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Abstract

Catalytic aromatic ring C-H bond functionalisations by transition metal
cyclometallation reactions are important for organic transformation reactions. The
cyclometallated product, which contains a new metal-carbon bond is formed as a
consequence of different types of carbon—hydrogen----metal (C—H----M) interactions. These
C—H---M interactions have been known as anagostic, preagostic and agostic interactions.
By nature, the anagostic interaction has mainly electrostatic components, the preagostic
interaction has electrostatic components with some back-bonding from metal to C-H
antibonding orbital involved and the agostic interaction has mainly covalent components
when the C—H bond donates electron density to the partially occupied metal centre. Prior to
the current thesis work, an in-depth study that addresses the influence of steric and
electronic factors on the anagostic, preagostic and agostic carbon—hydrogen----metal
interaction was missing. In this thesis, the influence of both the steric and electronic factors
on the anagostic, preagostic and agostic C—H---M interactions has been studied. It is seen
that the electronic and steric influences play differently for different ligand systems as with
the flexible tetralone ligand, a maximum of steric and electronic influence results into
another type of anagostic interaction named as the ‘C-anagostic’ interaction. It is also seen
that a stronger steric and electronic effect can trigger agostic covalency at the anagostic
stage of the reaction. The inflexible ligand ensures the short anagostic approach, which has
some back-bonding character and the nature of the interaction lies into the preagostic
category. Finally, the aromatic ring agostic interactions have more complexity as new
donations named as ‘syndetic’ from C-C pi bond to metal antibonding orbitals were
recognised which shares the same antibonding acceptor orbitals as the agostic donation
does. The recognition of new bonding situations in C-H----M interactions can have
significant implications for C-H bond functionalisation reactions.



Acknowledgements

This thesis owes its existence by the inspiration and support of a large number of
people. Firstly, I would like to express my sincere gratitude to Distinguished Professor
Peter Schwerdtfeger for providing me this PhD opportunity and funding throughout my
PhD studies. His continuous guidance, encouragement and support helped me in all the
time of my PhD research.

I would also like to express my sincere gratitude to co-supervisors Professor Alastair
J. Nielson and Associate professor John A. Harrison for their incredible guidance, sustained
encouragement, constructive criticism, and sympathetic attitude throughout my PhD studies.
I would not have imagined having better mentors for my PhD research.

I am very thankful to Centre of Theoretical Chemistry and Physics (CTCP) for
providing me access to computer cluster and technical assistance in my computational
work. | am also thankful to Institute of Natural and Mathematical Sciences (INMS)
administration for their great assistance during the period of my PhD studies.

Special thanks to INMS Chemistry staff at Massey university Albany, especially Dr
Marie-Anne Thelen, Dr Debbie Jordan, Dr Thomas Fallon and Erin Moffet for the support
and encouragement during my PhD studies.

I owe my special regards and heartiest gratitude to my late father Hafiz Sajjad Hussain
who made great devotion to my studies. Without his kindness, everlasting love, guidance,
and encouraging passion it would have been a dream to complete my PhD studies. | am
sorry he cannot see me graduate but his memories will be with me always. | also say my
thanks to my late brother Atif Sajjad who was so kind and a symbol of love for me. | am
also sad that he cannot see me graduate but I will miss him always. | remember the day last
year he asked me ‘when you are going to complete your PhD’. I told him, in next 3-4
months but in the period he passed away. He was a great soul! | do admit that losing father
(age 54 years) and brother (age 20 years) in final year of my PhD was extremely painful.

I am extremely thankful to my family especially my mother, brothers (Dr Tariq Sajjad
and Asif Sajjad) and sisters (Summia Perveen and Shaista Perveen) for their full support,
encouragement and sincere prayers during my stay in New Zealand. | would greatly
appreciate the role of my elder brother Dr Tariq Sajjad who has always been a source of
inspiration to me.

Last but not least, I thank to my beloved wife Atsha Nadeem and my sweet daughter
Zainab Fatime for being patient with me. Finally, | thank all my friends for their help and
support during my stay in New Zealand.






DFT
PBE-D3

B3LYP

BP86
CAM-B3LYP

CAM-B3LYPD3

Aug
cc-pvDZ
cc-pvVTZ
EHT
QTAIM
NBO

LP

NCI
RDG

2D

3D

IR

NMR
BCP
RCP

Abbreviations

density functional theory

Perdew—Burke—Ernzerhof exchange-correlation functional with
D3 version of Grimme’s dispersion parameters

Becke’s 3-parameter hybrid functional with the correlation
functional of Lee, Yang, and Parr

Becke’s 1988 exchange and Perdew 86 correlation functional

a new hybrid exchange-correlation functional B3LYP modified by
Coulomb- attenuating method

CAM-B3LYP functional with D3 version of Grimme’s dispersion
parameters

augmented

correlation-consistent polarised valence double-zeta
correlation-consistent polarised valence triple-zeta
extended Huckel theory

quantum theory of atoms in molecules

natural bond orbital

lone pair

non-covalent interaction

reduced density gradient

two-dimensional

three-dimensional

infra-red

nuclear magnetic resonance

bond critical point

ring critical point



Reference Chart of C—H----M Interactions

Fol

P 7 ' Syndetic
A




Publications and Thesis Structure

Publications relevant to this thesis
1. M. A. Sajjad, K. E. Christensen, N. H. Rees, P. Schwerdtfeger, J. A.
Harrison, A. J. Nielson, Chem. Comm., 2017, 53, 4187—-4190.

2. A.J. Nielson, J. A. Harrison, M. A. Sajjad, P. Schwerdtfeger, Eur. J. Inorg.
Chem., 2017, 2255-2264.

3. J. A. Harrison, A.J. Nielson, M. A. Sajjad, G. C. Saunders, P.
Schwerdtfeger, Eur. J. Inorg. Chem., 2016, 64-77.

Additional publications

4. J. A. Harrison, M. A. Sajjad, P. Schwerdtfeger, A. J. Nielson, Cryst. Growth
Des., 2016, 16, 4934-4942.

Vi



Table of Contents

ADSTFACT. ...t e et et e et e b ae e e ae e ree s i
ACKNOWIBAGEMENT ......oiiiiiiii et ereas I
ADDIEVIALIONS .....ooviiiiic et iv

Chapter 1 Introduction: Carbon-Hydrogen----Metal Interactions in C-H
Activation/Functionalisation reactions

1.1 C—H DONd ACHIVATION ...ttt 1
1.1.1 Classification of C—H bond activation reactions............c.ccocevereiinensienensieneiesens 3
1.2 Cyclometallation rEACHIONS. ......c.vrieririeirireeisesesee s 5
1.2.1 Elements of cyclometallation reactions ...........cccccccveveiieiiee i 6
1.2.2 Mechanisms of cyclometallation reactions ............cccoeeeveeieiiiiniese e 8
1.3 Carbon-hydrogen----metal interactions in transition metal complexes ..............c.ccco....... 11
1.3.1 Agostic carbon—-hydrogen----metal interactions .............ccocvvvvviviiveieeieresese e 12
1.3.2 Preagostic or anagostic carbon—hydrogen:---metal interactions..............cccccceceeeene. 18
Lo SUMIMIBIY ottt bbbt bbbt e bbb e 22

Chapter 2 Computational Methodology for Carbon—-Hydrogen----Metal
Interactions

2.1 INEFOTUCTION ...ttt ettt 23
2.2 BaASIS SBES. ..ttt 25
2.2.1 Types OF DaSIS TUNCLIONS ........cvviiiiieiie e 25
2.2.2 TYPES OF DASIS SBLS .viuviveiieciierieies ettt na s 26
2.3 Density functional theory and its fUNCHIONAIS ..o 29
2.4 Computational methods and basis sets for transition metal complexes...........cccocevvruenan 31
2.5 Approaches for bonding characterisations for C—H----M interactions ................cccoceeven. 35
2.5.1 Quantum theory of atoms in molecules (QTAIM) .....cccocviiriiniiieie e 35
2.5.2 Natural bond orbital (NBO) @nalysisS .........ccccoeiieeieiiiiie e 39
2.5.3 Non-covalent interaction (NCI) iNUEX ......ccvviieiieiieieee e 40
2.5.4 SPECIOSCOPIC PrOPEITIES .. .cviveieteite ettt 41
2.6 SUMIMBIY <.ttt ettt sttt e e b e et bt e bt e e et bt e bt e e beeebeeebeeanbee et 41

Chapter 3 Steric and Electronic Manipulation of Anagostic Interactions
in Oximes and Imines Complexes of Rhodium (1)

I8 R 111 0o L8 o1 1 1o KT 44



3.3 Choice of steric and electronic SUDSTITUENTS ...........eeeivcviiiiiiie e 45

3.4 Computation APPIOACH ......ccui i 46
3.5 ReSUIS AN GISCUSSION ....vviiiieiiiie ettt bbb 47
3.8 CONCIUSION ...ttt 83

Chapter 4 A Change of Metal Centre: Steric and Electronic Manipulation
of Anagostic interactions in Oximes and Imines Complexes of Palladium

(1)

A1 INTTOUUCTION .ttt bbbt b e nr et b e eb e an e ere s 85
4.2 AN L.ttt £ £ bbbttt b bbb 87
4.3 Computation @PPrOACH .....c.oiiiii e 87
4.4 ReSUILS and ISCUSSION .......veveriiriiiiiitiiteie sttt 88
4.5 CONCIUSTON ...ttt bbbt bbbttt ettt 122

Chapter 5 Changing the Nature of the Ligand: Steric and Electronic
Manipulation of Anagostic interactions in iso-Quinoline Complexes of
Rhodium (1)

5.1 INEFOTUCTION ...ttt 125
ST A 10 2 PSSR 126
5.3 Choice of iS0-qUINOIINE lIgANAS ........oivviiiiiiecie e 126
5.4 CompuLation @PPrOACH ........oviiriiiiiie e 128
5.5 ReSUIS AN AISCUSSION .....vviiiiiiiiiiiieen e 129
5.6 CONCIUSTON ...ttt 163

Chapter 6 Steric and Electronic Manipulation of Agostic Interaction in
Oximes and Imines Complexes of Palladium (I1)

6.1 INEFOTUCTION ...ttt 165
B.2 AN .t E bbbttt bbb 167
6.3 ComMPULALION APPIOACH .....c.viiiieiiieice e 167
6.4 ReSUILS AN AISCUSSION .....vviiiiiiiiieie bbb 168
6.5 CONCIUSION ...ttt 221

Chapter 7 Summary and Perspective

T L SUMIMAETY .ottt r bbb e 223
7.2 PEISPECLIVE ...e.viiietieeieeieie sttt e e et sttt e seens e s et et esaentenbeenenreaneeneeneenn 224
T3 APPIICALIONS ...t 225

RETEIEINCES. ...ttt ettt ettt ettt ettt et et et et et et et e e 226





