additiolCekl to (72).

Table 3.18. Kinetic rate constants for the NMR-monitored teatbetweer(72) and CHI at 25 °C.

1

T H NNJR Average
Isomer §'HCH Ky 3"H CH; Ky K

/ppm /[ dnPmol’s? /ppm /[ dmPmol’s? ¢z
Rh(l) A 6.15 0.00030(1) - - 0.36
Rh(l) B 6.13 - -
Acyl A 6.10 3.05 0.00025(2)
Acyl B 6.09 0.00026(1) 2.09 0.00025(2) 0.39

F NMR

8 CR; ky/ 3(CgFs) ky / 3(CgFs) ky/ 3(CgFs) ky /

/[ppm dnfmol’s® /ppm dnPmol’s®  /ppm dnfmol’s® /ppm  dnPmol’s?
Rh(l) A -73.8 0.00024(1) -124.3 0.00026(1) -149.8 0.00028(1) -161.1 0.00030(1)
Rh(l) B -75.1 0.00031(1) -125.5 0.00028(1) - - - -
Acyl A -73.6 0.00030(1) -126.6 0.00028(1) -145.5 0.00028(1) -158.1 0.00030(1)
Acyl B -73.7 0.00030(1) -127.4 0.00028(1) - - -157.7  0.00030(1)
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B (@) The reaction between [Rh(FcCOCHCOCF3)(CO)(PPh(CsFs)2)] (73) and CHal
monitored by IR.

The IR spectra of the reaction betwd&8) and CHI at 25 °C (shown irFigure 3.25,
shows only one reaction step, similarly to the axice addition reaction of72), as
discussed above. The reaction takes place ateamsower rate, with a half-life of more
than 18 hours at a methyl iodide concentration oM1 The IR data shows the
disappearance of the Rh(l) starting compound (2@d6Y), together with the
simultaneous formation of a Rh(lll) acyl specie§41 cm'). A small amount of a
Rh(lIl) alkyl species is observed at 2077 trbut very little. The reaction mechanism
must consist of a fast equilibrium between the Rb{@rting compound and the Rh(lIl)
alkyl species, since an alkyl species is necessavgder to undergo carbonyl insertion to
form an acyl species. This is followed by the fation of the Rh(lll) acyl species as the

rate-determining step.
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Figure 3.25. IR-spectra of the oxidative addition reactionvitn CHI and(73), recorded between 1 and
12 000 mins.

The observed rate of reaction was determined umpdeudo first-order conditions
{[CH l] >> [Rh(I) phosphine]}, at 25 °C, and the ratenstants are summarized Tiable

3.19
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Table 3.19. Kinetic rate constants for the IR-monitored reacbetweer(73) and CHI at 25 °C.

K1
Rh(l) disappearance 0.000015(1)
Rh(lll)-acyl formation 0.000009(2)

B (b) The reaction between [Rh(FcCOCHCOCF3)(CO)(PPh(CsFs),)] (73) and CHal
monitored by UV.

The reaction between [Rh(FCCOCHCQEEO)(PPh(GFs)2)] (73) and CHI showed
only one reaction when followed by UV, as showrFigure 3.26 Rate constants were
obtained under pseudo first-order conditions witkthgl iodide concentrations between
0.017 and 0.18 M, and are summarizedTable 3.20 An increase in absorbance,
measured at 500 nm, was used to interpret thetses®ate constants obtained for this
reaction corresponded well with the rate constabtained by IR for the disappearance

of the Rh(l) starting compound and formation oftgIR) acyl species.

(a) (b)
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Figure 3.26. (a) Time-based UV/vis spectra for the oxidative additreaction between GHand (73).
(b) Graph of kysvs. methyl iodide concentration for for the reactia@ivieen CHl and(73).

A temperature study, carried out at 500 nm, wadd usedetermine the activation

parametersAH™ and AS, according to the Eyring relationship. The terapaie was
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varied between 15 and 41 °C. Due to the long i@atimes, difficulty was experienced
in controlling the temperature at 5 °C, and couddst not be used in the temperature
study. The linear relationship for the oxidatiklion reaction of Chl to (73) is shown

in Figure 3.27 and activation parameters are summarizéehisle 3.20
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Figure 3.27. Eyring plot for the reaction betwe€r3) and CHI.

Table 3.20. Kinetic rate constants and activation paramdtarshe UV-monitored reaction betweén3)
and CH.

Wavelenght ki / k,/st T/ ky/ AH"/
dm’mols? K dm’mol™s? kJ mol*
500 nm 0.0000103(7) _ 0.00000047(7) 288.15 _ 0.000014(1) 11.9(7)
298.15  0.000016(1) AS [

308.15 0.000017(2) _J molK™*
314.15  0.000019(1)  -197(4)

B (c) The reaction between [Rh(FcCOCHCOCF3)(CO)(PPh(CeFs)2)] (73) and CH3l
monitored by *H and *°F NMR.

'H and'F NMR was used to follow the oxidative addition aéen between(73) and
CHal (Figures 3.28and3.29. The methine (CH frorfi-diketone) and methyl (CiHrom
CHsl added) signals were used durift NMR to follow the reaction. Peaks from the
CFs; group were used duringF NMR, as well as selected peaks from th&sGegion
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that could uniquely be identified and were frearfroverlapping by neighbouring peaks.
The 'H NMR, as well as®F NMR spectra followed the same reaction path oleser

during IR and UV studies, similarly to the reactimechanism observed for compound

(72). Each species also showed two isomers, A and B.
l Rh(l) B

W

T Acyl B
] Acyl A
t =30C0 min

Acyl A 4

T T T T T T 1
6.25 6.20 6.15 6.10 6.05 6.00 5.95 ppn 3.2 31 30 29

t =100(0 min /JMMM

J@cyl B
2.\ s T T 1

2.7 2.6 ppm

T T T T T T T 1T T T T T T T T 1
6.25 6.20 6.15 6.10 6.05 6.00 5.95 ppm 3.2 3.1 3.0 2.9 2.8 2.7 2.6 ppm

Figure 3.28 'H NMR spectra for the reaction between {LBind (73), at times 0 (top), 3000 and 10000
(bottom) minutes.
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Figure 3.29. F NMR spectra for the reaction between Ckhd (73), at times 0 (top), 6000 and 11100
(bottom) minutes.
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The reaction showed the disappearance of the tadiuwm(l) isomers {Rh(l) A and Rh(l)
B}, together with the formation of two observabs®imers of the Rh(lll) acyl species (A
and B). The observed rate constants for the foomaand disappearance of A and B
isomers of any species were again found to be #mees within experimental error,
indicating a fast equilibrium between the A antgs8mers of each species. The reaction
mechanism can be summarized as indicateBdneme 3.25 Observed rate data are

summarized imMable 3.21

I:[Rh'(FcCOCHCOCE)(CO)(PPh((gF5)2)]AE—c_‘ [Rh'(FcCOCHCOCE)(CO)(PPh(@Fg,)z)],{I + CHgl

q {kl

[ (RN (FCCOCHCOCE(CO)PPN(GFSI(CH N akyin <= [RN" (FECOCHCOCR(CO)PP(GF(CH( At |

k_zw Lkz

[ (RA" (FeCOCHCOCH(PP(GF)COCH] sy =2 RN (FeCOCHCOCH(PPh(GF)2) COCH()] acys |

Scheme 3.25.Reaction mechanism for the oxidative additiolCekl to (73).

Table 3.21. Kinetic rate constants for the NMR-monitored teatbetweer(73) and CHI at 25 °C.

'H NMR

Isomer  §'HCH ky / 8'H CH; Ky / AveKrage

/ppm  dm’mol’s®  /ppm  dm’mol’s® ¢
Rh(l) A 6.14  0.000010(4) - 0.66
Rh(l) B 6.11  0.000008(3) -
Acyl A 6.17  0.000016(3) 3.00 0.000017(7) 0.09
Acyl B 6.15 - 2.80 0.000016(2)

F NMR

5 CR ky/ 3(CsFs) ki / 3(CeFs) ky/ 3(CsFs) Ky /

/ppm dnmol’s® /ppm dnfmol’s’ /ppm dmfmol’s® /ppm  dnfmol’s’
Rh(l) A -73.7 0.00001(1) -126.3 0.00001(1) -147.6 0.00001(1) -159.5 0.00001(1)
Rh(l) B -75.1  0.00001(1) - - -147.8  0.00001(1) -158.6 0.00001(1)
Acyl A -74.2 0.00001(1) -129.9 0.00001(1) -144.9 0.00001(1) -158.3 0.00001(1)
Acyl B -73.9 -127.7  0.00001(1) -45.2  0.00001(1) -158.9 0.00001(1)

C Thereaction between [Rh(FcCOCHCOCF3)(CO)(P(CsFs)3)] (74) and CHl.

A possible reaction between [Rh(FCCOCHCQYQEO)(P(GFs)s3)] (74) and CHI was
searched for by IR anftH NMR techniques. Both experiments showed conchigithat
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no reaction takes place over 7 days at 25°C andthyiiodide concentration of 0.1 M.
Figure 3.30 shows the'H NMR spectra of(74) and 0.27 M CHl in a chloroform

solution immediately after CfHaddition (top), and after 4 days (bottom).
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Figure 3.30. 'H NMR spectra of74) and CHI immediately after mixing (top), and after 4 dayssolution
(bottom).

D Summary of kinetic data obtained by various spectroscopic techniques.

Kinetic data obtained from various spectroscopahmeques for the oxidative addition
reactions of rhodium complexes containing fluorat phosphine ligands, [Rh
(FCCOCHCOCE)(CO)(PPh(CsFs))] (72) and [Rh(FCCOCHCOGHHCO)(PPh(GFs)2)]
(73), are summarized iable 3.22 Rate constants obtained by different spectrascop
techniques were mutually consistent. It is knowat ta decrease in electron density on
the metal center leads to a decrease in the ratidative addition (as discussed in
Chapter 2, Section 2.6.). Considering the increase in group electrongeges of the
phosphine ligand as additionakig groups are added, it was expected that the rate of
oxidative addition would decrease in going fr¢r2) to (73) and(74). This was indeed
the case. Complefr3) reacted almost 40x slower théfR), and(74) were found not to

undergo oxidative addition at all.
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The rate of reductive elimination (reverse reactlog) for compound£72) and(73), was
found to be 0.6 % and 4.4 % of the forward reactespectively. For compoun(d?2),
this can be considered insignificant, but f@8), the rate of the forward reaction becomes
so slow that the small rate of the reverse reaatanm have a significant influence. For

(74), the reductive elimination reaction must compietEminate.

Table 3.22. Average kinetic rate constants obtained by varigpectroscopic techniques for compounds
(72) and(73).

[Rh(FCCOCHCOCF 3)(CO)(PPhy(CeFs))]

Compound (72)
Method ky / dnPmol™s™* ko/st

IR 0.00031(4) -

uv 0.00038(1) 0.0000019(9)
'H NMR 0.00027(3) R
F NMR 0.00029(7) -
AH" / kJ mol* 13.3(2)
AS /J mol'K™ -197(5)
Compound [Rh(FcCOCHCOC(;;))(CO)(PPh(CgFE,)Z)]
Method ky / dnPmol’s® ko/st

IR 0.000011(2) -

uv 0.000010(1) 0.0000005(1)
'H NMR 0.000014(2) -
F NMR 0.000010(1) -
AH" / kJ mol* 11.9(7)
AS / J mol’K™? -197(4)
Compound [Rh(FCCOCHCOCF5)(CO)(P(CeFs)3)]

(74)

Method ki / dmPmol’s? k,/s*

IR 0 0
'H NMR 0 0

Large negative\S -values were obtained for botfi2) and(73), indicating an associative
mechanism for both. It is clear from the NMR résuhat at least two isomers of each
species exist in equilibrium with each other, aedct at the same rate. All the different
spectroscopic techniques also showed a fast equitibbetween the Rh(l) starting
compound and the Rh(lll) alkyl species, followed the rate-determining carbonyl
insertion step to form the Rh(lll) acyl specieshisTindicates that the reaction between

CHsl and (72) or (73) is a special case of the reaction mechanism pegpbyg Conradie
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et al,*® for [Rh(FcCCOCHCOCH(CO)(PPh)] (29), with the exception that no Alkyl-2 or
Acyl-2 species is observed. This means that tkee ganstants that generate them are

zero. The modified reaction mechanism is summdiiz&cheme 3.26

|:[Rh'(FCCOCHCOCE)(CO)(PPh(Cer)g_n)]A: [Rh'(FCCOCHCOCE)(CO)(PPm(CgF_r,)?,_n)]B:I + CHal

1
kol [k

J

Ke
[[RR" (FeCOCHCOCE)(CO)PPR(CeFe)a ) (CH (] atgia ~— (RN (FECOCHCOCE(CO)(PPR(CoFs)a.n(CHa) N akye |

K| ks

Ke
[[Rh'"(FccocHcoca(PPm(cer)s.n)(cocrg)(l)] peyia ~= [RH" (FeCOCHCOCE)(PPH(CeFe)an)(COCH:)()] Acle]

Scheme 3.26.0verall reaction mechanism for the oxidative &ddiof CHsl to rhodium complexeér2) ,
with n = 2, and73), with n = 1, containing fluorinated phosphines.

3.3.1.4. Conclusion

All complexes investigated as possible oxidativdi@mh catalysts possess very similar
chemical structure, [Rh(FCCOCHCOGEO)(phosphing, with large electronic
differences present in the phosphine ligands. sltthus possible to compare the
complexes containing metallocene phosphines {[RBECHCOCE)(CO)(PPhMc)]
with Mc = Fc(70) (xg = 1.87) or Rq71) (xg = 1.99)}*° and fluorinated phosphines {[Rh
(FCCOCHCOCR)(CO)(PPR(CsFs)3-n)] with n = 2(72), 1 (73) or 0 (74), (xph = 2.21,
Y(C6F5) = 2.46)}'® on the basis of group electronegativity. A graplthe rate of reaction
vs the sum of group electronegativity for the phasplsubstituents is shown kigure
3.31 An approximately linear relationship seems tsteketween rate of reaction and
total group electronegativity for the phosphinaltid, with a maximungr of 7.1 before
the rate of oxidative addition becomes insignificaifhe rate of reaction fqf70) does
not conform to the linear relationship shownHFigure 3.31, and can be considered an

anomaly.
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Figure 3.31. Graph showing the relationship between grouptedeegativity §g) and rate of reaction.
(With R', R", R™ = phosphine side groups.)

3.3.2.Substitution Reactions

Having studied some of the factors that controldative addition to rhodium(l)

complexes, it was decided to investigate an asgfemuibstitution reactions involving the
rhodium(l) center. Oxidative addition is of impamte to catalysis, while substitution

reactions plays a key role in the anti-cancer pitogeof rhodium(l) complexes.

The substitution reaction of the rhodium complei@b(a-TTF-Sacac)(cod)[75) and
[Rh(B-TTF-Sacac)(cod)](76) with 1,10-phenanthroline in methanol as solvenasw
studied by stopped-flow techniques. The reactigh W,10-phenanthroline proceeds, as
shown inScheme 3.27with the replacement of tifediketone to form [Rh(cod)(pher)]
(89). Results will highlight the influence of the posin of B-diketonato substituents on
rates of-diketonato substitution.
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Scheme 3.27. The substitution reaction of75) and (76) with 1,10-phenanthroline, to give
[Rh(cod)(phen)] (89).

The UV spectra of(75) and (76), as well as their substitution reaction product,
[Rh(phen)(cod)], are shown irFigure 3.32(a andc). The linear relationship between
the absorbance and concentration for H@%) and (76), also shown irFigure 3.32 (b
andd), confirms the validity of the Beer Lambert law footh these complexes. Molar
extinction coefficients were determined at expentakwavelengths where substitution
was monitored, and these are summarizelhinie 3.23

Table 3.23. Molar extinction coefficients gf for Rh(TTF-Sacac)(cod)] complexes at indicated
experimental wavelengths.

Complex Aexp/ NM ¢/ dm’ mol™ cm™
(75) 240 2024(12)
(76) 490 1865(13)
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Figure 3.32. (a) UV spectra of(75) and [Rh(phen)(cod)](89) (bold line) in methanol at 25°C(b)
Linear graph of absorbances concentration of(75) at 240 nm. (c) UV spectra of (76) and
[Rh(phen)(cod)] (89) (bold line), under similar conditions.(d) Linear graph of absorbances

concentration of76) at 490 nm.
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The rate constants were obtained by following thvenftion of [Rh(cod)(phen)jat 240
nm for compound75), and 490 nm for compour{@6). Pseudo-first-order rate constants
were obtained by utilizing a 5 to 500 fold exce$sld0-phenanthroline over Rh(l)
reactantg75) and(76). 1,10-Phenanthroline pseudo first-order lineatphre shown in
Figure 3.33 (a andc). Second-order rate constants)(lwere obtained according to
Equation 3.3 by measuring observed rate constantsy(lat varied 1,10-phenanthroline
concentrations and at different reaction tempeests - 41°C). Values obtained from
the temperature variation were used to determireatitivation parameters graphically
according to the Eyring equation, as shownFigure 3.33 (b andd). Results are
summarized imable 3.24

Rate = (k + k> [phen]) [Rh(TTF-Sacac)(cod)]
= kps[RN(TTF-Sacac)(cod)] with k= ke [phen] + k Equation 3.3

Very large second-order rate constants were olataioe both compounds, witli76)
having a second-order rate constant approximatlyple to that o{75). Although this

is not a very large difference, it is significamdandicates that the position of bulky side-
groups can influence the rate of substitution east In the case ¢¥6), the very bulky
TTF-side group is positioned on the terminal carbbthe p-diketone, and less likely to
interfere with attacking nucleophiles on the rhadfl) center. In the case ¢75), the
bulky group is positioned much closer to the rhadicenter, and more likely to protrude
above the square-planar plane of the rhodium cerif@is can offer steric interference
with attacking incoming nucleophilic groups, andeo$ a possible explanation for the

slower reaction rate.

Another notable observation is a\alue of 42 ¢ for the substitution reaction ¢76)

with 1,10-phenanthroline. This indicates a solveathway as alternative route towards
the reaction product. This rare observation hah lmbserved in only a few other cases,
and usually is associated wifhdiketonato ligands having phenyl substituents. e Th
likelihood of a bidentate ligand likgdiketones being replaced by a monodentate solvent

molecule, here methanol, is low; hencevklues, if observed, are usually very small
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compared to the kvalue. For the present study involvifi$), ks is very large. It means
even at 1,10-phenanthroline concentrations as &sgh.024 mol dif (a 300-fold excess

over (76)), still more than half of the substituted prod(82) is generated by the solvent

pathway.
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Figure 3.33. {(a) and (c)} Graphs of pseudo first-order rate constantsg(kvs concentration 1,10-
phenanthroline fo(75) (graph(a)) and(76) (graph(c)), at 25°C. {b) and(d)} Eyring plots of In (K/T) vs
T for (75) (graph(b)) and(76) (graph(d)), measured at temperatures ranging from 5 - 41°C.
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Table 3.24. Second-order rate constants)(kas well as activation parameters for substitutieactions
measured at given wavelengths.

Aexp ! ko / ks / AH™ / AS /
Complex r?;rpl dm® mol? s? s?l J mol* J Kt mol?
(75) 240 1051(8) 0 90(5) ~197(1)
(76) 490 2028(90) 42(3)  65(7) 197(1)

From the slope and intercept of the Eyring pls®& andAH™ were determineddhapter

2, Section 2.6. A large negativeAS value for both(75) and (76) indicates that
substitution proceedda an associative mechanism, as showBdheme 3.28 The first
rate-determining step consists of association ef kf10-phenanthrolingia one of its
nitrogen atoms, forming a five-coordinate transitgtate species. Secondly, breakage of
one of thep-diketonato rhodium-oxygen bonds occurs, togethigh Wwond formation
towards the uncoordinated nitrogen atom of 1,1phthroline, forming another five-
coordinated transition species. This quickly disstes to form [Rh(cod)(pheri)as
product and liberates tHediketonato anion. It has been shown before ihathe first
step, bond-breakage occurs at the oxygen atom hattaco the more electron-
withdrawing side-group (as discussed Gimapter 2). Thus it can be assumed that
oxygen bond-breakage occurs at the O atom closgbetCH group in(76). For(75),
oxygen bond-breakage can occur at either of the éguivalent O atoms due to its

symmetric substitution pattern.
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Scheme 3.28. Schematic representation of the associative nméstma of substitution of [Rh(TTF-
Sacac)(cod)] complexes with 1,10-phenanthrolinéae direct route (top) is valid for boi{f75) and (76),
while the solvent route (bottom) is only applicatd€76). TTF = tetrathiafulvalene.

3.4. Crystal Structure Determinations
3.4.1.1-Ferrocenyl-3-osmocenylpropan-1,3-dione (7)

Mr. M.J. Janse van Rensburg, from the Departme@hamistry at the University of the

Free State, is acknowledged for determining theglsincrystal structure of
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FcCOCHCOOCc(7). Refinement of the crystal structure proved unsessful to date, and
requires the crystal data to be recollected. Apective view of the unrefined structure
of (7) is shown inFigure 3.34

Figure 3.34.A perspective view of FcCOGE00c(7). Hydrogen atoms are omitted for clarity.

3.4.2.Ruthenocenyldiphenylphosphine (65)

Mr. M.J. Janse van Rensburg, from the Departme@hamistry at the University of the
Free State, is acknowledged for determining andirsplthe single crystal structure of
PPhRc (65).

A perspective view of65) is shown inFigure 3.35 showing the numbering system for

atoms in the molecule. Crystal data is summariaethble 3.25 and bond lengths and

angles are given imable 3.26
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Figure 3.35.A perspective view of PBRc (65), showing atom labeling.

The crystal structure of PERc (65) shows that the P-atom has distorted tetrahedral
geometry. C-P bond angles deviates with up tofrkzfi the expected 109°28' angle for a
standard tetrahedron, with C(1)-P-C(11) 102.35%)&-C(21) 102.46° and C(11)-P-
C(21) 100.70°. The average bond distance of tleptwenyl ring C atoms attached to the
P atom is 1.834 A, while the C(1)-P bond to thénenbcene group is 1.812 A. This
indicates a stronger bond between the ruthenocemg gand the P atom compared to
bonds to the phenyl rings due to the better elaetlanating abilities of the ruthenocene
group {yr (Rc) = 1.99,xr (Ph) 2.21}. The same tendency was also obsemeithd
crystal structure of PRRc (13).*’

The average C-C bond length in the phenyl rings384 A, which is comparable to the
normal value (1.394 A) for the aromatic C-C bdfdThe average bond angle in the
phenyl rings is 120.3° as expected, with the exorpdf the C atom attached to the P
atom, which is distorted as follows: C(26)-C(21€) = 118.3°, C(12)-C(11)-C(16) =
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118.2°. The average bond distance in the arorogtiopentadienyl rings differs for the
two ruthenocenyl rings, which was also observedHercrystal structure of PEHc (13).
The C-C bonds in the top ring (1.427 A), attachethe P atom, is on average 0.021 A
longer than the C-C bonds in the unsubstitutedopeantadienyl ring (1.406 A). This can
be ascribed to donation of electron density towahnesP atom, which increases the P-C

bond length but decreases the C-C bond lengtheeining.

The cyclopentadienyl rings were found to be in alipsed conformation, with the two
The dihedral angédween the planes is 0.568°. The
distance between the cyclopentadienyl rings waseroeted at 3.6269 A, which is

rings approximately parallel.

comparable to, and falls between the known valoesuthenocene alone (3.68*Aand
for the similar bidentate ruthenocenyl compoundFR), (dppr)(17) (3.606 A)?°

Table 3.25. Crystal data and structure refinement(&5).

Empirical formula GoH160,PRU Theta range for data collectign 2.41 to 28.00°
i -18<=h<=18, -13<=k<=13,
Formula weight 415.41 Index ranges 15<=l<=15
Temperature 293(2) K Reflections collected 50798
Wavelength 0.71073 A Independent reflections ARXinf) = 0.0360]
Crystal system Monoclinic Completeness to thet8 8@ 100.0 %
Space group P2(1)/c Absorption correction None

Unit cell dimensions|

a=14.2986(7) A
b =10.4474(5) A
c=11.6886(6) A

Max. and min. transmission

0.9251 and 0.7761

o =90°
B =91.713(3)°
y = 90°
Volume 1745.30(15) B Refinement method Full-matrix least-squares orF
z 4 Data / restraints / parameters 4221/0/ 217
Density (calculated) 1.581 Mg/n® Goodness-of-fit on & 1.072
Absorption 1 . -~ . _
coefficient 0.989 mm Final R indices [I>2sigma(l)] R1 =0.0275, wR2 6110
F(000) 840 R indices (all data) R1 =0.0320, wR2G741
Crystal size 0.27 x0.12 x 0.08 mih | Largest diff. peak and hole 1.520 and -0.498 e:&
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Table 3.26. Bond lengths (A) and angles (°) {@&5), with standard deviation given in parentheses.

Atoms Bond Atoms Bond Atoms Bond
C(1)-C(2) 1.438(3) C(6)-H(6) 0.9300 C(13)-H(13) 300
C(1)-C(5) 1.441(3) C(7)-C(8) 1.397(4) C(14)-C(15) .385(4)

C(1)-P 1.812(3) C(7)-Ru 2.179(2) C(14)-H(14) 0.930(¢

C(1)-Ru 2.173(2) C(7)-H(7) 0.9300 C(15)-C(16) 1.6892
C(2)-C(3) 1.418(4) C(8)-C(9) 1.398(5) C(15)-H(15) .9800
C(2)-Ru 2.169(2) C(8)-Ru 2.179(3) C(16)-H(16) 0.930
C(2)-H(2) 0.9300 C(8)-H(8) 0.9300 C(21)-C(26) 1.836
C(3)-C(4) 1.417(4) C(9)-C(10) 1.415(5) C(21)-C(22) 1.391(3)
C(3)-Ru 2.189(2) C(9)-Ru 2.175(3) C(21)-P 1.836(2
C(3)-H(3) 0.9300 C(9)-H(9) 0.9300 C(22)-C(23) 1.893
C(4)-C(5) 1.421(3) C(10)-Ru 2.172(3) C(22)-H(22) 9300
C(4)-Ru 2.183(2) C(10)-H(10) 0.9300 C(23)-C(24) AR
C(4)-H4) 0.9300 C(11)-C(12) 1.387(3) C(23)-H(23) .9300
C(5)-Ru 2.177(2) C(11)-C(16) 1.393(3) C(24)-C(25) .366(4)
C(5)-H(5) 0.9300 C(11)-P 1.832(2) C(24)-H(24) 0.930
C(6)-C(7) 1.404(4) C(12)-C(13) 1.391(4) C(25)-C(26) 1.396(4)
C(6)-C(10) 1.417(4) C(12)-H(12) 0.9300 C(25)-H(25) 0.9300
C(6)-Ru 2.178(2) C(13)-C(14) 1.370(4) C(26)-H(26) .9300
Atoms Angle Atoms Angle Atoms Angle
C(2)-C(1)-C(5) 106.4(2) C(8)-C(9)-C(10) 108.2(3) 1EP-C(11) 102.35(10)
C(2)-C(1)-P 123.50(19) C(8)-C(9)-Ru 71.43(15 CPLE(21) 102.46(11)
C(5)-C(1)-P 130.05(18) C(10)-C(9)-Ru 70.91(16 Q(PIC(21) 100.70(10)
C(2)-C(1)-Ru 70.53(13) C(8)-C(9)-H(9) 125.9 C(2)-R(10) 156.76(12)
C(5)-C(1)-Ru 70.81(13) C(10)-C(9)-H(9) 125.9 C(2)-R(1) 38.68(9)
P-C(1)-Ru 121.80(12) Ru-C(9)-H(9) 1234 C(10)-Ru:C( 123.83(11)
C(3)-C(2)-C(1) 108.6(2) C(9)-C(10)-C(6) 107.6(3) 2GRU-C(9) 163.77(13)
C(3)-C(2)-Ru 71.77(14) C(9)-C(10)-Ru 71.10(15 OfRU-C(9) 37.99(12)
C(1)-C(2)-Ru 70.79(13) C(6)-C(10)-Ru 71.21(15 CRL-C(9) 156.32(12)
C(3)-C(2)-H(2) 125.7 C(9)-C(10)-H(10) 126.2 C(2)R(®) 64.07(9)
C(1)-C(2)-H(2) 125.7 C(6)-C(10)-H(10) 126.2 C(10}-R(5) 112.90(10)
Ru-C(2)-H(2) 123.4 Ru-C(10)-H(10) 123.2 C(1)-Ru-L(5 38.69(9)
C(4)-C(3)-C(2) 108.3(2) C(12)-C(11)-C(16) 118.2(2 C(9)-Ru-C(5) 123.95(11)
C(4)-C(3)-Ru 70.86(14) C(12)-C(11)-P 118.07(18) YRR1-C(6) 124.43(11)
C(2)-C(3)-Ru 70.26(14) C(16)-C(11)-P 123.70(18) @¢Ru-C(6) 38.02(11)
C(4)-C(3)-H(3) 125.8 C(11)-C(12)-C(13) 120.9(2) ERu-C(6) 112.71(9)
C(2)-C(3)-H(3) 125.8 C(11)-C(12)-H(12) 119.5 C(W-R(6) 63.34(10)
Ru-C(3)-H(3) 124.6 C(13)-C(12)-H(12) 119.5 C(5)-R(B) 130.18(9)
C(3)-C(4)-C(5) 108.1(2) C(14)-C(13)-C(12) 120.1(2 C(2)-Ru-C(7) 113.55(10)
C(3)-C(4)-Ru 71.31(14) C(14)-C(13)-H(13 120.0 ORu-C(7) 62.95(10)
C(5)-C(4)-Ru 70.74(13) C(12)-C(13)-H(13 120.0 CRY-C(7) 130.02(10)
C(3)-C(4)-H(4) 125.9 C(13)-C(14)-C(15) 119.7(2) GRu-C(7) 62.60(11)
C(5)-C(4)-H(4) 125.9 C(13)-C(14)-H(14) 120.1 CBWR(7) 165.22(10)
Ru-C(4)-H(4) 123.6 C(15)-C(14)-H(14) 120.1 C(6)-R(7) 37.60(10)
C(4)-C(5)-C(1) 108.5(2) C(16)-C(15)-C(14) 120.3(2 C(2)-Ru-C(8) 129.60(11)
C(4)-C(5)-Ru 71.22(13) C(16)-C(15)-H(15 119.9 OLRu-C(8) 63.15(11)
C(1)-C(5)-Ru 70.50(13) C(14)-C(15)-H(15 119.9 GRW)-C(8) 164.52(11)
C(4)-C(5)-H(5) 125.7 C(15)-C(16)-C(11) 120.7(2) ERu-C(8) 37.46(13)
C(1)-C(5)-H(5) 125.7 C(15)-C(16)-H(16) 119.6 C(5)-E(8) 155.69(11)
Ru-C(5)-H(5) 124.1 C(11)-C(16)-H(16) 119.6 C(6)-R(B) 63.09(10)
C(7)-C(6)-C(10) 107.3(2) C(26)-C(21)-C(22 118.3(2 C(7)-Ru-C(8) 37.40(11)
C(7)-C(6)-Ru 71.23(15) C(26)-C(21)-P 123.52(19) YRa1-C(4) 63.75(10)
C(10)-C(6)-Ru 70.77(14) C(22)-C(21)-P 118.01(19) 1@¢Ru-C(4) 129.51(10)
C(7)-C(6)-H(6) 126.4 C(21)-C(22)-C(23) 120.6(3) GRU-C(4) 64.45(9)
C(10)-C(6)-H(6) 126.4 C(21)-C(22)-H(22) 119.7 CRY-C@) 112.64(10)
Ru-C(6)-H(6) 123.3 C(23)-C(22)-H(22) 119.7 C(5)-R() 38.04(9)
C(8)-C(7)-C(6) 108.9(2) C(24)-C(23)-C(22) 120.2(3 C(6)-Ru-C(4) 164.71(10)
C(8)-C(7)-Ru 71.31(15) C(24)-C(23)-H(23 119.9 CRY-C(4) 155.87(10)
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Table 3.26 (continued). Bond lengths (&) and angles (°) f(5), with standard deviation given in

parentheses.

C(6)-C(7)-Ru 71.17(14) C(22)-C(23)-H(23 119.9 GR)-C(4) 123.77(10)
C(8)-C(7)-H(7) 125.5 C(25)-C(24)-C(23) 119.5(3) BRU-C(3) 37.97(11)
C(6)-C(7)-H(7) 1255 C(25)-C(24)-H(24) 120.2 C(R)-C(3) 164.01(12)

Ru-C(7)-H(7) 123.6 C(23)-C(24)-H(24) 120.2 C(1)-R(B) 64.25(9)
C(7)-C (8)-C(9) 108.0(3) C(24)-C(25)-C(26 120.7(3 C(9)-Ru-C(3) 129.28(11)

C(7)-C(8)-Ru 71.30(14) C(24)-C(25)-H(25 119.6 GR1)-C(3) 63.52(9)

C(9)-C(8)-Ru 71.11(17) C(26)-C(25)-H(25 119.6 GR1)-C(3) 156.43(11)
C(7)-C(8)-H(8) 126.0 C(21)-C(26)-C(25) 120.6(2) BRU-C(3) 124.58(10)
C(9)-C(8)-H(8) 126.0 C(21)-C(26)-H(26) 119.7 C(8)-R(3) 113.03(10)

Ru-C(8)-H(8) 123.3 C(25)-C(26)-H(26) 119.7 C(4)-R(8) 37.83(10)

3.4.3.[Rh(FcCOCHCOCF3)(CO)(PPhFc)] (70)

Dr. A.J. Muller, from the Department of Chemistiytlae University of the Free State, is
acknowledged for determining and solving the singbeystal structure of
[Rh(FCCOCHCOCE)(CO)(PPhFc)] (70).

A perspective view of70) is shown inFigure 3.36 showing the numbering system for

atoms in the molecule. Crystal data is summariaethble 3.27 and bond lengths and

angles are given imable 3.28

C32

C33

Figure 3.36.A perspective view of [Rh(FCCOCHCOQECO)(PPhFc)] (70), showing atom labeling.
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Coordination around the rhodium center was fountdéplanar, with ligand-rhodium-
ligand bond angles deviating significantly from tepected 90° for dsg hybridized
center: C-Rh-O(1) = 89.04(8) °, O(2)-Rh-O(1) =2%6) °, C-Rh-P = 93.28(7) ° and
O(2)-Rh-P = 88.49(4) °. The average C-C bond distg1.386 A) in the planar phenyl
rings is in agreement with the normal value (1.894or the aromatic C-C bontf. Bond
angles in the phenyl rings were found to be 120thiw experimental error (s€Eable
3.28. The phosphorus atom is surrounded by the rimoditom and three carbon atoms
of the phenyl rings and ferrocenyl group boundtiaisplaying a distorted tetrahedral
geometry. Bond angles around the phosphorus atom wp to 22° from the normal
109°28" angle for a standard tetrahedron. Theageedistance between P and the two
phenyl C atoms surrounding it is 1.826 A, while tieerocenyl C-P bond length is
significantly shorter at 1.804 A. This can be eipéd by the lower group
electronegativity value of the ferrocenyl groyp € 1.87) compared to that of the phenyl
group {r = 2.21). The ferrocenyl group is thus more etegcionating towards the P
atom, compared to the phenyl-groups, leading tocatening of the bond. This was also
found to be the case for [Rh(GEOCHCOCH)(CO)(PPhFc)]?* The Rh-P bond
distance is 2.245 A, which is comparable to that sifmilar compounds
[Rh(CHsCOCHCOCH)(CO)(PPhR)] (21),%* [Rh(FcCCOCHCOCE(CO)(PPh)] (29)°
and [Rh(CHCOCHCOCH)(CO)(PPhFc)].2* The Rh-C-O bond angle is nearly linear, at
174°, but slightly more bent than similar compounfiRh(CH;:COCHCOCH)
(CO)(PPhFc)** and [Rh(FCCOCHCOGHCO)(PPR)] (29),% with angles of 177.3° and
178.1°, respectively. The carbonyl bond distarszehowever, comparable at 1.143 A.
The Rh-O bond nearest to thesQffoup is 0.016 A longer than the Rh-O bond nedeest
the B-diketonato ferrocenyl group. The longer bondisstransto the phosphine ligand,
clearly showing the largérans influence of the phosphine ligand compared to the
carbonyl ligand. Large deviations in bond anglesrf the expected 120° for tregf
hybridizedp-diketonato skeleton were observed. Angles dedibted° - 10°, with O(1)-
C(2)-C(3) = 130.46°, C(2)-C(3)-C(4) = 124.6° anBEC(4)-O(2) = 127.70°.
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Figure 3.37. [Rh(FCCOCHCOCE)(CO)(PPhFc)] (70), showing eclipsed conformation of the
cyclopentadienyl rings (left) and position of fazemyl-moieties with respect to each other (right).

The cyclopentadienyl rings of both ferrocenyl greape in the eclipsed conformation, as
shown inFigure 3.37 The distance between the cyclopentadienyl rifogsthe -
diketonato ferrocenyl group was determined at 3.80@&nd 3.291 A for the phosphine
ferrocenyl group (3.32 A in free ferrocert&).The larger distance for thediketonato
ferrocenyl group indicates a higher electron dgnsitmpared to that of the phosphine
ferrocenyl group. This can be ascribed to delaaibn over the conjugatgddiketonato
rhodium ring system. It was found that the cycldpdienyl rings of both ferrocenyl
groups were slightly off-parallel, with the angletlween planes for thp-diketonato
ferrocenyl group at 2.20°, and 2.61° for the phaspHferrocenyl group. The angle
between the plane of the rhodium center and fukketonato ferrocenyl group is
approximately 8.6°, while the two ferrocenyl growgre rotated 27.7°, with respect to

each other, as shownkigure 3.37
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Table 3.27. Crystal data and structure refinement(i0).

Empirical formula G7H,gF;F&,0;PRI Theta range for data collectign 1.74 to0 28.32°.
. -11<=h<=13,-31<=k<
Formula weight 824.18 Index ranges =31, -18< = | < =18
Temperature 100(2) K Reflections collected 65121
Wavelength 0.71073 A Independent reflections 784E) = 0.0469]
Crystal system Monoclinic Completeness to thet8 32° 100.0 %
Space group P21/n Absorption correction Sem|-emp|r|cal from
equivalents

Unit cell dimensions

a=9.9416(2) A
b =23.2737(5) A
c=13.6632(3) A

Max. and min. transmission

0.9001 and 0.7486

a=90°
B =96.0690(10)°
y =90°
Volume 3143.64(12) R Refinement method Full-matrix least-squares 2F
Z 4 Data / restraints / parameters 7824 /0 /424
Density (calculated) 1.741 Mg/n® Goodness-of-fit on ¥ 1.030
Absorption coefficient 1.537 mnit Final R indices [I>2sigma(l)] R1 =0.0273, wR2 ©881
F(000) 1656 R indices (all data) R1 =0.0392, wR2G629
Crystal size 0.20 x 0.09 x 0.07 mih | Largest diff. peak and hole 0.574 and -0.368 e&

Table 3.28. Bond lengths (A) and angles (°) {at0), with standard deviation given in parentheses.

Atoms Bond Atoms Bond Atoms Bond
Rh-C 1.811(2) C(9)-H(9) 0.9500 C(22)-H(22) 0.9500
Rh-0(2) 2.0565(14) C(10)-C(14) 1.417(3) C(23)-C(24) 1.424(4)
Rh-O(1) 2.0725(14) C(10)-C(11) 1.422(3) C(23)-H(23) 0.9500
Rh-P 2.2451(5) C(10)-H(10) 0.9500 C(24)-H(24) 0®50
P-C(15) 1.804(2) C(11)-C(12) 1.421(3) C(25)-C(30) .39B(3)
P-C(31) 1.825(2) C(11)-H(11) 0.9500 C(25)-C(26) 95@3)
P-C(25) 1.826(2) C(12)-C(13) 1.415(3) C(26)-C(27) .38D(3)
C-0 1.143(3) C(12)-H(12) 0.9500 C(26)-H(26) 0.9500
0(1)-C(2) 1.271(2) C(13)- C(14) 1.416(3) C(27)-0(28 1.380(3)
0(2)-C(4) 1.273(2) C(13)-H(13) 0.9500 C(27)-H(27) 9800
F(1)-C(1) 1.326(3) C(14)-H(14) 0.9500 C(28)-C(29) .382(3)
F(2)-C(1) 1.335 (3) C(15)-C(19) 1.435(3) C(28)-H28 0.9500
F(3)-C(2) 1.312(3) C(15)-C(16) 1.436(3) C(29)-C(30) 1.388(3)
C(1)-C(2) 1.533(3) C(16)-C(17) 1.418(3) C(29)-H(29) 0.9500
C(2)-C(3) 1.369(3) C(16)-H(16) 0.9500 C(30)-H(30) 9800
C(3)-C(4) 1.417(3) C(17)-C(18) 1.409(3) C(31)-C(32) 1.392(3)
C(3)-H(3) 0.9500 C(17)-H(17) 0.9500 C(31)-C(36) WwWRB)
C(4)-C(5) 1.459(3) C(18)-C(19) 1.422(3) C(32)-C(33) 1.389(3)
C(5)-C(9) 1.435(3) C(18)-H(18) 0.9500 C(32)-H(32) 9800
C(5)-C(6) 1.436(3) C(19)-H(19) 0.9500 C(33)-C(34) .378(3)
C(6)-C(7) 1.415(3) C(20)-C(21) 1.417(3) C(33)-H(33) 0.9500
C(6)-H(6) 0.9500 C(20)-C(24) 1.418(3) C(34)-C(35) .381(3)
C(7)-C(8) 1.420(3) C(20)-H(20) 0.9500 C(34)-H(34) .9%00
C(7)-H(7) 0.9500 C(21)-C(22) 1.412(4) C(35)-C(36) .385(3)
C(8)-C(9) 1.413(3) C(21)-H(21) 0.9500 C(35)-H(35) .9%00
C(8)-H(8) 0.9500 C(22)-C(23) 1.405(4) C(36)-H(36) 9800
Atoms Angle Atoms Angle Atoms Angle
C-Rh-0O(2) 176.92(8) C(8)-C(9)-C(5) 107.69(19) CEp3)-C(24) 108.0(2)
C-Rh-O(1) 89.04(8) C(8)-C(9)-H(9) 126.2 C(22)-C23p3) 126.0
0(2)-Rh-0O(1) 89.25(6) C(5)-C(9)-H(9) 126.2 C(24)2B8)-H(23) 126.0
C-Rh-P 93.28(7) C(14)-C(10)-C(11) 107.9(2) C(20p0¢C(23) 107.7(2)
0(2)-Rh-P 88.49(4) C(14)-C(10)-H(10) 126.1 C(20ROFH(24) 126.2
0O(1)-Rh-P 177.36(4) C(11)-C(10)-H(10 126.1 C(23p0-H(24) 126.2
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Table 3.28 (continued). Bond lengths (&) and angles (°) f¢r0), with standard deviation given in

parentheses.
C(15)-P-C(31) 102.67(10) C(12)-C(11)-C(10 107.7(2) C(30)-C(25)-C(26) 118.7(2)
C(15)-P-C(25) 101.20(10) C(12)-C(11)-H(11 126.1 3MEC(25)-P 119.77(16)
C(31)-P-C(25) 103.53(9) C(10)-C(11)-H(11 126.1 6 (25)-P 121.34(16)
C(15)-P-Rh 122.27(7) C(13)-C(12)-C(11 108.2(2 0 (26)-C(25) 120.5(2)
C(31)-P-Rh 112.82(7) C(13)-C(12)-H(12 125.9 C(ET26)-H(26) 119.8
C(25)-P-Rh 112.19(7) C(11)-C(12)-H(12 125.9 C(P%26)-H(26) 119.8
O-C-Rh 174.0(2) C(12)-C(13)-C(14) 108.0(2) C(28RT)LC(26) 120.3(2)
C(2)-0O(1)-Rh 123.25(13) C(12)-C(13)-H(13 126.0 L (27)-H(27) 119.8
C(4)-0(2)-Rh 127.70(13) C(14)-C(13)-H(13 126.0 6L (27)-H(27) 119.8
F(3)-C(1)-F(1) 107.29(19) C(13)-C(14)-C(10 1083(2| C(27)-C(28)-C(29) 119.9(2)
F(3)-C(1)-F(2) 106.8(2) C(13)-C(14)-H(14) 125.9 T)L(28)-H(28) 120.0
F(1)-C(1)-F(2) 105.66(19) C(10)-C(14)-H(14 125.9 (26)-C(28)-H(28) 120.0
F(3)-C(1)-C(2) 112.17(18) C(19)-C(15)-C(16 10778) | C(28)-C(29)-C(30) 120.0(2)
F(1)-C(1)-C(2) 113.89(18) C(19)-C(15)-P 126.96(16) C(28)-C(29)-H(29) 120.0
F(2)-C(1)-C(2) 110.56(18) C(16)-C(15)-P 125.79(16) C(30)-C(29)-H(29) 120.0
0(1)-C(2)-C(3) 130.46(19) C(17)-C(16)-C(15 1070(2] C(29)-C(30)-C(25) 120.5(2)
0(1)-C(2)-C(1) 111.71(18) C(17)-C(16)-H(16 126.0 (26)-C(30)-H(30) 119.8
C(3)-C(2)-C(1) 117.75(19) C(15)-C(16)-H(16 126.0 (26)-C(30)-H(30) 119.8
C(2)-C(3)-C(4) 124.6(2) C(18)-C(17)-C(16) 1085219 C(32)-C(31)-C(36) 119.02(19
C(2)-C(3)-H(3) 117.7 C(18)-C(17)-H(17) 125.7 C(32(31)-P 122.38(16)
C(4)-C(3)-H(3) 117.7 C(16)-C(17)-H(17) 125.7 C(3B(31)-P 118.60(16)
0(2)-C(4)-C(3) 124.53(19) C(17)-C(18)-C(19 10887 | C(33)-C(32)-C(31) 120.2(2)
0(2)-C(4)-C(5) 116.40(18) C(17)-C(18)-H(18 125.7 (38)-C(32)-H(32) 119.9
C(3)-C(4)-C(5) 119.02(18) C(19)-C(18)-H(18 125.7 (30)-C(32)-H(32) 119.9
C(9)-C(5)-C(6) 107.38(18) C(18)-C(19)-C(15 10788 | C(34)-C(33)-C(32) 120.1(2)
C(9)-C(5)-C(4) 124.68(19) C(18)-C(19)-H(19 126.1 (36)-C(33)-H(33) 119.9
C(6)-C(5)-C(4) 127.93(19) C(15)-C(19)-H(19 126.1 (32)-C(33)-H(33) 119.9
C(7)-C(6)-C(5) 108.08(19) C(21)-C(20)-C(24 1070(2] C(33)-C(34)-C(35) 120.3(2)
C(7)-C(6)-H(6) 126.0 C(21)-C(20)-H(20) 126.1 C(3334)-H(34) 119.9
C(5)-C(6)-H(6) 126.0 C(24)-C(20)-H(20) 126.1 C(35(34)-H(34) 119.9
C(6)-C(7)-C(8) 108.0(2) C(22)-C(21)-C(20) 108.0(2) C(34)-C(35)-C(36) 119.9(2)
C(6)-C(7)-H(7) 126.0 C(22)-C(21)-H(21) 126.0 C(32{35)-H(35) 120.0
C(8)-C(7)-H(7) 126.0 C(20)-C(21)-H(21) 126.0 C(3B(35)-H(35) 120.0
C(9)-C(8)-C(7) 108.86(19) C(23)-C(22)-C(21 108Y(2| C(35)-C(36)-C(31) 120.5(2)
C(9)-C(8)-H(8) 125.6 C(23)-C(22)-H(22) 125.8 C(35(36)-H(36) 119.7
C(7)-C(8)-H(8) 125.6 C(21)-C(22)-H(22) 125.8 C(31(36)-H(36) 119.7

3.5. Electrochemistry

3.5.1.Introduction

Cyclic voltammetry (CV), Oster Young square wavédammmetry (SW) and linear sweep

voltammetry (LSV) were performed on all synthesizemmpounds (seé&oal 5 —

Chapter 1). The discussion below is organized as follows:

a) Firstly, the electrochemistry of ferrocene (Fcthenocene (Rc), osmocene (Oc)

and cobaltocenium hexafluorophosphate’®Fg) will be discussed.
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b) Secondly, the electrochemistry of the phosphines,(P&Hs)M(CsHs)) (where
M = Fé* (PPhFc) (13), Co® (PPhCC'PR) (67), OF" (PPhOcC) (66) and RE"
(PPhRc) (65)) will be presented.

c) Thirdly, the electrochemistry of rhodium complexesf the type
[Rh(FCCOCHCOR)(CQ] or [Rh FcCOCHCOCH(CO)( PPhAMc)], where R =
CR; (57), Fc (60), Oc (69), Rc (68), and Mc = ferroceny(70) or ruthenocenyl
(71), will be discussed. Rhodium complexes contairfingrinated phosphine
ligands of the type [Rh(FCCOCHCOGCO)(PPR(CeFs)s.n)] (Where n = X72),
1(73), 0(74)), will also be discussed.

d) The electrochemistry of tetrathiafulvalene derivesi will be presented.

e) The electrochemistry of the fr@ediketones (FCCOCHOR), with R as above,
has been studied previously, s€bhapter 2 (Section 2.7.3 for a summary.
However, the keto-enol isomerization kinetics oCBXCH,CORc (6) has for the
first time been studied electrochemically, and vii# presented as the final
groundbreaking result of this study.

Although electrochemically reversible one-electroedox couples are theoretically
characterized b\E, = E,a - E,c = 59 mV, in this study aexperimentallydetermined
value of AE, < 90 mV will be considered small enough to implgctrochemical
reversibility!® Quasi-reversible processes will be assigned yopaacess showing 90
mV < AE, < 150 mV, while irreversible electrochemistry wilé assigned to a process
showingAE, > 150 mV.

Peak current ratios were always calculated, @Sdrse sweep) Ip (forward sweepy FOrmal redox
potentials (£), anodic peak potential (g and cathodic peak potentials,{Eare reported
vs Fc/F¢ as internal standard, but were measured experaifyents an in-house
constructed Ag/Agreference electrode. Since the ferrocene waes afverlapped with
signals of the compounds studied, the internaldstahdecamethyl ferrocene (Fcwas
employed. B(Fc/Fc*) was found to be -607 mVis ferrocene, under conditions of this
study. The ferrocene / ferrocenium couple, undentical conditions but in the absence
of any other compounds, hadt, = 75 mV at 25 °C angdipc 0.97-1.00 at scan rates
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100 — 500 mV 3, and B = 0.197 Vvsa Ag/Ag reference electrode in GEll,. In this
study CHCI, and the highly non-interacting [RBu,][B(CeFs)4] was used as solvent and
supporting electrolyte system in order to limit\@oit or electrolyte interaction to a

minimum, either by means of solvation or ion-patriimigractions.

3.5.2.Electrochemistry of Metallocenes

In order to fully understand the electrochemistfytltee metallocene phosphines, and
other metallocene derivatives studied during thsearch program, it is firstly necessary
to understand the electrochemistry of the free loeenes themselvesFigure 3.38
(top) shows the CV of pure ruthenocene (Rc), wttie CV of a solution containing
simultaneously cobaltocenium hexafluorophosphate'R&), decamethyl ferrocene

(Fc), ferrocene (Fc), osmocene (Oc) and ruthenoceagi¢®hown at the bottom.

Decamethyl ferrocene, ferrocene and osmocene sheleettochemical reversible one-
electron oxidation / reduction processes, Wit < 90 mV at a scan rate of 100 mV s
(Table 3.29. The reaction involved for these systems is showscheme 3.29 Current
ratios were not always 1, but this is regarded &sresequence of electrode pollution
during the course of CV. To prove this, a sepa@ie(not shown) of each of these
components in its own solution was also recordeeak current ratios were then found to

be always better than 0.98; theoretically theysthbe 1.

The cobaltocenium group showed two reversible deeton transfer waves. One is
associated with the reduction of do Cd* at -1.3 V, the second with the reduction
from C&* to Cd* at -2.4 V. The complete electron transfer reactiequence for this
metallocene is shown iBcheme 3.29 The formation of [C¢CsHs),]” at -2.4 V occurs at
the lower limit of the potential window of GBI, as solvent when the solution contains
the mixture of all metallocenes studied, but whea €¢PFR; and the internal standard
Fc are the only metallocenes in solution, the'{CgHs),]” / [Cd"(CsHs),] -couple is
observed at significantly more positive potentias,shown irFigure 3.38 Previous
studies haveproved that this redox couple clearly involves @@ centre’* * Peak

current ratios and potentials for the cobaltocengptes can be found ifable 3.29
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Scheme 3.29.(left) and Figure 3.38 (right) (Note: It is an electrochemical conventito write
electrochemical reactions as reduction reactionsth® above reactions are written as oxidatiowtieas

to have the same sequence of events as the C\Fgyure 3.38 above right.) Top left: The reversible
electron transfer reaction of metallocenes where Fe or Os. When M = Fe, the cyclopentadienyl ring
can be either (€s) or (GMes). Middle left. Electron transfer reactions of attbcenium
hexafluorophosphate. Bottom left. Electron trangéactions associated with ruthenocene andritgrgi
Right: CV’s of ruthenocene (Rc) and a mixture obaltocenium hexafluorophosphate {Cadecamethyl
ferrocene (FQ, ferrocene (Fc), osmocene (Oc), and ruthenocdRe) (n CHCI,/0.1 mol dn?
[N("Buy)][B(C6Fs)s], T = 25°C,v = 100 mV §&.

Ruthenocene electrochemistry is much more comglicaihe CV, irFigure 3.38(top),
shows an irreversible single one-electron oxidatioh the ruthenium center to
ruthenocenium, R¢ at peak o. The three reduction peaks that aserebd were
previously shown to be (a) the reduction of Rz Rc (peak a) and (b), the reduction of
two types of dimers at peaks b and c, as showscheme 3.2%ndFigure 3.38 The
equilibrium processes involved between the” Rwnomer and both types of (&
dimers are very much temperature, solvent andrelgte dependent. Dimer B¢heme

3.29 dominates at lower temperatures (-40°C), and didedominates at higher
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temperatures (25°C). Reduction of the" Rionomer at peak a was under the present

experimental conditions poorly observed.

None bé tredox processes of the

ruthenocene dimers are electrochemically reversilslehe dimers have no oxidation

peaks (it forms ruthenocene on reduction) and #sk pcurrent ratios of the RRc

couple are never 1. Previous studies have alserstuatAE, for the RE/Rc couple is >

100 mV when experimental conditions allow enharmeskrvation of peak a.

Table 3.29. Electrochemical data obtained for ruthenoceneelas well as all metallocenes in {L{iH/0.1

mol dmi® [N"Bu,][B(C¢Fs)], at T = 25°C, potentialgs Fc/F¢.

imVs! EydmV  AE/mV  EPImV  ipdpA  ipdipa vimvs! EpdmV  AE/mV  EPImV  ipdpA  ipdipa
Rc —peako/a Rc — peak b
100 603 155 523 2.47 - 100 194 - - 0.3P -
200 627 165 545 343 - 200 139 - - 0.5 -
300 642 177 554 3.97 - 300 104 - - 1.02 -
400 648 180 558 4.39 - 400 102 - - 1.23 -
500 665 195 568 4.89 - 500 83 - - 147 -
Rc — peak ¢
100 -197 - - 0.17 -
200 -250% - - 0.23 -
300 273 - - 0.3 -
400 -27¢ - - 0.34 -
500 -292 - - 0.3¢ -
All metallocenes - Rc All metallocenes - Oc
100 629 - - 1.80 - 100 428 87 385 0.74 0.78
200 647 - - 2.62 - 200 435 99 386 1.02 0.78
300 651 - - 3.24 - 300 440 108 386 1.33 0.64
400 677 - - 3.80 - 400 449 121 389 1.60 0.61
500 689 - - 4.05 - 500 454 131 389 1.74 0.61
All metallocenes - Fc All metallocenes — Fc
100 54 100 0 1.06 0.99 100 -550 88 594 059 1.19
200 60 115 0 1.61 1.04 200 -549 91 595 078 1.29
300 74 146 2 213 1.04 300 -547 95 595 118 1.72
400 88 168 1 2.06 1.02 400 -535 109 59 1.43 1.98
500 100 196 3 272 1.30 500 -526 126 -58¢ 155 2.05
All metallocenes — Cc (Ct/ CJ) All metallocenes — Cc (C¢ Cc?)

100  -1366° 87 -1323  0.80° 0.89 100  -2432* 123 -2371  0.45° 0.51
200 -1370° 93 -1324 1.35° 0.89 200 -2439° 133 2373 0.74° 0.47
300 -1388* 123 -1327  1.73°  0.94 300 -2453* 153 2377 1.08" 0.47
400  -13912 138 -1322  2.08° 0.94 400  -24632 169 2379 159" 0.38
500 -1399% 147 -1326  2.28° 0.9% 500 -2475% 194 2377 1.88° 0.34

(@) B, (b)ipc, (C) ipdipe (d) -607 V in absence of other metallocenes.

3.5.3.Metallocene-containing Phosphines

In accordance with previous studies

diphenylphosphine(13), CV’s shown

27, 28
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summarized irscheme 3.3&how an oxidation wave for the Fe center at 0N {geak 1

at 100 mV &), followed by an irreversible oxidation wave al28 V (peak 3) due to
oxidation at the phosphorus center. Electrochdndiata is summarized ifiable 3.3Q
Since oxidation at the phosphorus atom is elecaoutally irreversible, upon reduction,
the ferrocene center is adjacent to an electrorhdnatving, positively charged
phosphorus group, causing the reduction peak oddene to move to a higher potential
at 0.4 V (peak 2). Due to the unstable naturehef oxidized phosphine group, it
undergoes further chemical decomposition reactairgeak 4 (1.441 V), and shows no
electrochemical reversibility. At slower scan gtbée first oxidation wave (wave 1)
becomes electrochemically reversible, wiB, < 90 mV. This can be attributed to the
diffusion of yet unoxidised phosphine moleculesfrthe bulk of the solution to the
electrode surface.€. which have not undergone further electrochemicatg@sses) and
thus giving an electrochemically reversible fermdeoxidation wave, but not chemically
reversible, with jd/ipa less than 1/2. If the scan is reversed priohédxidation reaction
associated with peak 3, the redox couple associatiéd peak 1 becomes fully
electrochemically and chemically reversible, withE78 AE, < 90 mV and jd/i,a larger
than 0.98. When no phosphorus oxidation occursfunther chemical decomposition
reactions can occur, and the electron transfetiozecbecome simplified to the first step
of Scheme 3.30 Incorporation of the ferrocenyl group as partleg phosphine ligand
caused the formal reduction potential of this nietaine to be observed at a potential of
78 mV more positive than the free metallocene. @resent understanding of the
electrochemical processes of PIRh(13) does not allow a clear explanation of this
increase in potential. One would have expectametding in formal reduction potential

because of the electron-donating free electrongrathe phosphorus atom.
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Figure 3.39. (a) CV'’s of ferrocenyl diphenylphosphine, over a widage (top), as well as when the scan
was reversed prior to peak 3 (bottom), in,CH/0.1 mol dn? [N("Bu,)][B(CeFs)s], T = 25°C on a glassy
carbon working electrode at scan rates of 100, 200, 400 and 500 mV's (b) CV'’s of all metallocenes
(top), and metallocene phosphines in,CH0.1 mol dn?® [NBu,][B(CeFs)], T = 25°C,v = 100 mV §.

reactions Products
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ot 0 . ot 0O O e
O =50 O

Scheme 3.30.The electron transfer reactions associated witto€enyldiphenylphosphir{@3).
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The electrochemistry of this compound was alsoistlisth CHCN and [N{Bu,)][PF¢] as
solvent and supporting electrolyte system, bec&id¢CN offers an increased potential
window for electrochemical studies. Peaks 3 andefe more clearly identified, as
shown inFigure 3.4Q0 The same main features as in the case ofOGHs solvent was
observed however.e. an oxidation wave for the Fe centre at 0.006 &alpl, at 100 mV
s%), followed by an irreversible oxidation wave a8%2 V (peak 3) due to phosphorus
oxidation, as well as an oxidation wave at 1.23@u¢ to further chemical decomposition
reactions (peak 4). Peak 1 showed some electrachkraversibility at slow scan rates,
with AE, < 90 mV, due to diffusion from the bulk of the siwbn. The reduction wave of
the Fe center was observed at a higher potenti@lG#9 V (rather than the expected -
0.0611 V) due to the adjacent positively chargedsphorus group, after oxidation at
peak 3. Reversing the scan before peak 4 indidaispeak 4 does influence the
reduction reaction of peak 2 only slightly, and sistent with the electron-transfer
reactions shown irscheme 3.30 Peak 1 becomes electrochemically and chemically
reversible, when reversing the scan before peaktB,E% = -28 AE, < 90 mV, and j/ipa

larger than 0.98, confirming peak 3 as the oxidgapieak of the phosphorus group.
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Figure 3.40. CV’s of ferrocenyl diphenylphosphir{&3) over a wide range (top), reversed prior to peak 4
(middle), and reversed prior to peak 3 (bottom)CifCN/0.1 mol dri? [N("Bu,)][PFs], T = 25°C on a
glassy carbon working electrode at a scan rat@@fmV s'.
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The electrochemistry of PRBC'PFs (67), in CHCI/[N("Bug)][B(CsFs)s] showed two
reversible one-electron transfer waves, similathed of the pure metallocene, as shown
in Figure 3.41 Peak 1, being the reduction from’Cw Cd™* at -2.176 V at 100 mV's
showed only quasi-reversible character, vitf, > 120 mV ([able 3.3Q and pdipc less
than 1, due to a limiting solvent window. The set@eak is much more clearly defined
as the electrochemically reversible reduction of'@o Cd™ at -1.105 V, withAE, < 90
mV and pdipc approaching 1 at faster scan rates. The phospluxidation falls outside
of the potential window of CHLl, as solvent. For this reason, the electrochemdsdtry
PPhCCc'PRs (67) was also studied in GEBN / [N("Bug)][PFs] as solvent and supporting
electrolyte system, enabling us to observe the glimsis oxidation at the solvent
potential limit,Figure 3.41 In CHCN, peak 1 and 2 exhibit similar resultd, = 0.097

V and pdipc values to that in C¥Cl,. Peak 3 and 4 is clearly visible, with peak 3] at,
being a shoulder peak on peak 4, at 1.194 V ami0&™. This can be interpreted in the
same way as peak 3 and 4 of FRI(13), with peak 3 being the one-electron oxidation
reaction of the phosphorus group, and peak 4 dukirtber chemical decomposition
reactionsScheme 3.31

k1
PPhCc! -€ (peak1) PPhCe -6 KA pppoctt .e (P pripp et ©0eak4) i iher reactions

Scheme 3.31.The electron transfer reactions associated withy®c'PF; (67).

The LSV indicates the number of electrons transteifor peak 1, 2 and 3 to be equal,
which correlates with a one-electron phosphorusdation, and the metal center
undergoing two stepwise one-electron reductionthénsame molecule. The &ec’
couple of PPYCC'PR; (67)in CHsCN and CHCI, was at -2.161 and -2.176W& Fc/F¢
respectively at 100 mV'sscan rate. This is very close (within 10 mV) &xle other.
However, the C¥Cc™ couple in CHCN and CHCI, was at -1.105 and -1.231 %
Fc/F¢ at 100 mV & scan rate. These two potentials differ by 126 and is a
consequence of strong @EN pairing with oxidized cations. Being part ofeth
phosphine ligand caused the 0@’ and C&Cc™* couples in ChCl, to be observed at
potentials 195 and 223 mV larger than in the fregaffocene.
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Figure 3.41. CV of diphenylphosphinocobaltocenium hexafluorghate(67), in CH,CI,/0.1 mol dn?’
[N("Bu,)][B(CsFs)] (bottom), as well as in C}EN/0.1 mol dri?® [N("Bu,)][PFe] (top), T = 25°C on a glassy
carbon working electrode at a scan rate of 100 thV s

PPhOc (66) and PPkRc (65) show very similar CV’'sKigure 3.42. Both show three
irreversible oxidation peaks. The metallocene eedbes not show electrochemical or
chemical reversibility, wittAE, > 150 mV and i, less than a half, for peak Tgble
3.30. In the case of osmocene and ruthenocenepisdsible that the electron lost upon
oxidation can be replenished by internal electrangfer from the phosphine group, and
thus account for a broadening of peaks observeshk R is, as in the case of BPh
associated with oxidation on the phosphorus cewted, peak 3 with further chemical
reactions. The overall reaction sequence is sumathin Scheme 3.32

PPhMc - N pppmctt & 22D prippvett (PRI gher reactions

Scheme 3.32.The electron transfer reactions associated wipNrc, where Mc = R¢65) or Oc(66).
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The LSV indicates the number of electrons transtefor peak 1 and 2 to be equal and

one, which correlates with one phosphorus group @mel metal center in the same

molecule being oxidized, both in a one-electromdfar process. The phosphine bound

osmocenyl-group showed an.fpeak at a potential of 355 mV, this is 73 mV serall

(more negative) than that of free osmocene in@#at 100 mV &. In contrast the

phosphine bound ruthenocene group was oxidizedhaEya value of 127 mV more

negative than the free ruthenocene. This loweanngptentials results from the electron-

donating properties of the free electron-pair anghosphorus atom.
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Figure 3.42. CV’'s and LSV'’s of PPYOc (66) (a), and PPRc (65) (b), reversed before and after peak 2,
in CH,CI,/0.1 mol dr® [N("Bu,)][B(CsFs)], T = 25°C on a glassy carbon working electrotla acan rate

of 100 mV §-.
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Table 3.30. Electrochemical data obtained for all phosphi(BhBR) in either CHCI,/0.1 mol dn?
[NBu,][B(C4Fs)], or CHsCN/0.1 mol dn? [NBu,][PFg] at T = 25°C. Potentials aws Fc/Fc.

omvst EJmV  AE/mV BV ipduA  pdipa  vimVst EdmV AE/mV  EVImV  ipduA  ipdipa

Ferrocene PPhFc(13) (CH;CN) — wave 1
100 37 75 0 5.65 0.98 100 6 67 -28 1.62 0.13
Decamethylferrocene 200 9 - ) 2.09 )
300 11 - - 270 -
100 573 68 607 454  0.99 400 14 . . 208 .
500 19 - - 350 -
PPhFc (13) (CH,CI,) —wave 1 PPhFc (13) (CH;CN) — wave 2
100 117 79 78 055 047 100 8g - - 0.49 -
200 118 77 80 0.77 0.15 200 97" - - 1.26 -
300 123 76 85 0.99 0.08 300 102 - - 2.00 -
400 132 - - 113 - 400 106 - - 227 -
500 133 - - 114 - 500 118 - - 254 -
PPhFc (13) (CH,Cl,) — wave 2 PPhFc (13) (CHsCN) — wave 3
100 377 - - 038 - 100 852 - - 136 -
200 43¢ - - 054 - 200 907 - - 137 -
300 443 - - 064 - 300 956 - - 194 -
400 444 - - 078 - 400 960 - - 242 -
500 452 - - 107 - 500 1001 - - 283 -
PPhFc (13) (CH,CI,) — wave 3 PPhFc(13) (CH;CN) — wave 4
100 1128 - - 0.25 - 100 1230 - - 2.15 -
200 1153 - - 0.33 - 200 1311 - - 1.55 -
300 1169 - - 0.43 - 300 1313 - - 1.41 -
400 1175 - - 0.48 - 400 1326 - - 1.87 -
500 1193 - - 0.53 - 500 1348 - - 2.59 -
PPhFc (13) (CH.CI,) — wave 4 PPhFc (13) (CH3CN) — wave lin the absence of wave 2
100 1441 0.99 - 0.56 - 100 6 67 -28 1.64 0.99
200 1469 0.98 - 0.82 - 200 9 68 -25 207 097
300 1488 0.96 - 1.32 - 300 11 70 -24 272 096
400 1494 0.94 - 1.63 - 400 14 72 -23 299 094
500 1509 0.92 - 1.90 - 500 19 73 -21 3.49 0.93
PPhFc (13) (CH,Cl,) — wave lin the absence of wave 2
100 117 76 78 055 0.99
200 118 77 80 0.77 0.98
300 123 79 85 0.99 0.96
400 132 80 90 1.13 0.94
500 133 80 92 1.14 0.92
PPhRc (65) (CH,Cl,) — wave 1 PPhOC (66) (CH,Cl,) — wave 1
100 476 229 362 0.17 0.59 100 355 262 224 0.70 031
200 493 227 390 0.22 0.45 200 357 282 216 097 0.29
300 526 229 412 0.26 0.34 300 369 300 219 159 0.25
400 529 228 415 029 0.34 400 380 314 223 1.62 0.19
500 534 227 421 0.34 0.29 500 386 326 223 1.65 0.12
PPhRc (65) (CH,Cl,) — wave 2 PPhOC (66) (CH,Cl,) — wave 2
100 754 - - 0.07 - 100 893 - - 0.36 -
200 808 - - 0.09 - 200 928 - - 0.51 -
300 820 - - 0.11 - 300 937 - - 0.76 -
400 827 - - 0.11 - 400 943 - - 0.79 -
500 830 - - 0.12 - 500 945 - - 0.84 -

(@) Be (0)ipe
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Table 3.30 (continued). Electrochemical data obtained for all phosphi(fBhR) in either CHCI,/0.1
mol dmi® [N"Bu,][B(C¢Fs)], or CH;CN/0.1 mol dri# [N"Bu,][PFs] at T = 25°C. Potentials awes Fc/F¢.

v/mvst B dmV  AE/mV  EXImV  ipdpA  ipdipa o/mVs'  EydmV  AE/mV  EPmV  ipdpA  ipdipa

PPhRc (65) (CH,Cl,) — wave 3 PPhOc (66) (CH,Cl,) — wave 3
100 1160 - 0.18 - 100 1090 - 0.86
200 1173 - - 0.21 - 200 1135 - - 1.05
300 1182 - - 0.27 - 300 1145 - - 1.66
400 1190 - - 0.30 - 400 1170 - - 1.68
500 1192 - 0.32 - 500 1186 - 1.72
PPRCC' PR (67) (CH,Cl,) —wave 1 PPhCC'PFR; (67) (CHZCIZ) wave 2
100 2176 120 2116 054 061 100 -1105 87 -1061 050 0.76
200 -2184 126 2121 075 057 200 -1115 93 -1069 074 0.78
300 -2188 128 2123  0.80 056 300 -1115 92 -1069 094  0.90
400 -2199 139 2128 110 055 400 -1120 92 -1075 113 092
500 -2203 150 2130 121 045 500 -1126 95 -1079 125 0.94
PPhCC' PR (67) (CHsCN) — wave 1 PPhCC'PR; (67) (CH;CN) — wave 2
100 2161 111 2106 0.66  0.36 100 -1231 61 -1205 053 0.72
200 -2168 112 2104 0.86  0.37 200 -1235 63 .1200 072 0.72
300 2170 115 2111 099 0.38 300 -1233 65 -1201 086 0.72
400 2175 117 2117 108 042 400 -1236 69 -1192 106 0.70
500 2175 118 2117 117 044 500 -1235 70 -1200 117  0.67
PPhCC' PR (67) (CHsCN) — wave 3 PPhCC'PR; (67) (CH3CN) wave 4
100 977 - 0.7¢ - 100 1194 2.4%
200 1014 - - 08¢ - 200 1260 - - 318
300 1027 - - 1.04 - 300 1287 - - 357
400 1045 - - 138 - 400 1317 - - 408
500 1069 - - 183 - 500 1333 - - 433
(©) Boa (d)ipa

3.5.4.Electrochemistry of Rhodium Complexes

3.5.4.1. Rhodium Dicarbonyl Complexes

The electrochemistry of rhodium(l) dicarbonyl coeyds of the type
[Rh(FcCOCHCOR)(CQJ) where R = CE(57), Fc(60), Rc(68) and Oc(69), have been
studied in CHCI, using [N'Bug][B(CeFs)4] as electrolyte. In previous studies compounds
(57) and (60) were investigated in G&N and [NBuy][PFe].?° CH:CN is known to
coordinate to rhodium complexe€Hhapter 2, Section 2.7.5.), and the P§anion
frequently forms ion pairs of the type™A(PF;) with positively-charged (normally

oxidized) species.
Under the conditions of this study, cyclic voltanirgecould not resolve the redox

processes of the rhodium center from that of threoéenyl group. In the CV’s of
compounds(57), (60), (68) and (69), Figure 3.43 only the redox couples of the
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ferrocenyl group of theB-diketone is observable, as well as the osmoceagH
ruthenocenyl-species. In all cases the rhodiundaiion waves are buried under the
metallocene peaks, see discussion on square wdiamwoetry. Wave 1 shows the
reversible one-electron redox couple for the oxahabf the ferrocenyl center of tie
diketone of all four complexesAE, was found to be larger than 90 mV at a scan rlate o
100 mVs'. The second wave shows the redox couple of ttensemetallocene attached
to the pB-diketone (compound$60), (68) and (69)). Complex(60) shows a second
reversible ferrocenyl wavé\g, < 90 mV) at an E-value of ca. 0.49 V. Complex¢38)
and (69) shows irreversible oxidation waves for the oxidatiof the ruthenocenyl or
osmocenyl center at  Evalues of 0.83 and 0.98 V, respectively. With sert
knowledge, the origin of peak X in the CV @9) cannot be clearly identified. Linear
sweep voltammograms are also showrFigure 3.43 The LSV of(60) shows two
processes with an equal number of electrons traesfdor the two ferrocenyl-signals,
with the rhodium signal shared between both du¢héo close proximity of the two
signals. The LSV’s 0f68) and(69) both show two electrons transferred for wave 1 and
only one electron transferred for wave 2. Thigegponds to the one-electron oxidation

of the rhodium center being overlapped by the diedeof the ferrocenyl group.

The redox couple of the rhodium center is buriedenneath the first ferrocenyl wave —
wave 1. Despite this, wave 1 still exhibits cheahi@versibility for all complexes, with
ipdipa @pproaching 1. Peak current ratios, as well &groelectrochemical data are

summarized imMable 3.31
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Figure 3.43. CV’s (left) of rhodium(l) dicarbonyl complexg57), (60), (68) and(69), as well as LSV’s
(right), in CHCI,/0.1 mol dn® [N("Bu,)][B(CeFe)], T = 25°C on a glassy carbon working electrotia a
scan rate of 100 mV's

Square wave (SW) voltammetry has the capabilityejparate poorly resolved CV peaks
better. This capability is enhanced if the two foore) non-resolved electron-transfer
processes take place at vastly different ratese félrocenyl waves normally represent
electrochemical reversibléd. fast) processes. In contrast thé /R’ couple is often a
guasi-reversible or electrochemically irreversiptecessi(e. slow). If this is the case,
SW voltammetry at high frequencies should moveRhecouple of(57), (60), (68) and
(69) to much higher observed potentials, while theoeenyl formal reduction potential
should be independent of SW frequency. This hygmithwas tested q®7), (60), (68)
and (69) to see if it was possible to observe the “hidd&if wave. Results were
exceptionally successful. Figure 3.44 shows the SW voltammograms of all four

complexes. While the rhodium(ll/lI) couple, whicle whose to label peak 3, is buried
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under each CV, the SW voltammograms at 50 Hz glestmdbwed peak 3 to the right of

peak 1. Peak 2 is that of the second metallocemggn(60), (68) and(69).
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Figure 3.44. CV's (bottom part of each diagram) and SW’s (top)hodium(l) dicarbonyl complexes
(57), (60), (68) and(69), in CH,Cl,/0.1 mol dn® [N("Bu,)][B(C¢Fe)], T = 25°C on a glassy carbon working
electrode measured at a CV scan rate of 100 Tp¥rsd SW measured at a frequency of 50 Hz.
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Table 3.31. Data obtained for all rhodium(l) dicarbonyl comyés [Rh(FCCOCHCOR)(CE) in
CH,CI,/0.1 mol dn® [N"Bu,][B(C¢Fs)], at T = 25°C.
imvs! EydmV  AE/mV  EPImV  ipdpA  ipdipa vimvs! EpdmV  AE/mV  EPImV  ipduA  ipdipa
[Rh(FCCOCHCOCR)(CO),] (57)
100 583 87 540 0.750 0.99
200 596 107 543 1.196 0.98
300 603 115 546 1.491 0.97
400 610 128 546 1.740 0.93
500 617 139 547 1.966 0.92
[Rh(FCCOCHCOFc)(CQ]) (60) — wave 1 [Rh(FCCOCHCOFc)(CQ) (60)— wave 2
100 385 75 348 0.794 0.98 100 529 85 487 0.787 0.98
200 400 96 352 0.861 0.93 200 549 114 492 0.842 0.97
300 407 103 356 1.109 0.92 300 558 126 495 1.009 0.91
400 412 112 357 1.270 0.89 400 562 138 494 1.215 0.88
500 421 120 360 1.405 0.85 500 571 145 499 1.345 0.85
[Rh(FCCOCHCOOC)(CQ) (68)— wave 1 [Rh(FCCOCHCOOC)(CQ) (68)— wave 2
100 388 60 358 0.358 0.96 100 827 89 783 0.344 0.22
200 413 77 375 0.491 0.94 200 866 107 806 0.472 0.21
300 414 78 376 0.650 0.88 300 877 116 819 0.554 0.17
400 421 80 380 0.806 0.84 400 882 121 829 0.675 0.15
500 426 90 381 0.866 0.81 500 897 122 837 0.854 0.11
[Rh(FCcCOCHCORCc)(CQ] (69)— wave 1 [Rh(FcCOCHCORCc)(CQ] (69)— wave 2
100 430 82 383 0.317 0.97 100 975 - - 0.249 -
200 432 95 386 0.502 0.93 200 984 - - 0.345 -
300 438 104 387 0.627 0091 300 993 - - 0.450 -
400 444 114 389 0.729 0.89 400 1010 - - 0.519 -
500 450 115 393 0.888 0.85 500 1033 - - 0.562 -
Group electronegativitiegg) are useful quantities to predict reactivity witfhis study
useyg-values on the Gordy scale. An increase in formedliction potentials (B of the
ferrocenyl peak (wave 1) was observed along with iacrease in group

electronegativities of the varyirfiydiketonato substituents in [Rh(FCCOCHCOR)(€JO)

This could be used to construct a calibration cuwf/gz vs E°. From the calibration

curve, the unknowng-value for the osmocenyl group was read off, anchébto be 1.90.

The known data that was used, as well as the dtermined for the osmocene group, is
tabulated inTable 3.32 and the plot is shown frigure 3.45
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Figure 3.45 & Table 3.32. Calibration curve of known of %Evalues vs Gordy scale group
electronegativitiesyg) for rhodium(l) dicarbonyl complexes, [Rh(FCCOCHRPCOY),], with values used
tabulated as shown.

To further study the rhodium(l) redox couple beingrtapped by the ferrocenyl redox
couple, spectro-electrochemistry was performed. IRtsp&vere taken of the dicarbonyl
complex as the applied potential was increased invVOricrements, utilizing an Ottle-

cell, as described i€hapter 4 (Section 4.6.1 By focusing on the IR carbonyl peaks, it
is possible to show changes in the redox state ofhith@éium center as the potential is

increased.

IR-spectra obtained from spectro-electrochemistryhodium(l) dicarbonyl complexes
(57), (60), (68) and(69) are shown irFigure 3.46 At a resting potential of 0 V, two
carbonyl peaks, Aand B, of the original species are observable. As the pates
increased, these two carbonyl peaks disappear, togeithethe appearance of two new
carbonyl peaks, Aand B. The newly formed peaks reach a maximum in siza at
potential just larger than that of wave 1, as obskbyeCV. These two new peaks can be
attributed to the Rh(Il) species formed upon oxmatat wave 1. As the potential is

increased even further, the Rh(ll) carbonyl peakagjear at a potential of above 1.6 V,
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indicating decomposition of the rhodium complexgdo loss of the carbonyl ligands.
IR-peak values of the Rh(l) and the oxidized Rh@8rbonyl peaks, as well as the
potential of maximum Rh(ll) IR-peak values aredinTable 3.33

[Rh(FcCOCHCOCE)(COY [Rh(FcCOCHCOFc)(CQ)
05 - (57)
0.48 4 _
(O]
-
£ g
= k=1
2 04 A E £
1 o
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Figure 3.46. IR-spectra of rhodium(l) dicarbonyl complex&g), (60), (68) and(69) at a concentration of
0.003 mol drit, at regular potential increases, in £#/0.3 mol dn? [N("Bu,)][B(CsFs)], T = 25°C. No
changes in IR-spectra were observed at wavenurbleérs 1950 cril.
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Table 3.33. Spectro-electrochemical date obtained for 0.0@8 am? rhodium(l) dicarbonyl complexes
[Rh(FCCOCHCOR)(CQ)J in CH,Cl,/0.3 mol dn? [N"Bu,][B(C¢Fs)], at T = 25°C.
Rh(l) v(CO)/cm? Rh(Il) v(CO)/cm’*

R Rh(Il) Potential / V
A B, Ay B,
CF; (57) 2086 2021 1.00 2098 2037
Fc (60) 2079 2010 1.05 2089 2037
Rc (68) 2077 2008 0.80 2094 2091
Oc (69) 2079 2008 0.80 2090 2036

Spectro-electrochemistry thus gives further probfttee rhodium center undergoing
oxidation at wave 1, and is overlapped by fhdiketonato ferrocenyl group. The
electrochemistry of rhodium(l) dicarbonyl complexas be summarized schematically,

as shown irscheme 3.33

2 x(1le
[Rh/(FCCOCHCOCE)(CO) ‘W(_T—(lé‘ [Rh''(F¢"*COCHCOCK)(CO))
(57) Peaks
unresolved
[Rh!(FcCOCHCOMC)(CO)] _2x{e)_ [Rh'' (F"*COCHCOMC)(COY] —€. [Rh!'(F¢"*COCHCOMCE)(CO))

+2 X (1€) +e

Peaks

unresolved

Mc = Fc(60), Rc(68), Oc(69)
with Fc = (C5H4)F&CsHs); Rc = (GH4)RU' (CsHs); Oc = (GH4)Os'(CsHs)

Scheme 3.33.The electron transfer reactions associated witidium(l) dicarbonyl complexes.

3.5.4.2. Metallocene-Containing Rhodium(l) Phosphine Complegs

To date, very little is known about the electrocietrng of rhodium phosphine complexes
containing ferrocenyl groups. No reports are add on rhodium(l) complexes
coordinated to metallocene-containing phosphinddis study is the first to do so.
Newly synthesized rhodium(l) metallocene-containgigpsphine complexes of the type
[Rh(FCCOCHCOCE)(CO)(PPRR)] where R = F¢70) and R¢(71) have been studied in
CH.Cl, / 0.1 mol dn? [N"Buy][B(Ce¢Fs)s]. However, peak resolution was again very
poor. Here it was decided necessary to also sttidy electrochemistry of
[Rh(CH;COCHCOCH)(CO)(PPBR)] (21) and [Rh(FCCOCHCOGHCO)(PPh)] (29)
under the same experimental conditions to obsehee rhodium center with less

interference (peak overlapping) from other metaieegroups.
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The CV of [Rh(CHCOCHCOCH)(CO)(PPh)] (21), Figure 3.47, shows two waves.
The first wave 1 at an°Evalue of ca. 0.5 VTable 3.39 represents an electrochemically
irreversible electron-transfer process, and isgagsl to the Rh(Il)/Rh(l) redox couple.
AEp-values of more than 150 mV angd/ibsvalues of less than 0.5 highlight the
electrochemical and chemical irreversibility of tiedium(l) / rhodium(ll) redox couple,
although a significant amount of Rh(ll) reductioancbe observed if the turn-around
potential is chosen to exclude the phosphine oxidaivave labeled 2. The second
oxidation wave, wave 2, represents an irreversigidation at 1.4 V, at the edge of the
solvent window. This is assigned to a phosphoridation, similar to that observed for
the free, uncoordinated phosphine ligands, as ssgtliinSection 3.5.3 In the reverse
cathodic (reduction) cycle, two reduction peaksyava and 4, can be observed at ca. -0.9
V and ca. -0.3 V, respectively. In analogy to poas studies, both are assigned Rh
reduction. When reversing the scan direction leeftre second oxidation wave is
reached, reduction wave 4 is absent. This indictitat wave 4 is a rhodium reduction
wave associated with a species that contains asizex phosphines group, linked to
wave 2. Wave 3 is associated with the rhodium xedouple at wave 1 having no
oxidized phosphines group. The weak intensityexks 3 and 4 is attributed to product
diffusion away from the surface of the electrodeiry the time required for the
potentiostat to scan the potentials during thectdu cycle from wave 1 (or 2) till waves

3 (and 4). Electrochemical data are summarizéchbie 3.34
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Figure 3.47.CV'’s of rhodium phosphine complexéxl) and(29) at scan rates from 100 - 500 mV, én
CH,Cl,/0.1 mol dn?® [N("Buy)][B(CsFs)], T = 25°C on a glassy carbon working electraewell as SW's
(top) at a frequency of 90 Hz.

The CV of [Rh(FcCOCHCOGKHCO)(PPR)] (29), also shown irFigure 3.47, shows
similar redox behavior t¢21), but with the addition of the ferrocenyl electrmansfer
process to the voltammogram. Wave 1, at 0.26 V mamttributed to the ferrocenyl
oxidation wave. Similar to the rhodium dicarbormgmpounds, discussed Bection
3.5.4.1 overlapping of the ferrocenyl and rhodium peaks abserved. In this case,
however, wave 2 is clearly observable as a quasirséle rhodium(ll/l) redox couple,
with AE, value of smaller than 150 mV. Clearer distinctimtween wave 1 and 2 can be
made by SWFigure 3.47. Wave 3 can again be considered an irreversibtesghine
oxidation at ca. 0.8 V. Again, two rhodium redoati waves are observed at
approximately -0.7 V (wave 4) and 0.1 V (wave ®spectively. Wave 4 disappears
when the scan is reversed prior to the phosphindabgn at wave 3, indicating wave 4
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involves reduction of a rhodium species still camtay an oxidized phosphine ligand.
Wave 5 is associated with rhodium reduction ofecgs bearing no oxidized phosphines
group (.e. generation 0of29) itself). The ferrocenyl peak at wave 1 shows teauction
waves, 6a and 6b, when the CV scan is wide enaugictiude wave 3. When the scan is
reversed prior to the phosphorus oxidation at wayehe ferrocenyl peak becomes
chemically and electrochemically reversible, wik, < 90 mV, and jgfipa larger than
0.98, together with the disappearance of wave®das can be considered similar to the
ferrocenyl wave of PRRc (13), as discussed isection 3.5.3 When phosphorus
oxidation occurs at wave 3 and the potential isragacreased in the reverse cathodic
cycle, reduction does not take place at the phasghoenter. Reduction of the
ferrocenyl group associated with the electrochellyiggenerated species at wave 3 thus
takes place at a higher potential under the infteeof the adjacent positively-charged
phosphorus group. Wave 6b is associated with demom reduction of a species
containing no oxidized phosphine ligand. This \wesved as follows: When the scan is
reversed prior to wave 3 and no phosphorus oxiddtkes place, oxidation wave 1 and
reduction wave 6b of the ferrocene group takeseptamnpletely reversible as expected.

The electrochemistry q29) can be summarized as showrSicheme 3.34

[Rh'(FCCOCHCOCE)(CO)(PPh)]

wave 1 ) e‘1 L+ €
[Rh(F¢"COCHCOCR)(CO)(PPH)]
wave 2 Al+e

-6
[Rh''(Fc"COCHCOCR)(CO)(PPh)] W—afi Further reactions

wave 3 te
wave 5

[Rh!'(FE"COCHCOCR)(CO)(PPh)] X2XE 32 Further reactions

Scheme 3.34.Electron transfer reactions associated with [REECHCOCKE)(CO)(PPh)] (29), with Fc

= (CsHy)F€'(CsHs).

The CV of [Rh(FcCOCHCOGHCO)(PPhFc)] (70), shown inFigure 3.48 shows
similar redox behavior t(29), with the addition of the electrochemical fingenprof an
additional phosphine-bound ferrocene group. Wavat Ta. 0.3 V can be attributed to
the electrochemically quasi-reversible rhodium eafioh wave, with AE,-value of

smaller than 150 mV. Overlapping again occurs \thth first ferrocenyl peak, wave 2,
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but can be separated by SW, as showfigure 3.48 The reduction peak, wave 7,
associated with the ferrocenyl group is again olebrto a higher potential than
expected, at 0.32 V (at 100 mV,sTable 3.39, under the influence of the positively-
charged phosphorus group after oxidation ther&dhen the scan is reversed prior to the
phosphorus oxidation (wave 4), the ferrocene gragiges a chemically and
electrochemically reversible redox-couple. Wavesi®ws a quasi-reversible redox
couple of the second phosphine-bound ferrocenylygravith peak current ratios of 0.9
or more, indicating chemical reversibility. Phospls oxidation takes place at 0.913 V,
wave 4. A rhodium reduction wave associated witlspacies containing oxidized
phosphines group (wave 5) is observed at -0.719Ms wave disappears when the scan
is reversed prior to the phosphorus oxidation ateva A second reduction wave is also
observed at ca. -0.4 V (wave 6), which is assodiatéh rhodium reduction of a species

bearing no oxidized phosphine group.

The CV of [Rh(FCcCOCHCOGHCO)(PPRhRc)] (71), also shown irFigure 3.48 shows
similar redox behavior t¢70), with a phosphine-bound ruthenocenyl peak reptatie
equivalent ferrocenyl peak i(r0). Wave 1, at | = 0.257 V is attributed to the
electrochemically quasi-reversilflediketonato ferrocene oxidation wave, with the peak
shape resembling that of pure ferrocene. Oventgppigain occurs with the rhodium
redox couple, wave 2, which shows electrochemiealensibility, with AEs-values
between 70 and 85 mV, but chemical irreversibilityith i,di,a smaller than 0.9.
Distinction between wave 1 and 2 can clearly beeriagd SW, as shown iRigure 3.48
Wave 3 shows a quasi-reversible redox couple ofrtiteenocenyl group, with peak
current ratios of 0.9 or more, indicating chemioaersibility. Phosphorus oxidation
takes place at 1.106 V, wave 4. A rhodium reductiave (wave 5) is observed at -
0.368 V, which disappears when the scan is reveygedto the phosphorus oxidation at
wave 3. Hence, wave 5 is associated with a spestilscontaining an oxidized
phosphines group. Wave 6 at 0.103 V is associaitdrhodium reduction of a species

bearing no oxidized phosphines group.
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Figure 3.48.CV’'s of rhodium phosphine complex¢80) and (71), with the scan direction reversed at
different potentials, and with scan rates from 1600 mV §', in CH,Cl,/0.1 mol dn® [N("Bus)][B(C¢Fe)],
T = 25°C on a glassy carbon working electrode. $SW8p), at a frequency of 90 Hz, are also shown.
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Table 3.34. Data obtained for rhodium(l) phosphine complei2dy, (29), (70) and(71) in CH,CI,/0.1 mol
dm? [N"Bug][B(CeFs)], at T = 25°C.

imVs! EydmV  AE/mV  EPImV  ipdpA  ipdipa v/mvs! EpdmV  AE/mV  EPImV  ipduA  ipdipa
[Rh(CH;COCHCOCH)(CO)(PPh)] (21)— wave 1 [Rh(CH;COCHCOCH)(CO)(PPh)] (21)— wave 2
100 580 217 472  4.89 0.41 100 1402 - - 586 -
200 649 295 502 6.49 0.27 200 1437 - - 6.99 -
300 652 317 494 676 0.22 300 1441 - - 7.99 -
400 655 325 493 6.88 0.20 400 1444 - - 8.05 -
500 658 344 486 6.75 0.19 500 1446 - - 843 -
[Rh(CH;COCHCOCH)(CO)(PPh)] (21)- wave 3 [Rh(CH;COCHCOCH)(CO)(PPh)] (21)— wave 4
100 -893 - - 018 - 100 -258 - - 037 -
200 -923% - - 02r - 200 -30% - - 08¢ -
300 -954 - - 027 - 300 -308 - - 0.89 -
400 -968 - - 0.30 - 400 -312 - - 100 -
500 -1033F - - 039 - 500 -314 - - 102 -
[Rh(FCCOCHCOCE)(CO)(PPh)] (29)— wave 1 [Rh(FCCOCHCOCE)(CO)(PPh)] (29)— wave 2
100 260 - - 3.86 - 100 338 113 282 556 0.31
200 270 - - 6.45 - 200 370 168 286 7.00 0.38
300 271 - - 7.69 - 300 383 183 292 8.40 0.39
400 273 - - 8.69 - 400 385 188 291 9.86 0.58
500 290 - - 9.60 - 500 388 198 189 11.12 0.70
[Rh(FCCOCHCOCE)(CO)(PPhR)] (29)— wave 3 [Rh(FCCOCHCOCE)(CO)(PPhR)] (29)— wave 4
100 719 - - 6.44 - 100 -686 - - 027 -
200 839 - - 7.30 - 200 -739 - - 090 -
300 898 - - 946 - 300 -754 - - 129 -
400 927 - - 11.12 - 400 -778 - - 152 -
500 953 - - 1178 - 500 -798& - - 169 -
[Rh(FCCOCHCOCE)(CO)(PPR)] (29)— wave 5 [Rh(FCCOCHCOCE)(CO)(PPR)] (29)— wave 6
100 -103 - - 0.08 - 100 298 - - 339 -
200 -138 - - 029 - 200 292 - - 599 -
300 -143 - - 028 - 300 288 - - 718 -
400 -167° - - 030 - 400 285 - - 8a® -
500 -172 - - 054 - 500 282 - - 9.09 -
[Rh(FCCOCHCOCE)(CO)(PPhFc)] (70)— wave 1 [Rh(FCCOCHCOCE)(CO)(PPhFc)] (70)— wave 2
100 245 102 194 3.90 0.12 100 320 - - 231 -
200 248 128 184 454 0.14 200 329 - - 343 -
300 252 138 183 5.00 0.17 300 345 - - 378 -
400 262 165 180 5.13 0.18 400 350 - - 471 -
500 264 180 174 559 0.20 500 356 - - 467 -
[Rh(FCCOCHCOCE)(CO)(PPhFc)] (70)— wave 3 [Rh(FCCOCHCOCE)(CO)(PPhFc)] (70)— wave 4
100 720 177 632 195 0.89 100 913 - - 078 -
200 721 220 611 2.15 0.91 200 936 - - 1.1 -
300 722 249 599 2.38 0.93 300 942 - - 142 -
400 725 260 595 2.41 0.94 400 951 - - 136 -
500 728 272 592 256 0.95 500 965 - - 143 -
[Rh(FCCOCHCOCE)(CO)(PPhFc)] (70)— wave 5 [Rh(FCCOCHCOCE)(CO)(PPhFc)] (70)— wave 6
100 -718° - - 012 - 100 -362 - - 012 -
200 -77% - - 02r - 200 -418 - - 039 -
300 -793 - - 052 - 300 -452 - - 078 -
400  -806° - - 078 - 400  -466° - - 140 -
500 -817 - - 09?7 - 500 -48C¢° - - 1248 -
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Table 3.34. (continued) Data obtained for rhodium(l) phosphine complef&k), (29), (70) and(71) in
CH,CI,/0.1 mol dn® [NBu,][B(C¢Fs)], at T = 25°C.

omvs! EdmV  AE/mV  EUImV  ipfuA  pdipa  v/mVs' EdmV AE/mV  EPImV  ipduA  ipdipa
[Rh(FCCOCHCOCE)(CO)(PPhFc)] (70)— wave 7
100 320G 2.08
200 304 3.37
300 302 3.47
400 297 4.48
500 295 4.52
[Rh(FCCOCHCOCE—)(CO)(PPBRC)] (71)— wave 1 [Rh(FCCOCHCOCE)(CO)(PPhRc)] (71)— wave 2
100 257 127 194 10.09 0.24 100 358 70 323 154 0.67
200 266 183 175 12.49 0.22 200 368 74 333 257 0.74
300 269 211 164 14.43 0.19 300 371 78 334 336 0.79
400 287 261 157 17.81 0.17 400 378 81 338 3.87 081
500 289 176 151 18.68 0.15 500 384 85 342 406 0.85
[Rh(FCCOCHCOCE)(CO)(PPhRc)] (71)— wave 3 [Rh(FCCOCHCOCE)(CO)(PPhBRc)] (71)— wave 4
100 656 102 605 2.80 0.90 100 1106 2.10 -
200 665 104 612 414 0.92 200 1114 1.82
300 670 110 615 4.96 0.96 300 1135 1.96
400 676 113 618 6.12 0.97 400 1151 1.54
500 689 114 631 6.84 0.98 500 1165 1.12 -
[Rh(FcCOCHCOCB(CO)(PPBRC)] (71)—wave 5 [Rh(FcCOCHCOCB(CO)(PPBRC)] (71)— wave 6
100 -368 0.28 - 100 103 0.56
200 -369° 0.42 200 3g 0.76
300 -397 0.82 300 -15° 1.23
400 -413 1.08 400 -68 1.98
500 -446 1.40 500 -84 252

(@) Bo (b) be

Spectro-electrochemistry was also performed onrlieelium(l) phosphine complexes

[Rh(CH;COCHCOCH)(CO)(PPh)]
[Rh(FCCOCHCOCE)(CO)(PPhFc)]

(21),

[Rh(FCCOCHCOCE(CO)(PPh)]
(70) and

(29),
[Rh(FCCOCHCOGHCO)(PPhRC)]

(71). IR-spectra obtained from spectro-electrochemistithese complexes are shown in

Figure 3.49 At a resting potential of O V, one carbonyl

pélabeled A), of the mother

species is observable. As the potential is ine@as 0.1V increments, no changes in the

IR-spectra are observed, even when potentialseaiched corresponding to the oxidation

of Rh(l) to Rh(ll).

This does not indicate howewbat no changes take place at the

rhodium-center at these potentials, but only tHanges taking place do not have a

significant influence on the IR-spectra. As thdeptial is increased even further, the

carbonyl-peak decreases and finally disappearsotiytat potentials higher than 1.6 V,

corresponding to reaching the end of the solventiouv.
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Figure 3.49. IR-spectra of rhodium(l) phosphine complex2s), (29), (70) and(71) at a concentration of
0.003 mol drit, at regular potential increases, in £#/0.3 mol dn? [N("Bu,)][B(CsFs)], T = 25°C. No
further observations were made {@f) and(29) between 1600 and 1900 ¢m

An interesting observation was made with complgX@3 and(71) when the potential is

increased above 1.6 V. Together with the disagpear of the carbonyl peak, two new
carbonyl peaks formed to higher (2100 %npeak B) and lower (1700 ¢hpeak C)
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wavenumbers, resembling Rh(lll) alkyl and Rh(llityh species, as formed after
oxidative addition. This is explained as the okida addition of the solvent,
dichloromethane, to the rhodium complex. To confithis, another experiment was
carried out, with methyl iodide added to the elglgtic solution, and the potential
increased as previously. Clear distinction coutdnbade between oxidative addition
products of CHl and oxidative addition products of @GEl,, and as the potential is
increased, switched from the methyl iodide producksminant at low potential) to
dichloromethane products (dominant at high potésjtiaFigure 3.50 shows IR-spectra
of the Rh(l) starting complex without methyl iodiddded and at resting potential (a), as
well as at increased potential, forming the diohinethane oxidative addition products
(b), and finally with methyl iodide added and at iaereased potential, forming the
methyl iodide oxidative addition products. Wavernanrs of oxidative addition products
are listed inTable 3.35

14
Q ©
§ 0.95 8
£ Rh(ll1) S Rh()
£ €
% 2
= E 0.75 -
Rh(llI)
0.9 4 acyl
[Rh(FCCOCHCOCER)(CO)(PPhFc)] [Rh(FCCOCHCOCR)(CO)(PPhRC)]
(70) (71)
0.85 T T 0.55 T T
2080 1880 1680 2080 1880 1680
Wavenumber / cm * Wavenumber / cm

Figure 3.50. IR-spectra of rhodium(l) phosphine complexé8) and(71) at a resting potential of O ),

and at a potential of more than 1.6 b).( IR-spectra of complex€30) and(71) with the addition of Mel
and increased potential are indicateddn (Rhodium concentration of 0.003 mol drim CH,CI,/0.3 mol
dm? [N("Buy)][B(CsFs)], T = 25°C were used.
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Table 3.35. Spectro-electrochemical date obtained for 0.0@8 ami® rhodium(l) phosphine complexes
[Rh(FcCOCHCOCE)(CO)(PPhR)] in CH,Cl,/0.3 mol dn® [NBu,]J[B(C¢Fs)], at T = 25°C.

Rh(I1) CH 4 Rh(I1) CHCI 5
R Rh(/l)cr#lc 0) oxidative addition / cm* oxidative addition / cni®
Alkyl Acyl Alkyl Acyl
Fc (70) 1979 2135 1712 2122 1765
Rc (71) 1978 2087 1711 2060 1712

3.5.4.3. Rhodium(l) Complexes Containing Fluorinated Phosphies

The electrochemistry of the new rhodium(l) compkegentaining fluorinated phosphines
that eminated from this study, [Rh(FCCOCHCQYEO)(PPR(CsFs)s-r] With n = 2(72),

1 (73), or 0(74), have been investigated in @, / 0.1 mol dn® [N"Bug][B(CeFs)4).

The CV’s of complexeér2), (73)and(74) are shown irFigure 3.51 All exhibit similar
electrochemical behavior. Three redox couplesolaservable. Wave 1 at potentials
between 0.27 V and 0.34 I'¢ble 3.39 for compoundg72) — (74), represents a redox
process associated with tfeliketonato ferrocenyl group. Sinéd, values are smaller
than 90 mV at a scan rate of 100 mV, she process is electrochemically reversible.
Peak current ratios of better than 0.9 were alsmdoindicating chemical reversibility.
Again, the rhodium-based redox process associatéd wave 2 is found to be
submerged underneath the ferrocenyl redox couV voltammetry,Figure 3.51,
could not clearly resolve waves 1 and 2. FromGNetraces, wave 2 represents a quasi-
reversible process af’ Balues approximately 0.37 V — 0.39 V, ahB, values between
90 mV and 150 mV, angdipa Values smaller than 0.8. The large deviationsifmity

for the current ratios indicate poor chemical reilglity. Electrochemically irreversible
oxidation of the phosphine-group was observed aew& between 1.0 V and 1.5V. A
reduction peak, wave 4, is also observed at appately 0.58 V — 0.61 V, and probably
corresponds to reduction of freshly oxidized phasgh groups. The reduction wave 5,
at approximately -0.5 V, were absent if the switghpotential was small enough to
exclude wave 3, and is at present assigned to identified decomposition product after

phosphines oxidation takes place. Electrochendiatd are summarized Trable 3.36
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Figure 3.51.CV'’s of rhodium phosphine complexé&2), (73) and(74), with scan rates of 200 mV*sin
CH,CI,/0.1 mol dn?® [N("Bu,)][B(CsFe)], T = 25°C on a glassy carbon working electro®W'’s (top for
each complex) at a frequency of 50 Hz is also shown
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A general increase in potential was observed fovewal and 3, as the number of
fluorinated rings on the phosphine ligand is insegh Thus as the total group
electronegativity prrr) On the phosphine increases as more fluorinategsriare
added, oxidation becomes more difficult. A largpendence exists between phosphine
group electronegativity and pE values for phosphine oxidation. Tifediketonato
ferrocenyl-group formal reduction potential was imuess dependent on changes in
phosphine group electronegativity. Both relatiopstare quantified mathematically by
the following equations:

Wave 1: B = 132yprpr"- 644.5
Wave 3: %a: 848XPR'R"R"" 4810

This dependence is illustrated graphicallyFigure 3.52 FromFigure 3.52it is clear
that the PP4c (70) and PPBRc (71) complexes do not fit the dependency predicted for
wave 3, probably because when the phosphorus &axidized, the Fc and Rc groups
are already oxidized to thehargedferrocenium and ruthenocenium species. All the
other phosphines are neutral ligands when the B asooxidized. No significant

influence on the position of rhodium oxidation vediserved.
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Figure 3.52.(a) CV’s of rhodium phosphine complexé&2), (73) and(74) at a scan rate of 100 m\*,sn
CH,CI,/0.1 mol dn [N("Bu)][B(CsFs)], T = 25°C on a glassy carbon working electro@®. Graph of Ba
(for wave 3) or E (for wave 1)vs.total group electronegativityg) of the phosphine substituents, showing
a linear relationship betweeprrr-((r +%r" + ¥r+) and the oxidation potential.

Table 3.36.Data obtained for rhodium(l) phosphine compleg®), (73), and(74)in CH,Cl,/0.1 mol dn?®

[NBU4][B(C6F5)], at T = 25°C.

v/mvs?

EdmV  AE/MV  E°/mV  ipdnA  ipdipa

oimVs!  EpdmV  AE/mV  EPImV  ipduA  ipdipa

[Rh(FCCOCHCOCR)(CO)(PPB(C6F5))](72) —wave 1

[Rh(FCCOCHCOCE)(CO)(PPh(C6F5))](72) —wave 2

100 302 62 271  2.03 0.95 100 419 96 371 060 0.75
200 321 83 280 2.67 0.94 200 424 104 372 086 0.73
300 332 96 284 3.39 0.93 300 437 117 379 1.05 0.68
400 340 106 287 3.80 0.91 400 448 129 384 1.67 0.65
500 342 108 288 4.15 0.89 500 452 134 385 1.86 0.62
[Rh(FCCOCHCOCR)(CO)(PPhR(C6F5))] (72)— wave 3 [Rh(FCCOCHCOCR)(CO)(PPh(C6F5))] (72) — wave 4
100 1019 - - 174 - 100  -459 - - 007 -
200 1131 - - 224 - 200 -514 - - 047 -
300 1160 - - 3.37 - 300 -544 - - 048 -
400 1180 - - 3.46 - 400 573 - - 050 -
500 1194 - - 4.02 - 500 -581° - - 05@ -
[Rh(FCCOCHCOCR)(CO)(PPh(C6F5)] (73)—wave 1 [Rh(FCCOCHCOCR)(CO)(PPh(C6F5)] (73)—wave 2
100 325 86 282 653 0.94 100 399 81 359 3.13 0.76
200 334 100 284 11.97 0.91 200 404 90 359 3.76 0.73
300 350 119 291 14.88 0.87 300 416 105 364 4.05 0.69
400 353 124 291 17.07 0.85 400 422 113 366 4.89 0.65
500 358 130 293 19.92 0.83 500 430 125 368 5.49 0.61
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Table 3.36. (continued) Data obtained for rhodium(l) phosphine compleXég), (73), and (74) in

CH,CI,/0.1 mol dn® [NBu,][B(C¢Fs)], at T = 25°C.

vimvs' E,/mV  AE/mv  E’/mV

oA

ipdipa

vimvs' Ep/mV  AE/mv  E’/mv

ipd LA

ipdipa

[Rh(FCCOCHCOCE)(CO)(PPh(C6F5)] (73)—wave 3

[Rh(FCCOCHCOCE)(CO)(PPh(C6F5)] (73)—wave 4

100 1247 - - 5.40 - 100 -378 - - 017 -
200 1313 - - 10.67 - 200 -418 - - 134 -
300 1345 - - 18.23 - 300 -457%° - - 247 -
400 1356 - - 23.40 - 400  -459° - - 297 -
500 1381 - - 28.18 - 500 -466 - - 3.07 -
[Rh(FCCOCHCOCE)(CO)(P(C6F5))] (74)— wave 1 [Rh(FCCOCHCOCE)(CO)(P(C6F5))] (74)— wave 2
100 380 82 337 833 0.95 100 441 123 380 5.32 0.78
200 384 92 338 11.13 0.91 200 453 142 382 6.05 0.75
300 394 111 339 14.10 0.87 300 461 153 385 7.54 0.69
400 401 124 339 15.89 0.84 400 469 164 387 8.34 0.67
500 409 139 340 17.40 0.81 500 478 177 390 9.01 0.65
[Rh(FcCOCHCOCE)(CO)(P(C6F5))] (74)— wave 3 [Rh(FCCOCHCOCE)(CO)(P(C6F5))] (74)— wave 4
100 1443 - - 11.22 - 100 -613 - - 017 -
200 1446 - - 1520 - 200 -627° - - 042 -
300 1458 - - 18.58 - 300 -626 - - 067 -
400 1486 - - 20.14 - 400 -636° - - 084 -
500 1546 - - 2318 - 500 -667 - - 094 -

(@) B, (D) be

3.5.5.Electrochemistry of Tetrathiafulvalene-Containing Complexes

The tetrathiafulvalene (TTF) core is a known eleattive group® It has previously
been shown by the Lorcy group that the TTF grougengoes two completely reversible
stepwise one-electron redox processes, as showrscileme 3.35 due to the
delocalization capabilities of this grodp. Their study used Ci&l, as solvent and

[NBug][PFs] as supporting electrolyte.

T TR = T

Scheme 3.35Redox processes of the TTF-core.

In this study, we investigated the electrochemisfrthe TTF-containing ligands; TTF-
Sacac(39) and B-TTF-Sacac(88), in CH,Cl, and [N'Bus[B(CeFs)s] as solvent and
supporting electrolyte. Both compounds showedexgected two one-electron redox
couples from the TTF core, as showrFigure 3.53 Wave 1 was observed &t Ealues

of 22 mV and -111 mV, fo39) and(88), respectively, while Evalues for wave 2 was
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630 mV and 677 mV, respectivelydble 3.37. AE, values of smaller than 90 mV were
observed for waves 1 and 2, at scan rates of 1068 'mwdicating electrochemical
reversibility (Table 3.37. Both compoundg39) and (88) also showed chemical
reversibility for both redox couples, with peak remnt ratios of 0.90 to 0.99. Linear
sweep voltammetry was also performédgure 3.53 and it indicated that an equal
number of electrons are associated with waves 2anthis is concurrent with two one-
electron redox processes as illustrate@dameme 3.35 It is interesting to note that’E

wave 2 - E-wave 1 = 608 mV fof39), but 788 mV for(88). This clearly shows that
(88) is much more efficient in delocalizing chargedemtediates thai§39), probably

because the substitution patterr{&8) allows less steric hindrance th¢®).

2

40.0 -
kY
1=
£20.0 4
j
O

0.0 T T !
1500 “Btential / mi° 1500

Figure 3.53.CV'’s, of TTF-containing compound89) and(88), at a scan rate of 100 mV,sas well as
LSV’s, in CH,Cl,/0.1 mol dn? [N("Bua)][B(CsFe)], T = 25°C on a glassy carbon working electrode.

The electrochemistry of rhodium(l) tetrathiafulvadecomplexe$75) and (76) was then
explored in CHCl, / 0.1 mol dr? [N"Bug][B(CeFs)s]. Voltammograms are shown in
Figure 3.54 and data is summarized Table 3.37 Each complex shows two redox

couples belonging to the TTF core, as well as @itho redox couple. In the case of
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(75), wave 1 and 2 shows quasi-reversible one-elegironesses at 0.08 V and 0.66V,
with AE, ~ 130 — 140 mV at 100 mVs Peak current ratios were found to be

approaching 1, indicating chemical reversibility.

Oxidation of the rhodium center from Rh(l) to Rh@as observed at 0.89 V (wave 3),
with AE, values of between 90 and 150 mV. This indicatettechemical quasi-
reversibility. The rhodium redox couple was foumat be chemically reversible, with
peak current ratios smaller than 0.8. A propefty7®) is that both TTF-based redox
processes are completéeéfore the rhodium center is oxidized. As the scan iate
increased from 100 to 500 mVsa decrease is observed in the peak current rigdips

of the rhodium redox couple, wave 3. However, ttuthe uncertainty and inaccuracy of
the measured currents, because of poor peak riggplthis drift in current ratio was not
interpreted. Complek76) also showed three one-electron transfer procesdks/es 1
and 3 represent quasi-reversible one-electron redaples associated with the TTF
core, at -0.17 V and 0.70 V, afdE, values smaller than 150 mV. Peak current ratios
were found to be approaching 1, indicating chemieakrsibility. For complex75),
oxidation of the rhodium center was observed at ¢/5wave 2,i.e. between the TTF
processes and not after them), with, values of between 90 and 150 mV, indicating
electrochemical quasi-reversibility. The rhodiuredex-couple was found not be
chemically reversible, with peak current ratios Benghan 0.5. SW's and LSV's are
also shown irFigure 3.54 The LSV of both complexg35) and(76) show the number
of electrons involved to be equal for waves 1,2 & This confirms all three to be one-

electron processes, giving further proof for thedaton of Rh(l) to Rh(Il).
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Figure 3.54.CV's, of TTF-containing rhodium(l) complex¢&5) and(76), at a scan rate of 100 mV,sn
CH,Cl,/0.1 mol dn?® [N("Bu)][B(CeFs)], T = 25°C on a glassy carbon working electrof#/’s (top of
each figure) at a frequency of 10 Hz, as well a¥’sSbottom of each figure) are also shown for each
complex.

Despite complexeg75) and (76) possessing similar electronic properties, withyonl
differences in the substitution pattern, a largiedence with respect to the rhodium
position in the sequence of redox processes weseredd. In the case (15), oxidation

of Rh(l) takes place at 0.89 V, and after TTF okwa This contrasts the formal
reduction potential of 0.51 V for complg¢X6). The rhodium center of compléX6) is
thus easier to oxidize, indicating that the TTFugran (76) is much better orientated to
donate electron density towards the rhodium cent&®hen considering the spatial
orientation of the TTF group in both complexescan be assumed that due to steric
influences of two methyl groups in complé#), the TTF group is rotated out of the
plane of the rhodium center. In the case of cormpl®), no such interaction is taking

place and the TTF group is orientated to form agdlane with the rhodium center. This
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makes donation of electron density much more effigiforming an overall conjugated

system, and thus lowering the oxidation potentidhe rhodium center i(i76).

Table 3.37.Data obtained for TTF-containing compour{d8), (88), (75) and(76) in CH,Cl,/0.1 mol dn?®
[NBU4][B(C6F5)], at T = 25°C.

oimvs'  EydmV  AE/mV  EVImV  ipdpA  ipdipa imvs'  EpdmV  AE/mV  EImV  ipduA  ipdipa
a-TTF-Sacaq39)— wave 1 a-TTF-Sacadq39)— wave 2
100 64 84 22 579 0.97 100 675 90 630 5.36 0.96
200 69 90 24 7.89 0.97 200 679 103 623 7.24 0.94
300 70 101 20 9.55 0.96 300 683 109 629 8.81 0.94
400 71 103 20 11.05 0.94 400 685 114 628 9.93 0.93
500 79 114 22 1196 0.93 500 686 116 628 10.93 0.93
B-TTF-Sacaq88)— wave 1 B-TTF-Sacad88) — wave 2
100 -68 86 -111 7.46 0.99 100 723 93 677 7.32 0.98
200 -42 115 -100 10.60 0.97 200 746 120 686 10.09 0.96
300 -36 129 -101 13.07 0.94 300 753 128 689 12.31 0.94
400 -35 134 -102 1493 0.94 400 755 132 689 14.06 0.93
500 -34 138 -103 16.74 0.93 500 758 138 689 15.62 0.90
[Rh(o-TTF-Sacac)(cod){75)— wave 1 [Rh(o-TTF-Sacac)(cod){75)— wave 2
100 151 139 82 1.68 0.95 100 726 134 659 2.15 0.96
200 159 149 85 230 0.93 200 738 141 668 2.27 0.94
300 161 157 83 2.85 0.87 300 739 141 669 2.83 0.90
400 169 171 84 3.25 0.86 400 750 149 676 3.25 0.89
500 176 180 86 3.45 0.85 500 758 154 681 3.63 0.87
[Rh(o-TTF-Sacac)(cod){75)— wave 3 [Rh(B-TTF-Sacac)(cod){76)— wave 1
100 931 86 888 0.30 0.80 100 -136 88 -172  6.48 0.95
200 933 91 889 049 0.78 200 -126 85 -169 892 0.94
300 949 111 892 0.79 0.71 300 -123 86 -166 10.87 0.93
400 958 125 894 0.84 0.64 400 -118 88 -162 12.03 0.91
500 960 137 896 0.87 0.58 500 -112 92 -158 13.80 0.90
[Rh(B-TTF-Sacac)(cod){76)— wave 2 [Rh(B-TTF-Sacac)(cod){76)— wave 3
100 555 90 510 5.25 0.34 100 746 86 703 551 0.94
200 585 116 527 6.58 0.29 200 763 110 708 7.97 0.93
300 591 119 532 7.48 0.25 300 765 117 707 9.56 0.91
400 603 120 543 891 0.22 400 771 125 709 9.98 0.89
500 620 131 555 10.34 0.19 500 776 131 711 10.38 0.88

(@) Boc, (D) be

3.5.6.Electrochemical Isomerization Kinetics

3.5.6.1. Introduction

A fellow researcher, Christian Kemp, studied thecegbchemistry off-diketone (6),
FcCOCHCORc. It was found that distinction could be mageCV between keto and
enol signals of the equilibrium associated with fadiketone FCCOCKCORCc (6), as

shown inScheme 3.36 It was also found that when samples are stooedexttended
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periods of time (larger than three months) the daropnverted quantitatively to the enol
isomer. When such a sample was then dissolvedoitsersion to a solution having
equilibrium concentrations of both enol and ketmigrs could be followed by NMR.
Rate constants for this enol to keto conversion thas determined bjH NMR. The
first-order rate constant of enol to keto conversicdeuterated acetonitrile was found to
be 0.0000395and in deuterated dichloromethane it was fourttet6.000736°S

The ferrocenyl center ¢6) showed reversible electrochemistry, in acetositil a glassy
carbon working electrode in the presence of 0.1 drof [N("Bu)s[PFs] supporting
electrolyte. Formal reduction potentials for tleerécenyl group of the enol and keto
species of) were estimated, = 0.213 and 0.244 Vs Fc/F¢, respectively. Relevant

CV parameters are summarizedriable 3.38

On the other hand, irreversible electrochemistrg veaind for the ruthenocenyl center of
(6) in acetonitrile and only peak anodic potentials, & Fc/F¢ in the potential range
0.38 V < Ea < 0.67 V were observed in its C\Figure 3.55  Oxidation of the
ruthenocenyl center takes place after the ferrdogmoyp is first oxidized to ferrocenium
during CV scans. This leads to oxidation of thiaenocenyl center at a higher potential
than expected since it is under the influence efabsitively charged ferrocenium species

having a group electronegativityg) of 2.82.

W O Yo

Scheme 3.36. Equilibrium between keto and enol tautomers of FEEIECORc(6).

In this study, the electrochemistry @) (FcCOCHCORCc) was reinvestigated in GEl,
/ [("BugN)(B(CsFs)4], and potentials are summarizedTiable 3.38 Potentials associated

with the keto and enol isomers (@f) are summarized ihable 3.38
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Figure 3.55. Top CV's of a 2.0 mmol dri enol solution, and of a near-equilibrium solut{bold line) of
FCCOCHCORQ®6) in CH,CN/ 0.1 mol drit [N("Bu),][PF¢] at 20°C utilizing a glassy carbon electrode
and scan rate of 100 mV* secorded at the indicated times after dissolvirggampleBottom CV's of an
equilibrium CHCN solution of(6) at scan rates of 50 (smallest current), 100, 260,and 250 mV's

Table 3.38 Peak anodic potentials. Fc/F¢ and peak anodic currents for FcCOCHCQRB); in CH;CN/
0.1 mol dn [N("Bu),][PFg], as well as data fqi6) in CH,Cl, / 0.1 M [N('Bu)4][B(CsFs).l.

% enol ? Epar / MV ipa1 / pA Epaz / MV ipaz / BA
CH;CN
enol keto
42.5 Fc (wave 1) 0.250 =P Fc (wave 2) 0.281 °
(Xrc=1.87,XFc+=2.82) Rc (wave 3) 0.484 20.0 Rc (wave 4) 0.636 25.8
CH,CI,
50.1 Fc (wave 1) 0.265 -P Fc (wave 2) 0.314 -P
(dimer{ E,= 0.515) Rc (wave 3) 0.802 P Rc (wave 4) 0.883 b

(@) By 'H NMR in CDC} at equilibrium. (b) Poor peak resolution disalemivpeak current measurement.
(c) Bas the ruthenocenyl oxidation potential of the efooin, and B4 that of the keto form o) after the
ferrocenyl group haalreadybeen oxidized to ferrocenium. (d) In gH,, a weak reduction potential was
observed which is consistent with dimerization &' species in analogy with what was found for free
ruthenocene.

3.5.6.2. CH3sCN as Solvent

The good resolution between keto and enol peaksgoire 3.55suggests that it must in
principle be possible to follow the kinetics of mserization for(6) electrochemically,
because the keto content at equilibrium approasfes, and because peak curreptis
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directly proportional to concentration, C, accoglio the Randles-Sevcik equatiop =i
(2.69x10)n*?ADY2Cy > Several problems are associated with CV and SW
measurements that normally would disqualify thesehniques as useful methods in
kinetic studies. The most serious of these istelde fouling (polluting) that may occur
during the extended periods of time required fomskinetic changes. F@8), electrode
fouling led to
1) aloss of peak resolution especially for watemd 2,
ii) a ruthenocenyl-basedyEpotential drift of more than 120 mV to more positi
values, and
iiila slow systematic decrease in current intgnsis the electrode surface was
compromised.
These problems were overcome by replacing meadyrealues with % keto content
relative to an internal standard, free ferrocesedescribed in the experimental section.
Thus, time based CV experiments (@) led to rate constants that only scattered between
(8-14) x 10° s* by measuring how the enol wave Bigure 3.5 for keto to enol
conversions of an enol enriched solutior{@fdecreased with time. Poor peak resolution
between peaks 1 and 2 disallowed following thigtiea by utilizing the ferrocenyl wave
of (6). Attempts to follow the kinetics in GBN with square wave voltammetry were

also unsuccessful.

3.5.6.3. CH,CI; as Solvent

In an attempt to prove the existence of asHRU" (CsH4R)]*/ [(CsHs)RU' (CsH4R)]
couple during the electrochemical investigatior, ¢éfectrochemical kinetic study of enol
to keto conversion af6) were re-investigated in a non-coordinative,CH/0.1 mol dn?
[N("Bu)][B(C6Fs)4] solvent and supporting electrolyte system. FrstfNMR data (the
temperature study) it was found that isomerizakimetics in CHCI, is almost 20 times
faster than in CECN, which gives less time for electrode pollutiotn CH,Cl,, the
resolution of ferrocenyl waves 1 and 2 were marnkadiproved, especially in the
presence of free ferrocene as internal standardieMer, the two ruthenocenyl waves at
peaks 3 (k.= 0.802 V) and 4 (& = 0.883 V) became mudhassresolved than was found
in CHsCN (Table 3.39. Clear evidence of a [(Bs)RU" (CsH4R)]" species was also

160



found, since a cathodic current for the ruthenokgryup during the reverse sweep could
clearly be seen, as shownHFigure 3.56
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Figure 3.56. Sample square wave voltammograms (top, at 50aHd)cyclic voltammograms (bottom at
scan rate 200 mV in CH,Cl, at 20°C showing how the enol form (peaks 1 and 3) becoless
prominent while the keto form becomes more prontifeeaks 2 and 4) as an enol enriched solutig)of
approaches equilibrium.  For the CV, dotted lisesw anticipated decay curves. For the SW’s, the
dotted lines show the peaks of waves 1 and 2 inttkp# of the influence of each other.

When potentials are not referenced against theremestally used Ag/AQ reference
electrode, but rather versus an internal standaede Fc/Ft, as first suggested by
Gagny>? direct potential comparisons between thesCN and CHCI, solvent systems
become possible. The key result from this treatneethat, although formal reduction
potentialsversusFc/F¢ for ferrocenyl-based waves 1 and 2(6f are for all practical
purposes the same in both solvents, potentialsiaéed with ruthenocenyl waves 3 and
4 of (6) were shifted to much more positive potentials kipCl,, as shown iTable 3.38
Different ruthenocene oxidation products appeafotmm in CHsCN and CHCI,. The

ruthenocenyl fragment oxidation product in £ is probably the RV species
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[(CsH4R)(Cp)RUVCHsCNJ?*  while  in  CHCl,, the labile Rl species
[(CsHs)RU" (CsH4R)]" is first formed during oxidation. Contrastingshin both solvents
ferrocene oxidation only gave the "Fespecies [(@HsF€"(CsH4R)]". These results
highlight different substrate-solvent interactio(GH;CN contrasting CbCly). In
particular it shows that strong GEIN association occurs with the oxidized ruthenoteny
fragment of(6), but that CHCN association with the oxidized ferrocenyl fraginehthe

same molecule are so weak that for all practicgb@ses it can be neglected.

The bdipa current ratio for waves 3 (the Rc enol wavg@®)j and 4 (the Rc keto wave of
(6)) deviate substantially from unity in GBI,. Results therefore are consistent with

' (CsH4R)]" fragments forming during the

unstable, i.e quickly decomposing §€G)Ru
oxidation of the ruthenocenyl group @) at 20°C. The position of the most prominent
(CsHs)RU" (CsH4R) fragments reduction wave at E = ca. 0.518sVFc/F¢ at 20°C in
CH.Cl, (Figure 3.56 is consistent with a two-electron Raimer reduction in analogy
to free ruthenocene, because it is found at a patera. 290 mV lower than ggpeax 3=
802 mV. This peak potential difference is too &g be associated with a simple
(CsHs)RU" (CsH4R)] / [(CsHs)RU'(CsH4R) couple However, weak peak shouldergy3
and 4.4 are observed atcEnodgic = ca. 671 and 777 mV respectivelyiqure 3.56.
Despite the weakness of shouldefs @nd 4e4 that obviously hampers Rureduction
peak assignments, key information can be extrdcoeal them. The estimatetE, = By,
peak i — Epc.shoulder ivalues ofca. 131 and 106 mV for peak / shoulder pairs 3 ardiev
them to be associated with reversible to quasirséivie one-electron transfer processes.

They are consistent with simplest@s)Ru" (CsH4R)]* / [(CsHs)RU' (CsH4R) couples.

Table 3.39 summarizes sets of time based currents that wéscial during the

conversion of an enol enriched solution (6) to a solution having the equilibrium
content of keto and enol isomers. These datavgets utilized to obtain isomerization
rate constants from three different electrochensess of kinetic experiments performed
in CH,Cl,. Time-based plots showing how the % keto isomergiase as the equilibrium
position is approached from the enol side for hhe¢ electrochemical experimental

approaches are shown filgure 3.57 The insert highlights the validity of a firstetar
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treatment of ferrocenyl-based square wave obtakmeetic data.

Rate constants,k=

k, + k4 for all three techniques approached 3 X $3. This corresponded well with the
'H NMR experimental result givingols = 1.47 x 1CG s* that was obtained by Kerffp

earlier.
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Figure 3.57. Time trace showing the formation of % keto isomedatermined by ferrocenyl-based
square wavex( top), ruthenocenyl-based cyclie, (middle) and ferrocenyl-based cyclia ( bottom)
voltammetry for(6) at 25°C in CHCl,. Insert a kinetic plot of ferrocenyl-based square wavia diam
Table 3.39for this isomerization. The slope of this grafeg the first order rate constagtde k; + k1

=0.0031 & (C = % keto isomer).

Table 3.39. Cyclic voltammetry data of ferrocenyl waves 1 @@abeled as Fc-CV) and ruthenocenyl
waves 3 and 4 (Rc-CV) collected with time for tlmmeersion of enol to keto isomers of RcCOLIFc
(6) in CH,CI, at 20°C. Values in brackets corresponds to sqwane data of ferrocenyl waves 1 and 2

(Fc-SW).
Measurement . . (Yoketo), - (%keto),
: ina, €nol/ pA i, keto/ HA % keto ? In
time /s Fe &V / Re C\i (Léc SW) Fc OV /Re C\f (Léc SW) FcCV/Rcev (Fesw) — (/0Keto} - (%keto),
Fc CV /Rc CV (Fc SW) Fc CV/Rc CV (Fc SW)
0 / 0 (0) ° /)P PP 0°¢ / 0° (0)° 0¢ / 0° (0)°
64 | 64 (200) 415/ 49 (44) 3 6.7 (14) 6.7 112.0 (24.1) _ 0.183 / 0.288 (0)702
163 / 163 (440) 38 / 43 (34) 8.2/ 1119)  17.7 /120.4(35.9) 0.584 / 0.616 (1.391)
400 / 400 (680) 34 ] 40 (31) 14 / 1722)  29.1 /29.8 (41.5)  1.300 / 1.236 (2)027
640 / 640 (1160) 32 7 36 (30) 16 / 2124)  33.3 /36.8 (46.7) 1.787 / 2.089 (3)712
1120/ 1120 (1520) 29 / 34 (29) 18 / 284)  38.3 /40.8 (48.2)  3.158 / 3.555 °(-)
t=o 2= (P -2 -2 (9)®  40° ] 42°(47.8f - - -
0 B ipa KEto
Yoketo = — - x 100
(a) ipa Keto +ips enol . (b) Not measured due to the time required fesalving

analytes. (c) Values not measured but obtained xonon-linear least squares MINSQ fit. (d) Becabhse
measured,ivalue is larger than the calculatedsalue, this data point was not calculated.

Finally, the % keto isomer at equilibrium in gE, as obtained by the Fc-CV, Rc-CV
and Fc-SW experiments are 40, 42 and 47.8 % regphct(Table 3.39. The
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equilibrium constant K= k; / k; applicable toScheme 3.36wnere also determined as
1.50 from Fc — CV experiment$able 3.39 1.38 from Rc — CV experiments and 1.09

from Fc — SW measurements. The averageatue is thus 1.32.

By simultaneously solving the equations ¥k, / k; and kps= ki + k1 = 3 x 10° s?, the
rate constants;kand k; applicable to the equilibrium ke{(®) % enol(6) (Scheme
3.36 could be calculated as; k= 0.00172 3§ and k; = 0.00131 3. By 'H NMR
measurementsikand k; were found to be 0.00074'sand 0.00073'5 The close
agreement of the electrochemical #hdNMR methods of determining rate constants of
slow isomerisation kinetic processes are extremaatisfying. This study represents the
first study to successfully utilise electrochemioaasurements (CV and SW) to obtain

kinetic data of isomerisation processes involviegax active compounds.

3.6. Anti-Cancer Studies on Metal-Containing Complexes

The purpose of the synthesis of all the describechpiexes of this study was to
investigate their physical properties, as well ragestigate their possible application in
terms of cancer treatment. This was consideredopppte, since it has been found that
complexes of rhodium(, as well as ferrocene-containing compotifghow promising
anti-tumor activity, with only marginal toxicity sadiscussed i€hapter 2 (Section 2.§.
The effectivity of all new synthesized compoundsténms of cancer treatment was
probed by determining their cytotoxicity againshcar cells. The type of cancer cells
used in this study was HelLa, a human cervix epmttetancer cell line. Selected
compounds were also probed against CoLo (a humiamectal cell line). Prof. C.E.J.
Medlen, from the Department of Pharmacology at theiversity of Pretoria is
acknowledged for performing these tests. Cytoitxis presented as Kgvalues, and
indicate the drug dose required to kill 50 % ofaarcells. Tests were also performed on

cisplatin(63) for benchmarking.

3.6.1.Metallocene-containing and Fluorinated Phosphines
The metallocene-containing phosphine ligands,P&(13), PPhRc (65) and PPOc

(66) were all tested for cytotoxicity, in order to deteme the influence of the different
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metallocene centers on the compounds anti-tumavitgctas well as to be able to
compare the results to that of the rhodium(l) coumus complexed with these

phosphines. Data obtained are listedable 3.4Q

Table 3.40. ICsp-values for HelLa cell lines after treatment withopphines of the type P Group
electronegativitiesyg) of the R-group are also shown.

R TR IC s for HeLa cell line umol.dni”
Fc (13) 1.87 21(3)
Rc (65) 1.99 33.1(5)
Oc (66) 1.90 >50
Cisplatin (63) - 0.5(1)

No clear trend, with respect to a relationship leetw IGyvalues and group
electronegativity, could be observed from the nssabtained. It is clear, however, that
the ferrocenyl-containing compouri@3) is the most effective in this series. Still, none
of the metallocene-containing compounds exhibiteti-tamor activity comparable to
that of cisplatin(63). It is expected that, when these ligands aredinpated to a metal
center possessing anti-tumor activity, significamtreases in I§-values would be

observed due to synergistic effects.

Phosphine ligands containing pentafluorophenylsimPh(CsFs) (90), PPh(GFs)2 (91)
and P(GFs)s (92), were also tested for their cytotoxicity in orderkte able to compare
the results to that of the rhodium(l) compounds glexed with these phosphines. Data
obtained are listed ihable 3.41

Table 3.41. ICsyvalues for HeLa and CoLo cell lines after treatimenth phosphines of the type
PPh(CsFs)s.n. Total group electronegativitiegg] of the phosphine substituents are also shogw={2.21
for Ph,yg = 2.46 for (GFs)}.

AR IC 5o for HeLa cell IC 5o for ColLo cell
Compound (R +R"+R") line / umol.dm® line / umol.dm?®
PPhy(CeFs) (90) 6.88 37.2(8) -
PPh(GsFs), (91) 7.13 35(4) -
P(CsFs)s (92) 7.38 6(2) 7(1)
Cisplatin (63) - 0.5(1) 1.6(3)
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Results obtained showed significant anti-tumor végti for the highest fluorinated
phosphing92). Comparable I§-values were obtained f¢@0) and(91). The Hela cell
survival curve fol(92) is shown inFigure 3.58
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Figure 3.58.(a) Plot of percentage survival CoLo cells againstcemration gmol dm?) of P(GFs)s (92).
(b) Graph of HelLa Ig-valuesvs. the total group electronegativity of the phospisosubstituents for
phosphines PR{CsFs)s.n, where n = 90), 1(91), 2(92).

3.6.2.Rhodium(l) Phosphine Complexes

Rhodium(l) complexes containing metallocenyl phaseh ligands of the type
[Rh(FcCOCHCOCE)(CO)(PPhAMc)] where Mc = Fc(70) and Rc(71), were tested for
their cytotoxicity. For reasons of comparison theodium(l) complex with
triphenylphosphine, [Rh(FCCOCHCOQECO)(PPR)] (29), as well as the parent
rhodium(l) dicarbonyl complex [Rh(FCCOCHCOZEO),] (57) were also tested for
their anti-tumor properties. Data obtained aretisnTable 3.42

Table 3.42. ICspvalues for HeLa and ColLo cell lines after treatmenth rhodium(l) phosphine

complexes of the type [Rh(FCCOCHCO{IEO)(L)]. Group electronegativitiesy{) of the varying
phosphine substituent are also shown.

L IC 5o for Hela cell ICs0for CoLo cell
R line / umol.dni® line / umol.dni®
CO (57) - 21.2(1) -
PPh; (29) 2.21 10.9(5) 20(1)
PPhFc (70) 1.87 19(3) -
PPhRc (71) 1.99 16(1)

Cisplatin (63) 0.5(1) 1.6_(3)
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The results obtained showed that all phosphineanoing complexes exhibited better
cytotoxic properties than that of the dicarbonyinpbex (57). When phosphine ligands
are present a linear decrease igyl@alues is observed as the group electronegaifyidy

of the varying phosphine substituent increasesh @d0) possessing the lowest &
value. This trend is shown Kigure 3.59 and indicates that in this series of compounds,
the yr-value (.e. electron richness) is an important factor cofitrgl cytotoxicity.
However, presence of an additional metallocenenerphosphine ligand does not add to
the cytotoxic properties of the drug in a syneigistay. The anti-tumor activity 29)
was also testeds CoLo cells, but showed significant reduced amtior activity. The

survival curve fol(29)vs ColLo cells are shown iRigure 3.59
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Figure 3.59.(a) Plot of percentage survival CoLo cells againsicemration gmol dm?) of [Rh
(FCCOCHCOCE)(CO)(PPR)] (29). (b) Graph of IGg-valuesvs. the total group electronegativity of the
phosphorus substituents for rhodium(l) complexdg[lRCOCHCOCE)(CO)(PPhR)], with R = Ph(29),
Fc(70)and R(71).

Rhodium(l) complexes containing fluorinated phosgghiligands of the type
[Rh(FCCOCHCOCE)(CO)(PPR(CsFs)3-n)], with n = 0(72), 1 (73) and 2(74), were also
tested for their cytotoxicity. Data obtained aigted in Table 3.43 as well as that

obtained for [Rh(FCCOCHCOGKCO)(PPR)] (29), and the parent rhodium(l)
dicarbonyl complex [Rh(FCCOCHCOECOY),] (57).
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Table 3.43. ICsyvalues for HeLa and ColLo cell lines after treattmerth rhodium(l) complexes
containing fluorinated phosphines of the type [RIEEBCHCOCKE)(CO)(L)]. Total group
electronegativitiesyg) of the phosphine substituents are also shoyn= 2.21 for Phyg = 2.46 for

(CsFs)}-

L AR IC 50 for HeLa cell ICsofor ColLo cell
(R'+R"+R") line / umol.dm?® line / umol.dm?®

CO (57) - 21.2(1) -

PPh, (29) 6.63 10.9(5) 20(1)
PPh,(CgFs) (72) 6.88 11(4) 7(1)
PPh(CsFs), (73) 7.13 13(2) 29(4)

P(CFs)s (74) 7.38 2.4(6) 19(1)
Cisplatin (63) - 0.5(1) 1.6(3)

The results obtained showed that all phosphineanoing complexes exhibited better
cytotoxic properties than that of the dicarbonyinpbex (57). When phosphine ligands
are present, comparable sitvalues were obtained fo(29), (72) and (73), but
dramatically lower values were found f6f4) when tested against HelLa cells. This
indicates that for the fluorinated phosphines caxgs, no significant relationship exists
between the group electronegativityg)( of the phosphine ligands and the cytotoxic
properties, as can be seen freigure 3.6Q All fluorine-containing complexes showed
better anti-tumor activity than metallocene-contagn complexes.  Similar to the
observations made when investigating the pure ghiosgigands, a dramatic increase in
cytotoxic properties is observed for the compoundtaining three pentafluorophenyl
rings (74). 1Csq-values obtained for all the fluorinated phosphioetaining rhodium(l)
complexes possessed the overall best cytotoxiceptiep.  This indicates that the
pentafluorophenyl ring plays a key role in detelimgncytotoxic activity. When present
in high quantities, as in74), it becomes the dominant drug fragment operating
synergistically with the rhodium(l) nucleus. Thetigumor activities of all complexes
were also testeds CoLo cells, but no clear trend could be observ@drvival curves for

Colo cells against complexég2), (73) and(74) are shown irfFigure 3.6Q
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Figure 3.60.Plots of percentage survival CoLo cells againsicentration gmol dm®) for rhodium(l)
phosphine complexes of the type [Rh(FCCOCHCQEFO)(PPR(CsFs)s.n)], where n = 372) (a) 1(73)
(b) and 0(74) (c) (d) Graph of IGg-valuesvs. the total group electronegativity of the phosjisor
substituents for rhodium(l) complexes containingfinated phosphines.

3.6.3.Tetrathiafulvalene-Containing Compounds

Tetrathiafulvalene (TTF) containing rhodium(l) coexes, [Rh¢-TTF-Sacac)(cod){75)
and [Rh{-TTF-Sacac)(cod)[76), and the free TTF-containing ligands; {TF-Sacac)
(39) and @-TTF-Sacac)(88) were the last compounds tested for anti-tumorvigti
Results obtained are listed Tiable 3.44
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Table 3.44. ICsqo-values for HeLa and CoLo cell lines after treatimeith TTF-containing complexes.

Compound ICsofor Hela cell line ICsofor CoLo cell line
P / umol.dri® / umol.dri®
(a-TTF-Sacac) (39) 16(1) 1.7(2)
(B-TTF-Sacac) (88) 19.5(5) -
[Rh(e-TTF-Sacac)(cod)] (75) >50 -
[Rh(B-TTF-Sacac)(cod)] (76) 2 -
Cisplatin (63) 0.5(1) 1.6(3)

(a) Not soluble in test medium to perform experitsen

The rhodium(l) complex containing the TTF-group thie terminal position of th@-
diketone(76) did not dissolve in appropriate concentrationghantest medium, and could
not be used in these assays. The other rhodiwmthplex containing the TTF-group on
the centralo-position of thep-diketone(75), showed no observable anti-tumor activity
within the tested range. However, both TTF-contgjriigands(39) and (88), showed
significant and comparable 4gvalues. Survival curves for compour(@9) and(88) are
shown inFigure 3.61 This indicates that the TTF-group is a cytotakic active
fragment, but activity is lost when complexed wiRh(l), and no synergistic effects are
observed.
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Figure 3.61.(a) Plot of percentage survival CoLo cells againstemration gmol dm?) for (a-TTF-
Sacac)39). (b) Plot of percentage survival HeLa cells againsteatration gmol dm?) for (3-TTF-
Sacac)88).
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Chapter 4

Experimental

4.1. Introduction
This chapter describes all experimental proceduessstion conditions and techniques
for the synthesis of all compounds, as well akiaktics, electrochemistry and cytotoxic

testing.

4.2. Materials

Solid reagents (Merck and Aldrich) were used withéwrther purification. Liquid
reagents and solvents were distilled prior to asd, water was double distilled. Organic
solvents were dried according to published metdod®hromatography was performed
on SiQ (Merck Kieselgel 60, grain size 0.040 — 0.063 nam)solid phase. Melting
points (m.p.) were determined with an Olympus BX rhicroscope equipped with a

Linkam THMS 600 heating apparatus and are unc@adect

4.3. Spectroscopic Measurements

NMR measurements were recorded on either a Brukdvakce DPX 300 NMR

spectrometer or a Bruker Advance Il 600 NMR speugter. Chemical shifts were
reported relative to SiMeat 0.00 ppm, utilizing the solvent peak as intestandard. IR

spectra were recorded on a Digilab 2000 Fouriersfam spectrometer utilizing a He-
Ne laser at 633 nm. UV spectra were recorded ddasy 50 Probe UV/Visible

spectrophotometer. Temperature was controlledjusivater bath to within £ 0.1 °C.
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4.4. Synthesis

4.4.1.Ruthenocene (93)

B
+ RuCk Ru

EtOH

(93)
Ruthenium trichloride (5 g, 24.1 mmol) was added tstirred solution of dried ethanol
(140 ml) and freshly cracked cyclopentadiene (140 #8.3 mmol, 3 eq.), under N
Zinc-dust (50 g, 36.2 mmol, 1.5 eq.) was slowlyexticand the suspension stirred for 2 h.
The solution was filtered and the precipitate wdsiéh ether (200 ml). The combined
organic layers were washed with water (3 x 100 ritlvas filtered, at reduced pressure,
through silica gel, and the silica gel washed wather (200 ml). The solvent was
removed under reduced pressure, and the produgsistadized from hexane and ether.
Yield 79 % (4.38 g). Melting point = 198 °Gy (300 MHz, CDCY)/ppm: 4.58 (s; 10H;
2 x (GHs)), Spectrum 1

4.4.2.Acetyl Ferrocene (94)
(0]
Fe  + CHgcoococHh —HPOr @
(94)
Ferrocene (5 g, 26.9 mmol) was dissolved in a@atltydride (25 ml, 266 mmol, 10 eq.)
and, while stirring, 85 % phosphoric acid (2.5 82,0 mmol, 0.8 eq.) was added slowly.
The mixture was heated to 90 °C for 10 min. Ice wdded and the mixture neutralized
with a saturated NaHCOsolution. It was directly filtered and the pratage washed
with water (100 ml). Column chromatography, udimegane : ether (1:1) (R 0.38) was
used to purify the product. Yield 60 % (2.85 ¢jelting point = 85 °C.v(C=0) = 1661
cm™. 84 (300 MHz, CDCl)/ppm: 4.80 (t; 2H; 0.5 x £Bl4); 4.53 (t; 2H; 0.5 x €HJ);
4.23 (s; 5H; GH5s); 2.42 (s; 3H; CH), Spectrum 2
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4.4.3.Acetyl Ruthenocene (95)

@Ok
Ru + CHcoococh A€l | Ry
DCM @
(93) (95)

A solution of ruthenocene (1.5 g, 6.5 mmol) andvahum trichloride (1.9 g, 14.3 mmol,
2.2 eq.) in CHCI, (135 ml) was brought to reflux, undep.NAcetic anhydride (0.6 ml,
6.5 mmol, 1 eq.), in C¥Cl, (30 ml) was slowly added to the mixture, all unbtler The
reaction mixture was refluxed for a further houater (135 ml) was added, and refluxing
continued for another 20 minutes. The layers wssparated and the organic layer
washed with water (3 x 100 ml), dried over sodiwlpkate, and the solvent evaporated
under reduced pressure. The product was purifigd eelumn chromatography, using
hexane : ether (1:1) (R 0.42). Yield 55 % (0.98 g). Melting point =2.1C. v(C=0) =
1652 cnt. &y (300 MHz, CDCY)/ppm: 5.11 (t; 2H; 0.5 x £B4); 4.80 (t; 2H; 0.5 x
CsHa); 4.61 (s; 5H; GHs); 2.32 (s; 3H; ChH), Spectrum 3

4.4.4.Acetyl Osmocene (96)

@Ok
Os + cHcoococH —HPOr . "o
(96)

85 % Phosphoric acid (3 ml, 2.6 mmol, 4.0 eq.) a@dded to acetic anhydride (10 ml, 0.1
mol, 40 eq.) at 0 °C and degassed under Ar forur.h@®@smocene was added at 0 °C,
then heated to 80 °C for 4 hours. After cooling thixture completely, on ice, aqueous
sodium carbonate with ice was added until neuedliz Products were extracted with
CH.Cl; (3 x 50 ml), and the organic layer washed withewd8 x 50 ml). The product
was purified with column chromatography, using hmexaether (1:1) (R= 0.49). Yield
55 % (0.98 g). Melting point = 131 °Cv(C=0) = 1668 chl. &y (300 MHz,
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CDCl)/ppm: 5.25 (t; 2H; 0.5 x £E1,); 4.97 (t; 2H; 0.5 x €Hy); 4.82 (s; 5H; GHs); 2.24
(s; 3H; CH), Spectrum 4

4.4.5.1-Ferrocenyl-4,4,4-trifluorobutane-1,3-dione (1)

0 o 0
o o e
Ee 3 CRCOOCHCHS™ @
(94) 1)

Acetyl ferrocene (1 g, 4.6 mmol) was dissolvedhie tminimum dry THF (10 ml) and
degassed with N It was cooled to 0 °C, lithium diisoproplyamifieDA) (3.3 ml of 1.8
M, 5.9 mmol, 1.2 eq.) was added undeg, Mnd stirred for 20 minutes. Ethyl
trifluoroacetate (0.71 ml, 4.6 mmol, 1 eq.) was etido the ice cold reaction mixture
under N. The reaction mixture was then allowed to warnrdom temperature and
stirred overnight. Ether (50 ml) was added untpracipitate of the lithium salt dfL)
immediately formed, and filtered. The precipitatas suspended in ice cold 1 M HCI
(100 ml) and extracted with ether. The organiefayas dried over anhydrous 4$&,
and evaporated under reduced pressure to yielgufree product. Yield 59 % (0.85 g).
Melting point = 102 °C.v(C=0) = 1621 cil. &4 (300 MHz, CDCY)/ppm: 6.10 (s; 1H;
CH); 4.89 (t; 2H; 0.5 x €H4); 4.71 (t; 2H; 0.5 x €Hy); 4.26 (s; 5H; GHs), Spectrum &5

4.4.6.1,3-Diferrocenylpropane-1,3-dione (5)

o)
@/lk 1) LDA
O

O O

Z<

2) o

(94) @Jkowle (5)

Fe

o

Acetyl ferrocene (0.5 g, 2.3 mmol) was dissolvedhi@a minimum dry THF (4.5 ml) and
degassed with N The solution was cooled to 0 °C, LDA (1.5 ml1o8 M, 2.8 mmol,
1.2 eq.) added underyNand stirred for 20 minutes. Methyl ferroceno@i&4 g, 2.3

O
Ok
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mmol, 1 eq.) was added and the reaction mixtureeutd. The reaction mixture was
allowed to warm to room temperature and stirredrmgéat. Ether (30 ml) was added
until a precipitate was formed. The precipitatesviiiered, suspended in 1 M HCI (50
ml) and extracted with ether. The organic layes wded over anhydrous pBO, and
evaporated under reduced pressure to yield the puoréuct. Yield 62 % (0.60 g).
Melting point = 157 °C.v(C=0) = 1641 crl. 4 (300 MHz, CDC4)/ppm: 5.99 (s; 1H;
enol CH); 4.95 (t; 2H; enol 0.5 xs84); 4.85 (t; 2H; keto 0.5 x £E,); 4.59 (t; 2H; enol
0.5 x GHy); 4.54 (t; 2H; keto 0.5 x £H,); 4.23 (s; 5H; keto £Hs); 4.21 (s; 5H; enol
CsHs); 4.11 (s; 2H; keto ChJ, Spectrum 6

4.4.7.1-Ferrocenyl-3-ruthenocenylpropane-1,3-dione (6)

N

O O

%

1) LDA X
Ru 2) o > Ru Fe
(95) ©/lk : ©) -

Acetyl ferrocene (0.3 g, 1.1 mmol) was dissolvedhi@ minimum dry THF (2.0 ml) and
degassed with N It was cooled to 0 °C, LDA (0.6 ml of 1.8 M, Inimol, 1 eq.) added
under N, and stirred for 20 minutes. Methyl ferrocend@®26 g, 1.1 mmol, 1 eq.) was
added to the reaction mixture undes. NThe reaction mixture was allowed to warm to
room temperature and stirred overnight. Etherrfdbwas added until a precipitate was
formed, and filtered. The precipitate was thenpsudged in 1 M HCI (75 ml) and
extracted with ether. The organic layer was doeer anhydrous N&O, and evaporated
under reduced pressure to yield the pure proddatld 29 % (0.15 g). Melting point =
178 °C. v(C=0) = 1632 cil. 4 (300 MHz, CDCl)/ppm: 5.91 (s; 1H; enol CH); 5.23
(t; 2H; keto 0.5 x €Hy4; Rc); 5.20 (t; 2H; enol 0.5 x48,; Rc); 4.93 (t; 2H; keto 0.5 x
CsHg; Fc); 4.83 (m; 6H; enol 0.5 xs84; Fc; keto 0.5 x €Hy; Rc; enol 0.5 x €H,; Rc);
4.61 (s; 5H; enol €Hs; Rc); 4.60 (t; 2H; enol 0.5 x48,; Fc); 4.58 (s; 5H; ketol £Hs;
Rc); 4.54 (t; 2H; keto 0.5 x 4E4; Fc); 4.23 (s; 5H; keto 4Es; Fc); 4.20 (s; 5H; enol
CsHs; Fc); 3.89 (s; 2H; keto CH Spectrum 7.
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4.4.8.1-Ferrocenyl-3-osmocenylpropane-l,3-dione (7)

Os

% ©)k ™)
@)

Acetyl osmocene (0.25 g, 0.71 mmol) was dissolvethe minimum dry THF (1.5 ml)
and degassed with,N It was cooled to 0 °C, LDA (0.4 ml of 1.8 M, @.7fnmol, 1 eq.)
added under j and stirred for 30 minutes. Methyl ferroceno@d7 g, 0.71 mmol, 1

%

@g
Ok

eg.) was added to the reaction mixture undgr Mhe reaction mixture was allowed to
warm to room temperature and stirred overnight.heEt(30 ml) was added until a
precipitate was formed, and filtered. The preaigitwas suspended in 1 M HCI (50 ml)
and extracted with ether. The organic layer wasddover anhydrous N8O, and
evaporated under reduced pressure to yield the puréuct. Yield 31 % (0.12 g).
Melting point = 194 °C.v(C=0) = 1652 crl. 4 (300 MHz, CDC4)/ppm: 5.83 (s; 1H:;
enol CH); 5.37 (t; 2H; keto 0.5 xs84; Oc); 5.35 (t; 2H; enol 0.5 xs8,4; Oc); 5.00 (m;
4H; keto 0.5 x GH4; Oc; enol 0.5 x €Hy); 4.92 (t; 2H; enol 0.5 x §H,; Fc); 4.81 (s; 5H;
keto GHs; Oc); 4.78 (t; 2H; keto 0.5 xd84; Fc); 4.74 (s; 5H; enol 4E15; Oc); 4.58 (t;
2H; keto 0.5 x GHy4; Fc); 4.50 (t; 2H; enol 0.5 x48,; Fc); 4.24 (s; 5H; keto 4Els; Fc);
4.16 (s; 5H; enol €Hs; Fc); 3.89 (s; 2H; keto Chl Spectrum 8

4.4.9.Cobaltocenium (97), Methylcobaltocenium (98)and 1,1'-
Dimethylcobaltocenium (99) Hexafluorophosphate
CHs PR CHg| PRy

+PF5' CHs
NH
CoBr2+m +€w CO +@/ +@/
O & O,

97) (98) (99)

3

Anhydrous cobalt(ll) bromide (20 g, 91.4 mmol) wadded in small portions to a
solution of freshly cracked methyl cyclopentadigi®.3 g, 229 mmol, 2.5 eq.) and
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cyclopentadiene (15.1 g, 229 mmol, 2.5 eq.) ingnyolidine (90 ml), under Nat 0 °C.
The solution was warmed to room temperature amcedtiovernight. The solvent was
evaporated under reduced pressure and the resmkleed with hot water (500 ml). The
aqueous phase was extracted with ether to remavingt materials, and clarified with
charcoal. The mixture of products was precipitaésdhexafluorophosphate salts by
careful addition of sodium hexafluorophosphate 152g in 35 ml water), filtered and
dried. It was not possible to separate the commsrfeom each other. Yield 20 % (6 g).
dn (300 MHz, CRCN)/ppm: The NMR of the crude mixture is shownSpectrum 9

but the unresolved mixture of peaks not assigned.

Cracking of cyclopentadiene.

Liquid paraffin (200 ml) was placed in a 500 mlgbémecked round-bottomed flask,
fitted with a dropping funnel, a thermometer digpimto the paraffin and a Vigreux
column attached to a distillation head carryingharinometer and a condenser. The
liquid paraffin was heated to 200 — 240 °C, angdmpentadiene was added very slowly
via the dropping funnel. Cyclopentadiene, distilliag40 — 42 °C, was collected in a
cooled receiver until a sufficient amount was afedi The diene dimerises readily at

room temperature and was thus stored in a freexkused as soon as possible.

Cracking of methyl cyclopentadiene.

Similarly to the cracking of cyclopentadiene, liquiaraffin (200 ml) was placed in a 500
ml three-necked round-bottomed flask, fitted withd@pping funnel, a thermometer
dipping into the paraffin and a Vigreux column akted to a distillation head carrying a
thermometer and a condenser. The liquid paraffas Wweated to 240 — 260 °C and
methyl dicyclopentadiene was added very slowig the dropping funnel. Methyl
cyclopentadiene, distilling at 60 — 62 °C, was eciéd in a cooled receiver until a
sufficient amount was obtained. The diene dimsrigadily at room temperature, and

was thus stored in a freezer and used as soorsaij@o
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4.4.10Carboxycobaltocenium hexafluorophosphate (100)

: +PRy : CHy| PR : CH| PR : COOH *PFRs : COOH "PFs
Co +| Co +| Co KMnO, _ | Co +| Co
@) (@) @\ AN (@) @\
CHs COOH

(97) (98) (99) (100)

A solution of potassium permanganate (9.3 g, 5880m 3.4 eq.), sodium hydroxide
(2.24 g, 31.0 mmol, 1.8 eq.) and the mixture ofatmlzenium reagent®7), (98) and
(99) (6 g, 17.2 mmol) in water (140 ml), was refluxed 8 hours. The hot solution was
filtered through celite to remove the generated gaaese dioxide. Sodium
hexafluorophosphate (3.5 g) was added and theimolahilled and filtered to isolate
unsubstituted cobaltocenium hexafluorophospf@i¢ 6 M HCl was added dropwise to
the filtrate to precipitate a mixture of mono- adiecarboxylated cobaltoceniums. The
mono-carboxilated cobaltocenium was extracted bghivey the precipitate with hot
acetone. This gave carboxycobaltocenium hexafpluysphate in 28 % vyield (1.8 g).
The remaining solid was pure 1,1'-dicarboxycoba&itmem hexafluorophosphateyield
25 % (1.6 g). Warning note: It is possible to egetract the mixture ofL00)and 1,1'-
dicarboxycobaltocenium hexafluorophosphate, as latter is slightly soluble in hot
acetone. Carboxycobaltocenium hexafluorophosphaténg point = 198 °Cu(C=0) =
1706 cnt. &y (300 MHz, CRCN)/ppm: 6.11 (t; 2H; 0.5 x 4Bls); 5.82 (t; 2H; 0.5 x
CsHa); 5.77 (s; 5H; GHs), Spectrum 1Q

4.4.11Chlorocarbonylcobaltocenium salt (101)

B o}
I
COOH *PFy C.
O O e
Co &» Co
(100) o1 -

Carboxycobaltocenium hexafluorophosphate (1 g, rdol) was refluxed in thionyl
chloride (5 ml, large excess) for 48 hours. Thetsm was concentrated, under reduced

pressure, to approximately 1.5 ml and chilled f&€0 The yellow precipitate was filtered
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off and washed with dry ether and stored in a dasic. Yield 94 % (0.98 g). Melting
point = 187 °C.v(C=0) = 1728 cril. &y (300 MHz, CRCN)/ppm: 6.58 (t; 2H; 0.5 x
CsHy); 6.30 (t; 2H; 0.5 x €Hy); 6.22 (s; 5H; GHs), Spectrum 11

4.4.12Propanoylferrocene (79)

(@)
A, sow . M, O &
DCM
(79)

Propanoic acid (0.97 ml, 12.9 mmol) was refluxedthionyl chloride (0.94 ml, 12.9
mmol, 1 eq.) for 2 hours, then cooled to room terajpee. The crude product mixture
was added to a solution of ferrocene (2 g, 10.7%mMé8 eq.) and aluminum trichloride
(.72 g, 12.9 mmol, 1 eq.) in dry GEl, (50 ml) under M The mixture was refluxed for
3 hours and quenched with saturated NaklCBollowing extraction of the mixture with
CH.CI, (3 x 50 ml), the organic layers were washed wititer (3 x 50 ml) and dried
over NaSQ,, filtered and the solvent removed under reducedsure. The product was
purified by column chromatography, using hexanethee (1:1) (R = 0.54). The
compound is a liquid at room temperature. Yield?8%2.48 g). v(C=0) = 1653 cn.
dn (300 MHz, CDCY)/ppm: 4.79 (t; 2H; 0.5 x 4H4); 4.49 (t; 2H; 0.5 x €Hy); 4.19 (s;
5H; GHs); 2.74 (q; 2H; CH); 1.20 (t; 3H; CH), Spectrum 12

4.4.13Ferrocenoic Anhydride (77)
O @] O
_soch,
Fe —a-—> Fe Fe
@ e @ atetone @ (77) @

To a mixture of ferrocene carboxylic acid (0.4 g3lmmol) and pyridine (5 ml), thionyl
chloride (0.13 ml, 1.83 mmol, 1 eq.) was slowly edld The mixture was refluxed for 30

minutes and cooled on ice. The crude mixture velked very slowly to a solution of

181



ferrocene carboxylic acid (0.41 g, 1.73 mmol, 085 and pyridine (0.3 ml, 3.65 mmol,
2 eq.) in dry acetone (20 ml), undeg, Nvith a rise in temperature. The mixture was
refluxed for a further 2 hours and cooled on icéhe product precipitated and was
filtered off and washed with dry ether. It wasedriand stored in a desiccator. Yield 56
% (0.44 g). v(C=0) = 1650 crl. &4 (300 MHz, CDCl)/ppm: 4.89 (t; 4H; 0.5 x 2
CsHa); 4.66 (t; 4H; 0.5 x 2 €H,); 4.28 (s; 10H; 2 6Hs), Spectrum 13

The ferrocene carboxylic acid was provided by PddE. Swarts from the University of
the Free Statesy (300 MHz, CDC)/ppm: 4.87 (t; 4H; 0.5 x 24E1,); 4.48 (t; 4H; 0.5 x

2 GsHy); 4.27 (s; 10H; 2 €Hs), Spectrum 14

4.4.14Cobaltocenoic anhydride hexafluorophosphate (78)

* o 7% o o 2HPRy ),
Co + Co acetone Co Co
O &> O o O
(101) (100)

Chlorocarbonylcobaltocenium salt (0.10 g, 0.25 nymaals slowly added to a solution of
carboxycobaltocenium hexafluorophosphate (0.10.85 Gnmol, 1 eq.) and pyridine
(0.04 ml, 0.50 mmol, 2 eq.) in dry acetone (5 mbhder N, with a rise in temperature.
The mixture was refluxed for a further 2 hours aodoled on ice. Sodium
hexafluorophosphate (0.5 g) was added to preogpitet product. It was filtered off and
washed with dry ether, dried and stored in a dasicc Yield 59 % (0.12 g). Melting
point = 175 °C.dy (300 MHz, CRCN)/ppm: 6.35 (t; 4H; 0.5 x 248l,); 6.11 (t; 4H; 0.5
X 2 GsHy); 6.06 (s; 10H; 2 €Hs), Spectrum 15
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4.4.15Attempted p-Diketone Synthesis utilizing BE.

(0] (0] (0] CH3 (0] (0]
o oY & WR
Fe + BFP’-(i_'_"j'E'OOH » Fe CHs Fe + Fe CHs
(79) (80)
Sole Product Yield 0 %

R = CH;, CR;, Fc, CEPRy

The reaction procedure afforded paiketone. In all cases only the aldol prod(8Q)
could be isolated.

A solution of propanoylferrocene (0.02 g, 0.08 mmtite appropriate anhydride (0.15
mmol, 2 eq.) and p-toluene sulfonic acid (0.000.903 mmol, 0.02 eq.), in THF (10), is
stirred at room temperature for 30 minutes. Bdrdhuoride acetic acid complex (0.02
ml, 0.15 mmol, 2 eq.) is slowly added and the mrixtstirred overnight. A solution of
sodium acetate (2 ml of 4 M) is added, a condefitted, and the mixture refluxed for 3
hours. The mixture is cooled to room temperatme extracted with ether (3 x 50 ml).
The organic layer is washed with agueous Nakl(ZD ml) and water (3 x 50 ml), dried
over NaSQ,, and evaporated under reduced pressure to lib@@xen up to 34 % vyield.
Melting point =187 °C. &y (300 MHz, CDCY)/ppm: 4.85 (t; 2H; 0.5 x £H,); 4.64 (t;
4H; 0.5 x GHy); 4.53 (t; 2H; 0.5 x €Ha); 4.47 (t; 4H; 0.5 x €Hy); 4.23 (s; 5H; GHs) );
4.20 (s; 5H; @Hs); 2.80 (s; 3H; ChH); 2.60 (s; 3H; CH), Spectrum 16

4.4.16Ferrocenyldiphenylphosphine (13)

(& _ACl;
@ + PPRCl premir \©

(13)
Anhydrous aluminum trichloride (1.43 g, 10.8 mmbkq.) was stirred with a suspension
of ferrocene (2 g, 10.8 mmol) in n-heptane (35 rafjd allowed to cool after an initial
spontaneous exothermic reaction onset. A solutionhlorodiphenylphosphine (2. 92
ml, 10.8 mmol, 1 eq.) in n-heptane was slowly addedr a 20 minute period. The

mixture was heated to reflux for a further 20 hourfter cooling, the solution was
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decanted through filter paper. The remaining soligre washed with hot n-heptane (20
ml) and added to the first n-heptane phase, tal yiareacted ferrocene. The solids were
washed with hot water (20 ml) in portions, followed hot toluene (80 ml) in portions.
The combined toluene solution was evaporated. Ppheduct was purified by
recrystalization from ethanol. Yield 36 % (1.44 gMelting point =122 °C. 64 (300
MHz, CDCk)/ppm: 7.37 (m; 10H; 2 x §Es), 4.40 (t; 2H; 0.5 x €Hy); 4.13 (t; 4H; 0.5 x
CsHy); 4.10 (s; 5H; @Hs), Spectrum 17

4.4.17Ruthenocenyldiphenylphosphine (65)

T ©©©

(93) (65)
Ruthenocene (1 g, 4.3 mmol) was dissolved in dr{F TEb ml) and the system degassed
under Ar for 30 minutes. The solution was cooledA8 °C and t-butyl lithium (2.55 ml,
4.3 mmol, 1 eq. warning: very flammable upon apasure) was added dropwise to the
solution under Ar. The solution was allowed to mvao room temperature and stirred for
2 hours. It was again cooled to -78 °C and chlipioehylphosphine (2.34 ml, 13.0
mmol, 3 eq.) was slowly added under Ar. The sotutivas allowed to warm to room
temperature and stirred for a further 2 days. feetion mixture was quenched with
saturated sodium bicarbonate and extracted withGGH The products were separated
by column chromatography, using hexane : ethel) (Rl= 0.81). Yield 19 % (0.34 g).
Melting point = 127 °C.d4 (300 MHz, CDCd)/ppm: 7.36 (m; 10H; 2 x #s), 4.73 (t;
2H; 0.5 x GHg); 4.50 (t; 2H; 0.5 x €Hy); 4.47 (s; 5H; @Hs), Spectrum 18

4.4.180smocenyldiphenylphosphine (66)

o ©©@

(66)
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Osmocene (0.3 g, 0.94 mmol) was dissolved in dmgreté ml) and the system degassed
under Ar for 30 minutes. The solution was cooleda3 °C and n-butyl lithium (0.6 ml,
1.1 mmol, 1.2 eq.) was added dropwise to the swiutinder Ar. The solution was
allowed to warm to room temperature and stirredrgét. It was again cooled to -78
°C and chlorodiphenylphosphine (1.0 ml, 5.7 mmogdb) was slowly added under Ar.
The solution was allowed to warm to room temperatmd stirred for a further 2 days.
The reaction mixture was quenched with saturatédisobicarbonate and extracted with
CH.Cl,. The products were separated by column chromapbgr using hexane : ether
(1:1) (R = 0.79). Yield 13 % (0.062 g). Melting point 41 °C. &4 (300 MHz,
CDCly)/ppm: 7.38 (m; 10H; 2 x #Els), 4.91 (t; 2H; 0.5 X €Hy); 4.65 (m; 7H; 0.5 x
CsHy, GsHs), Spectrum 19

4.4.19Diphenylphosphinocobaltocenium Hexafluorophosphat¢s7)

TN, e PR DT ST

THE 2) n-BulLi

1) CoBp @
2)NHPR ©©
(67)

To a slurry of finely cut sodium wire (0.56 g, 24mnol, 1 eq.) in THF (200 ml) at 0 °C
and under B freshly cracked cyclopentadiene (2 ml, 24.4 mriogq. Sedrocedure
4.4.1.9 was slowly added, and the mixture stirred untiltike sodium was consumed.
The pink solution was cooled to -78 °C and chlogpbénylphosphine (4.4 ml, 24.4
mmol, 1 eq.) was slowly added. The solution wésasdd to warm to room temperature
and stirred for 30 minutes. It was again cooled7® °C and again cyclopentadiene (2
ml, 24.4 mmol, 1 eq.) was added, followed by n-blitgium ( 24.3 ml, 48.7 mmol, 2
eq.). After 15 minutes of stirring, cobalt bromi@e32 g, 24.4 mmol) was added under a
counter stream of N The mixture was allowed to warm to room tempeetnd stirred
for 16 hours. Acetic acid (1.4 ml, 24.4 mmol, 1)egas added and the mixture stirred in
an open vessel for 15 minutes. The mixture wasrétl, NHPF was added to the

filtrate and the solvent evaporated. The browmgtuwas washed with warm n-hexane
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and the product crystallized from this n-hexanaisoh. Yield 58 % (7.3 g). Melting
point = 207 °C.dy (300 MHz, CDCY)/ppm: 7.69 (m; 10H; 2 x §Hs), 6.13 (t; 2H; 0.5 x
CsHy); 5.91 (t; 2H; 0.5 x €Hy), 5.73 (s; 5H; GHs), Spectrum 20

4.4.20Di-p-chloro-bis[(1,2,5,61)1,5-cyclooctadiene]rhodium (84)

cl
AN
2 RhCL3H,0 + O EtOH_ RK{ R
| cl |

(84)
In a fumehood, rhodium trichloride (1 g, 4.8 mmatd cyclooctadiene (2 ml, 4.8 mmol,

1 eq.) was dissolved in ethanol (30 ml). The mixtwas refluxed, while stirring, for 3
hours. The reaction mixture was cooled on ice twedprecipitate was filtered off and
washed with ethanol. Yield 26 % (0.6 g). (Presgioeports have obtained yields of up to
80 %.fY Melting point = 243 °C.54 (300 MHz, CDC)/ppm: 4.25 (m; 4H; 4CH), 2.52
(m; 4H; 0.5 x 4CH)); 1.77 (m; 4H; 0.5 x C}J, Spectrum 21

4.4.21[Rh(FcCOCHCOCEF3)(cod)] (47)

O (0]

LoeConcd] + 2 o s
C

(84) (1)

Solid B-diketone (0.39 g, 1.2 mmol, 2 eq.) was addedgolation of [RhCly(cod)] (0.3

g, 0.61 mmol) in DMF (4 ml). The mixture was stdréor 5 minutes and the product
precipitated with an excess of water. The prodvas filtered off, dissolved in ether and
the organic layer washed with water. The ether evésd over Na&SO, and evaporated
under reduced pressure. Yield 88 % (0.56 g). iNglpoint = 186 °C.dy (300 MHz,
CDClz)/ppm: 5.96 (s; 1H; CH), 4.71 (t; 2H; 0.5 %xHG); 4.49 (t; 2H; 0.5 x €H,), 4.20
(m; 9H; GHs, 4CH), 2.53 (m; 4H; 0.5 x 4G} 1.89 (m; 4H; 0.5 x 4C}), Spectrum 22
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4.4.22[Rh(FcCOCHCOFc)(cod)] (51)

N
Rh\ Rh + 2
cr’

(84)

Solid B-diketone (0.45 g, 1.02 mmol, 2 eq.) was added solation of [RRClx(cod)]
(0.25 g, 0.51 mmol) in DMF (4 ml). The mixture wstgred for 1 hour and the product
precipitated with an excess of water. The proaved filtered off, dissolved in ether and
the organic layer washed with water. The ether evéesd over Ng&SO, and evaporated
under reduced pressure. Yield 91 % (0.30 g). iNelpoint = 246 °C.dy (300 MHz,
CDClz)/[ppm: 5.95 (s; 1H; CH), 4.71 (t; 4H; 0.5 x2G); 4.37 (t; 4H; 0.5 x 26H,), 4.25
(m; 4H; 4CH), 4.18 (s; 10H; 265); 1.90 (m; 4H; 0.5 x 4ChH, 1.77 (m; 4H; 0.5 x
4CH,), Spectrum 23

4.4.23[Rh(FCCOCHCORC)(cod)] (81)

O @)
/Cl\ DME
Rh\C|/Rh + 2 F@e @ _—

(84) (6)

Solid p-diketone (0.09 g, 0.18 mmol, 2 eq.) was added swolation of [RRCly(cod)]
(0.04 g, 0.09 mmol) in DMF (1 ml). The mixture wstared for 1 hour and the product
precipitated with an excess of water. The proaved filtered off, dissolved in ether and
the organic layer washed with water. The ether evésd over Na&SO, and evaporated
under reduced pressure. Yield 87 % (0.06 g). iNglpoint = 176 °C.dy (300 MHz,
CDClz)/ppm: 5.88 (s; 1H; CH), 5.06 (t; 2H; 0.5 %HG, Rc), 4.68 (t; 2H; 0.5 x £H,,
Rc), 4.65 (t; 2H; 0.5 x §H4, Fc), 4.58 (s; 5H; €Hs, Rc), 4.34 (t; 2H; 0.5 x 44, Fc),
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4.25 (m; 4H; 4CH), 4.16 (s; 5H;s8s, Fc); 2.52 (m; 4H; 0.5 x 4CGH 1.77 (m; 4H; 0.5 x
4CH,), Spectrum 24

4.4.24]Rh(FcCOCHCOOC)(cod)] (82)

@) O
/Cl\ DME
Rh\C|/Rh + 2 F@e @ —_—

(84) (7)

Solid p-diketone (0.1 g, 0.17 mmol, 2 eqg.) was added twlation of [RhCly(cod))]
(0.04 g, 0.09 mmol) in DMF (1 ml). The mixture watgred for 2 hours and the product
precipitated with an excess of water. The prodvas filtered off, dissolved in ether and
the organic layer washed with water. The ether evésd over NgSO, and evaporated
under reduced pressure. Yield 77 % (0.05 g). iNglpoint = 183 °C.dy (300 MHz,
CDCls)/ppm: 5.80 (s; 1H; CH), 5.21 (t; 2H; 0.5 %HL, Oc); 4.87 (t; 2H; 0.5 x £H,,
Oc), 4.77 (s; 5H; €Hs, Oc), 4.63 (t; 2H; 0.5 x £H,4, Fc), 4.33 (t; 2H; 0.5 x £H,4, Fc);
4.15 (s; 5H; GHs, Fc), 4.08 (m; 4H; 4CH), 2.52 (m; 4H; 0.5 x 4§HL.87 (m; 4H; 0.5 X
4CH,), Spectrum 25

4.4.25[Rh(FcCCOCHCOCF)(CO),] (57)

CO (g)
acetone

(47)

[Rh(FcCOCHCOCE)(cod)] (0.3 g, 0.56 mmol) was dissolved in acetqhé0 ml).
Carbon monoxide gas was bubbled through the salltyopassing it through a sintered
glass tube. The CO (g) pressure was maintaine@patoximately 1 cm above

atmospheric pressure for 25 minutes. Cold watéd (hl) was added to precipitate the
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product, and the mixture stirred for a further 13nutes, then centrifuged. The
precipitate was washed with water, with care béstkgn not to allow liberated cod to get
in contact with the precipitate, filtered and drieda desiccator. Yield 97 % (0.26 g).
Melting point = 219 °C.v(C=0) = 2075 and 2021 ¢h &y (300 MHz, CDC4)/ppm:
6.21 (s; 1H; CH), 4.86 (t; 2H; 0.5 xs84); 4.64 (t; 2H; 0.5 x €Hy), 4.21 (s; 5H; GHs),
Spectrum 26

4.4.26[Rh(FCCOCHCOFc)(CO),] (60)

CO (g
acetone

[Rh(FcCOCHCOFc)(cod)] (0.38 g, 0.58 mmol) was diesd in acetone (100 ml).
Carbon monoxide gas was bubbled through the salulip passing it through a sintered
glass tube. The CO (g) pressure was maintaine@patoximately 1 cm above
atmospheric pressure for 30 minutes. Cold waté0 (hl) was added to precipitate the
product, and the mixture stirred for a further 13nutes, then centrifuged. The
precipitate was washed with water, with care béstkgn not to allow liberated cod to get
in contact with the precipitate, filtered and drieda desiccator. Yield 74 % (0.21 g).
Melting point = 247 °C.v(C=0) = 2074 and 2018 ¢h &, (300 MHz, CDC})/ppm:
6.18 (s; 1H; CH), 4.83 (t; 4H; 0.5 x 2€y); 4.48 (t; 4H; 0.5 x 2€H,), 4.18 (s; 10H;
2CsHs), Spectrum 27,
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4.4.27[Rh(FcCCOCHCORC)(CO),] (68)

CQ
acetone

[Rh(FcCOCHCORCc)(cod)] (0.2 g, 0.29 mmol) was digedlin acetone (80 ml). Carbon
monoxide gas was bubbled through the solution tssipg it through a sintered glass
tube. The CO (g) pressure was maintained at appat&ly 1 cm above atmospheric
pressure for 30 minutes. Cold water (120 ml) wdded to precipitate the product, and
the mixture stirred for a further 15 minutes, tleentrifuged. The precipitate was washed
with water, with care being taken not to allow ti#ed cod to get in contact with the
precipitate, filtered and dried in a desiccatorneld 85 % (0.12 g). Melting point = 185
°C. v(C=0) = 2068 and 2006 ¢h & (300 MHz, CDC})/ppm: 6.10 (s; 1H; CH), 5.18
(t; 2H; 0.5 x GH4, Rc); 4.77 (m; 4H; 0.5 x 48,4, Rc; 0.5 x GHg4, Fc), 4.57 (s; 5H; §Hs,
Rc) 4.45 (t, 2H, 0.5 x §H,4, Fc), 4.16 (s; 5H; §Hs, Fc),Spectrum 28

4.4.28]Rh(FCCOCHCOOC)(CO),] (69)

[Rh(FcCOCHCOOCc)(cod)] (0.1 g, 0.13 mmol) was digedlin acetone (40 ml). Carbon
monoxide gas was bubbled through the solution tssipg it through a sintered glass

tube. The CO (g) pressure was maintained at appat&ly 1 cm above atmospheric
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pressure for 30 minutes. Cold water (60 ml) wageddo precipitate the product, and the
mixture stirred for a further 15 minutes, then cémged. The precipitate was washed
with water, with care being taken not to allow fti#ed cod to get in contact with the
precipitate, filtered and dried in a desiccatorneldf 81 % (0.08 g). Melting point = 191
°C.v(C=0) = 2069 and 2006 ¢h &4 (300 MHz, CDC})/ppm: 6.02 (s; 1H; CH), 5.33
(t; 2H; 0.5 x GH4, Oc); 4.95 (t; 2H; 0.5 x £H,4, Oc), 4.78 (s; 5H; €Hs, Oc), 4.76 (t; 2H;
0.5 x GHg4, Fc), 4.44 (t; 2H; 0.5 x §H4, Fc), 4.15 (s; 5H; €Hs, Fc), Spectrum 29

4.4.29[Rh(CF3COCHCOCH )(CO),] (83)

oc_ ¢l co

RhChaH0 BMF. 3, "Ry “RK {
oc ‘¢ ‘co co

(83)

Compound83) was synthesized as a less electronegative rhobjidicarbonyl reagent,
to react with PPIOc (66), since attempts to rea¢66) with metallocene-containing
rhodium(l)  dicarbonyl compounds [Rh(FCcCOCHCQXEO)] (57) and
[Rh(FCCOCHCOOCc)(CQ)]) (69) failed to yield a pure product.

DMF (20 ml) was refluxed in a round bottomed flégk 15 minutes, and then discarded.
Rhodium trichloride (0.1 g, 0.48 mmol) was addedhi® warmed flask and dissolved in
the minimum water (4 drops). With stirring DMF 1) was added and the solution was
heated to reflux for 25 minutes. The solution wasled on ice and solif-diketone
(0.05 ml, 0.48 mmol, 1 eq.) was added. The reactioxture was warmed to room
temperature and stirred for a further 30 minuteAddition of cold water (30 ml)
precipitated the product. It was filtered, washath water and dried in a desiccator.
Yield 40 % (0.06 g). Melting point = 198 °Gy(C=0) = 2078 and 2023 ¢h &y (300
MHz, CDChL)/ppm: 6.07 (s; 1H; CH), 4.15 (s; 3H; @HSpectrum 3Q
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4.4.30[Rh(FcCCOCHCOCF3)(CO)(PPhy)] (29)

+ PP
n- hexane

Solid triphenylphosphine (0.07 g, 0. 25 mmol, 1)agas added to an oxygen-free
solution of [Rh(FCCOCHCOGHCO),] (0.12 g, 0.25 mmol) in n-hexane (100 ml). The
mixture was heated to 45 °C and stirred overnifit,approximately 16 hours. The
warm solution was filtered and evaporated slowlyaoton the crystalline product as two
inseparable isomers. Yield 81 % (0.15 g). Melgoint = 178 °C.v(C=0) = 1987 cni.

dn (300 MHz, CDCY)/ppm: 7.52 (m; 6H; 0.6 x 2fls), 7.49 (m; 4H; 0.4 x 26Hs), 6.09
(s; 1H; CH, isomer 2), 6.08 (s; 1H; CH, isomer4l86 (t; 2H; 0.5 x gH4, Fc, isomer 1),
4.52 (t; 2H; 0.5 x @H4, Fc, isomer 1), 4.29 (t; 2H; 0.5 %4, Fc, isomer 2), 4.22 (s, 5H,;
CsHs, Fc, isomer 1), 4.11 (t; 2H; 0.5 %4, Fc, isomer 2), 3.96 (s; 5H3s, Fc, isomer
2), Spectrum 31

4.4.31[Rh(FcCOCHCOCF3)(CO)(PPhFc)] (70)

9p.

OC ==
%,

+ PPhFc,
n-hexane

Solid ferrocenyldiphenylphosphine (0.08 g, 0.21 rhmoeq.) was added to an oxygen-
free solution of [Rh(FCCOCHCOGKCO),] (0.10 g, 0.21 mmol) in n-hexane (90 ml).
The mixture was heated to 45 °C and stirred oveatnighe warm solution was filtered
and evaporated slowly to form the crystalline piicas two inseparable isomers. Yield
73 % (0.13 g). Melting point = 186°Cn(C=0) = 1975 cni. dn (300 MHz,
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CDCly)/ppm: 7.69 (m; 6H; 0.6 x 2€ls), 7.44 (m; 4H; 0.4 x 2¢Hs), 6.12 (s; 1H; CH,
isomer 1), 6.10 (s; 1H; CH, isomer 2), 4.90 (t; t§ x GH4, PPhFc, isomer 1), 4.54 (t;
2H; 0.5 x GH4, PPhFc, isomer 1), 4.50 (m; 4H; 0.5 xldy, B-Fc, isomer 1; 0.5 X £H,,
PPhFc, isomer 2), 4.39 (m, 7H; 0.5 %K, B-Fc, isomer 1; ¢Hs, PPhFc, isomer 2),
4.33 (s; 5H; GHs, PPhFc, isomer 1), 4.29 (t; 2H; 0.5 x84, B-Fc, isomer 2), 4.27 (t;
2H; 0.5 x GHg4, B-Fc, isomer 2), 4.23 (s; 5H;s8s, B-Fc, isomer 1), 4.02 (m; 7H; 0.5 x
CsHg, B-Fc, isomer 2; €Hs, B-Fc, isomer 2)Spectrum 32

4.4.32]Rh(FCCOCHCOCF3)(CO)(PPhRC)] (71)

Solid ruthenocenyldiphenylphosphine (0.03 g, 0.0fal 1 eq.) was added to an
oxygen-free solution of [Rh(FCCOCHCOGEO),] (0.03 g, 0.07 mmol) in n-hexane
(20 ml). The mixture was heated to 45 °C andesdiwvernight. The warm solution was
filtered and evaporated slowly to form the cryst@lproduct as two inseparable isomers.
Yield 77 % (0.05 g). Melting point = 134 °Cu(C=0) = 1978 cil. &y (300 MHz,
CDCly)/ppm: 7.73 (m; 6H; 0.6 x 2€ls), 7.44 (m; 4H; 0.4 x 2¢Hs), 6.08 (s; 1H; CH,
isomer 1), 6.06 (s; 1H; CH, isomer 2), 4.87 (t; Ztb x GH4, Rc, isomer 1), 4.81 (m;
4H; 0.5 x GHa, Rc, isomer 1; 0.5 x 4E4, Rc, isomer 2), 4.75 (t; 2H; 0.5 xlds, Fc,
isomer 1), 4.67 (m, 7H; 0.5 xsB4, Rc, isomer 2; €Hs, Rc, isomer 2), 4.63 (s; SHE5,
Rc, isomer 1), 4.53 (t; 2H; 0.5 %4, Fc, isomer 1), 4.29 (t; 2H; 0.5 %, Fc, isomer
2), 4.22 (s; 5H; ¢Hs, Fc, isomer 1), 4.03 (t; 2H; 0.5 x4, Fc, isomer 2), 4.00 (s; 5H;
CsHs, Fc, isomer 2)Spectrum 33
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4.4.33Attempted  Synthesis of Rhodium(l) Osmocenyldiphenyl
phosphine compounds (85), (86) and (87)

R @ R

R »  + PPhOC_ LD
oC 2eot @ oC =22
o

R
(83) R =CH;, R'=CR (85) R =CH, R'=CR
(57) R=Fc,R'=Cf (86) R=Fc, R' = CF
(69) R=Fc, R'=Oc (87) R=Fc, R'= Oc

Solid osmocenyldiphenylphosphine (1 eq.) was addeah oxygen-free solution of the
appropriate rhodium(l) dicarbonyl compouf@8), (57) or (69) (1 eq.) in n-hexane (20 ml

per 0.1 mol reagent). The mixture was heated t&C4&nd stirred overnight. The warm
solution was filtered and evaporated slowly to ppi&te the product. In all cases the
mixture was shown by NMR to contain both startingtenials as well as the desired
product, as discussed fDhapter 3, Section 3.2.5.1 Both flash chromatography (n-
hexane : ether, 1:1) and recrystallisation (n-hexa@HCl,) were unsuccessful in

separating the crude mixture.

4.4.34[Rh(FCCOCHCOCF 3)(CO)(PPhy(CeFs))] (72)

+ PPR(CeFs) |
benzene

Solid phosphine (0.02 g, 0.06 mmol, 1 eq.) was dddean oxygen-free solution of
[Rh(FcCOCHCOCE)(CO),] (0.03 g, 0.06 mmol) in benzene (5 ml), Bubblingsw~;
observed. The solution was stirred for 2 hours #rel warm solution filtered and

evaporated slowly to precipitate the product as imseparable isomers. Yield 79 %
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(0.04 g). Melting point = 105 °Cp(C=0) = 1986 cril. &y (300 MHz, CDCY)/ppm:
7.96 (m; 6H; 0.6 x 26Hs), 7.51 (m; 4H; 0.4 x 26Hs), 6.14 (s; 1H; CH, isomer 2), 6.11
(s; 1H; CH, isomer 1), 4.89 (t; 2H; 0.5 xH, Fc, isomer 1), 4.57 (t; 2H; 0.5 »ld.4, Fc,
isomer 1), 4.37 (t; 2H; 0.5 x84, Fc, isomer 2), 4.26 (s, 5H;s8s5, Fc, isomer 1), 4.19
(t; 2H; 0.5 x GHg4, Fc, isomer 2), 4.04 (s; 5HsEs, Fc, isomer 2)Spectrum 34

4.4.35[Rh(FcCCOCHCOCF3)(CO)(PPh(CsFs),)] (73)

+ PPh(GFs),
benzene

Solid phosphine (0.04 g, 0.08 mmol, 1 eq.) was dddean oxygen-free solution of
[Rh(FCcCOCHCOCE)(CO),] (0.04 g, 0.08 mmol) in benzene (10 ml), Bubbliwgs
observed. The solution was stirred for 2 hours #rel warm solution filtered and
evaporated slowly to precipitate the product as imseparable isomers. Yield 75 %
(0.06 g). Melting point = 87 °Cv(C=0) = 1991 cri. &y (300 MHz, CDC4)/ppm: 7.99
(m; 6H; 0.6 x 2GHs), 7.54 (m; 4H; 0.4 x 26Hs), 6.14 (s; 1H; CH, isomer 2), 6.11 (s; 1H;
CH, isomer 1), 4.87 (t; 2H; 0.5 x84, Fc, isomer 1), 4.58 (t; 2H; 0.5 »ld4, Fc, isomer
1), 4.45 (t; 2H; 0.5 x €H,4, Fc, isomer 2), 4.26 (t; 2H; 0.5 xld4, Fc, isomer 2), 4.24 (s,
5H; GHs, Fc, isomer 1), 4.11 (s; 5HsEs, Fc, isomer 2)Spectrum 35

4.4.36][Rh(FCCOCHCOCF3)(CO)(P(CsFs)3)] (74)

+ P(GsFs)3
benzene
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Solid phosphine (0.04 g, 0.08 mmol, 1 eq.) was dddean oxygen-free solution of
[Rh(FCcCOCHCOCE)(CO),] (0.04 g, 0.08 mmol) in benzene (10 ml), Bubbliwgs
observed. The solution was stirred for 2 hours #re warm solution filtered and
evaporated slowly to precipitate the product as imseparable isomers. Yield 79 %
(0.07 g). Melting point = 79 °Gy(C=0) = 1998 cril. 4 (300 MHz, CDC})/ppm: 7.99
(m; 6H; 0.6 X 2@Hs), 7.54 (m; 4H; 0.4 x 26Hs), 6.13 (s; 1H; CH, isomer 2), 6.09 (s; 1H;
CH, isomer 1), 4.85 (t; 2H; 0.5 x84, Fc, isomer 1), 4.59 (t; 2H; 0.5 %Md4, Fc, isomer
1), 4.50 (t; 2H; 0.5 x €H4, Fc, isomer 2), 4.31 (t; 2H; 0.5 xld,, Fc, isomer 2), 4.23 (s,
5H; GHs, Fc, isomer 1), 4.13 (s; 5HsEs, Fc, isomer 2)Spectrum 36

4.4.37Attempted Synthesis of [Rh(FCCOCHCOCR)(CO) (PPhCc")]
(PFs) (102)

+ (PPhCC) (PR,

(PRl

Solid phosphine (1 eqg.) was added to an oxygendobation of [Rh(FCCOCHCOGJ
(CO)] (1 eq) in either n-hexane, dried acetone or aumeof n-hexane and THF (1:1)
(20 ml per 0.1 mol reagent). The solution wasratirovernight, filtered and slowly
evaporated to precipitate the product. In all sasmly starting materials could be
isolated in 70 — 90 % vyields.
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4.4.38Attempted Synthesis of [Rh(FCCOCHCOR)(CO)(PPHFc)] (103),
(104) and (105)

P
+ PPhFC, @

e

Benzene F@ oc
m=reo, (O M=Fe(1o3) (O

RU(68), uCD
0s(69) 105)

Solid ferrocenyldiphenylphosphine (1 eq.) was adttedn oxygen-free solution of the
appropriate dicarbonyl complef§0), (68) or (69) (1 eq.), in n-hexane (20 ml per 0.1 mol
reagent). The mixture was stirred overnight atf@5filtered and evaporated slowly to
precipitate the product. In all cases the mixtwas shown by NMR to contain both
starting materials as well as the desired produdt,any attempt to separate the crude
reaction mixture failed to liberate a pure product.

4.4.39Attempted Synthesis of [Rh(FCCOCHCOR)(CO)(PPBRc)] (106),
(107) and (108)

+ PPhRC,
Benzene

M=reo, (D M=Feos) (D
RU(68), RuU(107),
Solid ruthenocenyldiphenylphosphine (1 eq.) wasddd an oxygen-free solution of the
appropriate dicarbonyl complgg0), (68) or (69)(1 eq.) in benzene (minimum). The
mixture was stirred overnight, filtered and evapedaslowly to precipitate the product.
In all cases NMR showed the crude reaction mixtareontain both starting materials as

well as the desired product.
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4.4.40[Rh(a-TTF-Sacac)(cod)] (75)

0,

Rh Rh +2 DME,. 2 MeS (RN
_ =]

(84) j/[ >—< IS (75)

(39)

MeS SMe

The B-diketone ligand39) was provided by Dr. D Lorcy from the University Rénnes,
France.

Solid B-diketone (0.05 g, 0.11 mmol, 2 eq.) was added solation of [RRClx(cod)]
(0.03 g, 0.05 mmol) in DMF (2 ml). The mixture wstared for 1 hour and the product
precipitated with an excess of water. The prodaved filtered off, dissolved in ether and
the organic layer washed with water. The ether evésd over Na&SO, and evaporated
under reduced pressure. Yield 72 % (0.06 g). iNglpoint = 179 °C.dy (300 MHz,
CDClz)/[ppm: 4.13 (m; 4H; 4CH), 2.52 (m; 4H; 0.5 x 4§}H2.48 (s; 3H; ChH), 2.54 (s;
3H; CHg), 2.44 (s; 3H; ChH), 2.39 (m; 6H; 3SMe), 1.86 (m; 4H; 0.5 x 4gJHSpectrum
37.

4.4.41[Rh(y-TTF-Sacac)(cod)] (76)

Eornl] sy A e

(84) (88)

MeS SMe

The B-diketone ligand88) was provided by Dr. D Lorcy from the University Rénnes,
France.

Solid p-diketone (0.10 g, 0.21 mmol, 2 eq.) was added swolation of [RRCl,(cod)]
(0.06 g, 0.11 mmol) in DMF (4 ml). The mixture wstgred for 1 hour and the product
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precipitated with an excess of water. The prodvas filtered off, dissolved in ether and
the organic layer washed with water. The ether evésd over NgSO, and evaporated
under reduced pressure. Yield 78 % (0.12 g). iNglpoint = 203 °C.dy (300 MHz,
CDClz)/[ppm: 5.46 (s; 1H; CH), 4.12 (m; 4H; 4CH), 2.48; (4H; 0.5 x 4CH), 2.19 (s;
3H; CHs), 2.02 (s; 3H; SMe), 1.95 (s; 6H; SMe), 1.85 (rH; 4.5 x 4CH), Spectrum
38.

45. Kinetics

4.5.1.0xidative Addition Kinetics

NMR kinetic measurements were recorded on eithBruker Advance DPX 300 NMR
spectrometer fotH NMR kinetics, with chemical shifts relative toNg#, at 0.00 ppm,
utilizing the solvent peak as internal standardP and'*F NMR measurements were
recorded on a Bruker Advance Il 600 NMR spectrometéh chemical shifts relative to
CFCk at 0 ppm, using §HsF as standard at -113.15 ppm f3F spectra, and chemical
shifts relative to 85 % #PO, (0 ppm) for thé'P spectra. IR kinetics were recorded on a
Digilab 2000 Fourier transform spectrometer utiliizia He-Ne laser at 633 nm and

UV/vis spectra on a Cary 50 Probe UV/visible spgatiotometer.

All kinetic measurements were monitored under psefigst-order conditions, with

[CHgsl] between 10 and 1 000 times that of rhodium(lpgphine complexes. At least
five different concentrations within this range weutilized. The concentration of
rhodium(l) phosphine complexes wet®.0004 mol dnif for UV/vis measurements, and
< 0.01 mol dr¥ for IR and NMR measurements. The activation patars,AH and

AS', were obtained from kinetic experiments betweénahd 41.0 °C. Unless otherwise
stated, five temperatures, held constant within @1 were employed to establish the
temperature dependence. The observed first-oater qonstants were obtained from

least-squares fits of absorbarwsetime data utilizing the fitting program MINS®.
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4.5.2.Substitution Kinetics

A computer-controlled Applied Photophysics SX.18MYopped-flow instrument was
used to collect kinetic data. Observed rate comstavere determined using the
associated Applied Photophysics software. The ésatpre was controlled using a water
bath to within 0.1 °C. The UV/vis-spectra of tieh[TTF-Sacac)(cod)] complexes, as
well as the product of substitution [Rh(phen)(cbd)fere determined in methanol at 25
°C, on a Cary 50 Probe UVl/visible spectrophotometeFrom these spectra the
wavelengths were determined where the reaction fellewed kinetically. All
substitution reactions were performed in freshlistited methanol under pseudo first-
order conditions, with the 1,10-phenanthroline @mrations between 10 and 500 times
in excess. At least five different concentrationsthis range were utilized for each
complex. The activation parametersH and AS, were obtained from kinetic runs
between 5 °C and 41 °C, with five different temparas employed to establish the

temperature dependence for each substitution ogacti

4.6. Structure Determinations

4.6.1.FcCOCH,COOc (7)

The author acknowledges Mr. J.M. Janse van Renshm the Department of

Chemistry, University of the Free State, for deterng the crystal structure.

Red needle crystals ¢f) were obtained by recrystallization from &, and n-heptane,
by slow evaporation of the solvent. Data was ctdlé on a Bruker X8 ApexIl 4K Kappa

CCD diffractometer, using Mo-Kradiation.

4.6.2.PPh,RC (65)

The author acknowledges Mr. J.M. Janse van Renshm the Department of

Chemistry, University of the Free State, for det@ing and solving the crystal structure.
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Crystals of(65) were obtained by recrystallization from &, and n-hexane, by slow
evaporation of the solvent. A colourless needystat, of dimensions 0.27 x 0.12 x 0.08
mm?, was used for data collection on a Bruker X8 Apdxl Kappa CCD diffractometer,
using Mo-K, radiation. Cell constants and an orientation ixdtr data collection were
obtained from the least-squares refinement usiagétting angles of 50 798 reflections
in the range 2.41° 4 < 28°. Data were corrected for Lorentz and poétron effects.
The structure was solved by direct methods andredgzhusing Fourier techniques. The
non-hydrogen atoms were refined anisotropicallyydidgen atoms were included but

not refined.

4.6.3.[Rh(FCCOCHCOCF3)(CO)(PPhFc)] (70)
The author acknowledges Dr. A.J. Muller from thepBement of Chemistry, University

of the Free State, for determining and solvingdtystal structure.

Crystals of (70) were obtained by recrystallization from warm n-wes, by slowly
allowing the reaction mixture to cool. A red needtystal, of dimensions 0.20 x 0.09 x
0.07 mni, was used for data collection on a Bruker X8 ApexK Kappa CCD
diffractometer, using Mo-Kradiation. Cell constants and an orientation ixdtr data
collection were obtained from the least-squareseaient using the setting angles of 65
121 reflections in the range 1.74°6<< 28.32°. Data were corrected for Lorentz and
polarization effects. The structure was solved byal methods and expanded using
Fourier techniques. The non-hydrogen atoms wereexk anisotropically. Hydrogen

atoms were included but not refined.

4.7. Electrochemistry

Measurements on ca. 1.0 mmoldnsolutions of the complexes in dry, air free
dichloromethane  containing 0.10  mol.dm tetrabutylammonium tetrakis

(pentafluorophenyl)borate as supporting electrolytere conducted under a blanket of
purified argon at 25 °C utilizing a BAS 100 B/W elechemical workstation interfaced

with a personal computer. A three-electrode egtich utilized a Pt auxiliary electrode,

a glassy carbon working electrode (surface arez0d.@nf) and an in house constructed
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Ag/Ag* (0.01 mol.dri? AgNOs) reference electrode mounted on a Luggin capileag
used. Successive experiments under the same mgmeal conditions showed that all
formal reduction and oxidation potentials were ogjocible within 5 mV. Results are
referenced against ferrocene, utilizing decametégiocene (FQ as internal standard.
To achieve this, each experiment was first perfarnmethe absence of ferrocene and
decamethyl ferrocene, and then repeated in theepresof < 1 mmol.di decamethyl
ferrocene. A separate experiment containing oatyotene and decamethyl ferrocene
was also performed. Data was then manipulated Bliceosoft Excel worksheet to set
the formal reduction potentials of the Fc/Fmuple to 0 V. Under our conditions the
Fc/Fc* couple was at -607 mV vs. Fc/Fevhile the Fc/FE couple was at 220 mV vs.
Ag/Ag”.

4.7.1.Spectral Electrochemistry

Spectral electrochemistry was performed with an OGeill Specac P/N 1800 (shown in
Figure 4.1), attached to a BAS CV-27 electrochemical workstatinterfaced with a
personal computer. The Ottel cell was placed &sid Bruker Tensor 27 Fourier
transform IR in order to obtain IR-spectra. Measwents were carried out on ca. 3.0
mmol.dm?® solutions of the complexes in dry dichlorometharentaining 0.30 mol.dih
tetrabutylammonium tetrakis(penta fluorophenyl)lb®ras supporting electrolyte, at 25
°C. IR-spectra were taken at regular intervalghaspotential was increased in 0.05 V -
0.1 Vincrements, from O V tita. 1.6 V.

Pt minigrid Ag foil

O
> |&/

small
Pt foil  pathway

Figure 4.1. Picture and schematic representation of an Omhi cel

202



4.7.2.Electrochemical Isomerization Kinetics

Time-based CV and SW voltammograms of 2.0 mmol® dmol-enriched solutions of
FcCOCHCORCc(6) in CHsCN as well as in CECl, were recorded at a scan rate of 200
mV s* and frequency of 50 Hz. To overcome electroddiriguproblems, manual
adjustment of the amplitude of the internal stadd#fmee ferrocene, or the ferrocenyl
wave of(6), to identical peak current levels for each timedzhrun, and conversion of
the amended time-based peak currents to percekédagdasomer, allowed collection of
good kinetic interpretable data.

Solid B-diketone samples older than 3 months were quidkdgolved and CV’s and
SW's recorded at appropriate times at 298 K umtieguilibrium set in. The percentage
keto isomer at each time interval was determinedhfEquation 4.1 From the time-
based keto percentage data fittedEtpuation 4.2* observed rate constang,kcould be
calculated.

ip of keto signal
ip of keto signal + jof enol signal

% keto isomer = x 100

Equation 4.1

(initial % ketoisome) — (% ketoisomeratinfinite time)
(% ketoisomerat timet) — (% ketoisomeratinfinite time)

Equation 4.2
= (k k)t =kppd

The percentage keto isomer at infinite time is tbaK., while k and k; relates to
Equation 4.3

kl
Re-CO-CH,-CO-R === Re-CO-CH=C(OH)-R

1 Equation 4.3

The individual rate constants land k; were obtained by simultaneously solving the
equations K= ki/k.; and kps= k; + K.
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4.8. Cytotoxic Tests
The author acknowledges Prof. C.E.J. Medlen, frben Department of Pharmacology,

University of Pretoria, for performing the experime

Compounds were dissolved in DMSO to give stock eatrations of 10 mg cthand
diluted in the appropriate growth medium (EMEM+}ieh contains components such as
essential amino acids, vitamins, inorganic saltgymones, metabolites and nutrients)
supplemented with fetal calf serum (FCS) to givealfiDMSO concentrations not

exceeding 0.5 % and drug concentrations of 1 — 2808 prior to cell experiments.

Human cervix epitheloid cancer cell line, HeLa (ATGCCI-2), was grown as a
monolayer culture in MEM. Human colorectal celidj CoLo DM320 (ATCC CCL-
220), was grown as a suspended culture in RPMI .163@wth medium was incubated
at 37 °C under 5 % COand fortified with 10 % FCS and 1 % penicillin and
streptomycin. Appropriate solvent control systemese included. Cells were seeded at
500 cells / well for 7 days incubation experimeatsl in 96 well microtiter plates in a
final volume of 200ul of growth medium in the presence or absence &erént
concentrations of experimental drugs. Wells withoells and with cells but without
drugs were included as controls. After incubatdi37 °C for 7 days, cell survival was
measured by means of the colometric 3-(4,5-dim#itagdol-2-yl)-diphenyl tetrasodium

bromide (MMT) assay.

! B.S. Furniss, A.J. Hannaford, P.W.G. Smith, A.Btchell,Vogel's Textbook of Practical Organic
Chemistry 5" ed., Pearson Education Limited, Harlow, Englak889 pp. 395-412.

2W.C. du Plessis, T.G. Vosloo, J.C. SwaitsChem. Soc., Dalton Trand998 2507-2514.

3 MINSQ, Least Squares Parameter Estimation, Ver3ib®, MicroMath, 1990.

* J.E. House, IfPrinciples of Chemical Kinetic&V. C. Brown Publishers: Dubuque, 1997, p. 46-51.
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Chapter 5

Summary and Future Per spectives

In this study, metallocene-containing ligands, adlwas their rhodium(l) complexes,
were synthesized and their physical properties é&in Four known metallocene-
containingp-diketones, FcCOCKCOR with R = CE, ferrocenyl (Fc), ruthenocenyl (Rc)
and osmocenyl (Oc), were synthesized. Attempteweade to synthesize positively-
charged cobaltocenium-containifiediketones, utilizing B as catalyst. However, all
attempts were unsuccessful, due to the competidgl alondensation side reaction
dominating over the expected Claisen condensaflietiketone-forming reaction. A
range of metallocene-containing phosphine liganeevgynthesized by various methods,
including the known PRRc, and the new ligands PiRt, PPhOc and the positively-
charged (PPICC)(PR) ligand. The crystal structure of PRt was determined. This
compound crystallized in a monoclinic crystal systeaving a P2(1)/c space group, Z =
4,a=14.2986(7) A, b =10.4474(5) A, c = 11.6836%, a =y = 90°, p = 91.713(3)".

Rhodium(l) phosphine complexes were synthesizedirstysynthesizing a series of four
new rhodium(l) dicarbonyl complexes, [Rh(FCCOCHC@FR)),], where R = CE; Fc,

Rc and Oc. Two new electron-rich metallocenyl-giiise rhodium complexes of the
type [Rh(FCCOCHCOGCH(CO)(PPhMc)], where Mc = Fc and Rc, were then
synthesized.  The known complex, [Rh(FCCOCHCQEFO)(PPR)], was also
synthesized for comparison purposébl and*P NMR studies showed the existence of
at least two isomers, thoes- andtrans-isomers, in solution. The crystal structure oh[R
(FcCOCHCOCE)(CO)(PPhFc)] was solved, indicating that tlues-isomer (where the
phosphine ligand is next to thediketonato oxygen closest to the ferrocenyl group)
forms in the crystal state. This is the oppos#@mer than electronic considerations
predict, and it shows clearly that crystallizatemergy plays a more dominant role than
steric or electronic influences during crystalliaat [Rh(FCCOCHCOCH(CO)
(PPhFc)] crystallized in a monoclinic crystal systenvimg a P2(1)/n space group, Z =
4,a=9.9416(2) A, b =23.2737(5) A, c = 13.66330 =y = 90°,8 = 96.069(1)°.
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A series of three new electron-poor rhodium(l) céerpes containing pentafluorophenyl-
rings substituted on the phosphine ligands of tlypet [Rh(FcCOCHCOGCH
(CO){PPh,(CsFs)s.}] with n = 0, 1 and 2, was also synthesizétl and**F NMR studies

were carried out, also indicating the existenca @& andtrans-isomer in solution.

Oxidative addition (the first step of the Monsaptocess towards commercial acetic acid
synthesis) of methyl iodide to all the above memgnb rhodium(l) phosphine complexes
was studied kinetically by UV, FT-IRRH NMR, *P NMR and!°F NMR. Results
obtained by different methods were in excelleneagrent. To our knowledge, this was
the first time that®F was used to elucidate oxidative addition reastiolNMR Results
showed that oxidative addition proceeded by upht@e consecutive reaction steps,
involving two Rh(Ill) alkyl and two Rh(lll) acyl sgries. NMR results also showed the
existence of at least two isomers of each alkyl acyl species in the reaction mixture.
Long reaction times and background noise duringtthel step made it difficult to
identify the second acyl species clearly. The raagm was found to follow the general
reaction mechanism belowSgheme 5.1). Large variations in rate constant were
observed. It is known that the rates of reactmmoikidative addition reactions increase
with an increase in electron density on the megater. Despite this, the rate of reaction
for [Rh(FCCOCHCOCE)(CO)(PPhRc)] {xr(Rc) =1.99; k = 0.015 drmimol’s?} was
found to be about double that of [Rh(FCCOCHCQAQEO)(PPhFc)] {xr(Fc) =1.87; k

= 0.0075 drifmol™s™}, with [Rh(FcCOCHCOCE)(CO)(PPR)] { xr(Ph) =2.21; k= 0.006
dm’mol™s™} reacting slightly slower. Rates of reaction farorinated compounds were
dramatically slower, due to the highly electronhelitawing pentafluorophenyl groups
attached. [Rh (FcCOCHCOGRCOXPPh(CsFs)}] (k1 = 0.0003 drimol*s™®) showed
rates of reaction of up to 20x slower than thaiRif(FcCOCHCOCE)(CO)(PPhR)], with
[Rh(FcCOCHCOCE)(CO)}PPh(GFs),}] (k1 = 0.000010 drfmol?’s?) showing rates of
reactions 600x slower and [Rh(FCCOCHCQIEO){P(CsFs)s}] not undergoing
oxidative addition at allie. k; = 0 dnimol’s®). The fluorinated complexes were also
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only involved in the first step involving rate coasts k and k, of the mechanism shown
in Scheme 5.1, implying that k = ks = 0 ",

[RhI(fctfa)(CO)(PPh3)]a [Rhlll-alkyl1A] [RhI-acyl1A] [RhII-alkyl2A] [RhITl-acyl2A]
Kei + CH3l X Ke, ~ K¢ ké K¢ ké K¢
37k Ko=ko/k-2 3 k3 4 ks 5
[Rh(fctfa)(CO)(PPh3)]p [RhIll-alkyl1B] [RhIl-acyl1B] [RhIIL-alkyl2B] [RhII-acyl2B]

First set of reactions Second set of reactions

Third set of reactions

Scheme 5. 1. Proposed mechanism for oxidative addition okaH rhodiump-diketonato complexes.

Rhodium(l) cyclooctadiene complexes containing yaeetonato ligands substituted
with a tetrathiafulvalene (TTF) group in either the or the B-position were also
synthesized. The substitution reaction of the ToRtainingp-diketonato ligand with
1,10-phenanthroline was investigated by stopped-fitethods due to the extremely fast
rate of reaction for these compounds. Second-oederconstants were found to be in the
order of 1 x 10° dm® mol* s*. Thep-diketonato group was found to be displaced by
1,10-phenanthroline. The rate of reaction doubMeen the bulky TTF group was
substituted on thB-position, instead of the-position. This clearly shows the significant
role the position of side-groups play on the rdteeaction, despite identical electronic

properties.

The electrochemistry of all synthesized complexesavstudied in CCl, and the highly
non-interacting [NBug][B(CeFs)s] as supporting electrolyte.  The CV's of the
metallocene-containing phosphines showed the regedx couples associated with the
metallocenes; one one-electron transfer proceseifiarcene, osmocene and ruthenocene
and two one-electron processes for cobaltocenesingle electrochemical irreversible,
one-electron oxidation at the phosphorus centepaéntials above 1 V was also
observed. Oxidation of the phosphorus center foamBighly unstable phosphorus

radical, which is followed by further decompositi@actions.
The electrochemistry of rhodium(l) complexes shoveed additional quasi-reversible
one-electron oxidation at the rhodium center tonf@an unstable rhodium(ll) species. In

the case of the rhodium(l) dicarbonyl complexeh(FRCOCHCOR)(CQ] with R =
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CF;, Fc, Rc and Oc, the rhodium-based electron-transfecess was buried underneath
the ferrocene redox couple. Square wave voltanyneas, however, successful to
resolve the two separate peaks. Spectro-electmustrg coupled to Fourier transform IR
gave further proof of the oxidation of rhodium(l)'lhe CV’s of rhodium(l) phosphine
complexes [Rh(FCCOCHCOGKCO)(phosphine)] showed the redox couples of tfe
diketonato ferrocenyl groups at potentials rangfmgm 0.25 V to 0.4 V. Some
overlapping between the ferrocene redox couplerandium redox couple was again
observed, but was well resolved by SW. Oxidatibthe phosphorus center was also
observed at potentials ranging from 0.9 V to 1.4 Xn additional metallocene redox
couple is also observed for complexes with metal@econtaining phosphine ligands.
Spectro-electrochemistry was able to detect oxidagiddition of the solvent, GBI, to
the rhodium(l) center at high potentials,{feq> 1.4 Vvs. Fc/F¢).

The electrochemistry of rhodium(l)-cod complexesntaming tetrathiafulvalene-
substituted acetylacetonato groups showed threexneebcesses, two of which belonged
to the redox-active tetrathiafulvalene group. Thdox-couple of the rhodium center
were observed at 0.89 V and 0.51 V for the com@esbstituted in the- and -
positions respectively. Rotation of thesubstituted tetrathiafulvalene group out of the
rhodium plane severely hampers conjugation, whilethe case of thg-substituted
complex, conjugation between the highly electronadimg tetrathiafulvalene group and
the rhodium center takes place. When a conjugatsigm is formed, the rhodium center

becomes more electron-rich and oxidation takesepdd@ lower potential.

All newly synthesized compounds were tested for-tamor activity. It was found that
the metallocene-containing phosphine ligands alehew little anti-tumor activity,
although phosphines with a high fluorine-contenbvebd significant activity. For
rhodium(l) phosphine complexes, anti-tumor actiwitggis observed to increase linearly
with an increase in group electronegativigy)(of the phosphine substituents, irrespective
of the presence of additional metallocene groug$e pentafluorophenyl-group was
identified as a powerful anti-tumor fragment. B&#tiafulvalene-containing ligands also
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showed significant activity, but their rhodium(lproplexes showed no significant

cytotoxicity.

The present investigation can be considered tharaligtudy of a vast research program
to follow. [Rh(FCCOCHCOCH(CO)(PPhRc)] was identified as the most effective
compound capable of undergoing oxidative additwith an oxidative addition half-life

of 39 s. However, no attention has been focusedngrpossible catalytic activity of the
present series of compounds. A fine balance eXstaeen oxidative addition and
reductive elimination, in the overall Monsanto t¢gta cycle. Increasing the rate of
oxidative addition usually slows down the reductelenination. A study to determine

the rate of reductive elimination must be initigtea order to establish the overall
potential of the present series of compounds asilplescatalysts. A study to determine
the effect of the present compounds in catalysideunndustrial high pressure CO
conditions and high temperatures, conditions uvdaich catalyst stability is crucial,

must also be performed.

The electron-rich metallocene-containing phospHigands synthesized in this study
proved very successful to accelerate the rate iofatixe addition to rhodium complexes.
Extending this series of phosphines holds manyestang possibilities. The effect of
inserting an alkyl spacer between the metallocemg¢ the phosphorus-atom {Pfh
(CHy)n-Mc} on the group electronegativity of the phosphligand will allow fine tuning
of the rate of oxidative addition. A completelynelass of ligands consisting of mixed
phosphites, where the metallocene group is attachadan oxygen atom to the
phosphorous atom {PRIO-(CH;),-Mc} can be synthesized. The effect it has on
oxidative addition reactions when co-ordinatediodium can be researched. Varying
the number of such phosphite substituents {RPR(CH,)-Mc)s.n} may offer higher
catalytic activity. Investigating the electrochstry of such new phosphine and
phosphite ligands would be essential and offer tgresight into phosphorus

electrochemistry.
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Attempts during this study to expand the metalleceontainingp-diketonato series to
include cobaltocenium were unsuccessful, mostly ttughe positive charge on the
cobaltocenium group {(§4,)Ca" (CsHs)} *. Synthetic routes used for other metallocenes
(ferrocene, ruthenocene and osmocene) can beedtiifzzthe cobaltocene group can be
manipulated in the reduced form {€.)Co"'(CsHs)}. The neutral (GH.)Co'(CsHs)
species is, however, highly unstable (air sengitie@d must be handled in an inert
atmosphere. With the appropriate apparatus, anekogg the necessary care, this is a
viable option towards cobaltocenium complexes whstiould also contribute to the

development of good and new synthetic skills.

The tetrathiafulvalene group of ligands also offaryast range of projects for future
research. Many more TTF-containing ligands havenbgynthesized, including TTF-
containing phosphine ligands. To date, very fewthafse have been complexed with
metals. These ligands can thus be complexed witidium, and their physical

properties, as well as catalytic applications itigased.
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Appendix 1

NMR Spectra

Spectrum 1. Ruthenocene (93)

Spectrum 2. Acetyl Ferrocene (94)
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Spectrum 3. Acetyl Ruthenocene (95)




Spectrum 4. Acetyl Osmocene (96)
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Spectrum 5. 1-Ferrocenyl-4,4,4-trifluorobutane-1,3ione (1)
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Spectrum 7. 1-Ferrocenyl-3-ruthenocenylpropane-1,3-dione (6)
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Spectrum 8. 1-Ferrocenyl-3-osmocenylpropane-1,3-dione (7)
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Spectrum 9. Non-isolatable Cobaltocenium (97),
Methylcobaltocenium (98) and 1,1'-Dimethylcobaltoceium (99)
Hexafluorophosphate Mixture

+PRy CHz| TPRy CHy PR
i o™ e e

Co + Co + Co

CHg




Spectrum 10. Carboxycobaltocenium hexafluorophospite (100)
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Spectrum 12. Propanoylferrocene (79)




Spectrum 13. Ferrocenic Anhydride (77)

Spectrum 14. Ferrocene Carboxylic acid
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Spectrum 15. Cobaltocenium anhydride hexafluorophosphate (78)
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Spectrum 16. Aldol Product (from BR-Synthesis) (80)
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Spectrum 17. Ferrocenyl Diphenylphosphine (13)

Spectrum 18. Ruthenocenyl Diphenylphosphine (65)
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Spectrum 19. Osmocenyl Diphenylphosphine (66)

Spectrum 20. Diphenylphosphinocobaltocenium

hexafluorophosphate (67)
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Spectrum 21. Di-p-chloro-bis[(1,2,5,6%)1,5-cyclooctadiene]rhodium
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Spectrum 22. [Rh(FCCOCHCOCF;)(cod)] (47)

Spectrum 23. [Rh(FCCOCHCOFc)(cod)] (51)
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Spectrum 24. [Rh(FcCOCHCORCc)(cod)] (81)
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Spectrum 25. [Rh(FcCOCHCOOCc)(cod)] (82)
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Spectrum 26. [Rh(FCCOCHCOCR)(CO),] (57)
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Spectrum 27. [Rh(FcCOCHCOFc)(CO),] (60)
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Spectrum 28. [Rh(FCCOCHCORC)(CO)] (68)
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Spectrum 29. [Rh(FcCOCHCOOCc)(CO),] (69)
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Spectrum 31. [Rh(FCCOCHCOCFs)(CO)(PPhy)] (29)
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Spectrum 32. [Rh(FCCOCHCOCFe,)(CO)(PthFC)] (70)

Spectrum 33. [Rh(FcCOCHCOCFs)(CO)(PPhZRc)l (71)
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Spectrum 34. [Rh(FCCOCHCOCR)(CO)(PPh(CsFs))] (72)
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Spectrum 36. [Rh(FCCOCHCOCFg)(CO)(P(C6F5)3)] (74)
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Spectrum 37. [Rh@-TTF-Sacac)(cod)] (75)
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Abstract

Metallocene-containing ligands, as well as theadibm(l) complexes, were synthesized
and their physical properties examined. Four knavetallocene-containingrdiketones,
FcCOCHCOR with R = CEk, Fc, Rc and Oc, were synthesized, as well as geraf
metallocene-containing phosphine ligands, including known PPiFc, and the new
ligands PPjRc, PPhOc and the positively-charged (RBk')(PFs). The new
rhodium(l) dicarbonyl complexes [Rh(FcCOCHCOR)(gJOWwhere R = CE; Fc, Rc and
Oc, were synthesized as starting materials for itimo@) phosphine complexes.
Electron-rich phosphine complexes, containing nheatehyl-phosphines of the type
[Rh(FcCOCHCOCE)(CO)(PPaAMc)], where Mc = Fc and Rc, as well as the known
complex [Rh(FcCOCHCOGHCO)(PPHh)], were synthesized. A series of electron-poor
phosphine complexes containing pentafluorophemgsrisubstituted on the phosphine
ligand of the type [Rh(FCCOCHCOGQICO){PPh(CsFs)3.n}], with n = 0, 1 and 2, were
also synthesized. Crystal structures of FcCQUBOc, PPfRc and
[Rh(FcCOCHCOCE)(CO)(PPhFc)] were solved.

The oxidative addition (the first, rate deterministigp of the Monsanto process to form
acetic acid) of methyl iodide to above mentioneddibm(l) phosphine complexes were
followed kinetically by UV, FT-IR'H NMR, *P NMR and'®F NMR. Results showed
that oxidative addition proceeded by up to threesecutive reaction steps, involving two
Rh(ll1) alkyl and two Rh(lll) acyl species. NMRgwdlts also showed the existence of at
least two isomers of each Rh(lll) alkyl and acyéaps in the reaction mixture. Large
variations in rate constant were observed. Thee raif reaction for
[Rh(FCCOCHCOCE)(CO)(PPhRc)] {y=r(Rc) =1.99, k = 0.015 dm mol* s} was
found to be about double that of [Rh(FcCOCHCQ)QFO)(PPhFc)] {yr(Fc) = 1.87, k

= 0.0075 dmmol* s}, with [Rh(FcCOCHCOCE)(CO)(PPR)] {x=(Ph) = 2.21, k =
0.006 dmi mol™* s%} slightly slower. Rates of reaction for fluorirat compounds were
dramatically slower, due to the highly electronheiitawing pentafluorophenyl groups
attached. [Rh(FcCOCHCOGRCOXPPh(CsFs)}] (k, = 0.0003 dmimol? s*) showed
rates of reaction of up to 20x slower than thgiRif(FcCOCHCOCE)(CO)(PPh)], with



[Rh(FCCOCHCOCE)(CO){PPh(GFs)2}] (k2 = 0.000010 drhmol™* s*) showing rates of
reaction 600x slower. [Rh(FCCOCHCO{MO){P(CsFs)s}] did not undergo oxidative
addition at all.

Acetylacetonato ligands substituted with a tetedtiivalene group in either the or the
B-position of thep-diketone were complexed with rhodium(l) cycloodta complexes
to form [Rh(cod)f-diketone)]. The substitution reaction of the Tddntaining B-
diketonato ligand with 1,10-phenanthroline was stigated by stopped-flow methods

due to the high rate of reaction for these compsuykc= 1 x 10° dm® mor* s%).

A full electrochemical study was carried out onsgththesized complexes in @€,/ 0.1
mol dm?® [N"Buy][B(C¢Fs)s] as solvent and supporting electrolyte. Whererayrate,
spectro-electrochemical investigations were alstopmed. This study was also the first
to develop technigues able to investigate slowtldaeslectrochemically. The reaction
used to develop these technigques was the isomerZabm enol to keto form of thg-
diketone RcCOCKCOFc.

All newly synthesized compounds were tested for-tamor activity. It was found that
the pentafluorophenyl group is a powerful anti-tumimagment with significant
synergism in [Rh(FCCOCHCOGKCO){P(GCsFs)s}]. Group electronegativityyg) is the
determining factor for cytotoxicity, in the abserafesynergistic effects. An increase in
group electronegativity leads to an increase itoydcity. TTF-containing ligands also

showed significant activity, but rhodium(l) compésxthereof had no effect.

Keywords: Rhodium(l), ferrocene, phosphindi-diketone, oxidative addition,

substitution kinetics, electrochemistry, group &l@tegativity.



Opsomming

Metalloseenbevattende ligande, sowel as hul rod)dkofnplekse, is gesintetiseer en hul
fisiese eienskappe bestudeer. Vier bekende metalidevattendeB-diketone,
FcCOCHCOR met R = Cf; Fc, Rc en Oc, is gesintetiseer, sowel as diesr&aFc,
PPhRc, PPBOC en die positief gelaaide (PRIT’)(PR) metalloseenbevattende fosfien
ligande. Die voorheen onbekende rodium(l)-dikareilemplekse [Rh(FCCOCHCOR)
(CO)], met R = CE, Fc, Rc en Oc, is gesintetiseer as uitgangstofidrsintese van
rodium(l)-fosfienkomplekse. Nuwe elektronryk mé&iaeen-bevattende
fosfienkomplekse, [Rh(FCCOCHCOQECO) (PPhMc)], met Mc = Fc en Rc, sowel as
die bekende [Rh(FcCOCHCOQECO)(PPR)], is gesintetiseer. ‘n Reeks elektronarm
komplekse, wat pentafluoorfenielringe op die fadigande bevat, [Rh
(FcCOCHCOCE)(CO){PPh(CsFs)3-n}] met n = 0, 1 en 2, is ook gesintetiseer. Die
kristalstrukture van FcCOCGRBOOc, PPkRc en [Rh(FcCOCHCOGKCO)(PPhFc)] is

opgelos.

Die oksidatiewe addisiereaksie (die snelheidsbepaleserste stap van die Monsanto-
proses vir die sintese van asynsuur) van metiggdian die bogenoemde rodium(l)-
fosfienkomplekse is bestudeer met behulp van UVIEETH KMR, *P KMR en'*F
KMR. Resultate het gewys dat oksidatiewe addwti€ltie opeenvolgende stappe behels.
Twee Rh(lll)-alkiel- en twee Rh(lll)-asielspesieswaargeneem. KMR-data het verder
minstens twee isomere van elke Rh(l)-alkiel enelapesie geidentifiseer. Groot
verskille in die oksidatiewe addisiereaksiesnelhisdgaargeneem. Die reaksietempo vir
[Rh(FCCOCHCOCE)(CO)(PPhRc)] {yx(Rc) = 1.99, k = 0.015 dm mol* s'} is
ongeveer dubbel die van [Rh(FcCOCHCQIEO)(PPhFc)] {xr(Fc) = 1.87, k =
0.0075 dmimol™s™}, met [Rh(FCCOCHCOCH(CO)(PPh)] {x=(Ph) = 2.21, k= 0.006
dm® mol* s’} se snelheid effens stadiger. Die reaksietemparsfluoorbevattende
komplekse was a.g.v. die sterk elektron-onttrekkenditwerking van die
pentafluoorfenielringe dramaties stadiger. Die gemvan [Rh(FCCOCHCOGF
(CO){PPh(CsFs)}] (k> = 0.0003 dmimol* s!) was ongeveer 20x stadiger as die van
[Rh(FCCOCHCOCE)(CO)(PPHh)], terwyl [Rh(FcCOCHCOCH(CO){PPh(GFs)2}] (k2



= 0.000010 drh mol' s) ongeveer 600x stadiger was. Die kompleks [Rh
(FcCOCHCOCRE)(CO){P(GsFs)3}] het geen oksidatiewe addisie ondergaan nie.

Asetielasetonatoligande wat in of die of die B-posisie gesubstitueer is met ‘n
tetrathiafulvaleen-groep, is met rodium(l)-sikloattteen gekomplekseer om [Rh(cdgH)(
diketoon)] te gee. Die substitusiereaksies van [Hdiketonato-ligande met 1,10-
fenantrolien is bestudeer met behulp van stopwgailogie, a.g.v. die hoé

reaksietempos gk 1 x 10°dm® mor sb).

‘n Volledige elektrochemiese studie is uitgevoeradle gesintetiseerde verbindings in
CH,Cl, / 0.1 mol dri? [N"Bug][B(CeFs)4] as oplosmiddel en hulpelektroliet. Waar van
toepassing, is spektro-elektrochemiese studiesudg&voer. Hierdie studie was ook die
eerste wat in staat was om tegnieke daar te st@tmee kinetika van stadige reaksies
elektrochemies bestudeer kan word. Die reaksie gekies is om die tegniek te
ontwikkel was die isomerisasie van enol- na ketons van die pB-diketoon
RcCOCHCOFc.

Sitotoksiese toetse is op alle nuwe verbindinggewiber. Daar is gevind dat die
pentafluoorfenielring ‘n kragtige antitumor-fragmieis met beduidende sinergisme in
[Rh(FCCOCHCOCE)(CON{P(GsFs)s}]. Groepelektronegatiwiteiteyg) is die bepalende
faktor vir die voorspelling van die sitotoksisiteierbindinge. In die afwesigheid van
sinergistiese effekte dui hoér groepelektronegagitvi op hoér sitotoksisiteit.
Tatrathiafulvaleen-bevattende ligande het ook altsiese aktiwiteit getoon, maar nie

rodium(l)-komplekse daarvan nie.



I, Eleanor Fourie, declare that the thesis hereliynitted by me for the Philosophiae
Doctor degree at the University of the Free Statemy own independent work and has
not previously been submitted by me at anotherarsity / faculty. | furthermore cede

copyright of the thesis in favour of the Universitiythe Free State.

Signed: Date:



	1
	2
	3
	4
	5
	6
	7

