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Abstract

Over the past few decades, the activation of paraffinic C-H bonds has positively impacted
synthetic reactions in the natural products chemistry and drug delivery fields. This process of
activation has also warranted the use of more economical and easily accessible alkanes from
natural gas and petroleum derivatives, which had earlier been ignored for the direct
conversion to more value-added products due to their chemical inertness. Pincer complexes
have been widely explored in catalytic C-H activation due to their properties such as high
thermal stability and their protective nature to a metal centre. Various NNN tridentate ligand
systems have shown great affinity towards transition metal complexes, which can exhibit

high reactivities as a result of structural modifications introduced by the ligands.

A series of four NNN-pyridine based ligands of the general form: NNN-Rpy (R = propyl,
tert-butyl, cyclohexyl and phenyl, py = pyridine) were successfully synthesised and
characterised through NMR spectroscopy, IR spectroscopy and mass spectrometry.
Coordination of the ligands to a Ru benzene dimer and CoCl,.6H,0 metal precursor afforded
novel Ru(ll) complexes (RI-RI1V) and Co(ll) NNN-pyridine based complexes (CV-CVIII)
with varying substituents on the nitrogen backbone, with the aim of investigating the steric
and electronic influences of these on the chemistry and reactivity of the catalytic system.
These complexes were characterised through techniques including, NMR, IR, MS, elemental
analyses and in some cases single crystal XRD. It was found that all complexes existed as
mononuclear units (confirmed through the melting point and single-crystal structures for RI-
RIII and CV). All Ru complexes (RI-RI11) exhibited a piano stool geometry, while the Co
systems portrayed a distorted trigonal bypyramidal geometry (complex CV).

These complexes were then tested as catalysts in the oxidation of n-octane using t-BuOOH
and H,0,, and the oxygenated products, i.e. octanol, octanone, octanal and octanoic acid
were quantified through gas chromatography. A calculation of the conversion and selectivity
of each catalyst system under optimum reaction conditions using t-BuOOH (temperature = 80
°C, time = 24 hours in an acetonitrile solvent system), revealed RIV and CVI to be the most
efficient systems with TONs of 12.6 and 10.2, respectively. Also, the selectivity was
predominantly towards 2-octanol for the Co systems (CV-CVII), while 2-octanone was the
dominant product formed over all Ru catalysts and CVIII. Both metal systems were also

highly active using hydrogen peroxide as the oxidant in the activation of n-octane with a



conversion of 23% for catalysts CVII and RII, respectively. Both series of catalysts were

highly selective to alcohols within 24 hours.



Preface

The experimental work described in this thesis was performed in the School of Chemistry,
University of KwaZulu-Natal, Durban, from January 2015 to December 2016, under the
supervision of Prof. H. B. Friedrich and Dr. M. Shozi.

These studies represent original work by the author and have not otherwise been submitted in

any form for any degree or diploma to any tertiary institution. The work of others that has
been used in this study is duly acknowledged in the text.

Signed Date

Revana Chanerika



Signed

Declaration 1

Plagiarism

.......................................................................................... hereby declare that:

The research reported in this thesis, except where otherwise indicated, is my original

research.

This thesis has not been submitted for any degree or examination at any other

university.

This thesis does not contain other person’s data, pictures, graphs or other information,

unless specifically acknowledged as being sourced from other persons.

This thesis does not contain other person’s writing, unless specifically have been
acknowledged as being sourced from other researchers. Where other written sources

quoted, then:

a. Their words have been re-written but the general information attributed to them

has been referenced.

b. Where their exact words have been used, then their writing has been placed in

italics and inside quotation marks, and referenced.
This thesis does not contain text, graphics or tables copied and pasted from the

Internet, unless specifically acknowledged, and the source being detailed in the thesis

and in the References sections.

Date

Revana Chanerika



Vi

Declaration 2

Conference Contributions

Part of the work discussed in this dissertation has been presented as an oral presentation at the

following symposiums and conferences:

c*change Symposium 2015, Cape Town, oral presentation, Synthesis of SNS and NNN Ru, Ni

and Fe complexes for the oxidation of paraffins, Revana Chanerika and H.B. Friedrich.

c*change Symposium 2016, Drakensburg, oral presentation, Synthesis of Ru(ll) and Co
(1) NNN complexes and their activity in the oxidation of n-octane, Revana Chanerika, H.B.
Friedrich and M. Shozi.

CATSA Conference 2016, Drakensburg, oral presentation, Synthesis of Ru and Co
NNN-pyridine based complexes and their activity in the oxidation of n-octane, Revana
Chanerika, H.B. Friedrich and M. Shozi.



vii

Table of contents

Title i
AADSTTACT ...t bbb bbbt eas i
PIETACE. ... ettt b bRttt bbbt nreene s iv
[ =Tod - = U1 o] o I USRS v
DECIATALION 2.ttt bbbttt et bbbt b bt n et b ettt nbeene s vi
LI 10 Lo o) o0 (=] 0 £ PR SUOSPRSPI vii
LIST OF FIGUIES ...ttt nb ettt X
LISt OF SCNEIMES ... ettt bbb et XV
S 0] 7= o] PSSR XVii
ADDIEVIALIONS ... bbbt e et bbb reens Xix
ACKNOWIEAGEMENTS ...ttt et s te et esreeaeenaennas XXi
Chapter One 1
1.1 Biomimetics in MEtal-0X0 SPECIES ...cviiveeiiieiieieieeite et ste et sae e sreas 1
1.1.1 C-H oxidation through copper MONOOXYJENASES ........cccervrererirrierienieriesiesiesieseeeeneas 1
1.1.2 C-H oxidation through dehydrogenases ..........cccevveierrereiiieneene e 2
1.1.3 C-H oxidation through methane MONOOXYJENASE ........c.cocveeereereiieriereeee e e eee e 3
1.2 C-H alKane aCtIVALION ........ccveiieiieieeie ettt see et et nee e steeneesneenneeneeeneenreas 6
1.2.1 Stoichiometric C-H bond aCtivation ...........ccccereieniieiiniceeeee e 8
1.2.1.1 C-H activation of alkanes on supported metals............ccooeverereienininsiesiceee, 8
1.2.2 Pincer complexes for paraffinic activation ..o, 10
1.2.3 Transition metal C-H activation assisted by chelation .............ccccccoeiiiiiiiiienn, 11
1.2.4 Ru catalysed C-H aCtiVation ..........cccceviiiieiieie e 12
1.2.5 Co catalysed C-H aCtIVALION ...........cooeiiiiiieieie e 14
1.3 NNN terdentate COMPIEXES ......ooviiiiiieiiee e e 14
1.3.1 Pyridine based NNN PINCEr SYSIEMS ........ciiveiiiieieeie e sie e see e nee e 15
1.3.2 Specific applications of NNN pincer COmMpIEXes ........cccvvvevviieiiiene s, 16
1.3.2.1 Ethylene oligomerisation and polymerisation ............c.ccocevereneieninesiseen 17

1.3.2.2 Transfer Nydrogenation ..........ccoooeeiinieiieienie e e 18



viii

1.3.2.3 Hydrosilylation 0f OlEfINS .......cccciiiiiiiiiees e 18

1.4 Research approach and SCOPE ......cc.eoeiueriiriiriieiei ettt bbbt 19
L5 RETEIBICES ..ttt bbbttt bbbt 21
Chapter Two 25
P20 I (11 oo 1 Tod o] OSSP 25
2.1.1 NNN PINCEI HGANUS ....eoiveeieiiecieeie et sre e e e ne e 26
2.2 EXPEIIMENTAL ...c.oeeiiiii ettt te e s e e te et e sae e reeneeeneenne e 27
2.2. L IMAEETTAIS ...veeieieee ettt bbb 27
2.2.2 INSEIUMENTALION ....viviiiiitiiiesiieeee ettt bbb e ne e e 27
2.2.3 Experimental MEtNOUS ........ccoveiviiciece e e 28
2.2.3.1 Synthesis of NNIN [igands .........cccoieiiiiiiiciecc e 28
2.2.3.2 Preparation of NNN COMPIEXES........coiiiiiiiiieiiiesies e, 31
2.2.3.2.1 Preparation of Ru and Co NNN COMPIEXES .......cccovvivieieiiiirinieeeeeeees 31

2.3 RESUILS AN TISCUSSION ...uvviviiiiieiiieieciee e ste ettt seeste e teeneesteeteaneesreesseaneenseensens 34
20 50 I I T = o RS PS 34
R 010111 0] (== SRS 38
2.3.2.1 Ru and Co NNN-pyridine based COMPIEXES ........cccoviiiiiiiiiinieic e, 38

2.4 SUMIMAIY ottt ettt bt etk b e et e s e e e bt e et e s et b e e bt e ne e nb e e neene e neene e 47
2.5 RETEIBINCES ...ttt ettt bttt b e bbbt et ne et e ne e 48
Chapter Three 50
200 A 115 0o [ od 1 o] OSSR 50
3.2 EXPEIIMENTAL ..o 50
3.2.1 CryStal SITUCTUIES .....oviiviitiiiietieie ettt bbbt 54
3.2.1.1 Crystal StruCtUre OF RI ....ooeiiiieeiiii e 54
3.2.1.2 Crystal structure OF RII ......ooiiiicec e 58
3.2.1.3 Crystal structure OF RI .....ccooiiiiie e 62
3.2.1.4 Crystal StruCture 0F CV .....ooiiiiecc e e 66

3.3 SUMMIAIY .oeiieitiie ettt ettt e e et e e et e e e st e e e asb e e e anbe e e snbe e e nsbeeesbeeennaeeensneeanneeeanes 70

B RETEIENCES ..o 71



Chapter Four 72
o I oo 13 Tox o] SRR UR SRR 72
4.2 EXPerimental METNOUS ........ooiiiiieieie e 75
4.2.1 Materials and iNStrUMENTALION .........ccccuiiiieieieieie e 75
4.2.2 GENEIal PrOCEAUIE .....cueevieiecie ettt ettt te et e st e staenesreenbeeeeaneenneas 76
4.3 RESUILS aNd QISCUSSION ....viivieiiiiiiie ittt bbbttt 77
4.3.1 The oxidation of n-octane using t-BuOOH as the oxidant .............cc.ccoeriiniiinicnenn, 77
4.3.1.1 Optimisation studies: time, temperature and n-octane to t-BuOOH ratio
TOF the €0 SYSLEMS ...t bbb 78
4.3.1.2 Catalytic testing of Co complexes CV-CVIII at the optimum conditions ........... 81
4.3.1.3 Reaction rates and time dependent StUdIES ........c.ccceveeveiiieiieie e 89
4.3.1.4 Radical scavenging and MecChaniSIm ...........cccccveveiiieiiereciee e 92
4.3.2 The oxidation of n-octane using H,O; as the oXidant ...........ccccccevevveveiieieeie e, 95

4.3.3 Optimisation studies: time, temperature and n-octane to t-BuOOH ratio for the

RU SYSTEIMS ...t 97

4.3.3.1 Catalytic testing of Ru complexes RI-RIV at the optimum conditions ............. 100
4.3.3.2 Reaction rates and time dependent STUAIES ..........ccoovvireiereneieneree e 106
4.3.3.3 Radical scavenging and MechaniSm ...........ccccooerirerieieienene s 109
4.3.3.4 The oxidation of n-octane using H,O; as the oxidant .............c.ccccooevveeieiienen, 111
4.3.4 Recovery of catalysts RI and CV ........ccoiiiiiiiiccece e 113
T TN 1 00 - Y TSR PPP 115
N B (C =T =] 0T LSS 117
Chapter Five 120
(000 0 0d [11 [ o H PR RTRRPRPRTRTR 120

Supporting information 122



List of figures

Figure 1.1: The superoxo, hydroperoxo and oxo forms, respectively, of the CuB site
in DBM.
Figure 1.2: General structure of a pincer complex with donor atoms (E) and metal
centre (M) bound to a phenyl ring.
Figure 1.3: Synthesis of complexes [(tpdm)PdCI]* (4) and [(TL®)PdCI]* (5).
Figure 1.4: Procatalysts based on iminopyridine ligands (6 and 7) and
iminophenanthrolines (8).
Figure 1.5: General structure of the NNN ligand (R: propyl, tert-butyl, cyclohexyl and
phenyl).
Figure 2.1: General structure of the NNN ligand (R: propyl, tert-butyl, cyclohexyl and
phenyl).
Figure 2.2: General structure of the Ru complexes with varying R substituents.
Figure 2.3: General structure of the Co complexes with varying R substituents.
Figure 2.4: 'H NMR spectrum of NNN-tbutpy.
Figure 2.5: *C DEPT 135 NMR spectrum of NNN-tbutpy with CH, CHs (positive)
and CH; (negative).
Figure 2.6: "H NMR spectrum of Ru NNN-propy.
Figure 2.7: *C APT NMR spectrum of Ru NNN-propy.
Figure 3.1: Single crystal structure of complex RI drawn at 50% thermal ellipsoid
probability, with omission of hydrogen atoms for clarity.
Figure 3.2: The crystal packing diagram of complex RI viewed along the

crystallographic a-axis, with the hydrogen atoms and PFg" counterions
omitted for clarity.

10

15

17

19

26

32

34

35

36

42

43

55

57



Figure 3.3: The hydrogen bonding patterns (dashed blue lines) present in RI, viewed

along the crystallographic a-axis.

Figure 3.4: Single crystal structure of complex RII drawn at 50% thermal ellipsoid
probability, with omission of hydrogen atoms for clarity.

Figure 3.5: The crystal packing diagram of complex RII viewed along the
crystallographic a-axis, with the hydrogen atoms and PFg" counterions

omitted for clarity.

Figure 3.6: The hydrogen bonding patterns (dashed blue lines) present in RI1, viewed

along the crystallographic c-axis.

Figure 3.7: Single crystal structure of complex RI11 drawn at 50% thermal ellipsoid

probability, with omission of hydrogen atoms for clarity.

Figure 3.8: The crystal packing diagram of complex R111 viewed along the
crystallographic c-axis, with the hydrogen atoms and PFg” counterions

omitted for clarity.

Figure 3.9: The hydrogen bonding patterns (dashed blue lines) present in RI11, viewed
along the crystallographic a-axis.

Figure 3.10: Single crystal structure of complex CV drawn at 50% thermal ellipsoid

probability, with omission of hydrogen atoms for clarity.

Figure 3.11: An overlay diagram of the single crystal structures of complex CV drawn
at 50% thermal ellipsoid probability, with omission of hydrogen atoms

for clarity.

Figure 3.12: The crystal packing diagram of complex CV viewed along the

crystallographic c-axis, with the hydrogen atoms omitted for clarity.

Figure 3.13: The hydrogen bonding patterns (dashed blue lines) present in CV, viewed

along the crystallographic a-axis.

Figure 4.1: The total conversion of n-octane at varying substrate to oxidant ratios for the

blank reactions over 24 h at 50 °C and 80 °C.

58

59

61

62

63

65

66

67

67

69

70

Xi



xii

Figure 4.2: The total conversion of n-octane at 80 °C within 24 h and 48 h over CV. 79
Figure 4.3: The selectivity profiles showing products formed over 24 h at 80 °C for CV. 80
Figure 4.4: The selectivity profiles showing products formed over 48 h at 80 °C for CV. 80
Figure 4.5: The total conversion of n-octane at 50 °C over 24 h and 48 h for CV. 81
Figure 4.6: The product distribution profiles for CV over 24 h at 50 °C. 81

Figure 4.7: The total conversion of n-octane under the optimum conditions after 24 h for 82
catalysts CV-CVIII.

Figure 4.8: The product distribution profiles under the optimum conditions over catalysts 83
CV-CVIII within 24 h.

Figure 4.9: The selectivity to C(1) oxygenates produced over catalyst CVI11 within 85

24 h.

Figure 4.10: The selectivity to C(2) oxygenates produced over catalysts CV-CVIII 85
within 24 h.

Figure 4.11: The conversion of 2-octanol within 9 h over CVI. 86

Figure 4.12: The selectivity to C(3) oxygenates produced over catalysts CV-CVIII 87
within 24 h.

Figure 4.13: The selectivity to C(4) oxygenates produced over catalysts CV-CVIII 87
within 24 h.

Figure 4.14: A time dependent study for catalysts CV-CVI11 under the optimum 89

reaction conditions.
Figure 4.15: The product distribution profiles for CV over 3 h time intervals at 80 °C. 90
Figure 4.16: The product distribution profiles for CVI111 over 3 h time intervals at 80 °C. 91

Figure 4.17: A plot of n-octane oxidation catalysed by CVII and CVI11 with respect 92

to time.



Xiii

Figure 4.18: The total conversion of n-octane with H,O, at 80 °C over 24 h for 96
CV-CVIII.

Figure 4.19: The selectivity profile showing products formed over 24 h at 80 °C with 96
H,0, for CV-CVIII.

Figure 4.20: The total conversion of n-octane at 80 °C within 24 h and 48 h over RI. 97
Figure 4.21: The selectivity profiles showing products formed over 24 h at 80 °C for RI. 98
Figure 4.22: The selectivity profiles showing products formed over 48 h at 80 °C for RIl. 99

Figure 4.23: The total conversion of n-octane at room temperature and 50 °C over 24 h 99
for RI.

Figure 4.24: The product distribution profiles for RI at room temperature and 50 °C over 100
24 h.

Figure 4.25: The total conversion of n-octane under the optimum conditions for catalysts 101
RI-RIV within 24 h.

Figure 4.26: The product distribution profiles under the optimum conditions for catalysts 102
RI-RI1V within 24 h.

Figure 4.27: The selectivity to C(1) oxygenates produced over catalysts RI-RI11 within 103
24 h.

Figure 4.28: The selectivity to C(2) oxygenates produced over catalysts RI-RIV within 103
24 h.

Figure 4.29: The selectivity to C(3) oxygenates produced over catalysts RI-RIV within 104
24 h.

Figure 4.30: The selectivity to C(4) oxygenates produced over catalysts RI-RIV within 105
24 h,

Figure 4.31: A time dependent study for catalysts RI-RIV under the optimum 106

reaction conditions.



Figure 4.32: The product distribution profiles for RI over 3 h time intervals at 80 °C.
Figure 4.33: The product distribution profiles for RIV over 3 h time intervals at 80 °C.

Figure 4.34: A plot of n-octane oxidation catalysed by RI11 and RIV with respect to

time.
Figure 4.35: The total conversion of n-octane with H,O, at 80 °C over 24 h for RI-RIV.

Figure 4.36: The selectivity profiles showing products formed over 24 h at 80 °C with
H,0O; for RI-RIV.

Figure 4.37: IR spectrum of the fresh and recovered catalyst, CV.
Figure 4.38: IR spectrum of the fresh and recovered catalyst, RI.

Figure 4.39: NMR spectrum of the recovered catalyst, RI.

Xiv

107

108

109

112

112

114

114

115



List of schemes

Scheme 1.1: Proposed reaction mechanisms for ethylene dehydrogenase.
Scheme 1.2: Mechanism for the hydroxylation of methane by MMO.
Scheme 1.3: A nonradical mechanism for the oxidation of methane by FeO".

Scheme 1.4: A representation of common C-H bond activation mechanisms
(LB = Lewis-base).

Scheme 1.5: C-H bond activation of cyclohexane or propane on zirconium hydrides

supported on silica.
Scheme 1.6: Synthesis and structure of zirconium hydrides supported on silica.

Scheme 1.7: Addition of an OH group to the alkylidene moiety followed by abstraction
of a-H.

Scheme 1.8: Haloarenes undergoing ortho C-H activation by an Ir(l) complex.
Scheme 1.9: Intramolecular activation of sp® C-H Bonds.

Scheme 1.10: Olefin insertion into an ortho C-H bond of an aromatic ketone catalysed
by RuH,(CO)(PPhgs), catalyst.

Scheme 1.11: The synthesis of palladium and nickel complexes containing a-diimine
ligands in the polymerisation of ethylene.

Scheme 2.1: Reactivity trends of various functional groups.

XV

12

13

13

16

34

Scheme 4.1: Radical steps in the oxidation of hydrocarbons represented by equations 1-4. 73

Scheme 4.2: Oxidation of TEMPO via t-BuO-+ and OHe radicals.

Scheme 4.3: Proposed mechanistic pathway in the oxidation of n-octane catalysed by
Co-NNN-t-BuOOH systems CV-CVII and CVIII.

93

94



XVi

Scheme 4.4: A plausible mechanism in the oxidation of n-octane catalysed by RI-RIV 110
with t-BuOOH.

Scheme 4.5: A plausible mechanism in the oxidation of n-octane catalysed by RI-RIV 113
with H202.



List of tables

Table 2.1: Physical properties and yields obtained for each Ru complex.
Table 2.2: Physical properties and yields obtained for each Co complex.

Table 2.3: IR data for the pyridine based NNN ligands showing functional group wave

numbers in cm™.
Table 2.4: The m/z ratios obtained for each NNN ligand.
Table 2.5: Proton NMR peak shifts for complex RI relative to the respective ligand.
Table 2.6: Proton NMR peak shifts for complex RI1 relative to the respective ligand.
Table 2.7: Proton NMR peak shifts of the complex RI11 relative to the respective ligand.
Table 2.8: Proton NMR peak shifts of the complex RIV relative to the respective ligand.

Table 2.9: Band shifts in the IR of the complexes relative to those observed in the

ligands.
Table 2.10: The m/z ratios obtained for the Ru and Co NNN complexes.

Table 2.11: The elemental analysis obtained for all complexes with calculated

values in parenthesis.
Table 2.12: The melting point ranges obtained for all complexes and certain ligands.

Table 3.1: Crystallographic and structure refinement data for complexes RI, RI1 and
RIII.

Table 3.2: Crystallographic and structure refinement data for complex CV.
Table 3.3: Selected bond lengths (A) and angles (°) for complex RI.

Table 3.4: Selected bond lengths (A) and angles (°) for complex RII.
Table 3.5: Selected bond lengths (A) and angles (°) for complex RIII.

Table 3.6: Selected bond lengths (A) and angles (°) for complex CV.

XVii

33

33

37

38

40

41

44

45

46

47

52

53

56

60

64

68



Table 4.1: Column specifications and GC parameters used in quantifying the

oxygenated products.

Table 4.2: Regioselectivity parameters C(1):C(2):C(3):C(4) in the oxidation of
n-octane for CV-CVIII.

Table 4.3: The turn over numbers (TON) calculated for catalysts CV-CVIII over 15

hours.

Table 4.4: Regioselectivity parameters C(1):C(2):C(3):C(4) in the oxidation of n-octane
for RI-RIV.

Table 4.5: The turn over numbers (TON) calculated for catalysts RI-RI1V over 12 hours.

XViii

75

88

91

105

108



APT
ATR
Cy
CPD
DBM
DCM
DEPT

DMSO
ESI

Et,O
EtOH
FID
GC
HSAB

HSQC

MAO
MeCN

MgSO.
MMO

MMOH
MMOR

MP

XiX

Abbreviations

Attached Proton Test

Attenuated Total Reflectance

Cyclohexyl

Composite-Pulse Decoupling

Dopamine f-monooxygenase

Dichloromethane

Distortionless Enhancement by Polarisation Transfer

Dimethylsulfoxide

Electron Spray lonisation

Diethyl ether

Ethanol

Flame lonisation Detector

Gas chromatography

Hard Soft Acid Base

Heteronuclear Single-Quantum Coherence
Infrared

Methylaluminoxane

Acetonitrile

Magnesium sulfate

Methane monooxygenase

Methane monooxygenase hydrolase
Methane monooxygenase reductase

Melting point



MS
NAD+
NADH
NADPH
NMR
Ph/Phe
PhlO
pMMO
PPh;
Prop

Py
QSAR
RBF

RT
sMMO
TBAB
TBHP/t-BuOOH
‘Bu/tbut
TEMPO
THF
TLC
TON

XRD

XX

Mass spectrometry
B-nicotinamide-adenine dinucleotide
B-nicotinamide-adenine dinucleotide (reduced)
Nicotinamide-adenine dicucleotide phosphate (reduced)
Nuclear magnetic resonance

Phenyl

lodosylbenzene

Membrane-bound particle
Triphenylphosphine

Propyl

Pyridine

Quantitative structure-activity relationship
Round bottom flask

Room temperature

Soluble methane monooxygenase
Tetrabutylammonium bromide
tert-butylhydroperoxide

tert-butyl
2,2,6,6-tetramethylpiperidine-N-oxyl
Tetrahydrofuran

Thin Layer Chromatography

Turn over number

X-Ray Diffraction



XXi

Acknowledgments

I would like to express my sincere thanks and appreciation to my supervisors, Prof. H.B.
Friedrich and Dr. M. Shozi, for their supervision and guidance through my years of study.

| am also grateful to c*change for financial aid.

My appreciation also goes to the technical staff of the School of Chemistry and Physics: Mr
Raj Somaru, Mr Dilip Jagjivan, Mr Gregory Moodley, Mrs Anita Naidoo and Mrs Malini

Padayachee for their assistance with instrumentation and chemicals.

In addition, 1 would like to thank Mrs Jayshree Naicker and Mr Mpho Sehoto for efficient

handling and processing of my orders.

My deepest gratitude to my mentor and dear friend, Mrs Lynette Soobramoney, for her
assistance and advice with techniques. | would also like to thank all members of CRG for

their valuable input during meetings.

My humble appreciation to Mr Michael Pillay and Mr Sizwe Zamisa for single crystal X-ray

diffraction data collection and refinement.

A warm thanks to my friends, Ms Letisha Deeplal, Ms Vuyi Mahlaba, Ms Jenelle Moodley,
Mr Sachan Naidoo, Mr Drushan Padayachee, Mr Kershen Naicker, Ms Denisha Gounden, Ms

Kimona Kisten and Ms Serina Naicker for their untiring support and friendship.

To my dear family, thank you for your unwavering support, advice, and encouragement

during my years of study.

Lastly, I would like to thank God, Lord Krishna, for giving me the strength to persevere.



Chapter One

Introduction
1.1 Biomimetics in metal-oxo species

Various biochemical processes utilising oxygen components have propelled the evolution of
a variety of organisms that incorporate oxygen in their life-sustaining processes.!
Functionalisation of the C-H bond usually takes place through dioxygen-utilising enzymes
where an oxygen atom is inserted into the C-H bond.? To date, an abundance of knowledge
and insight has been gained in the study of using enzymes to activate paraffin C-H bonds.
Apart from a number of biological components being able to readily carry out this process,
this dissertation briefly focuses on the C-H bond activation using copper monooxygenases,
dehydrogenases and methane monooxygenase.

1.1.1 C-H oxidation through copper monooxygenases

Yoshizawa and co-workers have studied the active species and function of the amino acids
that are seen in the developed dopamine f-monooxygenase (DBM), which consist of two
reactive copper sites i.e. CuA and CuB.? These reactive sites help promote the stereoselective
hydroxylation of dopamine. From the crystal structure determination, in the CuA, Cu is
coordinated to three histidine residues, while two histadines and a methionine coordinate in
the CuB site. Hydrogen abstraction results when the substrate is orientated through H bonds

and three key residues fulfil this role i.e. two glutamates and one tyrosine.

Three active species, Cu-superoxo, Cu-hydroperoxo, and Cu-oxo, bearing different charges
and spin states were investigated (Fig. 1.1). The Cu-superoxo specie, which is less reactive
than the Cu-oxo specie, was able to promote the H abstraction with an energy barrier of 16.9
kcal mol™. The Cu-hydroperoxo species, having an energy barrier of 40 kcal mol™, was ruled

out due to the high energy barrier.

In a similar investigation by the same authors, focus was given to the reactivity of the copper
centre on the entire enzymatic structure. The energy barrier for the Cu-superoxo species in

the H abstraction process was found to be 23.1 kcal mol™ and 5.4 kcal mol™ for the Cu-oxo



species. In the Cu-superoxide pathway, an energy barrier of 18.4 kcal mol™ was established
for the hydroxo radical intermediate and -14.2 kcal mol™ for the Cu-oxo pathway. From these
findings, it was established that the active species has a Cu=0 oxo group incorporated. Thus

the protein environment thermodynamically and kinetically favours the hydroxylation

reaction.®
|0 /0' /OH
i = | =
MBzS‘““Cr.E“B‘“ - N/\\]“\ Me,S--- Cu /\j Me,S--- CuEE /\ﬁ
X (J (J
N N
/ / /
H

Figure 1.1: The superoxo, hydroperoxo and oxo forms, respectively, of the Cug site in DBM.
1.1.2 C-H oxidation through dehydrogenases

Szaleniec et al. had focused their study on the oxidation of hydrocarbons via the enzyme,
ethylbenzene dehydrogenase.” This enzyme contains a molybdenum oxo group in its reactive
centre and was responsible for catalysing the oxidation of ethylbenzene to form (S)-1-
phenylethanol. Considering the cationic or radical nature of the intermediates, three equations
were investigated (Scheme 1.1): eq 1 gives a carbocation and a Mo(IV)-OH intermediate
through the homolytic C-H cleavage of the substrate. The final reaction product is formed

from the attack on the ligand hydrocarbon from the carbocation.

The second equation (eq 2) is a typical oxygen rebound mechanism, whilst the third (eq 3) is
a combination of equations 2 and 3. The two processes (1 and 3) leading to the formation of
the carbocation and the Mo(IV)-OH intermediate are mediated by the homolytic cleavage of
the C-H bond and a subsequent electron transfer process. The carbocationic character of the
intermediate was described through the development of a quantitative structure-activity
relationship (QSAR) model and therefore substantiates the preference for eq 1. However, in
the case of the OH-rebound mechanism playing a role in controlling the rate, the third

equation needs to be considered.’



O OH
| + +  Mo(vi)
* Mo(v) ———» Mo(Vl) —

C + C
H ]\CH3 C / l\ 1
VRN H CH,
H H CHs OH
O e O
: Mo(Vi
Gl oMoV g i * l\lno(vn —_— c * ovh
W ok, N 4 R
H H CHs Hoon ™™ 2

H CH,

Scheme 1.1: Proposed reaction mechanisms for ethylene dehydrogenase.’
1.1.3 C-H oxidation through methane monooxygenase

There has been a rising challenge to develop alternative fuels and have them made available
continuously for future purposes. Liquid fuels can use methane gas as their basis or precursor,
however, many strategies implemented thus far to catalytically convert methane to methanol
have been found neither economical nor sustainable.® Methane is used as a sole carbon source
by methanotrophic bacteria and these organisms metabolise methane through an initial
selective conversion to methanol by methane monooxygenase enzymes (MMOQO) according to
eq 4’

CHg + O, + NADH + H*_MMO_ CH;0H + H,0 + NAD" 4
Methane monooxygenase (MMO) is an enzyme which acts as a catalyst in the conversion of
methane to methanol using O, as an oxidant under mild reaction conditions i.e. ambient

temperatures and pressures.® This enzyme is found in methanotrophic bacteria and occurs in

two different forms:®



i.  Soluble (cytoplasmic) methane monooxygenase (SMMO)
ii.  Membrane-bound particle (pMMO)

The sMMO comprises of three components i.e. a hydrolase (MMOH), a reductase (MMOR)
and an iron source (B) coupled with methane monooxygenase (MMOB).? The hydrolase
component contains iron in its active site, whilst in contrast, the pMMO components contain

copper.*

The hydrolase (MMOH) component of the soluble MMO is responsible for catalysing the
oxidation of methane by binding the oxygen atom. The resultant oxidised state of MMOH,
which is MMOHox, is deemed as the resting state containing a diferric Fe**-Fe** core. A
metastable intermediate (depicted as intermediate P) complexed to a peroxo ligand results
from a two electron reduction process carried out by NAPDH, with subsequent oxidation by
O,. This intermediate leads to an active species (intermediate Q) in methane oxidation, which
is a typical FelV-(u-O)-FelV diamond core type. Observable in the arrangement Q, is the
bridging of two oxo ligands and one bidentate glutamate to the Fe atom. Also, there is a
possible terminal binding of other glutamate and histidine species to the Fe atom, together
with the presence of a water molecule in the coordination sphere (Scheme 1.2).

Various mechanisms relating to the hydroxylation of methane catalysed by MMO have been
proposed, with an example by Yoshizawa and group™ (Scheme 1.3). In this mechanism, the
starting intermediate consists of methane binding to FeO™ through weak Fe-H bonds. The C-
H bond activation of this specie involves a hydroxo methyl ion intermediate being formed
from a four-centre transition state. In the final methyl migration step, the cleavage and

formation of a Fe-C bond and a C-O bond respectively, leads to a Fe** cation and methanol.
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Scheme 1.2: Mechanism for the hydroxylation of methane by MMO.
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Scheme 1.3: A nonradical mechanism for the oxidation of methane by FeO".



1.2 C-H alkane activation

Carbon-hydrogen bond activation, often contrasted with alkane functionalisation, is a reaction
involving the cleavage of a C-H bond by a functional group X, usually involving heteroatoms
viz. carbon, oxygen and nitrogen.'?** The concept, according to Goldman and co-workers, is
constrained to reactions involving organometallic complexes that are driven through the
coordination of a hydrocarbon to the inner-sphere of the metal. This occurs via alkane or
arene complex intermediates or as a transition state leading to “M-C” intermediates.' *° Over
the past decade, the use C-H bond activation in synthetically useful reactions has had

profound effect in natural products synthesis and drug delivery.*’

Prior to the 1980s, research conducted on C-H bonds reacting at transition-metal centres has

confirmed that reactions proceed smoothly through the assistance of the C-H bond & orbitals

of aromatics (eq 5).% *°

= S 2B
NS

- w.
Ny CeHs %/ o

Petroleum and natural gas comprise of alkanes or saturated hydrocarbons as the major
constituents, however, the use of practical methods to warrant their direct conversion to
valuable products, has remained challenging.’® This difficulty has been recognised in the
redistribution of C-C bonds and C-H bonds in hydrocarbons to give more sophisticated

architectures.?°

A further difficulty presents itself in the relative inertness of alkanes, which arises from the
constituent atoms that are held by strong C-C and C-H bonds. Thus, a chemical reaction is
hindered as the molecules do not have low energy empty orbitals or high energy filled
orbitals to participate in this reaction. This effect is negated in unsaturated hydrocarbons,
such as alkenes and alkynes, and the C-H bonds are efficiently and selectively activated, thus
presenting a positive economic impact. The associated advantages of hydrocarbons, involving
their low cost and ubiquity, has been evident in the more atom economical C-H bond

functionalisation.?*



In general, four mechanisms of C-H bond functionalisation have been postulated depending
on the metal (M) and ligand (Ln) set in the active species (LnM). This dissertation mentions

briefly the outline and functionality of each mechanism listed below:

i.  Oxidative addition

ii.  Sigma bond metathesis
iii.  Electrophilic substitution
iv. 1,2-addition

Oxidative addition, seen as the most common mechanism, involves the cleavage of a C-H
bond and the formation of a M-C and M-H bond. This mechanism is typical of late transition
metals (Re, Fe, Ru, Os, Ir and Pt). The o-bond metathesis mechanism is preferred for early
transition metals (groups 3 and 4), since an oxidative process is not possible for these metals.
The key aspect in this mechanism is the formation of the M-C and C’-H bonds with cleavage
of the M-C’ and C-H bonds at the transition state. The electrophilic substitution mechanism
had been classified according to the substitution process of the hydrogen by the Lewis acidic
metal species. Finally, the C-H bond can add across a M-X bond through a 1,2 addition
(Scheme 1.4).

8-bond metathesis R H
R R »  Lom~ + R7
LnM *
< _H oxidative addition LnM/H
LnM * = \R
5 X H  electrophilic metalation @ R H
Lnﬁ!/ + R/ r LnM * X/
lewis base assisted /LB
LB H protonation ~.
~ s LnM H
LnM + R o \R

Scheme 1.4: A representation of common C-H bond activation mechanisms (LB = Lewis-

base).?



1.2.1 Stoichiometric C-H bond activation

Some synthetic methodologies have shown that well-defined organometallic complexes
supported on oxides containing ligands (hydrides, alkyls, alkylidynes and alkylidenes), will
facilitate a C-H bond activation process spontaneously under controlled reaction conditions.”
In this dissertation, a brief review is given on the C-H activation of alkanes on supported
substrates with an in depth focus directed to the activation of alkanes driven by

intramolecular processes.
1.2.1.1 C-H activation of alkanes on supported metals

Alkanes which undergo C-H bond activation on silica supported metal hydrides will readily
give rise to metal-alkyl fragments. This can be illustrated by silica supported hydrides and

zirconium which freely reacts with various alkanes e.g. cyclohexane and propane, at low

temperature to yield H, and the corresponding metal alkyl complexes (Scheme 1.5).%* %
T
H R M
| + RH ——————» é + H: |H R
r s
Zr 7r

Scheme 1.5: C-H bond activation of cyclohexane or propane on zirconium hydrides

supported on silica.?

The C-H bond activation of propane is fast and yields a stable n-propyl surface species
together with a minor isopropyl surface species as the isomer.?* This reaction occurs through
proton transfer from the alkane to the Zr-H species (c-bond metathesis). The resultant
transition state is seen as having a quasi-triangular shape with the carbon and two H atoms

mimicking a linear relationship (Scheme 1.5).?

Spectroscopic investigations conducted have shown that the Zr hydrides supported on silica
substrates have produced mixtures of mono- and bis-hydrides (Scheme 1.6).2° Also, a study
conducted on the relative reactivity of the zirconium-hydride supported complexes toward

methane confirmed that the bis-hydride is more reactive.?’
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Scheme 1.6: Synthesis and structure of zirconium hydrides supported on silica.?®

Through an elementary step of a-H abstraction, it has been established that well-defined
metal alkylidene complexes on silica supports form through a thermal decomposition of bis-
alkyl surface species.”® Here, the elementary step involves an alkyl-ligand situated at the a-
position having its C-H bond intramolecularly activated by an adjacent ligand (an alkyl in this
case). This corresponds to a o-bond metathesis process, but an intramolecular version of it.®
The grafting process of Ta and Re molecular alkylidene complexes onto silica supports®® *°,
involves a reaction that produces a bis-alkyl species via a 1,2-addition of the metal (Ta or Re)
onto the surface silanols. To yield the alkylidene species, the resultant bis-alkyl complex

must undergo decomposition (Scheme 1.7).
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Scheme 1.7: Addition of an OH group to the alkylidene moiety followed by abstraction of

o-H.29.30
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1.2.2 Pincer complexes for paraffinic activation

The fields of catalytic chemistry and materials have attracted considerable attention relating
to pincer ligands and their coordination to metals. This was due to the special properties
displayed by the metal as a result of the coordinated ligand.*! The first type of pincer ligand
was synthesised in 1976 by Moulton and Shaw.* This ligand together with its complex
represented a derivative of a novel diphosphine. A careful study of the properties of these
complexes in the 1980°s revealed exceptional thermal stability due to their high melting
points. This is one property that promotes the use of these ligands and complexes in

homogeneous catalysis today.*

A typical pincer ligand involves an ortho-ortho disubstituted aryl ring with heteroatom
substituents that include CH;NR,, CH,PR;, or CH,SR;, groups. These substituents generally
have the ability to coordinate to the metal centre, thus supporting the M-C o-bond.*® This
coordination is a terdentate one comprising of two metallacyles sharing the same M-C bond.
A general formula may be used to describe a pincer ligand, [2,6-(ECH;),CsH3] (ECE), where
E corresponds to a two-electron donor atom, i.e. N(R?),, P(R?),, As(R?),, OR? or SR?, whilst
C is associated to the carbon atom of the 2,6-disubstituted phenyl ring. The aryl ring may also
bear an R* substituent which is generally in the 4 position (Fig 1.2).%

Figure 1.2: General structure of a pincer complex with donor atoms (E) and metal centre (M)

bound to a phenyl ring.*®

Many desirable properties arise from the coordination of a multidentate ligand to a specific
metal, with one such property being the reduction of leaching (dissociation of the ligand from
the metal). The lability of the complex may be fine-tuned by the donor atoms and substituents
present on the complex thereby influencing the metal electron density as well as the
coordination of substrates to the metal.®* This controls the electronic and steric properties of
the metal as a whole. In recent years, modification of the substituents on PCP pincer

complexes has induced chirality in various processes.>
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1.2.3 Transition metal C-H activation assisted by chelation

Over the past several years, synthetic transformations driven by transition metal catalysts
have emerged as one of the most reliable and powerful tools in bond forming reactions and
have allowed for economic and efficient preparation of complex molecular structures.
Coupling reactions, such as the Suzuki-Miyaura, Heck, Stille, and Kumada, have been widely
employed when vinyl-, aryl-, and alkyl (pseudo) halides (preactivated electrophiles) react
with organometallic nucleophiles.®® In recent years, researchers have gained impressive
achievements in utilising late transition metals (Ru, Rh, Pd, Fe, Ir) in catalysing the sp? bond
transformation of various heteroaromatics. This dissertation focuses on comparing earth
abundant and cheap transition metals to the uses of late transition metals in catalysing the C-

H bond activation of n-octane.

The first step in forming metal-carbon bonds, prior to an actual bond cleavage, is for the
coordination of the hydrocarbon bond to a vacant site on the metal. In most cases, the C-H
activation of aromatics is favoured over that of aliphatics, taking into account the
thermodynamics of the resultant M-C bond.?° In the C-H bond activation of aliphatics, the
primary carbons are generally favoured over the secondary and tertiary carbons. However, for
the various C-H bonds on a substituted aromatic molecule, little selectivity is usually seen
and is accounted for by the steric effects observed in the molecule.?’ Ortho C-H bond
activation is exemplified in the fluorinated aromatics where the activation of the C-H bonds
of ortho F atoms is generally thermodynamically favoured.?’ This example is an exception to
the lower selectivities generally observed for aromatics.

The effect of ortho substituted fluorine atoms on selectivity has been rationalised from the
inductive effect introduced from the ortho F atom which causes an increase in the M-C
bond’s ionic component. Milstein and his group have extended their research to other sigma-
attracting haloatoms, i.e. Cl, Br and OMe. The selective activation of ortho substituted C-H
bonds has been widely studied using Ir(l) complexes (Scheme 1.8).%° As seen in Scheme 1.9,
the major Kkinetic product formed is as a result of the ortho C-H activation in conjunction with
a mixture of other ortho, para and meta activated sites. Heating at a temperature of 50 °C
makes possible the recovery of the sole thermodynamic product, that being the ortho C-H

activated species. In some cases, para activation also occurs in fluorobenzene.
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Short Ir-X bond distances are observed in the product of the C-H activated ortho substituted
chlorobenzene and anisole. The bond distances for Ir-Cl and Ir-OMe are 2.816 A and 2.76 A,
respectively. The resultant selectivity observed is due to the coordination of the heteroatom to
the Ir metal. A thermodynamically stable complex is obtained as a result of the coordination
of the Ir metal to the C-H bond of the ortho substituted species. The rate determining step
ultimately produces the fourteen electron intermediate, (PNP)Ir*, following the dissociation

of cyclooctene and this intermediate mediates the C-H bond activation.

In general, the selective activation is established via the 5*-coordination of the heteroatom, in
this case the O atom in anisole, followed by subsequent isomerisation to an ortho #°-C-H
complex. Upon C-H cleavage, additional thermodynamic stabilisation is introduced from the

X coordination to a vacant site.

fluorobenzene

50 °C, 1hr

P{BLEZ
— I chi&;’oge?ﬁene
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P'Bu,

anisole

QA

Scheme 1.8: Haloarenes undergoing ortho C-H activation by an Ir(I) complex.®
1.2.4 Ru catalysed C-H activation

Recent developments in ruthenium pincer complexes that are coordinatively saturated or
unsaturated with heteroaromatic and aliphatic backbones, have become key points of interest.
These complexes exhibit new reactivities in terms of activating strong chemical bonds and

serve as efficient catalysts for several synthetic methods, including green transformations.*
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There are numerous reports on Ru pincer complexes, and a summary of the key

developments regarding bond activation and catalysis is presented.

A report by Gunnoe and co-workers has highlighted the generation of a cyclometalated PCP
Ru pincer complex through sp® C-H activation (Scheme 1.9).%® This was achieved through
liberation of ammonia from a five coordinate complex, [(PCP)Ru(CO)(NH2)] (1), and
methane from [(PCP)Ru(CO)(CHs)] (2). The rate of conversion of the methyl complex 2 to 3
appeared to occur 5 times faster than the conversion with the amido complex (1). Attempts at
intermolecular C-H activation of methane using complex 1 were unsuccessful and provided 3

via intramolecular C-H activation.
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Scheme 1.9: Intramolecular activation of sp® C-H Bonds.*

Murai and co-workers have studied aromatic ketones, where olefin insertion into a C-H bond
that is ortho substituted to a carbonyl group, has been a fundamental breakthrough and has
led to an important discovery in the field of C-H bond functionalisation (Scheme 1.10).%% 4
The reaction proceeds via refluxing a catalyst precursor, i.e. toluene, with RuH»(CO)(PPhs);
with the active species being either Ru(0), RuH,(CO)(PPhs)s;, or RuH,(CO)(PPhs).
complexes. The rate determining step in this reaction has been established to be a C-C

coupling process.

R R
o + =N Ru @
X
X

Scheme 1.10: Olefin insertion into an ortho C-H bond of an aromatic ketone catalysed by
RuH,(CO)(PPhs),. % %
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1.2.5 Co catalysed C-H activation

Numerous coordination chemistry reports show that Co(ll) can exhibit tetrahedral, square
planar, trigonal bipyramidal and octahedral stereochemical configurations.** To date, there
has been limited research carried out in the C-H bond activation of alkane substrates
catalysed by cobalt pincer complexes. The use of first row transition metals exhibiting two-
electron reactivity over the one electron alternatives, which are often common but disruptive,

has led to the development of catalysts which are earth-abundant and inexpensive.** *

Recently, Soobramoney et al. reported on pyridine and amine based tridentate SNS ligands
with formulae, 2,6-bis(RSCH,)pyridine and bis(RSCH,CHy)amine [R = alkyl, aryl],
complexed to CoCl,.6H,0. These complexes were tested in the C-H activation of n-octane
using tert-butylhydroperxide (TBHP) as the oxidant at a substrate to oxidant ratio of 1:20.
Findings of this study revealed Co[2,6-bis(CH3SCH;)pyridine]Cl, to be the most active
catalyst among other catalysts of the pyridine-based series with a conversion of 12%, whilst
Co[bis(CH3CH,SCH,CH_)amine]Cl, was most active among the amine-based systems with a
total conversion of 23%. This was attributed to the sterics of the complexes in which the
more rigid pyridine-based SNS systems gave a higher selectivity toward alcohols with an
overall dominant selectivity to ketones for each catalyst.*!

1.3  NNN terdentate complexes

Heterocyclic ligands containing nitrogen donors have drawn attention in various fields,
including homogeneous catalysis, coordination chemistry and organic synthesis. These
organometallic complexes exhibit high reactivities as a result of the nitrogen donor in the
ligand system. Research conducted in recent years revealed applications of planar tridentate
NNN ligands in materials, physical chemistry, homogenous catalysis and organic synthesis.*
In contrast, reports on unsymmetrical planar tridentate NNN ligands bound to various

transition metals have only been sporadic.*°

Recent reports have revealed unsymmetrical 2,6-(mixed N-heterocyclic) ligands in the
absence of bound phosphine groups illustrating an “on-off” chelating effect occurring on the
metal centre during catalysis. As a result, these transition metal complexes display enhanced

selectivity and catalytic activity.*’
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1.3.1 Pyridine based NNN pincer systems

Over the years, insight has been gained into coordination compounds of palladium(ll)
combined with various NNN tridentate ligands. These include bis(2-pyridylmethyl)amine
(bpma), diethylentriamine (dien) or 2,2°:6°,2”-terpyridine (terpy), and have been useful in
ligand substitution reactions of square-planar complexes.*® The reactivity of these complexes
is known to be influenced by small structural modifications in the multidentate ligands.*
Nowadays, much attention has been directed to the lability of square-planar Pd(I1) complexes

by tuning their steric and electronic properties.

Mijatovic and group have focused on the synthesis, structure and reactivity of Pd(ll)
coordination complexes with novel chelating ligands. Two nitrogen based tridentate donor
ligands were synthesised, TL® = 2,6-bis[(1,3-di-tert-butylimidazolin-2-
imino)methyl]pyridine and tpdm = terpyridinedimethane, complexed to palladium(ll),
yielding [(TL®™")PdCI]* and [(tpdm)PdCI]*. Substitution reactions of complexes 4 and 5 (Fig.
1.3) were carried out with nucleophiles including thiourea, pyridine, dimethylsulfoxide
(DMSO), I', Br and NO, in a 0.1 M sodium perchlorate solution with 10 mM sodium
chloride. The reaction temperatures used were 288 K, 298 K, and 308 K. Complex 4,
[(tpdm)PdCI]*, was seen to react faster than complex 5 containing the TL"™®" ligand, due to the
bulky nature of the tridentate ligand slowing down the rate of the reaction. The reactivity of

both ligands was highest in thiourea and lowest in DMSO.*

Figure 1.3: Synthesis of complexes [(tpdm)PdCI]* (4) and [(TL®")PdCI]* (5).%°

The discovery of remarkable catalytic activities displayed by Pd(1l) and Ni(ll) complexes
containing a-diimine ligands in the polymerisation of ethylene, has inspired interest in the
coordination chemistry of these complexes among many researchers.”® Thus, for example,

Zhang et al. focussed on monochloropalladium complexes prepared by treating 2-(N-
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alkylcarboxamide)-6-iminopyridyl PdCI,(CH3CN), in dichloromethane (Scheme 1.11). To
yield the dichloronickel complex, 2-(N-alkylcarboxamide)-6-iminopyridyl was treated with
NiCl,.6H,0 in ethanol (Scheme 1.11). The molecular structures of Pd(Il) and Ni(ll) show
that these complexes exhibit distorted square planar and square-pyramidal geometries,
respectively. In the presence of methylaluminoxane (MAO), the catalytic activity of the
palladium complexes were optimum in the polymerisation of norbornene, whilst the nickel

complexes showed enhanced activity in ethylene dimerisation.>
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Scheme 1.11: The synthesis of palladium and nickel complexes containing a-diimine ligands

in the polymerisation of ethylene.>
1.3.2 Specific applications of NNN pincer complexes

As mentioned previously, nitrogen-bearing donor ligands have captured the attention of many
researchers due to the excellent catalytic activity exhibited by these ligands. A number of
studies have been reported on their synthesis and structure, together with their applications,
which include the hydrosilylation of olefins, oligomerisation and polymerisation of ethylene,
symmetric and asymmetric transfer hydrogenation of ketones, as well as applications in Heck

reactions. This chapter now focuses on the oligomerisation and polymerisation of ethylene,
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the transfer hydrogenation of ketones and the hydrosilylation of olefins, outlining the role of

various transition metal NNN complexes in these applications.
1.32.1 Ethylene oligomerisation and polymerisation

The discovery of iron and cobalt 2,6-bis(imino)pyridine complexes has spawned the use of
late transition metal catalysts in ethylene oligomerisation and polymerisation. These 2,6-
bis(imino)pyridine iron and cobalt complexes showed remarkable activity in the
oligomerisation and polymerisation of ethylene in the works of Brookhart®>® and Gibson.**
Due to the advantages exhibited by iron and cobalt complexes, such as high catalytic activity
and low toxicity, research has been directed to ligand modifications and the development of
alternative catalysts.

Sun and Xiao have worked on developing novel iron and cobalt catalysts containing NNN
tridentate ligands for ethylene oligomerisation and polymerisation. Both symmetrical and
unsymmetrical iron catalysts bearing 2,6-bis(imino)pyridines were synthesised and
employed, e.g. complex 6 (Fig. 1.4). Both the iron and cobalt complexes containing 2-
(ethylcarboxylato)-6-iminopyrdines, complexes 7 (Fig. 1.4), were efficient in catalysing the
oligomerisation and polymerisation of ethylene with particular selectivity for a-olefins in the
presence of the cocatalyst, methylaluminoxane (MAQ). Other iron and cobalt complexes, e.g.
complexes 8 (Fig. 1.4), ligated by 2,9-bis(imino)-1,10-phenanthroline, were also synthesised
by this group, and the enhanced catalysing ability of cobalt complexes for both ethylene
oligomerisation and polymerisation was shown. In contrast, iron complexes only showed
negligible activities for the polymerisation of ethylene. This was attributed to the added
nitrogen group on the second imino group of the iron catalyst occupying the site necessary
for the coordination of ethylene.>

R
| N
Ni l? lN © I\iﬂ/N X
R \Fe\/ TR 7N
Cl
Ci Cl CIR
6 7
R and/or R' = aryl, 9-flucrenyt, M= Fe or Co
or -CH(Ph),

Figure 1.4: Procatalysts based on iminopyridine ligands (6 and 7) and iminophenanthrolines
(8).55
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1.3.2.2 Transfer hydrogenation

The reduction of ketones to alcohols using 2-propanol as the hydrogen source (rather than
hydrogen) has proven to be a promising route in transfer hydrogenation.>® There have been
many reports on efficient Ru(ll) catalysts that effectively reduce ketones to alcohols in the
transfer hydrogenation process using 2-propanol as a hydrogen source. Thus, e.g. Ru(ll)
compounds, synthesised by Noyori and group, containing aminoalcohols or monotosylated
1,2-diamines in their system, have shown superior catalytic activity and selectivity due to the
N-H group.>” Another study conducted by Baratta et al., who had developed Ru(ll) 2-
(aminomethyl)pyridine (ampy) phosphane catalysts, showed increased activity in the transfer
hydrogenation of ketones as a result of the N-H group based on the ampy ligand.® The
impact of the N-H moiety on the catalytic activity and selectivity was termed as the N-H
effect. The absence of an N-H functionality on Ru(ll) complexes has also been reported for
the transfer hydrogenation of ketones. These rare examples include a study conducted by
Zhao et al. who successfully synthesised Ru(ll) NNN complexes combined with an
unsymmetrical pyrazolyl-imino ligand. These complexes displayed good to excellent

catalytic activity in refluxing 2-propanol in the transfer hydrogenation of ketones.>®
1.3.2.3 Hydrosilylation of olefins

Olefin hydrosilylation catalysed by transition metals has played a key role in the synthesis of
commercial silicones with applications in moulding products and agrochemical adhesives,
among others.>® These commercial silicones are produced by an anti-Markovnikov addition
of the tertiary silane to a terminal alkane following the discovery of catalysts exhibiting

terminal selectivity.

Over the past three decades, platinum compounds have been used to produce anti-
Markovnikov products as they are highly active and stable. However, due to the high cost and
volatility of platinum metals, there has been a quest for the use of more affordable metal
catalysts to carry out the process. Taking these factors into consideration, Tondreau and
group focussed their study on iron dialkyl complexes, Fe(CH,SiMej3),, using three different
tridentate nitrogen-donor ligands: terpyridine, aryl-substituted bis(imino)pyridines and
pyridine bis(oxazoline). These complexes have been evaluated in the hydrosilylation of
olefins with tertiary silanes and the results showed that aryl-substituted bis(imino)pyridine

iron complexes are efficient in catalysing the hydrosilylation of 1-octene with
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(Me3SiO),MeSiH and (EtO)s;SiH over a period of 1 hour at 60 °C. In contrast, the pyridine
bis(oxazoline) iron complex showed no activity in the hydrosilylation of 1-octene. The
terpyridine iron dialkyl complex was established to be an effective catalyst in the
hydrosilylation of 1-octene showing a 95% conversion at 60 °C with tertiary silanes.>

1.4 Research approach and scope

Over the past few years, much insight has been gained in the field of C-H activation
occurring at metal centres. In the beginning, there was much speculation on whether alkane
activation occurring at metal centres was at all possible. From investigations conducted by
various research groups, a conclusion was reached that this is possible and might be easier
than expected. From this realisation, some research has focused on how the process occurs.
Various mechanisms have been investigated, particularly for oxidative alkane activation,
although there is ongoing research on controlling the selectivity and activity of the catalytic
C-H activation. This allows for the exploration of alkane chemistry in developing practical
processes and using them more efficiently and cleanly.

Since C-H activation has now entered the mainstream, this study is aimed at investigating the
catalytic activity of ruthenium and cobalt systems in the C-H activation of n-octane. This
study will also strive to achieve optimum selectivity and substrate conversion and investigate
whether this will be possible under mild reaction conditions (reaction temperatures, solvent

and oxidant) in an attempt to focus on an overall green process.

Another objective of this project is to analyse the effect of the hard nitrogen donating atoms
on rigid NNN systems toward the activity of each catalyst. Also, some emphasis will be
placed on investigating the stability, steric and electronic effects of the complexes when
varying the ligand substituents ranging from propyl, tert-butyl, cyclohexyl and phenyl groups
on the central N-donor atom as depicted in Fig. 1.5 below.

Figure 1.5: General structure of the NNN ligand (R: propyl, tert-butyl, cyclohexyl and
phenyl).
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Since these ligand systems are considered biomimetic in nature, they are deemed fit to
function under mild reaction conditions as opposed to those catalyst systems requiring harsh
reaction conditions. From the reports gathered on transition metal catalysts, ruthenium and
cobalt metals are perceived as suitable choices as they are efficient in the paraffinic C-H

activation due to their functional group tolerance.
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Chapter Two

Preparative methods for NNN-pyridine
based ligands and complexes

2.1 Introduction

This chapter describes the synthetic approach taken to prepare terdentate NNN ligands and
their metal complexes. It also reports on the characterisation techniques (*H NMR, *C NMR,
IR, MS, MP and elemental analysis) used for the structural elucidation, as well as

confirmation on the purity of the synthesised complexes.

NNN tridentate ligands, more commonly known as pincer ligands, comprise of a set with
hard donor ability. Pincer ligand systems form three tridentate coordinative bonds in a
complex linking each donor atom to the metal centre and thus enclosing the metal like a
pincer. Diverse structural variations are also seen in the coordination modes of these ligands

which range from bidentate to tridentate and also tetradentate methods of binding.

According to the Hard Soft Acid Base (HSAB) theory, a hard acid usually coordinates more
readily to a hard base, whereas a soft acid prefers a soft base. Adopting this theory to NNN
donor systems comprising of three hard nitrogen donor atoms, ligand coordination takes
place more freely using second row divalent transition metals which are essentially hard
acids. The construction of versatile ligand moieties has been desired in order to develop
transition metal catalysts that are highly active. The different behaviour of catalysts in various
applications stems from the finely tuned ligand, whereby substituents on each donor of the
NNN systems, as well as the type of linker binding the N atoms, all contribute to the complex

reactivity and stability.® 2

Various substituted NNN ligands have been studied and reported in literature. These
substituents include combinations of alkyl groups®®, branched alkyl chains®?®, cyclic groups®
10 and aromatics*™2. Of these substituents, this project focuses on the contrasting effects of
aromatic (phenyl) versus aliphatic (propyl, tert-butyl and cyclohexyl) substituents on the
central nitrogen backbone of the NNN system and their influence on the planarity and

geometry of the consequential complexes. Also, investigations are carried out on the effects
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of these interchangeable nitrogen substituents in conjunction to the catalyst activity, which

may either be steric or electronically influenced.
2.1.1 NNN pincer ligands

Each NNN pincer ligand is composed of a R group, viz. propyl (prop), tert-butyl (tbut)
cyclohexyl (cy) and phenyl (phe) on the nitrogen backbone. In this project, the nitrogen
backbone will be bound to two constrained six membered pyridine rings via two methylene
linkers in the NNN system (Fig 2.1). Hereafter, these ligands will be referred to using an
abbreviated naming system, i.e. NNN-propy, NNN-tbutpy, NNN-cypy and NNN-phepy
reflecting the amine substituent (propyl, tert-butyl, cyclohexyl or phenyl) on the nitrogen
backbone linked to two pyridine (py) rings.

Figure 2.1: General structure of the NNN ligand (R: propyl, tert-butyl, cyclohexyl and
phenyl).
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2.2 Experimental

2.2.1 Materials

Unless otherwise noted, all ligands and complexes were synthesised under inert atmosphere
of argon or nitrogen using standard Schlenk techniques. All glassware was oven dried and
thus rendered moisture free. All solvents were dried prior to use using standard procedures.
Absolute ethanol (EtOH) was dried over magnesium filings and iodine, dichloromethane
(DCM) was dried over phosphorus pentoxide, diethyl ether (Et,O) and tetrahydrofuran (THF)
were dried over sodium wire, whilst acetonitrile and methanol were dried over 4 A molecular
sieves. All column chromatography solvents were distilled prior to use. Pure nitrogen and
argon gasses were purchased from Afrox and Air Products. The starting materials used in the
ligand preparation, which include 2-pyridine methanol (98%), propylamine (98%), tert-
butylamine (98%), cyclohexylamine (99%), aniline (99%) and tetrabutylammonium bromide
(TBAB), were purchased from Sigma-Aldrich and used without further purification.
Ruthenium(lIl) chloride hydrate was sourced from DLD Scientific. Cobalt chloride

hexahydrate was obtained from Associated Chemical Enterprises and used as received.
2.2.2 Instrumentation

All ligand and diamagnetic ruthenium structures were elucidated using NMR spectroscopy,
which was performed at ambient temperature using a Bruker Avance Il 400 MHz
spectrophotometer. Each *H NMR peak shift (5, ppm) is referenced to the solvent peak
dimethylsulfoxide-d6 (m, 2.50 ppm) with the multiplicity and number of protons indicated in
parentheses. The chemical shifts (8, ppm) of the peaks in the proton decoupled 3C NMR data
are referenced to the DMSO-d6 solvent peak (39.51 ppm) with the specific carbon indicated
in parentheses. The *3C DEPT 135 data showing individual positive (pos) and negative (neg)
chemical shifts that correspond to methine (CH), methylene (CH;) and methyl (CH3) peaks,
as well as selected *C APT NMR data for confirmation of quarternary carbons, are also
reported for the ligands and complexes. Likewise, the corresponding carbons in these spectra

are indicated in parenthesis.

As another structural confirmation technique, infrared (IR) spectroscopy was used in

identifying functional group band shifts corresponding to the electromagnetic radiation



28

absorbed at specific frequencies which the bonds vibrate at. All IR spectra were recorded on a
Perkin Elmer with an Attenuated Total Reflectance (ATR) attachment.

Elemental analysis was used as a technigue in proving the purity of all complexes. This was
performed on a ThermoScientific Flash 2000 elemental analyser. The second technique used
in assessing the purity of the ligands and complexes, was determining their melting point
ranges using a Stuart Scientific melting point apparatus. The mass-to-charge ratio (m/z) of all
ligands and complexes were determined using high and low resolution mass spectrometry.
This technique was another structural confirmation technique which presented the molecular
ion peak in a hundred percent abundance in most cases, hence proving the formation of the
complexes. This spectrometric data was obtained on a Bruker Micro TOF-Q11 using electron
spray ionisation (ESI) as a soft ionisation technique, with a pre-prepped sample of a

concentration of 10 ppm.

2.2.3 Experimental methods
2.2.3.1 Synthesis of NNN ligands

Precursor 2-chloromethylpyridine hydrochloride

The preparation of 2-chloromethylpyridine hydrochloride was adapted from a reported
protocol by Moelands et al*®. To a 250 mL round bottom flask, 2.1 mL (0.029 mol) of 2-
pyridine methanol was added in 50 mL of DCM. This solution was placed in an ice bath with
a cooled solution (~ 4 °C) of thionyl chloride (1.9 mL, 0.020 mol) added dropwise from a
dropper connected to a N; inlet. The white turbid mixture was stirred for 1 hour at 0 °C
during which the solution turned clear. The ice bath was then removed and the solution was
allowed to stir for an hour at room temperature. The solution was then quenched with 3.5 mL
of n-propanol and stirred for a further 15 minutes. The solvent was removed in vacuo in
which the product precipitated as an off-white solid which was dried under vacuum overnight
(4.07 g, 93%). *H NMR (400 MHz, DMSO): § 5.0 (s, 2H, CH,-Cl), 7.8 (m, 1H, CH-py), 8.0
(d, 1H, J= 7.7 Hz, CH-py), 8.4 (m, 1H, CH-py), 8.8 (d, 1H, J= 4.7 Hz, CH-py). *C NMR
(400 MHz, DMSO): § 42.3 (CH,-Cl), 125.7 (CH-py), 126.0 (CH-py), 143.6 (CH-py), 144.5
(CH-py), 152.7 (C-py).
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NNN-propy

The preparation of NNN-propy was adapted from a reported procedure by Carney et al. with
a few modifications.** To a 100 mL round bottom flask containing a solution of potassium
carbonate (6 g) in 50 mL of acetonitrile, 2 g (12.45 mmol) of 2-chloromethyl pyridine
hydrochloride was added. To this solution, 0.34 mL (4.15 mmol) of propylamine was added
dropwise and an immediate colour change from white to orange was observed. A mass of
0.05 g tetrabutylammonium bromide (TBAB) was added to the mixture which was then
refluxed for 3 days. The brown slurry was filtered through a Buchner funnel and the solvent
removed under reduced pressure yielding a thick red-brown oil. The oil was treated with 30
mL of 1 M sodium hydroxide solution and extracted thrice with 30 mL of DCM. The solvent
was evaporated under vacuum and a thick dark brown oil was obtained. No further
purification was required as shown by a single spot on the TLC (silica) plate (1.41 g, 47%
based on 2-chloromethyl pyridine HCI). *"H NMR (400 MHz, DMSO): & 0.8 (t, 3H, J= 7.8
Hz, CHs-prop), 1.4 (m, 2H, CH,-prop), 2.4 (t, 2H, J= 7.5 Hz, prop-CH,-N), 3.7 (s, 4H, N-
CHa-py), 7.2 (m, 2H, CH-py), 7.5 (d, 2H, J= 7.9 Hz, CH-py), 7.7 (ddd, 2H, J= 8.8, 7.7, 0.7
Hz, CH-py), 8.5 (d, 2H, J= 4.5 Hz, CH-py). *C NMR (400 MHz, DMSO): § 11.6 (CHs-
prop), 19.8 (CH,-prop), 55.6 (prop-CH,-N), 59.8 (N-CH,-py), 121.9 (CH-py), 122.4 (CH-
py), 136.4 (CH-py), 148.6 (CH-py), 159.6 (C-py). *C DEPT 135 (400 MHz, DMSO): & 11.6
(CH3-CHy) pos, 19.8 (CH3-CH,-CHy) neg, 55.6 (CH3-CH,-N) neg, 59.8 (N-CH,-py) neg,
121.9 (CH-py) pos, 122.4 (CH-py) pos, 136.4 (CH-py) pos, 148.6 (CH-py) pos. IR vmax (cm’
1): 2959 (m), 2934 (m), 2873 (m), 1589 (s), 1569 (s), 1432 (s), 1047 (s), 753 (s).

NNN-tbutpy

The synthesis of the NNN-tbutpy ligand was adapted from a reported protocol by Wright et
al. with a few modifications.® To a N saturated 100 mL round bottom flask containing 40 mL
water, 8.2 g (0.05 mol) of 2-chloromethylpyridine HCI was added, together with a dropwise
addition of 2.68 mL (0.025 mol) tert-butylamine. The mixture was heated to 50 °C in an oil
bath and a solution of 4 g of sodium hydroxide in 10 mL water was quickly added. The
mixture was left to stir at 50 °C, after which the mixture was extracted four times with
chloroform. The combined organic layers were washed several times with water before being
dried with MgSQO,. The solvent was removed under reduced pressure and the crude product

obtained was passed through a silica packed column with chloroform (CHCIs), yielding a
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crystalline yellow solid (1.0 g, 16% based on tert-butylamine). *H NMR (400 MHz, DMSO):
5 1.1 (s, 9H, CHs-tbut), 3.8 (s, 4H, N-CHz-py), 7.1 (ddd, 2H, J=7.6, 6.0, 0.8 Hz, CH-py), 7.4
(d, 2H, J= 7.8 Hz, CH-py), 7.6 (ddd, 2H, J= 8.3, 7.8, 1.5 Hz, CH-py), 8.3 (d, 2H, J= 4.5 Hz,
CH-py). *C NMR (400 MHz, DMSO):  26.9 (CHs-tbut), 55.3 (C-tbut), 55.8 (N-CH,-py),
121.4 (CH-py), 122.6 (CH-py), 135.8 (CH-py), 148.1 (CH-py), 161.9 (C-py). **C DEPT 135
(400 MHz, DMSO): 6 26.9 (CH3-tbut) pos, 55.8 (N-CH,-py) neg, 121.4 (CH-py) pos, 122.6
(CH-py) pos, 135.8 (CH-py) pos, 148.1 (CH-py) pos. IR vmax (cm™): 2963 (w), 2877 (w),
1589 (w), 1433 (w), 1197 (s), 1137 (w), 768 (s), 403 (s).

NNN-cypy

The NNN-cypy ligand was prepared by mimicking an established method by Song et al*>. To
a 100 mL round bottom flask, 15 mL of double distilled water was added, followed by an
addition of 2-chloromethylpyridine HCI (4.96 g, 0.03 mol). Cyclohexylamine (1.73 mL,
0.015 mol) was added dropwise to the mixture which was stirred for 5 minutes before adding
2.4 g (0.06 mol) of NaOH pellets. The mixture was further stirred for 5 days at room
temperature and the product was then extracted with 3 x 30 mL portions of CHCI3. The
organic layers were combined and dried over MgSQ,, yielding a crude product that was
passed through a silica packed column and eluted with CHCI3 The off-white crystalline solid
obtained was isolated in moderate yield (1.8 g, 43% based on cyclohexylamine). *H NMR
(400 MHz, DMSO): & 1.1 (m, 2H, CHa-cy), 1.3 (q, 2H, J= 11.1 Hz, CH,-cy), 1.5 (m, 2H,
CHaz-cy), 1.7 (m, 2H, CHz-cy), 1.8 (d, 2H, J=12.6 Hz, CH,-cy), 2.4 (m, 1H, CH,-cy), 3.8 (s,
4H, N-CH,-py), 7.2 (ddd, 2H, J= 7.6, 3.9, 1.1 Hz, CH-py), 7.5 (d, 2H, J=7.6 Hz, CH-py), 7.7
(ddd, 2H, J= 8.6, 7.8, 1.7 Hz, CH-py), 8.4 (d, 2H, J= 4.9 Hz, CH-py). *C NMR (400 MHz,
DMSO): 6 24.4 (CHy-cy), 25.6 (CHz-cy), 25.7 (CHa,-cy), 28.4 (CH,-cy), 32.9 (CH;-cy), 56.0
(N-CH,-py), 59.3 (CH-cy), 121.8 (CH-py), 122.0 (CH-py), 136.3 (CH-py), 148.5 (CH-py),
160.8 (C-py). *C DEPT 135 (400 MHz, DMSO): & 24.4 (CH,-cy) neg, 25.6 (CH,-cy) neg,
25.7 (CH2-cy) neg, 28.4 (CH,-cy) neg, 32.9 (CH,-cy) neg, 56.0 (N-CH,-py) neg, 59.3 (CH-
cy) pos, 121.8 (CH-py) pos, 122.0 (CH-py) pos, 136.3 (CH-py) pos, 148.5 (CH-py) pos. IR
Vimax (€m™): 2923 (w), 2851 (w), 1587 (w), 1440 (w), 1359 (s), 1127 (W), 754 (s), 620 (s).
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NNN-phepy

The NNN-phepy ligand was prepared analogously to NNN-propy in a scaled up one-pot
synthesis using the following masses and volumes, added in the following sequence:
potassium carbonate (12 g) in 85 mL acetonitrile, 2-chloromethylpyridine hydrochloride (4.0
g, 24.39 mmol), aniline (0.74 mL, 8.10 mmol) and TBAB (0.10 g). A thick dark brown oil
was obtained after passing the crude product through a silica packed column and eluting with
1:1 (v/v) hexanelethyl acetate (1.05 g, 16% based on 2-chloromethyl pyridine HCI). *H NMR
(400 MHz, CDCls): 6 4.3 (s, 4H, N-CH,-py), 6.5 (m, 1H, CH-ph), 7.1 (m, 4H, CH-ph), 7.2
(m, 2H, CH-py), 7.4 (d, 2H, J= 8.0 Hz, CH-py), 7.7 (ddd, 2H, J= 8.4, 7.6, 1.7 Hz, CH-py),
8.5 (d, 2H, J= 4.8 Hz, CH-py). *C NMR (400 MHz, DMSO): § 48.5 (N-CH,-py), 112.3 (CH-
ph), 115.9 (CH-py), 121.1 (CH-ph), 121.9 (CH-py), 128.8 (CH-ph), 136.6 (CH-py), 148.4
(CH-py), 148.8 (C-ph), 159.7 (C-py). *C DEPT 135 (400 MHz, DMSO): & 48.4 (N-CH2-py)
neg, 112.2 (CH-ph) pos, 116.0 (CH-ph) pos, 121.2 (2xCH-py) pos, 128.8 (CH-ph) pos, 136.8
(CH-py) pos, 148.7 (CH-py) pos. IR vmax (cm™): 2926 (w), 1602 (w), 1499(w), 1243 (w),
1046 (w), 746 (s), 691 (s).

2.2.3.2 Preparation of NNN complexes

2.2.3.2.1  Preparation of Ruand Co NNN complexes

For all variations of the NNN ligands described herein, there is little to no literature on Ru
and Co complexes prepared from these ligands. The aim was to synthesise mononuclear
based catalysts from a reaction of the respective metal precursor (either CoCl,.6H,0 or [(n°-
CsHg)Ru(u-CI)ClI],) with varying ligands, in a 1:1 ratio. A general structure of the Ru series
of complexes (RI-RIV) is represented in Fig. 2.2 with a general coding assigned to each
complex, i.e. Ru NNN-propy (RI), Ru NNN-tbutpy (RI1), Ru NNN-cypy (RI1l) and Ru
NNN-phepy (RIV), where R defines the Ru metal and I-1V represents the first set of
compounds. Fig. 2.3 shows a general structure of the Co series of compounds coded as
follows: Co NNN-propy (CV), Co NNN-tbutpy (CV1), Co NNN-cypy (CVII) and Co NNN-
phepy (CVIII), where C defines the Co metal and V-VIII represents the second set of
synthesised compounds. A description of the individual compounds and yields are shown in
Table 2.1 (for the Ru complexes) and Table 2.2 (for the Co complexes). A general procedure
is reported herein, highlighting the synthesis of the Ru precursor and each series of

compounds.



32

Ru precursor

The [(n°-CsHs)Ru(u-Cl)Cl], dimer was synthesised in a similar manner to the report by
Bennet et al*®. To a 100 mL nitrogen saturated round bottom flask, 0.5 g RuCls.xH,O was
added in 25 mL ethanol. The mixture was allowed to stir, after which 2.5 mL of 1,4-
cyclohexadiene was added. The brown precipitate, which formed after a 4 h reflux, was
collected under vacuum filtration and washed with a small portion of methanol. The resultant

solid was dried in vacuo for several hours.
Ru complexes (RI-RIV)

The synthetic procedures used in the preparation of all Ru complexes were adapted from a
procedure reported by Mishra et al*’. To a 100 mL round bottom flask containing a mixture
of the ligand in 40 mL of methanol, [(n°-CsHs)Ru(p-C1)Cl], was added in half the ratio of the
added ligand. The mixture was allowed to stir at room temperature for 24 hours during which
the colour of the solution changed to a brownish-green colour (for complexes Rl and RIV)
and a yellow-orange colour for complexes RII and R111. The solution was concentrated to ~7
mL after which NH4PF¢” was added (in a ratio equivalent to that of the ligand) and stirred for
1 hour. The resulting precipitate was filtered and washed with a small portion of cold
methanol and diethyl ether. The coloured product (crude) in each case was purified by
dissolving the solid in acetonitrile, filtering off the undissolved material and precipitating the
product with diethyl ether. The solids were dried in vacuo for several hours and recrystallised
by diffusion of diethyl ether into a concentrated acetonitrile solution, yielding crystals
suitable for X-ray diffraction.

F‘z —|2+ 2PFg
N

=
R= propyl, tert-butyl, cyclohexyl, phenyl

Figure 2.2: General structure of the Ru complexes with varying R substituents.
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Table 2.1: Physical properties and yields obtained for each Ru complex.

Name Description Yield

RI Dark green crystalline solid ~ 0.32 g, 75%
RI1I Mustard powder 0.27 g, 94%
RII Yellow powder 0.219g, 79%
RIV Dark brown solid 0.26 g, 95%

Co complexes (CV-CVIII)

To an argon saturated 100 mL round bottom flask (RBF) containing the ligand in 10 mL of
methanol, a solution of CoCl,.6H,0 (0.39 g) in 10 mL of methanol was added dropwise in a
1:1 ratio. The mixture was stirred for 24 hours at room temperature, after which a deep purple
coloured precipitate was observed for complexes CV and CVII, whilst concentrating the
mixture of complex CVI and allowing it to stand overnight, resulted in the growth of blue
crystals. In the case of complex CVIII, the product was precipitated out of solution with
diethyl ether. The solid obtained in each case was collected under vacuum filtration and
washed several times with diethyl ether. Each of the solids obtained through filtration
(complexes CV, CVII and CVIII) and decantation (complex CVI), was dried in vacuo for
several hours. These complexes were recrystallised through layering a concentrated DCM
solution (complexes CV and CVI) with diethyl ether, a DMSO solution (complex CVII) with
hexane and a methanol solution for complex CVIII, with diethyl ether. Single crystals for

complex CV, that were suitable for single crystal XRD, were formed.

Table 2.2: Physical properties and yields obtained for each Co complex.

Name Description Yield

CVv Deep purple crystalline solid  0.38 g, 62%
CVI Deep blue crystals 0.15 9, 49%
CVII Deep purple powder 0.37 g, 63%

CVIII Dark green powder 0.16 g, 55%
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Ct Cl

R= propyl, tert-butyl, cyclohexyl, phenyl
Figure 2.3: General structure of the Co complexes with varying R substituents.

2.3 Results and discussion

2.3.1 Ligands

All ligands were prepared by reacting the chlorinated pyridine precursor with the respective
amine substituent. All protocols used to prepare the NNN ligands were taken from literature

without any further modifications® * *°,

Pyridine based NNN ligands

The NNN ligands containing propyl, tert-butyl, cyclohexyl and phenyl groups were prepared
by reacting the respective deprotonated amine with the ligand precursor, in a 1:2 ratio, with
exception of NNN-propy which was synthesised using a 1:3 ratio. In two cases, for the
ligands containing the propyl and phenyl moieties on the central N-donor atom, excess ligand
together with the phase transfer catalyst tetrabutylammonium bromide (TBAB), was used to
ensure formation of a disubstituted ligand. In most instances, when monosubstituted ligands
form, i.e. when there is an amide proton present, reactivity of this proton is generally low
(Scheme. 2.1). Further reaction with strong bases like sodium hydride are required to remove
the amide proton in order to form a disubstituted ligand. However, the presence of TBAB
drives the reaction to form the disubstituted ligands, making them more susceptible to form

stable pincer complexes.

acyl chlorides > anhydrides > aldehydes > ketones > esters > amides > carboxylic acids

Scheme 2.1: Reactivity trends of various functional groups®®.
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NMR analysis

The main analysis tool used in structural elucidation, as well as in assessing the compound’s
purity, was NMR spectroscopy. The representative peaks of the synthesised compounds were
identified through a series of NMR spectroscopic methods, including *H NMR, *C NMR,
3C DEPT 135 NMR and *C APT NMR.

All significant peaks were integrated relative to the protons on the amine backbone or, in
some cases, integrated relative to the methylene protons. The presence of the tert-butyl
protons furthermost upfield, appearing as a singlet at around 1.1 ppm and integrating to nine
protons, as well as the four protons arising from the methylene linker between the amine and
pyridine ring (appearing at around 3.9 ppm), confirmed a successful synthesis of one typical
ligand (NNN-tbutpy). A typical *H NMR spectrum, of the NNN-tbutpy ligand, is presented
below (Fig. 2.4). The remaining spectra of the ligands can be found in Appendix A2 (Figs.
A2.3-A2.20).
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Figure 2.4: 'H NMR spectrum of NNN-tbutpy.

The *C DEPT 135 NMR was a technique that provided clear and concise information on the
ligand structures, and confirmed the information gained from the conventional *C NMR.
This technique was effective in that the peaks observed are of the carbons to which

hydrogens are bonded and, therefore, quarternary carbons, which are seen in **C CPD and
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APT experiments, are absent in these. The *C DEPT 135 NMR of the NNN-tbutpy ligand is
presented in Fig. 2.5 in which all CH and CHj; peaks of the pyridine and amine fragments
appear above (positive) the baseline, with the CH, depicted as negative.
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Figure 2.5: 3C DEPT 135 NMR spectrum of NNN-tbutpy with CH, CHj (positive) and CH

(negative).
IR analysis

Significant wave numbers, which are due to the various functional groups of the pyridine
based NNN ligands, are shown in Table 2.3. Signal strength of each characteristic functional
group is represented as follows: a (most intense), b (medium intensity), ¢ (weak) and d (broad
and very strong). The characteristic bands presented are those assigned to the C-H alkyl
asymmetric and symmetric stretching vibrations, typically in the region 2825-2958 cm™
with the C-C aromatic stretches appearing in the region 1570-1440 cm™.? The C-N
stretching vibration occurs in the region of 1300-900 cm™, with the C-H rocking vibrations

occurring in the region 750-720 cm™.%
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Table 2.3: IR data for the pyridine based NNN ligands showing functional group wave

numbers in cm®.

Ligand IR viadem™
C-H Cc-C C-H bend C-N° C-H
(alkyl)® (aromatic)? (alkyl)® (rocking)®

NNN-propy | 2959,2934, 1589, 1569 1432 1047 753
2873

NNN-tbutpy | 2963,2877, 1589, 1567 1433 1197 768, 608
2835

NNN-cypy | 2945 2926,  1588,1567 1449, 1356 1130 765, 620
2854

NNN-phepy 3050, 2926 1602, 1571 1499 1046 746

2strong, ° medium, ¢ weak, ® broad and very strong

Any observable strong and broad absorption bands appearing just over 3000 cm™ are due to
the stretching v(O-H) vibration of the lattice water.?’ Bands at 1589-1567 cm™ are typical of
C=N stretches?. In addition to these bands, a weak band at 612 cm™ is a result of the C-H out
of plane stretching of the pyridine ring. All IR spectra of the NNN pyridine based ligands
can be found in Appendix A2 (Figs. A2.38-A2.41).

MS analysis

Table 2.4 shows the mass-to-charge (m/z) ratios obtained for each NNN ligand with the
calculated values presented in parentheses. This technique was a good indication for a
successful ligand synthesis. The low and high resolution MS spectra showed the molecular
ions as the dominant peaks (Appendix A2, Figs. A2.46-A2.49), with the exception of NNN-
phepy showing fragmentation of half the ligand to give a molecular ion peak with an m/z
ratio of 185.12 (Appendix A2, Fig. A2.49).
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Table 2.4: The m/z ratios obtained for each NNN ligand.

Ligand m/z (Calculated)
NNN-propy 242 (241.16)
NNN-tbutpy 256.18 (255.36)

NNN-cypy 282.20 (281.40)
NNN-phepy 274.13 (275.35)

2.3.2 Complexes

2.3.2.1 Ru and Co NNN-pyridine based complexes

Various techniques can be employed to ascertain whether successful complexation has
occurred between the ligand and a metal. These techniques include, NMR, IR, MS, elemental
analysis and single crystal XRD. The first signs of complexation can occur from an
observable colour change when a concentrated solution of metal precursor is added to that of
the ligand. This colour change is distinguishable from the colours of the metal precursor and
that of the ligand.

In all cases of the synthesised Ru and Co NNN complexes, precipitation of the complex
resulted within 24 h of addition, following stirring or standing at room temperature (in the
case of the Co complex with a tert-butyl substituent on the nitrogen backbone). The Ru and
Co complexes had distinct colour shades, different from the various coloured ligands. This
indicated successful complexation of the individual NNN ligands to the [(n°-CsHs)Ru(u-
CINCI], or CoCl,.6H,0 metal precursors.

All complexes were obtained in good yields. All Ru and Co complexes were stable in both
solution and air, except for Co NNN-tbutpy, where prolonged exposure of the crystals to air

showed initial stages of decomposition by turning sticky.

Ru(+2) forms a diamagnetic low spin complex and as a result NMR studies can be carried out
on such complexes. In the case of the paramagnetic, high spin Co(+2) complexes, NMR
studies cannot provide information as to whether such complexes have formed, as no signals
are seen in the spectra. Nevertheless, there are other techniques like IR, MS, melting point,
elemental analysis and single crystal XRD, that are able to provide useful insight and proof of

complex formation (discussed later).



39

NMR analysis of Ru NNN-pyridine based complexes

In confirming successful complex formation, noticeable resonance shifts are observed for the
coordinated ligand relative to the free ligand. Successful complexation occurs via cleavage of
the bridged chlorine atoms in the Ru metal precursor, with subsequent coordination of the
individual NNN ligands.

Fig. 2.6 shows a representative *H NMR spectrum of the Ru NNN-propy complex (R1). The
significant proton shifts are tabulated in Tables 2.5-2.8 and show marked shifts in the
aromatic proton signals which appear further downfield relative to those observed in the *H
NMR spectra of the ligands. This result is attributed to metal coordination.”® Apart from these
resonance shifts, a distinct singlet around 6.3 ppm, due to the protons of the benzene ring,

further confirms successful complex synthesis.

Noticeably, all Ru complex spectra show a rearrangement of two individual aromatic proton
signals, each integrating to two protons, with multiplicities of a doublet and triplet,
respectively. The switching of these proton signals provides substantial evidence that the
desired compound was obtained. This effect is rationalised through shielding of the aromatic
pyridine rings by the electron rich benzene ring resulting from complexation.?* Furthermore,

this result is interpreted through polarisation of the pi cloud of the substituted pyridine rings.

The protons of the methylene linker in each of the NNN ligands give rise to a singlet
integrating to four protons. This singlet, centered around 3.7 ppm in the NNN-propy ligand,
splits into two doublets with the first appearing around 4.8 ppm and the other at 4.4 ppm.
This outcome is due to the presence of two diastereotopic protons, one being axial, whilst the
other is equatorial®.'”” ** 2 Moreover, the methylene linker separating the aliphatic and
pyridine fragments of the ligand is affected by the arrangement or planarity of the substituent
on the central N-donor atom. Therefore, the split CH; signal is also due to the pyridine rings

and nitrogen substituent (aliphatic groups) appearing in two different planes to each other.?®

In complex RII1, the signal comprising of the furthermost shifted cyclohexyl C-H proton and
the second doublet of the methylene linker, were indicative of a through space proton
interaction existing among the cyclohexyl C-H proton and the proton on one methylene
group. This was confirmed by the 2D HSQC NMR spectrum of the complex (Appendix A2,
Fig. A2.31). The shift in the cyclohexyl C-H peak, integrating to a single proton, provided

clarity of coordination of the central N-donor atom to the metal centre.
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Furthermore, the *C APT NMR spectrum of Ru NNN-propy (Fig. 2.7) confirms successful
coordination of the ligand to the metal, as seen from the sharp benzene signal centered around
88.3 ppm, together with other observable downfield carbon shifts in the aliphatic and
aromatic region. All **C DEPT 135 NMR peaks of the Ru complexes were found at lower
fields relative to those signals observed in the *C DEPT 135 NMR of the free ligand. The
remaining Ru NMR spectra can be found in Appendix A2 (Figs. A2.21-A2.37).

Table 2.5: Proton NMR peak shifts for complex RI relative to the respective ligand.

Specific proton Peak shift (8, ppm), multiplicity and no. of protons
NNN-propy RI
H-py 8.5 (d, 2H, J= 4.5 Hz) 9.2 (d, 2H, J= 5.6 Hz)
H-py 7.7 (ddd, 2H,J=8.8,7.7,  7.9(ddd, 2H, J=8.8,7.7,
0.7 Hz) 1.0 Hz)
H-py 7.5(d, 2H, J=7.9 Hz) 7.4 (d, 2H, J=7.5 Hz)
H-py 7.2 (m, 2H) 7.5 (m, 2H)
H-CH, 3.7 (s, 4H) 4.4,4.8 (d, 2H, J= 16.9 Hz;
d, 2H, J= 17.4 Hz)
H-prop 2.4 (t, 2H, J=7.5 Hz) 4.0 (m, 2H)
H-prop 1.4 (m, 2H) 1.8 (m, 2H)
H-prop 0.8 (t, 3H, J=7.8 Hz) 1.0 (t, 3H, J=7.1 Hz)




Table 2.6: Proton NMR peak shifts for complex R11 relative to the respective ligand.
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Specific proton

Peak shift (8, ppm), multiplicity and no. of protons

NNN-tbutpy

RII

H-py
H-py

H-py
H-py

H-CH,

H-tbutyl

8.3 (d, 2H, J= 4.5 Hz)

7.6 (ddd, 2H, J=8.3, 7.8,
1.5 Hz)

7.4 (d, 2H, J=7.8 Hz)

7.1 (ddd, 2H, J=7.6, 6.0,
0.8 Hz)

3.8 (s, 4H)

1.1 (s, 9H)

9.3 (d, 2H, J=6.2 Hz)

8.0 (ddd, 2H, J=8.8, 7.7,
1.0 Hz)

7.5 (d, 2H, J= 7.8 Hz)

7.6 (ddd, 2H, J=7.7, 6.5,
0.9 Hz)

3.9,4.9(d, 2H, J=17.3 Hz;
d, 2H, J=17.2 Hz)

1.6 (s, 9H)

Table 2.7: Proton NMR peak shifts of the complex RII1I relative to the respective ligand.

Specific proton

Peak shift (8, ppm), multiplicity and no. of protons

NNN-cypy

RI

H-py
H-py

H-py
H-py

H-CH;

H-cy
H-cy
H-cy
H-cy
H-cy
H-cy

8.4 (d, 2H, J= 4.9 Hz)

7.7 (ddd, 2H, J=8.6, 7.8,
1.7 Hz)

7.5 (d, 2H, J= 7.6 Hz)

7.2 (ddd, 2H, J=7.6, 3.8,
1.1 Hz)

3.8 (s, 4H)

2.4 (m, 2H)

1.8 (d, 2H, J= 12.6 Hz)
1.7 (m, 2H)
1.5 (m, 2H)

1.3 (g, 2H, J= 11.1 Hz)
1.1 (m, 2H)

9.3 (d, 2H, J= 5.6 Hz)

8.1 (ddd, 2H, J= 8.6, 8.0,
1.5 Hz)

7.6 (d, 2H, J= 7.8 Hz)

7.6 (ddd, 2H, J=7.8, 6.8,
1.0 Hz)

4.0,4.8 (d, 2H, J= 17.3 Hz,
d, 2H, J=15.6 Hz)

4.1 (m, 2H)
2.2 (m, 2H)
1.8 (m, 2H)
1.7 (m, 2H)
1.6 (g, 2H, J= 9.1 Hz)
1.2 (m, 2H)
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Table 2.8: Proton NMR peak shifts of the complex RIV relative to the respective ligand.

Specific proton

Peak shift (8, ppm), multiplicity and no. of protons

NNN-phepy RIV
H-py 8.5 (d, 2H, J=4.8 Hz) 9.2 (d, 2H, J=5.9 Hz)
H-py 7.7 (ddd, 2H, J=8.4, 7.6, 8.1 (ddd, 2H, J=8.7, 7.6,
1.7 Hz) 1.5 Hz)
H-py 7.4 (d, 2H, J=8.0 Hz) 7.5(d, 2H,J=7.8 Hz)
H-py 7.2 (m, 2H) 7.6 (M, 2H)
H-CH, 4.3 (s, 4H) 4.4,5.2 (d, 1H, J= 14.9 Hz;
m, 1H)
H-ph 7.1 (m, 4H) 7.6 (m, 4H)
H-ph 6.5 (m, 1H) 7.4 (m, 1H)
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Figure 2.6: 'H NMR spectrum of Ru NNN-propy.
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Figure 2.7: *C APT NMR spectrum of Ru NNN-propy.
IR analysis of Ru and Co NNN-pyridine based complexes

The IR spectra of the NNN ligands and the metal complexes were compared to further
confirm the synthesis of the intended complexes. Any band shifts seen for the complexes
from those of the ligands were a clear indication that the complexes indeed formed. Medium
intensity C-H bands, due to sp? and sp® hybridised groups in the alkyl region, are shifted to
higher wavenumbers for both the Ru and Co complexes. Apart from these shifts, bands in the
C-C aromatic region of the Co complexes, and particularly the C=N vibrations of the pyridine
ring, were shifted to higher wavenumbers. This result was due to the relationship between the
resonant frequencies in which the bonds vibrate and that of the bond strength. In this respect,
the C=N bond is strengthened by the donation of electrons from the metals, Ru** and Co?*
(which are hard acids that readily donate electrons), resulting in an increase in energy of the
C=N bond. Reports show that the C=N shift in the aromatic region is generally large, as
opposed to the corresponding peak appearing in the uncoordinated ligand.** This observation
is noticeable in these complexes, which show coordination of the pyridine rings to the Ru or

Co metals.

All other bands seen in the IR spectra of the Ru complexes were low in intensity and any

possible shifts were difficult to identify and would have been based on speculation (Table
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2.9). These weak bands were further masked by the intense PFs” band occurring at 828 cm™.
7 However, synthesis of these complexes, apart from IR results, was further confirmed

though MS data and single crystal XRD results which are shown later in this report.

Table 2.9: Band shifts in the IR of the complexes relative to those observed in the ligands.

IR Vpax/CM™

C-H Cc-C C-H bend C-H
(alkyl)? (aromatic)®  (alkyl)® (rocking)®

NNN-propy 2959 1589 1432 753
RI unassignable 1609 1440 779
Cv 2967 1605 1443 776
NNN-tbutpy 2963 1589 1433 768
RI1I unassignable 1613 1448 779
CVI 2973 1605 1438 766
NNN-cypy 2945 1588 1449 765
R unassignable 1611 1461 771
CVII 2921 1606 1444 772
NNN-phepy 2926 1602 1499 746
RIV unassignable 1597 1427 763
CVI 3050 1600 1493 763

% very weak, ° weak, °broad and very strong

Similar band shifts (C-C aromatic, C-H alkyl and C-H rocking vibrations) were observed
among both the Ru and Co metal complexes. However, the sp® and sp* hybridised C-H bands
in the Co complexes shifted to lower wave numbers, indicating that these bonds are now
weaker than those in the Ru complexes. This is due to a drop in energy at which the C-H
bonds vibrate. Band shifts occurring in the IR spectra of most Co complexes appeared more
intense compared to similar shifts in the spectra of the Ru complexes. This result can be

related to Hooke’s Law which states:

2nc [p
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and simply links the strength of a bond to the mass of the atoms involved. From this
relationship, a greater shift in wavenumber (> 10 cm™) of the bands appearing in some of the
Co IR spectra were seen as opposed to those in the Ru complexes. This effect is ascribed by
Co having a lower atomic mass than Ru (58.93 gmol™ compared to 101.07 gmol™) and
therefore the frequencies at which the bonds vibrate is larger than those of Ru resulting in a

larger shift in wavenumber.
MS analysis

The mass-to-charge ratios obtained for each Ru and Co NNN complex are shown in Table
2.10 with the calculated values represented in parenthesis. In all Co complexes, with
exception of CVIII, m/z ratios are expressed with omission of one chlorine atom originally
bound to the metal, as a result of ionisation fragmentation. In the case of CVIII, both ClI
atoms fragment giving a mass-to-charge ratio of 356.02 which includes a sodium adduct and
is in close proximity to the calculated value in parenthesis. All m/z ratios of the doubly
charged Ru complexes shown exclude the two PFg counter ions as expected. The MS
spectrum of RI shows that half the ligand fragments to give a peak (100% abundant) with
m/z ratio of 122 (Appendix A2, Fig. A2.50). With regards to RIV, a bidentate ligand was
synthesised and this type of coordination was confirmed through the m/z ratio of 399.01, due
to the Ru-Cl NN benzene complex with the calculated mass in parenthesis. The synthesised
bidentate complex exits as a mononuclear specie, since the melting point was high and sharp

with a single melting stage that negates phase transition.*’

Table 2.10: The m/z ratios obtained for the Ru and Co NNN complexes.

Complex m/z [M+H]" (Calculated)
RI 210 (210.56)
cVv 335.06 (335.06)
RII 217.56 (217.06)
CVI 349.07 (349.74)
RII 230.57 (230.06)
CVilI 375.09 (375.78)
RIV 399.01 (399.02)

CVIII 356.02 (357.08)
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Elemental analysis

The elemental analysis for each complex is represented in Table 2.11 and shows that the
reported values are in acceptable range to the theoretical values represented in parenthesis.
The technique shows that the complexes were pure. This supports a successful synthesis of
all complexes, showing that the excess ligands used in each reaction had remained in

solution, providing a pure complex.

Table 2.11: The elemental analysis obtained for all complexes with calculated values in

parenthesis.

Complex %C %H %N
RI 36.1 (35.5) 3.1(3.6) 5.6 (5.9)
CV 48.5 (48.5) 4.9 (5.2) 11.3 (11.3)
RII 36.0 (36.5) 3.6 (3.8) 5.2 (5.8)
CVI 45.2 (45.6) 5.2 (5.9) 9.6 (10.0)
RII 38.8 (38.4) 4.0 (3.9) 5.5 (5.6)
cVvii 52.2 (52.6) 5.7 (5.6) 10.1 (10.2)
RIV 42.9 (42.6) 3.3 (3.9) 6.0 (5.5)
CVIII 53.2 (53.4) 4.6 (4.2) 10.5 (10.4)
Melting point

The melting point of a complex gives an indication of its level of purity. This is observed
from the range at which the complex melts and usually gives an indication of the amount of
impurities that may be present in the complex. Impurities may be associated with a broad
melting range (> 4°) and low melting point. Information on successful complex syntheses can
be established through this technique prior to conducting other characterisation techniques.
With this, links can be drawn from the ligand melting point compared to that of the complex
in question, which ought to have a significantly higher and sharp melting point. Furthermore,
information on the type of species present in the complex can be obtained. Often, a mixture
of mononuclear and dinuclear species can exist in a product, each having their own melting

point ranges.
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Table 2.12: The melting point ranges obtained for all complexes and certain ligands.

Complex/Ligand Melting point/ °C?
RI 220.7-224.8 °C
CcVv 279.1-281.8 °C
NNN-tbutpy 84.4-87.7 °C
RII 287.1-288.7 °C
cVI 182.1-185.6 °C
NNN-cypy 57.3-60.1 °C
RIII 237-241.3 °C
cvil 319.3-320.7 °C
RIV 237.6-241.4 °C
cVIII 209.6-211.7 °C

#NNN-propy and NNN-phepy are oils

Table 2.12 shows the melting point ranges of the Ru and Co complexes. All the melting
points were sharp, proving that these complexes were of high purity. It can be seen that the
melting point of each complex is related to the nature of substituent on the nitrogen
backbone, where the highest melting points were associated with those complexes having
rigid backbones (cyclohexyl and phenyl) compared to the more flexible propyl and tert-butyl

substituted complexes.
24 Summary

The preparation of eight novel compounds has been achieved through adaptation of literature
procedures. All Ru complexes were successfully characterised with IR, MS, melting point,
elemental analysis and NMR. Due to the diamagnetic nature of the Ru compounds, noticeable
shifts in characteristic NMR peaks were observed in the complex spectra compared to those
of the ligands. The Co compounds were also characterised with the above mentioned
techniques, however, the paramagnetic Co compounds’ unresolvable NMR data is not
reported in this thesis. The MS and elemental analyses were confirmation that all complexes
synthesised were pure. Crystal structures of catalysts RI, RII, RIIl and CV were obtained

and will be discussed in the following chapter.



2.5

10.

11.

12.

13.

14.

15.

16.

17.

48

References

0. Dayan, N. Ozdemir, Z. Serbetci, M. Dinger, B. Cetinkaya and O. Biiyiikgiingor,
Inorganica Chimica Acta, 2012, 392, 246-253.

D. Gallego, S. Inoue, B. Blom and M. Driess, Organometallics, 2014, 33, 6885-6897.
S. Mollin, R. Riedel, K. Harms and E. Meggers, Journal of Inorganic Biochemistry,
2015, 148, 11-21.

C. Li, C. Ma, P. Xu, Y. Gao, J. Zhang, R. Qiao and Y. Zhao, The Journal of Physical
Chemistry B, 2013, 117, 7857-7867.

K. Visvaganesan, R. Mayilmurugan, E. Suresh and M. Palaniandavar, Inorganic
Chemistry, 2007, 46, 10294-10306.

D. W. Wright, H. J. Mok, C. E. Dubé and W. H. Armstrong, Inorganic Chemistry,
1998, 37, 3714-3718.

J. W. Shin, A. R. Jeong, K. S. Min, S. Hayami and D. Moon, Inorganic Chemistry
Communications, 2015, 51, 46-49.

Y. Peng, C.-B. Tian, Y.-H. Lan, N. Magnani, Q.-P. Li, H.-B. Zhang, A. K. Powell and
S.-W. Du, European Journal of Inorganic Chemistry, 2013, 2013, 5534-5540.

D. Kim, S. Kim, E. Kim, H.-J. Lee and H. Lee, Polyhedron, 2013, 63, 139-146.

Y.-H. Zhou, J. Tao, Q.-C. Lv, W.-G. Jia, R.-R. Yun and Y. Cheng, Inorganica
Chimica Acta, 2015, 426, 211-220.

S. Lindsay, S. K. Lo, O. R. Maguire, E. Bill, M. R. Probert, S. Sproules and C. R.
Hess, Inorganic Chemistry, 2013, 52, 898-9009.

P.-H. Lanoe, J.-L. Fillaut, V. Guerchais, H. Le Bozec and J. A. Gareth Williams,
European Journal of Inorganic Chemistry, 2011, 2011, 1255-1259.

M. A. H. Moelands, D. J. Schamhart, E. Folkertsma, M. Lutz, A. L. Spek and R. J. M.
Klein Gebbink, Dalton Transactions, 2014, 43, 6769-6785.

M. J. Carney, N. J. Robertson, J. A. Halfen, L. N. Zakharov and A. L. Rheingold,
Organometallics, 2004, 23, 6184-6190.

Y. Song, D. Kim, H.-J. Lee and H. Lee, Inorganic Chemistry Communications, 2014,
45, 66-70.

M. A. Bennett and A. K. Smith, Journal of the Chemical Society, Dalton
Transactions, 1974, 233-241.

H. Mishra, A. K. Patra and R. Mukherjee, Inorganica Chimica Acta, 2009, 362, 483-
490.



18.

19.

20.

21.
22.

23.

24,

25.

26.
217.

49

J. Clayden, N. Greeves, S. Warren and P. Wothers, Organic Chemistry, Oxford
University Press 2001, 2001.

E. R. Milaeva, D. B. Shpakovsky, Y. A. Gracheva, S. I. Orlova, V. V. Maduar, B. N.
Tarasevich, N. N. Meleshonkova, L. G. Dubova and E. F. Shevtsova, Dalton
Transactions, 2013, 42, 6817-6828.

F. R. Louka, M. L. Spell, J. Grebowicz, J. H. Albering, F. A. Mautner and S. S.
Massoud, Journal of Molecular Structure, 2011, 995, 103-108.

J. P. Coates, Encyclopedia of Analytical Chemistry, 2000, 8217-8240.

C. Xu, X.-C. Liu, X.-D. Jin, Q. Yang, G.-C. Han, Y.-C. Gang and H.-H. Hu, Journal
of Coordination Chemistry, 2014, 67, 352-362.

D. Gonzalez Cabrera, B. D. Koivisto and D. A. Leigh, Chemical Communications,
2007, 4218-4220.

N. H. Martin, R. M. Floyd, H. L. Woodcock, S. Huffman and C. K. Lee, Journal of
Molecular Graphics & Modelling, 2008, 26, 1125-1130.

O. Rivada-Wheelaghan, A. Dauth, G. Leitus, Y. Diskin-Posner and D. Milstein,
Inorganic Chemistry, 2015, 54, 4526-4538.

D. Kim, S. Kim, E. Kim, H.-J. Lee and H. Lee, Polyhedron, 2013, 63, 139-146.

L. Soobramoney, M. D. Bala and H. B. Friedrich, Dalton Transactions, 2014, 43,
15968-15978.



50

Chapter Three

Crystal structures of selected Ru and Co
complexes

3.1 Introduction

X-ray crystallography is a widely used technique for examining the atomic arrangement in a
molecule. Fundamental information can be gathered on specific positions of atoms in the
crystal unit, their size, the length and angles of chemical bonds, as well as evidence of
disorder in the crystal. Also, the geometry of the compound in question, together with any
planarity existing among two individual fragments, can be ascertained. This technique is
essential in the sense that some compounds have complex geometries that are too intricate to

solve by common methods like IR and NMR spectroscopy.

For a three-dimensional image to be interpreted and refined, the compounds ought to be
crystalline for the X-ray beam to diffract into specific directions. It is, therefore, crucial that
compounds are crystalline enough for diffraction studies to be carried out and for atoms to
arrange themselves in an ordered fashion. Sometimes compounds can crystallise well,
however, some crystals, upon microscopic inspection, may not be of a suitable quality to
analyse, which could possibly be due to disorder in the crystal or the crystals may be twinned.
There are various tried and tested techniques for growing suitable crystals for single crystal
XRD, from layering and slow diffusion to slow evaporation. These techniques have been

employed in the crystal growth for compounds RI, RII, RI11 and CV.
3.2 Experimental

For the crystal structure of complex RI, single-crystal X-ray diffraction data were collected
on a Bruker KAPPA APEX2 DUO diffractometer using graphite-monochromated Mo-Ka
radiation (L = 0.71073 A). Data collection was carried out at 173(2) K. Temperature was
controlled by an Oxford Cryostream cooling system (Oxford Cryostat) operating at a 100(1)
K. Cell refinement and data reduction were performed using the program SAINT®. The data

were scaled and absorption correction performed using SADABS? multi-scan technique.
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The structure was solved by direct methods using SHELXS-20147 and refined by full-matrix
least-squares methods based on F? using the graphics interface program X-Seed® *. The

programs X-Seed and POV-Ray® were both used to prepare molecular graphic images.

All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were placed in
idealised positions and refined in riding models with Ujs, assigned 1.2 or 1.5 times Ugq of
their parent atoms and the bond distances were constrained in the range from 0.95 A to 0.99

A.

Single crystal X-ray diffraction data for complexes RII, RI1l and CV were collected on a
Bruker Smart APEX2 diffractometer with graphite monochromated Mo K, radiation (50 kV,
30 mA and A = 0.71073 A) using the APEXII® data collection software. Data collection was
carried out at 100(2) K. Temperature was controlled by an Oxford Cryostream cooling
system (Oxford Cryostat) operating at a 100(1) K. The collection method involved w-scans of
width 0.5° and 512 x 512 bit data frames. Data reduction was carried out using the program
SAINT! and the data were scaled and absorption corrections performed using SADABS’ multi-
scan technique. The structures were solved by direct methods using SHELXS®. Isotropic
refinement was first done on non-hydrogen atoms, followed by anisotropic refinement by
full-matrix least-squares methods based on F? using SHELXL®. Hydrogen atoms were first
located in the difference map, then positioned geometrically and allowed to ride on their
respective parent atoms. Diagrams and publication material were generated using SHELXL?,
PLATON® and MERCURY. Reports were subjected to online check cif validation which
shows no structural disorder in RI-RIIl and CV. Table 3.1 represents selected crystal
refinement data for the Ru complexes RI-RIII with structure refinement data for complex
CV reported in Table 3.2. Supporting information on each crystal can be found in Appendix
A3.
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Table 3.1: Crystallographic and structure refinement data for complexes RI, RIl and RI1I.

RI RII RIII
Chemical formula C,1H23F12NsP,Ru C,oH»7F1o2NsP,Ru CosH29F12NsP,RuU
Formula weight 708.43 724.48 750.51

Crystal size (mm?®)
Crystal system
Space group

Unit cell dimensions
a(A), o ()

b (A), B ()

c(A),y ()
Volume (A%
Z

oealc (Mg m™)

Absorption
coefficient (mm™)

F(000)

Theta range for data
collection (°)

Index ranges

Reflections collected

Independent
reflections

Completeness to
theta (%)

Max. and min.
transmission

Data / restraints /
parameters

0.14 x 0.15x 0.17
Monoclinic
P21/C

8.8604(7), 90

18.2578(13),
96.950(2)

16.0917(12), 90
2584.1(3)

4

1.821

0.835

1408
1.7t027.9

-11< h<10
-24< h<24

-21< h<21

30308

6197 [R(int) = 0.071]

99.9

0.906 and 1.000

6197/0/353

0.290 x 0.160 x 0.130
Monoclinic
P21/C

10.4929(7), 90

14.5886(11),
92.510(2)

17.2377(13), 90
2636.2(3)

4

1.825

0.820

1448
1.829 to 28.307

-13<h<14
-19<k<=17
-21<1<22
21606

6456 [R(int) = 0.0364]

99.8

0.911 and 0.790

6456 / 0/ 363

0.230 x 0.180 x 0.110
Monoclinic
P21/C

9.8297(4), 90

14.3986(6),
114.967(2)

10.5116(4), 90
1348.72(10)

2

1.848

0.805

752
2.137 10 28.348

-12<h<13

-19<k<19

-14<I<14

26345

6452 [R(int) = 0.0359]

100.0

0.928 and 0.825

6452 /1/379
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Goodness-of-fit on F°
Final R indices
[1>26(1)]

R indices (all data)

Largest diff. peak
and hole (eA™)

1.02

R1=0.0389, wR2 =
0.0993

N/A

-0.64 and 0.83

1.023

R1=0.0483, wR2 =
0.1113

R1=0.0625, wR2 =
0.1183
1.310 and -1.092

1.057

R1 =0.0396, wR2 =
0.0908

R1=0.0426, wR2 =
0.0922

1.125 and -0.650

Table 3.2: Crystallographic and structure refinement data for complex CV.

CcVv
Chemical formula C15H21Cl,CoN3
Formula weight 389.18
Crystal size (mm?®) 0.080 x 0.180 x 0.200
Crystal system Triclinic
Space group P1
Unit cell dimensions
a(A), o () 7.9230(2), 87.5750(10)
b (A), B () 13.8852(3), 86.637(2)
c(A),y(© 15.2566(4), 8.2600(10)
Volume (A% 1673.37(7)
Z 4
Geale (Mg m™) 1.545
Absorption 1.349
coefficient (mm™)
F(000) 804
Theta range for data  2.68 to 28.36
collection (°)
Index ranges -10<h<10

-18<k<18

-20<1<20
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Reflections collected

Independent 40307

reflections 8277 [R(int) = 0.0322]

Completeness to 98.8

theta

Max. and min. 0.9009 and 0.7751

transmission

Data / restraints / 8277 /0/ 381

parameters

Goodness-of-fit on F>  1.012

Final R indices R1=0.0572, wR2 =
0.1614

[[>20(D)]

R indices (all data) R1=0.0635, wR2 =
0.1656

Largest diff. peak 1.674 and -0.754
and hole (eA™)

3.2.1 Crystal structures

3.21.1 Crystal structure of RI

Dark green rod-like crystals of Rl were grown overnight through a process of vapour
diffusion into a concentrated acetonitrile solution. Complex RI crystallises in the monoclinic
P2,/c space group and, as represented by the crystal structure, exists in a monomeric state in
the asymmetric unit cell. Fig. 3.1 shows the single crystal structure of complex RI.
Compound RI exists as a monomer partially due to the hard electron donating N-donor atoms
stabilising the metal centre. Hence, the propensity of the complex to dimerise is low and it

thus forms a monomeric molecule.**
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Figure 3.1: Single crystal structure of complex RI drawn at 50% thermal ellipsoid

probability, with omission of hydrogen atoms for clarity.

The crystal structure depicted in Fig. 3.1 exhibits a piano stool geometry*® **in which the Ru
atom binds to three N-donor atoms, in a terdentate fashion, and to the electron rich benzene
ring. The NNN coordinating ligand occupies the positions as the legs of the piano stool,
whilst the benzene ring, occupying the remaining coordination site, takes up the position as

the seat of the piano stool.

It is evident that complex RI exists as a highly unsymmetrical molecule with the two pyridyl
rings and the propyl group lying in three different planes relative to each other. This
correlates to the observation reported in the NMR spectrum (Chapter 2) of complex RI,
where the methylene protons are spilt into an AB quartet, originally seen as a singlet in the

ligand spectrum.

Table 3.3 shows selected bond lengths and bond angles of complex RI. The closest reported
example resembling the crystal structure of complex Rl is a half sandwich complex of a ((na-
CesHs)RU)?* moiety with a symmetrical NNN-methylamine ligand.** The Ru-C bond distances
in RI, i.e. the distances of the benzene ring carbons to the Ru® ion, range from 2.205(3) A to

2.220(3) A. This shows that the benzene ring is more weakly bound to the metal ion in
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comparison to the reported Ru-C bond distances of 2.196(4)-2.212(4) A of the NNN-
methylamine ((n°-CsHg)Ru)?* complex. This implies that the Ru®* centre draws more electron
density from the benzene ring, thus making the Ru®*-coordinated benzene ring more
electrophilic.'® ** The Ru-Cg distance (the distance of the Ru to the midpoint of the benzene
ring) of 1.462 A, is comparable to the Ru-Cg distance of 1.463 A recorded for RI11 (reported

later).

Table 3.3: Selected bond lengths (A) and angles (°) for complex RI.

Bond lengths (A)

N(1)-Ru(1) 2.173(2)
N(2)-Ru(1) 2.098(3)
N(3)-Ru(1) 2.082(3)

Bond angles (°)

N(2)-Ru(1)-N(3) 79.05(10)
N(2)-Ru(1)-N(1) 80.63(10)
N(3)-Ru(1)-N(1) 79.24(10)

Slight geometric differences are noted between reported examples of Ru(ll) half sandwich
complexes with related bond distances and bond angles reported herein. For instance, the
Ru(1)-N(1) distance found for complex RI, with a value of 2.173(2) A, is slightly longer
compared to 2.152(3) A reported for the NNN-methylamine ((n°-CsHg)Ru)** complex.*? The
Ru-N(py) distances of 2.098(3) A and 2.082(3) A are comparable to similar distances of
2.091(3) A and 2.087(3) A reported. It is worth noting that the symmetric NNN ligand binds

strongly to the Ru metal as revealed from the metric parameters presented in Table 3.3.

The bite angle, which is defined by the ligand-metal-ligand angle, is in this case the N(py)-
Ru-N(py) angle. Angles of 79.24(10)° and 80.63(10)° for the N(3)-Ru(1)-N(1) and N(2)-
Ru(1)-N(1) are relatively acute and therefore reveal that the metal is in a more compact
coordination sphere. These bite angle values are comparable to similar values (79.58° and
80.06°) reported for the similar Ru NNN complex.*

The two pyridyl rings, N(2), C(1), C(2), C(3), C(4), C(5) and N(3), C(8), C(9), C(10), C(11),

C(12) are seen at an acute angle of 63.34°. It is seen from Fig. 3.1, that these aromatic rings
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lie along the face of their individual planes. Furthermore, due to the slight twisting of the
methylene linker, the pyridyl rings relative to each other, as well as the methyl moiety, are all

non-co-planar to one another.

Figure 3.2: The crystal packing diagram of complex RI viewed along the crystallographic a-

axis, with the hydrogen atoms and PFg" counterions omitted for clarity.

From Fig. 3.2, which shows the crystal packing of complex RI, it is seen that the arrangement
of each crystal is ordered in alternating rows. Due to the propyl group being flexible, it has a
higher degree of freedom and therefore can rotate freely. The crystal structure of RI features
mainly C-H...F intermolecular interactions, where an F atom on the PFg counterion is linked
to a methylene C-H atom on one RI molecule (C(6)-H(6B)...F(2)) with a second F atom
interacting with a pyridyl C-H atom on a neighbouring RI molecule (C(12)-H(12)...F(6)).
Furthermore, two F atoms on different counterions interact (through intermolecular C-H...F
hydrogen bonds) with two different benzene C-H atoms on one molecule, C(16)-
H(16)...F(10) and C(17)-H(17)...F(7) interactions (Fig. 3.3).
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Figure 3.3: The hydrogen bonding patterns (blue lines) present in RI, viewed along the

crystallographic a-axis.
3.2.1.2 Crystal structure of RII

Bright-yellow single crystals of complex RII were obtained over a week through vapour
diffusion of a concentrated acetonitrile solution, crystallising in the monoclinic P2;/c space

group. The crystal structure of complex RI1 is represented in Fig. 3.4.

As with RI, the crystal structure of complex RII, presented in Fig. 3.4, displays a piano stool
or half sandwich geometry. From the structure, the ligand is highly symmetrical and binds to
the Ru in a terdentate fashion. Furthermore, complex RII exists as a monomer for the same
rationale as presented for complex RI, whereby the metal centre is electron rich because of
electrons donated to it from the three N-donor atoms, which stabilises the Ru ion. Thus,

dimerisation of the molecule is hindered as expected.
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Figure 3.4: Single crystal structure of complex RIl drawn at 50% thermal ellipsoid

probability, with omission of hydrogen atoms for clarity.

Correlating the crystal structure of RII to its NMR spectrum, the aromatics (pyridyl rings)
and bulky nature of the aliphatic moiety (tert-butyl group) induce non-co-planarity among the
individual fragments. Hence, a change in the NMR splitting pattern of the methylene singlet
in the ligand, to an AB quartet in the complex, was apparent in the respective NMR spectra
(Chapter 2).

Selected bond distances and angles of complex RII are tabulated in Table 3.4. Geometric
differences between complex RII and literature examples, and with complex RI, were noted.
The Ru-Cg distance recorded was 1.470 A, and this value compared to the Ru-Cg distances
of 1.462 A and 1.463 A for compounds RI and RI11 respectively, show that the benzene ring
in this case, is bound most weakly to the metal ion and thus the electron density at the metal
centre is reduced. In addition, due to elongation of the N(1)-Ru(1) bond (2.242(3) A) bearing
the tert-butyl moiety, there is a weaker electron flow to the metal centre, despite the tert-butyl

group being a good source of electron density. Hence, the majority of the electrons are



60

supplied from the pyridyl rings as evidenced by their shorter bond distances of 2.082(3) A for
the N(2)-Ru(1) bond and 2.089(3) A for the N(3)-Ru(1) bond.

The bite angles defined by the N(2)-Ru(1)-N(1) and N(3)-Ru(1)-N(1) angles of 79.23(12)°
and 78.66(12)° respectively, deviate somewhat from a 90° terdentate facial coordination.
These values are comparable to the ones found for RI (79.24° and 80.63°, respectively) and to
the values reported for a similar Ru NNN complex which have bond angles of 79.58° and

80.06°, respectively.'?

The planes along which the two pyridyl rings [N(2), C(1), C(2), C(3), C(4), C(5) and N(3),
C(8), C(9), C(10), C(11), C(12)] are seen at a dihedral angle of 63.13°, which is more or less
the same as the dihedral angle of 63.34° for the aromatics in complex RI. Also, noticeable is
the highly ordered packing of the crystal unit, with well-ordered structures in alternating rows

as shown in Fig. 3.5.

Table 3.4: Selected bond lengths (A) and angles (°) for complex RII.

Bond lengths (A)

N(1)-Ru(1) 2.242(3)
N(2)-Ru(1) 2.082(3)
N(3)-Ru(1) 2.089(3)

Bond angles (°)

N(2)-Ru(1)-N(3) 78.66(12)
N(2)-Ru(1)-N(1) 79.23(12)
N(3)-Ru(1)-N(1) 78.66(12)
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Figure 3.5: The crystal packing diagram of complex RII viewed along the crystallographic

a-axis, with the hydrogen atoms and PFg" counterions omitted for clarity.

The crystal structure of RII shows non-classical hydrogen bonds where two pyridyl C-H
atoms on one ring of the RII molecule, are linked to two F atoms on two different
counterions, through C-H...F intermolecular interactions (C(11)-H(11)...F(6) and C(12)-
H(12)...F(6)). A single benzyl C-H atom and a methylene C-H atom on the same moiety are
linked to two F atoms on a third counterion (C(22)-H(22)...F(8) and C(7)-H(7B)...F(12)).
The third F atom on the same counterion interacts with a neighbouring pyridyl C-H atom,
C(5)-H(5)...F(12), thus providing a link between the two molecules (Fig. 3.6).
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Figure 3.6: The hydrogen bonding patterns (blue lines) present in RII, viewed along the

crystallographic c-axis.
3.2.1.3 Crystal structure RI1I

Crystals of compound RIIT were grown in a concentrated acetonitrile solution through a
process of vapour diffusion. Plate-like crystals, golden-yellow in colour, were obtained over a

week. The single crystal molecular structure is presented in Fig. 3.7.

As seen from Fig. 3.7, like RI and RII, complex RII1 exhibits a piano stool geometry. It has

a monoclinic crystal system with the space group P,i/c. Comparable to RI and RII, the hard
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N-donor ligand binds to the metal in a terdentate fashion forming a stable pincer complex.
The rich electron donating substituents, i.e. the cyclohexyl moiety on the central N-donor
atom and the pyridyl rings, all contribute to the stability of the complex. As a result, electron
density at the metal centre is amplified. The cyclohexyl fragment, taking on a chair
conformation as shown by Fig. 3.7, is also a good source of electrons and for this reason,
complex RI11 also does not dimerise. Both the NMR and crystallographic techniques applied
to complex RIIl1 complement each other, where the NMR spectrum reveals split methylene

peaks due to non-co-planarity in the structure.

Cc22

Figure 3.7: Single crystal structure of complex RIIl drawn at 50% thermal ellipsoid

probability, with omission of hydrogen atoms for clarity.

Table 3.5 shows selected bond distances and angles of complex RI11. Slight deviation in the
geometry is noted between the more strained structure of complex RIII and complexes RI
and RII. The Ru-Cg distance of 1.463 A is comparable to the Ru-Cg distance of 1.462 A
recorded for RI, and shows that the benzene ring is bound more tightly to the metal than in
the case of RIl (1.470 A). RIII reveals a more compact geometry around the metal centre,
with a less open coordination sphere to potential binding substituents compared to the
geometry of the aforementioned complexes RI and RI1. Complex stability is also accounted
for through the N(1)-Ru(l) distance of 2.177(4) A, which is shorter in comparison to the
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distance (2.242(3) A) in complex RII. This is in accordance with the theory that the
cyclohexyl group is also a strong electron donor, thus strengthening and shortening the N(1)-

Ru(1) bond and increasing the electron density at the metal centre.

Table 3.5: Selected bond lengths (A) and angles (°) for complex RIII.

Bond lengths (A)

N(1)-Ru(1) 2.090(5)
N(2)-Ru(1) 2.177(4)
N(3)-Ru(1) 2.091(5)

Bond angles (°)

N(2)-Ru(1)-N(3) 88.66(19)
N(2)-Ru(1)-N(1) 76.22(18)
N(3)-Ru(1)-N(1) 88.66(19)

The bite angles of complex RI1I, noted by the N(2)-Ru(1)-N(3) and N(2)-Ru(1)-N(1) angles
of 88.66(19)° and 76.22(18)° respectively, tend more closely to the tridentate facial
coordination angle of 90°. Slight differences are noted to the example of RII, which has bite
angles of 79.23(12)° and 78.66(12)° for the N(2)-Ru(1)-N(1) and N(3)-Ru(1)-N(1) angles,

respectively.
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Figure 3.8: The crystal packing diagram of complex RIIl viewed along the crystallographic
c-axis, with the hydrogen atoms and PFg counterions omitted for clarity.

The dihedral angle defined by the [N(1), C(7), C(8), C(9), C(10), C(11)] and [N(3), C(20),
C(21), C(22), C(23), C(24)] pyridyl rings is seen at an acute angle of 88.31°. This deviates
significantly to the dissection angles of complexes Rl and RII, with angles of 63.13° and
63.34°, respectively. This effect is rationalised through twisting of the methylene linker on
the side of the [N(3), C(20), C(21), C(22), C(23) and C(24)] pyridyl ring. Noteworthy is the
ordered arrangement of the crystal unit occurring in alternating rows in the unit cell as seen in
Fig. 3.8.
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Non-classical hydrogen bonding is established between two RIIlI molecules in which a
cyclohexyl C-H atom on one molecule interacts with a fluorine on one counterion (C(13)-
H(13)...F(12)), and a second F atom on the same counterion, interacts with a methylene C-H
atom on the second RIIl molecule (C(12)-H(12B)...F(9)). C-H...F interactions are also
established through a single pyridyl C-H atom interacting with a fluorine atom on a second
PFe¢ counterion (C(6)-H(6)...F(1)). A fourth interaction exists between a pyridyl C-H atom
and a fluorine on the third PFg" counterion, C(21)-H(21)...F(5), (Fig. 3.9).

Figure 3.9: The hydrogen bonding patterns (blue lines) present in RIII, viewed along the

crystallographic a-axis.
3.2.14 Crystal structure of CV

Deep purple cubic-like single crystals were obtained within a 24 h growth period from a
concentrated DCM solution layered with diethyl ether. A representation of complex CV is

presented in Fig. 3.10.

Complex CV, belonging to the triclinic P1 space group, crystallises as two independent
molecules (A and B, Fig. 3.10) within the asymmetric unit cell. The individual parameters of
both the molecular species are essentially similar and therefore a detailed discussion will be
given with reference to molecule A only. The overlay diagram shown in Fig. 3.11 confirms
that species A and B are similar, with the only difference seen in the twisting of the propyl
moieties on the central N-donor atoms on both molecules. Furthermore, the distance between
the C14 (molecule A) and C29 (molecule B) atoms is represented as 1.744 A and further

highlights the planes in which these functional groups lie relative to each other.
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Species B

Species A

C25

Figure 3.10: Single crystal structure of complex CV drawn at 50% thermal ellipsoid

probability, with omission of hydrogen atoms for clarity.

Figure 3.11: An overlay diagram of the single crystal structures of complex CV drawn at

50% thermal ellipsoid probability, with omission of hydrogen atoms for clarity.

As seen from Fig. 3.10, the Co complex is stabilised through a terdentate ligand and also
coordinated to two terminal chlorine atoms, thus existing as a five coordinate monomer. It is
also noted that complex CV exists as a highly unsymmetrical molecular specie with each

aromatic pyridine ring and the propyl moiety lying in three different planes to each other.
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Selected bond lengths and angles for complex CV are tabulated in Table 3.6. Noteworthy are
the distances of the two pyridyl rings to the metal centre, i.e. the N(1)-Co(1) and the N(3)-
Co(1) distances which are 2.086(3) A and 2.084(3) A. These are fairly equal to each other
and shorter compared to the distance of the central N-donor atom to the metal centre, which
is 2.252(3) A. This implies that the two pyridyl rings are bound more strongly to the metal
ion than the central N-donor atom. Due to the greater bond length to the central nitrogen of
the backbone, a lower electron density is supplied from the electron rich propyl moiety
compared to the case with complex RI, having lengthened Ru-C and Ru-N(1) bonds.

Table 3.6: Selected bond lengths (A) and angles (°) for complex CV.

Bond lengths (A)

N(1)-Co(1) 2.086(3)
N(2)-Co(1) 2.252(3)
N(3)-Co(1) 2.084(3)
CI(1)-Co(1) 2.3154(11)
Cl(2)-Co(1) 2.3240(11)
Bond angles (°)

N(1)-Co(1)-N(2) 76.77(12)
N(2)-Co(1)-N(3) 77.00(13)
N(1)-Co(1)-N(3) 109.95(13)
N(1)-Co(1)-CI(1) 136.34(10)
N(2)-Co(1)-CI(1) 89.35(9)
N(3)-Co(1)-Cl(2) 99.60(10)
N(1)-Co(1)-Cl(2) 95.22(10)
N(2)-Co(1)-Cl(2) 169.33(9)
N(3)-Co(1)-CI(2) 106.69(10)
CI(1)-Co(1)-CI(2) 101.33(4)

Due to the more obtuse N(1)-Co(1)-N(3) bite angle of 109.95(13)°, complex CV exhibits a
distorted trigonal bipyramidal geometry with a more open coordination sphere. Due to the
larger N(2)-Co(1)-CI(2) bond angle of 169.33(9)°, the central N-donor atom, together with
the chlorine atom, lie in the axial position, while the equatorial positions are occupied by the
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N-donor atoms of the pyridyl rings. This opposes the more traditional scenario observed for
Co SNS complexes with a similar geometry reported by Soobramoney et al., where the axial
positions are occupied by the S-donor atoms, having a more obtuse bite angle.** This supports
the theory that the hard nitrogen atoms of complex CV supply an increased flow of electron
density to the metal, thus strengthening the bonds between the N-donor atoms and the metal
centre. This is evident through the shorter bond distances, compared to the more loosely
bound hemilabile nature of the S-coordinating atoms, which have a larger bite angle and a

less compact geometry.

Figure 3.12: The crystal packing diagram of complex CV viewed along the crystallographic

c-axis, with the hydrogen atoms omitted for clarity.

Due to twisting of the methylene linker between the central N-donor atom and the pyridine
rings, the planes of the pyridyl rings, i.e. the [N(1), C(1), C(2), C(3), C(4), C(5)] and [N(3),
C(8), C(9), C(10), C(11), C(12)] planes, have an acute angle of 75.23°, making the binding

ligand a non-symmetrical one. However, apart from this distortion, the crystal packing in
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alternating rows within the crystal unit shows signs that the complex is ordered (Fig. 3.12).
The crystal structure of CV shows non-classical C-H...Cl intramolecular interactions, where
one Cl atom on a single CV molecule is linked to a single pyridyl C-H atom on a
neighbouring molecule, C(2)-H(2)...CI(3), whilst the second Cl is linked to another pyridyl
C-H atom and a methylene C-H atom on two different molecules, C(4)-H(4)...Cl(4) and
C(7)-H(7B)...CI1(4), respectively (Fig. 3.13).

Figure 3.13: The hydrogen bonding patterns (blue lines) present in CV, viewed along the

crystallographic a-axis.
3.3 Summary

Crystal structures of complexes RI, RII, RIIl and CV were successfully obtained through
methods of vapour diffusion and layering. Furthermore, it was shown from the crystal
structures that all Ru complexes exhibited a piano stool geometry whilst CV took on a
trigonal bypyramidal geometry. From the metric parameters, the pyridine rings were seen to
be bound most tightly to the metal centre. Each crystal showed signs of order by their
arrangement in alternating rows shown in each packing diagram. Non-classical
intermolecular C-H...F and intramolecular C-H...Cl hydrogen bonding were observed in the
Ru and Co packing, respectively. Ligands were seen to bind in a terdentate fashion to the
metal centre in complexes RI, RII, RIIl and CV, as intended.
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Chapter Four

Oxidation studies of n-octane

4.1 Introduction

This chapter describes the investigation carried out on the functionalisation of a saturated,
medium chain hydrocarbon, n-octane, using Ru and Co NNN-pyridine based catalysts.
Various examples outlining the C-H bond activation of several substrates, using enzymatic
models and chemical systems, have been reported in Chapter one, Sections 1.1 and 1.2. To
date, there have been limited published reports detailing oxidation studies on Co and Ru
NNN pincer complexes. Therefore, the novelty of this work is further accentuated by the

application of new Ru and Co NNN-pyridine based pincer complexes.

There have been few reports highlighting the application of Co tridentate systems in
paraffinic oxidation. The formed ROOe and RO+ radicals from Co®" alkyl peroxo complexes
applied in hydrocarbon activation have been deemed as the active species involved in
oxidising the hydrocarbon substrate.! Furthermore, the oxidation of n-octane has been
achieved using pincer type SNS complexes which served as efficient catalysts in oxidising

the alkane using t-BuOOH as a mild source of oxygen over that of H,0,.2

Reports on C-H activation of alkanes using pincer Ru complexes are scarce. One such report
highlighted polymer-supported Ru catalysts using t-BuOOH in the oxidation of cyclohexane,
that efficiently gave cyclohexanol and cyclohexanone as products. The mechanistic pathway
was established though a radical scavenging reaction using 2,6-di-tert-butyl-4-methyl phenol
(BHT), in which a marginal reduction in yield was observed and thus the oxidation reaction
proceeding via a free radical pathway was suppressed. Due to the robustness and easily
available Ru=0 species, ruthenium complexes with 2,2’-bipyridines or 1,10-phenanthrolines
have been attractive and efficient systems in the catalytic oxidation of cyclohexane to the
corresponding alcohols and ketones.® Furthermore, oxidation of linear alkanes catalysed by

homogeneous Ru complexes have been scarcely reported in the literature.

The production of oxygenates, occurring via the reaction between the saturated hydrocarbon
substrate and a peroxo species, is a process that very commonly occurs through a radical

mechanism, apart from others which have been discussed in Chapter 1, Section 1.2. A wide
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range of oxidising agents including iodosylbenzene (PhlO), alkyl hydroperoxides, sodium
hypochlorite (NaOCI), hydrogen peroxide, percarboxylic acids and molecular oxygen have
all been noted in the literature.®> Furthermore, many of the biological systems reported in
Section 1.1 have been effective in C-H bond functionalisation and product formation was also

believed to proceed via radical pathways.

The oxidation of hydrocarbons using hydrogen peroxide proceeds via the steps described

below (equations 1-4):

1. The generation of oxy radicals, HOe, occurs through decomposition of the peroxide
species that is catalysed by the metal (eq 1).

2. The abstraction of the hydrogen atom from the alkane substrate by the oxy radical
HOs, creates an alkyl radical, Re (eq 2).

3. A reaction between the alkyl radical R¢ and O, produces the peroxo radical ROO- (eq
3).

4. As seen from eq 4, the peroxo radicals react with the hydrocarbon substrate to
produce the alkyl hydroperoxide. The production of alcohol and ketone oxygenates
occurs through decomposition of the alkyl hydroperoxide occurring as the reaction

proceeds.

Essentially, the ketone, as well as aldehyde and carboxylic acid oxygenates, form through a
process known as deep oxidation. This is a common process occurring through further
oxidation of alcohols to produce e.g. ketones or via over-oxidation of the terminal

hydrocarbon, aldehydes and subsequently, carboxylic acids.

M)  +  Hy0, — MAI)OH +  HO- (1)
HO- + RH — H,0 +  Re (2)
Re + 0O — ROO- (3)
ROO- + RH — ROOH + Re (4)

Scheme 4.1: Radical steps in the oxidation of hydrocarbons represented by equations 1-4.

When tert-butylhydroperoxide is used as an oxidant, tert-butyl peroxo (t-BuOO-) and
tertbutoxyl radicals (t-BuOe) are formed in the initiation step instead of HO« radicals. Reports

have shown that the t-BuOO- possesses insufficient radical strength to abstract a proton from
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the hydrocarbon substrate and hence decomposes to yield the t-BuOe radical that is

sufficiently active to abstract the hydrocarbon H atom.*

There are two other types of hydrocarbon oxidation. The first can be described through the
production of organometallic intermediates or final products that are produced via “True”
organometallic C-H bond activation. The other type is classed through the role of the metal
complex in abstracting a hydrogen or electron from the hydrocarbon substrate. The C-H bond
can be cleaved via a ligand and contact can be maintained between the metal complex and C-
H bond.

Some of the common problems associated with efforts to functionalise C-H bonds are seen
through the production of terminal oxygenates. The activation of the terminal hydrocarbon is
usually rare and is associated to the strength of the terminal C-H bond, which is the most
difficult to cleave since it is the strongest hydrocarbon bond in a linear chain.® For this
reason, together with the overall inert nature of the C-H bonds in the saturated hydrocarbon

chain, low conversions are generally expected.®

Another problem faced is the preferential oxidation of one carbon atom over another.” The
regioselectivity (preferential functionalisation of a particular carbon position over another in
a hydrocarbon chain) and stereoselectivity (formation of a particular stereocisomer over
another) parameters can be enhanced through modification of the metal catalyst by

incorporating bulky ligands into the framework, hence subsequently enhancing its reactivity.”
8

In this study, the prepared Ru and Co catalysts, RI-CVIII, were applied in the C-H bond
activation of n-octane using two sources of peroxide, t-BuOOH and H,0O,. Acetonitrile was
the selected solvent medium in which all catalysts were miscible, with varying reaction
temperatures ranging from room temperature to 80 °C. Optimisation studies using both metal
catalysts were made based on the conversion of n-octane and the product distribution profiles

of each system.
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4.2  Experimental methods

4.2.1 Materials and instrumentation

All catalytic reactions were carried out under inert nitrogen atmosphere in a sealed system
using moisture free glassware to circumvent air oxidation. The solvent (acetonitrile) was
saturated with nitrogen for 10-15 min prior to use. The internal standard used in calibrating
the GC comprised of 1-octanol (99%), 2-octanol (97%), 3-octanol (98%), 4-octanone (99%),
octanal (99%) and octanoic acid (99%), which were obtained from Sigma-Aldrich; 2-
octanone (97%), 3-octanone (97%), 4-octanol (98%) which were sourced from Fluka and n-
octane (99%) which was obtained from Merck. The internal standard, cyclopentanone (99%),
and solvent, acetonitrile (99%), were obtained from Sigma-Aldrich and Merck, respectively.
The oxidants, tert-butylhydroperoxide (70%) and hydrogen peroxide (30%) were sourced
from Sigma-Aldrich and DLD Scientific, respectively.

All products were analysed using a Claurus 580 Auto System Gas chromatograph integrated
with a Flame lonisation Detector (FID). Column specifications and GC parameters are listed

in Table 4.1. The duration of each run excluding the oven cooling period was 49 min.

Table 4.1: Column specifications and GC parameters used in quantifying the oxygenated

products.

Column Pona 50 m x 0.2 mm x 0.5 pm
Injector temperature 240 °C

Detector temperature 300 °C

Split

On flow rate: 8.16 mL min*

Attenuation 8
Range 1
Column programme
Initial Ramp Temperature Ramp Temperature Ramp
temperature/ one/ two/ two/ three/ three/
°C °C/ min °C °C/ min °C °C/ min
40 15 80 5 100 240
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4.2.2 General procedure

Oxidation studies were carried out under inert atmosphere in a sealed system comprising of a
50 mL pear shaped flask equipped with a condenser. The substrate, n-octane, was added
relative to the amount of catalyst added and the mass of cyclopentanone was kept constant at
< 20 mg. The reaction mixture comprised of the catalyst (~3 mg for all Co complexes, ~6 mg
for all pincer Ru complexes, RI-RI1, and ~3 mg for the bidentate RIV catalyst) in 10 mL of
acetonitrile with subsequent addition of the hydrocarbon substrate and internal standard. The
peroxides (t-BuOOH or H,0,) were added at differing ratios relative to amount of substrate
added. The mixture was stirred in an oil bath at varying temperatures in order to establish the
optimum reaction conditions, after which an aliquot of the mixture was removed with a
Pasteur pipette and filtered through silica. Of this mixture, 0.5 pL. was injected into the GC

for quantification of the products.

The reaction masses and volumes of reaction mixtures (including those in the absence of
catalysts) at the varying temperatures are shown in Appendix A4 (Tables A4.2-A4.6),
whereby the quantity of catalyst added was kept constant at 1 mol%. This implies that the
ratio of catalyst to substrate was 1:100. The optimum conditions were established through
testing various mole ratios of substrate to oxidant in which the oxidant was added in excess.
All data reported are within acceptable limits of error, since reproducibility checks were

conducted and the average of two values within 1% difference are reported.

Studies investigating the mechanism of each catalytic system were done using 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) as a radical scavenger. A five equivalent ratio of the
scavenger relative to the substrate was added with addition of t-BuOOH as the sole oxidant at

the optimum reaction conditions.

Furthermore, a study with 2-octanol as a substrate was conducted in order to ascertain the rate
of over-oxidation occurring in a particular reaction. This study, which included blank
reactions, was performed in a similar manner as that of n-octane, in which the ratio of catalyst
(Co) to substrate to oxidant was 1:100:105, whilst the ratio for the Ru catalyst was 1:100:116
and the reactions were monitored over a period of 9 hours in both cases (Appendix A4, Table
A4.9).

The oxidation of n-octane was also carried out using H,O, under the optimum conditions

established with t-BuOOH catalysed by the Co and Ru complexes.
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4.3 Results and discussion

4.3.1 The oxidation of n-octane using t-BuOOH as the oxidant

The catalytic oxidation of n-octane by an environmentally attractive oxidant, t-BuOOH, was
chosen as one approach to sustainable chemistry.® The idea behind this choice of oxidant was
further promoted by its use as a milder oxidant than H,0O,, which thus may prevent
decomposition of catalysts containing soft ligand systems in their framework.’ Furthermore,
this type of oxidant has been widely explored due to its ease of handling, whilst being cost
effective at the same time.'® Acetonitrile was the choice of solvent because all catalysts were
soluble in it and its high polarity® allows miscibility with water that makes up 30% and 70%
of the total volume of the added t-BuOOH and H,0, solutions, respectively.

To determine if t-BuOOH is active in the absence of the catalyst or if any thermally initiated
oxidation is possible, blank reactions were carried out at the optimum temperature of 80 °C at
varying substrate to oxidant mol ratios of 1:3, 1:6, 1:9, 1:12 and 1:15. From Fig. 4.1, a total
conversion of 2% and 3% was achieved with ratios of 1:3 and 1:6 respectively, and a
relatively constant conversion of 5% was seen with mol ratios of 1:9, 1:12 and 1:15 thereafter
(Fig. 4.1). These conversions compared to previous reports which show relatively low
conversions of 1% at varying substrate to oxidant content, and may be attributed to a
thermodynamic effect'!, as seen in Fig. 4.1. This effect was further confirmed by conducting
control experiments in the dark, since UV radiation can be a radical initiator (a process
known as photo-oxidation), however, similar conversions at the varying substrate to oxidant
ratios were observed. Furthermore, when conducting blank reactions at 50 °C, conversions of
1-4% were observed at ratios of 1:3-1:15 (Fig. 4.1). These results support thermally induced
oxidation of the substrate.

Two other blank studies were conducted where no conversion was observed for both cases.
The first blank reaction contained the catalyst in the absence of oxidant, whilst the second
blank was conducted to test the stability of the internal standard, where the substrate was

omitted from the reaction mixture.
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43.1.1 Optimisation studies: time, temperature and n-octane to t-
BuOOH ratio for the Co systems

A time dependent study on the reaction was carried out, in which the reaction mixture was
refluxed at 80 °C for periods of 24 hours and 48 hours at the varying substrate to oxidant
ratios. Complex CV was used as a representative catalyst for this study. From the results in
Figs. 4.2 and 4.3, a 24 hour time period was chosen as the optimum time for the oxidation of
n-octane, since it gave the same conversion as seen over 48 hours. The highlight of the study
was associated with the high content of alcohols produced in comparison to the formation of
ketones. As time progressed, over-oxidation was evident after 48 hours, with a significantly
larger production of ketones and a noticeable decrease in the production of alcohols (Fig.
4.4). Moreover, a similar study conducted using flexible SNS systems in the oxidation of n-
octane produced ketones as the major product in 24 hours?, and this has also been a common

trend observed in literature.** 4

The formation of primarily alcohols may be attributed to the sterics of the ligand, where the
rigid systems containing stable pyridine rings are less accommodating to the binding
substrate due to a more compact coordination sphere. This makes the catalyst more selective,
rather than active, and can be viewed as a system which slows down the rate of over-

oxidation.

Investigating the effect of temperature on the system, a study using CV as a model catalyst
was carried out at 50 °C. From these results (Figs. 4.5 and 4.6), a high selectivity to alcohols

was found over 24 hours, however, the conversions observed were significantly lower.

Reactions with similar n-octane to t-BuOOH ratios (1:3, 1:6, 1:9, 1:12 and 1:15) used in the
blank studies were carried out with CV as the representative catalyst to establish the optimum
peroxide content. It can be noted from Fig. 4.1 that, initially, as the amount of oxidant in the
reaction mixture increases, so did the overall conversion. However, at higher n-octane to t-
BuOOH ratios of 1:20, a drop in conversion from 9% to 8% was observed and this was
attributed to the attack on the catalyst by the high content of peroxide in the system
(Appendix A4, Fig. A4.1). Also, from these findings, the catalyst was seen to withstand a
high concentration of oxidant (1:15) and this may be due the complex having pyridine rings
in the structure which are stable towards oxidative attack. The data presented shows that from

both the selectivity profiles and substrate conversion, the optimum reaction conditions for the
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Co catalysts appear to be a 1:15 substrate to oxidant ratio, at 80 °C within 24 hours. These
conditions were chosen to test the remaining catalysts. The active role of the catalyst is
further exemplified in the product distribution profiles between the catalyst CV and the blank
reaction at 80 °C with a 1:15 substrate to oxidant ratio, that implies that a parallel mechanism
may be occurring. Thus the catalyst produces alcohols that are then further oxidised,
relatively slowly, to produce ketones. In the absence of interaction with the catalyst, the rate
of over-oxidation caused by the peroxide, is uncontrolled and occurs rapidly to produce a
higher content of ketones than alcohols (Appendix A4, Fig. A4.2).

m50°C m80°C

Conversion (mol%)
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1:3 1:6 1:9 1:12 1:15
Octane:t-BuOOH

Figure 4.1: The total conversion of n-octane at varying substrate to oxidant ratios for the
blank reactions over 24 h at 50 °C and 80 °C.
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Figure 4.2: The total conversion of n-octane at 80 °C within 24 h and 48 h over CV.
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Figure 4.3: The selectivity profiles showing products formed over 24 h at 80 °C for CV.
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Figure 4.4: The selectivity profiles showing products formed over 48 h at 80 °C for CV.
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Figure 4.5: The total conversion of n-octane at 50 °C over 24 h and 48 h for CV.
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Figure 4.6 The product distribution profiles for CV over 24 h at 50 °C.

4.3.1.2 Catalytic testing of Co complexes CV-CVIII at the optimum

conditions

The production of isomeric C8 oxygenates (alcohols and ketones) through oxidation of n-
octane by t-BuOOH at carbon positions: C(1), C(2), C(3) and C(4) was catalysed by CV-
CVIII. The data is presented in Figs. 4.7 and 4.8 which show the total conversion obtained
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over each catalyst, as well as the product distribution profiles over 24 hours, respectively. It is
important to note that octane loss can occur although all reactions were carried out in a sealed
system. This was compensated for by calculating the total conversion based on the total
moles of product formed over the initial moles of n-octane, whilst the selectivity is reported
as the total moles of a particular product formed over the total moles of all products
produced. Both calculations were expressed as percentages. The individual selectivity

profiles of the cobalt catalysts are presented in Appendix A4, Fig. A4.3.

The information depicted in Fig 4.7 concisely illustrates that catalyst CVI was most active
with a total conversion of 10%. This confirms theoretical expectations for the conversion
over CVI, since the tert-butyl group on the central N-donor atom is expected to enhance the
activity of the catalyst. The activity is thus influenced by a steric and an electronic factor,
since the tert-butyl group is more electron donating and bulky. Reports have shown that an
increase in steric interactions promotes ligand dissociation from the metal centre and thus

enhances the reactivity of the metal.™

However, from the metric parameters presented in
Chapter three (metal-ligand bond strengths), ligand dissociation is unlikely to occur due to
tightly bound pyridyl rings to the metal centre. With regards to CV, the propyl substituent on
the central N-donor atom is less electron donating than the tert-butyl group on CVI and
therefore accounts for a recorded conversion of 8%. The least active catalyst, with a total
conversion of 7%, was complex CVIII and may be rationalised through the steric influences

of the catalyst on the conversion of n-octane.

12
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Figure 4.7: The total conversion of n-octane under the optimum conditions after 24 h for
catalysts CV-CVIII.



83

The lower conversions of catalysts CVII and CVIII (8% and 7%, respectively) relative to
CVI, are expected since the cyclohexyl and phenyl moieties (CVII and CVI1I, respectively)
are more sterically hindered than the tert-butyl group. Also, the introduction of these
substituents together with the rigid pyridyl rings of the ligand, introduce overall stability to
the catalysts. This reduces easy access to the metal centre and restricts binding of the
substrate, which may reduce the catalytic activity of the system compared to CVI. In
summary, an electronic effect is evident up to a point (catalyst CVI1), with steric effects
dominating thereafter (catalysts CVII and CVII1).
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Figure 4.8: The product distribution profiles under the optimum conditions over catalysts
CV-CVIII within 24 h.

Considering the product distribution of oxygenates formed in 24 hours, alcohols were found
to be the dominant oxygenates produced, with the exception over catalyst CVIII (Fig. 4.8).
The selectivities to alcohols were ca. 65-80% for catalysts CV-CVII with a low selectivity to
ketones up to ca. 20-30%. Catalysts CVI and CVII were most selective to the alcohol
products, whilst CVIIl1 was most selective to the ketones (70%). The trend in alcohol
formation may be attributed to a high concentration of alkyl hydroperoxides initially in the
reaction mixture which was reduced upon addition of the reducing agent, PPhs (a key step in
the quantification of oxygenates reported in literature).'® * A possible reason for the

pronounced selectivity to ketones for CVII1 may be due to the catalyst becoming inactive
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after 15 hours of reaction (Section 4.3.1.3, Fig. 4.16 of this report). This is supported by a
blank study carried out using 2-octanol as a substrate. The oxidant t-BuOOH, in the absence
of any catalyst, converted all of 2-octanol to 2-octanone between 6 and 9 hours of reaction.
This highlights the activity of the catalyst in controlling the selectivity during the initial
stages of the reaction and shows that the rate of over-oxidation (in the absence of a catalyst)
is fast. The rate constant of CVIII is 0.0154 s and shows that alcohols produced (until 15
hours of reaction) are more quickly over-oxidised to ketones than with CVII having a rate
constant of 0.01055 s, producing the most amount of alcohols and therefore a slower over-
oxidation process is seen. The production of 2-octanol in the cases of CV-CVII was

dominant, whilst 2-octanone was the predominant product formed for CVI1II.

The selectivity to the terminal products, which include 1-octanol, octanal and octanoic acid
showed no coherent trend over all the Co catalysts, since 1-octanol and octanoic acid were
only produced by CVIII (Fig. 4.9). This information suggests that CVIIl was the most
regioselective catalyst in the cobalt series with the ability to attack the terminal carbon atom.
Selectivity to trace amounts of 1-octanol was also observed in similar oxidation studies with
n-octane, in which activation of the C-H bond at the C(1) position in the hydrocarbon chain
using cobalt PNP and SNS pincer catalysts was observed, however, in those systems,
ketones were produced as the dominant products within 24 hours.> ** The 1-octanol to
octanoic acid ratio is 3:1, where the formation of octanoic acid likely occurred through
complete oxidation of octanal. Since the amount of octanoic acid is three times lower than
that of 1-octanol, it can be concluded that the rate of over-oxidation over CVI111 is rather slow

and possibly controlled through the catalyst.

The activation of the C(2) position of the hydrocarbon chain produced 2-octanol and 2-
octanone products for the cobalt catalysts as depicted in Fig. 4.10. This information shows
that CVI and CVII were most selective to the C(2) position, followed by CV, whilst over-
oxidation occurs at this carbon position for CVII1 where the highest selectivity to ketones is

observed.
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Figure 4.9: The selectivity to C(1) oxygenates produced over catalyst CVII1 within 24 h.
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Figure 4.10: The selectivity to C(2) oxygenates produced over catalysts CV-CVIII within
24 h,

To track the rate of secondary oxidation of alcohols to ketones, a study with 2-octanol as the
substrate was carried out over a 9 hour period, monitoring at 3 hour time intervals using CVI
as the representative catalyst, since it was shown to be the most active in the Co series. From
Fig. 4.11 it was evident that the production of ketones was relatively rapid, with the highest
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conversion of 2-octanol (96%) observed at the end of 9 hours. It can be further concluded that
although deeper oxidation occurs more quickly than n-octane activation (initiated within 3
hours), the rate at which it occurs in this study is still relatively slow, since at the end of 9
hours, some 2-octanol is still present in the system. To determine whether catalyst CVIII will
convert 2-octanol faster than CVI, a reaction was done under the same conditions as with
catalyst CVI. The results obtained show that the production of ketones occurs more slowly
compared to CVI, since a conversion of 80% (compared to 96% for CVI) was observed over
9 hours. This suggests that the overall nature of the catalyst, in this case the rigidity, plays an
important role in the rate of ketone production. Also, the rate of over-oxidation is slow during
the initial stages of the reaction and occurs faster nearing the optimum time as seen from the
time dependent studies shown later in this report. The blank study carried out further
highlights the activity of the catalyst, since all of 2-octanol was oxidised to 2-octanone within

9 hours of reaction in the absence of the catalyst.

100 -
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 -

Conversion (mol%)

. 6
Time (h)

Figure 4.11: The conversion of 2-octanol within 9 h over CVI.

Considering the selectivity at the C(3) position (Fig. 4.12), the highest selectivity (18%) to 3-
octanol was observed for catalysts CVI and CVII, with the lowest observed for catalyst
CVIII (5%). The trend in the activation of the C-H bond at the C(3) position over all
catalysts that produced a high amount of alcohols, may be attributed to the rigid nature of the

catalysts in controlling the process of deeper oxidation.
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The selectivity to C(3) oxygenates produced over catalysts CV-CVIII within

Activation at the C(4) position (Fig. 4.13) revealed that catalysts CVI and CVII gave the
highest selectivity to 4-octanol (22%), with the lowest observed for catalyst CVIII (6%).
Noteworthy is the increase in the amount of 4-octanol, produced with catalysts CV-CVII
from 3-octanol (Figs. 4.12 and 4.13).
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Figure 4.13: The selectivity to C(4) oxygenates produced over catalysts CV-CVIII within

24 h.
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The data presented in Table 4.2 represents the regioselective parameter C(1):C(2):C(3):C(4),
which provides information on the reactivity of the hydrogens at carbon positions 1, 2, 3 and
4 of the n-octane chain and are normalised by accounting for the number of hydrogens

present on each carbon atom.*

The information shown in Table 4.2 illustrates that catalysts CVI and CVII were the most
selective to the alcohol products with OH groups at the C(2), C(3) and C(4) positions,
compared to catalysts CV and CVII1 (entries 2 and 3). These catalysts were also significantly
selective at C(2). Regarding the production of ketones, a general trend in the selectivity at the
C(2), C(3) and C(4) positions was observed for all catalysts, with C(2) being the dominant
position of attack for CVIII. The total regioselective parameter for each catalyst shows that
all catalysts are selective to the C(2) position, which confirms that the hydrogens at this
position are more reactive, with C(1) being the least reactive position, which is in accordance
with literature reports.> ’ Furthermore, it is evident that CVII1 was the only catalyst which

showed selectivity at the C(1) position.

Table 4.2: Regioselectivity parameters C(1):C(2):C(3):C(4) in the oxidation of n-octane for
CV-CVIIL.

Entry Catalyst Alcohol Ketone Total®
C(1):C(2):C(3):C(4) C(2):C(3):C(4) cC():C(2:C(3):Cc(»
1 CcVv 0:1.8:1:1.3 1.8:1.8:1 0:1.5:1.1:1
2 CVi 0:2.1:1:1.2 1.8:2:1 0:1.7:1:1
3 CVII 0:2.1:1:1.2 1.3:1.7:1 0:1.6:1:1
4 CVIII 1.6:1:1.2:1.1 2.1:1.7:1 1:3.5:2.8:1.9

# The total regioselective parameter accounts for all products (octanones, octanols, octanal
and octanoic acid). All reactions were carried out at 80 °C with a catalyst loading of 1 mol%,
an octane to oxidant ratio of 1:15, cyclopentanone as the internal standard and a reaction time
of 24 hours.

In summary, the data presented shows that the C-H bond at the C(2) position is more reactive
than the C-H bond at the terminal position since it is the strongest bond in the linear chain

and is considered most difficult to cleave. Furthermore, the C(2) position is more sterically
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accessible with C(2) isomers favoured thermodynamically according to thermodynamic
calculations (AG).

4.3.1.3 Reaction rates and time dependent studies

In order to gain some mechanistic insight into the progress of the reaction within the
optimum time period (24 hours), a time dependent study was carried out on each reaction,
monitored at 3 hour time intervals. The information in Fig. 4.14 suggests that whilst CVI was
the most active catalyst, CVI11 was the least active at the end of 24 hours. From the data, it is
also evident that a steady increase in conversion is seen for the first 6 hours of the reactions

for all catalysts, which plateaus after 15 hours.
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Figure 4.14: A time dependent study for catalysts CV-CVIII under the optimum reaction
conditions.

The product distribution profiles of catalysts CV-CVII at specific time intervals reveals a
general trend in which alcohol formation is dominant at the end of the 24 hour period,
whereafter the formation of ketones is likely to take precedence through over-oxidation of
secondary alcohols. The data reported in Fig. 4.15 shows clearly that alcohols decrease over
time with a consequent increase in ketone formation. In the case of each catalyst (CV-CVII),

the rate at which products of deeper oxidation form is seen to be rather slow, especially in the
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case of CV, where products of over-oxidation are evident only after 9 hours of reaction (Fig.
4.15). This may be the effect of the catalyst limiting the production of ketones, which is
known to be an inevitable process in the production of oxygenates through over-oxidation of
the liner substrate. This effect can be further rationalised in the blank study (monitored over 3
hour time intervals) where the decrease in alcohol formation and increased formation in over-
oxidised products highlights the importance of the catalyst and its contribution in producing
alcohols in a relatively short space of time (Appendix A4, Fig. A4.4). Catalyst CVIII
deviates slightly from the trend observed with catalysts CV-CVI1, whereby the production of
ketones at the end of 24 hours is prevalent (Fig. 4.16), which can be attributed to the fast
reaction rate mentioned previously, although alcohols still dominate at 15 h. The remaining

selectivity profiles for the other catalysts can be found in Appendix A4, Figs. A4.5 and A4.6.
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Figure 4.15: The product distribution profiles for CV over 3 h time intervals at 80 °C.
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Figure 4.16: The product distribution profiles for CVI11 over 3 h time intervals at 80 °C.

The turn over number (TON) results presented in Table 4.3 summarise the efficiency of each
catalytic system over a 15 hour period. Catalyst CVI was the most efficient system with a
TON of 10.2 with the least efficient being CVI111I with a TON of 7.2. This implies that CVI
produced the highest amount of product per unit mole of catalyst. Reports have shown Co
systems, with t-BUOOH as the oxidant, to exhibit TONSs in the mid-teens.'® This shows that
although there are rare reports on Co systems applied in the oxidation of hydrocarbons, this
study shows promise for the development of Co systems by manipulating the substituents of

the coordinated ligand to obtain higher catalytic activity and efficiency.

Table 4.3: The turn over numbers (TON) calculated for catalysts CV-CVI11 over 15 hours.

Catalyst TON?
CcVv 8.0
CVI 10.2
CVii 8.1

CVill 7.2

*TON = moles total products (mol)/moles of catalyst (mol)

Investigating the initial rates of the reaction, using CVII and CVIII, the concentration of n-

octane was seen to decrease linearly with time. Previous studies in hydrocarbon oxidation
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have shown that constant conversion over time indicates a first order reaction with respect to
the hydrocarbon.®® Thus, to determine the rate of the reaction, a plot of In of the concentration
of n-octane against time (intervals 3-9 hours) was carried out (Fig. 4.17). The straight line
obtained shows that the reaction order is one, in accordance with literature. The calculated
rate constant was found to be 0.0154 mol dm™ (purple line). It was found that among the Co
series, CVII produced the most amounts of alcohols in 24 hours and the calculated rate
constant of 0.0105 mol dm™ (blue line) showed that this catalyst produced alcohols more
slowly compared to RIII (rate constant of 0.0264 mol dm™ shown later). This is expected

since Ru is proposed as a more reactive metal than Co.
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Figure 4.17: A plot of n-octane oxidation catalysed by CVII and CVII11 with respect to time.
4314 Radical scavenging and mechanism

From another perspective, TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) is considered an
efficient mediator in the oxidation of alcohols.’*%* Hence, its cooperative action as a radical
scavenger with the most active Co catalyst in this work, CVI, in the peroxidative oxidation of
the alcohols to ketones, was worth investigating. Also, this might give further insight into the

mechanistic pathway followed in the production of oxygenates from n-octane.

It was noted that at the end of 24 hours, the reaction (monitored at 3 hour time intervals for 9

hours) with the addition of TEMPO at five times the mol ratio of n-octane, was hindered as
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there was a drop in conversion from 6% to 4% (within the first 3 hours) at a 1:12 substrate to
oxidant ratio. This drop in conversion was associated solely to the activity of the radical
scavenger, since a thorough investigation (without addition of TEMPO) on the progress of
these reactions show that the catalysts do not deactivate over time. Reports have shown that a
decrease in yield is related to the addition of the nitroxyl radical to the reaction system
containing the catalyst.?® When a radical trap (TEMPO) is added to the system, it reacts with
t-BuOe¢ and t-BuOOe radicals generated from t-BuOOH to form peroxides 1 and 2 according
to the mechanism shown in Scheme 4.2. Studies have also shown that the abstraction of
hydrogen atoms from alcohols as well as the production of the oxoammonium cation 3
through the oxidation of nitroxides, both occur via the presence of hydroxyl radicals. %
Furthermore, the selectivity profiles are different with the added TEMPO, where ketones
dominate over time and this is expected since the oxoammonium cation 3 is considered an
oxidant. This further confirms the reaction between TEMPO and the generated t-BuOe

radicals produced upon reaction of the catalyst with t-BuOOH.
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Scheme 4.2: Oxidation of TEMPO via t-BuO-+ and OHe radicals.

The observed colour change of the reaction mixture (without TEMPO) from pink to dark
green, indicates the oxidation of Co(ll) to Co(lll) that ultimately forms a Co(lll)-OOR
species.?® This Co(l11)-alkylperoxide intermediate is considered crucial in the production of
radicals and the decomposition of alkyl hydroperoxides.”>?’ Other studies have also shown
specific Co systems to promote the decomposition of t-BuOOH to generate t-BuOe+ and t-
BuOO- radicals.®®3! A proposed mechanistic pathway in the oxidation of hydrocarbons by
the Co-NNN-t-BuOOH system is presented in Scheme 4.3.

The initiation step involves the generation of the t-BuO- radical upon reduction of t-BuOOH
via the Co®*(NNN) catalyst (eq 1). The produced Co**-hydroxo species can further react with
t-BUOOH to produce Co>*(NNN)(OOBu-t) and water (eq 2). The generated t-BuOO- radical
upon decomposition of Co**(NNN)(OOBu-t) (eq 3) further decomposes to yield t-BuOs, (the
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more reactive radical species) and oxygen (eq 4). The reactive radical species then abstracts a
hydrogen from the hydrocarbon substrate (RH) to produce Re radicals (eq 5). Reaction of the
Re radical with oxygen produces peroxo radicals ROOe (eq 6) that can subsequently lead to
the production of the alkyl hydroperoxide, ROOH (eq 7). The production of the RO« radical
upon the reaction between the Co*(NNN) species and ROOH (eq 8) abstracts a hydrogen
from the alkane (n-octane) to give rise to the alcohols and more Re radicals (eq 9). This
mechanism is postulated for catalysts CV-CVII, where predominantly alcohols are produced.
For catalyst CVIII1, where over-oxidation is evident over 24 hours, the peroxo radical, ROO*
can either decompose to produce alcohols and ketones (eq 10) or it can undergo a mixed
bimolecular Russel termination to produce more ketones and t-BuOH (eq 11), thus
accounting for the increased selectivity to ketones. Furthermore, an increased production in
ketones (eq 12) is possible through over-oxidation of secondary alcohols catalysed by

Co?*(NNN) species, especially for catalyst CVIII.

Co”"(NNN) + -BuOOH —— > Co’ (NNN)(OH) + #-BuOs* 1
Co’*(NNN)(OH) + --BuOOH ——— Co’ (NNN)(OOBu-7) + H,0 2
Co’" (NNN)(OOBu-f) ———» Co’" (NNN) + #-BuOOs 3
t-Bu0OOs — +BuO*+% 0O, 4
-BuO*+ RH ——» R+ +-BuOH 5
Re+0, — ROO- 6
ROO++RH ———» ROOH +Re 7
Co”* (NNN)+ ROOH ———» Co’"(NNN)(OH) + RO» 8
RO*+RH ——» ROH +Re 9
2ROOs ———*, ROH+R-4=0 + O, 10
ROOs + -Bu0Os ——————*, R.y=0 + -BuOH + O, 1
ROH + -BuOOH —— Ry=0 12

Scheme 4.3: Proposed mechanistic steps in the oxidation of n-octane catalysed by Co-NNN-
t-BuOOH systems CV-CVII and CVIII.
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4.3.2 The oxidation of n-octane using H,O, as the oxidant

The oxidation of n-octane was also investigated with H,O, as the oxidant under the same
reaction conditions used for ~BuOOH. Hydrogen peroxide is a common 0xygen source in
hydrocarbon oxidations and is advantageous in that it produces no waste and is therefore
economical and environmentally friendly.® 8 323 The oxidation of n-octane with H,0, was
carried out under the optimised reaction conditions established using ~-BuOOH, with CVI as
the representative catalyst, chosen on the basis of it being the most active catalyst in the

presence of --BuOOH.

A comparison of the blank reaction (no catalyst) with those in the presence of the catalyst
shows that this oxidant was more effective than ~-BuOOH, giving a total conversion of 20%
vs. 8% with ~-BuOOH, at a substrate to oxidant ratio of 1:15 (Fig. 4.18). From this trend, the
remaining Co catalysts were tested, where CVII showed to be the most active catalyst in the
series, giving a total conversion of 23%. The least active catalyst, CVIII, gave a conversion
of 6% and this lower catalytic activity compared to the other Co catalysts, may be due to the
bulky nature of the catalyst, since CV-CVII has aliphatic substituents on the central N-donor
atom that can freely rotate and thus create more access to the metal. Moreover, the product
distribution profiles over all catalysts show that in 24 hours, predominantly alcohols are
produced with little formation of ketone products (Fig 4.19), consistent with the trend

observed for -BuOOH.

The improved efficiency of the systems in H,O, might be associated to an increased total
volume of water compared to ~-BuOOH. These findings relate to previous reports that show
the promoting effect of water in a catalytic system on the product yield.*® 3 * Also, the
water in H,O, solutions has been proposed to be directly involved in the generation of
hydroxyl radicals.®® *" The increased alcohol formation can then be attributed to the
decomposition of a high concentration of alkyl hydroperoxides produced, according to the
mechanism in Section 4.1 of this report. Furthermore, over-oxidation to produce ketones,
which is expected with a high content of peroxide, is hindered due to the high content of

water in the system.

Since H,0, is known to decompose over long reaction times and at high temperatures,
quantification of this oxidant at the end of the reaction for CVI shows that despite being
largely consumed in the reaction (from 0.05 mol initially to 1.3 x 10™* mol), there is still

availability of this oxidant at the end of 24 hours. Furthermore, quantification of the blank
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reaction at the end of 24 hours shows that 8.9 x 10 mol are still available from the initial
mols of peroxide (0.05 mol) at the end of 24 hours, which emphasises the role of the catalyst

and that of the oxidant in producing isomeric oxygenates.

Further investigation into this oxidant at various substrate to oxidant ratios, as well as
temperature effects on the conversion and selectivity, are currently underway. From this a

comparative study to ~-BuOOH will be done.
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Figure 4.18: The total conversion of n-octane with H,O, at 80 °C over 24 h for CV-CVIII.

@Blank mCV mCVI mCVII mCVlll

N W W b
o1 O o1 O
J

-
(€]

(BN
o

Selectivity (mol%o)
N
o

(6]

o

2-octanol 3-octanol 4-octanol 2-octanone 3-octanone 4-octanone

Figure 4.19: The selectivity profile showing products formed over 24 h at 80 °C with H,0,
for CV-CVIII.



97

4.3.3 Optimisation studies: time, temperature and n-octane to t-BuOOH

ratio for the Ru systems

Studies investigating the time dependence of reactions catalysed by RI as the representative
catalyst, were carried out using substrate to oxidant ratios of 1:3, 1:6, 1:9, 1:12 and 1:15 over
24 hour and 48 hour time intervals. The optimum time period was chosen based on the
conversion of n-octane and the product distribution achieved over both time periods. Fig.
4.20 shows a linear increase in conversion at the varying substrate to oxidant ratios with the
highest conversion observed over 48 hours at 13%, however, the selectivity profiles (Fig.
4.21 and Fig. 4.22) shows that over-oxidation of secondary alcohols becomes prevalent from
24 hours to 48 hours. There is less deeper oxidation within the first 24 hours, where a larger
content of alcohols is seen which decreases as time proceeds (48 hours). This effect was also
observed in the Co series, however, Ru seems to be more active in catalysing the over-
oxidation of the substrate, producing more ketones. For these reasons, 24 hours was chosen

as the optimum reaction time.
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Figure 4.20: The total conversion of n-octane at 80 °C within 24 h and 48 h over RI.

The rationale for the Ru catalysts being more active than the Co catalysts and slightly more
selective to ketone production in 24 hours, was attributed to the ligand pattern on the Ru

catalysts. The benzene ring in the structure is capable of dissociating from the metal and thus
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allows for easier binding of the substrate to the metal centre. This supports the observed
higher conversions and rate of over-oxidation. Furthermore, due to enhanced access to the
metal centre, the control over selectivity is reduced and thus accounts for a larger production
of ketones.

Concerning the optimum substrate to oxidant ratio, the rate at which over-oxidation takes
place, i.e. the rate at which the alcohol products are over oxidised to produce ketones, as well
as the activity of the catalyst within 24 hours, were considered. Apart from these factors, a
peroxide mol content of twelve times more than that of the substrate was chosen as the
optimum ratio, since there was a negligible increase in the conversion of n-octane observed at
the 1:15 substrate to oxidant ratio (Fig. 4.20).
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Figure 4.21: The selectivity profiles showing products formed over 24 h at 80 °C for RI.
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Figure 4.22: The selectivity profiles showing products formed over 48 h at 80 °C for RI.

The effect of temperature on the system was investigated using RI as a model catalyst at 50
°C and at room temperature. The conversions at room temperature and at 50 °C were 4% and
7% respectively (Fig. 4.23), further heating to 80 °C, as the optimum temperature, gave the
highest conversion of 9% within 24 hours. The data in Fig. 4.24 shows that alcohols and
ketones were produced at ambient temperature at almost at an equivalent ratio, with ketone
products becoming more dominant at higher temperatures (50 °C and 80 °C).
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Figure 4.23: The total conversion of n-octane at room temperature and 50 °C over 24 h for
RI.
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Figure 4.24: The product distribution profiles for Rl at room temperature and 50 °C over
24 h.

4331 Catalytic testing of Ru complexes RI-RIV at the optimum
conditions

The oxidation of n-octane by t-BuOOH to produce isomeric oxygenates, i.e. alcohols,
ketones, aldehydes and octanoic acid, were carried out with catalysts RI-RIV. The
conversions obtained for each catalyst are reported in Fig. 4.25, with the selectivity profile
showing the product distribution over 24 hours presented in Fig. 4.26. The information in Fig.
4.25 shows that catalysts RIl and RIV exhibit the highest reactivities with a conversion of
12% at the end of 24 hours, whilst RI11 was the least active, with a conversion of 7%. The
rationale behind the observed trends is the same for the Co series, except for catalyst RIV
which deviates from the expected lower conversion of n-octane. This is due to the bidentate
catalyst (RIV) having a more accessible metal centre than the tridentate Ru catalysts (RI-
RI1I1), thus allowing for greater access to the metal for the substrate to bind compared to Rl,
RII and RIII.
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Figure 4.25: The total conversion of n-octane under the optimum conditions for catalysts RI-
RIV within 24 h.

Fig. 4.26 depicts the product profile over each Ru catalyst in 24 hours, where an equivalent
ratio of alcohols and ketones are formed in each case. This is associated to the
aforementioned activity of Ru in which the over-oxidation process occurs relatively quickly
as compared to the Co systems, where a large content of alcohols was produced. The
selectivities to alcohols for catalysts Rl and RIV were ca. 10-20%, whilst the highest
production of alcohols was observed for catalysts RIl and RIII, ca. 35-45%. The high
concentration of ketones formed over catalysts Rl and RIV may be attributed to ligand
flexibility and the bidentate nature of RIV, respectively. In the case of RI, the free rotation of
the propyl group may allow for improved accommodation of the substrate, which in turn
offers less control over the selectivity, hence a high production of ketones within 24 hours is
observed. With catalyst RIV, the cleavage of the benzene ring together with the bidentate
nature of the catalyst, allows for enhanced access to the metal centre, which relates to the
observed elevated production of ketones. The steric influences of catalysts RIl and RI1I are
responsible for the high content of alcohols produced within 24 hours and therefore these
catalysts are seen to offer more control over the selectivity than in the cases with catalysts RI
and RIV. Furthermore, RII and RII1 were the only catalysts among the Ru series in which
alkyl hydroperoxides were produced (evident from the exothermic reaction), which were
successfully reduced with PPhs.** * The individual selectivity profiles of each catalyst can be
found in Appendix A4, Fig. A4.7.
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Figure 4.26: The product distribution profiles under the optimum conditions for catalysts RI-
RIV within 24 h.

The activation of the terminal hydrocarbon, C(1), was successful with catalysts RI-R111 over
which 1-octanol and octanoic acid were produced in 24 hours (Fig. 4.27). This suggests that
the activation of this carbon position is ultimately associated to the high activity displayed by
the Ru, since the C-H bond at the terminal position is the strongest in the hydrocarbon chain
and considered the most difficult to cleave. It has also been well documented that catalytic
intermediates controlled by free energies of activation can be selective and therefore C-H
bond cleavage can be achieved if the system is sufficiently reactive to cleave a strong bond,

in this case with the reactive Ru.*&*°

The over-oxidation of 1-octanol to octanoic acid is likely very fast since no octanal was seen
in the product. The rate of over-oxidation is further exemplified by the amount of octanoic

acid produced which is twice the ratio of 1-octanol.
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Figure 4.27: The selectivity to C(1) oxygenates produced over catalysts RI-RI11 within 24 h.

Fig. 4.28 shows the activation at the C(2) position by all Ru catalysts which are
predominantly selective to ketones. This information further illustrates that compared to the
activation at the C(3) and C(4) positions (shown later), all catalysts are most selective to the
C(2) position, giving predominantly ketones as a result of the increased rate of over-oxidation
of the alcohols.
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Figure 4.28: The selectivity to C(2) oxygenates produced over catalysts RI-RIV within 24 h.
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The activity of the Ru complexes was further highlighted when a study was done on the rate
of sequential over-oxidation using 2-octanol as the substrate instead of n-octane and RII as
the representative catalyst. Results of this study showed that within the first three hours, all of
2-octanol was converted to the ketone. From this study, the rate of over-oxidation can firmly
be attributed to the much higher reactivity of the Ru metal compared to the Co series, where
over-oxidation occurred much more slowly over a period of 9 hours giving a total conversion
of 96%.

The selectivity at the C(3) position (Fig. 4.29), shows that catalyst RIV gave the highest
selectivity to 3-octanone (32%), with the lowest observed for catalyst RIl (21%). Catalyst
RIV showed the highest degree of over-oxidation. This trend was earlier attributed to the
flexibility of RI and a greater accessible metal centre with RIV, where both these catalysts

are more active than selective.

Activation at the C(4) position (Fig. 4.30) revealed that catalysts Rl and RIV gave the
highest selectivity to 4-octanone (14% and 17%, respectively). Catalyst RIl was the least
selective to 4-octanone giving a selectivity of 10%. These trends further show that RIV gave

the lowest selectivity to the alcohol products within 24 hours.
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Figure 4.29: The selectivity to C(3) oxygenates produced over catalysts RI-RIV within 24 h.
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Figure 4.30: The selectivity to C(4) oxygenates produced over catalysts RI-RIV within 24 h.

Table 4.4 illustrates the regioselective parameter C(1):C(2):C(3):C(4) for all Ru catalysts.
The information shows that catalyst RI11 was most selective to the alcohol products at the
C(1), C(2), C(3) and C(4) positions (entry 2) compared to catalysts RI, Rl and RIV (entries
1, 2 and 4), where the lowest selectivity towards alcohols was observed for RIV (entry 4).
Regarding the selectivity to ketones, a general trend was observed at the C(2), C(3) and C(4)
positions among all catalysts, namely C(2) that was the dominant position of attack as this
carbon position is more susceptible to oxidation compared to C(1) and according to
thermodynamic calculations (AG), this gives the most stable product, thermodynamically.**

Table 4.4: Regioselectivity parameters C(1):C(2):C(3):C(4) in the oxidation of n-octane for
RI-RIV.

Entry Catalyst Alcohol Ketone Total®
C(1):C(2):C(3):C(4) C(2):C(3):C(4) C(1):C(2):C(3):C(1)
1 RI 1:7.5:3.3:5 1.2:1:1 1:10.8:8:5
2 RII 1:10:4.5:6 2.3:2.1:1 1:10.8:7.5:5.5
3 RIII 1:15:6.7:7.5 2.1:2:1 1:10.8:8:5.3
4 RIV 0:1.3:1:1 2.2:1.9:11 0:2:1.7:1

 The total regioselective parameter accounts for all products (octanones, octanols, octanal
and octanoic acid). All reactions were carried out at 80 °C with a catalyst loading of 1 mol%,
an octane to oxidant ratio of 1:12, cyclopentanone as the internal standard and a reaction time
of 24 hours.
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4.3.3.2 Reaction rates and time dependent studies

The activity of each Ru catalyst was monitored over 24 hours at 3 hour time intervals in order
to gain further insight on the progress of the reactions (Fig. 4.31). All catalysts were very
active over the initial 6 hour period where RIl and RIV were observed to be more reactive
than catalysts Rl and RIIl. Most reactions were almost complete after approximately 12
hours, which compared to the time-dependant studies carried out on the Co catalysts, where
essentially complete reactions were reached within 15 hours. This implies that the Ru
catalysts are highly reactive only for a short period of time and therefore the efficiency of

each system can be judged within the first 12 hours of the reaction.
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Figure 4.31: A time dependent study for catalysts RI-RIV under the optimum reaction

conditions.

Regarding the production of isomeric oxygenates over 3 hour intervals for each catalyst, a
general trend was observed where the C(2) position was the dominant position of attack (Fig.
4.32). For catalysts RI-RIII, 2-octanol was largely produced up to 15 hours. As time
proceeded, the selectivity to alcohols, resulting from the activation of the C(2), C(3) and C(4)

positions of the hydrocarbon chain, decreased. This suggested that a parallel mechanism was
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involved in which each of the catalysts were responsible for the initial production of alcohols
that subsequently over oxidised to produce ketone products, which was noted to be
significantly more pronounced after 24 hours. An exception to this trend was noted for RIV,
where substantial selectivity to ketones, through activation of the C(2), C(3) and C(4)
positions, was observed from the initial 3 hour period through to 24 hours and may be
attributed to RIV being a catalyst with a bidentate ligand giving greater accessibility to the
metal compared to RI, R1I and RI11 (pincer complexes), thus decreasing the steric influences
of the catalyst on the conversion and selectivity to oxygenates (Fig. 4.33). Furthermore, the
dominant position of attack was the C(2) position, as noted with the other catalysts. Other Ru

catalyst selectivity profiles can be found in Appendix A4, Figs. A4.8 and A4.9.
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Figure 4.32: The product distribution profiles for Rl over 3 h time intervals at 80 °C.
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Figure 4.33: The product distribution profiles for RIV over 3 h time intervals at 80 °C.

Since all reactions catalysed by the Ru catalysts were essentially complete within the first 12
hours (from the time-dependent study carried out), the efficiency of each system was
analysed based on their turn over numbers at this time period. The results presented in Table
4.5 show that RIV was the most active catalyst with a TON of 12.6 followed by RII with a
TON of 11.1, whilst Rl and RIIl were the least active having a TON of 8.2. Since the
activities of the Ru and Co catalysts, at the 1:12 (Ru) and 1:15 (Co) substrate to oxidant ratios

are essentially the same, except for catalysts R1V, the expected TONSs should be similar.

Table 4.5: The turn over numbers (TON) calculated for catalysts RI-RIV over 12 hours.

Catalyst TON?
RI 8.2
RII 11.1
RII 8.2
RIV 12.6

*TON = moles total products (mol)/moles of catalyst (mol)

A calculation of the initial rates of the reaction using RIV as a model system shows that each
reaction proceeds through first order kinetics. The rate constant of 0.0422 mol dm™ calculated
further indicates that, like with Co, these reactions proceed quickly initially (from the steep

slope of the graph of Fig. 4.34 (purple line). It was also found that RIV is four times more
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reactive than CVII1 within 9 hours into the reaction. Thus, from this study, Ru proves to be a
better metal in that it gives greater conversion in less time, having a faster reaction rate
relative to Co. However, the alcohol selectivity is lower with the same rationale mentioned

earlier.
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Figure 4.34: A plot of n-octane oxidation catalysed by RI11 and RIV with respect to time.

Whilst CVIII and RIV produce the most amounts of ketones, it was worth investigating the
rates of the catalysts that are selective to predominantly alcohols. It is noted that within the
first 9 hours of the reaction for catalyst RIII, and a rate constant of 0.0264 mol dm™
(represented by the blue line), alcohols are produced rather slowly than in the case with R1V,

and this is expected due to the steric effect of RIII.
4.3.3.3 Radical scavenging and mechanism

To gain further understanding into the mechanistic pathway followed in the production of
oxygenates from n-octane, the radical scavenger TEMPO was employed. As mentioned
earlier, this radical scavenger is considered efficient in the oxidation of alcohols. Therefore, a
study done at the optimum conditions, using RIl as a model catalyst with added TEMPO,
produced predominantly ketones due to the formation of the oxoammonium cation which is

also an oxidant.



110

The observation at the end of 24 hours concisely confirmed that a radical mechanism may
have been involved since the reaction was significantly hindered upon addition of five
equivalents of the radical scavenger relative to the substrate. Thus, the conversion after 24
hours was half the conversion found where TEMPO was omitted in the reaction. This drop in
conversion from 12% to 4% was associated solely to the activity of the radical scavenging
ability of TEMPO and this trend is consistent with reports that relate a decrease in yield to the

addition of a nitroxyl radical from TEMPO in the reaction system containing the catalyst.”®

The proposed mechanism for the oxidation of n-octane catalysed by the Ru NNN catalysts is
outlined below, where two pathways, A and B, are considered possible according to
Muruhashi et al*®. The ruthenium complex 1, Ru?*(NNN) reacts with t-BuOOH to produce an
alkylperoxo-ruthenium(Il) complex, 2. This complex then provides an oxo-ruthenium(IV)
species, 3, through homolytic cleavage of the O-O bond in the alkylperoxo-ruthenium(ll)
complex. Abstraction of a hydrogen atom from the hydrocarbon via the oxo-ruthenium(IV)
species gives a Ru**OHRe radical. The catalytic cycle becomes complete upon transfer of the
hydroxy ligand to the Re radical which affords the alcohol, ROH and the Ru?*(NNN) species.

Further oxidation of the secondary alcohols results in the corresponding ketones.

When the Re radical (4) has a low oxidation potential, fast single electron transfer takes place
to give cation 5 (pathway B). This cation reacts with a second molecule of t-BuOOH to give

the corresponding tert-butyldioxy product and water.

Ru?*(NNN)
11 t-BuOOH

tBUOd + H,O

t-BuOOH H+ H+ -BuOH
Ru’“(NNN) Ruz*(NNN)-OO-t-Bu ;4 Ru“"”(NNN)mO
2 3
ROO-t-Bu R-H
+ H20
t-BuOOH

path B Ru(NNN)-OH R'|

4

| Ru®*(NNN)-OH R* [
5

Scheme 4.4: A plausible mechanism in the oxidation of n-octane catalysed by RI-RIV with
t-BuOOH.
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4.3.3.4 The oxidation of n-octane using H,0O, as the oxidant

An investigation into the oxidation of n-octane, using H,O, as the oxidant, was also carried
out under the initial optimised conditions established with the Ru series using RII as the

representative catalyst.

Comparing the results based on the blank reaction to the one in the presence of the catalyst
under optimum conditions (1:12 substrate to oxidant ratio at 80 °C over 24 hours), showed
promising results. These results further highlighted the role of the catalyst under the subjected
reaction conditions in which a total conversion of 23% was achieved in 24 hours (Fig. 4.35).
Catalytic testing of the remaining catalysts show that complex RIV was least active in the
conversion of n-octane giving a total conversion of 7% at the end of 24 hours, with the
rationale consistent to the catalyst being more prone to peroxidative attack, due to a less
sterically hindered catalyst. The product distribution profiles (Fig. 4.36) show a large
formation of alcohols in 24 hours with very little selectivity to ketones, which may be due to
a lower content of peroxide (1:12) used in this system (Ru/H,O,) compared to 1:15 for the
Co/H,0; system that produced higher amounts of ketone products. Overall, the high yield of
oxygenates by catalysts RI-RIII may be associated to the aforementioned promoting effect of
water in the system, apart from the reactivity displayed by the Ru catalyst, which originates
from the amount of peroxide added, since water makes up 70% of the total volume of

183435 The quantification of H,0 at the end of the reaction proved that a

hydrogen peroxide.
substantial amount was indeed consumed to produce the various oxygenates, with an amount
of 8.3 x 10 mol remaining compared to the starting amount of 0.04 mol. The blank reaction
showed a lower consumption of H,O, (from 0.05 mol to 7.2 x 10”° mol) which is indeed

expected in the absence of the catalyst.
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Figure 4.35: The total conversion of n-octane with H,O, at 80 °C over 24 h for RI-RIV.
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Figure 4.36: The selectivity profiles showing products formed over 24 h at 80 °C with H,0,

for RI-RIV.

Since predominantly alcohols are produced in the reaction involving n-octane and H,O,, a

plausible mechanism is outlined in Scheme 4.5 where the Ru®"(NNN) catalyst (1) reacts with

HOO' to produce the Ru**OOH species (2) which then provides the oxo-ruthenium(IV)
species (3), through cleavage of the OH bond. The Ru**OHRe radical (4) is formed through

abstraction of the hydrogen atom from n-octane, via the oxo-ruthenium(IV) species. Transfer
of the hydroxy ligand to the Re radical affords the alcohol, ROH and the Ru?*(NNN) species,

thus completing the cycle. Since alcohols are also formed largely through reaction of the Co
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series of catalysts with n-octane, this mechanism can also be proposed in the oxidation with

H,0, catalysed by Co.

HgOz + OH
H,0
Ru?*(NNN) mJjQQ,;,, Ru?*(NNN)(OOH) — OH o Ru**(NNN)=0
1 2 3
R-H
R-OH

Ru**(NNN)-OH R*
4
Scheme 4.5: A plausible mechanism in the oxidation of n-octane catalysed by RI-RIV with

H,0,.
4.3.4 Recovery of catalysts Rl and CV

Catalysts Rl and CV were successfully recovered from the reaction solution. IR spectroscopy
showed noticeable peak shifts between the fresh catalyst and those of the recovered catalyst
CV (Fig. 4.37). However, catalyst Rl shows no significant peak shifts in the IR spectrum
(Fig. 4.38). Nonetheless, analysis of the NMR spectrum shows cleavage of the benzene
moiety which was originally bound to the Ru metal (Fig. 4.39). This proves that a vacant site
was created during the catalysis and subsequent binding of the substrate possibly occurred at

this position, accounting for the enhanced reactivities of the Ru catalysts over the Co systems.
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Figure 4.37: IR spectrum of the fresh and recovered catalyst, CV.
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Figure 4.38: IR spectrum of the fresh and recovered catalyst, RI.
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Figure 4.39: NMR spectrum of the recovered catalyst, RI.
4.4  Summary

Catalysts RI-CVII1 were studied in the oxidation of n-octane using t-BuOOH and H,0, as
two sources of oxygen. Optimisation using t-BuOOH as the oxidant and CV as a model
system for the Co series, showed that a substrate to oxidant mole ratio of 1:15 at a
temperature of 80 °C within 24 hours gave best conversion. Optimisation studies were also
carried out using RI as a representative system, where similar optimum conditions were

found as established with Co, with an exception to the substrate to oxidant mole ratio (1:12).

In the case of t-BuOOH as the oxidant, all Co catalysts were dominantly selective to alcohol
formation within 24 hours, with selectivities of ca. 65-80% for catalysts CV-CVII, whilst
CVIII was most selective to ketones (70%). It was found that predominantly ketones were
produced in 24 hours for all Ru catalysts, however, Rl and RIV where more selective to
ketones than the other catalysts, which may be attributed to the catalyst’s ligand flexibility
and bidentate nature of RIV, respectively. Catalysts RI-RI1l and CV were the only systems
that were reactive enough to catalyse the activation of the terminal carbon position. In all
catalytic systems, the C(2) position of the hydrocarbon chain was the most reactive, where
primarily 2-octanol was formed for the Co systems, while 2-octanone was produced for the

Ru catalysts.
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Both the Co and Ru catalysts with tert-butyl and phenyl backbones respectively (CVI and
RI1V) exhibited the highest activity with TONs of 10.2 (10% conversion) and 12.6 (12%
conversion). The catalysts that were least efficient where those with a propyl and cyclohexyl
substituent on the central N-donor atom of the Co and Ru systems, respectively, with TONs
of 7.2 and 8.2. Both systems gave a conversion of 7%. The time-dependent studies of the Co
and Ru catalysts show that Co is active over longer periods giving increasing conversions up
to 15 hours, compared to Ru, that exhibits high reactivity during the initial hours of the
reaction (6 hours). The recovery of catalysts Rl and CV was successful and characterisation
techniques (IR and NMR) show that both catalysts were modified during the catalytic testing.
However, the state in which both the catalysts exist needs to be further analysed through their

respective single crystal data.

It was also concluded that H,O, showed to be a more efficient oxidant than t-BuOOH since
activities were displayed in the mid-teens up to the 20’s for all Co and Ru catalysts with
aliphatic substituents on the central N-donor atom. Further investigation will be done using
this oxidant in order to examine the effect of the behaviour of the catalysts in converting n-

octane when varying the substrate to oxidant ratios.
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Chapter Five

Conclusion

The preparation of a set of NNN-pyridine based pincer ligands with varying amine backbones
comprising of aliphatic and aromatic substituents, was achieved. These ligands were
characterised using NMR, IR and MS and were successfully complexed to Ru and Co metal
precursors. The formation of these complexes were confirmed through characterisation
techniques, including NMR (for Ru compounds), IR, MS, melting point and elemental
analyses that proved the purity of all synthesised complexes. Single crystal XRD confirmed
the formation of pincer complexes in the cases of RI-RIIlI and CV, in which the ligand

coordinated in a terdentate fashion to the metal centre.

Catalytic testing was carried out with complexes RI-CVIII using two oxidants, viz. tert-
butylhydroperoxide and hydrogen peroxide, and n-octane as the linear paraffinic substrate.
The results show that both oxidants hold promise in the C-H activation of the substrate. Using
t-BuOOH, the most active catalysts were RIV and CVI with conversions of 12% and 10%
observed for both systems, respectively. The use of H,O, was also investigated under the
established optimised conditions (using t-BuOOH as the oxidant) and complexes RI-CVIII
were tested in the oxidation of n-octane. The results show that all systems (except RIV and
CVIII) were highly active in the oxidation of n-octane with H,O, forming more alcohols
within 24 hours (compared to t-BuOOH) due to the promoting effect of water. Catalysts RII
and CVII showed the highest activity which was attributed to an electronic effect and ligand

flexibility, respectively.

In the case of t-BuOOH as the oxidant and a substrate to oxidant ratio of 1:15, the selectivity
profiles of the Co catalysts show that CV-CVIII are highly selective to alcohols, while
CVIII is more selective to ketones. The effect was rationalised through the steric and
electronic influences of the ligand (CVI), where the overall steric bulk of the catalysts made
each complex more selective rather than more reactive. From the regioselective parameters
and a substrate to oxidant ratio of 1:12, the Ru complexes were more selective to ketones
with 2-octanone predominantly formed. However, 2-octanol was the dominant product
observed for the Co systems. Also, selectivity to 1-octanol was only observed for the Ru

catalysts. Time-dependent studies reveal that over oxidation is more prominent with Ru than
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with Co. Also, the initial rates of the reactions catalysed by RIV and CVIII (producing the
highest concentration of ketones) were higher than RIIl and CVII which produced the

highest content of alcohols within 24 hours.

Recovery of catalysts Rl and CV was successful and was proven through IR and NMR
characterisation techniques, which showed that both catalysts were altered during the
catalytic testing and may still hold promise in conducting recyclability reactions using each

system.

It can be generally concluded that the main objective of the study was achieved, where the
proposed catalysts were successful synthesised and characterised. Furthermore, the oxidation
of n-octane using t-BuOOH and H,0, was successfully achieved using Ru and Co NNN
systems, and showed promising results despite their rigid nature. Finally, Ru showed to be
more reactive than Co, where over-oxidation was more prominent and reactions reached
completion faster. Reactions catalysed by the Ru and Co complexes using t-BuOOH and

H,0,, were also shown to proceed via radical mechanisms.
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Supporting information

The supporting information accompanying this dissertation includes full spectroscopic data
(*H NMR, *C NMR, *C DEPT 135 NMR, **C APT NMR, HSQC, HMBC and IR), mass
spectrometry, raw data for the elemental analysis and single crystal X-ray crystallography,
and catalytic data for all complexes. The data presented in appendices A2, A3 and A4 are in
the same order as referenced in the individual chapters within the thesis. Readers are
encouraged to access the supplementary material for further information which is provided as
pdf documents on the compact discs accompanying this dissertation.



