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Abstract
Computational modelling was conducted in conjunction with experimental collaborators

in the Davies group in Leicester1 into the mechanism of C-H functionalisation at Rh, Ir

and Ru complexes. In Chapter 3 C-H activation by [Cp*IrCl2]2 and [Cp*RhCl2]2
dimers was investigated, and an intramolecular acetate-assisted mechanism was

characterised. Experimental trends in reactivity were rationalised as reactions with Rh
operating under thermodynamic control, while Ir complexes operated under kinetic

control due to both less stable C-H activation transition states and more stable
cyclometallated products. In order to obtain agreement between experiment and

computational results, solvation and dispersion effects had to be accounted for and
diffuse basis functions were required.

Chapter 4 describes computational studies on functionalisation of rhodacycle

complexes formed following C-H activation with alkynes to yield 6-membered ring

pyridinium and isoquinolinium products. These proceed via a rate-determining
migratory insertion followed by reductive coupling. Experimental results also revealed

the possibility of 5-membered ring indenylamine formation and this was computed to

occur via acetate-association, imine insertion and protonation by acetic acid (Chapter
5). Selectivity between 5- and 6-membered ring formation was found to be determined

by the relative barriers of C-C reductive coupling and C-N bond forming imine insertion

steps. The related functionalisation of iridacycles formed via C-H activation was
computed to have a selectivity determining migratory insertion and rate determining

reductive coupling, while the form of the final heterocyclic Ir complex obtained was
under thermodynamic control (Chapter 6).

In Chapter 7, Ru-catalysed direct C-H alkylation was investigated computationally. To
model these reactions in non-polar aromatic solvents, optimisation was required to be

performed in solvent. The most stable reaction profile characterised involved initial C-H
activation, followed by an SN2 C-I bond cleavage at an arene s-(C-H) complex with a
k2 acetate ligand. C-C reductive coupling then completes the cycle.

For my wife, Emma

Acknowledgements
Firstly, I would like thank my supervisor, Prof. Stuart Macgregor, for all his assistance,

encouragement and feedback throughout over the past four years. I would also like to
give my heart-felt gratitude to everyone in the research group of Prof. David Davies
who conducted all of the experimental research presented in this thesis. In particular,

Dr. Barabara Villa-Marcos, who conducted the bulk of the experiments discussed and

was always willing to talk me know experimental results or conduct new investigations
to follow up on hypotheses.

Great thanks go out to everyone who has been in the Macgregor group during my time
there, for the many helpful discussions on both chemical and computational concepts

and of course the detailed feedback on all the presentations and posters over the past

three and a half years. Special thanks go to Dr. Claire McMullin, whose work in a
related project resulted in invaluable insight and discussion into my own research.

Last but not least, I would like to give a deep thanks to all my friends and family,
especially my wife Emma. Without their constant support and encouragement, I would
not have been able to complete this thesis.

ACADEMIC REGISTRY
Research Thesis Submission
Name:
School/PGI:
Version:

(i.e. First,
Resubmission, Final)

Degree Sought
(Award and
Subject area)

Declaration
In accordance with the appropriate regulations I hereby submit my thesis and I declare that:
1)
2)
3)
4)
5)
*

the thesis embodies the results of my own work and has been composed by myself
where appropriate, I have made acknowledgement of the work of others and have made reference to
work carried out in collaboration with other persons
the thesis is the correct version of the thesis for submission and is the same version as any electronic
versions submitted*.
my thesis for the award referred to, deposited in the Heriot-Watt University Library, should be made
available for loan or photocopying and be available via the Institutional Repository, subject to such
conditions as the Librarian may require
I understand that as a student of the University I am required to abide by the Regulations of the
University and to conform to its discipline.
Please note that it is the responsibility of the candidate to ensure that the correct version of the thesis
is submitted.

Signature of
Candidate:

Date:

Submission
Submitted By (name in capitals):
Signature of Individual Submitting:
Date Submitted:

For Completion in the Student Service Centre (SSC)
Received in the SSC by (name in
capitals):

Method of Submission

(Handed in to SSC; posted through
internal/external mail):

E-thesis Submitted (mandatory for
final theses)

Signature:

Please note this form should bound into the submitted thesis.

Updated February 2008, November 2008, February 2009, January 2011

Date:

Contents

Chapter 1—Introduction ............................................................................ 1
1.1—Early Development of C-H Activation Mechanisms ....................................... 3
1.1.1—Early Directed C-H Activation....................................................................... 3
1.1.2—Key Mechanistic Properties of C-H Activation Archetypes ........................... 4

1.2—Development of Base-Assisted C-H Activation ................................................ 8
1.2.1—Experimental Studies ...................................................................................... 8
1.2.2 – Introduction to Computational Modelling ................................................... 12
1.2.3 Application of DFT to Base-Assisted C-H Activation .................................... 13

1.3—C-H Activation and Functionalisation ............................................................ 21
1.3.1—Historical Overview on C-H Functionalisation ........................................... 21
1.3.2—Heterocycle Formation ................................................................................ 22
1.3.3—Further Development of C-C Bond Forming Functionalisations ................ 24
1.3.4—Direct Arylation............................................................................................ 24
1.3.5—Additional Directing Group Utility .............................................................. 25
1.3.6—Ruthenium-Catalysed Direct Functionalisation Reactions .......................... 29

1.4—Methods of Mechanistic Investigation of C-H Activation Processes ........... 39
1.4.1—Experimental Methods.................................................................................. 39
1.4.2 — Developments in Computational Techniques ............................................. 46

1.5—Conclusions ....................................................................................................... 48

Chapter 2—Theoretical Background ...................................................... 50
2.1—Introduction ...................................................................................................... 50
2.2—Quantum Mechanics Background .................................................................. 50
2.2.1—Time Independent Schrödinger Equation ..................................................... 51
2.2.2—Atomic Units ................................................................................................. 52
2.2.3—Born-Oppenheimer Approximation .............................................................. 52
2.2.4—Variational Principle.................................................................................... 53

2.3—Hartree-Fock Approximation ......................................................................... 54
2.3.1—Slater Determinants ..................................................................................... 55
2.3.2—Hartree-Fock Equations............................................................................... 58
2.3.3—Basis Sets ...................................................................................................... 61
2.3.4—Electron Correlation .................................................................................... 65

2.4—Density Functional Theory .............................................................................. 67
2.4.1—Development of Density Functional Theory................................................. 67

2.4.2—Local Density Approximation....................................................................... 70
2.4.3—Generalised Gradient Approximation .......................................................... 71
2.4.4—Hybrid Functionals ...................................................................................... 72
2.4.5—Meta-GGA Functionals ................................................................................ 73

2.5—Solvation and Dispersion Effects..................................................................... 74
2.5.1—Solvation Models .......................................................................................... 74
2.5.2—Dispersion Corrections ................................................................................ 76
2.5.3—Non-Covalent Interactions (NCI) Plots........................................................ 78

2.6—Conclusions ....................................................................................................... 80

Chapter 3—Mechanism and Selectivity of Ambiphilic Metal-Ligand
Assisted C-H Bond Activation at Rhodium and Iridium Metal Centres
..................................................................................................................... 81
3.1—Introduction ...................................................................................................... 81
3.1.1—AMLA Mechanism Numbering Scheme ........................................................ 82

3.2—Experimental Results ....................................................................................... 83
3.2.1—Cyclometalation Reactions at Rhodium and Iridium ................................... 83
3.2.2—Deuteration Experiments.............................................................................. 84
3.2.3—Competition Experiments at Rhodium and Iridium...................................... 85

3.3—Computational Details ..................................................................................... 87
3.3.1—Optimisation Methodology ........................................................................... 87
3.3.2—Comparison Between Experimental and Calculated Geometries ................ 88
3.3.3—Solvation Effects ........................................................................................... 90
3.3.4—Basis Set Effects ........................................................................................... 92
3.3.5—Functional Testing........................................................................................ 95
3.3.6—Gfinal Energy Corrections ............................................................................. 98

3.4—Computational Results and Discussion .......................................................... 99
3.4.1—Calculated C-H Activation Pathway ............................................................ 99
3.4.2—Comparison of Cyclometalation Reaction Profiles for Rhodium and Iridium
............................................................................................................................... 106
3.4.3—Comparison Between Calculated and Experimental Cyclometalation
Reactivities ............................................................................................................. 114

3.5—Conclusions ..................................................................................................... 121

Chapter 4—Computational Investigation into the Functionalisation of
5-Membered Rhodacycles with Alkynes ............................................... 122
4.1—Introduction .................................................................................................... 122

4.2—Mechanism of Formation of an Isoquinolinium Cation from H-L5a and 4Octyne ....................................................................................................................... 123
4.2.1—Proposed Catalytic Cycle ........................................................................... 123
4.2.2—Naming Scheme .......................................................................................... 124
4.2.3—Computational Details ............................................................................... 125
4.2.4—Computed Reaction Pathway ..................................................................... 126
4.2.5—Rearrangement of h4NCCC-XRh-L5a-Pr ........................................................ 131
4.2.6—Reaction Profile for the Formation of h4CCCC-X-L5a-Pr ............................ 134

4.3—Effect of Alkyne Substituents on 6-Membered Ring Formation ............... 137
4.3.1—Comparrison Between the Reaction Profiles for the Formation of h4CCCC-XL5a-Pr and h4CCCC-X-L5a-Ph .................................................................................. 137
4.3.2—Effect of Alkyne on the Migratory Insertion Step ....................................... 141
4.3.3—Effect of Alkyne on Reductive Coupling Step ............................................. 144

4.4—Substrate Effects on the Coupling of VIIRh-L and R2-C≡C-R2 (L = L1a, L2a,
L3a, L4, L4’, L5a and L6; R2 = Pr and Ph)................................................................ 147
4.4.1—Ligands L1a, L2a, L3a, L5a and L6 ................................................................ 147
4.4.2—Comparison between Ligands L5a and L6 .................................................. 152
4.4.3—Ligands L4 and L4'...................................................................................... 155

4.5—Conclusions ..................................................................................................... 158

Chapter 5—Isoquinolinium, Indenylamine and Indenylimine
Formation from Coupling of 5-Membered Rhodacycles with Alkynes
................................................................................................................... 160
5.1—Introduction .................................................................................................... 160
5.1.1—Naming Scheme .......................................................................................... 161

5.2—Catalytic Isoquinolinium vs. Indenyl Formation At Rhodium Centres .... 162
5.2.1—Experimental Results .................................................................................. 162
5.2.2—Outline of Computational Investigation ..................................................... 163
5.2.3—Isoquinolinium Formation ......................................................................... 164
5.2.4—Indenylamine Formation ............................................................................ 174
5.2.5—Reassessment of the Computational Model ................................................ 177
5.2.6—Computed Product Selectivity of L = L5d Systems ..................................... 180

5.3—Indenylamine Vs. Indenylimine Formation From XIIIOAc-Rh-L5d-Pr ........ 183
5.3.1—Rearrangement of XIIIOAc-Rh-L5d-Pr in DCE............................................. 183
5.3.2—Indenylamine, P2-L5d-Pr, Formation ......................................................... 186
5.3.3—Indenylimine Formation ............................................................................. 188

5.3.4—DMF Solvation ........................................................................................... 191

5.4—Substituent Effects On Isoquinolinium Vs. Indenyl Product Selectivity .. 194
5.5—Conclusions ..................................................................................................... 196

Chapter 6—Stoichiometric Formation of Iridium Heterocyclic
Complexes from Functionalisation of Iridacycles with Alkynes ........ 198
6.1—Introduction .................................................................................................... 198
6.1.1—Naming Scheme .......................................................................................... 198

6.2—Experimental Results ..................................................................................... 199
6.2.1—Stoichiometric Reactions of VIINCMe-Ir-L with Alkynes, R2CCR2, where L =
L1a, L1b, L3b and R2 = Pr, Ph ................................................................................. 199
6.2.2—Competition Study of the Reaction of Iridacycles VIINCMe-Ir-L with Alkynes
R2CCR2 where L = L1a, L1b and L3b and R2 = Pr, Ph............................................ 200
6.2.3—Selectivity of Product Structure in the Reaction of Iridacycles VIINCMe-Ir-L
with Alkynes where L = L3b, L3e and L4 and R2 = Pr, Ph, CO2Me........................ 202

6.3—Computational Results ................................................................................... 204
6.3.1—Computational Methodology ...................................................................... 204
6.3.2—Investigation into the Nature of the h5 Complexes, BIr-L-Pr..................... 204
6.3.3—Computed Reaction Pathway for the Reaction of VIINCMe-Ir-L1a with 4Octyne to form BIr-L1a-Pr ...................................................................................... 209
6.3.4—Rearrangement of Pyridinium Complex h4NCCC-XIr-L1a-Pr ....................... 213
6.3.5—Competition Study of the Reaction of Iridacycles VIINCMe-Ir-L with Alkynes
where L = L1a, L1b and L3b and R2 = Pr, Ph ......................................................... 215
6.3.6—Selectivity of Product Structure in the Reaction of Iridacycles VIINCMe-Ir-L
with Alkynes where L = L3b, L3e and L4 and R2 = Pr, Ph, CO2Me........................ 217

6.4—Conclusions ..................................................................................................... 220

Chapter 7—Theoretical Investigation into the Mechanism of
Ruthenium-Catalysed Direct Alkylation .............................................. 222
7.1—Introduction .................................................................................................... 222
7.2—Computational Mechanistic Study of C-H Activation ................................ 223
7.2.1—Computational Model ................................................................................. 223
7.2.2—C-H Activation After Initial Acetate Dissociation...................................... 225
7.2.3—C-H Activation After Ion-Pair Formation .................................................. 229
7.2.4—External Deprotonation Mechanism .......................................................... 233
7.2.5—C-H Activation Mechanism Optimised in Solvent ...................................... 235

7.3—Mechanism of Oxidative Addition of MeI .................................................... 237
7.3.1—SN2 At h6-C6H6 Structures .......................................................................... 237

7.3.2—Concerted Oxidative Addition At h6-C6H6 Structures................................ 241
7.3.3—Oxidative Addition via s-(C-H)-C6H6 Structures ...................................... 246
7.3.4—Concerted Oxidative Addition at s-(C-H)-C6H6 Structure,10 ................... 247
7.3.4—SN2 Oxidative Addition at s-(C-H)-C6H6 Structures ................................. 250
7.3.6—SN2, Ru-I formation and Reductive Coupling at an h2-C6H6 Structure ..... 255

7.4—Mechanism Based on Initial Oxidative Addition......................................... 257
7.5—Predicted Pathway for the Direct Alkylation of 2-Phenylpyridine by MeI at
[(h6-C6H6)Ru(OAc)2] ............................................................................................... 259
7.6—Conclusions ..................................................................................................... 262

Published Papers ..................................................................................... 263
References ................................................................................................ 270

List of Publications
Carr, K. J. T.; Davies, D. L.; Macgregor, S. A.; Singh, K.; Villa-Marcos, B., Metal
control of selectivity in acetate-assisted C-H bond activation: an experimental and

computational study of heterocyclic, vinylic and phenylic C(sp2)-H bonds at Ir and Rh,
Chemical Science, 5 (6), 2340-2346 (2014)

Abbreviations
General
AO

atomic orbital

CI

configuration interaction

DFA

density functional approximation

DFT

density functional theory

ECP

effective core potential

GGA

generalised gradient approximation

GTO

Gaussian type orbital

HF

Hartree-Fock

LDA

local density approximation

MM

molecular mechanics

NBO

natural bonding orbital

NCI

non-covalent interactions

QM

quantum mechanics

SCF

self-consistent field

STO

Slater type orbital

TS

transition state

IRC

intrinsic reaction coordinate

UEG

uniform electron gas

Chemical Moieties
Ac

acetyl (–C(O)CH3)

Ad

Adamantyl

BHT

Butylhydroxytoluene

Bn

benzyl (–CH2Ph)

COE

cyclooctene

Cp

cyclopentadienyl ligand (h-C5H5)

Cp*

pentamethylcyclopentadienyl ligand (h-C5Me5)

Cy

cyclohexyl

DCE

1,2-dichloroethane ((CH2Cl)2)

DCM

dichloromethane

DMAD

dimethylacetylenedicarboxylate (MeO2CC CCO2Me)

DMF

dimethylformamide (HC(=O)N(CH3)2)

Et

ethyl (–CH2CH3)

Pr

i-propyl (–CH(CH3)2)

Me

methyl (–CH3)

Mes

2,4,6-trimethylphenyl (–C6H2(CH3)3)

n-Hex

n-hexyl (–(CH2)5(CH3))

Ns

nosyl (p–O2S(C6H4)NO2)

p-cymene

(p-MeC6H4 iPr)

Ph

phenyl (–C6H5)

Piv

pivalyl (–C(O) tBu)

PMP

p-methoxyphenyl (p–C6H4OCH3)

i

Pr

n-propyl (–(CH2)2CH3)

p-tolyl

(p–C6H4CH3)

Bu

tert-butyl (–C(CH3)3)

TEMPO

2,2,6,6-Tetramethyl-1-piperidinyloxy

THF

tetrahydrofuran

Ts

tosyl (p–SO2(C6H4)CH3)

Tf

triflate (–SO3CF3)

xylyl

(–3,5-(Me)2-C6H3)

t

Chapter 1—Introduction
C-H activation is a rapidly growing area of chemistry, allowing for the conversion of
stable C-H bonds into a range of functional groups.2, 3 This allows for the development

of complex molecules from simple feedstocks without the use of expensive or
environmentally damaging leaving groups employed in traditional cross-coupling

chemistry (Scheme 1.1). In cross-coupling reactions a C-H bond is first converted into a
C-X bond, where X is a good leaving group (such as a halide or tosylate). This is
followed by a transmetallation step, in which the leaving group is exchanged for a

nucleophile, such as an alkyl or aryl group. A final reductive coupling step produces the

functionalised organic product and regenerates the active catalytic species. By bypassing the steps required to add in leaving groups only to remove them later in the
reaction, atom economy can be greatly increased.

Scheme 1.1—General scheme of Pd-catalysed cross coupling of an aryl halide and a
nucleophile.4
C-H activation can potentially suffer from poor selectivity, as many organic substrates

have multiple C-H bonds, and so selectivity between these bonds is crucial. A
prominent technique is to use a directing group in organometallic catalysis; these are
groups on the substrate that bind to the catalytic metal centre and orient the rest of the

substrate to direct a specific C-H bond to interact with, and hence be cleaved by, the
metal.

1

After C-H activation has occurred, there are a wealth of possible functionalisation

approaches that can be carried out to replace the C-H bond with a variety of possible
functionalities. A common trend is the formation of heterocycles, where the activated

carbon and the directing heteroatom are linked by an inserted carbon chain (Scheme
1.2). Further developments have led to directing groups with additional functionalities,

such as the ability to act as internal oxidants, or directing groups that can be easily
cleaved to remove them from the final product.

Scheme 1.2—General scheme for heterocycle formation by N-directed C-H bond
activation followed by coupling with an alkyne.
In order to improve these methods and design better catalytic systems, the mechanisms
by which they take place must be known. Determining the mechanism of these—

sometimes very complex—organometallic reactions is, however, no easy task.

Traditionally, experimental investigations have been used to probe mechanisms.
Techniques such as measurements of reaction parameters, kinetic isotope effects and
deuterium labelling studies allow for certain aspects of the reaction to be analysed.

Proposed mechanisms can then be deduced to fit the known data. More recently,
computational chemistry—in particular density functional theory (DFT)—has been

employed to compute reaction mechanisms, allowing for alternative possibilities to be
compared against one another to determine the most favoured pathway. A growing
trend in mechanistic chemistry is to combine both of these techniques and use close
collaboration between experimental and computational chemists.

This introduction will begin with a discussion on the development of early C-H
activation mechanisms, with particular focus on those that are base-assisted, leading to
the development of the AMLA and CMD concepts. The discussion will then move onto

subsequent functionalisation steps, beginning with the early examples of catalytic C-H
functionalisation, before leading to recent developments with more specialised systems.
Finally, the range of techniques used to probe the mechanisms of these processes will be
reviewed, along with a brief discussion of the latest trends in computational methods.

2

1.1—Early Development of C-H Activation Mechanisms
1.1.1—Early Directed C-H Activation

C-H activations that make use of a directing group (also known as ‘directed C-H
activation’) have been known for many decades. An early example of a nitrogen-atom

being used to direct C-H activation was published in 1965 by Cope and Siekman.5 Here,
it was reported that azobenzene, when reacted with tetrachloroplatinate(II) or
palladium(II) dichloride in dioxane and water, formed a metallacyclic dimer (Fig. 1.1).

This reaction was, however, slow at room temperature, leading to only a 48% yield for
the platinum system over two weeks. Both ortho-bismethylazobenzene and metatetramethylazobenzene were also shown to form cyclometallated dimers under the same

reaction conditions. These dimers were found to be stable, and removing the organic
substrates from the metal complexes proved difficult; treatment with potassium cyanide,

triphenylphosphine or amines did not displace azobenzene. Instead, these conditions
lead to the chloride bridge being disrupted and the formation of monomeric species.

Hydrazobenzene was eventually able to be recovered by treatment of the dimer complex
with lithium aluminium hydride in tetrahydrofuran (THF).

Fig. 1.1—N-bound cyclometalated dimer complex formed by reaction of azobenzene
with tetrachloroplatinate(II) (M = Pt) or palladium(II) dichloride (M = Pd).5
Similar metallacycles were synthesised a few years later by Yakawa6 from alkynyl
amine ligands, palladium(II) chloride and lithium chloride in methanol (Scheme 1.3).

Again, these formed chloride-bridged dimers that could be opened by pyridine to yield
monomeric species. Due to the lack of evidence available at the time, neither Cope nor

Yakawa were able to suggest any mechanistic details for these cyclometalation
reactions.

3

Scheme 1.3—Formation of N-bound cyclometallated palladium dimer from alkynyl
amines, palladium(II) chloride and lithium chloride in methanol.6
In 1970, Parshall published a review7 of a newly developed type reactivity,

intramolecular aromatic substitution. In these reactions, an aryl ring bearing either a P

or N coordinating substituent formed metallacycles with a range of transition metals by
cleaving an aryl C-H bond and forming a Pd-C bond in turn. As these involve net

substitution of a proton for a transition metal, and were reliant on the coordinating
heteroatom acting as a directing group, they were termed intramolecular aromatic

substitutions. It was proposed that they may be related to the classical electrophilic
substitution mechanisms already known in organic chemistry.

In 1975, Shaw8 discussed the formation of cyclic structures via a similar process to that

discussed by Parshall, which was termed by Shaw as internal metallation reactions. A

notable set of examples was the formation of metallacycles with Pd, Rh and Ir metal
centres using a P directing group (Scheme 1.4b) as identified by X-ray diffraction.

Scheme 1.4—Pd, Rh and Ir metallacycles identified by Shaw following P-directed
internal metallation reactions.8
1.1.2—Key Mechanistic Properties of C-H Activation Archetypes

One of the earliest mechanisms for C-H activation proposed was that of oxidative
addition (OA). This general organometallic mechanism was extended to C-H activation
in a review as early as 1968.9 In these reactions, a coordinatively unsaturated metal
species is used as a reactant or generated in situ.10 To this, the R-H bond of Scheme 1.5

is added, resulting in complete cleavage of this bond. Two electrons are formally
donated from the metal centre to form the new bonds, resulting in an increase in the

metal's oxidation state by two, hence the term ‘oxidative addition.’ This mechanism was

applied to both aryl11 and alkyl12,13 C-H activation. Firm evidence for this process is in
4

the observation of the metal-hydride species formed, such as the iridium-hydride
observed by Bergman in 1982.14

Scheme 1.5—General form of oxidative addition reactions of C-H bonds.15
A second key C-H activation mechanism, s-bond metathesis, was proposed by Watson

in 1983.16 It was observed by isotopic labelling that a methyl ligand on [Cp*2M(Me)]
(M = Lu, Y) complexes was able to exchange with 13CH4. Since the exchange releases
CH4, a hydrogen must be exchanged between the incoming and outgoing carbon atoms.

One possible mechanism that was proposed was a dissociative intramolecular reaction,
in which the methyl group abstracted a proton from the nearby Cp* ring to form a
metallacycle (Scheme 1.6).

Scheme 1.6—Possible dissociative methane exchange mechanism at [Cp*2Lu(Me)]
complexes.16
Alternatively, it was proposed that an associative pathway could be involved, in which

the incoming methane forms a 4-membered ring where the M-C and C-H bonds are
broken at the same time as new M-13C and

C-H bonds are formed in a concerted

13

process (Scheme 1.7). This type of process has been given the term s-bond metathesis
(SBM). Since both the incoming and outgoing groups are identical other than the atom
labelling, this proceeds via an almost symmetric transition state, leading to a product

that differs only by the isotopic labelling from the reactant. This mechanism has been
proposed for both alkyl17 and aryl18 C-H activations.

Scheme 1.7—Associative methane exchange via a s-bond metathesis mechanism at
[Cp*2Lu(Me)] complex.16
5

Another major class of C-H activation mechanism is that of electrophilic activation, also
known as 'Shilov chemistry' after one of its major contributors.3 As the name implies,
this chemistry involves an electrophilic metal centre performing an attack on a C-H

bond in order to displace a proton. In the case of aryl C-H bonds, this was proposed to
proceed via a Wheland intermediate, (Scheme 1.8) in which a formal positive charge

from the metal centre is delocalised around the remaining carbons of the aryl ring. Such

reactions have been proposed for a range of high valent transition metals such as
Au(III), Pd(II), Pt(IV), Rh(III).

Scheme 1.8—General form of electrophilic activation mechanism of benzene by Pd(II),
proceeding via a Wheland intermediate.3
Another strategy is to involve ligands on the metal complex to aid C-H activation. One
key example is that of 1,2-additions. In these, a proton transfer occurs between a polar

C-H bond and a M-X bond (X = O, OR, NR). Early examples were published by
Bergman19 and Wolczanski20 in 1988, both using Zr complexes and acidic C-H bonds.

1,2-addition of non-acidic C-H bonds was report much later in 2005 by Cundari and
Gunnoe.21 In this, a C-H bond of benzene is split over a metal centre and a bound
hydroxide ligand (Scheme 1.9). The process was reversible and identified by H/D
exchange experiments.

Scheme 1.9—Possible 1,2-addition mechanistic pathways proposed by Cundari and
Gunnoe for the C-H activation of benzene by a Ru metal complex.21
The mechanisms discussed so far may initially be thought of as discrete and separate

types of reactivity, however, they have also been proposed to be points that lie along a
continuum. This idea was investigated by Hall, first as a communication22 and then in a

detailed review.23 In these papers, a series of C-H activation reactions at Sc, Y, La and
6

Ir were modelled using DFT (see below), and then the bonding in these systems was

analysed using Atoms In Molecules (AIM).24 AIM is a computational technique that
analyses the total electron density of a system and identifies critical points that can be

used to identify and characterise bonding within a molecule. Bond critical points
(shown in red in Fig. 1.2) are saddle points of the electron density with one positive and

two negative curvatures, and represent the electronic mid-point of a bond. Their
presence confirms a bonding relationship between two atoms. Ring critical points
(shown in yellow in Fig. 1.2) are saddle points with one negative and two positive

curvatures and their presence identifies the midpoint of a ring of chemical bonds. The

two classic C-H activation mechanisms of s-bond metathesis and oxidative addition

were stated to be two extremes of a spectrum of mechanistic possibilities. SBM (A in
Fig. 1.2) lies at one end of the spectrum in which the hydrogen being transferred does

not interact with the metal. Oxidative addition (G in Fig. 1.2) marks the other extreme,

where an intermediate is formed with a full M-H bond. Between these two extremes,
Hall identified five principal types of bond patterns, with differing arrangements of the
bonds between the four key atoms in the proton transfer reaction (Fig. 1.2).

Fig. 1.2—Transition-state/intermediate geometries of principal types of C-H activation
mechanisms identified by Hall using AIM. Bond critical points shown in red, ring
critical points in yellow. Reproduced with permission from Elsevier.23
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1.2—Development of Base-Assisted C-H Activation
1.2.1—Experimental Studies

The potential role of carboxylates in C-H activation was demonstrated in detail by
Ryabov in 1985,25 and revisited as part of a later review by the same author.26 In this

paper, Ryabov examined the cyclometalation of dimethylbenzylamine (DMBA-H) by
palladium(II) acetate, formed in situ from [Pd3(AcO)6] in chloroform (Scheme 1.10). A

Hammett plot was constructed for substituted dimethylbenzylamines with a slope of -

1.6, suggesting that the rate limiting step was electrophilic in nature. A H/D kinetic
isotope effect of 2.2 ± 0.2 indicated some C-H cleavage was taking part in the rate

determining step. An experimental activation entropy of -250 J K-1 mol-1 indicated a

highly ordered transition state. From these experimental data, a mechanism was

proposed by which a highly ordered intermediate (Fig. 1.3) was formed, similar to the
Wheland intermediates already discussed. This was then proposed to be followed by a
6-membered C-H activation transition state. Notably, the proposed mechanism
suggested the involvement of a free arm of the k1-acetate acting as an intramolecular
base to deprotonate the C-H bond.

Scheme 1.10—Carboxylate-assisted C-H activation of DMBA-H by Pd(OAc)2
demonstrated by Ryabov, leading to the formation of metallacycle dimer.26

Fig. 1.3—Proposed intermediate formed during cyclometalation of DMBA-H by
palladium(II) acetate.26
Further kinetic measurements indicated that, in acetic acid, the amine coordinated to the
palladium in a pre-equilibrium step, which was subsequently followed by the rate

determining step. This was supported by reaction monitoring using 1H NMR which
8

indicated that cyclopalladation was preceded by full conversion of the [Pd3(O2CMe)6]
trimer into the substrate-bound monomer in the excess of substrate. This monomer was

sufficiently stable to be characterised by infrared spectroscopy; this indicated that

palladation of the ring had not taken place, suggesting that this precedes both the rate
determining step and deprotonation. KIE measurements, which gave a value of 1.1 ±
0.1, indicate that this deprotonation was not rate-determining. Instead, the authors

proposed that the rate determining step was the opening of a vacant coordination site.
Once this site was available, C-H bond cleavage proceeded rapidly to yield the
palladacycle. This observation that the rate determining step involves the rearrangement

of the molecule to be set up for C-H activation—where the C-H activation then
proceeds easily—is noteworthy as it will be seen as a recurring motif, as shown below.

Support for the direct role of acetate in C-H activation came from the work of Gomez et
al.27 in their investigation of cyclopalladation of a range of imines. Activation entropies

of -167/-177 J K-1 mol-1 indicated a highly ordered transition state. This led to the

proposal of a mechanism involving initial N-Pd bond formation, followed by a highly
ordered, rate limiting C-H activation transition state, similar to that put forward by
Ryabov. However, instead of a 6-membered transition state, where the free arm of an

acetate acts as a base, an alternative 4-membered transition state was proposed, where

the metal-bound oxygen atom acts as the proton acceptor. This proposal was supported

by a second paper28 shortly after, in which it was explained that a monodentate acetate
should be protonated by a protic solvent to yield an acetic acid ligand. This can then

deprotonate a C-H bond via its Pd-bound carbonyl oxygen via a 4-membered transition
state (Fig. 1.4) to form MeCO2H2+. This cation is poorly bound and so becomes a very
good leaving group.

Fig. 1.4—4-membered transition state proposed by Gomez in the ligand-assisted
cyclopalladation of benzylimines by Pd in protic solvent.27
A different pathway was proposed for DMBA-H (Scheme 1.11, 1) cyclopalladation by

Canty29 that did not directly involve the acetate. Similar to Ryabov’s mechanism, the
nitrogen atom coordinates to the palladium to act as a directing group, forming 2,
9

followed by formation of an arenium intermediate 3. Instead of intramolecular
deprotonation, Canty proposed a 1,2 shift, forming the palladacycle 4 and leading the

hydrogen to bind directly to the metal as a hydride ligand. The oxidised Pd(IV) complex

can be stabilised by free acetate in solution (forming 5), or undergo proton loss to be
reduced back to Pd(II) in 6.

Scheme 1.11—1,2-shift C-H activation mechanism of DMBA-H by Pd(II), as proposed
by Canty.29
A further mechanistic pathway for C-H activation was proposed by Lavin et al. in their
paper investigating C-H activation of N-bound 7,8-benzoquinolato substrates by the

iridium complex [(bq)IrH(H2O)(PPh3)2]SbF6.30 Again, it was proposed that C-H
activation must be preceded by N-coordination to the metal, due to the lack of

metallation of substrates that lack a directing group, indicating that the C-H activation is
proceeding via an intramolecular process. It was proposed that C-H activation was

occurring via the formation of an agostic complex formed by out-of-plane twisting of

the benzoquinolato ring system and partial rehybridisation, leading to greater sp3
character of the activated C-H bond (Fig. 1.5). They proposed that the reaction
proceeded via a side-on approach, as discussed in an earlier review by Crabtree.30

Fig. 1.5—Agostic transition state proposed to during the formation the iridium complex
[(bq)IrH(H2O)(PPh3)2]SbF6, as proposed by Lavin.30
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The term "agostic" had been first proposed by Brookhart and Green in 1983,31 in order

to describe a three-centre two-electron bonding pattern in which a hydrogen atom is
simultaneously covalently bonded to both a carbon and a transition metal (Fig. 1.6). It

was noted that such systems could be identified both by neutron diffraction studies (by
C-H bonds lengthened by ~5-10% and M-H bonds lengthened by 15-20%, compared to

their non-bridged expected values) and NMR spectroscopy (by the lowered J(13C-H)
coupling constant). Both of these factors are due to lowered C-H bond orders found in
the three-centre two-electron bonding system. It was also noted that agostic interactions

resulted in the distortion of C-H bonds to be more side-on towards the metal centre. The

authors proposed that many 16-electron organometallic transition metal species could
be better described as 18-electron complexes, with the additional two electrons being
donated by a C-H undergoing an agostic interaction. Furthermore they predicted that

many selectivities and stereochemical factors of organometallic reactions could be

explained by taking agostic interactions into account. This prediction was revisited by
the authors in 200732 in a review highlighting the growth of the field since their 1983

paper. Here, they noted that hundreds of agostic complexes had been identified in the
intervening period, and that observed selectivities, particularly in polymerisation, had
been rationalised using agostic interactions as key transition states or intermediates.

Fig. 1.6—General schematic of an agostic interaction.31
Support for the role of agostic complexes in C-H activation pathways was reported by
Martin and Milstein in 1998.33 In this paper, C-H activation reactions of a Rh complex

leading to the formation of PCP pincer complexes were investigated. A bis-phosphorusbound Rh complex with the C-H bond still intact was crystallised (Fig 1.7). This was

supported by X-ray crystallography, which showed a distortion of the C-H bond out of
the aromatic plane by 17o, along with an unusually long Rh-C distance of 2.273(5) Å.

Additionally, the 1H NMR spectrum displayed a 2JRhH coupling constant of 18.1 Hz, in
line

with

an

agostic

interaction.

Notably,

both

the

geometry

obtained

crystallographically and subsequent DFT calculations indicated that the aromatic nature

of the ring was still intact in the agostic complex—no arenium characteristics were
observed, as would have been expected for the intermediate proposed by Ryabov. This
11

indicated that deprotonation of an agostic intermediate at an aromatic carbon was taking

place, not deprotonation of a Wheland-like intermediate, in C-H activations involved in
the formation of Rh PCP pincer complexes (Scheme. 1.12).

Fig.—1.7 X-ray structure of ClRh(H)[C6H3-1,3-(CH2P(t-Bu)2)2] with a C-H bond still
intact. Right hand side shows a side-on view with the agostic arrangement of the Rh-CH atoms. Key distances: Rh(1)-H(11) 1.950 Å, Rh(1)-C11 2.273(5) Å. Reproduced with
permission from ACS Publications.33

Scheme 1.12 Formation of Rh P-C-P pincer complexes via C-H activation as reported
by Martin and Milstein.33 COE = cyclooctene.
1.2.2 – Introduction to Computational Modelling

Computational modelling, density functional theory (DFT) in particular, has made a

major impact into the ability to study chemical systems. The development of these
techniques was recently reviewed to mark the 50th anniversary of the theory.34 The birth

of DFT came with a series of papers by Hohenberg, Kohn and Sham, in which they
demonstrated that the total electron density r, can be used to completely describe all the

properties of a ground state chemical system. Approximations to the functional that

relates r to the electronic energy of the system allow for the energetics of a system to be
modelled. Further details of DFT and computational methods in general are covered in
12

Chapter 2. Throughout this chapter, investigations using DFT will have the functional
used indicated.

DFT became increasingly popular in the 1980s, as illustrated in a review by Ziegler.35
This paper outlines the early development of DFT, before discussing a series of papers
in which it is applied to study a wide range of molecular properties including molecular

structures and preferred conformers, potential energies surfaces, ionisation potentials, as
well as the calculation of transition state geometries and reaction profiles. In this, a

study by Bergman36 was highlighted in which the oxidative addition of a methane C-H
bond occurs at coordinatively unsaturated CpRh(CO) and CpIr(CO) complexes.

The popularity of DFT continued to grow, particularly in the field of organometallic
chemistry, as highlighted in two reviews in 2000; one by Hall,37 focusing on reactions

of transition-metal complexes; another by Dedieu,38 focusing on Pd and Pt complexes.

Both of these highlight the number of theoretical studies being conducted, including on
oxidative addition, b-hydrogen transfer and SBM processes.
1.2.3 Application of DFT to Base-Assisted C-H Activation

DFT (BP86) was utilised in 2005 by Davies and Macgregor39 in the mechanistic
investigation of the Pd(OAc)2 cyclometalation of DMBA-H as first demonstrated by
Ryabov 20 years earlier. The computational model, however, led to the proposal of a
different interpretation to Ryabov’s suggested pathway. The most stable pathway (Fig.

1.8) starting from the N-bound DMBA-H complex 7, proposed by Ryabov, involved
one of the acetate arms undergoing k2 to k1 displacement (TS(7-8)), opening a

coordination site to allow the phenyl group to form an agostic interaction with the metal

centre (8). The structure can then undergo C-H activation via a 6-membered transition
state (TS(8-9)), in which the free arm of the k1 acetate acts as an internal base to

deprotonate the DMBA-H, leading to the formation of a palladacycle and an acetic acid
ligand. Interesting to note is that the k2 to k1 displacement in TS(7-8) was 2.9 kcal/mol

higher in energy than the C-H activation transition state (TS(8-9)) itself, which was

only 0.1 kcal/mol higher in energy than the agostic intermediate 8. This indicates that
the majority of the energy requirement for this C-H activation was in orienting the
molecule in the required arrangement; the actual C-H bond cleavage step proceeded
with almost no barrier.
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Fig. 1.8—Computed reaction profile (BP86) of
[Pd(OAc)2(DMBA-H)]. Enthalpies shown in kcal/mol.39

the

C-H

activation

of

A year later, the same group extended this work to C-H activation of DMBA-H at Ir
using the [Cp*IrCl2]2 dimer which was converted into [Cp*Ir(DMBA-H)(OAc)]+ in
presence of sodium acetate, before undergoing C-H activation.40 DFT calculations were

conducted using the BP86 functional and a model system in which Cp* was replaced

with Cp. No C-H cleavage transition state could be located in the course of these
calculations, instead the k2 to k1 displacement transition state (Fig. 1.9a) led directly to

the cyclometallated product with an acetic acid ligand. This reinforces the results found
in their previous investigation, that C-H bond cleavage can be extremely facile once an
agostic interaction is in place, in this case occurring without a barrier.

Fig. 1.9—Computed transition states (BP86) of the C-H activation of [CpIr(DMBAH)(OAc)] +. a) favoured 6-membered acetate-assisted mechanism; b) oxidative addition
mechanism; c) 4-membered acetate-assisted mechanism.
The ambiphilic nature of the pathway was stressed by the authors, who remarked that
the agostic intermediate is stabilised by both the agostic interaction and hydrogen
14

bonding by the free acetate arm. It is noted that the acetate plays a key role in the C-H
activation process and without the acetate arm, the enthalpy of the non-assisted

transition state (Fig. 1.9b) is at +30.7 kcal/mol, as opposed to +16.0 kcal/mol for the
assisted pathway. Furthermore, this transition state leads to the formation of an Ir(V)
intermediate that is endothermic by 30.9 kcal/mol. Indeed, the nature of the involvement

of the acetate has a notable effect on the barrier, with a 4-membered acetate-assisted

transition state (Fig. 1.9c)—similar to that of Gomez as discussed above—giving a
raised barrier of 22.8 kcal/mol.

In a related mechanistic investigation, Maseras and Echavarren reported studies on
palladium-catalysed intramolecular arylations.41 In these reactions, two aryl groups of

the same substrate (Scheme 1.13, 10) were coupled together, forming a biaryl moiety
(11 or 12) Experimental studies showed that more strongly electron-withdrawing F

groups in 10b enhanced the reactivity, in disagreement with the electrophilic aromatic
substitution mechanism (SEAr), which had commonly been attributed to direct arylation

reactions. Furthermore, a SEAr mechanism would indicate little involvement of the C-H
bond in the rate determining step, however kH/kD values of 5.0–6.7 were obtained,
indicating a significant portion of C-H cleavage in the rate determining step. Instead, the

authors proposed that the observed experimental results indicated a proton-abstraction
mechanism.

Scheme 1.13—Intramolecular aryl-aryl coupling by Pd(OAc)2 reported by Maseras and
Echavarren.41
In order to elucidate the details of this mechanism, a DFT study was carried out

(B3LYP). Three mechanisms were considered for the proton-abstraction (Scheme

1.14); first, a non-assisted process where no bicarbonate is involved and, instead, a
bound bromide deprotonates the C-H bond (TS(12-13)); second, a intermolecular
assisted process, in which a carboxylate deprotonates the aryl C-H to form H2CO3 in
TS(12-14), without coordinating to the palladium centre; third, a intramolecular process
15

was considered, in which the bound bromide in 12 is exchanged for a carboxylate ligand
to form 15. Intramolecular deprotonation then occurs via TS(15-13).

Scheme 1.14—Possible proton abstraction mechanisms considered by Maseras and
Echavarren for C-H activation of a pendant aryl group by Pd(II).41
Out of these mechanisms, the non-assisted pathway was calculated to be more than 20

kcal/mol higher in energy than the unassisted pathway compared to the deprotonations

involving carboxylate. The two assisted pathways were close in energy, and which was

favoured depended on the substrate involved. For simplicity, the authors proceeded with

the intermolecular pathway to calculate the effect of electron donating or withdrawing
groups. These studies agreed with the experimental results, with withdrawing groups

enhancing C-H activation, supporting a base-assisted pathway as the most likely
mechanism.

A notable feature of both assisted mechanisms was that metallation and deprotonation
occurred in a concerted fashion. A number of following papers described this type of

mechanism as Concerted Metallation-Deprotonation (CMD).42 One such example is the
report by Fagnou and Gorelsky43 that extended the previous work by Maseras to direct

arylations of a wide range of aromatic and heteroaromatic systems using
Pd(Ph)PMe3(OAc) complexes (examples in Fig 1.12). Transition states (B3LYP)
corresponding to intramolecular deprotonation by acetate were obtained for all
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examined substrates. Attempts to locate Wheland intermediates corresponding to SEAr
mechanisms were found to converge on (C-H)-Pd and (C=C)-Pd coordination
complexes.

The

calculated

free

energy

barriers

agreed

with

experimental

regioselectivity. Notably, the presence of electron withdrawing F substituents (Fig.

1.12, 16 to 17) decreases the barrier to C-H activation from 33.9 kcal/mol to 22.3
kcal/mol; the opposite trend would be expected for an SEAr mechanism. The same can
be seen for heterocycles, for example 18 to 19 in Fig. 1.12.

Fig. 1.12—Free energy of activation (kcal/mol) for direct arylation at the indicated C-H
bond via CMD at Pd(Ph)PMe3(OAc) complexes. Experimentally observed arylation
sites are shown in red.43
This ability of electron withdrawing groups to lower CMD activation barriers was
further investigated by Fagnou et al.44 in a paper describing how the addition of chloride

substituents to a heterocycle can both block a preferred C-C coupling site and enhance
C-H activation at other, less reactive sites (Scheme 1.15). By varying reaction
conditions, a chloride could be installed onto a heterocyclic ring. This prevented C-H

activation at that position, and so enhanced activation at another C-H bond. DFT using

the B3LYP functional was used to investigate the mechanism of the subsequent C-H
activation by a Pd centre. A 6-membered transition state was identified (Fig. 1.13),

where the C-Pd bond formation occurs in the same step as the activated proton is
removed by a free acetate arm.
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Scheme 1.15—Pd(0) catalysed direct arylation of a range of heterocycles using a
removable Cl blocking group, reported by Fagnou.44

Fig. 1.13—CMD transition state for C-H activation of heterocycles by Pd catalysts
proposed by Fagnou. Y = N, S.44
Not all concerted intermolecular C-H activations proceeded with involvement of an

agostic interaction, however. The computational technique of AIM (see above) was

used to analyse the bonding pattern in such intermolecular proton abstraction processes
by Cundari and co-workers.45 In this paper, the C-H activation of benzene by a range of

transition metals was computed using the B3LYP functional (Scheme 1.16). Notably,
the base involved in the deprotonation is either OH- or NH2- and so the proton is

transferred onto an atom directly bound to metal centre, therefore, this deprotonation
proceeds via a 4-membered transition state (TS(20-21)).

Scheme 1.16—Possible mechanism of C-H activation of benzene by transition metal
complexes as proposed by Cundari. (X = OH, NH2. M = Tc or Re, q = -1; M = Ru, q =
0; M = Co or Ir, q = +1; M = Ni or Pt, q = +2).45
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Initial analysis of the MLH distances in the transition states appeared to indicate strong

M…H interactions, with distances only 8-12% longer than the covalent analogues.
However, this analysis was proposed to be too simplistic. Instead, AIM analysis was

carried out to examine the bonding in these transition states. Two extreme bonding
patterns were proposed (Fig. 1.14), one with two ring systems indicating a strong M-H
interaction, and the other with a single ring of 4 bond critical points, indicative of a

SBM mechanism. It was found that the systems displayed only the 4 bond critical points
of the SBM mechanism, with a single ring critical point, indicating no significant
interaction between the metal and the hydrogen being transferred.

Fig. 1.14—Idealised AIM critical point diagram for base-assisted C-H activation
representing either a metal-hydrogen interaction system as found in AMLA/CMD (left)
and a SMB mechanism (right). Bond critical points indicated by circles, ring critical
points indicated by squares.45
A similar mechanism was proposed by Goddard and co-workers in their investigation

into the arylation of olefins using DFT with the B3LYP functional (Scheme 1.17).46 In

this work, benzene underwent intermolecular C-H activation by an Ir species, with a
bound alkyl ligand acting as an intramolecular base and accepting the transferred proton

(Fig. 1.15). This was found to proceed in a single step, in what was termed an oxidative

hydrogen migration step. An alternative b-hydride elimination process resulting in the

formation of styrene was considered and found to be facile, however it was kinetically
disfavoured compared to the even lower barrier for hydrogen migration. This matched
the experimental results, in which no styrene by-products were observed.

Scheme 1.17—C-H activation of benzene and subsequent coupling with alkenes using
Ir catalysis, as reported by Goddard.46
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Fig. 1.15—C-H activation transition state geometry for the arylation of terminal
alkenes, proposed by Goddard.46
In 2009, Davies and Macgregor published a perspective47 of inter- and intramolecular

C-H activation mechanisms at late transition metal complexes. Expanding on their
previous mechanistic work, the authors stressed the synergic effect of the agostic and
hydrogen bonding interactions in heteroatom-assisted C-H activations. The agostic bond

to the metal centre depletes electron density of the C-H bond, leading to the hydrogen

becoming more protic in nature. The greater protic character of the hydrogen leads to

stronger hydrogen bonding with a basic heteroatom, which, in turn, further stabilises the
agostic species. To emphasise the synergic nature of this process over the related CMD

mechanism,43 the authors coined the term Ambiphilic Metal-Ligand Assisted (AMLA)

C-H activation. Although similar, AMLA is more generally applied to intramolecular CH activations, whereas CMD has been applied to systems involve intermolecular CHA

processes without a metal-bound directing group. This was further separated into two
mechanisms, AMLA-4 proceeding via a 4-membered transition state involving a metalbound atom (such as already discussed in the report by Cundari45), and AMLA-6 which
proceeds via a 6-membered transition state with deprotonation conducted by an atom on
a free arm of the ligand.

As the role of the chelating base had been proposed to be vital in the C-H activation
mechanisms studied by the group, in 2009, Davies and Macgregor investigated the

cyclometalation of dimethylbenzylamine with [IrCl2Cp*]2 using the BP86 functional.48
To do this, they examined the effect of using different bases the form RCO2- (R = Me,

Ph, OH, CCl3, CF3) as well as triflate (CF3SO3-). In all cases, k2-k1 displacement was

shown to be rate-determining, with a subsequent AMLA-6 C-H activation step either
being lower in energy, or, in the cases of R = OH and CF3, proceeding without a barrier.

Comparison between the barrier heights between the rate-determining transition states
and the preceding k2 intermediate did not agree with experiment, however, as the triflate
gave the lowest barrier of all the chelated bases by calculation, but the slowest reaction
experimentally. This was resolved when the initial steps of the process were considered
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starting with the Ir dimer 22 used as the starting reagent (Scheme 1.18). This revealed

that dimer opening to the most stable intermediate (22-23) was 18.0 kcal/mol more
favoured for acetate compared to triflate, highlighting the importance of taking the
entire process into account when comparing two computed reaction profiles.

Scheme 1.18—Key intermediates in the dimer opening of [IrCl2Cp]2 followed by
metallacycle formation with DMBA-H as computed with BP86. 48
The state of computational investigations into C-H bond activation was summarised in a
comprehensive review by Eisenstein in 2010.49 This covers many of the topics covered

here, from the early development of C-H activation mechanisms of OA, SBM and 1,2-

additions through to the development of the two base-assisted C-H activation
mechanisms of CMD and AMLA. It is noted that systems which can employ these

mechanisms are able to undergo C-H activation without a change in metal oxidation
state, and often do so with lower barriers than those involving oxidative addition
mechanisms. For this reason, these newer methods are of keen interest in the

development of new catalytic systems. Finally, the review stresses the benefits gained
by close collaboration between experimental and computational researchers.

1.3—C-H Activation and Functionalisation
1.3.1—Historical Overview on C-H Functionalisation

From its outset, the goal of C-H activation has been aimed towards creating
functionalised species. Catalytic C-H activation and functionalisation was first
demonstrated by Murai in 1993,50 in a paper in which a range acylbenzene and acyl21

heteroarmocatic derivatives

were C-H activated

at

the ortho

position

RuH2(CO)(PPh3)3 and directly coupled with terminal alkenes (Scheme 1.19).

by

Scheme 1.19—The first example of catalytic C-H functionalisation—the alkylation of
aromatic ketones ortho C-H position with terminal alkenes using catalytic
RuH2(CO)(PPh3)3.50
In a review chapter,51 Murai outlined the rapid growth in the scope of C-H activation
and functionalisation that followed this first example. Out of these, the number of both
alkene and alkyne additions to C-H bonds by Ru and Rh metal catalysts were

highlighted; notably, the functionalisation of azobenzene (the cyclometalation of which
was discussed at the beginning of this chapter) by Kisch et al.,52 in which the substrates

were reacted with diphenylacetylene in the presence of RhCl(PPh3)3. This led to the
formation of a 5-membered heterocyclic product (Scheme 1.20), with the alkyne
carbons added between the activated carbon and one of the azo nitrogens.

Scheme 1.20—Heterocycle formation via azobenzene C-H activation by RhCl(PPh3)3
followed by coupling with alkynes.52
1.3.2—Heterocycle Formation

One particular area of interest in C-H functionalisation has been in the development of

Rh(III) catalysis, as reviewed by Li in 2012.53 The author contributes the growth in this

field to the facile construction of C-E (E = C, N, S or O) bonds and high selectivity
shown by the catalysts, which tend to follow the chelate-assisted mechanisms discussed
in the previous section. In this review, the authors proposed the general form of the
directed functionalisation with an alkyne coupling partner (Scheme 1.21). Initially, the

directing heteroatom of the substrate (27) binds to the Rh metal centre (28). This then
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undergoes directed C-H activation in the ortho position, forming rhodacycle 29. Alkyne

migratory insertion leads to an expanded rhodacycle, 30. An E-C bond can form

between the directing heteroatom and the metal-bound alkenyl carbon via a reductive
coupling step, leading to a Rh(I) species and a new organic heterocycle (31). An oxidant

is then required to convert the Rh(I) species back to Rh(III) and so regenerate the active
catalyst and close the catalytic cycle. As the substrates are formally oxidised during the
reaction, this can be referred to as an oxidative coupling.

Scheme 1.21 General scheme for heteroatom-directed catalytic oxidative coupling of
arenes with directing groups and alkynes.53
The formation of heterocycles was a major focus in a 2010 review by Miura.54 One key
example based on C-H activation was the coupling of alkynes and benzoic acid by
catalytic [Cp*RhCl2]2 (Scheme 1.22). Similar to the earlier reactions with azobenzene,
these form a heterocycle with the two alkynyl carbons bridging the activated carbon and
the heteroatom.

Scheme 1.22—Heterocycle formation via coupling of alkynes and benzoic acid by
catalytic [Cp*RhCl2]2.54
Of particular importance for the topics discussed in this thesis, the review also covered
the

C-H

functionalisation

benzylidenemethylamine

of

with

imines.

The

stoichiometric

dimethylacetylenecarboxylate
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reaction

(DMAD)

of

N-

with

[Cp*RhCl2]2 by Jones and co-workers55 (Scheme 1.23) again resulted in a 6-membered
heterocyclic product, an isoquinolinium cation, being formed, with the alkyne carbon

atoms inserted between the activated C-H position and the heteroatom. In this case, as
the directing group is neutral, the reaction results in the nitrogen atom formally holding
a positive charge.

Scheme 1.23—Heterocycle formation via the stoichiometric reaction of DMAD with
[Cp*RhCl2]2.55
1.3.3—Further Development of C-C Bond Forming Functionalisations

Although the majority of the cyclisations discussed so far result in the directing atom

being incorporated into a heterocycle, an alternative was demonstrated by Miura in
2009.56 In this, an alkyne and an N-benzylimine are coupled using catalytic

[Cp*RhCl2]2 (Scheme 1.24). Instead of the C-N reductive coupling to form a 6membered ring in the chemistry already discussed, this system formed a 5-membered

indenylimine (32) via C-C bond formation. The proposed mechanism involved the
cyclisation occurring through an imine insertion into the Rh-C bond. This system is
explored further in Chapter 6.

Scheme 1.24—Formation of 5-membered ring of an indenylimine formed by the C-H
activation of N-benzylimines by [Cp*RhCl2]2 in the presence of diphenylacetylene.56
1.3.4—Direct Arylation

C-C bond forming C-H functionalisation reactions are a common motif and have been

extensively reviewed.57, 58 Aryl-aryl couplings are of wide interest, as they allow for the
formation of many biologically relevant products.59 Aryl halides are often used as the

coupling partner in these reactions and can allow for facile and selective
functionalisation, as in the room temperature and site-selective direct arylation of
indoles by Larrosa (Scheme 1.25).60 In these reactions, N-methylindole is reacted with
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aryl iodides in the presence of catalytic Pd(OAc)2 and acetic acid to form the coupled

aryl product. This reaction was proposed to begin with oxidative addition of the Ar-I
bond, followed by C-H activation via either a Pd0/II or PdII/IV cycle to lead to both aryl

groups being bound to the Pd centre (Scheme 1.26). Reductive elimination then forms
the new Ar-Ar bond and regenerates the Pd(0) catalyst.

Scheme 1.25—Direct arylation of N-methylindole by phenyl iodide and catalytic
Pd(OAc)2.60

Scheme 1.26—Mechanism of aryl-aryl coupling by Pd(0) via either a Pd0/II or PdII/IV
route, as proposed by Larrosa.60
1.3.5—Additional Directing Group Utility

An alternative to an external oxidant to regenerate the catalyst in oxidative couplings is

to include functionality in the substrate to act as an internal oxidant. This was initially
applied to C-H functionalisation using Pd metal centres, both to aromatic alkenylations

by Cui and Wu,61 and to heterocycle formation by Hartwig.62 This was extended to Rh
catalysis by Fagnou by using hydroximic acid groups as combined directing and

oxidising agents.63 These substrates, when reacted with alkynes in the presence of
catalytic [Cp*RhCl2]2 formed isoquinolone products without the need for an external
oxidising agent (Scheme 1.27).

Scheme 1.27—Heterocycle formation via C-H activation of hydroximic acids in the
presence of alkynes and catalytic [Cp*RhCl2]2. Cleavage of N-O bond acts as an
internal oxidant.63
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Further investigation by the same group64 uncovered that using the more reactive OPiv

(Piv = tBuCO) group in place of OMe allowed for lowered catalyst loading (Scheme
1.28, (ii)) or the ability to perform the cyclisation using terminal alkynes (Scheme 1.28,
(iii)). Experimental studies and DFT calculations using B3LYP were carried out to
investigate the mechanism by which these reactions were taking place. A crossover
experiment demonstrated that the oxidation was an intramolecular process. The catalytic
cycle based on DFT calculations is shown in Scheme 1.29. N-H activation of 33 by 34

leads to a nitrogen-coordinated species, 35. Rate limiting C-H activation proceeds via a

CMD mechanism, leading to rhodacycle 36. Migratory insertion expands the
rhodacycle, forming 39, followed by the C-N reductive coupling proposed in other

cyclisation routes, forming the bound-heterocycle complex 40. This is then followed by
a rapid N-O oxidative addition, cleaving the N-O bond and reoxidising the rhodium to

give 41. Protonolysis by acetic acid then yields the organic product (42) and releases the
regenerated catalyst, 34.

Scheme 1.28—Heterocycle formation via C-H activation of hydroximic acids in the
presence of alkynes and catalytic [Cp*RhCl2]2. Cleavage of N-O bond acts as an
internal oxidant.64
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Scheme 1.29—Computed (B3LYP) catalytic cycle for the heterocycle formation via CH activation of hydroximic acids in the presence of alkynes and catalytic [Cp*RhCl2]2.64
An alternative mechanism was proposed by Xia in a computational study (using the
M06 functional) of the related, but more demanding, alkene coupling to benzamide

derivatives.65 Experimental studies showed that substrates with OMe internal oxidants
(43a) formed uncyclised products (Scheme 1.30, (i)), whereas those with OPiv groups
(43b) formed heterocyclic products (Scheme 1.30, (ii)). Notably, for both systems,

direct C-N bond formation from C(sp3)-Rh(III)-N(sp3) species (i.e. 44 to 48) was
computed to be very difficult, with barriers over 40 kcal/mol. Instead, the formation of

the heterocycle proceeded via N-O bond cleavage before C-N bond formation, leading
to a Rh(V) nitrene species (47), from which C-N reductive coupling was possible.
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Scheme 1.30—Proposed mechanism for the divergent coupling of benzamide
derivatives and alkenes by Rh catalysis. 65
The usefulness of directing groups, primarily in enhancing selectivity of the C-H
activation but also as internal oxidants, has been discussed in detail above. However,
these directing groups are generally retained in the functionalised products as either

substituents or incorporated into newly formed heterocycles. This limits the scope of the

possible products that can be synthesised by these routes. In a tutorial review,66 Zhang
and Spring outlined two alternative methods to deal with leaving groups: the use of
modifiable/removable leaving groups, and traceless leaving groups.

Modifiable/removable leaving groups are those which are still incorporated in the
product following functionalisation, but are then able to be altered or removed in a

second reaction step. For example, the Pd-catalysed direct arylation demonstrated by
Gaunt67 in which benzaldimines were arylated with ArBF3K (Scheme 1.31). The imine
could then be converted into an aldehyde using Et3N, acetyl chloride in THF.
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Scheme 1.31—Direct arylation of benzaldimines by Pd(II) catalysts, followed by
conversion of the imine directing group to an aldehyde using Et3N, acetyl chloride in
THF. 67
So called ‘traceless’ directing groups build on this, but are designed to be removed

during the functionalisation in a one-pot reaction. For example Larrosa exploited the
protodecarboxylation of benzoic acids to allow formal meta-selective direct C-H

arylation of aryl groups. In this work, benzoic acids were C-H activated by Pd(OAc)2
and directly coupled with aryl-iodides (Scheme 1.32).68 As the protodecarboxylation
occurred in tandem with the arylation, no subsequent step was required to remove the

ortho-directing carboxylic acid group. This led to the formation of a range of metasubstituted products.

Scheme 1.32—Direct arylation of benzoic acid derivatives with aryl iodides and
catalytic Pd(OAc)2 reported by Larrossa, in which the carboxylic acid acts as a traceless
directing group, leading to the formation of a meta-arylated product.68
1.3.6—Ruthenium-Catalysed Direct Functionalisation Reactions

So far, this chapter has focused on catalytic C-H activation by group 9 and 10 metal

centres, often combined with coupling with unsaturated organic partners to lead to the
formation of functionalised products. An related reactivity that has gained great interest

in recent years, is that of ruthenium-catalysed direct functionalisation, as reviewed
extensively by Bruneau and Dixneuf.69

Efficient direct functionalisation by Ru(II) was pioneered by Oi and Inoue, who

reported the direct arylation of 2-phenylpyridine by PhBr and catalytic [RuCl2(C6H6)]2
in the presence of PPh3 and K2CO3 in N-methyl-2-pyrrolidone (NMP) (Scheme 1.34).70
This lead to the major product being the ortho-monoarylated product, with a small
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quantity of the diarylated product being observed. Using 3 equivalents of PhBr and 6 of
K2CO3 lead to the exclusive formation of the diarylated product.

Scheme 1.34—Direct arylation of 2-phenylpyridine by PhBr and catalytic
[RuCl2(C6H6)]2 reported by Oi and Inoue.70
Since this early report, the scope of direct arylation reactions using Ru(II) catalysts has
grown substantially to include a wide range of directing groups and coupling partners.69

Although many of these are conducted in organic solvents, such as NMP, toluene and oxylene, there has been more recent work investigating the use of green solvents.

Notably, Dixneuf and co-workers demonstrated Ru(II) catalysed direct diarylation of 2phenylpyridine by PhCl with a 100% yield being obtained using KOPiv as a base
(Scheme 1.35).71

Scheme 1.35—Direct diarylation of 2-phenylpyridine by PhCl and catalytic [RuCl2(pcymene)]2 reported by Dixneuf.71
In their 2001 paper,70 Oi and Inoue reported direct alkenylation of 2-phenyl pyridine by
E-PhCH=CHBr and Ru(II) catalysis under the same conditions as the direct arylation

reactions (Scheme 1.36). The mono-alkenylated product was the major product, with
the alkenyl group installed in the ortho position to the pyridine ring.
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Scheme 1.36—Direct alkenyl of 2-phenylpyridine by E-PhCH=CHBr and catalytic
[RuCl2(C6H6)]2 reported by Oi and Inoue.70
Direct alkylation reactions were demonstrated as early as 1988 using RuCl3 xH2O in a
neat mixture of PhCH2Br and either benzofuran or benzothiophene (Scheme 1.37).72

This lead to preferential 2-benzylation with minor 3-benzylation products being

observed. Notably, these alkyl halides contained no b-hydrogens, preventing belimination from competing with the functionalisation reaction.

Scheme 1.37—Direct alkylation of benzofuran and benzothiophene by PhCH2Br and
RuCl3 xH2O reported by Oi and Inoue.72
This has since been extended to alkyl halides containing b-hydrogen atoms, for example
the report by Ackermann in which the scope of direct alkylation of aryl-pyridine

derivatives using catalytic [RuCl2(p-cymene)]2 in NMP was investigated (Scheme
1.38).73 The highest yields were obtained when AdCO2H (Ad = adamantyl) was added

to the reactions. Further work by the same group74 found that alkyl chlorides reacted
more efficiently than alkyl bromides.
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Scheme 1.38—Direct alkylation of aryl-pyridine derivatives by alkyl bromides and
catalytic [RuCl2(p-cymene)]2 reported by Ackermann.73
Ru(II) catalysed direct C-H functionalisation is not limited to the formation of C-C

bonds. Indeed, C-O and C-N bond formation by Ru catalysis was recently reviewed in a

book chapter by Sahoo and co-workers.75 A relevant example from this review is the 2pyridyl direct C-H amidation investigated by Chang and co-workers (Scheme 1.39). In
this, amidation occurred in the ortho position.76

Scheme 1.39—Direct amidation of 2-phenylpyridine by NsN3 and catalytic [RuCl2(pcymene)]2 reported by Chang.76
Although not to the extent of the C-H activation mechanisms, the mechanism of direct

functionalisation has been investigated. In their 2001 article,70 Oi and Inoue suggested a
mechanism that proceeds first via oxidative addition of the Ar-X bond to an unidentified
Ru(II) species, 49 (Formed from [RuCl2(h6-C6H6)]2, forming a Ru(IV) intermediate, 50
(Scheme 1.40). This was followed by ligand binding and C-H activation via a Wheland

intermediate, 51, leading to the loss of HBr to form 52. Finally, reductive coupling leads
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to the formation of the new C-C bond of the arylated product, 53, and regeneration of a
Ru(II) species, 49, closing the catalytic cycle.

Scheme 1.40—Reaction mechanism for direct arylation of 2-phenylpyridine by Ru(II)
put forward by Oi and Inoue.70
This interpretation was challenged by later mechanistic studies, such as that by Maseras

and Dixneuf in 2008.77 They proposed that based on the observation of facile orthometalation of 2-phenyl pyridine under the reaction conditions of Oi and Inoue,

supported by DFT calculations that indicate that C-H activation precedes oxidative
addition (Scheme 1.41). The suggested mechanism put forward in this paper began with

ligand binding at 49, forming 55, followed by an intramolecular C-H activation, with

HCO3- acting as an intramolecular base to form 56. Ar-Br oxidative addition then
occurs at 56 to give the Ru(IV) intermediate 57. Reductive coupling is suggested as the
final step, generating the arylated product, 53, and regenerating a Ru(II) species, 49, to
complete the catalytic cycle.
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Scheme 1.41—Reaction mechanism for direct arylation of 2-phenylpyridine by Ru(II)
put forward by Maseras and Dixneuf.77
The mechanism of the C-H activation was investigated further by Dixneuf in
collaboration with Jutand in 2011.78 In this, [Ru(OAc)2(p-cymene)], 58, was reacted
with 2-phenylpyridine in deuterated acetonitrile at 27 oC, yielding the cyclometalated

product 59 (Scheme 1.42). 1H NMR measurements over time then indicated that the

acetate ligand in the initially formed product, 59 was exchanged with the CD3CN

solvent to form 60. Interestingly, as the reaction was monitored over several days, the p-

cymene ligand was slowly exchanged with the solvent, forming 61, with the
concentration of 61 becoming larger than that of 60 after approximately 1 day. The C-H
activation was found to be accelerated by addition of 3 equivalents of KOAc, or 1

equivalent of AcOH. Furthermore, 1H NMR studies showed that the acceleration of

caused by the addition of AcOH was due to an acceleration in the depletion of 58. The

authors interpreted these results as indicating that the acetic acid enhancing the
dissociation of AcO- from 58, forming [Ru(OAc)(p-cymene)]+, which has a vacant

coordination site for the 2-phenylpyridine to bind. The increased rate of reactivity by
addition of acetate was interpreted as indication of a intermolecular base-assisted C-H
activation step.
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Scheme 1.42—Cyclometallation of 2-phenylpyridine by [Ru(OAc)2(p-cymene)] studied
by Dixneuf and Jutand.78
The general catalytic cycle with C-H activation occurring before C-X oxidative addition

has been applied to direct alkylation reactions by Ackermann.79 In a mechanistic study
on the direct alkylation of ketimines by alkyl halides using catalytic [Ru(Cl)2(pcymene)], it was found that electron deficient ketimines reacted favourably in

competition experiments (Scheme 1.43, (i)). Furthermore, direct alkylation of
deuterated 2-phenylpyridine resulted in the observation of ortho-H/D exchange,

suggesting reversible C-H activation was occurring (Scheme 1.43, (ii)). Reactions of
ketimines with isotopically labelled bromohexane gave no detected loss of the
deuterium labels (Scheme 1.43, (iii)), suggesting that alkylidines intermediates were not
involved in the reaction.
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Scheme 1.43—Mechanistic investigations on the direct alkylation of ketimines and 2phenyl pyridine by hexylbromide with Ru(II) catalysis undertaken by Ackermann.79
PMP = p-methoxyphenyl, C6H4OCH3.
From these results, a catalytic cycle was proposed (Scheme 1.44). First, reversible

ligand association takes place, forming 63, followed by reversible C-H activation to

form 64. Oxidative addition of hexylbromide leads to the Ru(IV) species, 65. Finally,
C-C reductive coupling closes the catalytic cycle.
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Scheme 1.44—Proposed mechanism for direct alkylation of ketimines by Ru(II)
catalysis and hexyl bromide by Ackermann.79
The direct functionalisation reactions discussed so far have led to ortho
functionalisation of the substrates, however meta selectivity has also been demonstrated

in the literature. One notable example in the context of this thesis is the work by

Ackermann and co-workers on the direct alkylation of 2-phenylpyridine by secondary
alkyl halides (Scheme 1.45a).80 Interestingly, under the same reaction conditions,
primary alkyl halides gave the more common ortho selectivity. (Scheme 1.45b)

Scheme 1.45—Direct meta alkylation of 2-phenylpyridine by secondary alkyl halides
via Ru(II) catalysis reported by Ackermann.80
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In the case of reaction with the secondary alkyl, isotopic labelling experiments showed

H/D exchange occurring at the ortho positions. This indicated that ortho C-H metalation
was occurring and led to the suggestion of a remote-directed SEAr-type alkylation of the

secondary halide, with the ortho/para-directing Ru-C(sp2) s-bond controlling the

selectivity (Scheme 1.46). Indeed, an ortho metallated intermediate 69 was isolated and
found to be catalytically competent. This led to the proposal of the mechanism shown in
Fig. 1.46. Initial binding of 2-phenylpyridine to complex 67 leads to the formation of
68. From here, ortho-C-H activation can occur to form 69. Electrophilic alkylation then

leads to the meta functionalisation and generation of complex 70. Proto-demetalation
produces the observed organic species and regenerates the active catalyst, 67.

Scheme 1.46—Proposed mechanism for direct meta alkylation of 2-phenylpyridine by
secondary alkyl halides via Ru(II) catalysis reported by Ackermann.80
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1.4—Methods of Mechanistic Investigation of C-H Activation Processes
1.4.1—Experimental Methods

As can be seen, a great deal of detail can be gained as to the mechanisms of C-H

activation processes, leading to greater understanding of the driving forces behind them.
In this section, the most common methods of experimental mechanistic study recently
reported will be discussed, followed by highlights of recent developments in DFT
modelling techniques.

One of the most widely used experimental techniques to probe mechanistic details in the

recent literature is that of kinetic isotope effects (KIE). The application of this technique
towards C-H bond activation has been reviewed by Jones and co-workers,81 and more
recently by Hartwig and co-workers.82 The most common approach to using KIE

measurements in relation to C-H bond activation is to measure the relative rates of the

non-deuterated substrate, and the equivalent with the activation taking place at a C-D
bond. If there is a significant degree of C-H bond cleavage in the rate-determining
transition step, a KIE value greater than 1 would be expected. Although the presence, or

absence, of a measurable KIE has been used to propose whether or not C-H activation is
limiting, this can be complicated by other reaction steps. For example, as described in
the review, an inverse KIE can be associated with a separate alkane loss process,
making analysis difficult.

Furthermore, the KIE measurement can be greatly affected by whether an early or late
C-H activation transition state takes place. For example, Macgregor and Davies reported

an investigation into C-H functionalisation of 3-phenyl-pyrazoles with alkynes using

rhodium and ruthenium catalysts (Scheme 1.47).83 KIE studies revealed that when using
the Rh catalyst, C-H bond cleavage is revealed in the rate-determining step with a KIE

value of 2.7 ± 0.5. Further evidence for a rate-determining C-H activation was given by
the initial rate being nearly zero-order in alkyne. For the Ru system, a KIE value of 1.1

± 0.2 was obtained, suggesting C-H is not rate-determining. However, the initial rate of
the ruthenium system was also zero-order in alkyne, indicating that alkyne insertion is
not rate-determining. The reason for these apparently contradictory results was revealed

with DFT calculations. The C-H activation was found to proceed via two transition

states (Fig. 1.16); first, a k2-k1 displacement (TS72) with little involvement of the C-H
bond; then a base-assisted deprotonation (TS73) with a significant C-H bond
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elongation. The rate-determining step for the Rh system was the deprotonation step and

so the high degree of C-H bond cleavage in the transition state lead to the observation of

a KIE. The rate-determining step for the Ru system, however, was a k2-k1 displacement.
As this involves little C-H bond stretching, no significant KIE would be expected. Thus,

although the rate-limiting step was part of an AMLA C-H activation process, the early
nature of the transition state lead to a misleading KIE value. This highlights the

importance of joint computational and experimental techniques in order to fully
interpret experimental results.

Scheme 1.47—C-H functionalisation of 5-methyl-3-phenylpyrazole with 4-octyne
using rhodium and ruthenium catalysts with measured KIE values for deuteration at
indicated positions.83

TS72

TS73

Fig. 1.16—Computed transition state geometries in the AMLA-6 C-H Activation of 5methyl-3-phenyl-pyrazole at a {RhCp*} centre, spectator H atoms removed for clarity.
Selected bond distances displayed in Å. Reproduced with permission from ACS
Publications.83
In a similar vein, isotopic labelling can be used to track the mechanism of a reaction.
This has already been seen previously in Watson's 1983 report on SBM at Cp*2LuMe
complexes.16 Again, this commonly involves H/D exchange in C-H activation

investigations, generally to probe the reversibility of the C-H activation step. For

example, in a recent article by Zhu84 investigating the use of an N-N bond as an internal
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oxidant in the indole synthesis from N-nitrosoanilines and alkynes by Rh(III) catalysis

(Scheme 1.48), performing the reaction in the absence of the alkyne in tBuCOOD and
D2O resulted in H/D scrambling of the substrate's ortho protons (Scheme 1.49, (i)). This
indicated that the C-H activation was reversible under the reaction conditions. However,

when the reaction was carried out in the presence of the alkyne (Scheme 1.49, (ii)), no
scrambling was observed. This indicated both that the overall reaction was irreversible,

and that the forward cyclisation to form 75 was far more facile than the reverse of C-H
activation back to 74, meaning that C-H activation was the rate-determining step.

Scheme 1.48 Indole synthesis from N-nitrosoanilines and alkynes by Rh(III) catalysis.
Cleaved groups shown in blue; newly formed bonds in red.84

Scheme 1.49—H/D scrambling study undertaken by Zhu to probe the mechanism of
indole synthesis from N-nitrosoanilines and alkynes by Rh(III) catalysis.84
Another widely used mechanistic investigation technique is that of isolating
intermediates combined with demonstrating their onward reactivity. Isolating the

intermediates gives very strong evidence for their formation under the reaction
conditions, and if they are found to be catalytically competent, it provides further

evidence towards a proposed reaction pathway. For example, in 2010 Hartwig published
a report investigating the intermediates formed during palladium catalysed direct
arylation reactions on benzene (Scheme 1.50).85
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Scheme 1.50—Pd-catalysed direct arylation of benzene as investigated by Hartwig.85
To investigate the proposal that the reaction proceeded via a complex that did not

involve phosphine coordination, [Pd(o-Tol)Br2] 2- (76) was synthesised. This was then
placed in the reaction conditions without added phosphine (Scheme 1.51), and the
expected coupled product (77) was observed in 57% yield. This similarity in yields

strongly indicated that the C-H activation was occurring at a palladium centre without a
phosphine ligand.

Scheme 1.51—Direct arylation of benzene by [Pd(o-Tol)Br2]2- in the absence of
phosphine ligand. Ar = o-Tol.85
An example of an in-depth mechanistic investigation carried out using all of the above

methods is that of Li and co-workers in 2012,86 in which they investigated chelationassisted Rh and Ir-catalysed C-H alkynylation of arenes using hypervalent iodine
reagents (Scheme 1.52). These reactions could be performed using a wide range of
cyclic and acyclic N-directing groups and alkyl substituents.

Scheme 1.52—Direct alkynylation of arenes by Rh catalysis and hypervalant iodine
reagents.86
The mechanism was initially probed by KIE experiments, and KIE values between 3.0

and 5.7 were obtained for the Rh(III) catalysed reactions, and a value of 2.3 for the

Ir(III) systems. These indicate C-H bond cleavage is involved in the rate determining
step. A cyclometallated 2-phenylpyridine complex (79, Scheme 1.53) was found to be

catalytically competent. This indicates that a 5-membered metallacycle is a key
intermediate in the reaction. A similar experiment was carried outwith an alkynyl group
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attached to the cyclometallated rhodium centre (80), again producing good yields,

indicating that this terminally-bound alkyne complex was also an intermediate in the
reaction.

Addition of radical inhibitors, TEMPO (2,2,6,6-Tetramethyl-1-piperidinyloxy) and

BHT (Butylhydroxytoluene), had marginal effect on the reaction, indicating that it did

not proceed via a radical mechanism. A third proposed intermediate was isolated, the

rhodium vinyl ester 82. Although no vinyl ester products were observed, the use of this
intermediate as a catalyst produced a dialkynylated product in high yields. By switching
from a tBu alkyl substituent to a phenyl group, a vinyl ester product, 84, was obtained,

with the ester moiety being provided by the hypervalent iodide alkylating group. The
vinyl ester was proposed to be a likely intermediate, and the product obtained was

determined by electronic and steric factors of the alkynyl group. The N-C-O tripod

structure found in these vinyl ester reactions was suggested to inhibit elimination of the
2-iodobenzoate group, a step that would be involved in the catalytic cycle.

From these results, several possible mechanisms were considered. The most likely
pathway (Scheme 1.53), based on the observed intermediates, proceeded via C-H
activation and cyclometalation, leading to the isolated rhodacycle intermediate 79.

Oxidative addition leads to a Rh(V) alkynyl species 75. Reductive coupling produces an
alkyne benzoate species, 81. Reversible benzoate insertion forms the isolated rhodium

vinyl ester, 82. This can then be followed by protonolysis by a second substrate,
regenerating the rhodacycle (79) and releasing the vinyl ester product (84).
Alternatively, reductive elimination from the benzoate species releases the alkylated
phenyl pyridyl molecule, 86, and generates a rhodium benzoate complex (85).
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Scheme 1.53—Proposed reaction pathway for the direct alkynylation of arene rings
following directed C-H activation, as investigated by Li.86
Reactive species cannot always be isolated, but there are still methods of monitoring
them in situ. One such method is the use of NMR to identify reactive species in
solution. This can be particularly useful as, by taking samples throughout the course of

a reaction, the relative concentrations of intermediates can be tracked over time. This
was recently demonstrated in a report by Grubbs and co-workers using 1H NMR

spectroscopy.87 They reported an investigation into the mechanism of carboxylateassisted sp3 C-H activation at Ru complexes (Scheme 1.54). The initial dichloride
species, 87, underwent first order decay to form a mono-carboxylate species (90) when

exposed to pivalate. Two intermediates were observed to initially form, a pivalate-

chloride (88) and bis-pivalate (89) before converting to the k2 monoacetate species 90.
The C-H activation of a variety of ligands was also followed by 1H NMR spectroscopy.
It was found that without an excess of pivalate, no cyclometalation was observed,
highlighting the importance of the carboxylate in these reactions.
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Scheme 1.54—Intramolecular carboxylate-assisted sp3 C-H activation at Ru complexes
investigated by Grubbs.87
Similarly, high resolution mass spectroscopy (HRMS) can be used to track the changes

in reactive species throughout a reaction. In 2014, Hua et al.88 demonstrated this in an

investigation in the use of hydrazine directing groups in the formation of indoles by
rhodium-catalysed C-H activation from aryl hydrazines and alkyne annulation (Scheme
1.55).

Scheme 1.55—Hydrazine directed formation of indoles by rhodium-catalysed C-H
activation from aryl hydrazines, followed by alkyne annulations.88
To probe the mechanism, the reactions were performed without the presence of alkyne
for 45 minutes. HRMS indicated that without the alkyne a 5-membered rhodacycle was
formed. With alkyne present, an N-bound indole-rhodium species was detected.
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1.4.2 — Developments in Computational Techniques

As already discussed, DFT modelling has played a crucial role in the mechanistic

understanding of C-H activation processes. The accuracy of DFT methods continues to
improve with increased computing power allowing for more complete models to be

used, and the continued development of computational methodologies. Two particular
factors have been becoming increasingly critcal to reach the level of accuracy now

being asked from DFT calculations: solvation and dispersion effects. The most popular
current methods of addressing these will be outlined below. For a more complete
discussion of theoretical development, see Chapter 2.

Explicit modelling of solvent is challenging for DFT techniques, both due to the
computational expense of modelling a large number of solvent, and the breadth of the
conformation landscape that must be explored to find the global minimum. Implicit
solvation modelling aims to capture the effect that a solvent has on the system under

investigation, without having to explicitly model the solvent molecules themselves.
Two main approaches to implicit solvation modelling are common in the literature:
SMD (Solvation Model Density) 89 and PCM (Polarised Continuum Model).90

Both techniques are so called continuum models, in which the solvent is modelled as a

dielectric medium, with a solvent-solute surface between the continuum and the space

occupied by the molecule being modelled. The interaction is calculated in using selfconsistent reaction field approach (see Chapter 2). SMD uses PCM to calculate the

bulk electrostatic interaction, and then applies a second contribution called the cavity-

dispersion-solvent-structure to capture short-range interactions. This term is based on
parameterisation to match known experimental values.

Dispersion factors are also being accounted for with growing popularity in the
literature,91 and will be of particular importance for this thesis. These factors account for

the attractive London dispersion forces and become more significant with increasing

size of a system. As computational power has increased, it is now more common for the
full experimental system to be modelled, without computational simplification (such as

replacing PPh3 with PH3). This has led to the computational models becoming larger,

and so dispersion stabilisations have become more important for the production of

reliable relative energies, especially across steps involving association or dissociation of
ligands.
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There are a variety of methods to capture dispersion, from using an explicit correction,

such as Grimme's -D3 correction; using density functionals with dispersion built in,
such as B97D3; or functionals that are parameterised using experimental results where

dispersion factors are captured by matching to systems where dispersion is a major
factor, such as the M06 family of functionals. These methods will be detailed further in
later chapters.

The sensitivity of full models to dispersion effects was highlighted in a paper already

discussed, in which Davies, Cross and Macgregor83 investigated the C-H activation and
functionalisation of 3-phenyl pyrazoles. As already outlined, for the rhodium system, a
KIE value of 2.7 ± 0.5 indicated rate-determining C-H activation. Additionally, H/D

exchange experiments showed reduced deuterium incorporation in the presence of

alkyne (Scheme 1.56), indicating that alkyne insertion is more facile than the reverse of

C-H activation. The computed reaction pathway (using BP86, Scheme 1.57) involved

initial C-H activation (91 to 92), followed by migratory insertion (93 to 94), however
results without a dispersion correction predicted the migratory insertion step to be rate

limiting, conflicting experimental studies. This was resolved by the inclusion of

Grimme’s -D3 correction, which stabilised the relative energy of the migratory insertion

step, leading to C-H activation being rate-determining, in agreement to experiment. This
sensitivity can be rationalised by the large dispersion stabilisation that can be expected

when the large 4-octyne is brought into close proximity to the metal complex going
from species 92 to species 93.
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Scheme 1.56—H/D exchange experiments with and without 4-octyne present for the Rh
and Ru catalysed C-H activation of 5-methyl-3-phenylpyrazole.83

Scheme 1.57—C-H activation and functionalisation pathway for the Rh catalysed C-H
activation of 5-methyl-3-phenylpyrazole.83

1.5—Conclusions
Over the last 50 years there has been a great deal of mechanistic investigations into C-H

activation processes, with numerous mechanistic pathways being identified. From early
work, several key classes of C-H activation mechanism were identified: oxidative
addition, s-bond metathesis, electrophilic activation and 1,2-addition. As more systems
were explored, the limits of these classes of reaction became less distinct, leading to the

understanding that each represented a specific point in a continuum of mechanistic
possibilities, varying by the degree of involvement of the various atoms taking part in
the C-H activation process.
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Of the many approaches to C-H activation that were developed, this introduction has
focused on base-assisted processes. Mechanistic understanding of these grew
dramatically, with Ryabov’s proposal of a Wheland intermediate supported by the

works of Gomez and Canty. This initial view was challenged by the identification of

important agostic complexes proposed as transition states or intermediates along the

reaction profile, allowing for aromatic C-H bonds to be activated without the loss of
aromaticity.

Further understanding was gained by utilising the growing field of computational

chemistry, with DFT in particular allowing for the accurate simulation of a variety of
experimental systems. This lead to the development of the theories of the concerted and

synergic processes of CMD and AMLA C-H activation, both of which involve the C-H

bond being deprotonated by a base which a C-M bond is formed. Where CMD is often
associated with intermolecular processes, AMLA is often used to describe
intramolecular, chelate-directed C-H activations, leading to metallacycles.

From Murai’s 1993 demonstration of catalytic C-H functionalisation, a wide variety of

C-H functionalisation reactions have been reported. This had led to a shift in the focus
of mechanistic investigations in order to increase the understanding of how these

functionalisations follow C-H activation steps. This has been conducted both
experimentally, and computationally, using a wide range of available techniques.

Perhaps the greatest understanding is achieved with the close collaboration between

experimentalists and computational chemists. With continued development of

computational methodology and the ever-growing scope of functionalization motifs,
there is a great deal of development still possible in this field.
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Chapter 2—Theoretical Background

2.1—Introduction
The theoretical background of the computational methods used in this thesis will be

discussed in this final chapter. To begin, Section 2.2 will give a brief overview of the
Schrödinger equation and key quantum mechanical concepts that form the basis of the

computation of the properties of chemical systems. Section 2.3 will then outline one of
the earliest practical approaches to applying the Schrödinger equation to calculate
electronic energy—Hartree-Fock (HF) theory. This will cover the use of Slater

determinants, the derivation of the Hartree-Fock equations and how electron exchange

is handled in HF theory. Finally, Section 2.4 will discuss density functional theory
(DFT), from its key concepts to its early development before discussing some of the

newer methods used in the thesis, such as dispersion corrections, and an emerging
method of analysis, non-covalent interaction (NCI) plots.

This chapter will draw on a number of well-known textbooks on the topic,110-112 which
may be consulted for further details on any of the sections. In particular, it is beyond the

scope of this chapter to derive the majority of the equations discussed, but these

derivations are given in great detail in Szabo and Ostlund’s Modern Quantum
Chemistry.110

2.2—Quantum Mechanics Background
In this section, a brief overview of the foundational points of quantum mechanics will

be given. This will begin with a discussion of the time independent Schrödinger

equation and the atomic units that this equation is conventionally expressed in. The
focus will then move towards two important principles that allowed the development of

this equation into a practical method of computing molecular properties, the BornOppenheimer approximation and the Variational Principle.
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2.2.1—Time Independent Schrödinger Equation

In 1926, E. Schrödinger published a paper entitled ‘The Undulatory Theory of the
Mechanics of Atoms and Molecules’113 in which he derived and expressed what has
become known as the Schrödinger equation. This equation can yield the energy of a

quantum mechanical system. The time independent version of this equation can be
written in the deceptively simple form of:

Eq. 2.1
Where yi is the wavefunction that describes a quantum-mechanical system in state i,
and Ei is the energy of the system in this state.
molecular system is defined as:

is the Hamiltonian operator, which in a

Eq. 2.2
Where A and B are the M nuclei of the system and i and j are the N electrons. The first
two terms are the summations of the kinetic energy of the N electrons and the M nuclei
respectively.

is the Laplacian operator, which is the second derivative of the position

of the particle q along the 3 Cartesian coordinates:

Eq. 2.3
The third term in Eq. 2.2. is the total electron-nuclear attraction and is always attractive.

This takes the form of the Coloumbic attraction between electron-nucleus pairs and is a
function of the charge of the nucleus, ZA, and the separation between the two particles,
riA.

The final two terms describe the electron-electron and nuclear-nuclear repulsions and
are always destabilising in nature. These are dominated by a Coulombic term which is a
function of the product of the charges of the particles involved divided by the distance
between those particles.
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2.2.2—Atomic Units

The equations as given above are remarkably simple, without any physical constants
that would be expected for such physical equations. This is by design, as it is the

convention to express and work with the Schrödinger equation in atomic units. When
working in atomic units, the rest mass of an electron, me; the modulus of the charge of
an electron, |e|; Planck’s constant over 2p, ħ; and the permittivity of vacuum, e0,

multiplied by 4p; are all set to unity. All physical quantities are expressed as multiples

of these units or their combinations, allowing the simplification of many of the terms of
the Schrödinger equation. The standard unit of energy in atomic units is known as the
hartree, Eh, and is set such that the exact total energy of a H atom is equal to -0.5 Eh
(313.755 kcal/mol).

The atomic units that will be used in the following discussion are detailed below:
Quantity Atomic Unit

Value in SI units Symbol (name)

Mass

Rest mass of an electron 9.1094x 10-31 kg

Action

Planck’s constant / 2p

Charge
Length

Energy

Elementary charge

1.6022 x 10-19 C

4pe0ħ / 2p

5.2918 x 10-11 m

1.0546 x 10

-34

Js

4.3597 x 10-18 J

ħ2 / me

me
e

ħ

a0 (bohr)

Eh (hartree)

Table 2.1—Definition of atomic units and their relation to SI units.111
2.2.3—Born-Oppenheimer Approximation

Although the time independent Schrödinger equation is in theory able to allow the
calculation of the energy of any chemical system, in practice it is too complex to be

soluble for all but the simplest, single-atom, single-electron systems. In order to
simplify the equation, the Born-Oppenheimer approximation can be implemented. This

approximation is based on the fact that an electron is ~1836 times lighter than even the
lightest atomic nucleus, a proton. Because of this, electrons move many orders of

magnitude faster than nuclei. This allows an approximation to be made, in which the
motions of nuclei and the motion of electrons are decoupled from one another. Under

the Born-Oppenheimer approximation, on the timescale of electronic motion, nuclei are
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approximated to be motionless. Additionally, electrons are assumed to be able to
instantaneously adapt to any change in nuclei position.

This approximation allows a great simplification of the Schrödinger equation. Nuclei,

instead of being accurately described by wavefunctions, can be described as fixed point

charges. This allows for the nuclei kinetic energies to be set to zero, and the nucleus-

nucleus repulsion term to become a constant. The electronic Schrödinger equation can
then be solved for a fixed arrangement of nuclei and compared to other geometries.

Eq. 2.4
Despite the vast simplification of regarding all nuclei as motionless, this approximation

allows for great accuracy for a wide variety of chemical systems. The approximation

does break down in systems in which the motion of electrons and nuclei are closely
correlated. A key example of such a breakdown is in systems that involve surface-to-

surface crossings where, near the crossing point, slight changes in the positions of the
nuclei can lead to a significant change in the electronic distribution. A recent example

of such a system discussed in the literature was an investigation into the photochemistry
of thioanisole by Paterson and co-workers.114

It should be noted that the Born-Oppenheimer approximation forms an integral

foundation to much of the field of chemistry. Concepts such as bond distances, bond
angles and molecules all require nuclei to be regarded as fixed points in space, not as
the wavefunctions they are described by in quantum physics.
2.2.4—Variational Principle

Even with the simplification of the Schrödinger equation gained by following the Born-

Oppenheimer approximation, there is still no known method of exactly solving Eq. 2.4
for anything beyond the most basic single-electron systems, such as the H atom.

However, a close approximation to the exact energy can be obtained by applying the

Variational Principle. If the exact wavefunction, yexact, is not known, a trial

wavefunction yguess may be used instead. This allows the calculation of an approximate
energy, Eapprox:
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Eq. 2.5
The Variational Principle states that this approximate energy can only ever be larger or
equal to the exact energy:

Eq. 2.6
Eapprox is only equal to Eexact when:

Eq. 2.7
Therefore the lower Eapprox, the closer it must be to Eexact, and so the quality of the

approximate energy can be judged. This then leads to the ability to vary yguess in order
to minimise Eapprox in order to attempt to find a close approximation to Eexact. Using the
result of this calculation, a new, more accurate guess wavefunction can be constructed,

generating a new Eapprox. This allows the wavefunction to be systematically improved
until it converges to a close approximation to

. In theory, all possible

permutations of yguess may be evaluated and eventually yexact will be obtained. In
practice, this is unfeasible and so yguess is varied across a subset of valid wavefunctions

that conform to certain criteria. The accuracy of the final Eapprox depends on the validity
and breadth of the subset included in the calculation method. Methods of producing and
using such subsets will be the discussion of the bulk of the remainder of this chapter.

2.3—Hartree-Fock Approximation
One of the most successful attempts at applying the above findings to the practical

calculation of chemical properties is the Hartree-Fock (HF) approximation. This
approximation is based on a model in which electrons occupy set orbitals, a model
widely applied by chemists and taught to undergraduates. Even though this is an
approximation to the Schrödinger equation, it is capable of calculating the properties of

chemical systems to a high enough accuracy to provide meaningful insight and forms
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the basis of a wide range of computational chemical techniques. Many facets that are
vital to the discussion of DFT, such as electron exchange, emerge through the derivation
of the Hartree-Fock equations, and so this influential method will first be covered.
2.3.1—Slater Determinants

As mentioned above, the HF approximation is based on a model in which electrons exist

in orbitals, so this discussion will begin by defining the nature of these orbitals. An

orbital is the wavefunction of a single electron.110 A spatial orbital, yi(r), describes the
spatial distribution of an electron as a function of the position vector r. Although the

wavefunction is no itself observable, |yi(r)|2 can be equated to the probably of finding
an electron at a region of space, r. This is referred to as the probability density and will
be crucial for the later discussion on DFT.

The spatial orbital alone, however, is not enough to describe an electron, as electrons
are fermions and so have a fourth quantum number, spin. For electrons, there are two

ortho-normal functionals that describe spin, a(w) (‘spin up, ↑’) and b(w) (‘spin down,
↓’). A spin orbital, c(x), captures both the spatial and spin elements of the electron’s
wavefunction, where x contains both spatial and spin coordinates. For each spatial
orbital, yi(r), there are two spin orbitals, one with a spin, and one with b spin.

Eq. 2.8
If each electron in a system is assigned a specific spin orbital, then the total

wavefunction of a system can be approximated by the product of the spin orbitals of all
the electrons:
Eq. 2.9
where yHP(x1, x2, …, xN) is known as the Hartree product. This approximation of the

true wavefunction has major flaws, however. The first is that there is no electron
interaction accounted for in the distribution of electrons. As each spin orbital is

calculated independently, the spatial distribution of the electron in ci(x1) is completely
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independent of the spatial distribution of the electron in cj(x2). In reality, this is not true,
as two electrons that are in close proximity to one another would experience a strong
instantaneous repulsion. Therefore the position of the first electron is influenced by the

position of the second electron, i.e. their motions are correlated. The second drawback

of this approximation is that the indistinguisability of electrons is not accounted for. In

the Hartree product, electrons are strictly labelled and placed into certain orbitals,
electron one is placed in ci, electron two in cj and so on. Furthermore, an accurate

description of the total wavefunction should respect the antisymmetry principle, which
states that interchange of two electrons results in the wavefunction describing those
electrons changing sign. For example, in a two electron system, there are two possible
configurations of the electrons within the two spin orbitals:

Eq. 2.10
The antisymmetry principle states that these two wavefunctions should be
antisymmetric to one another:

Eq. 2.11
A wavefunction that both accounts for the indistinguishability of electrons, and respects
the antisymmetry principle can be constructed by the linear combination of the two
Hartree products in Eq. 2.10:

Eq. 2.12
Where the minus sign results in the requirement of Eq. 2.11 being fulfilled, and the 2-1/2
is a normalisation factor in order that a wavefunction for a single electron, when
integrated across all space, equates to one (i.e. the probably of finding an electron

anywhere in the universe is unity). The form of Eq. 2.12 occurs often in mathematics
and so can be rewritten in a mathematical shorthand for this type of equation, called a
determinant:
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Eq. 2.13
where Eq. 2.12 and Eq. 2.13 are equivalent. This can be generalized to any N-electron
system:

Eq. 2.14
This determinant is known as the Slater determinant. The Slater determinant is
particularly useful in the field of quantum chemistry, as exploitation of several general

properties of determinants leads naturally to capturing several key quantum mechanical

properties. Firstly, interchange of any two rows or two columns of a determinant results

in the value of the determinant changing sign. Interchanging any two rows of the Slater

determinant results in the interchange of two electrons, and so the fact that this leads to
a change of sign of the wavefunction captures the antisymmetry principle. Furthermore,

as all possible combinations of electrons in the orbitals are accounted for, electrons are

no longer distinguishable by the wavefunction, even though their exchange is still
correctly modelled. Another property of determinants is that if any two rows or any two
columns are identical, then the value of the determinant is zero. If any two rows or

columns of the Slater determinant were identical, it would be describing a system in
which two electrons are in the same spin orbital, i.e. have the same set of quantum

numbers. As the value of the wavefunction goes to zero in this case, the Pauli exclusion
principle is captured, as any determinant that breaks this principle will result in a zero
wavefunction.

For brevity, the Slater determinant is often expressed in a shorthand form inside a ket
with only the diagonal elements of the determinant listed:
Eq. 2.15
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Note that although the normalisation factor is not written in this shorthand, it is still

included in the determinant. This can be further simplified by assuming that the electron
labels x1, x2, …, xN are in ascending order and are so omitted from the shorthand:
Eq. 2.16
2.3.2—Hartree-Fock Equations

The Slater determinant allows for a description of a wavefunction from a series of spin

orbitals. The nature of these spin orbitals can be ascertained by applying the Variational

Principle described above and varying a set of orthonormal spin orbitals to minimize the
energy of the system. By applying this minimisation, the Fock operator is obtained,
expressed below for electron 1:

Eq. 2.17
where

is the one electron Hamiltonian,

is the Coulomb operator and

is the

exchange operator. The nature and consequences of these terms will be the topic of the
rest of this subsection.

The one electron Hamiltonian contains all the terms from the Schrödinger equation

under the Born-Oppenheimer approximation (Eq. 2.4) that contain only terms involving
a single electron. This has the form:

Eq. 2.18
where the first term is the kinetic energy of the electron and the second term is the sum

of electron-nuclear attractions as covered in Section 2.2.1. Both of these terms result in
a stabilisation of the total energy.

The second term of Eq. 2.17 is the Coulomb operator and takes the form:
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Eq. 2.19
Where

is the Coulombic operator between electrons 1 and 2, which is scanned

across all spatial and spin coordinates of electron 2, x2, and multiplied by the probability
of electron 2 being in a given spatial and spin coordinate. This term gives the average

repulsive interaction between two electrons in the system under study. As such, it
always results in a destabilisation of the total energy of the system.

Finally, the exchange operator is perhaps the most difficult to understand. It is easiest to
rationalise by examining the effect it has upon operating on an occupied spin orbital:

Eq. 2.20
Thus it involves an exchange of electrons from two spin orbitals, hence the name

‘exchange operator’. This results from the antisymmetric nature of the Slater
determinant and emerges from the derivation of the Fock operator, but has no classical
interpretation. Some understanding can be gained by investigating its effect on the total
energy of a system. Firstly, it only applies to electrons of the same spin. For electrons

with different spins, the orthogonal nature of spin orbitals results in the annihilation of
the term. Furthermore, for electrons of the same spin, it always results in a stabilisation
of the energy of the system, effectively reducing the destabilisation of the Coulomb
term. One physical interpretation of this operator is, therefore, that it is a result of the
Pauli Exclusion Principle, in that two electrons of like spin cannot occupy the same

point in space at the same time. Therefore, if electron 1 of spin a is at a set of
coordinates, if electron 2 has the same spin, it will have a reduced density in the area

surrounding electron 1, with zero density at the exact point that electron 1 occupies.
Thus electron 1 creates a ‘hole’ in the electron density of all same spin electrons (this is
termed the ‘exchange hole’). This results in electrons of like-spin being, on average,

separated by a greater distance than would otherwise be expected, resulting in a

reduction of the total Coulombic electron-electron repulsion, and hence a stabilisation in
the system.
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A further crucial consequence of the exchange operator is that it allows the HF

approximation to perfectly negate self-interaction, that is the unphysical description of

an electron being repulsed by itself. Without the exchange operator, the Coulomb
operator would still count the average repulsion of electron 1 against all spatial and spin
coordinates of itself, which would be physically meaningless. However, if electron 1

and electron 2 are identical, then the exchange operator perfectly cancels out the
Coulomb operator and so removes this aberration. This perfect handling of self-

interaction errors is not reproduced in DFT, in which self-interaction remains a
challenge for method developers.

In attempting to apply these equations, a key issue immediately arises. In order to use
the HF approximation, first one must find a set of orbitals

in order to minimise the

total energy. Application of the variational principal shows that each one of these
orbitals

is an eigenfunction of its operator, hi :

Eq. 2.21
where

the form:

is the interaction potential with all other electrons in the system and takes

Eq. 2.22
where

is the electron density (see below) of electron j and is given by:
.

Eq. 2.23
Therefore, in order to calculate a single orbital

, first the nature of all spin orbitals in a

system must be known, or, in other words, the solution to the equation is required to

solve the equation. This problem can be overcome by the application of an iterative
solution known as the self-consistent field (SCF) method. In this, guess orbitals are

initially constructed, providing a new r used to solve the one-electron operators h.
These then provide a new set of orbitals

, which are presumed to be more accurate
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than the initial guess orbitals. These are then used to compute a new set of h, which in
turns produces another set of
calculated

. This is then repeated until the guess

and the newly

vary less than a certain, pre-determined set of convergence criteria. At this

point, the input and output of the equation is consistent, and the orbitals are said to be
converged. The exact convergence criteria used is left at the control of the user. More
stringent criteria lead to more accurate spin orbitals, but require additional calculation

steps to achieve, and so the user must determine the best balance between accuracy and
computational expense.
2.3.3—Basis Sets

So far, a method of computing an electronic energy using a series of operators on spin

orbitals has been discussed, however for this theory to be applied, there must be a
practical method of generating the spin orbitals. To construct these orbitals, a series of

functions is used. These functions are known as basis functions, and the collection of

basis functions used is known as a basis set. Ideally, these basis functions would be
constructed from so-called Slater type orbitals (STOs), which for the H 1s orbital have
the form:
Eq. 2.24
Where r is the radius from the centre of the function, and z is the orbital exponent and
determines the rate at which the function decays with distance. These reproduce atomic
orbitals very accurately, with a cusp at r = 0 (Fig. 2.1).
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Fig. 2.1—Form of the radial component of STO (Blue) and GTO (Red, see below)
functions, f, with radius from the origin, r.
However, application of the HF approximation requires integration of these orbital

terms. Integration of e-r terms, as found in STOs, are computationally demanding, and

so using STO basis sets is computationally expensive. An alternative is the use of
Gaussian type orbitals (GTOs), which for the H 1st orbital takes the form:

Eq. 2.25
where

is the orbital exponent, similar to

in STOs. Integration of these functions is

much more rapid computationally, allowing for cheaper calculations. However, GTOs

have a different form to STOs (Fig. 2.1). At r = 0, GTOs no longer have a cusp but

instead have a gradient of 0. This leads to an overestimation of the amplitude of the
wavefunction at low r. Additionally, at longer r, they underestimate the wavefunction
compared to STOs. This drawback can be overcome by the linear combination of

multiple GTOs to form a contracted Gaussian function (CGF), allowing for a closer
resemblance to STOs (Fig. 2.2). Although multiple GTOs are required to approach the

chemical accuracy of a single STO, the relative ease of computation of GTOs results in
this still being the faster method.
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Fig. 2.2—Linear combination of the radial distribution of GTOs (coloured) to give a
total function (black) similar in distribution of the wavefunction, f, to an STO. r is the
distance from the origin.
The minimal basis set required to describe a chemical system is to use one basis
function for each atomic orbital (AO) of the neutral atoms that make up the molecule
under consideration. For example, H2 consists of two hydrogen atoms, each with one

atomic orbital (1s), requiring two STOs to describe. A common minimal basis set is the
STO-3G basis set, which uses three Gaussian type orbitals for each STO required,
leading to a total of 6 GTOs to describe the H2 molecule.

STO-3G implements all three Gaussian functions in a single CGF, simplifying their

integration. Improved accuracy can be obtained by using multiple z basis sets, which
use the linear combination of multiple CGFs. This results in greater flexibility of the

model, as different CGFs can lead to slower or faster decay of the wavefunction. This is
useful in describing more diffuse systems, by allowing more control over the
wavefunction at high r.

Although multiple-zeta basis functions are useful in describing the valence electrons,

they generally are not required for the core electrons, which tend to be perturbed less by
any chemical bonding. Split level basis functions exploit this, by using single CGFs to
describe core electrons, while using multiple CGFs to describe valence electrons. A
popular example is the 6-31G basis set. This uses 6 GTOs to form a single CGF that
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describes core electrons, and a double z set of functions, to describe the valence STOs,
with 3 Gaussians forming one CGF, and another Gaussian forming another CGF.

Further flexibility can be gained by the inclusion of polarisation functions. These add

functions with higher angular momentum than is found in the valence atomic orbitals of
the neutral atom. For example, d polarisation terms (indicated by a single * after the
basis set name) add d-functions to p-block elements. d and p polarisation (indicated by a

double **) additionally add p-functions to H and He atoms. As the name implies, these
allow the polarisation of the electron density and so give better descriptions of bonded

systems. The 6-31G** basis set used in all geometry optimisations in this thesis is an
example of a split level double-z basis set with d and p polarisation functions.

The large basis set used for small atoms in this thesis is the 6-311+G** basis set.
Partially, this was used as the increase from a double-z to a triple-z basis set increases

the flexibility of the system, but mostly the choice was made to include so-called diffuse
functions. These functions, as denoted by the + in the basis set title, decay gradually and

so extend out to extremely long r values relative to standard Gaussian functions used in
basis sets. As discussed in Chapter 3, this allows a better description of loosely held
electron density, such as that found in small anionic species.

The basis sets discussed so far are used to describe all the electrons of an atom, and so

are termed ‘all electron basis sets’. However, even when using split-level double-z basis
sets, describing every electron in a system becomes prohibitively expensive for heavier
elements. In particular, metal centres have very high numbers of electrons, and so their

computation would often become impractical if all the electrons were explicitly
modelled. The majority of these electrons reside in the core atomic orbitals around the
atom and experience extremely little perturbation in molecular systems. Because of this,

it is possible to use effective core potentials (ECPs), that capture the potential generated
by the core electrons without having to explicitly calculate them. These ECPs are based

on properties calculated using high-level calculations. This, additionally, has the

advantage that difficult to compute factors such as certain relativistic effects, important

in the description of the core electrons of heavier elements, are captured by the ECPs.
Although these ECPs apply only to core electrons, the accounting of some relativistic
effects has repercussions for the valence electrons and metal-ligand bond properties.
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2.3.4—Electron Correlation

Perhaps the most significant drawback of the HF approximation is that it has no
accounting for either dynamic or non-dynamic correlation. The SCF method only relies

on the average distribution of other electrons and so does not include any description of

instantaneous repulsion. As such, in the HF approximation, electrons are too closely
distributed with each other, resulting in a destabilisation of the energy of the system due

to too great electron-electron repulsion. In fact this discrepancy between the exact

energy (Eexact) and the HF energy (EHF) is one definition of the correlation energy
(Ecorr):

Eq. 2.27
The exchange hole has already been discussed in Section 2.3.2, however there is a
similar concept known as the correlation hole. Electrons do not act as independent
particles, but instead their movements are dictated by an effect known as correlation. In

this, electrons move in such as way as to minimise their instantaneous repulsive

interactions caused by close proximity to one another. If an electron is at a fixed point in
space, the total electron density of all other electrons in the system is reduced around

it—the other electrons are less likely to occupy space near the first electron—generating

a localised reduction in the electron density, the correlation hole. This is known as
dynamic correlation, as it is based on the movement of electrons.

Another source of error in the HF approximation is so-called non-dynamic or static

correlation. This arises when a single Slater determinant does not provide a good

description of the ground state wavefunction. The prototypical example of this can be

found by examination of the dissociation of H2 under the HF scheme. This highly
overestimates the dissociation energy of H2, and this is largely due to the Slater
determinant. Pictorially, these involve two configurations with one electron on each

hydrogen, forming two radical atoms, and two configurations with both electrons on a
single centre, forming one cation and one anion:

Eq. 2.26
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These all have equal probability, which is acceptable at equilibrium distances, but at the
dissociation limit ceases to be meaningful, as the system should be described as two
isolated hydrogen atoms.

This deficiency of the HF approximation can be overcome by using the configurationinteraction (CI) approach. Until now, only the ground-state system has been considered.
However, by allowing electron excitations from this ground state, other electron

configurations can be accessed. The more excitations that are allowed, the more
flexibility the system has and so the calculated energy can approach the exact

wavefunction. With a large enough basis set, the linear combination of all possible
configurations of electrons allows for the description of the exact wavefunction. This is
known as Full CI and represents the ‘gold standard’ of wavefunction-based

computational methods. However, with each configuration included, the computational

cost dramatically increases, leading these methods to be prohibitively expensive for
many calculations, and so are generally only on small systems that are amenable to this
approach.

There are, however, more generally applicable alternatives that are used, and are

collectively known as post-HF methods. MP2,115 for example, uses 2nd order
perturbation theory to address electron-electron repulsion. This is much cheaper than

Full CI, but comes with a penalty that perturbation theory works best on small
perturbations, but electron-electron repulsion yield a significant change in total energy.
Furthermore, the perturbation is not covered by the variational principal, leading to the

possibility of overestimating the stabilisation of the system. This can be improved by

taking higher-order perturbations into account, as used in MP4,116 but this comes at a
significant computational cost (scaling with N7 compared to N4 of MP2). CoupledCluster (CC) methods also allow for significant savings compared to Full CI. Instead of
considering all possible electronic configurations, only those arising from certain

excitations are considered. For example CCD117 considers only those configurations

arising from double excitations of the ground state, while CCSD118 considers those
arising from single and double excitations. One popular expansion of this is the
CCSD(T)119 method, which considers the configurations of the CCSD technique, and

accounts for triple excitations using perturbation theory. Another method that is often
employed is complete active space SCF (CASSCF). In this, the user denotes an active

region of occupied and vacant orbitals, and then the Full CI method is applied to only
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these orbitals. This allows significant savings and if the active space is chosen wisely,
then the majority of the correlation can be captured. This technique is very sensitive to

the chosen active space, however, and so requires a high degree of chemical intuition on
the part of the user.

2.4—Density Functional Theory
The HF approximation was crucial in the development of computational chemistry as a

practical means of scientific investigation and remains a basis of higher-level methods
that are still used today. However, its limitation, in that it completely disregards
correlation energy, remains a notable drawback.

An alternative method that has become very popular is density functional theory (DFT).
Instead of calculating the wavefunctions of each electron in a system, in principle DFT

uses the total electron density, r, of a system. Not only does this decrease the variables

massively for larger systems, it is also a physical observable (for example X-ray
crystallography experiments probe the electron density of a crystal). Application of this
theory allows for accurate and relatively rapid calculation of molecular properties even
for larger systems. However, even though density functional theory can be proven as

exact, all modern applications of it are based on a series of approximations to this
theory (collectively known as density functional approximations, DFAs). The
development of this theory and its approximations and subsequent corrections will be
the topic for the remainder of this chapter.

2.4.1—Development of Density Functional Theory

The development of modern DFT was begun by a crucial paper by Hohenberg-Kohn in

1964,120 in which they gave a mathematical proof of what has become known as the

Hohenberg-Kohn Theorem. This theorem focuses on the total electron density, r. This
can be obtained by multiplying the ground state wavefunction by its complex conjugate:
Eq. 2.24
The electron density can be equated to the probability of finding an electron at a specific
region of space. The key finding in this paper was the proof that a given external
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potential, Vext, is a unique property of a given electron density,

. This proof used a

reductio ad absurdum approach. In this, the alternative case is considered, in which two
external potentials, Vext and V′ext, can give rise to the same
two different Hamiltonians,
energies,
for

and

and

and wavefunctions

. This would give rise to

, which in turn yield two different ground state
and

. If

is used as the trial wavefunction

, then by the variational principal, it can be shown that:

Eq. 2.28
Since

and

differ only by the external potential, this can be rewritten as:

Eq. 2.29
Equally,

can be used as the trial wavefunction for

the primed and unprimed terms of Eq 2.29:

, leading to the interchange of

Eq. 2.30
Summation of Eq. 2.29 with Eq. 2.30 yields the following absurdity:

Eq. 2.31
Therefore, two different external fields cannot yield the same

and so a given

external field, and hence a given Hamiltonian and ground state energy, is a unique
property of

. The authors outlined that from this unique external potential, all of the

components of the Hamiltonian can be derived. Positions of nuclei are marked as cusps

of high electron density. The charge of the nuclei can further be derived from the height

and shape of these cusps. The total number of electrons can be calculated by integrating
the electron density across the entire system. The breakthrough result of this paper is

that if the electron density is associated with a unique external potential, which in turn
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gives rise to the Hamiltonian, and hence the wavefunction and ground state energy,
there must be a functional to directly obtain the ground state energy from the electron
density (Fig. 2.3). This functional is known as the Hohenberg-Kohn functional.

Fig. 2.3—Relationship between the electron density, r, the Hamiltonian,
ground state energy
, and the Hohenberg-Kohn functional, FHK.

, the

The advantage of the use of such a functional is that instead of being based on 4N for an
N electron system (3 spatial coordinates and the wavefunction amplitude of each

electron), it is based on the 4 coordinates in total (3 spacial coordinates and a single

electron density magnitude), vastly reducing the complexity of the calculations,
especially in larger systems. Despite it being known for fifty years that such a functional
must exist, the exact nature of this functional remains unknown.

Further development by Kohn and Sham,121 however, yielded a general method for
solving this problem. They proposed the so-called Kohn-Sham equations:
Eq. 2.32
where

is the Hohenberg-Kohn functional.

interacting fermions in place of the electrons and
term, both of which can be solved exactly.

is the kinetic energy of non-

is the Coulombic repulsion

is the exchange-correlation energy

and captures everything that cannot be solved exactly. As the name implies, this
includes the exchange and correlation energies discussed in Section 2.3.

also

provides a description for the difference between the kinetic energy of the noninteracting system,

, and the exact kinetic energy. The form of

remains the focus of method development to this day, and the history of its development
and major approaches to implementing it will now be discussed.
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2.4.2—Local Density Approximation

Perhaps the simplest approach to the exchange-correlation functional is the local density
approximation (LDA). This is based on the model of the uniform electron gas (UEG), in
which electrons are present against a field of constant positive background at constant
electron density. This allows the functionals to be based solely on the electron density at

a given point. Its strength lies in the fact that the exchange energy can be precisely
modelled for the UEG model. The total exchange-correlation energy of a system can be
written as:

Eq. 2.33
Where

is the exchange-correlation energy for a single particle in the system

and takes the form:

Eq. 2.34
Where

solution:

is the exchange functional. In the LDA model, this has an explicit

Eq. 2.35
often referred to as the Slater exchange, abbreviated to S.

is the correlation

term and has no such explicit form, however there are accurate approximations of this.

The most commonly used was developed by Vosko, Wilk and Nusair in 1980122 and is
abbreviated to VWN.

Density functionals are often constructed by combining an exchange functional with a
correlation functional, and their names are given as their conjugated abbreviations. For

example, a functional consisting of the Slater exchange with the Vosko, Wilk and
Nusair correlation functional is given the name SVWN. As will be seen, there are a
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wide variety of exchange and correlation functionals, with numerous combinations that
have been implemented over the years, all with various strengths and weaknesses.
2.4.3—Generalised Gradient Approximation

In essence, LDA functionals are based on the idealised model of a metallic system, in
which electrons exist in an even distribution against a perfect lattice of nuclei, whose

charge is evenly spread out over all space. In fact, this model has been shown to be
useful model for metallic systems, such as metallic sodium,112 however it is clearly a
very poor model of a molecular system. As such, LDA functionals were used

extensively in the field of solid-state physics (particularly using the Xa standalone

exchange functional),120 and the scale of these systems makes implementation of the HF
approximation challenging. However, LDA provides a poor model for molecular

systems, which are dominated by point-charges and significantly varying electron

density across relatively small distances. An improvement upon LDA was therefore
introduced—the generalised gradient approximation (GGA). This not only depends on
the electron density,
gradient,

:

, at a particular point, but also on its first derivative or

Eq. 2.36
where the electron densities of a and b spin electrons are considered separately. This is
commonly split into two terms, one for exchange and the second for correlation
contributions:
Eq. 2.37
The natures of these exchange and correlation functionals are generally not based on
physical models, but instead are constructed such that they reproduce certain criteria,

such as matching experimental benchmark values, values from high level wavefunction

methods, or known physical properties, such as behaviour at nuclei cusps or at the
extreme outer limits of a system.
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One of the most common exchange functionals was put forward by Becke in 1988,123
and is abbreviated as either B or B88. Notably, this is used in the BP86 functional used

throughout this thesis. Another approach included in the functional testing set discussed

in previous chapters was put forward by Perdew, Burke and Ernzerhof in 1996124 and is
abbreviated to PBE.

The correlation functional used in BP86 was put forward by Perdew in 1986 (P86).125
Proposed two years later was a functional by Lee, Yang and Parr, abbreviated to LYP126
as found in the popular BLYP functional.
2.4.4—Hybrid Functionals

Despite the success of GGA schemes and DFAs in general, one notable deficiency

compared to HF approximations is that the density functionals only give approximations
to the exchange energy. As already covered, however, within the HF approximation,
electron exchange is calculated exactly, but itself lacks any form of description of the
electron correlation, which is much better captured by correlation functionals. A logical

step, therefore, is to combine the exact exchange term from HF theory with a correlation
term based on the Kohn-Sham equations:
Eq. 2.38
Such methods are known as hybrid functionals. Although using this simple approach of
using the exact exchange for the entire exchange term does give promising atomisation
energies, it fails to accurately model molecular systems. The origin of this error is that

the model in which the exchange and correlation terms are separated, Eq. 2.27, is not
accurate, and the these terms are in fact intrinsically linked. Mixing the exact exchange,
which is inherently a non-local term that applies over the entire molecule, with the local
correlation functionals leads to significant errors.

A solution to this problem that has seen greater success is to more closely blend the

exact exchange term with exchange-correlation functionals. To do this, the value l is
used, in which l = 0 is the non-interacting extreme, for which the exchange energy is

known exactly from the HF approximation. l = 1, on the other hand, is the fully
interacting scheme, as modelled by the DFA exchange-correlation functionals already
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discussed. The most simplistic approximation was to mix one half of each of these

terms to generate the exchange-correlation energy, and is known as the half-and-half
method (HH):127

Eq. 2.39
This met with some success, having accuracies compared against the G2 reference
set’s128 atomisation energies competitive with results obtained from GGA functionals.

Further development has come from adjusting the combinations from various exchangecorrelation functionals by parameterisation against experimental results. One functional

that adopts such a method, the prolific B3LYP,129 has become one of the most popular
functional in modern computational chemistry.130 It has the form:

Eq. 2.40
with contributions from the exact exchange,
the LYP correlation functional,

, the B88 exchange functional,

,

, and the local spin density (LSD, a variation on the

local density approximation) exchange and correlation functionals,

and

. a, b

and c are parameters to determine the ratio of the contributions of the various terms and

were parameterised against experimental results. In B3LYP, these parameters have the
values a = 0.2, b = 2.2 and c = 0.81.

Hybrid functionals have been extended into what has become known as double hybrid

functionals. These combine the exchange calculated using exact HF and DFT

functionals with correlation calculated in a related way to the MP2 method discussed
above. Examples of this include the B2PLYP131 and mPW2PLYP132 functionals,

however all such methods come at a computational cost closer to that of MP2 methods
than DFT functionals.

2.4.5—Meta-GGA Functionals

A logical extension of the GGA functionals, based on electron density and its first
derivative, is to also take into account the second derivative, or Laplacian,
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. This

allows the model to not only account for the gradient of the electron density at a
particular point in space, but also the nature of its curvature at that point. The B98

functional133 was an early adoption of this protocol and contains both the Laplacian of

the electron density and the non-interacting kinetic energy density. Also mentioned in
this thesis was the popular TPSS functional from Tao, Perdew, Staroverov and

Scuseria.134 This uses the exchange functional from the uniform electron gas model,

with a so-called enhancement parameter, which takes into account the inhomogeneity of
the true electron density.

2.5—Solvation and Dispersion Effects
2.5.1—Solvation Models

So far in this chapter, chemical systems have been discussed as isolated molecules, with

no external interactions present. Such a model is generally referred to as ‘gas phase’ or

‘vacuum’ calculations and are good models for gas phase chemical systems. However,
the majority of modern chemistry is conducted in condensed phases, in particular in

solution. The nature of this solution can have a dramatic impact on the properties of a
chemical system, and so modelling solvated complexes accurately requires a good

description of the effect this solvent has on the system under study. One approach to do

this is by using a solvent box. In this, the species under study is placed in a box filled
with explicitly modelled solvent molecules under boundary conditions such that if a

solvent molecule exits the box on one side, it is reintroduced on the opposite size of the
box. Molecular dynamics simulations are then used in order to explore the

conformational space. This, however, comes with a very high computational cost and so
is not routinely used.

Some saving can be gained by only including a few select solvent molecules (so called

microsolvation) around the species under study. This, cuts down dramatically on the

cost of simulating a full solvent box, but presents its own challenges. The major
difficulty that remains is where to place the solvent, as different solvent conformations
can have notably different energetics, and a high degree of conformational searching is

often required to find the most stable conformer. Another challenge is how many
solvent molecules to include, as each time a new solvent molecule is added, it often
results in a stabilisation in energy, and it is a decision left to the computational chemist
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as to how many are required to reproduce the properties that are required of the
investigation.

An alternative to these two explicit solvent models are implicit models. These, instead

of modelling the solvent molecules themselves, only simulate the bulk effect of the
solvent on the solute including the free energy of solvation

. The major

contributions to this are the electrostatic interactions, the cavitation energy, changes to

the dispersion energy and changes to the bulk solvent structure. The electrostatic

interaction occurs between the surface of the solute and the surrounding solvent.

Similarly, there is a dispersion interaction between the solute and the surrounding
solvent. The cavitation energy originates because of the presence of the solute, a surface

is created in the solvent, which comes at an energetic cost. Finally, because of the

presence of a solute, the structure of the bulk solvent can be changed, again affecting
the total energy of the system. Ideally, implicit solvent models would account for all of
these factors.

Two popular implicit solvation models are used in this thesis, the polarised continuum

model (PCM)135 and solvation model density (SMD).89 Both of these operate by
calculating a solvent-solute boundary surface by probing the electron density isosurface

of the solute. The solvent surface is then polarised according to the charges at the solute
surface, based on the polarisability of the solvent. To do this, PCM uses partial atomic
charges, while SMD uses the electron density. Finally, an energy is calculated to

account for the electrostatic interaction between the solvent and the charged surface.

This external potential influences the ground-state electron density, and so a new
electron density is calculated. This leads to a new electrostatic potential, and this is
cycled in a self-consistent field approach until the energy converges.

The use of implicit models allows for much faster calculations compared to explicit

models, while still allowing much of the effect of the solvent to be modelled. By using
implicit solvation correction at each step of a geometry optimisation, geometry changes

induced by solvent can be modelled. Furthermore for some systems which involve the
separation of charged species, as seen in Chapter 7, optimisation in solvent is required
in order to fully optimise a system.
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It should be noted, however, that the main drawback of implicit models is that they do
not capture any specific interactions, such as hydrogen bonding or coordination to metal
complexes. Reactions that are greatly influenced by such interactions therefore require
an explicit approach to be accurately simulated.
2.5.2—Dispersion Corrections

The exchange-correlation functionals discussed so far are generally parameterised

against experimental or high-level computational data sets involving isolated atoms and
relatively small molecules. As such, they capture short and medium range correlation
effects well across small main group molecules. However, long-range dispersion forces,

such as those found between two different molecules, are generally not captured. This

leads to a general failing of many of these functionals to capture long-range interactions.
Such interactions, however, are important to the description of many chemical systems,
such as in host-guest chemistry, or bulky metal complexes, as seen in Chapter 3.

A logical solution to this problem, instead of parameterising against small molecule data

sets, is to parameterise against larger ones. This is the approach taken in the
development of the Minnesota functional M06136 included in previous chapters, which

is parameterised against datasets that include solid-state structures. As such, in order to
capture the nature of solid-state environment, longer range dispersion interactions must

be captured. These functionals have had a great deal of success and been growing in

popularity in recent years. One downside to this approach is that the dispersion

interaction cannot be separated from the rest of the functional, and so quantifying these
long-range interactions becomes impossible.

Another method that has become increasing popular in recent years is the use of a

separate empirical dispersion correction to the DFT energy, termed DFT-D, such as the
popular –D3 correction published by Grimme.95 These DFT-D terms are based on
empirical Leonard-Jones potentials have the general form:

Eq. 2.33
where

is the nth-order dispersion coefficient between atom pair A and B (for –D3, n

runs over 6 and 8).

is the distance between the two atoms, and causes the term to
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decay as

increases, with the rate of decay determined by n.

is the scaling factor

and is set differently for each exchange-correlation functional used. The remaining
term,

is the damping function. This is required in order to avoid double-

counting the short and medium range correlation terms, which are already captured in
the exchange-correlation functional, and would be duplicated at short distances. The

nature of this term determines how and where the long range empirical correction is

replaced by the short and medium range functional-derived correlation energy. For
example, the –D3 correction uses the so-called ‘zero-damping’ approach:

Eq. 2.41
where

is the cut-off radius for the dispersion correction,

dependent scaling factor and

is another functional-

determines the rate at which the term is cut off at small

. This term acts to reduce the damping term to 0 at short range (Fig. 2.4).

Fig. 2.4—Dispersion correction for two argon atoms including sixth‐ and eight‐order
terms, with the zero‐damping shown in as a solid line, BJ‐damping shown with a
dashed line and un‐damped −C6·R−6 term shown in the dotted line. Reproduces with
permission from Wiley & Sons, Inc.107
This, however, leads to an unphysical repulsive nature of the dispersion correction at

medium distance. An alternative to this used the damping function proposed by Becke

and Johnson (BJ) in the updated form of the dispersion correction, -D3(BJ).107 This
takes the form:
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Eq. 2.42
where:
Eq. 2.43
where a1 and a2 are fitting parameters. The result of this is that the damping function
approaches a finite value at short distances, instead of 0, and so avoids the unphysical

repulsion of the zero-damping method. Benchmarking against experimental results has

indicated that consistently more accurate energies are produced when using the –D3(BJ)
correction over the –D3 correction.

2.5.3—Non-Covalent Interactions (NCI) Plots

Although the –D3BJ correction provides a valuable tool for quantifying dispersion
interactions as a whole and accounting for their stabilising effect on the energy of a

structure, it does not allow for visualisation of these interactions. This is important in
any attempt to understand the nature of these weak interactions in a given system, which

can aid in the ability to explain trends in energetics. In 2010, Yang and co-workers
addressed this need by developing the non-covalent interactions (NCI) plot utility.137

NCI plots are based on a dimensionless quantity known as the reduced density gradient

s. This can be computed from the electronic density, r, and the first derivative of the
electron density, r using the following:

Eq. 2.44
The reduced density gradient is used to describe the deviation from the homogenous

electron distribution. Areas of covalent bonding are identified by ‘peaks’ in which s
approaches 0 at high electron densities. In regions away from the molecule, the electron

density exponentially decays to 0, resulting in an increase in s. Areas of non-covalent
interaction, both stabilising and destabilising, can be identified by further ‘peaks’ of low

reduced density gradient in the low electron density region. Therefore, by plotting an
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isosurface of the reduced electron density which encapsulates all regions of low s where

r is also low onto a 3D image of a chemical system, the regions of non-covalent
interactions can be visualised.

This alone is a useful tool, but it does not differentiate attractive from repulsive
interactions. The strength of interactions can be approximated by the value of r of the
areas of non-covalent interactions, but both areas of stabilising interactions (such as H-

bonds) and destabilising interactions (such as steric interactions) can appear in the same
region. To address this, the Laplacian of the electron density,

2

r, can be used. The

Laplacian can be expressed in terms of its components along the three principal axes of
maximum variation:
Eq. 2.45

r = l 1 + l 2 + l3

where l1 ≥ l2 ≥ l3. At nuclei, all three l values are negative as the electron density is at

a local maximum. In interatomic bonding regions, l1 is positive while l2 and l3 are
negative. It has been observed that in regions of weak interaction, l2 can be used to

determine the nature of the interaction. Strongly attractive interactions, such as H-

bonding, result in negative values of l2, while repulsive interactions result in positive
values of l2. Therefore by colouring the reduced gradient isosurface based on values of
the electron density by the sign of l2, sign(l2)r, areas of attractive and repulsive
interactions can be visually distinguished. The convention suggested in the original

paper, and that used in this thesis, is to colour attractive regions blue, repulsive regions
red, and weaker interactions green.

Although in this thesis this was used to identify intramolecular interactions, it has also
been demonstrated to be applicable to a range of chemical species from water dimers, to

graphite crystal structures to biomolecules. It does, however, come with the drawback
that at the time of writing, the results are only qualitative, and no quantitative data can

be retrieved. Despite this, the technique provides an invaluable tool for the

characterisation of weak interactions and hence the rationalisation of observed
experimental and computational results.
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2.6—Conclusions
Paul Dirac is often quoted by his 1929 statement, “the fundamental laws necessary for
the mathematical treatment of large parts of physics and the whole of chemistry are thus

fully known and the difficulty lies only in the fact that the application of these laws lead

to equations that are too complex to be solved.” This statement may still be true today in
that the Schrödinger equation can only be solved exactly for single electron systems, yet

approximations to this equation have allowed the calculation of the properties of
chemical systems to be achievable with a high degree of accuracy. Early wavefunction

methods led to equations to exactly describe much of the electronic energy, lacking only
in the absence of any description of correlation effects. These have been captured by
computationally intensive post-Hartree-Fock methods, which have allowed theoretical

chemistry to produce energetics and physical properties that are competitive with or
even more accurate than modern experimental techniques.

The development of DFT from a technique used solely by solid-state physicists to its

modern form used in research groups across the world has allowed chemically
meaningful energies and molecular properties to be calculated even on large transition
metal complexes. Although the true Hohenberg-Kohn functional remains elusive,

development of ever more accurate exchange-correlation functionals continues, coupled

with advances in the description of long range dispersion terms and solvation

interactions, has allowed computational chemistry to ask increasingly challenging

questions. After almost a century since the Schrödinger equation was published,
computational chemistry stands as an invaluable tool for the analysis, rationalisation
and prediction of chemical properties and reactivities, and seems likely to only grow
more crucial in years to come.
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Chapter 3—Mechanism and Selectivity of Ambiphilic Metal-Ligand
Assisted C-H Bond Activation at Rhodium and Iridium Metal Centres

3.1—Introduction
As discussed in Chapter 1, both rhodium and iridium metal centres are capable of
activating C-H bonds of a range of substrates. The scope of acetate-assisted
intramolecular C-H activation (CHA) at Rh and Ir metal centres was investigated by the

Davies group from the University of Leicester, using a range of imines and pyridines
(Scheme 3.1).

Scheme 3.1—General scheme for Rh and Ir cyclometalation reactions.
In order to further understand the factors that affect this C-H activation, the mechanism

of this was studied and will be the subject of this chapter, along with the trends in

substrate selectivity.92 This was investigated experimentally by the Davies group93 by
conducting competition experiments to establish the relative reactivities of a range of

substrates. Computationally, the reaction pathways were calculated. The reaction
barriers and thermodynamics were examined in order to explain experimental
selectivities.

A range of N-alkyl methanimines were investigated as shown in Fig. 3.1. First, a set of
imines bearing a heterocyclic functionality were investigated, a pyrrol-2-yl imine H-L1,

furan-2-yl imine H-L2 and thiophen-2-yl imine H-L3. For the thiophen-2-yl imine H-L3,

the effect of changing the R group was investigated by using R = iPr (H-L3a) and R =
3,5-(Me)2-C6H3 (H-L3b). CHA at a vinylic C-H bond was investigated with 3phenylprop-2-en-1-imine H-L4. Two substrates bearing aryl groups were investigated,

an phenylmethanimine H-L5 and 2-phenylpyridine H-L6 in order to investigate the
effect of changing the nature of the directing nitrogen.
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Fig. 3.1—Substrates investigated for their relative reactivity towards CHA in this
chapter.
3.1.1—AMLA Mechanism Numbering Scheme

The AMLA mechanism described in Chapter 1 (Scheme 3.2) can be applied to the
system under investigation to produce a reasonable reaction pathway. This pathway will

be discussed in more detail below, however the naming scheme used throughout this

chapter will be briefly covered here. The metal complex is added as the metal dimer
[Cp*MCl2]2 IM (M = Rh, Ir). This can be opened up by acetate to form [Cp*M(OAc)Cl]

IIM. A second chloride could be exchanged for an acetate in order to produce

[Cp*M(OAc)2] IIIM. The substrate H-L can exchange for an anion from either IIM or

IIIM, binding via the imine or pyridine nitrogen in order to form IVM-L. The k2 acetate
can be displaced to form a k1 acetate, opening a vacant coordination site around the
metal for the C-H bond to approach and form an agostic intermediate VM-L. From VM-

L the AMLA-6 C-H activation can take place, leading to the cyclometalated

intermediate VIM-L. Finally, the acetic acid can be displaced by one of the earlier
released chlorides to form VIIM-L, the experimentally observed product.
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Scheme 3.2—AMLA-6 reaction mechanism for the C-H activation of substrates H-L
by [Cp*MCl2]2. M = Rh, Ir.
3.2—Experimental Results
3.2.1—Cyclometalation Reactions at Rhodium and Iridium

Initially, the cyclometalation of each substrate was attempted in isolation to probe the
viability of C-H activation of the substrates with the two metal centres. These were

conducted by adding the substrate to a mixture of [Cp*MCl2]2 (M = Rh, Ir) and NaOAc
in dichloromethane or MeOH at room temperature and observing any cyclometalated

products formed (Scheme 3.3). For reactions with [Cp*IrCl2]2 good reactivity was

observed for all substrates, with all cyclometalated species VIIIr-L1-6 being obtained in
good yields in both methanol and DCM solvents.
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Scheme 3.3—Rh and Ir cyclometalation reaction conditions and isolated yields.
Isolating the products of cyclometalations using [Cp*RhCl2]2, however, gave lower

yields. For example, the thiophen-2-yl imine H-L3a proceeded to full conversion in 6
hours with [Cp*IrCl2]2, however a yield of only 34% was obtained from the equivalent

reaction with [Cp*RhCl2]2 after 17 h. Molecular structures of species VIIM-L were

obtained by X-Ray crystallography for all substrates for the Ir reactions, but for Rh no

products of the pyrrol-2-yl imine, H-L1, or furan-2-yl imine, H-L2, substrates were
isolated. The structures of VIIM-L are discussed in more detail in Section 3.3.3.
3.2.2—Deuteration Experiments

The reversibility of the above cyclometalation reactions was probed via deuteration

experiments. These were conducted by repeating the reactions with NaOAC and

catalytic quantities of [Cp*MCl2]2 in d4-MeOD (Scheme 3.4). For the reactions with

[Cp*RhCl2]2 a high degree of deuteration was observed, with all substrates except H-L4

and H-L6 showing H/D exchange on the C-H bond activated in the cyclometalation
reactions. Computational results suggested that the all rhodium reactions should be

under thermodynamic control and therefore reversible, and so the reactions with H-L4
and H-L6 were repeated with pivalic acid, which is thought to catalyse the reverse

reaction. Both of these repeated reactions showed deuteration. It was observed that HL1 displayed the fastest H/D exchange, with complete exchange taking only 3 hours,

compared to the 4-10 days that the other substrates required to attain 50% deuteration.

For reactions with [Cp*IrCl2]2, even in the presence of pivalic acid, the only substrate

that showed any H/D exchange was the pyrrol-2-yl imine H-L1, even in this case only
20% deuteration was observed at 10 days.
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Scheme 3.4—Deuteration experimental conditions employed to probe reversibility of
C-H activation at [Cp*RhCl2]2 in MeOH and [Cp*RhCl2]2 in DCM.
The H/D exchange reactions strongly indicate that the rhodium cyclometalations are

reversible in the presence of pivalic acid, and would therefore be expected to operate
under thermodynamic control. The iridacycle formations, however, are indicated to be
irreversible, and so would be expected to be under kinetic control.
3.2.3—Competition Experiments at Rhodium and Iridium

With the initial investigations into the cyclometalation completed, the relative
reactivities of all substrates were investigated with both Rh and Ir. This was carried out

by placing equimolar quantities of two substrates into a reaction mixture of 10%

[Cp*MCl2]2 and 40% NaOAc (Scheme 3.5). The Rh reactions were conducted in
MeOH, as better reactivates were observed in this solvent. Ir reactions were conducted

in DCM as this gave the cleanest reactions to the cyclometalated products, allowing for

easier comparison between the reactivities of the two substrates. The relative ratios of
the two cyclometalated products were determined by 1H NMR spectroscopy.

Scheme 3.5—Experimental conditions for cyclometalation competition experiment. For
[Cp*MCl2]2 = [Cp*RhCl2]2 solvent is MeOH; for [Cp*MCl2]2 = [Cp*IrCl2]2, DCM.
By collating the results of all of the reactions it was possible to construct the orders of

reactivity as shown in Fig. 3.2. At rhodium, the initial results for the phenylprop-2-en-1imine H-L4 displayed a far lower reactivity than predicted by DFT calculation (see
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below). The reactions were therefore repeated in the presence of pivalic acid, promoting
full equilibration and producing the reactivity order shown below. 2-phenylpyridine, HL6, was the most reactive substrate, followed by the phenylmethanimine H-L5. This was

followed by the vinyl imine H-L4. The three heterocyclic substrates H-L1, H-L2 and HL3a showed the lowest reactivity towards Rh, with the pyrrol-2-yl imine and the furan2-yl imine, H-L1 and H-L2, being notably less reactive than the thiophen-2-yl imine HL3a.

Rhodium:

Iridium:

Fig. 3.2—Relative reactivities and product ratio of substrates H-L from experimental
competition reactions for cyclometalation at [Cp*RhCl2]2 in MeOH (top) and
[Cp*IrCl2]2 in DCM (bottom).
The reactivity trends were notably different in the case of Ir. 2-phenyl-pyridine, H-L6,
still displayed a high relative reactivity, however the most reactive substrate towards Ir

was the pyrrol-2-yl imine, H-L1—the second least reactive substrate in the case of Rh.
This was followed by the phenylmethanimine which showed a similar reactivity as the

thiophen-2-yl imine H-L3a. Again, the furan-2-yl imine showed little reactivity, but with
the Ir it was the phenylprop-2-en-1-imine H-L4 that showed the least reactivity of all
substrates.

Finally, experiments were carried out in order to gauge the effect of varying the R group

attached to the imine. To do this a competition experiment was carried out between the
thiophen-2-yl imine, H-L3a, and its equivalent with the iPr group replaced with a xylyl
group, H-L3b, using the same methodology as with the other substrates. The ratio of
products by 1H NMR is shown in Fig. 3.3.

86

Fig. 3.3—Ratio of products VIIM-L3a and VIIM-L3b formed for indicated metal and
conditions.
For Ir in DCM the group bearing the iPr group was the preferred ligand. In the case of

Rh in MeOH, this selectivity was reversed. When pivalic acid was added, to ensure full
equilibration of the Rh system, only the aryl imine H-L3b could be observed. From the

H/D exchange results above, it would be predicted that H-L3a would give a lower
barrier to cyclometalation, hence being more reactive towards iridacycle formation,
while H-L3b would have a more stable cyclised product and so be preferred by the
thermodynamically controlled rhodacycle formations.

3.3—Computational Details
3.3.1—Optimisation Methodology

In the light of experimental results, DFT calculations were carried out in order to
explain the above trends in reactivity. The systems were optimised using the BP86

functional in the gas phase using the SDDALL basis set on Rh, Ir and Cl, with d-orbital
polarisation on Cl, and 6-31g** on all other atoms. It was found that in order to achieve

consistent orientations of the Cp* ring between calculations, the geometry optimisation
required to be run using a pruned (99,590) integration grid using the Gaussian keyword

int=(grid=ultrafine). This ensures that true local minima are found when performing
optimisations on molecules which possess vibrations with very low frequencies, such as
the Cp* rotation, which, for the VIIIr-L3a system had a frequency of just 17.7 cm-1.

Minima were located via Intrinsic Reaction Coordinate (IRC) calculations from
transition states followed by geometry optimisations, or, in the cases where IRC

calculations encountered convergence failures, the first point of the IRC was taken and

optimised. Gas phase frequency calculations were carried out on all stationary point to
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confirm the geometries were minima (with no imaginary vibrational frequencies) or
transition states (with a single imaginary mode). Zero point energy corrections at 298.15
K and 1 atm and free energy corrections were calculated in these frequency calculations.
3.3.2—Comparison Between Experimental and Calculated Geometries

To evaluate the accuracy to which the DFT calculations were reproducing
experimentally observed structures, the computed geometries of the cyclometalated

products VII were compared against experimental geometries for all products where Xray crystallography had been performed. The X-ray and calculated geometries are
shown in Fig. 3.4. The key distances and angles are summarised in Table 3.5.

Fig. 3.4—Experimental structure (left) and calculated geometry (right) for VIIIr-L3a.
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M-C(3)

M-Cl(1)

M-N(I)

M-Cp*a

C-M-N

VIIRh-L3a

2.015/2.018(4) 2.415/2.393(11) 2.114/2.114(3) 1.886/1.825 79.3/79.0(15)

VIIRh-L4

2.017/2.020(3) 2.415/2.402(9)

VIIIr-L3a

2.023/2.027(5) 2.435/2.392(13) 2.121/2.102(5) 1.889/1.821 78.2/77.8(17)

VIIIr-L4

2.021/2.031(5) 2.436/2.405(16) 2.097/2.074(5) 1.911/1.844 78.1/77.8(5)

MEb

-0.005

-0.035

0.015

0.067

0.5

MUREd

0.4 %

1.4 %

0.7 %

3.6 %

0.6 %

VIIRh-L3b 2.011/2.009(5) 2.414/2.374(13) 2.124/2.100(4) 1.882/1.810 79.1/78.3(18)
VIIIr-L1

2.020/2.049(9) 2.444/2.400(2)

2.088/2.077(3) 1.907/1.851 79.1/78.4(12)
2.134/2.107(6) 1.885/1.817 78.1/77.3(3)

VIIIr-L3b

2.019/2.024(4) 2.436/2.393(12) 2.129/2.113(4) 1.887/1.818 78.1/77.6(16)

VIIIr-L5

2.032/2.024(6) 2.437/2.393(16) 2.102/2.106(5) 1.899/1.828 78.2/78.0(2)

MREc

-0.3 %

-1.4 %

0.7 %

3.6 %

0.6 %

Table 3.5—Key bond distances for the cyclometalated species indicated. Computed
values are in plain text, experimental values are shown in italics. a) Distance to centroid
of Cp* carbon atoms. b) Mean Error. c) Mean Relative Error. d) Mean Unsigned
Relative Error.
It can be seen that the calculations reproduce the key bond distances and angles with
good accuracy, with most distances having errors of less than 1% of the experimental

value. The main discrepancy is in the distance between the metal and the Cp* centroid,

which the calculations consistently overestimate, however this is only by an average of
3.6%. The single largest error is in the M-Cp* centroid distance for VIIRh-L3b, in which

the calculated bond distance is 0.072 Å longer than observed experimentally, yet this
only amounts to a 4.0% discrepancy.

An initial hypothesis was that the relative energies of species VIIM-L may be reflected

in differing M-Cl bond strengths. However, the M-Cl bond distance varies little

between various substrates with a particular metal, despite the differences in reactivity
discussed previously. The largest change observed for the iridium complexes is between
the VIIIr-L1 and VIIIr-L3a structures, and then only by 0.013 Å despite a much higher

rate in the formation of VIIIr-L1 compared to VIIIr-L3a. For rhodium, the largest change
in M-Cl distance is between VIIRh-L3b and VIIRh-L4 and is 0.019 A. These small
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differences in bond length, compared to the large differences in observed reactivity,

indicate that the M-Cl bond strength is not controlling the relative reactivity of the
substrates considered.

3.3.3—Solvation Effects

As the computational investigation was started, it was found that taking solvation

effects into account was critical in producing a realistic model for the system under

investigation. Reactions steps which involved the binding or release of Cl- or AcOanions gave extremely high free energy changes when modelled in the gas phase. For

example, for the pyrrol-2-yl imine H-L1 reaction pathway in the gas phase, an energy

span barrier from the most stable species, IIIRh to the least stable transition state,
TS(IV-V)Rh-L1, was calculated to be +109.3 kcal/mol. As these reactions do proceed at

room temperature, it is clear that the gas phase model is not suitable for this system.

This is understandable, as solvent plays a major role in stabilising ions and so the
computational model needs to take this into account.

Experimentally, dichloromethane (DCM) is used as a solvent for the reactions involving
[Cp*IrCl2]2 and methanol for those with [Cp*RhCl2]2. There are two main methods of

simulating bulk solvent effects implemented in Gaussian 09, SMD and PCM solvation
corrections. The theoretical background of these is covered in greater detail in Chapter

2. To investigate these two approaches, the energy change from the metal precursor IIRh
to the final product VIIRh-L1 (Scheme 3.6) was computed using both PCM and MeOH
solvation corrections for both DCM and MeOH solvents using a range of functionals
(Table 3.2).

Scheme 3.6—Cyclometalation of H-L1 by IIRh studied in Table 3.2.
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IIRh to VIIRh-L1

Functional

DCM_SMD

DCM_PCM

MeOH_SMD

MeOH_PCM

B3P86

7.4

5.8

9.8

5.9

BP86

BLYP

B3LYP

PBEPBE

PBE1PBE
B3PW91
M06

M06L
B97D

8.9

14.6
12.4
7.8
6.7
9.1
4.0

10.1
-0.6

7.4

12.9

10.9
17.0

10.7

15.2

6.3

9.8

5.1

9.2

7.6

11.6

2.4

6.8

8.5

12.7

-2.2

1.5

7.5

13.1
10.9
6.3
5.2
7.7
2.6
8.7

-2.1

Table 3.2—Free energy changes between IIRh and VIIRh-L3a using methanol and DCM
solvation corrections applied using the SMD and PCM solvation models for a range of
DFT functionals.
Experimentally, VIIRh-L3a is the observed product, therefore the free energy change for
the formation of VIIRh-L3a from IIRh and H-L3a should be negative. This only occurs

for the B97D functional in this case; the effect of using different functionals will be
explored further in Section 3.3.5. However, even with B97D, the SMD model calculates
that the formation of VIIRh-L1 is endergonic from IIRh by 1.5 kcal/mol in MeOH, while
the PCM correction indicates this is exergonic, as expected from experimental results.

This pattern is reproduced for all the functionals examined, with SMD predicting a

more endergonic energy change. For this reason, PCM solvation corrections will be
used moving forward as it appears to better reproduce the experimental reactivity.

To return to the previous discrepancy in the case of the activation barrier observed for
H-L1 with IRh, with the PCM solvation correction applied for methanol, the barrier
drops from 109.3 kcal/mol to 24.7 kcal/mol. Therefore, it is clear that solvation has a
major impact on the energy profile and must be considered in order to obtain even
remotely accurate energies.
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3.3.4—Basis Set Effects

In order to determine the sensitivity of the computed energies to the basis set selected, a
set of single point calculations were run on the optimised structures with a range of

basis sets. It was found that the steps involving anion exchanges, such as from IIM to
IIIM, were the most sensitive. To benchmark the calculated energies of anion exchange

there are two key experimental observations. The opening of the rhodium dimer IRh by
AcO- was observed to give a mixture of both IIRh and IIIRh (Scheme 3.7).94

Scheme 3.7
Additionally, the competition experiment between substrates H-L1 and H-L3a produced
products containing both VIIRh-L3a and the acetate bound equivalent VIIRh-OAc-L3a
(Scheme 3.8). Both of these experimental results would indicate that the exchange of

AcO- with Cl- should have a free energy change close to zero (i.e. DGA and DGB should
approximately equal 0).

Scheme 3.8
The anion exchanges involved in both of the above observations were computed for a

range of different basis sets, shown in Table 3.3. Entry 1a shows the basis set used in
the optimisation. Using this basis set, both exchange reactions favour exchange of a
chloride ligand by an acetate ligand by over 20 kcal/mol, clearly not in agreement with

the above experimental observations. Going to an all-electron basis set for Cl in entry
1b leads to a significant improvement, with the DGA going from -23.5 kcal/mol to -10.4
kcal/mol. This is a clear reduction in the energy gap, but still is far from reproducing the

experimental observations. In entry 2 the basis set on all non-metal atoms is increased

from the double zeta 6-31g** to the triple zeta 6-311g**. This in fact leads to an
increase in the energy gap compared to entry 1, with DGA going from -10.4 kcal/mol to 92

13.6 kcal/mol and DGB going from -8.5 kcal/mol to -11.3 kcal/mol. This apparent
decrease in accuracy on increasing the basis set can most likely be attributed to a
cancellation of errors present in the entry 1b.
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DGA

DGB

Entry

Rh

Cl

C, N, O, H

IIRh ®

1a

SDDALL

SDDALL+D

6-31g**

-23.5

2

SDDALL

6-311g**

6-311g**

-13.6

-11.3

-1.7

0.1

1b
3

4a

4b
4c
5
6
7
8
9

10
11
12

SDDALL
SDDALL
SDDALL

6-31g**

6-311+g**

6-311++g**

6-311++g**

6-311++g**

SDDALL+D

SDDALL+F

6-311++g**

cc-pVTZ-PP

6-311+g**

6-311++g**

SDDALL

LANL2DZ

6-31g**

6-311++g**
6-311++g**

cc-pVTZ

cc-pVTZ

cc-pVQZ-PP

cc-pVQZ

cc-pVQZ

cc-pVTZ-PP

6-311++g**

6-311++g**

aug-cc-pVTZ-PP

6-311++g**

6-311++g**

aug-cc-pVQZ-PP aug-cc-pVQZ aug-cc-pVQZ
cc-pVQZ-PP

aug-cc-pVQZ-PP

6-311++g**

6-311++g**

6-311++g**

6-311++g**

VIIRh-L3a ®

IIIRh

VIIRh-L3a-OAc

-10.4

-8.5

-1.9

-21.9

0.0

-2.1

-0.5

-1.8

0.0

-1.9
-1.5
-0.5
-1.1

0.1
0.1
0.8
-a

-1.8

-0.2

-1.6

-0.1

-1.7
-1.6

-0.2
-0.3

Table 3.3—Cl-/AcO- exchange energies between IIRh and IIIRh, and VIIRh-L3a and
VIIRh-OAc-L3a for the range of basis sets shown. All energies include PCM solvation
correction in dichloromethane. a) SCF failed to converge.
In entry 3, diffuse basis functions are added to the basis sets of all non-metal atoms (see

Chapter 2). These allow for improved descriptions of loosely bound electron densities,
such as those found on small anions, for example, the chloride anion. In this entry, a

significant improvement in reproducing experimental results is observed, with the
DGEq.2.2 becoming -1.9 kcal/mol and DGB becoming +0.0 kcal/mol. This dramatic

increase in accuracy demonstrates the importance of these diffuse basis functions, and

indicates that it was poor descriptions of the free ions that were causing the originally
observed discrepancy between computation and experimental results. In entry 4a, the
diffuse functions are also applied to H atoms, giving a very minor change in the

energies. Entry 4b keeps the new diffuse functions on C, N, O and H but returns Cl to
the SDDALL+D basis set. Entry 4c shows the system with the popular LANL2DZ basis

set on Rh in place of SDDALL. Entry 5 adds f-orbital polarisation to the Rh basis sets
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from entry 4a. Entries 4b, 4c and 5 show only a negligible change to the DG values
obtained compared to entry 4a.

Entries 6-12 move to using correlation-consistent basis sets; entries 6-8 on all atoms,
entries 9-12 on the metal only, leaving all other atoms with the same basis sets as used

in entry 4a. For all of these basis sets a pseudopotential is used to describe the core
rhodium electrons. Entries 6 and 9 use triple-z basis sets to match that in entry 4a.

Entries 7 and 10 increase this to quadruple-z basis sets. Entries 8 and 12 add diffuse
basis functions to the quadruple basis sets. All of these entries, however, produced

results very similar to those obtained in entry 4a. Moving beyond triple-z basis sets did,
however, notably increase computational demand, and in the case of entry 8, the SCF
failed to converge.

It is interesting to note that although entries 6 and 7 do not contain specific diffuse

orbitals, they still give results similar to the diffuse basis functions in entries 3 and 4. It

is possible that this is due to the extra d- and f-type orbitals on the chloride, in addition
to a greater number of basis sets with a wide range of orbital exponents, in the
correlation-consistent basis sets, which themselves would allow greater flexibility of the
system to describe the loosely-bound electron density on the anion.

Based on these results, single point energies were taken at the basis set shown in entry
9. This includes a triple-z basis set for all atoms, with diffuse functions on all non-metal
atoms. This entry gave the best compromise between accuracy of the anion exchange

energy and overall computational cost. This basis set had the additional benefit of
describing all atoms with triple-z basis sets, leading to a consistent approach across all
elements examined.

3.3.5—Functional Testing

As mentioned previously, a high degree of functional dependency was observed during
the investigation into the effect of solvation corrections. In order to ascertain the

sensitivity to the DFT functional used, a range of functionals were selected for testing
(Table 3.4). The testing was benchmarked against two main observations. (i) As above,

the energies of IRh, IIRh and IIIRh should be close to one another based on the

observation of all three in solution together after IRh is opened with NaOAc in
methanol. (ii) The thermodynamic change from the most stable precursor to VIIRh for
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all substrates should be thermodynamically favoured (i.e. DG Table 3.3 should have a
negative value), as these cyclometalation reactions have been shown experimentally to
occur.

BP86

BP86-D3
B3P86
BLYP

BLYP-D3
B3LYP

B3LYP-D3
PBE

IIRh

IIIRh

VIIRh-L3a

-1.3

-0.4

-5.3

-8.6

-5.1

-7.7

-5.2

-9.2
-3.2
-2.3

+1.8

+10.5

-3.3

-0.8

+5.5

+1.6

PBE0-D3

+0.7

+0.8

B3PW91-D3

-1.4

-0.7

B3PW91
M06

M06L
B97D

wB97XD

-4.2

-8.1

-2.1
-4.9

+1.5
+0.5
-4.9

+5.4

-0.3

+7.8

-0.6

+0.4

+2.5

-5.2

-7.3

-7.2

-10.6

-6.7

-7.3

-4.8

-1.7

-0.9

-5.5

-2.1

+6.7

-7.1

+0.4
-6.3

-1.0

-4.0

+11.5

PBE-D3
PBE0

+7.3

+2.3

-2.6

-6.3

-1.3

-6.5
-2.2

-8.7

DGa

-4.8
-4.3

-4.8
-2.9

+2.1

+12.7

-5.2

+2.1

-2.1

Table 3.4—Free energies relative to IRh, H-L3a and -OAc in kcal/mol for indicated
functionals. Includes MeOH PCM solvation correction. a) DG relative to the most stable
species (IRh, IIRh or IIIRh) and VIIRh-L3a. Dispersion correction added using Grimme's D3 data set95 for indicated functionals (shaded rows). Single point energy corrections
conducted using basis set in entry 9 of Table 3.3.
The functional used in previous investigations in the group, BP86, does not reproduce

the above experimental criteria. The large stability of IIRh (-8.6 kcal/mol) and IIIRh (5.1 kcal/mol) compared to IRh would indicate that only IIRh would be observed in
solution. Additionally, VIIRh-L3a has an energy of -1.3 kcal/mol, 7.3 kcal/mol higher

than IIRh, which would indicate that no cyclometalated product would form in solution,
contrasting with observed experimental results.
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Moving to the hybrid functional, B3P86, results in only a minor improvement, with the
DG of cyclometalation becoming +6.7 kcal/mol. The popular BLYP and B3LYP

functionals show even less agreement with experimental results, with DG values of
+11.5 kcal/mol and +10.5 kcal/mol respectively. PBE and its hybrid equivalent, PBE0,

give some improvement, with the DG dropping to +5.5 kcal/mol and +5.4 kcal/mol
respectively. However, with both functionals giving a relative free energy of IIRh of -6.3

kcal/mol, both would still lead to IIRh being the only observed product in the reaction.

B3PW91 gives similar energies to BP86, still predicting IIRh to be the most stable
species.

M06, B97D and wB97XD all show an improvement in the DG energies which are

notably lower than the previous functionals, with B97D being the first functional to
correctly calculate VIIRh-L3a to be the most stable species. These functionals differ
from the previous set as they all take dispersion interactions into account, M06 by being

parameterised against experimental data from solid state systems, which contain

significant dispersion interactions, and B97D and wB97XD by including an explicit
dispersion correction as an intrinsic part of the functional. These dispersion corrections

account for the van der Waals stabilisation that is important in modelling large groups

interacting with one another, such as the large substrate being brought into close
proximity to the bulky {RhCp*} fragment. Dispersion corrections are covered in more
detail in Chapter 2.

These functionals, however, do not reproduce the relative stabilities of IRh, IIRh and
IIIRh well, with only M06 having relative energies of IIRh and IIIRh close to zero, but it

still indicates a strong preference for IIRh over IRh (by -2.1 kcal/mol). It is also worth

noting that the related M06L functional, which also takes dispersion into account, is the
functional that least agrees with experimental results, with very high DG value of +12.7.

The reason for this anomalous behaviour of M06L compared to M06 was not
discovered. M06L is a pure functional, whereas M06 is its hybrid equivalent, but this
does not seem to affect other functionals in such a pronounced way. For example,

BLYP and B3LYP give DG values within 1.0 kcal/mol from one another, not the 10.2
kcal/mol difference in the DG values of M06 and M06L.

Given the improvement in agreement with experimental results for the functionals that
take dispersion into account over those that do not, an independent dispersion correction
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was added to all other functionals using Grimme's -D3 data set.95 These results are
shown in the shaded rows of Table 3.3. Comparing BP86 to the dispersion corrected
BP86-D3, a clear improvement in agreement with experiment can be seen. Relative to

IRh, the energies of IIRh and IIIRh are -1.3 kcal/mol and -0.4 kcal/mol respectively,

compared to the non-dispersion corrected relative energies of -8.6 kcal/mol and -5.1
kcal/mol. This better reproduces the expected results of all three species being in

equilibrium together. Additionally, the DG value for the cyclometalation becomes
notably negative, indicating that the experimentally observed product would be the most
stable product of this reaction.

Similar trends are observed for the -D3 corrections of the other functionals, with the
energies of IIRh and IIIRh being closer to that of IRh, and VIIRh-L3a being stabilised. It
is also worth noting that the popular BLYP and B3LYP are the only two of the D3

corrected functionals that incorrectly indicate that the cyclometalation would be
endergonic.

BP86-D3 was chosen as the functional to use for this investigation. With the -D3

correction it reproduces the experimental observations well, with small energy
differences between IRh, IIRh and IIIRh, and an exergonic cyclometalation process.

Further, it allows for easier comparison to previous studies by the group, which also

used the BP86 functional. The use of a single point dispersion correction additionally
allows for stabilisation gained by dispersion to be easily quantified, independent of
other factors.

3.3.6—Gfinal Energy Corrections

A single point PCM solvation correction was run for all stationary points for both
MeOH and DCM solvents. A single point dispersion correction was calculated using

Grimme's -D3 data set. A third single point calculation was run on each stationary point,
still using the BP86 functional, but with the cc-pVTZ-PP basis set on Rh and Ir and 631++g** on all other atoms. The final free energies quoted in the remainder of this
chapter are given by Eq. 3.1.

Eq. 3.1.
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Where Gfinal is the final quoted free energy, Ediff is the SCF energy calculated with the
larger basis set, Ggas is the gas phase free energy, Egas is the gas phase SCF energy using

the smaller basis set, Esolv is the PCM solvation correction energy and ED3 is the SCF
energy including the D3 solvation correction.

Unless otherwise stated, all energies are relative to half an equivalent of IM, the metal
dimer with the free H-L substrate under consideration and one equivalent of free
acetate. All energies are given in kcal/mol and all distances quoted will be in Å.

3.4—Computational Results and Discussion
All computed geometries shown have atoms colour coded as indicated in Fig. 3.5.

Fig. 3.5—Colour scheme for all shown computed geometries.
3.4.1—Calculated C-H Activation Pathway

The calculated pathway begins with the experimental reactants, the dimer complex

[Cp*MCl2]2 IM, the free ligand H-L and AcO-, in isolation. Initially, the reaction
pathway for the formation of VIIRh-L3a will be considered. Differences in ligand

behaviour will be investigated in more detail for reactions involving both Rh and Ir in
the following sections.

Two possible forms of the free H-L3a ligand were considered, one with the imine
nitrogen and the thiophenyl sulfur atoms cis to each other, and one with the two atoms
trans to one another. It was found that the conformer with the atoms in the cis

arrangement (Fig. 3.6) was the most favoured for both MeOH and DCM solvents. The
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barrier from the cis conformation to the trans arrangement was found to be 8.7 kcal/mol
and so would be accessible at room temperature.

Fig. 3.6—Computed geometry of H-L3a.
The dimer IRh takes the form of two {Cp*Rh(III)Cl}+ fragments joined by two bridging
chlorides (Fig. 3.7). From IRh, the dimer can be opened by two equivalents of acetate to

form two equivalents of [Cp*Rh(AcO)Cl], IIRh, (Fig. 3.8) with two chloride ions being
released in the process.77 In the experimental competition reactions MeOH was used as

a solvent for the Rh reactions, and in this solvent the formation of IIRh is -1.3 kcal/mol
more stable than IRh. It was found that the exchange of a second chloride anion for an

additional acetate was possible, but slightly disfavoured for Rh with the

[Cp*Rh(AcO)2], IIIRh (Fig. 3.8, right), formed being +0.9 kcal higher in energy than

IIRh. The bisacetate complex formed contains one acetate bound k2, and the second
bound k1, leaving the Rh centre 6-coordinate as it is in IRh and IIRh.
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Fig. 3.7—Computed geometries of IRh, [Cp*RhCl2]2, [Cp*Rh(AcO)Cl], IIRh and
[Cp*Rh(AcO)2], IIIRh. Selected bond distances shown in Å. H atoms have been omitted
for clarity. Gfinal in MeOH shown in kcal/mol.
From either IIRh or IIIRh, an anion can be exchanged for H-L3a, which binds via the
imine nitrogen to form IVRh-L3a (Fig. 3.8). This exchange changes the overall charge of
the complex from 0 to +1 and results in the product of IVRh-L3a which lies 1.3 kcal/mol

higher in energy than IRh in MeOH. In IVRh-L3a, the remaining acetate is still bound k2,
leaving the Rh 6-coordinate. The Rh-O bond distances on the k2 acetate show negligible

changes, indicating that the bonding of the k2 acetate is largely unaffected by the
exchange of an anion for the substrate. The thiophenyl ring is preferentially oriented to
present the C3-H1 bond shown towards one arm of the acetate, with a relatively short
O1LH1 distance of 2.18 Å, indicating some degree of H-bonding.

Fig. 3.8—Acetate for H-L3a exchange step from IIIRh to yield IVRh-L3a. Selected bond
distances shown in Å. H atoms have been omitted for clarity. Gfinal in MeOH shown in
kcal/mol.
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From IVRh-L3a, as the C-H bond begins to approach the metal centre the k2 acetate is

displaced to form a k1 acetate. This opens up a vacant coordination site, allowing the
C3-H1 bond to form an agostic interaction in intermediate, VRh-L3a. Fig. 3.9 shows the

reaction step associated with this displacement and the intermediate VRh-L3a. It can be

seen that TS(IV-V)Rh-L3a is a late transition state, in which the Rh-O1 bond is almost

completely broken, from 2.19 Å in IVRh-L3a to 3.17 Å in TS(IV-V)Rh-L3a. This

matches observed energies, TS(IV-V)Rh-L3a lying at +10.2 kcal/mol and VRh-L3a with
an only slightly Gfinal +8.5 kcal/mol. Evidence for the agostic interaction can be seen in

the C3-H1 bond distance, which increases from 1.09 Å in IVRh-L3a to 1.16 Å in VRhL3a.

Fig. 3.9—k2-k1 exchange step from IVRh-L3a. Selected bond distances shown in Å. H
atoms have been omitted for clarity. Gfinal in MeOH shown in kcal/mol.
In VRh-L3a the free arm of the acetate is H-bonding to the agostic proton, with a
O1 H1 distance of 1.74 Å. In the subsequent step, as the Rh-C3 distance decreases, a

new transition state is located at +10.5, TS(V-VI)Rh-L3a (Fig. 3.10). In this transition
state, the classic 6-membered ring of the AMLA-6 C-H activation can be seen between

the acetate, the rhodium, carbon and proton. In this step, the synergic effect of the
agostic bond and hydrogen bond cleaves the C3-H1 bond to form the new metallacycle
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and a bound acetic acid in VIRh-L3a. The C3-H1 bond distance in TS(V-VI)Rh-L3a is
only 0.03 Å longer than in VRh-L3a, indicating that much of the C3-H1 bond weakening
has already taken place in forming the agostic bond, only a small lengthening is
required to break it completely. VIRh-L3a lies at +5.7 kcal/mol compared to IRh.

Fig. 3.10—AMLA-6 deprotonation step from VRh-L3a. Selected bond distances shown
in Å. H atoms have been omitted for clarity. Gfinal in MeOH shown in kcal/mol.
Finally, the bound acetic acid can be exchanged for a chloride anion released in the

previous steps to form the experimentally observed product, VIIRh-L3a (Fig. 3.11). This

exchange restores the overall charge of the complex back to neutral, and is highly
favoured, with VIIRh-L3a having a Gfinal 11.0 kcal/mol more stable than VIRh-L3a.
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Fig. 3.11—Acetic acid for chloride exchange step from VIRh-L3a. Selected bond
distances shown in Å. H atoms have been omitted for clarity. Gfinal in MeOH shown in
kcal/mol.
The overall free energy profile for this reaction is shown in Fig. 3.12. The most stable
precursor is IIRh, at -1.3 kcal/mol more stable than IRh. The second transition state,

TS(V-VI)Rh-L3a, is rate determining, with the largest barrier for the C-H activation
being 11.8 kcal/mol from IIRh to TS(V-VI)Rh-L3a. The most stable species is the final

product VIIRh-L3a, this gives an overall free energy change of the reaction of -4.0
kcal/mol. This indicates that reaction barrier is accessible at room temperature, and the

overall process is exergonic, agreeing with experimental results in which the reaction is
observed to occur at room temperature.
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Fig. 2.12—Computed free energy profile for C-H of H-L3a by [Cp*RhCl2]2 in MeOH. Energies in kcal/mol.

3.4.2—Comparison of Cyclometalation Reaction Profiles for Rhodium and Iridium

The reaction profile was calculated as above with iridium in place of rhodium. Species
IIr, IIIr and IIIIr all closely match the geometries observed for the rhodium equivalents
(Fig. 3.13). The main difference is that IIM and IIIM are more stabilised compared to IM
for Ir than for Rh.

The structures of IVM-L3a are again very similar for Ir and Rh (Fig. 3.14), with the

selected distances differing by no more than 0.04 Å between the two complexes. IVIrL3a is however more stable than IVRh-L3a relative to IM, indicating a less disfavoured
anion for substrate exchange for the iridium complex.
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Fig. 3.13—Computed geometry of [Cp*MCl2]2, I, [Cp*M(AcO)Cl], II and
[Cp*M(AcO)2], III for M = Rh (left) and Ir (right). Selected bond distances shown in Å.
H atoms have been omitted for clarity. Gfinal in MeOH shown in kcal/mol.
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Fig. 3.14—Computed geometry of IVM-L3a for M = Rh and Ir. Selected bond distances
shown in Å. H atoms have been omitted for clarity. Gfinal in MeOH shown in kcal/mol.
The k2 to k1 displacement involves and earlier transition state for Ir compared to Rh,

with a shorter C3-H1 and M-O1 distance and longer O1-H1 and M-C3 distances (Fig.
3.15). This is accompanied with a lower relative transition state energy of +8.2 kcal/mol

for Ir, compared to +10.2 kcal/mol for Rh. For the iridium profile, however, no agostic
intermediate is formed, instead this transition state leads directly through the C-H

activation to the cyclometallated species VIIr-L3a. Despite the different pathways, VIIr-

L3a shows a remarkably similar geometry and bond distances to VIRh-L3a (Fig. 3.15).
VIIr-L3a is more stable than VIRh-L3a relative to their respective IM reactants by -6.8

kcal/mol, however the cyclometalation step is still endergonic for Ir compared to the
most stable precursor, IIIr.
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Fig. 3.15—Computed geometry of TS(IV-V)Rh-L3a, TS(IV-VI)Ir-L3a and VIM-L3a for
M = Rh and Ir. Selected bond distances shown in Å. H atoms have been omitted for
clarity. Relative free energy in MeOH shown in kcal/mol.
The final AcOH for chloride exchange further stabilises VIIr-L3a compared to VIRh-L3a
(Fig. 3.16), with an energy of -14.2 kcal/mol compared to -5.3 kcal/mol. As observed

experimentally in Section 3.3.2, despite the notable difference in stability there is very
little difference in the M-Cl bond distances (2.42 Å for Rh, 2.44 Å for Ir), again
showing that the stability of these species is not apparent from their structures.
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Fig. 3.16—Computed geometry of VIIM-L3a for M = Rh and Ir. Selected bond distances
shown in Å. H atoms have been omitted for clarity. Relative free energy in MeOH
shown in kcal/mol.
The reaction profile for cyclometalation of the H-L3a substrate with iridium in MeOH is

compared against that of rhodium in Fig. 3.17. It can be seen that IIIr and IIIIr are in

equilibrium with free energies just 0.1 kcal/mol apart. Again, substrate binding is

slightly endergonic by +1.0 kcal/mol. The barrier to k2-k1 displacement is similar at

+10.1 kcal/mol, however this proceeds directly to the acetic acid product VIIr-L3a with

no agostic intermediate or deprotonation transition state being observed. Product VIIrL3a is relatively more stable than VIRh-L3a by -6.8 kcal/mol. Acetic acid for chloride
exchange again is exergonic to form product VIIIr-L3a, which is 8.9 kcal/mol more

exergonic for Ir compared to Rh. This reflected in the relative Gfinal of VIIr-L3a, which is
6.8 kcal/mol more stable than VIRh-L3a. This greater product stability for the iridium

cyclometallated complexes would agree with the experimental observation that isolation

of these cyclometallated products is easier for Ir than Rh, as discussed in Section 3.2.1.
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Fig. 2.17—Free energy profiles for C-H of H-L3a by [Cp*RhCl2]2 and Cp*IrCl2]2 in MeOH. Energies in kcal/mol.

As described in the experimental results section above, the Ir competition reactions

were performed in dichloromethane (DCM) not MeOH. When the calculations were
repeated using DCM solvation corrections in place of MeOH, similar effects are seen

for both the Rh and Ir profiles (Fig. 3.18). Species IVM to VIM are all increased in

energy by ~7 kcal/mol, however there is very little change in the energies of species IM,
IIM, IIIM and VIIM-L3a. This indicates that steps involving anion association and

dissociation, IIIM to IVM-L3a and VIM-L3a to VIIM-L3a, are the most sensitive to the

change in solvent. Steps involving exchange of one anion for another are largely
unaffected by the change in solvent. Overall this leads to DCM giving higher reaction
barriers but similar thermodynamic changes. This matches the experimental observation
that reactions in DCM took longer to equilibrate, as their forward and reverse barriers
are higher.
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Fig. 2.18—Free energy profile for C-H of H-L3a by [Cp*RhCl2]2 and [Cp*IrCl2]2 in MeOH (plain text) and DCM (italics). Energies in kcal/mol.

By considering the Rh profile in MeOH and the Ir profile in DCM, it is possible to

compare the computational results to the experimental observations. The higher stability
of the Ir products compared to Rh matches the general experimental observation that the
Ir cyclometalations occurred smoothly. The rhodium systems, with their less stable final

products, correlate to the difficulty in isolating the rhodium cyclometalated products.

These products would be expected to be in slow equilibrium according to the computed

pathways. Comparing the profile for the Rh system in MeOH to that in DCM it is
possible to explain why the reaction is very difficult to achieve for Rh using DCM as a
solvent; the higher reaction barrier will slow reaction, making it take far longer to
achieve equilibrium.

Additionally, for both Rh and Ir the acetic acid products, VI, are not observed, and the

calculations show them to all be much less stable than the chloride products, VII. In the

case of the Rh system there is a low barrier of 11.8 kcal/mol and only a mildly
exergonic reaction of -4.0 kcal/mol, leading to a low reverse barrier of +15.8 kcal/mol.
Because of this, it would be predicted that the rhodium reaction is reversible, as
indicated by the H/D exchange observed experimentally. Ir in DCM, on the other hand,

displays a much higher reverse barrier at +29.3 kcal/mol due to the higher stability of

VIIIr-L3a and the rise in the transition state energy in DCM compared to MeOH. This
barrier is too high to be overcome at room temperature and so this can be said to be
irreversible and therefore under kinetic control. This matches the experimental H/D
exchange reactions, which indicated that iridacycle formation is irreversible.

3.4.3—Comparison Between Calculated and Experimental Cyclometalation Reactivities
(i) Rhodium

As described above, competition reactions were carried out experimentally in which two

substrates were added to a solution containing the metal dimer IM, NaOAc and the ratio

of the two possible cyclometalated products was determined. As in Fig. 3.3, from this,
the substrates could be ordered by their relative reactivity (Fig. 3.19).
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Fig. 3.19—Relative reactivity of substrates H-L1-6 as ordered by experimental reaction
ratios in CHA competition experiments with [Cp*RhCl2]2 in MeOH in the presence of
pivalic acid (except for H-L1 and H-L2). a) Results for substrate H-L4', where the
phenyl group in substrate H-L4 is replaced with a hydrogen.
As discussed previously, both calculation and deuterium experiments indicate that these
reactions are reversible and so are under thermodynamic control. The computed

reactivity, therefore, will be determined by the stability of the product VII, which is
shown as DGMeOH in Fig. 3.19.

In general there is good agreement between experimental and theoretical results based

on DGMeOH. H-L1 and H-L2 have very close stabilities of their final products, -1.6
kcal/mol and -1.2 kcal/mol respectively. Both of these display the lowest reactivity of
the set, and have only barely exergonic free energy changes. The thiophen-2-yl imine,

H-L3a, shows notably better reactivity and the product VIIRh-L3a is computationally
much more stable than either VIIRh-L1 or VIIRh-L2 with a relative energy of -4.0
kcal/mol, however all three heterocyclic substituted imines are the least reactive out of

all of the substrates. Out of the two phenylic substrates, H-L5 and H-L6, it is 2phenylpyridine that shows the greatest reactivity and forms the most stable final product
at -7.7 kcal/mol compared to -6.4 kcal/mol for the phenylmethanimine.

The major difference between the predicted order and the experimental order is the
position of substrate H-L4. Experimentally, it has a moderate reactivity, appearing in the
middle of the series. Computationally, however, it is predicted to be the most reactive
species with a very high stability of the final product VIIRh-L4 with a DGMeOH of -7.8
kcal/mol, more stable than VIIRh-L6. One possible explanation for this discrepancy lies

with the -D3 dispersion correction applied to all systems. This has been shown to
overestimate the dispersion stabilisation of bringing two adducts together in solvent

when combined in continuum solvation correction methods.96 This can be explained by
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the -D3 correction and the solvation model together not adequately describing the
dispersion between the solvent and the isolated species, so that when they are brought

together they experience a overestimation in the increase in dispersion than a truly

solvated species should. Substrate H-L4 has an extra phenyl group not possessed by
other substrates in this investigation, leading to a bulkier substrate and so this
overestimation is exaggerated more than for other substrates.

To test this, calculations were performed with the phenyl group replaced by a hydrogen

atom H-L4', allowing the ligand to present a similar bulk to the metal as other substrates
to the metal centre. The values for H-L4' are shown in Fig. 3.19 inside brackets. This

change leads to a notable drop in the stability of VII-L4', closer to the experimental
result, indicating that it is indeed the -D3 dispersion correction overestimating the
stabilisation of the system. As discussed previously, the dispersion correction is

required in order to produce reasonable thermodynamics of the system and so cannot be

removed entirely. Computing the system in an explicit solvent cage may alleviate this
issue by capturing the dispersion interactions between the free substrates and the
solvent, however this would involve a much higher computational cost.

The strong overall agreement between theory and experiment supports the earlier

conclusion that the rhodium systems are proceeding under thermodynamic control.

Indeed, if the activation barriers for CHA for each substrate are considered, as shown by
DG‡MeOH, a very different order of reactivity is observed. The most notable change is

that H-L1 changes from the least to the most reactive substrate, as it has the lowest
activation barrier of 8.1 kcal/mol. Meanwhile H-L4 and H-L4' become one of the least
reactive species with activation barriers of 13.7 kcal/mol and 13.0 kcal/mol respectively.

The strong disagreement between this kinetic profile and experimental results further
supports the system being under thermodynamic control.

Additional support for the system being under thermodynamic control was found in the
deuteration experiments in CD3OD, which showed that the C-H activation was
reversible for all substrates except for H-L2. This system has the highest barrier and so
the highest reverse barrier. When the experiment was repeated in the presence of pivalic

acid, added to catalyse the reverse reaction, reversibility was observed. H-L1 on the
other hand was observed to have the fastest reversibility by experiment, and
computationally has the lowest reverse barrier.
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It should be noted that the relative experimental reactivity shown in Fig. 3.19 was not
the original order obtained by experiment. Instead, the initial competition reactions were
conducted in the absence of PivOH, and did not match the computed thermodynamic

preferences. It was theorised that those substrates with the highest barriers, H-L2 and HL4 were not reaching equilibrium. When PivOH was added to catalyse the reverse
reaction, the trend shown in Fig. 3.19 was obtained, giving good qualitative agreement

between experiment and theory. This result highlights the effectiveness of experimental
and computational groups working in close collaboration, not just to benchmark
computational methods, but in order to better interpret experimental results.
(ii) Iridium

The competition experiments for iridium produced a notably different substrate
preference series than observed in the rhodium case (Fig. 3.20).

Fig. 3.20—Relative reactivity of substrates H-L1-6 as ordered by experimental reaction
ratios in CHA competition experiments with [Cp*IrCl2]2 in DCM. a) Results for
substrate H-L4', where the phenyl group in substrate H-L4 is replaced with a hydrogen.
As previously discussed, the reactions with iridium are under kinetic control. By
considering the barrier heights, DG‡DCM in Fig. 3.20, it would be expected that the
lowest barrier would give the most reactive substrate.

Again, the vinylic substrate H-L4 is predicted to have a much higher reactivity than

observed experimentally. As in the case of Rh, the same explanation of the -D3

dispersion correction overestimating the stability of these bulkier systems can be

applied. Using the same approach as before, H-L4 can be replaced with H-L4', giving
the energy shown in brackets in Fig. 3.20. This corrects the overestimation in reactivity
for the 3-phenylprop-2-en-1-imine substrate. In this case the order of the substrates in
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the calculated results reproduces that of the observed experimental reactivity series. The

3-phenylprop-2-en-1-imine H-L4 and furan-2-yl imine H-L2 both have the highest
calculated barriers of 19.5 kcal/mol and 19.1 kcal/mol respectively and are the least

reactive substrates experimentally. These are followed by the thiophen-2-yl imine H-L3a

with a barrier of 17.4 kcal/mol. The two phenylic substrates H-L5 and H-L6 are more
reactive experimentally and have lower calculated barriers of 15.6 kcal/mol and 14.5
respectively, again with the pyridine directing group in H-L6 providing a greater

reactivity. H-L1 shows the lowest barrier of 14.1 kcal/mol and is experimentally the
most reactive system.

The thermodynamic order of the formed products again produces a very different series

(DGDCM in Fig. 3.20). The most notable difference is again, the position of the pyrrol-2-

yl imine H-L1, which moves from being the most reactive, to the least reactive substrate
with a DGDCM of -8.6 kcal/mol. Similarly, H-L4' moves from being the least favoured

substrate to the third most favoured. This, together with the excellent agreement of the
kinetic series with the experimental series, gives strong indication that the iridium

systems are indeed under kinetic control as predicted by the deuteration studies and the
computed reaction profiles.

It is also worth noting that H-L1 shows the lowest reverse barrier, with both the lowest

forward barrier height and least stable product VIIIr-L, and was the only substrate to
demonstrate reversibility during the Ir deuteration experiments.

With the Ir and Rh results together it is possible to come to several conclusions. The

furan system H-L2 displays poor reactivity towards CHA, with high barriers and poor

thermodynamics for both metals. In general, the system with phenylic C-H bonds being
activated show greater reactivity than the vinylic and heterocyclic C-H bond substrates.

The pyrrole system, H-L1, would appear to be a very good candidate for further
reactivity. It both displays low activation barriers and relatively unstable products,

allowing for favourable kinetics for the CHA steps and any further functionalisation
steps. This is investigated in more detail in the following chapters.

It can be seen that the origin of the difference in substrate preference between the
rhodium and iridium system lies in the rhodium systems being under thermodynamic

control and iridium being under kinetic control. This can potentially be exploited, as if a
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substrate has multiple functionalities that could possibly undergo C-H activation, the

choice of metal can lead to different products being formed. For example, if a pyrrole
such as H-L1 and a thiophene such as H-L3 were in competition, the use of [Cp*RhCl2]2

would lead to the thiophene being activated, whereas [Cp*IrCl2]2 would preferentially
activate the pyrrole (Scheme 3.9).

Scheme 3.9—Change in substrate selectivity can be accomplished by changing the
metal used for the C-H activation.
(iii) Imine R Group Effects

As described in Section 3.2.3, in order to investigate the effect of changing the R group

attached to the imine, competition experiments were run between ligands H-L3a (R =
i

Pr) and H-L3b (R = xylyl) with results as shown in (Fig. 3.21).

Fig. 3.21—Ratio of products VIIM-L3a and VIIM-L3b formed for indicated metal and
conditions.
Reaction pathways were computed for these systems, the activation barriers and free

energy changes are shown in Table 3.6. It can be seen that for both metals that H-L3a is

kinetically favoured, with lower activation barriers, whereas H-L3b is the
thermodynamically favoured product with the most stable species VIIM-L. The change
in favoured substrate can therefore again be explained by the previous observation that
119

the Ir reactions are under kinetic control, whereas the Rh reactions are reversible and
therefore under thermodynamic control.
M = Ir (DCM)
DG‡

DG

18.4

-14.4

17.4

H-L3a

H-L3b

M = Rh (MeOH)

-11.9

DG‡

DG

13.5

-6.8

11.8

-4.0

Table 3.6—Relative free energies of key transition state and final product VII
compared to IIRh and IIIIr in indicated solvent. All energies in kcal/mol.
The reasoning for the differences in activation barrier and thermodynamics of the two

substrates is difficult to explain. For example, examining the rate determining transition

state for the two substrates with the iridium complex it can be seen that there is

remarkably little difference between the key bond distances involved despite the change

in bulk of the R group (Fig. 3.22). However, without the –D3 dispersion correction,
neither

the

rhodium

nor

iridium

experimental

selectivities

are

reproduced

computationally. This would indicate that dispersion effects play an important role in
the selectivity between H-L3a and H-L3b.

Fig. 3.22—Computed geometry of TS(IV-VI)Ir-L3a and TS(IV-VI)Ir-L3b Selected bond
distances shown in Å. H atoms have been omitted for clarity. Relative free energy in
MeOH shown in kcal/mol.
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3.5—Conclusions
In order to accurately model the AMLA C-H activation pathways at both Rh and Ir

metal centres, solvation corrections, basis set effect and dispersion corrections must all
be taken into account in the computational model. Solvation corrections are required to
correctly describe free anions in the system. Basis sets including diffuse basis functions

are further needed to correctly model the exchange of these anions. Dispersion
corrections are required to account for the attractive van der Waals interactions, and
once taken into account lead to the cyclometalation reactions being exergonic. With all

of the above factors taken into account, good agreement was achieved between
experimental and theoretical results.

Reaction profiles and deuteration reactions revealed that the Ir systems are irreversible
and so are under kinetic control, whereas the Rh systems are proceeding under
thermodynamic control. Using this information, theoretical reactivity series were
constructed for a range of substrates for both metals. These series showed good

agreement with experimental observation, apart from the 3-phenylprop-2-en-1-imine
substrate H-L4, in which the -D3 dispersion correction overestimated the stability of the
bound complex compared to the other substrates due to the different sizes of the
substrates involved.

Furthermore, the switch between thermodynamic and kinetic control between metals
leads to the possibility to tailor metal choice to desired product. For instance, if a

substrate contained both pyrrole and thiophene rings which could potentially be C-H

activated, [Cp*RhCl2]2 could be used to activate the thiophene or [Cp*IrCl2]2 to activate
the pyrrole.
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Chapter 4—Computational Investigation into the Functionalisation of
5-Membered Rhodacycles with Alkynes

4.1—Introduction
Although the C-H activation of organic molecules is a challenge in itself and has been
the focus of this thesis so far, the functionalisation of C-H bonds to produce new

organic products has been the ultimate goal of C-H activation research. Many different
possibilities have been proposed for functionalisation, as discussed in Chapter 1;

however, in this chapter the focus will be on coupling rhodacycles with alkynes. In

Section 4.2, the coupling of N-isopropyl-1-phenylmethylimine (H-L5a) with 4-octyne to

yield an isoquinolinium cation (Scheme 4.1a, R2 = Pr) will be investigated to develop a
mechanistic pathway for this process.

Scheme 4.1—Catalytic functionalisation of H-L substrates with alkynes to yield a)
isoquinolinium cations and b) pyridinium cations. R2 = Pr, Ph.
In Section 4.3, these results will be compared with the case of coupling with
diphenylacetylene (DPA, R2 = Ph) to investigate the effect of altering the nature of the
alkyne on the reaction energetics. Finally, in Section 4.4, this reaction mechanism will

be applied to the functionalisation of the other substrates discussed in Chapter 3,
leading to the computed formation of pyridinium cations (Scheme 4.1b). The substrates
investigated in Chapter 3, will form the basis of this investigation to determine the
effect different rhodacycles have on the functionalisation process as well as the effect of
different alkynes as a coupling partner.
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4.2—Mechanism of Formation of an Isoquinolinium Cation from H-L5a and 4Octyne

4.2.1—Proposed Catalytic Cycle

The C-H activation steps discussed in Chapter 3 can be seen as part of a larger catalytic

cycle for C-H functionalisation. One possible functionalisation pathway would be the
introduction of an alkyne in order to form a new 6-membered heterocycle, as illustrated

for substrate H-L5a and 4-octyne in Fig. 4.1. The first steps of this cycle have been

covered in Chapter 3, with the opening of the metal dimer IRh by acetate to form IIIRh.
An acetate ligand can then be exchanged for the substrate, which binds through the

nitrogen atom, to form IVRh-L5a. C-H activation then forms a rhodacycle with an acetic

acid ligand, VIRh-L. As observed experimentally in Chapter 3, VIRh-L5a is able to
undergo an exchange to lose the acetic acid ligand and bind a chloride anion to form

VIIRh-L5a. Alternatively, if an excess of acetate is present, an acetate anion can
potentially bind in place of the chloride to form VIIRh-AcO-L5a. The remaining steps will

be the focus of this chapter. From any of VIRh-L5a, VIIRh-L5a or VIIRh-AcO-L5a, a ligand
can be dissociated and exchanged for 4-octyne, forming VIIIRh-L5a-Pr. The alkyne is

then able to undergo migratory insertion to form IXRh-L5a-Pr. Reductive coupling to
form a C-N bond would form the desired organic cation and a Rh(I) species.
Reoxidation would regenerate the Rh(III) species, IIIRh.
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Fig. 4.1—Proposed catalytic cycle for the Rh catalysed formation of isoquinolinium P1L5a from phenylmethanimine H-L5a and either 4-octyne (R2 = Pr) or diphenylacetylene
(R2 = Ph).
4.2.2—Naming Scheme

The substrates that will be discussed in this chapter are outlined in Fig. 4.2, and will use
the naming scheme outlined in Chapter 3.

Fig. 4.2—Substrates investigated in this chapter for their ability to undergo C-H
functionalisation at {RhCp*} centres. The C-H bond to be activated is highlighted in
red.
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To differentiate between geometries involving 4-octyne and diphenylacetylene (DPA), -

Pr or –Ph will be inserted after the ligand designation in the stationary point naming
scheme. For example, for the functionalisation of H-L1a (the first ligand to be discussed

below), VIIIRh-L1a-Pr or VIIIRh-L1a-Ph represent the alkyne-bound complex (see Fig.
4.1) for 4-octyne and DPA coupling respectively.

The key atoms that will be discussed are numbered as shown in Scheme 4.2. C1–C5
and N1 are the 6 atoms incorporated into the heterocycle formed in these reactions, with
C1 being the imine carbon of the substrate, C3 being the carbon bound to Rh after C-H

activation, and C4 and C5 originating from the alkyne. C6, C7 and C8 are the
substituent carbons bound to atoms N1, C4 and C5 respectively and will be used in
discussions of conformational changes.

Scheme 4.2—Atom naming scheme as illustrated using the conversion of H-L6 into the
isoquinolinium cation, P1-L6-R2. {C6R} = R1 = iPr. {C7R′} = {C8R′} = R2 = Pr, Ph.
4.2.3—Computational Details

The computational methodology used in this chapter is based on that outlined in

Chapter 3. Geometry optimisations were performed using the Gaussian03 program,
using the BP86 functional in the gas phase, with the SDD basis set including effective
core potentials on Rh and 6-31G** on all other atoms.

A single point PCM solvation correction was run for all stationary points for DCE

solvent using the Guassian09 program (Esolv). A single point dispersion correction was

calculated using Grimme's D3 data set (ED3). A third single point energy calculation was

run on each stationary point, still using the BP86 functional, but with the cc-pVTZ-PP
basis set on Rh and Ir and 6-31++g**, featuring diffuse basis functions, on all other

atoms (Ediff). The final free energies quoted in the remainder of this chapter are given by
Eq. 4.1.
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Eq. 4.1.
where Gfinal is the final quoted free energy, Ggas is the gas phase free energy and Egas is
the gas phase SCF energy using the smaller basis set.

Unless otherwise stated, all energies are relative to III, [Cp*Rh(OAc)2] with the free HL substrate and alkyne under consideration. All energies are given in kcal/mol, all
distances quoted will be in Å and all angles will be quoted in degrees.
4.2.4—Computed Reaction Pathway

The mechanism for the coupling of the 5-membered rhodacycles discussed above with
alkynes was computed. To aid discussion of the calculated pathway, the coupling of
substrate H-L5a with 4-octyne will be used as an example, although similar profiles
were characterised for other substrates. In Chapter 3, the experimentally observed

product was the metallacycle bearing a chloride ligand, VIIRh-L5a (Fig. 4.3), formed
from exchange of the acetic acid in VIRh-L5a for a chloride ion, which was displaced

during the opening of the dimer IRh to form IIIRh. However, as discussed in the
proposed catalytic cycle in Section 4.1.1, an external oxidant is required for catalytic
activity. If this is stoichiometric [Cu(OAc)2]•H2O, then an excess of acetate will be

present in solution, and so it is possible that the acetate-bound rhodacycle, VIIOAc-Rh-

L5a, is formed (Fig. 4.3). These two complexes are close in energy, with VIIRh-L5a

having a relative energy of -7.3 kcal/mol, whereas VIIOAc-Rh-L5a has a relative energy
of -6.0 kcal/mol. The most stable conformation of VIIOAc-Rh-L5a was found to involve

the acetate rotated in such a way as to loosely interact with the hydrogen atoms of the
Cp* methyl groups (with the closest O H distance of this interaction being 2.25 Å).
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Fig. 4.3—Computed structures of two possible cyclometallated products following the
C-H activation of H-L5a. Selected interatomic distances shown in Å. H atoms have been
omitted for clarity. Relative Gfinal shown in kcal/mol.
With such a small difference in the computed energies of these two complexes, both
species will be in equilibrium together. With a DGfinal of +1.3 kcal/mol from VIIRh-L5a
to VIIOAc-Rh-L5a, this yields an equilibrium constant at room temperature of K1 = 0.11,
which would indicate that species VIIRh-L5a is heavily favoured. However, in general,

acetate is present in a strong excess compared to the chloride. If the rhodium complex is
present in 0.05 mol% compared to the substrate, and the acetate is in a 4-fold excess,
then the concentration of acetate initially would be in a 160-fold excess compared to

chloride (Scheme 4.3). Putting these values into the kinetic modelling program,

Copasi,97 the steady-state equilibrium ratio of VIIRh-L5a : VIIOAc-Rh-L5a is computed to

be 1 : 1.77, favouring VIIOAc-Rh-L5a. For clarity moving forward, only VIIOAc-L5a will

be discussed as the starting intermediate for the functionalisation steps discussed in the
remainder of this chapter.

Scheme 4.3—Initial concentrations used in the determination of the equilibrium
concentrations of VIIRh-L5a and VIIOAc-Rh-L5a.
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From either VIIRh-L5a or VIIOAc-Rh-L5a, an anion can be exchanged for 4-octyne to give

VIIIRh-L5a-Pr (Fig. 4.4). In this complex, the alkyne associates with the rhodium centre
in an h2 fashion via the alkyne C4 C5 bond, weakening this bond, which can be
observed from the calculated C4-C5 bond distances, which were computed to be 1.22 Å
in the free 4-octyne and 1.27 Å bond length in VIIIRh-L5a-Pr. This exchange of an

anion for an alkyne results in an increase in energy to +0.3 kcal/mol. From VIIIRh-L5aPr, the alkyne is able to undergo migratory insertion into the Rh-C3, which lengthens

from 2.06 Å in VIIIRh-L5a-Pr to 2.13 Å in TS(VIII-IX)Rh-L5a-Pr to accommodate the

insertion, resulting in a 7-membered rhodacycle, IXRh-L5a-Pr. The Rh-C5 bond is
similarly shortened in the transition state from 2.21 Å to 2.09 Å as the bonding changes

to become a formal Rh-C single bond, with the bond distance in the product being

reduced to 2.05 Å. The major motion of the imaginary frequency of the transition state
is, however, along the axis between C3 and C4, with the C3 C4 distance being reduced

from 2.79 Å in VIIIRh-L5a-Pr to 1.90 Å in the transition state and then 1.52 Å in IXRhL5a-Pr, a bond distance that indicates that a carbon-carbon single bond is now in place,

as expected. During the course of this reaction step, the C4-C5 bond is converted from a
triple bond in VIIIRh-L5a-Pr to a double bond in IXRh-L5a-Pr. This can be observed in

the computed C4-C5 bond distance, which increases from a short 1.27 Å in IXRh-L5aPr, to 1.31 Å in the transition state and finally to 1.35 Å in IXRh-L5a-Pr. This migratory
insertion step has a relatively low barrier of 15.6 kcal/mol from the alkyne-bound
rhodacycle VIIIRh-L5a-Pr, and a small free energy change of only -0.3 kcal/mol.
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Fig. 4.4—Stationary points for the migratory insertion from VIIIRh-L5a-Pr. Selected
interatomic distances shown in Å. H atoms have been omitted for clarity. Relative Gfinal
shown in kcal/mol.
7-membered rhodacycles, such as that seen in IXRh-L5a-Pr, have been proposed

previously as intermediates in C-H functionalisation reactions, such as in the

mechanism proposed by Fagnou and co-workers in 201164 as discussed in Chapter 1.

Experimental evidence for the formation of such species can be found in the literature.
For example, in an article published in 2010,98 Davies and co-workers obtained crystal

structures of a related 7-membered rhodacycle formed from the reaction of PhC CH
with a rhodacycle analogous to VIIRh-L5a, with the N1 substituent being Me instead of
i

Pr (Scheme 4.4).

Scheme 4.4—7-membered rhodacycle formation reported by Davies and co-workers.98
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This yielded a structure determined crystallographically similar to that of IXRh-L5a-Pr

with bound chloride (Fig. 4.5). Notably, the fused aryl ring bends outwards with an

angle between the Rh1-N1-C9 plane and the benzene ring plane of 72.4 o, similar to the
computed structure of IXRh-L5a-Pr, where the equivalent planes have an angle between

them of 62.1 o. The Rh-ligand bond lengths are also similar, with the Rh1-N1 bond of
the complex in Fig 4.5 having a length of 2.060(5) Å (compared to 2.13 Å in IXRh-L5a-

Pr), while the Rh-C9 bond length is 2.028(7) Å in Fig 4.5, while the Rh-C5 bond length
of IXRh-L5a-Pr is 2.05 Å.

Fig. 4.5—Crystallographically determined molecular structure of 7-membered
rhodacycle generated via reaction in Scheme 4.4. 50% displacement ellipsoids are
shown and H atoms are omitted for clarity.98
From IXRh-L5a-Pr, a reductive coupling transition state was located, TS(IX-X)Rh-L5aPr (Fig. 4.6), in which a bond is formed between N1 and C5, generating a metal-bound

isoquinolinium cation. Initially, this binds to the metal-centre in an h4 fashion (h4NCCCXRh-L5a-Pr), with three rhodium-bound carbon atoms (C3, C4 and C5) and one
rhodium-bound nitrogen atom (N1), with a small theromodynamic energy change for
the reductive coupling of -1.7 kcal/mol. The barrier involved in this step is lower than

the migratory insertion step, at +12.1 kcal/mol and would be expected to be easily
accessible, even at room temperature. This step mainly involves motion between N1

and C5, with the distance reduced from 2.77 Å to 2.07 Å in the transition state, before

reaching a distance of 1.46 Å in h4NCCC-XRh-L5a-Pr. The Rh-N1 and Rh-C5 distances

change little during this process, with the Rh-N1 distance increasing from 2.13 Å to

2.19 Å, and the Rh-C5 distance decreasing from 2.05 Å to 2.03 Å. As the h4 binding
mode is adopted as the reaction proceeds, these distances increase to 2.29 Å for Rh-N1
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and 2.17 Å for Rh-C5, since the two s-bonds are replaced by p-bonds in h4NCCC-XRhL5a-Pr. From the bond lengths to Rh, it can be see that that the metal has slightly closer
binding to C4 and C5, away from the open face of the N1-C5-C4-C3 binding moiety.

Fig. 4.6— Stationary points for the reductive coupling step for ligand L5a coupling with
4-octyne. Selected interatomic distances shown in Å. H atoms have been omitted for
clarity. Relative Gfinal shown in kcal/mol.
4.2.5—Rearrangement of h4NCCC-XRh-L5a-Pr

h4NCCC-XRh-L5a-Pr can be stabilised by 16.3 kcal/mol through a rearrangement of the
binding mode of the heterocycle. The Rh-N1 and Rh-C5 bonds can be broken, allowing
C1 and C2 to bind to the Rh centre, forming h4CCCC-XRh-L5a-Pr (Fig. 4.7).
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Fig. 4.7—Computed structures of h4NCCC-XRh-L5a-Pr and h4CCCC-XRh-L5a-Pr. Selected
interatomic distances shown in Å and selected bond angles shown in degrees. H atoms
have been omitted for clarity. Relative Gfinal shown in kcal/mol.
To attempt to better understand the origin of the different energies of the binding modes

in h4CCCC-XRh-L5a-Pr and h4NCCC-XRh-L5a-Pr, further testing was conducted. It was
theorised that the relative stability of these two species may simply be due to the

relative energies of the conformations adopted by the structure, as both involve part of

the isoquinolinium ring system being folded out of the plane, and so a loss of
conjugation would be expected. To probe this effect, a reaction strain investigation was

carried out. In such investigations, changes in energy are broken into the energetic cost

required to deform the species (strain) and the stabilisation gained by interactions

between molecular fragments, as outlined in a recent tutorial review by Bickelhaupt.99
The SCF energy of the isoquinolinium and {Cp*Rh} fragments of each complex were

computed, fixed in the geometry adopted in the complex. Additionally, the optimised
{Cp*Rh} fragment and free isoquinolinium, were optimised for comparison. This

allowed for the construction of a thermodynamic cycle (Fig. 4.8). The energy of
bringing the two optimised fragments together, DE, can be broken down into 3
components (Eq. 4.2): DE1 is the energetic cost of distorting the {Cp*Rh} fragment into
the complex geometry; DE2, the energetic cost of distorting the isoquinolinium fragment

into the complex geometry; and DE3, the stabilisation in energy gained when the two
distorted fragments interact.
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Fig. 4.8—Geometries of complexes and free isoquinolinium cations analysed in Table
4.1, illustrated with complex h4NCCC-XRh-L5a-Pr.
Eq. 4.2
All of these values were computed for both the h4NCCC-XRh-L5a-Pr and h4CCCC-XRh-

L5a-Pr complexes and are shown in Table 4.1. It should be noted that all {Cp*Rh}
fragments were required to be calculated as triplets in order to reach convergence.

Therefore DE and DE3 both contain the energy change found in altering the spin state to
a singlet.

Geometry

h4NCCC-XRh-L5a-Pr
h4CCCC-XRh-L5a-Pr

DE

DE1

-41.6

+2.5

-62.8

+0.8

DE2

+36.1
+48.0

DE3

-80.2

-111.6

Table 4.1—DE values of the indicated complexes derived from the thermodynamic
cycle shown in Fig. 4.8. Values in kcal/mol.
When using only the SCF energies, h4CCCC-XRh-L5a-Pr, is still favoured over h4NCCCXRh-L5a-Pr, by 21.2 kcal/mol. This would indicate that the origin of the calculated
selectivity is electronic in nature, and not from any subsequent energy corrections.

DE1 for both complexes is small as there is little distortion away from the optimised

{Cp*Rh} fragment structure in the complex. The small variation in DE1 cannot explain
the significant difference in overall stability of the two complexes.

Both complexes have a large and positive value of DE2, indicating a significant

destabilisation compared to the optimised structure of the free isoquinolinium. This is to
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be expected, as the isoquinolinium cation features a conjugated p-system across both
rings, and any deviation from the fully planar structure results in disruption to this ring

system. Unexpectedly, however, the less stable complex conformation, h4NCCC-XRh-L5aPr, has a DE2 value 11.9 kcal/mol less than h4CCCC-XRh-L5a-Pr. This shows that
although there is a significant energetic cost of disrupting the extended p-system of the
isoquinolinium fragment, the relative energies of the two complexes cannot be
explained by this.

The remaining factor in the relative energetics of the three complexes is therefore the

interaction energy between the {Cp*Rh} and isoquinolinium fragments, DE3. This is
31.4 kcal/mol more negative for h4CCCC-XRh-L5a-Pr than for h4NCCC-XRh-L5a-Pr,

indicating significantly stronger binding between the metal centre and the
isoquinolinium in the h4CCCC-XRh-L5a-Pr complex. It is this stronger binding energy,

DE3, that is determining the most stable complex geometry and not the distortion energy
of the isoquinolinium, DE2, as initially theorised.

As to why the h4NCCC-XRh-L5a-Pr complex has a weaker isoquinolinium-rhodium
interaction than the h4CCCC-XRh-L5a-Pr, there are two notable factors that may play a

role. Firstly, the binding in h4NCCC-XRh-L5a-Pr involves an interaction between the

formally cationic N1 and Rh, and so would be expected to have less electron density
available to interact with the metal centre. Additionally, as carbon is less electronegative
than nitrogen, h4CCCC-XRh-L5a-Pr would be expected to donate more electron density to
the rhodium than h4NCCC-XRh-L5a-Pr.

4.2.6—Reaction Profile for the Formation of h4CCCC-X-L5a-Pr

Combining the energies of the calculated reaction mechanism yields the reaction profile

shown in Fig. 4.9. Compared to the barrier to C-H activation of 16.0 kcal/mol, the

overall barrier to migratory insertion (including the energetic cost of ligand substitution)
from VIIAcO-Rh-L5a of 21.9 kcal/mol is notably higher, and is in fact the rate-

determining barrier for the entire mechanism. The following reductive coupling
transition state, TS(IX-X)Rh-L5a-Pr, is more stable, with an energy of +12.1 kcal/mol
compared to +15.9 kcal/mol for TS(VIII-IX)Rh-L5a-Pr. The high stability of the
h4CCCC-X-L5a-Pr product following rearrangement leads to a significant reverse barrier
of 33.9 kcal/mol, suggesting that although C-H activation is generally reversible for the
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systems with rhodium metal centres, the functionalisation would be expected to be

irreversible. Although no transition state was able to be located between h4NCCC-X-L5aPr and h4CCCC-X-L5a-Pr, it is thought to be easily accessible based on related
conversions characterised for iridium complexes, as will be investigated in more detail
in Chapter 6.
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Fig. 3.9—Computed reaction profile for the C-H activation and functionalisation of the substrate H-L5a with 4-octyne by [Cp*Rh(OAc)2],
yielding a rhodium-bound isoquinolinium.

4.3—Effect of Alkyne Substituents on 6-Membered Ring Formation

4.3.1—Comparrison Between the Reaction Profiles for the Formation of h4CCCC-X-L5aPr and h4CCCC-X-L5a-Ph

In order to investigate the influence of the choice of alkyne on the energetics of
functionalisation, the reaction profile was recomputed using diphenylacetylene (DPA)

in place of 4-octyne as the coupling partner. The same three steps (acetate/alkyne

exchange, migratory insertion and reductive coupling) were characterised. The alkyne

bound intermediates VIIIRh-L5a-R2 for R2 = Pr or Ph were computed to have very
similar geometries (Fig. 4.10); the highlighted distances varying by 0.01-0.03 Å when

changing between the two. The relative energy of VIIIRh-L5a-Ph is only 0.5 kcal/mol
higher than VIIIRh-L5a-Pr, indicating little preference for the association of one alkyne
over the other.

Fig. 4.10—Comparison of geometries of VIIIRh-L5a-Pr and VIIIRh-L5a-Ph. Selected
interatomic distances shown in Å. H atoms have been omitted for clarity. Relative Gfinal
shown in kcal/mol.
The migratory insertion transition state, TS(VIII-IX)Rh-L5a, for both alkynes shows a

larger variation in relative energy, with TS(VIII-IX)Rh-L5a-Pr having a relative energy
4.4 kcal/mol higher than TS(VIII-IX)Rh-L5a-Ph. The only significant difference in the

geometries, however, is that TS(VIII-IX)Rh-L5a-Ph has a slightly earlier transition state,

with the C3⋯C4 distance 0.11 Å longer for TS(VII-IX)Rh-L5a-Ph (Fig. 4.11). All the
other key bond distances involved in the step show little variation between the two
alkyne systems investigated.
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Fig. 4.11—Comparison of geometries of TS(VIII-IX)-L5a-Pr and TS(VIII-IX)-L5aPh. Selected interatomic distances shown in Å. H atoms have been omitted for clarity.
Relative Gfinal shown in kcal/mol.
The 7-membered rhodacycle intermediates, IX-L5a-R2, for both alkynes also show very
little geometric change (Fig. 4.12). The Rh-N1, Rh-C5, C3-C4 and C4-C5 distances

again show a variation of less than 0.04 Å when changing from R2 = Pr to Ph. Worth
noting is that the N1 C5 distance is slightly decreased for IXRh-L5a-Ph by 0.10 Å

compared to IXRh-L5a-Pr. The relative energies of these two structures are again
similar, at +0.0 kcal/mol for IXRh-L5a-Pr and +0.9 kcal/mol for IXRh-L5a-Ph.

Fig. 4.12—Comparison of geometries of IX-L5a-Pr and IX-L5a-Ph. Selected
interatomic distances shown in Å. H atoms have been omitted for clarity. Relative Gfinal
shown in kcal/mol.
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The reductive coupling transition state, TS(IX-X)Rh-L5a-R2, once again is relatively
more stable for R2 = Ph (at +7.5 kcal/mol, Fig. 4.13) than R2 = Pr (+12.1 kcal/mol). The

Rh-N1 and Rh-C5 distances show less than 0.01 Å variation between the two systems.

The N1 C5 distance shows a slightly larger difference, with a distance of 2.07 Å for
TS(IX-X)Rh-L5a-Pr, and 1.99 Å for TS(IX-X)Rh-L5a-Ph. However, as noted previously,

the N1 C5 distance is decreased for IXRh-L5a-Ph compared to IXRh-L5a-Pr. Therefore

the decrease in distance from the preceding intermediate to the transition state is 0.70 Å
for TS(IX-X)Rh-L5a-Pr and 0.68 Å for TS(IX-X)Rh-L5a-Ph, indicating that neither
transition state is notably earlier than the other.

Fig. 4.13—Comparison of geometries of TS(IX-X)Rh-L5a-Pr and TS(IX-X)Rh-L5a-Pr.
Selected interatomic distances shown in Å. H atoms have been omitted for clarity.
Relative Gfinal shown in kcal/mol.
Upon completing the reductive coupling step, both systems form h4-bound
products, h4NCCC-XRh-L5a-R2 (Fig. 4.14), which can convert to the more stable h4CCCCXRh-L5a-R2. Yet again, the h4NCCC-XRh-L5a-R2 complexes display very little geometric
variation between the two alkyne systems, with the highlighted bond distances varying

by less than 0.04 Å. The difference in energy between the two systems is also
negligible, at less than 0.1 kcal/mol. There is slightly more variation in the geometry of

the h4NCCC-XRh-L5a-R2 complexes, with the R2 = Ph complex displaying a 0.13 Å
shorter Rh-C2 distance and a 0.07 Å longer Rh-C1 distance than for R2 = Pr. There is

also more of a difference in energy, with h4CCCC-XRh-L5a-Ph being 3.5 kcal/mol higher
than h4CCCC-XRh-L5a-Pr.
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Fig. 4.14—Comparison of geometries of h4CCCC-XRh-L5a-R2 and h4NCCC-XRh-L5a-R2
(R2 = Pr, Ph). Selected bond distances shown in Å. H atoms have been omitted for
clarity. Gfinal shown in kcal/mol.
Putting these results together, two reaction profiles can be compared (Fig. 4.15). The

most notable difference of the R2 = Ph system compared to the R2 = Pr is that the
barriers to both migratory insertion and reductive coupling are notably more accessible

for the R2 = Ph system. The migratory insertion barrier from the alkyne-bound complex

VIIIRh-L5a-R2 is 10.7 kcal/mol for the R2 = Ph profile compared to 15.6 kcal/mol for R2
= Pr. Similarly, the barrier to reductive coupling from IX is 6.6 kcal/mol for the DPA
profile compared to 12.1 kcal/mol for the 4-octyne profile.
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Fig. 4.15—Computed reaction profile for the functionalisation of the rhodacycle
VIIOAcRh-L5a by 4-octyne (black) and DPA (red). Relative Gfinal shown in kcal/mol.
4.3.2—Effect of Alkyne on the Migratory Insertion Step

As discussed above, these energetic differences in the reactions with the alkynes do not

have an immediately obvious origin from the geometries. In order to determine the
likely cause of the relatively low barriers for the reaction with 4-octyne compared to
DPA, first the migratory insertion shall be considered. The barrier to this step from

VIIIRh-L5a-R2 is 4.9 kcal/mol less for the 4-octyne coupling profile compared to DPA
coupling. To probe whether any of the single point corrections were the origin of this

energy change, only the SCF energies were considered. In this case the barrier for the

migratory insertion of R2 = Ph is 4.6 kcal/mol less than for R2 = Pr. This would indicate
that the difference in energy is not due to entropy, solvent or dispersion effects, but is
present in the SCF energy.

One possible explanation for this behaviour would be that steric repulsion is increased
more in the migratory insertion of 4-octyne compared to DPA. To attempt to highlight

the regions where this might take place, an NCI (non-covalent interactions) plot was
created for species VIIIRh-L5a-R2 and TS(VIII-IX)Rh-L5a-R2 for R2 = Pr and R2 = Ph

(Fig. 4.16). The theoretical background of these plots will be covered in greater detail in
Chapter 2. The NCI plots are colour coded as shown in the figure, with blue indicating
areas of the highest attractive interactions, red indicating the strongest repulsive
interactions, and green indicating interactions that are only marginally attractive or

repulsive. Highlighted is a region of interaction between C3 and C4, the two atoms
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between which a bond is formed during this migratory insertion step. It can be seen for

4-octyne coupling that this region goes from containing fairly weak interactions with
some repulsive character in VIIIRh-L5a-Pr to a region of stronger interactions in

TS(VIII-IX)Rh-L5a-Pr, dominated by a highly repulsive area in bright red. Although

this same region also increases in intensity in the case of DPA coupling, the changes are
less marked in TS(VIII-IX)Rh-L5a-Ph than TS(VIII-IX)Rh-L5a-Pr, indicating that there
is less of a build-up of repulsive interactions in this region.

Fig. 4.16—NCI plots for VIIIRh-L5a-R2 and TS(VIII-IX)Rh-L5a-R2 (R2 = Pr, Ph).
Reduced density isosurface shown with a contour value of 0.1, coloured using the
electronic isosurface with a range of -3.0 to +3.0, colour scheme indicated in key. The
area of significant change is highlighted.
One interpretation of these results would be an increase in steric repulsion during the

motion towards the transition state and that this is more acute for 4-octyne coupling
compared to DPA coupling. As the C3-C4 bond is being formed, C7 is brought into

close proximity to the activated aryl ring of the substrate. In the case of 4-octyne, C7

bears two hydrogen atoms that are directed towards this aryl group, leading to fairly

close contacts with the shortest H H distance being 2.26 Å (Fig. 4.17). For DPA
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coupling, on the other hand, the planar nature of the phenyl substituent allows for a less
sterically demanding geometry, with an increase in the closest contact to 2.85 Å.

Fig. 4.17—TS(VIII-IX)Rh-L5a-Pr and TS(VIII-IX)Rh-L5a-Ph. Selected close contacts
shown in Å. Relative Gfinal shown in kcal/mol.
In a seminal paper by Bondi,100 it is stated that the van der Waals radius of a methane or
ethane H is 1.20 Å, a benzene H is 1.00 Å and for a benzene C it is 1.77 Å. Therefore

the 2.26 Å contact in TS(VIII-IX)Rh-L5a-Pr is 0.06 Å beyond the sum of the van der

Waals radii of the two hydrogen atoms, while the short contact in TS(VIII-IX)Rh-L5aPh lies 0.07 Å beyond the sum of the van der Waal radii. This would actually indicate

that both systems should experience similar steric repulsion. However, estimates vary
significantly between sources, with the textbook by Housecroft and Sharpe101 giving the

van der Waals radii of hydrogen and carbon as 1.20 Å and 1.85 Å respectively, while a
more recent computational study by Truhlar and co-workers102 gives the values as 1.10

Å and 1.70 Å respectively. Furthermore, as highlighted in a 2014 communication by
Dean,103 van der Waals forces are sensitive to the angle of the contact, the chemical

environment of the system and even whether the structure is in the crystalline or the gas

phase, and so single value van der Waals forces may not be appropriate for a wide
variety of applications. Given the doubt of the applicability of literature van der Waals

forces, the NCI plot data above— which is based on the calculated electron densities
present in the specific systems under analysis—may well be the most relevant source of

information on the nature of these contacts. Therefore, the above conclusion that the
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relative stability of TS(VIII-IX)Rh-L5a-Ph over TS(VIII-IX)Rh-L5a-Pr is due to a
reduction in steric interactions seems a reasonable assessment.
4.3.3—Effect of Alkyne on Reductive Coupling Step

For the reductive coupling from the 7-membered rhodacycle, IX Rh-L5a-R2, the barrier is
5.5 kcal/mol less for R2 = Ph than R2 = Pr. If only the SCF energy is considered, the
barrier for R2 = Ph is only 2.4 kcal/mol less than for R2 = Pr, indicating that a significant
portion of the difference in the barrier heights is due to factors accounted for in the

single point energy corrections. In fact, if all other corrections are used, but the

dispersion correction is set to zero, the reductive coupling barrier for R2 = Ph is still
only 3.1 kcal/mol less than R2 = Pr. From this, it would seem that the attractive

dispersion interactions are notably different between the two systems and account for a

large portion of the difference in the two barriers. Again, to attempt to visualise this,
another set of NCI plots was computed (Fig. 4.18). In the case of 4-octyne coupling,
there is already a large region of non-covalent interaction present between C5 and N1 in
IXRh-L5a-Pr. This region is largely removed as the C5-N1 bond begins to form in

TS(IX-X)Rh-L5a-Pr, replaced with a much smaller region of moderate attractive and

repulsive areas. For DPA coupling, however there is very little non-covalent interaction

in the same region in IXRh-L5a-Ph. In TS(IX-X)Rh-L5a-Ph, however, there is a notable
increase in the non-covalent interactions in this region, with two areas appearing of
moderately strong attractive interactions.
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Fig. 4.18—NCI plots for the indicated species. Reduced density isosurface shown with
a contour value of 0.1, coloured using the electronic isosurface with a range of -3.0 to
+3.0, colour scheme indicated in key. The area of significant change is highlighted.
A potential interpretation of these two regions of attractive interactions would be that

they are stabilising CH-p interactions between the C-H bonds of the iPr groups and the
p system of the phenyl rings (Fig. 4.19). The closest contacts between the C-H protons

and the carbons of the phenyl ring are 2.65 Å and 2.75 Å and run through the regions of
attractive interaction highlighted in the NCI plot. This stabilisation would originate

from a medium-range correlation interaction of these systems, and so would match the
computational observation that the relative barrier heights are notably dependent on the
use of dispersion corrections.
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Fig. 4.19—TS(IX-X)Rh-DPA-L5a with selected possible CH-p contacts shown in Å.
Relative Gfinal shown in kcal/mol.
Even though both migratory insertion and reductive coupling have lower barriers for the

DPA functionalisation compared to 4-octyne, the migratory insertion transition state is
the higher of the two for both alkyne pathways. Interestingly, however, because of the
stabilised functionalisation barriers for the DPA functionalisation, the barrier to C-H

activation remains competitive, at 16.0 kcal/mol compared to 15.9 kcal/mol for the

migratory insertion. Therefore, because of the sensitivity of these transition states to the
nature of the alkyne, the rate-determining transition state can be altered depending on
which alkyne is chosen.

Even though the barriers to functionalisation are stabilised for the DPA coupling,

h4CCCC-X-L5a-Ph is less stable than the equivalent structure computed with 4-octyne.
Having both reduced barriers and less stable products results in the reverse barrier for

the DPA pathway being reduced notably from 33.9 to 26.0 kcal/mol. However, this
barrier would still be too high to allow for facile reversibility.

In conclusion, both migratory insertion and reductive coupling steps involving DPA for

substrate H-L5a are calculated to have lower barriers than for the 4-octyne pathway. The

migratory insertion barrier appears to be more facile due to a reduction of steric
repulsion compared to the 4-octyne coupling pathway, while the reductive coupling
barrier appears to be stabilised by CH-p interactions involving the phenyl substituents
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of DPA. Additionally, the final rhodium-bound isoquinolinium product, h4CCCC-X-L5aPh, is less stable than the equivalent structures formed from 4-octyne coupling.

4.4—Substrate Effects on the Coupling of VIIRh-L and R2-C≡C-R2 (L = L1a, L2a,
L3a, L4, L4’, L5a and L6; R2 = Pr and Ph)
4.4.1—Ligands L1a, L2a, L3a, L5a and L6

In order to further investigate the factors that influence this functionalisation pathway,

the coupling profiles discussed in the previous section were repeated for a range of

substrates. These functionalisation pathways were computed for coupling with both 4octyne and DPA for each substrate, with the general reaction scheme as shown in

Scheme 4.5. The conclusions in Section 4.3 on the effects of changing from 4-octyne to
DPA coupling were found to apply to all the examined systems, with the exception of
those in which L = L4 and L4’, as will be discussed in more detail below in Section
4.4.2. For brevity, only the 4-octyne results will be discussed for the other substrates to
focus on the dependency of the computed reaction profile on the substrate selected.

Scheme 4.5—Reaction scheme for pyridinium formation from H-L and alkynes by
rhodium catalysis. H-L substrates considered shown. R2 = Pr, Ph.
The energies of the transition states and key minima (relative to IIIRh) of the C-H
activation, migratory insertion and reductive coupling, along with the energies of the
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h4CCCC-XRh-L product are shown in Table 4.2. For the three key steps, the barrier from

the preceding intermediate is displayed. Key values from this table are highlighted in
Fig. 4.20 for clarity.
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Fig. 4.20—Relative Gfinal of species VIIRh-OAc-L-Pr and the migratory insertion barrier
(DG‡MI) and thermodynamic change (DGMI) from VIIIRh-OAc-L-Pr for the indicated
substrates shown in kcal/mol, ordered by increasing stability of VIIRh-OAc-L-Pr.
Isosteric species are highlighted in the box.
Upon examination of the results, reasonable correlation can be found between the

relative energies of the cyclometallated C-H activation product, VIIRh-OAc-L, and the
barrier for the migratory insertion step from VIIIRh-OAc-L-Pr (Fig. 4.20). For most of

the substrates, as the relative stability of VIIRh-OAc-L increases, the barrier to migratory
insertion increases. For instance, VIIRh-OAc-L for H-L2a is 1.7 kcal/mol more stable than
for H-L1a, and has a migratory insertion barrier that is 0.8 kcal/mol higher. This trend

continues for all of the isosteric substrates highlighted in Fig. 4.20. Substrate H-L6
breaks this trend since even though it displays a more stable cyclometallated product,

VIIRh-OAc-L, at -7.1 kcal/mol compared to -6.0 for H-L5a, it has a lower barrier of 14.6
kcal/mol compared to 15.6 kcal/mol. This change in behaviour may be explained by the
fact that H-L6 is the only one of the substrates in the series to feature a pyridine

directing group. Even with this different structure, H-L6 still has the most stable
cyclometallated intermediate VIIRh-OAc-L, and the second highest barrier, further
supporting this general trend.

This correlation between increasing stability of the CHA product and the subsequent
barrier to migratory insertion can be potentially rationalised in terms of the strength of

the Rh-C3 bond formed during the C-H activation. It would be expected that substrates

that lead to the strongest Rh-C3 bond would also have the most stable energy of their CH activated product, VIIRh-OAc-L, since the thermodynamics of the C-H activation will

be a balance of the strength of the C3-H bond broken and the Rh-C3 bond formed in the
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reaction. As discussed above, the migratory insertion transition state largely involves
lengthening of the Rh-C3 bond in order to accommodate the C4-C5 unit of the alkyne.

The lengthening of this bond would have a greater energetic cost when a stronger RhC3 bond was in place. Therefore, those systems with strong Rh-C3 bonds would be
expected to have stable VIIRh-OAc-L-Pr species and higher migratory insertion barriers,
while those with weaker Rh-C3 bonds would have both unstable VIIRh-OAc-L species

and lower barriers, matching the correlation between these two energies as calculated

above. Furthermore, this would indicate that the relative energy of VIIRh-OAc-L is a
good descriptor of the relative strength of the Rh-C3 bond of the rhodacycle.

If this interpretation is accurate, it would be expected that the thermodynamic energy
change of migratory insertion (DGMI) would be less exergonic for those substrates with

more stable VIIRh-OAc-L species as the cleavage of a stronger C3-Rh bond would lead to
disfavouring of the process. Indeed, this trend generally holds true for the set of

isosteric substrate systems in Fig. 4.20. H-L1a gives rise to the least stable species
VIIRh-OAc-L and has the most exergonic DGMI of -7.6 kcal/mol. H-L5a, on the other
hand, has the most stable VIIRh-OAc-L species and has the least exergonic DGMI of -0.3

kcal/mol. Once again, the non-isosteric species, H-L6, breaks this trend, with VIIRh-OAcL6-Pr being 1.1 kcal/mol more stable than VIIRh-OAc-L5a-Pr yet H-L6 gives rise to a
DGMI of -3.0 kcal/mol, lower than that of H-L5a.

Considering the reductive coupling barrier from IXRh-L-Pr, no obvious global trend is
observed. It might be expected that the reductive coupling step would be sensitive to the

strength of the Rh-N1 bond cleaved in the process, similar to how the migratory
insertion step appears to be sensitive to the strength of the Rh-C3 bond. It can be argued

that the relative energies of IVRh-L would be a good indicator of the Rh-N1 bond

strength, as the step from IIIRh to IVRh-L involves exchange of an acetate ligand for the

Rh-N1 bond. Indeed, IVRh-L1a is the most stable IVRh-L complex of the four isosteric
systems, with a relative Gfinal of +5.0 kcal/mol and this ligand system has the highest

barrier to reductive coupling of the set of 13.5 kcal/mol. However, the lowest barrier is

calculated for the L = L2a system of 7.3 kcal/mol, but IVRh-L2a is only 0.8 kcal/mol less
stable than IVRh-L2a, therefore it would appear that the reductive coupling has no direct

correlation with the Rh-N1 bond strength (if indeed the relative energy of IVRh-L
reflects the Rh-N1 bond strength).
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Once more, a notable change in behaviour is observed between H-L6 and the other
substrate systems. From IXRh-L6-Pr there is a very high reductive coupling barrier at

22.1 kcal/mol, significantly higher than all other systems investigated. Notably, the
unusually high barrier for H-L6 leads reductive coupling to become the rate determining
step over migratory insertion, the opposite trend to that observed in all other substrates
examined.

4.4.2—Comparison between Ligands L5a and L6

To investigate the origin of this different behaviour, the SCF energy barriers to

reductive coupling from IXRh-L-Pr were calculated for L = L6 and compared against
the benchmark L = L5a system. For L = L6, the barrier at the SCF level was 21.3

kcal/mol, for L = L5a, the barrier was 10.9 kcal/mol, indicating that the much higher

barrier for the H-L6 system are not being caused by entropic, dispersion or solvation
effects. Examination of the geometries of the intermediate preceding the reductive
coupling step (IXRh-L-Pr) shows very little difference in the key distances highlighted
in Fig. 4.21.

Fig. 4.21—Comparison of geometries of IX-L5a-Pr and IX-L6-Pr. Selected distances
shown in Å. H atoms have been omitted for clarity. Relative Gfinal shown in kcal/mol.
More variation can be seen in the geometries of TS(IX-X)Rh-L-Pr (Fig. 4.22). The N1-

C5 distance is 0.20 Å shorter in TS(IX-X)Rh-L6-Pr than in TS(IX-X)Rh-L5a-Pr,
indicating a notably later transition state. However, the Rh-N1 and Rh-C5 distances
vary less than 0.03 Å between TS(IX-X)Rh-L6-Pr and TS(IX-X)Rh-L5a-Pr. It was noted

that while TS(IX-X)Rh-L5a-Pr contains close contacts between Rh and C3 (2.43 Å) and
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C4 (2.29 Å), TS(IX-X)Rh-L6-Pr contained a notably longer Rh C3 distance (2.82 Å)
while still containing a close Rh C4 contact of 2.29 Å. No transition state was located

for L = L6 with a close Rh-C3 contact. Other transition states were located, with close

Rh C1 contacts, or no close contacts in addition to the Rh-N1 and Rh-C5 bonds, but
all were less stable than the geometry of TS(IX-X)Rh-L6-Pr shown in Fig. 4.22.

Fig. 4.22—Comparison of geometries of TS(IX-X)Rh-L5a-Pr and TS(IX-X)Rh-L6-Pr.
Selected distances shown in Å. H atoms have been omitted for clarity. Relative Gfinal
shown in kcal/mol.
To investigate whether this change in transition state geometry could be the origin of

the lower stability of TS(IX-X)Rh-L6-Pr, a reaction strain analysis was conducted as per

the thermodynamic cycle Fig. 4.23. DE is the SCF energy of activation from complexes

IXRh-L-Pr to TS(IX-X)Rh-L-Pr. This can be broken down into 4 components (Eq. 4.3).

DE1 is the energetic cost of breaking IXRh-L-Pr into the indicated {Cp*Rh}2+ fragment

and the anionic ligand fragment. DE2 and DE3 are the energy changes in distorting the
{Cp*Rh}2+ fragment and anionic ligand fragment respectively from their geometries in

IXRh-L-Pr to those in TS(IX-X)Rh-L-Pr. DE4 is the energy gained by bringing the
transition state geometry fragments together to form TS(IX-X)Rh-L-Pr. By taking the

difference between DE1 and -DE4, the change in the interaction energy between the
metal and ligand fragments when moving to the transition state geometry can be
obtained. All these energies were computed and are shown in Table 4.3.
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Fig. 4.23—Activation strain model for the analysis of the relative energies of species
IXRh-L-Pr and TS(IX-X)Rh-L-Pr for L = L5a and L6 (Table 4.3), illustrated for L =
L5a.
Eq. 4.3
L

L5a
L6

DE

+10.9
+21.3

DE1

DE2

+371.8

-1.5

+371.0

-0.9

DE3

-10.3
-5.6

DE4

DE1 + DE4

-343.4

+28.3

-348.9

+22.1

Table 4.3—DE values for the indicated ligand system of the thermodynamic cycle
shown in Fig. 4.23. Values in kcal/mol.

DE2 comes to a value of -0.9 kcal/mol for L = L5a and -1.5 kcal/mol for L = L6a,
indicating that although there is some degree of deformation of the {Cp*Rh}2+
fragment, it results in little energy change; as only varies by 0.6 kcal/mol between the
two systems, this is not the origin of the difference in reductive coupling barrier.

DE3 for both species is negative, indicating that the deformation of the ligand into the

transition state geometry results in a stabilisation. This would be expected in the chosen
model, as without the presence of the metal centre, the ligand fragment in IXRh-L6-Pr

contains a C5 atom with only one single and one double bond, and the distortion to the
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ligand fragment of TS(IX-X)Rh-L6-Pr allows a partial C5-N1 bond to form, stabilising
the complex. This stabilisation is greater for L = L5a by 4.7 kcal/mol, a significant

portion of the 10.4 kcal/mol difference in DE. It can be argued that as the substrate in
the L = L6 system has N1 part of the pyridine ring, it is less flexible than the substrate of

L = L5a, therefore there is a great cost to any deformations of the system, lowering the
stabilisation gained in DE3.

For both systems, DE1 is very large and positive, while DE4 is very large and negative,

as separation of an anionic and a dicationic species in the gas phase is highly

disfavoured. The sum of DE1 and DE4 for both L = L5a and L = L6 is positive in both
cases, indicating a notable reduction in the metal-ligand interaction energy when

moving to the transition state geometry. This is understandable, as the reductive

coupling involves cleavage of both the Rh-N1 and Rh-C5 bonds, and so results in a loss

of bonding between the ligand and metal centre. Notably, when L = L6, the loss of

ligand-metal interaction energy, DE4, is 6.3 kcal/mol greater than for L = L5a. Much of
this originates from the DE4 term, which is 5.5 kcal/mol less negative for L = L6 than L
= L5a. Therefore, it would appear that indeed there is less metal-ligand interaction in
TS(IX-X)Rh-L6-Pr than TS(IX-X)Rh-L5a-Pr, as additionally evidenced by the longer

Rh-N1 bond, and this results in the significantly higher barrier to reductive coupling for

the L = L6 system compared to the other systems examined. This may well be due to the

above mentioned greater rigidity of the substrate fragment for L = L6. This
destabilisation, coupled with the less favoured substrate distortion DE3 term, is great

enough to alter the relative energies of TS(VIII-IX)Rh-L6-Pr and TS(IX-X)Rh-L6-Pr to
the point that reductive coupling becomes rate-determining overall.
4.4.3—Ligands L4 and L4'

As indicated above, the substrates that significantly differ from the others are those of
the prop-2-en-1-imines, H-L4 and H-L4'. The results for these two systems are shown in

Table 4.4. The reduction in barrier height in DPA coupling compared to 4-octyne
coupling is less notable for these substrates, with the relative energy of the DPA
transition state to migratory insertion for substrate H-L4 being only 0.2 kcal/mol more

stable than 4-octyne, and for substrate H-L4' the migratory insertion transition state for
DPA is only 0.5 kcal/mol more stable than for 4-octyne. A notable difference in these

two substrates is that the carbon involved in the C-C bond formation of the migratory
insertion is not part of an aromatic ring system, unlike all other substrates.
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Furthermore, for H-L4 when R2 = Pr, and H-L4' when R2 = Pr or Ph, no reductive
coupling step is observed. Instead, the migratory insertion transition state leads directly
to the coupled product. However, when H-L4 is coupled with DPA, an extremely high

transition state is located at +35.4 kcal/mol, leading to an overall barrier of 44.4

kcal/mol. In this system, three adjacent carbons all bear phenyl substituents, leading to a

considerable degree of steric repulsion. As the C-N bond is formed together, this leads
to the formation of a cyclopropyl ring (Fig. 4.23) in tandem with the C-N bond
formation. The subsequent ring-opening transition state is facile, with a barrier of 5.2
kcal/mol and leads to h4CCCC-X-L4-Ph.

Fig. 4.23—Computed cyclopropyl-intermediate formed during the computed C-H
functionalisation of with DPA. For clarity, all atoms other than the two fused ring
systems and the bound rhodium atom are omitted on the right hand image. Selected
interatomic distances shown in Å. Relative Gfinal shown in kcal/mol.
Both H-L4 and H-L4' systems also do not follow the correlation between the relative

energy of the VIIOAc-L species and the migratory insertion barrier. The H-L4 substrate
leads to the most stable relative energy of VIIOAc of any of the calculated substrate
systems, with a relative Gfinal of -9.0 kcal/mol, yet has a lower migratory barrier than

any of the substrates discussed so far, of 12.4 kcal/mol. Substrate H-L4' is calculated to
have the lowest migratory insertion barrier of the series, yet has a relative energy of

VIIOAc of, which would place it in the middle of the series depicted in Fig. 4.19. This
indicates that although the trend holds for broadly similar substrates, if there are major

differences to the nature of the activated C3-H bond, very different behaviour is

calculated. This is in keeping with a 2011 report by Bergman and Elman,104 in which
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enamide C-H amidation was found to preferably take place at vinyl C-H positions over
aryl positions. Furthermore, in the same report, although vinyl positions could be

activated at room temperature, related compounds with only aryl C-H bonds had to be
heated to 75 oC to obtain functionalised products. Although substrate H-L6 deviates
only slightly from the trend calculated in the other species, the C3 carbon for this

substrate is still contained in an aryl ring, and so appears to behave in a similar way to
the majority of the examined substrates. The significantly different behaviour of

substrates H-L4 and H-L4' indicate that the reactivity of the substrates is more sensitive
to the nature and environment of the activated C3 carbon than the nature of N1.

4.5—Conclusions
The computational investigation above indicates that the functionalisation of the 5-

membered rhodacycles by alkynes generally proceeds via three key steps: anion/alkyne

exchange, migratory insertion of the alkyne into the rhodacycle leading to a ring-

expanded 7-membered rhodacycle, and reductive coupling to form an isoquinolinium or
pyridinium cation bound to the rhodium centre. The energy difference between the

neutral 5-membered rhodacycle complex, VIIOAc-L, and the migratory insertion
transition state is the rate determining barrier for the C-H functionalisation reaction for
all the examined substrates with the exception of H-L6, which is calculated to have a

reductive-coupling rate determining step due lowered rhodium-ligand interaction in
TS(IX-X)Rh-L6-Pr, leading to a significant destabilisation.

Coupling with DPA leads to more facile migratory insertion and reductive coupling

steps compared to 4-octyne coupling. The migratory insertion step appears to be
stabilised due to a reduction in steric hindrance when DPA is the coupling alkyne,

whereas the reductive coupling step appears to be partially stabilised by attractive CH-p
interactions with the phenyl groups of DPA.

In general, it was calculated that the more stable the 5-membered rhodacycle, VIIOAc-L,
for a given substrate, the higher the barrier to migratory insertion. This can be

rationalised by considering that a strong Rh-C3 bond would be expected to lead to both
a stable complex VIIOAc-L and a more energetically unfavourable migratory insertion

due to the requirement to lengthen the Rh-C3 bond in the transition state. An interesting
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consequence of this trend is the suggestion that the relative energies of the 5-membered

rhodacycles VIIOAc-L are a good indication of the Rh-C3 bond strength in these
complexes.

Significant deviation from these trends was calculated for the prop-2-en-1-imine

substrates, H-L4 and H-L4'. The different behaviour of these systems can potentially be
explained by the activated C3 carbon of these systems not being part of a cyclic system,

and so leading to a notably different chemical environment and so different trends in
reactivity.
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Chapter

5—Isoquinolinium,

Indenylamine

and

Indenylimine

Formation from Coupling of 5-Membered Rhodacycles with Alkynes

5.1—Introduction
In Chapter 4, a proposed general mechanism for the formation of 6-membered

heterocycles—both isoquinolinium and pyridinium cations—was characterised for a

range of substrates. In this chapter, an unexpected experimental reactivity demonstrated

by the Davies group in the University of Leicester will be investigated in depth, in
which in addition to the C-N reductive couplings leading to isoquinolinium cations, a
series of carbon-carbon couplings leading to the formation of indenyl moieties were

observed (Scheme 5.1). In Section 5.2, pathways to the formation of both of these ring

systems are proposed and the particular importance of anion-binding is highlighted. In
the light of the experimental results, the computational model used was reassessed and

further functional testing was conducted to complement the testing discussed in

Chapter 3. From this reassessment, a new protocol is proposed to be used in the
remainder of this thesis.

Scheme 5.1—Possible products from the Rh catalysed C-H functionalisation of phenylmethanimines with 4-octyne. Indenimine formation previously reported by Miura.56
In Section 5.3 routes to the formation of the indenylamine and indenylimine products
are discussed, as is the role of dimethylformaldehyde (DMF) as a coordinating solvent

in the formation of the latter. Finally, in Section 5.4, the effect of electronic substituents
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on the 5- and 6-membered ring selectivity is investigated in order to attempt to gain
further understanding into the fundamental driving forces of these processes.
5.1.1—Naming Scheme

The naming scheme used in the previous chapter will be continued here, where species

are named in the form of YRh-L-Pr (Y = stationary point label). Two substrates will

mainly be discussed in detail in this chapter, N-isopropyl-1-phenylmethanimine, H-L5a,

and N-p-tolyl-1-phenylmethanimine, H-L5d (Fig. 5.1). Substrates H-L1b, H-L3a and HL5e will be discussed briefly in terms of their experimental reactivity.

Fig. 5.1—Substrates investigated in this chapter for their ability to undergo C-H
functionalisation at {RhCp*} centres to form isoquinolinium and indenyl organic
products. The C-H bond to be activated is highlighted in red. Xylyl = 3,5-(Me)2-C6H3.
The key atoms that will be discussed are numbered as in Chapter 4 (Scheme 5.2). Of

particular importance to the following discussion will be C7 and C8, the substituent

carbons bound to atoms C4 and C5 respectively and these will be used in discussions of
conformational changes.

Scheme 5.2—Atom naming scheme as illustrated using the conversion of H-L6 into the
isoquinolinium cation, P1-L6-R2. {C6R} = R1 = iPr. {C7R′} = {C8R′} = R2 = Pr, Ph.
The computational methodology used initially in this chapter is based on that outlined in
Chapter 3. Unless otherwise stated, all energies are quoted as Gfinal relative to IIIRh,

[Cp*Rh(OAc)2] with the free H-L substrate and alkyne under consideration. All
energies are given in kcal/mol, all distances quoted will be in Å and all angles will be
quoted in degrees.
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5.2—Catalytic Isoquinolinium vs. Indenyl Formation At Rhodium Centres
5.2.1—Experimental Results

Unless otherwise stated, all experimental results discussed in this chapter were
undertaken by the Davies group of the University of Leicester. To test the

computational predictions of Chapter 4, a range of substrates were investigated for

their ability to be functionalised by catalytic [Cp*RhCl2]2 in the presence of excess
AcOH as an oxidant. The observed products are shown in Fig. 5.2. The expected 6membered isoquinolinium products already discussed were observed for substrates H-

L1b, H-L3a and H-L5a. However, in addition to these products, 5-membered ring
formation was found to lead to indenamine products for substrates H-L5d and H-L5e. It

should be noted that relatively poor yields were obtained for all of these experimental
results, with 65% being the highest—the remainder being unreacted starting material or
hydrolysis products of H-L.
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Fig. 5.2—Experimentally observed products from the C-H functionalisation for
indicated substrates with experimental yields.
Products producing 5-membered rings from the coupling of imines and alkynes have

been reported in the literature, notably in a 2009 article by Miura.56 In this paper, the

coupling H-L5d with 4-octyne resulted in the formation of an indenimine, similar to the
indenamine formed from the H-L5d substrate in Fig. 5.2. Although the substrates that
produced both the amine and imine products are the same, the reaction conditions vary.
The amine was produced in a reaction using AcOH as an oxidising agent and performed

in DCE solvent, whereas the imine was produced using Cu(OAc)2∙H2O as an oxidising
agent, and DMF as the solvent.

5.2.2—Outline of Computational Investigation

In order to understand the observed divergent product selectivity identified above, the

mechanism by which both the 5- and 6-membered ring products were formed was
probed by DFT. To benchmark the computational results, three key experimental results
were chosen (Scheme 5.3). To compare the selectivity between the formation of 5- and
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6-membered rings, benzylimines with either an isopropyl N-substituent (H-L5a, which
experimentally favoured 6-membered ring formation, leading to the formation of P1L5a-Pr) or p-tolyl N-substituents (H-L5d, which experimentally favoured 5-membered

ring formation, leading to the formation of P2-L5d-Pr) were considered. Additionally,

the system in which Miura and co-workers obtained an indenimine, P3-L5d-Pr, was
characterised to investigate the selectivity between the imine and amine products.
Pathways to the formation of the three observed products were investigated.

Scheme 5.3— Possible products from the Rh-catalysed C-H functionalisation of
phenyl-methanimines, H-L5a and H-L5d, with 4-octyne. Indenimine, P3-L5d-Pr,
formation previously reported by Miura.56
5.2.3—Isoquinolinium Formation

The formation of the isoquinolinium product P1-L5a-Pr was initially investigated in

Chapter 4 and the proposed mechanistic pathway to its formation is summarised in Fig.
5.3.
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Fig. 4.3—Computed reaction profile for the formation of h4CCCC-XRh-L5a-Pr. Gfinal shown in kcal/mol.

During the course of the investigation, a more stable neutral reaction profile was

identified following acetate binding to the rhodium centre in XIRh-L5a-Pr. This was
inspired by a related ruthenium system that will be described in Chapter 7, which

highlighted the potential importance of ion-pairing, and so this was also investigated for
the rhodium systems. Instead of modelling the solvated cationic complex, an acetate

counterion was introduced to balance the charges on complex IXRh-L5a-Pr. Following
the results discussed in Chapter 7, the acetate was initially placed adjacent to the Cp*
ring. However, from this starting geometry the acetate counterion binds directly to the

metal centre, forming a neutral species, IXOAc-Rh-L5a-Pr, (Fig. 5.4). The bond lengths
highlighted in Fig. 5.4 show little change upon acetate binding, with the largest

difference being in the N1 C5 distance, which increases by 0.06 Å in IXOAc-Rh-L5a-Pr
compared to IXRh-L5a-Pr.

Fig. 5.4—Computed structures of IXRh-L5a-Pr and IXOAc-Rh-L5a-Pr. Selected bond
distances shown in Å. H atoms have been omitted for clarity. Gfinal shown in kcal/mol.
The inclusion of the acetate into the molecule gave rise to an increase in the
conformational possibilities available to the system. Two key stable arrangements of the
acetate were identified (Fig. 5.11), the a conformer used above, with the free arm of the

acetate oriented towards the R group attached to the imine nitrogen; and the b
conformer, with the free arm of the acetate oriented towards the Pr chains of the alkyne.
In addition, two favourable conformations of the Pr chains were identified. The first,

conformer 1, has both chains on the same face of the 7-membered ring, oriented away
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from the metal centre (Fig. 5.11). This is the conformation formed following migratory
insertion. The second, conformer 2, is formed by a rotation along the C5-C8 bond to
bring the ethyl group towards the Cp* ring. This leads to 4 key conformational

possibilities: a1, a2, b1 and b2. Reductive coupling steps were characterised for all 4
conformational possibilities, and the lowest reaction pathway was obtained for
conformer a2.

Fig. 5.11—4 key conformers of XIOAc-Rh-L-Pr characterised computationally to
investigate the most stable pathway to 5- and 6-membered ring formation.
In order to adopt conformer a2, XIOAc-Rh-L-Pr needs to rearrange to form XI-2OAc-Rh-L-

Pr via rotation about the C5-C8 bond (Fig. 5.12). This results in a change in the key
bond distances highlighted. In the transition state geometry, TS(IX-XI-2)OAc-Rh-L-Pr,

the N1 C5 distance increases by 0.07 Å, then reduces back down to 2.82 Å in XI-2OAcRh-L-Pr.

This rearrangement has a barrier of 10.1 kcal/mol and is slightly endergonic by

2.0 kcal/mol.
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Fig. 5.12—C5-C8 rotation step from IXOAc-Rh-L5a-Pr. Selected bond distances shown
in Å. H atoms have been omitted for clarity. Gfinal shown in kcal/mol.
From IX-2OAc-Rh-L5a-Pr a reductive coupling transition state was located, TS(IX-2X)OAc-Rh-L5a-Pr (Fig. 5.13). The most notable difference in the geometry of this

transition state when compared to TS(IX-X)Rh-L5a-Pr, is that in TS(IX-2-X)OAc-Rh-L5aPr, there is notably fewer short contacts between the Rh and the ligand. The Rh C3
distance is increased from 2.43 Å to 3.58 Å in TS(IX-2-X)OAc-Rh-L5a-Pr, while the
Rh C4 distance is increased from 2.29 Å to 3.10 Å. A possible explanation for this

change in behaviour could be that due to the presence of the acetate ligand, the metal
centre is already coordinatively saturated and so needs no further interaction from the

substrate to fill coordination sites. The more stable pathway is a surprising result, as

reductive elimination from 6-coordinate species is generally preceded by ligand loss to

form a 5-coordinate species, which undergoes reductive coupling,105 although there are

exceptions.106 The computed results, however, indicate that the reductive coupling
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modelled in this study binds an extra ligand, changing from 5- to 6-coordinate, in order
to facilitate reductive coupling.

Fig. 5.13—Cationic and neutral pathway reductive coupling transition state geometries.
Selected bond distances shown in Å. H atoms have been omitted for clarity. Gfinal shown
in kcal/mol.
This reduced interaction between the metal centre and the substrate for the neutral

pathway was also seen in the computed geometries of the products following the

reductive coupling transition states (Fig. 5.14). Whereas the cationic pathway forms the
previously discussed h4NCCC-XRh-L5a-Pr structure with close contacts between the

rhodium centre and the N1 (2.29 Å), C3 (2.27 Å), C4 (2.17 Å) and C5 (2.17 Å) atoms,
the neutral pathway results in the reductively coupled product only having close

contacts between the N1 (2.15 Å) and C5 (2.18 Å) atoms, with the Rh C3 and Rh C4
distances increasing to 3.71 Å and 3.10 Å respectively. This can be explained by
examining the electron counts of the Rh centre in each case. In h4NCCC-XRh-L5a-Pr, the
metal has an electron count of 18 (Rh(I) with 8 electrons, 6 from the Cp* ring, 4 from
the h4-bound isoquinolinium). When acetate, a 2 electron anionic donor, is introduced,
the binding mode must change from h4 to h2 in order to preserve the 18 electron count.
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Fig. 5.14—Cationic and neutral pathway reductive coupled product geometries.
Selected bond distances shown in Å. H atoms have been omitted for clarity. Gfinal shown
in kcal/mol.
Comparing this neutral pathway against the previously calculated cationic pathway in

Fig. 5.15, it can be seen that the more stable pathway is the neutral pathway via the

acetate-ligated species IXOAc-Rh-L5a-Pr, with the reductive coupling transition state
(TS(IX-2-X)OAc-Rh-L5a-Pr) having an energy of -0.4 kcal/mol compared to +12.1

kcal/mol in TS(IX-X)-Rh-L5a-Pr. Despite the lower relative energy of the transition state

itself, the barrier to the reductive coupling step on the neutral pathway from IX-2OAc-RhL5a-Pr to TS(IX-2-X)OAc-Rh-L5a-Pr is 14.6 kcal/mol, higher than the 12.1 kcal/mol

calculated for the cationic pathway. Despite this, due to the high stability of IX-2OAc-Rh-

L5a-Pr, the neutral pathway is favoured overall. The thermodynamics of reductive
coupling are also different for the neutral pathway compared to the cationic pathway. In
the cationic pathway, the reductive coupling step is slightly exergonic by 1.7 kcal/mol.

In the neutral pathway however, it is endergonic by 6.7 kcal/mol from IX-2OAc-Rh-L5aPr and by 8.7 kcal/mol from IXOAc-Rh-L5a-Pr. This would be predicted to have little
effect on the overall reactivity of the system, however, as acetate loss and ligand

rearrangement to yield the more stable h4CCCC-XRh-L5a-Pr product is favoured by 9.7
kcal/mol, forming the same h4-bound product as in the cationic pathway.
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Fig. 5.15—Computed reaction profile for the formation of h4CCCC-XRh-L5a-Pr from
VIIIRh-L5a-Pr. Profiles shown both with and without acetate binding at species IXRhL5a-Pr. Gfinal shown in kcal/mol.
As, experimentally, free organic products were obtained and only catalytic quantities of

rhodium were required, it is clear that h4CCCC-XRh-L5a-Pr is not the final product of this
reaction. Therefore, the product release and catalyst regeneration needed to be modelled
in order to complete the catalytic cycle. To estimate the free energy change involved

these steps, the catalyst regeneration was modelled as oxidation by acetic acid.

Although the mechanism of this regeneration is not known, a plausible explanation
would involve two equivalents of AcOH associating with the {Rh(I)Cp*} fragment

formed from the loss of the organic product from h4CCCC-XRh-L5a-Pr (Fig. 5.16). Two

electrons can then be donated from the Rh(I) centre to form a H-H bond between the
acidic protons of the AcOH, releasing H2 and forming the [Cp*Rh(III)(OAc)2] active
catalytic species (IIIRh). To model this, the calculations account for two AcOH

molecules in isolation before reoxidation going to one free H2 molecule after oxidation,
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giving a slightly thermodynamically disfavoured product release and regeneration with
a difference in Gfinal of +1.1 kcal/mol.

Fig. 5.16—Model reaction scheme for release of P1-L5a-Pr from h4CCCC-XRh-L5a-Pr,
followed by catalyst regeneration by AcOH. Gfinal shown in kcal/mol.
Using this catalyst regeneration model and the previously discussed results, a reaction
profile for the entire catalytic cycle for the formation of P1-L5a-Pr can be assembled

(Fig. 5.17). Even though the final step from h4CCCC-XRh-L5a-Pr to IIIRh + P1-L5a-Pr is
endergonic, the Rh(III) species produced is able to undergo a further circuit of the

catalytic cycle, with each cycle being exergonic by 16.9 kcal/mol. The largest energy
span in the catalytic pathway is between the 5-membered rhodacycle, VIIOAc-Rh-L5a, at 6.0 kcal/mol and the migratory insertion transition state, TS(VIII-IX)OAc-Rh-L5a-Pr, at
+15.9 kcal/mol with a total barrier of 21.9 kcal/mol.
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Fig. 4.17—Computed reaction profile for the catalytic formation of P1-L5a-Pr. Gfinal shown in kcal/mol.

5.2.4—Indenylamine Formation

The indenylamine and indenylimine products, P2-L5a-Pr and P3-L5a-Pr, observed for
the systems where R1 = p-tolyl, would require the formation of a C1-C5 bond. In order

to investigate whether this would be competitive with the observed N1-C5 bond

formation outlined above in the case of R1 = iPr, the mechanism of the formation of the

indenyl moiety was investigated. In the previously cited paper by Miura,56 in which
indenylimine formation was reported, it was suggested that this C-C bond formation

proceeded via an insertion of the imine bond (N1=C1) into the Rh-C5 bond (Scheme
5.4).

Scheme 5.4—N1=C1 imine bond insertion into Rh-C5 bond from IXbOAc-Rh-L5a-Pr to
form XIIIOAc-Rh-L5a-Pr.
A reaction pathway was characterised for this process for the same four conformational
possibilities considered above. The most accessible reaction profile was found to be the

b1 conformation, with the alternative orientations of the Pr group and acetate ligand to
those in the a2 conformation that led to the most stable N1-C5 coupling pathway above.

The C1-C5 coupling was found to proceed via two steps. First, there is a change in the

binding mode of the imine moiety, which changes from N-bound to p-bound via the

N1=C1 imine bond (XIIOAc-Rh-L5a-Pr, Fig. 5.18). This change can be observed with the
slight increase of the Rh-N1 bond distance from 2.15 Å to 2.27 Å, and the significant

decrease in the C1-Rh distance from 3.08 Å to 2.24 Å. This brings C1 into closer
proximity to C5, with the C1-C5 distance decreasing from 3.28 Å to 2.67 Å. The change
in binding mode results in a weakening of the N1=C1 imine bond, which increases from
1.30 Å in IXbOAc-Rh-L5a-Pr to 1.34 Å in XIIOAc-Rh-L5a-Pr, as expected for a p-system

binding to a transition metal centre. This forms a less stable intermediate, XIIOAc-RhL5a-Pr, at -8.5 kcal/mol.

174

Fig. 5.18—s to p binding mode rearrangement from IXOAc-Rh-L5a-Pr. Selected bond
distances shown in Å. Gfinal shown in kcal/mol.
This is then followed by a C1-C5 bond forming transition state, leading to the formation
of an indenylamide ligand which binds through N1, now a formally anionic nitrogen

(XIIIOAc-Rh-L5a-Pr, Fig. 5.19). The major motion of this step involves the formation of

the C1-C5 bond, with the associated distance decreasing from 2.67 Å to 1.54 Å, leading
to the formation of a 5-membered ring, fused to the 6-membered ring present in the

substrate to produce an indenyl moiety. This results in the dissociation of both the RhC1 and Rh-C5 bonds on the ligand, with the Rh-C1 and Rh-C5 distances increasing by
0.83 Å and 1.52 Å respectively. The change in the nature of N1 from an imine nitrogen
to an amide nitrogen is reflected in the N1-C1 bond distance, which increases by 0.13 Å

during the step, indicating a decrease in bond order. The transition state for this process,
TS(XII-XIII)OAc-Rh-L5a-Pr, is slightly higher in energy than the previous rearrangement
step by 1.9 kcal/mol.
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Fig. 5.19— C1-C5 bond formation from XIIOAc-Rh-L5a-Pr. Selected bond distances
shown in Å. Gfinal shown in kcal/mol.
Putting these calculated energies together, the profile for the N1-C5 coupling can be
compared against that of the C1-C5 coupling (Fig. 5.20). From experiment, the 6-

membered ring formation profile (shown in purple) should be favoured over the
formation of the 5-membered ring (shown in blue). The thermodynamics of the process

strongly favour the formation of the 5-membered ring of the indenylamine, with an

energy of the free product and regenerated catalytic species IIIRh of -26.0 kcal/mol,

compared to -16.9 kcal/mol. The profile to the formation of this species is complex, and
will become the topic of the later Section 5.2.4, however, none of the computed

transition state energies are less stable than TS(XII-XIII)OAc-Rh-L5a-Pr shown in the

profile. Due the te strong disfavouring of the experimentally observed product, P1-L5aPr, the computational results indicate that the system is not under thermodynamic

control. Kinetically, the selectivity will be determined by three key transition states,
TS(IX-2-X)OAc-Rh-L5a-Pr, TS(IX-XII)OAc-Rh-L5a-Pr and TS(XII-XIII)OAc-Rh-L5a-Pr,
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all of which are close in energy and notably less stable than TS(IX-IX-2)OAc-Rh-L5a-Pr.

According to the computed results, the 5-membered ring pathway is slightly kinetically
favoured by 1.0 kcal/mol, suggesting the opposite trend to what is observed

experimentally. Although the absolute energy differences are small, there still remains a
discrepancy with experiment and so the computational model was reassessed to see if
the experimental results could be reproduced computationally.

Fig. 5.20—Computed reaction profile for the 5- and 6-membered ring formation from
alkyne-bound rhodacycle VIII-Rh-L5a-Pr via acetate-bound intermediate XIOAc-Rh-L5aPr Gfinal shown in kcal/mol.
5.2.5—Reassessment of the Computational Model

The computational model was reassessed in order to see if any improvement could be

gained in reproducing experimental observations. As the current computational results
are much closer to reproducing experimental trends if the system is under kinetic
control compared to thermodynamic control, kinetic factors will be the focus of this

discussion. For the three key transition states (N-C coupling, TS(IX-X)OAc-Rh-L5a-Pr; s
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to p imine-Rh binding mode rearrangement, TS(IX-XII)OAc-Rh-L5a-Pr; and C-C
coupling, TS(XII-XIII)OAc-Rh-L5a-Pr), all 4 conformational possibilities discussed

above were computed in the gas phase using BP86. Energy corrections were calculated

using BP86 for the free energy correction, a PCM correction, and the larger basis set 6311++G**/cc-pVTZ-PP similar to Eq. 5.2. These were summed and added to an SCF
energy calculated for a range of functionals (Efunc) as in Chapter 3. Finally, for those

functionals that do not take into account dispersion corrections, an appropriate
correction was calculated using Grimme’s D3 correction.

Eq. 5.2
It was found that for all functionals considered, conformer b1 always yielded the most

stable profile for the 5-membered ring formation, whereas conformer a2 always yielded

the most stable profile for the 6-membered ring formation, the same trend as was
observed in the BP86 results discussed above.

In order to clearly compare the relative barriers of NC coupling and CC coupling for
each functional, the difference in computed energy between the N1-C1 reductive

coupling transition state, TS(IX-X)OAc-Rh-L5a-Pr, and the least stable transition state out

of the two C1-C5 bond forming transition states, TS(IX-XII)OAc-Rh-L5a-Pr and TS(XIIXIII)OAc-Rh-L5a-Pr was calculated, termed DGNC-CC. Positive values indicate kinetic
favouring of CC coupling and negative values indicate favouring of NC coupling, as
experiment would indicate.

DGNC-CC values for the selected functionals are shown in Table 5.2a. Only two

functionals reproduce the experimental observation that for the isopropyl-substituted
system, the N-C coupling pathway is favoured over the C-C coupling pathway—B97D
and B97D3, with B97D3 having the greater? favouring of N-C coupling. All other

functionals tested failed to produce a negative value of DGNC-CC as would be expected if

the experimental results were due to kinetic control. B3LYP-D3 and PBE-D3 gave very
similar results to BP86-D3, with DGNC-CC values of +1.0 and +1.3 kcal/mol respectively.

Notable outliers were the M06 functional, with a DGNC-CC of +4.6 kcal/mol and
wB97xD, with a DGNC-CC of +4.9 kcal/mol. The range of values of the energies of these

selectivity-determining transition states from -2.0 to +4.9 kcal/mol highlights once more
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a core challenge in the use of DFT in that the selection of functional can lead to a
change in the predicted product.
H-L5a

Functional

Eq. 4.2

B3LYP-D3

+1.0

BP86-D3
PBE-D3

PBE0-D3
TPSS-D3
M06

M06L

M062X
B97D

wB97xD
B97D3

DGNC-CC

a

+1.0

Eq. 4.4b

Eq. 4.4c

+1.2

+0.5

+3.7

+3.5

+1.0

+1.3

+1.3

+3.3
+1.9

+2.2

+4.6

+4.7

+3.0

+3.6

+2.5

+2.8

-2.0

-1.8

+4.9

+5.5

-1.8

-1.6

-0.1

+0.9
+1.5
+4.8
+3.7
+2.9
-1.7

+5.6
-1.5

Table 5.2— DGNC-CC values for selected functionals in kcal/mol calculated using Eq.
5.2 (a. BP86 solvation, large basis set and dispersion corrections), Eq. 5.3 (b.
Functional solvation, large basis set and dispersion corrections) and Eq. 5.4 (c.
Combined functional correction, using -D3(BJ) for BP86, B3LYP, PBE, PBE0 and
TPSS).
An alternative protocol was therefore considered, involving having only the geometry
and free energy calculated by BP86, then using the functional being tested to perform

all of the single point corrections. This is shown in Table 5.2b very little difference is

observed between this and the previous testing set, indicating that there is little

energetic difference in the system being computed on which functional is used for the
corrections.

Eq. 5.3
Investigating the stronger agreement between computational and experimental results

when using the B97D3 functional, it was noted that B97D3 uses Grimme’s -D3(Becke
Johnson)107 or -D3(BJ) dispersion correction. This is an update to the -D3 correction
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discussed in Chapter 3, and has been recommended to improve agreement with
experiment for a wide range of systems. To test the effect of using this approach, the

testing was repeated using the –D3(BJ) correction (Table 5.4c). Furthermore, as little
difference was observed from which functional is used to perform the correction, a

simplified protocol was used in which BP86 was used to generate the geometry and the
free energy correction only. The selected functional then applies all the corrections in
one calculation.

Eq. 5.4
With this correction, the BP86 functional still computes the energy barriers of both

pathways to be very close to one another, but with the 6-membered pathway being only
just favoured by 0.1 kcal/mol. Such close energy barriers would suggest that
approximately equimolar quantities of the 6- and 5-membered products would be

observed for this system, whereas experimentally only the 6-membered product is
observed.

5.2.6—Computed Product Selectivity of L = L5d Systems

Although the correct selectivity of two profiles of the isopropyl-substituted system, L =
L5a, proved a challenge, the trend between the isopropyl- and p-tolyl-substituted
systems (L = L5a and L5d) was able to be captured computationally. Using the Becke-

Johnson corrected protocol outlined in Eq. 5.4, the reaction pathway investigated so far

was repeated for the case where L = L5d and shown in Fig. 5.21. From examination of
Fig. 5.21, it can be seen that the p-tolyl-substituted L5d system (which experimentally
favours the formation of 5-membered rings) shows a kinetic preference of the 5membered ring formation profile by 4.8 kcal/mol (between TS(IX-XII)OAc-Rh-L5d-Pr at

-6.1 kcal/mol and TS(IX-XII)OAc-Rh-L5d-Pr at -1.3 kcal/mol). Therefore, the correct
change in selectivity between L = L5a and L5d is captured computationally.
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Fig. 4.21—Computed reaction profile for the 5- and 6-membered ring formation from alkyne-bound rhodacycle VIIIRh-L5d-Pr via acetate-bound
intermediate XIOAc-Rh-L5d-Pr Gfinal shown in kcal/mol.

To attempt to understand the origin of this change of behaviour between the two

substrate systems, the barriers to individual reaction steps were examined. This revealed

little difference between the barriers to the C-N formation step for the two systems, at
16.8 kcal/mol for L = L5d and 17.1 kcal/mol for L = L5a.The C-C bond forming step,

however, appears to be more sensitive to the nature of the R1 group, with a barrier of 7.7

kcal/mol for L = L5a and 9.4 kcal/mol for L = L5d. However, species XIIOAc-Rh-L-Pr is

6.2 kcal/mol more stable for L = L5d than L = L5a, causing TS(XI-XII)OAc-Rh-L5d-Pr to

be less stable than TS(XII-XIII)OAc-Rh-L5d-Pr. Moreover, this stabilisation causes the
C-C coupling pathway to be more accessible than the N-C coupling for L = L5d.

To further investigate the cause of the difference in relative energy of XIIOAc-Rh-L5a-Pr
and XIIOAc-Rh-L5d-Pr, the difference in the SCF energy was examined. Whereas by

DGfinal, XIIOAc-Rh-L5d-Pr is more stable by 6.2 kcal/mol, when only considering the SCF

energy, it becomes 3.4 kcal/mol less stable, indicating that one or more of the applied

corrections is responsible for the difference in relative energy. A large portion of the
energy difference appears to originate in the -D3(BJ) correction; if this is removed then

the XIIOAc-Rh-L5d-Pr is only 1.2 kcal/mol more stable than XIIOAc-Rh-L5a-Pr. This

would indicate that the large p-tolyl group in XIIOAc-Rh-L5d-Pr plays a role in stabilising
the complex via dispersion interactions.

Investigating the nature of these dispersion interactions, NCI plots were produced for
both XIIOAc-Rh-L5a-Pr and XIIOAc-Rh-L5d-Pr (Fig. 5.22). The most notable difference

between the two plots is that the area of weak interactions between the R1 group and the
Cp* ring (highlighted in Fig. 5.22) is notably larger for the p-tolyl group in XIIOAc-Rh-

L5d-Pr compared to the iPr group in XIIOAc-Rh-L5a-Pr. Therefore, the change in
selectivity when going from L = L5a to L = L5d appears largely dependent on the 5-

membered ring formation pathway being stabilised by dispersion interactions between
the p-tolyl group in XIIOAc-Rh-L5d-Pr and the Cp* ring.
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Fig. 5.22— NCI plots for the indicated species. Reduced density isosurface shown with
a contour value of 0.1, coloured using the electronic isosurface with a range of -3.0 to
+3.0, colour scheme indicated in key. The area of significant change is highlighted.
The solvation correction also appears to play an important role, as without either
dispersion or solvation correction, XIIOAc-Rh-L5a-Pr becomes favoured by 2.7 kcal/mol.
It is a mixture of these solvation and dispersion factors, therefore, that lead to the
stability of XIIOAc-Rh-L5d-Pr and hence the change in product selectivity.

5.3—Indenylamine Vs. Indenylimine Formation From XIIIOAc-Rh-L5d-Pr
5.3.1—Rearrangement of XIIIOAc-Rh-L5d-Pr in DCE

From the indenylamide intermediate XIIIOAc-Rh-L5d-Pr, both the indenylamine, P2-L5dPr, and the indenylimine, P3-L5d-Pr, can be formed. The experiment that formed P2L5d-Pr was conducted in DCE solvent, and this will be the first that shall be discussed.

The most stable profiles characterised for the formation of both products proceeded via
two initial rearrangement steps (Fig. 5.23).
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Fig. 5.23—Computed reaction profile for the rearrangement of XIIIOAc-Rh-L5d-Pr. Gfinal
shown in kcal/mol.
The first rearrangement step involves displacement of one arm of the k1 acetate by the

free arm, resulting in a k1-k1 interchange of the bound arm from XIIIOAc-Rh-L5d-Pr to
XIVOAc-Rh-L5d-Pr (Fig. 5.24). This rearrangement has a low barrier of only 4.7
kcal/mol and results in a complex that is only 0.4 kcal/mol lower in energy.
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Fig. 5.24—Acetate ligand rearrangement from XIIIOAc-Rh-L5d-Pr. Selected bond
distances shown in Å. Gfinal shown in kcal/mol.
The second step involves a transition state that results in the simultaneous rotation of

the Rh-N1 and N1-C1 bonds, leadings to a slightly more stable intermediate, XVOAc-RhL5d-Pr (Fig. 5.25). This step involves a much higher barrier of 16.5 kcal/mol compared

to the preceding intermediate. Complex XVOAc-Rh-L5d-Pr, however, allows for greater
access to the amide nitrogen, facilitating protonation en route to indenylamine

formation, as well as orienting H1 towards the metal-bound acetate, facilitating

deprotonation to form the indenylimine. The reaction pathways to the formation of the
indenylamine and indenylimine will now be discussed in detail.
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Fig. 5.25—Amide ligand rearrangement from XIVOAc-Rh-L5d-Pr. Selected bond
distances shown in Å. Gfinal shown in kcal/mol.
5.3.2—Indenylamine, P2-L5d-Pr, Formation

In order to form the indenylamine, P2-L5d-Pr, the amide nitrogen, N1, must be
protonated. The reaction that experimentally produced P2-L5d-Pr used AcOH as an

oxidant, and so this was present in excess. AcOH was found to be able to associate to
the metal complex with a slight increase in free energy of 3.0 kcal/mol (Fig. 5.26),

interacting with a H-bond between the amide nitrogen and the acidic proton, H2, with a

N1 H2 distance of 2.24 Å (XVIOAc-Rh-L5d-Pr, Fig. 5.27). No barrier was able to be
located for the association of the acetic acid. From this, the complex was able to
undergo a very facile amide nitrogen protonation step in which the newly formed

acetate also binds to metal centre via the same transition state (TS(XVI-XVII)OAc-Rh-

L5d-Pr). It is interesting to note that the amine produced in this step binds less strongly
to the metal centre than the preceding amide, with the Rh-N1 bond increasing from 2.00
Å to 2.31 Å.
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Fig. 5.26—Computed reaction profile for the conversion of XVOAc-Rh-L5d-Pr into
indenylamine product P2-L1a. Gfinal in kcal/mol.
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Fig. 5.27—Amide protonation step from XVIOAc-Rh-L5d-Pr. Selected bond distances
shown in Å. Gfinal shown in kcal/mol.
From here, Rh-N1 bond dissociation produces the observed indenylamine and

regenerates the [Cp*Rh(III)(OAc)2] active catalytic species without the need for an
oxidation step (as no reduction of the metal centre has taken place). Although this step
is endergonic by +6.6 kcal/mol, it regenerates the catalyst and so allows the full cycle,
exergonic by 33.9 kcal/mol, to repeat.
5.3.3—Indenylimine Formation

As previously discussed, the indenylimine product, P3-L5d-Pr, was observed under
DMF solvation. In order to try to understand the factors controlling the selectivity, a

pathway leading to the formation of this product was characterised and will be initially
discussed using DCE solvated Gfinal energies to compare against P3-L5d-Pr formation.
In order to generate this species, the C5-H1 bond must be cleaved to generate a N1-C5

imine bond. This pathway starts again from the rearranged amide complex (XVOAc-Rh188

L5d-Pr, Fig. 5.28). No direct deprotonation from this species was able to be located.
Instead, a two-step process was identified, in which the initial step involves rotation
about the M-O bond to rotate the free arm of the acetate to the other face of the

complex. At the transition state geometry, the O H distance between the free arm of
the acetate and H1 (Fig. 5.28) is reduced to 1.84 Å. This hydrogen bonding interaction
in the transition state likely stabilises the rearrangement, which has a barrier of 8.6
kcal/mol.

Fig. 5.28— Acetate ligand rearrangement from XVOAc-Rh-L5d-Pr. Selected bond
distances shown in Å. Gfinal shown in kcal/mol.
A second intramolecular C-H activation can then take place, with C1 being
deprotonated by the bound acetate, forming a nitrogen-bound indenylimine ligand and

bound acetic acid (XIXOAc-Rh-L5d-Pr, Fig. 5.29). Although reminiscent of the
cyclometalation reactions discussed in Chapter 3, this process does not involve the
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metal centre, and no agostic interaction is identified, with the Rh H1 distance in
TS(XVIII-XIX)OAc-Rh-L5d-Pr being 3.08 Å. Instead of a C-Rh bond being formed, as in

Chapter 3, the C-N bond becomes an imine C=N bond, resulting in the reduction of the
C-N bond distance from 1.48 Å to 1.38 Å.

Fig. 5.29—C1 deprotonation step from XVIIIOAc-Rh-L5d-Pr. Selected bond distances
shown in Å. Gfinal shown in kcal/mol.
Product dissociation and catalyst regeneration is then again modelled by the

introduction of a second acetic acid and the production of free H2 and the regenerated

[Cp*Rh(III)(OAc)2] complex (IIIRh). In the DCE solvation used in the experiments that

produced indenylamine, the pathway to produce the amine (shown in blue in Fig. 5.30)

is indeed more kinetically accessible and thermodynamically favoured than the 2nd CHA
pathway to produce the indenylimine, in agreement with the experimental observation
of the formation of this product.
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Fig. 5.30—Computed reaction profile for the conversion of XVOAc-Rh-L5d-Pr into either
the amine product P2-L1a or the imine P3-L1a. Gfinal shown in kcal/mol.
5.3.4—DMF Solvation

The reaction conducted by Miura that produced the indenylimine was conducted in

DMF solvent.56 However, when the free energy is recalculated in DMF (Fig. 5.31), very
little energy difference is computed and the pathway to amine formation is still
favoured, indicating that the change in product selectivity is not caused by bulk
solvation factors. Initially, it was reasoned that the change in selectivity appeared to be

due to the selection of Cu(OAc)2∙H2O oxidant used in this experiment. Without the

AcOH added in excess, the only obvious proton source in the reaction will be the very
small quantity of AcOH formed from the C-H activation steps. Therefore, it was

reasoned, there would be insufficient concentrations of AcOH to form the acetic-acid
adduct, XVIOAc-Rh-L5d-Pr, and so the protonation pathway would be inaccessible. The

H2O present in the oxidant is also only in catalytic quantities and was reasoned to be a

poorer proton donor in this case. Indeed, the protonation by H2O in place of AcOH was

computed to have barrier for the step of 5.3 kcal/mol (8.7 kcal/mol from XVOAc-Rh-L5dPr) in DMF, compared to 2.7 kcal/mol for the AcOH protonation step (6.2 kcal/mol
from XVOAc-Rh-L5d-Pr).
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Fig. 5.31—Computed reaction profile for the conversion of XVOAc-Rh-L5d-Pr into either
the amine product P2-L1a or the imine P3-L1a. Gfinal shown in kcal/mol, corrected for
solvation in DCE (plain text) and DMF (italics).
To investigate whether it was the choice of oxidant that resulted in the imine formation,
the Davies group conducted the reaction in DCE, but using Cu(OAc)2∙H2O as in

Miura’s experiments (Scheme 5.4). However, this resulted in the exclusive formation of
the amine product in high yield (98%), with no imine product being observed. In order
to determine whether the H2O or the trace AcOH was acting as the proton source, the

reaction was repeated under anhydrous conditions using Cu(OAc)2, still only the amine

product was observed. The only proton source known to be in the reaction is the AcOH

produced during the C-H activation. Although this was initially thought to be in too low
concentrations to be influencing the reaction, from the given results it appears that even

these catalytic concentrations are enough to lead the reaction to exclusively follow the

protonation pathway. The highly favoured protonation pathway can be explained using
the computational results, where the protonation pathway is favoured by 8.6 kcal/mol in
DCE and 8.1 kcal/mol in DMF.
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Scheme 5.4—Experimentally observed products by the Davies group from the Rh
catalysed reaction of the phenylmethanimine H-L5d with 4-octyne in DCE using
Cu(OAc)2∙H2O.
This leaves Miura’s results unexplained, as even without an excess of a proton donor, it
would be expected that the reaction should lead to the formation of the amine. It was

noted, however, that in the paper presenting the results, only a 40% yield of the imine
was obtained, and no account was given for the remaining 60% of material in the
reaction mixture. Because of this, the reaction was repeated in DMF, and the products

analysed by 1H NMR spectroscopy (Scheme 5.5). It was found that indeed, although the

imine was produced in a low yield, the amine product was in-fact the major product.

Therefore the amine product is the favoured product for both sets of reaction conditions,
in agreement with the calculated pathways.

Scheme 5.5—Experimentally observed products by the Davis group from the Rh
catalysed reaction of phenylmethanimine H-L5d with 4-octyne in DMF using anhydrous
Cu(OAc)2.
Although, in the hands of our experimental collaborators at University of Leicester, the

imine is not the major product of this reaction, the computational results do not explain
why it is observed at all in DMF, unlike in DCE, as the energy profiles for both solvents

show very little difference. It was reasoned that since DMF is a coordinating solvent, its
involvement in the system may be due to it coordinating directly to the metal centre.

This sort of strong interaction would not be captured by any continuum solvent model,

and must be handled explicitly. Attempts were made to uncover the nature of this
explicit involvement of DMF in the deprotonation mechanism, no pathway competitive
with the protonation pathway was characterised.
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5.4—Substituent Effects On Isoquinolinium Vs. Indenyl Product Selectivity
Having identified the key transition states involved in the 5- vs 6-membered ring

selectivity (C-N bond formation, s to p rearrangement of the imine coordination mode
and C-C coupling), investigations were carried out to investigate how electron

withdrawing and donating substituents (Fig. 5.32) affected the relative energies of these
transition states. In doing so, it was hoped that the underlying factors controlling the
selectivity could be better understood and perhaps controlled.

Fig. 5.32—Substrates template used to investigate the electronic effects of substrates on
the 5- vs 6-membered ring selectivity at rhodium-catalysed C-H functionalisation
reactions. R = iPr or p-tolyl. Y = H, NMe2 or NO2 (see Table 5.5 for details).
These three transition states were optimised for a range of substrates of the general form

shown in Fig. 5.32 The R group was chosen either to be iPr or p-tolyl. The substituents
chosen to probe electronic effects were NO2 and NMe2, in order to give extreme limits
of the electronic behaviour. Testing was conducted on a variety of positions, but the

greatest effects were observed when the substituents were placed in the para-position to
the imine group, indicated by the Y position in Fig. 5.32.

Calculated transition state energies are shown in Table 5.5. Entries 1-3 cover

substitution of the H at Y of the iPr substituted imine substrate, H-L5a, of Section 4.2

with NO2 or NMe2. Entry 1 indicated that electron withdrawing substituents in the Y
position notably lower the barrier to C-N bond formation (IX-2AcO to XAcO) and the
other two transition states to a lesser extent. This is enough to change the relative barrier

heights of the two pathways from being close together in entry 2 to clearly favouring the
6-membered ring formation pathway. An electron donating NMe2 group at Y, on the

other hand, has little effect on the N-C bond formation barrier, but marginally

destabilises both transition states to the 5-membered ring formation. Again, this leads to
the 6-membered ring formation being favoured, so adding either an electron donating or

withdrawing substituent to the substrate where R = iPr leads to favouring of the 6membered ring products, though for differing reasons.
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Entry

Substituents

R

Y

TS Energy for

isoquinolinium

formation pathway
N-C Coupling

TS Energy for indenyl formation
pathway

s to p

C-C Coupling

L-Pr

XIII)OAc-Rh-L-Pr

TS(IX-2-X)OAc-Rh-L-Pr

TS(IX-XII)OAc-Rh-8.0

TS(XII-

Pr

NO2

-8.3

Pr

H

-3.1

-5.9

-3.0

Pr

NMe2

-3.0

-4.2

-1.1

4

p-tolyl

NO2

-6.1

-6.2

-9.1

5

p-tolyl

H

-1.3

-6.1

-7.3

6

p-tolyl

NMe2

+1.4

-3.8

-3.3

1

i

2

i

3

i

-5.1

Table 5.5—Electronic substituent effects on 5- vs 6- membered ring selectivity
determining transition states in Rh-catalysed C-H functionalisation of substrates shown
in Fig. 5.32. Energies are transition state Gfinal energies in kcal/mol for the indicated
steps. The highest-energy transition state for each entry is highlighted in red. Where the
two highest lying transition states lay less than 1.0 kcal/mol from one another, both are
highlighted in red.
Entry 4, when compared against entry 5, shows that introduction of an electronwithdrawing NO2 substituent into the Y position leads to the stabilisation of both the N-

C and C-C coupling steps by varying degrees. The imine rearrangement step shows only
a 0.1 kcal/mol stabilisation, while the N-C coupling step is stabilised by 4.8 kcal/mol.

This leads to the 5- and 6-membered ring formation profiles being competitive in
energy. Considering that, as discussed in Section 5.2.3, the experimental reaction of the

substrate in entry 5 should be more competitive than calculation would indicate (as
calculations appear to overestimate the stability of the 5-membered ring formation

pathway), this suggests that experimentally, the introduction of an electron-donating
substituent into the Y position may well lead to a favouring of the 6-membered
pathway.

From comparing entry 6 against entry 5, it can be seen that the introduction of an

electron donating group to Y results in a destabilisation of all 3 transition states, with
the product determining transition state for the 6-membered ring formation pathway in
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entry 6 rising by +2.7 kcal/mol compared to entry 5, and by +4.0 kcal/mol for 5membered ring formation. Although this reduces the energy difference between the two
pathways from 6.0 kcal/mol to 4.7 kcal/mol, it again does not result in a change of

overall selectivity. It does, however, result in the least stable transition state of the 5-

membered pathway changing from the rearrangement (IXAcO to XIIAcO) to the C-C
coupling step (XIIAcO to XIIIAcO).

Overall, the addition of electron-withdrawing groups tends to decrease the barriers to

both the 5- and 6-membered ring formation pathways, while electron-donating
substituents increase the barriers to both pathways. For many systems, this results in a
lack of any ability to alter the desired selectivity, as both pathways are increased or
decreased by the same magnitude. Entry 4 alone indicates a strong change in selectivity,

as electron withdrawing groups in the Y position have a much greater stabilising
influence on the 6-membered ring formation pathway compared to the 5-membered ring
formation pathway, bringing the two into close competition. This may well lead to a

change in experimental selectivity, however, due to the complexity of the electronic

effects, it is difficult to make any generalisations to control desired selectivity for any
other substrates.

5.5—Conclusions
Experimental reactions led to the catalytic formation of both 6-membered ring

isoquinolinium products and 5-membered ring indenylamine products, similar to the
literature observation of the formation of indenylimines under similar reaction

conditions. To get better agreement with these experimental observation, a new

computational protocol was required, using Grimme’s updated –D3(BJ) dispersion
correction. With this in place, the observed selectivity could be explained as a
competition between a C-C forming transition state leading to the indenyl products, and
a C-N bond form transition state leading to isoquinoline formation.

Formation of indenylamines was found to proceed via external protonation by the acetic
acid used as an oxidising agent in the experimental conditions. Calculations indicated

that the indenylimine should remain the major product even in reactions in DMF, and
indeed, the reaction performed by the Davies group discovered that the indenylamine
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was a major product of their reaction, not the indenylimine reported by Miura and co-

workers, which was produced only as a minor product in the Davies group reaction. It is
proposed that the indenylimine minor product is formed via a mechanism involving the

explicit involvement of the DMF solvent in these reactions, however no mechanistic
pathway to explain these results was able to be characterised computationally.

Electron withdrawing substituents added to the substrates was shown computationally
to generally result in a destabilisation of both the 5- and 6-membered ring formation

profiles, while electron donating substituents resulted in a stabilisation of the key
barriers. The similar effects to both pathways, however, made identifying any general
ways to determine selectivity difficult.
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Chapter

6—Stoichiometric

Formation

of

Iridium Heterocyclic

Complexes from Functionalisation of Iridacycles with Alkynes

6.1—Introduction
The exploration of the functionalisation of rhodacycles discussed in Chapter 4 outlined

a proposed reaction mechanism and some general trends in reactivity. In Chapter 5, the

predicted reactivity was compared against experimental results and the computational
methodology was refined. In order to investigate the scope of this reactivity, the

functionalisation of iridacycles was then investigated experimentally by collaborators in

the Davies group of the University of Leicester and will be discussed in detail in this
chapter. Unlike the reactions involving rhodium, which produced free organic products,

the functionalisation of iridacycles led to the isolation of a range of Ir complexes
(Scheme 6.1). In Section 6.2, the experimental results obtained by the Davies group

will be discussed. In Section 6.3, key observations from these results will be
investigated computationally to better understand these findings.

Scheme 6.1—Range of iridium complexes obtained experimentally by the
stoichiometric reaction of iridacycles VIIIr-NCMe-L with alkynes. R1 = iPr, xylyl, Bn. R2
= Pr, Ph, CO2Me.
6.1.1—Naming Scheme

This chapter will follow the substrate naming scheme outlined in previous chapters. The

substrates that will be discussed herein are outlined in Fig. 6.1. In addition to those
substrates investigated in previous chapters, ligand H-L3d, containing a benzyl (CH2Ph)

N-substituent, was investigated to compare against the xylyl group in H-L3b. As in
198

Chapter 4, R2—the alkyne substituent involved in any geometry—will be indicated
after the ligand designation.

Fig. 6.1—Substrates investigated in the C-H functionalisation study in this chapter.
Xylyl = 3,5-(Me)2-C6H3; Bn = CH2Ph.
The atom labelling scheme will be the same as used previously (Scheme 6.2).

Scheme 6.2—Atom labelling scheme used in this chapter. {C7R′} = {C8R′} = Pr, Ph,
CO2Me.
6.2—Experimental Results
6.2.1—Stoichiometric Reactions of VIINCMe-Ir-L with Alkynes, R2CCR2, where L = L1a,
L1b, L3b and R2 = Pr, Ph

All experimental results discussed in this chapter were obtained by experimental
collaborators in the Davies group of the University of Leicester. Expanding on the work

discussed so far in this thesis, the iridacycle products formed from C-H activation by
[Cp*Ir(Cl)2] and NaOAc were investigated for their ability to be functionalised by
alkynes in order to compare their reactivity to that of the rhodium complexes discussed
in Chapters 4 and 5. Stoichiometric reactions were carried out in dichloromethane

(DCM) using the acetonitrile-bound iridacycle complexes, VIINCMe-Ir-L, formed from

substrates H-L1a, H-L1b and H-L3b (Scheme 6.3) and either 4-octyne or

diphenylacetylene as a coupling partner. All of these reactions gave unexpected h5
species, BIr-L-R2, in high yield.
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Scheme 6.3—Experimental yields of stoichiometric reactions of VIINCMe-Ir-L with
alkynes where L = L1a, L1b, L3b and R2 = Pr, Ph
6.2.2—Competition Study of the Reaction of Iridacycles VIINCMe-Ir-L with Alkynes
R2CCR2 where L = L1a, L1b and L3b and R2 = Pr, Ph

In order to gain additional information regarding the differences in reactivity of the

three iridacycles, a series of competition experiments were carried out, in which

VIINCMe-Ir-L1b was placed in equimolar quantities with VIINCMe-Ir-L (L = L1a, L3b) into
a reaction solution with an 1 equivalent of alkyne (with either R2 = Pr or Ph), and the

ratio of the possible products was observed (Scheme 6.4). These were carried out in
both acetonitrile and DCM.
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Scheme 6.4—Competition studies of the relative reactivities of VIINCMe-Ir-L to
functionalisation by alkynes. L = L1a, L1b or L3b; R2 = Pr or Ph.
The results are shown in Table 6.1. The same trends in reactivity were observed in both
DCM and acetonitrile. For all entries, the formation of the pyrrole complex with a xylyl

R1 group, BIr-L1b-Pr, was used to benchmark the substrate under investigation. Entry 1

compares this benchmark against the formation of the pyrrole complex with the iPr R1
group, BIr-L1a-Pr. In this case, the iPr R1 group of BIr-L1a-Pr is favoured over the xylyl
of BIr-L1b-Pr by a ratio of 3 : 1. Entries 2 and 4 indicate that formation of the

thiophenyl products BIr-L3b-R2 are significantly disfavoured compared to the pyrrole

BIr-L1b-R2 irrespective of whether R2 = Pr or Ph. Entry 3, on the other hand, shows that
when DPA is used, BIr-L1b-Ph is favoured over BIr-L1a-Ph, the reverse of the
selectivity observed with 4-octyne. These results are summarised in Fig. 6.2.
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Entry

VIINCMe-Ir-L

R2

2

VIINCMe-Ir-L3b

4

VIINCMe-Ir-L3b

1

VIINCMe-Ir-L1a

3

Ratio

MeCN

DCM

Pr

L1b : L3b

19 : 1

9:1

Ph

L1b : L3b

9:1

Pr

VIINCMe-Ir-L1a

Ph

L1b : L1a
L1b : L1a

1:3
6:1

1:3
9:1

19 : 1

Table 6.1—Experimental product ratios for the competition reaction outlined in
Scheme 6.4.

Fig. 6.2—Experimental relative reactivities of indicated complexes to functionalisation
by alkynes as per Scheme 6.4.

6.2.3—Selectivity of Product Structure in the Reaction of Iridacycles VIINCMe-Ir-L with
Alkynes where L = L3b, L3e and L4 and R2 = Pr, Ph, CO2Me

Expanding on this, further iridacycles were synthesised, two thiophen-2-yl systems—

VIINCMe-Ir-L3b and VIINCMe-Ir-L3d—and a phenylmethanimine system, VIINCMe-Ir-L4.
These

were

reacted

with

a

variety

of

alkynes

(Scheme

6.5)—

dimethylacetylenedicarboxylate (DMAD, where R2 = CO2Me), DPA or 4-octyne. These
formed a series of organic products still bound to the metal centre, however, a range of
different binding modes were identified by X-ray crystallography depending on the
substrate and alkyne used, as shown in Scheme 6.5.
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Scheme 6.5—Range of iridium complexes obtained experimentally by the
stoichiometric reaction of iridacycles VIIIr-NCMe-L with alkynes. R2 = iPr, xylyl, Bn. R2
= Pr, Ph, CO2Me.
A 7-membered iridacycle A was formed, when the thiophen-2-yl iridacycle, VIIIr-NCMeL3b, was reacted with DMAD. Structurally, this is analogous to IXAcO-Rh-L-R2
discussed in Chapter 5, with the acetate group replaced with an acetonitrile ligand. It
should be noted that unlike IXAcO-Rh-L-R2, A is cationic like the rest of the Ir products
identified here. For the other systems, 6-membered heterocyclic rings were formed,

binding through three distinct bonding patterns. B involved an h5 binding mode where
all 5 carbon atoms of the newly formed ring associate with the iridium centre. C and D

both feature h4 binding involving 4 carbon atoms, with the nitrogen atom and one
remaining carbon folded away from the metal centre. In C, C1 is unbound, while in D,

C5 is not bonded to the Ir centre. D is equivalent to the geometry h4CCCC-X-Rh-L-R2
discussed in Chapter 4, but C was not previously identified.
Entry

VIINCMe-Ir-L

R2

X-Ray

VIINCMe-Ir-L3b

Ph

B

Pr

1

VIINCMe-Ir-L3b

3

VIINCMe-Ir-L3b CO2Me

2
4
5
6
7

VIINCMe-Ir-L3e CO2Me
VIINCMe-Ir-L4
VIINCMe-Ir-L4
VIINCMe-Ir-L4

Pr

Ph

CO2Me

B

A
A
D

C&D
C

Table 6.2—Products from the reaction of VIINCMe-Ir-L with alkynes as identified by Xray crystallography.
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6.3—Computational Results
A number of the experimental observations above were investigated computationally. In

Section 6.3.2, the nature of the unexpected h5 products, BIr-L-R2, will be discussed

followed their mechanism of formation in Section 6.3.3. These mechanisms are then

extended in Section 6.3.4 to that of the rearrangement of the product isomers. Using the
findings from these sections, the experimental competition study will be investigated
computationally in Section 6.3.5, and the product selectivity study in Section 6.3.6.
6.3.1—Computational Methodology

The computational methodology used in this chapter is that outlined in Section 5.2.3.
Geometry optimisations were performed using the Gaussian03 program, using the BP86
functional in the gas phase, with the SDDALL basis set including effective core
potentials on Ir and Rh and 6-31G** on all other atoms. Using this level of theory,

frequency calculations were used to confirm the nature of the stationary point and

calculate the free energy correction. Using this geometry, a single point calculation was

conducted that combined Grimme’s D3 correction with Becke-Johnson Damping (D3(BJ)), PCM DCM solvation and a larger basis set (cc-pVTZ-PP basis set on Ir and 631++g** on all other atoms). The final energy was calculated using Eq. 6.1.

Eq. 6.1
Where Esolv+diff+D3(BJ) is the combined single point correction described above, Ggas is
the gas phase free energy and Egas is the gas phase SCF energy. Unless otherwise stated,

all energies are relative to IIIIr, [Cp*Ir(OAc)2], which was found to be the most stable
metal precursor in Chapter 3, with the free H-L substrate and alkyne under
consideration. All energies are given in kcal/mol and all distances quoted will be in Å.

Note that as all experimental results for this chapter were conducted in DCM, this will
be used for the PCM solvation corrections.

6.3.2—Investigation into the Nature of the h5 Complexes, BIr-L-Pr

The experimentally characterised product BIr-L1b-Pr was optimised computationally.
The experimental structure108 obtained via X-ray crystallography is compared against
the computed structure in Fig. 6.3.
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Fig. 6.3—Experimental and calculated structure of BIr-L1b-Pr. 50% probability
ellipsoids displayed for the experimental structure.108 Selected bond distances and IrCp*(centroid) distances shown in Å.
The computed bond distances are generally overestimated compared to experimental

values. The largest discrepancies can be seen in the Ir-C3, N1-C6 bond distances and
the Ir-Cp* (centroid) distance. The N1-C6 bond is computed at 1.43 Å, very close in

length to the N1-C1 and N1-C5 bonds. In the experimental structure, the N1-C6 bond is
lower at 1.38(2) Å, indicating stronger bonding than in the N1-C1 and N1-C5 bonds;

however the experimental error is rather high, making analysis of this difficult. The IrCp* centroid distance is 0.06 Å shorter in the experimental structure than the computed

structure, continuing the trend observed in Chapter 3, in which the M-Cp* distances
were slightly longer for all complexes compared. The largest discrepancy was obtained

in the Ir-C3 bond distance, which is overestimated by 0.10 Å by the computational

model. This would suggest that there is more interaction between the iridium and the C3
atom in the crystal structure than is predicted computationally.

To carry out further analysis on the nature of these h5 complexes, a range of BIr-L-R2
complexes were optimised for all substrates investigated in this chapter. For clarity,

only BIr-L1a-Pr will be used in this below, however the trends discussed apply to all
systems examined. From the geometry of BIr-L1a-Pr (Fig. 6.4), it becomes apparent that
this complex would not formally be described as featuring a cationic pyridinium ligand
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bound to a neutral metal centre, but instead as an anionic pentadienyl ligand, with the
anionic charge distributed between atoms C1, C2, C3, C4 and C5, with N1 being a
formally neutral, tertiary amine nitrogen. In order to balance the charge, the {Cp*Ir}
fragment must become dicationic, with the Ir atom changing from Ir(I) to Ir(III).

Therefore, the conversion from either h4 complex, h4NCCC-XIr-L1a-Pr or DIr-L1a-Pr, to
BIr-L1a-Pr can be described as an internal redox process, with 2 electrons transferred
from the metal centre onto the ligand.

Fig. 6.4—Computed geometry of BIr-L1a-Pr. Selected bond distances shown in Å and
selected bond angles shown in degrees. H atoms have been omitted for clarity.
Evidence for the validity of this description can be found by examination of the
geometries of complexes DIr-L1a-Pr and BIr-L1a-Pr in comparison to the cationic and

anionic forms of the free pyridinium product, P1-L1a-Pr (Fig. 6.5). The anionic form,

[P1-L1a-Pr]-, adopts a very similar geometry to the ligand conformation found in BIrL1a-Pr, with three N1-carbon bond distances varying by no more than 0.01 Å between

the two structures and with lengths that are consistent with three C-N single bonds,

indicating a tertiary amine nitrogen. This is further supported by the summation of the

three C-N1-C angles, which comes to 335.0 o in both BIr-L1a-Pr and anionic [P1-L1aPr]-, notably less than the 360o expected for planar sp2 nitrogen. This is also reflected in

the N1-C1-C5-C6 improper torsion angle of -27.5o for BIr-L1a-Pr and -31.2o for anionic

[P1-L1a-Pr]-, indicating a degree of distortion away from the planar structure of an sp2
nitrogen and towards the tetrahedral structure of an sp3 nitrogen.
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Fig. 6.5—Computed geometries of DIr-L1a-Pr, BIr-L1a-Pr and cationic and anionic
forms of P1-L1a-Pr. Selected bond distances shown in Å and selected bond angles
shown in degrees. H atoms have been omitted for clarity.
The h4CCCC heterocyclic ligand in DIr-L1a-Pr, on the other hand, bears more of a

resemblance to the cationic form of P1-L1a-Pr, but notably has the N1 and C5 atoms

twisted out of the aromatic plane, whereas P1-L1a-Pr has both atoms as part of the

extended aromatic system. The N1 atoms in both of these complexes display a mostly
planar arrangement of their N-C bonds, with the sum of the C-N1-C bond angles

coming to 359.8o in both DIr-L1a-Pr and cationic P1-L1a-Pr. Additionally, the N1-C1C5-C6 improper torsion angle is -3.0o in DIr-L1a-Pr and -3.1o in P1-L1a-Pr. For both of

these systems, therefore, the geometries are in keeping with an sp2 N atom, therefore
formally cationic.

Further supporting the assignment of a pyridinium ligand in DIr-L1a-Pr and a
pentadienyl ligand in BIr-L1a-Pr are the NBO charges on the N1 atoms (Fig. 6.6). This
is -0.319 a.u. in DIr-L1a-Pr and -0.297 a.u. in the cationic P1-L1a-Pr. This becomes

more negative in both BIr-L1a-Pr (-0.494 a.u.) and in anionic [P1-L1a-Pr]- (-0.533) by a
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similar magnitude. Additionally, the NBO computed charge on the iridium atom in DIrL1a-Pr is +0.441 a.u., which rises to +0.504 a.u. in BIr-L1a-Pr, indicating some degree
of oxidation. Initially, an increase in positive charge of only 0.063 a.u. would seem

surprisingly small for a formal 2 electron oxidation from Ir(I) to Ir(III), and so to

investigate this further, model Ir(I) and Ir(III) systems were computed. For Ir(I), the
chosen model was constructed with the heterocyclic ligand replaced with butadiene,

yielding [Cp*Ir(I)(h-C4H6)], which had an NBO charge on the metal of +0.425 a.u. To
model an Ir(III) system, the heterocyclic ligand was replaced with a Cp anion, yielding
[Cp*Ir(III)(h-C5H5)]+. This was computed to have a charge of +0.497 a.u. at Ir.

Therefore, in the model system, the formal oxidation from Ir(I) to Ir(III) results in an
increase in positive charge at the iridium centre of only 0.072 a.u., close to the +0.063

a.u. value obtained going from DIr-L1a-Pr to BIr-L1a-Pr. Therefore, this description of
DIr-L1a-Pr as a cationic pyridinium bound to an Ir(I) centre, and of BIr-L1a-Pr as a
anionic pentadienyl bound to an Ir(III) centre, would seem to match these general

computed trends in charge distribution. The conversion from DIr-L1a-Pr to BIr-L1a-Pr
can be described as an internal redox process, formally transferring two electrons from
the iridium centre to the heterocyclic ligand.
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Fig. 6.6—NBO computed partial charges in a.u. for Ir and N1 atoms for indicated
species. H atoms omitted from geometries for clarity.
6.3.3—Computed Reaction Pathway for the Reaction of VIINCMe-Ir-L1a with 4-Octyne to
form BIr-L1a-Pr

Profiles for the formation of BIr-L-Pr from the reaction of VIINCMe-Ir-L (L = L1a, L1b,
L3b) with 4-octyne and DPA were computed based on that for the rhodium complexes
discussed in Chapter 4 (Fig. 6.7). Experimentally, the starting materials for the

competition reactions were the NCMe-bound 5-membered iridacycles, VIINCMe-Ir-L.
For this discussion, the reaction of VIINCMe-Ir-L1a with 4-octyne will be used as an
example, but similar pathways were characterised in all cases.
209

From VIINCMe-Ir-L1a, the acetonitrile ligand can be exchanged with the alkyne to form

VIII Ir-L1a-Pr, resulting in a stabilisation of 7.5 kcal/mol. This species is then able to
undergo migratory insertion with a barrier of 18.0 kcal/mol. The migratory insertion

leads to the formation of a 7-membered iridacycle, IXIr-L1a-Pr, with an energy of -10.0
kcal/mol, 2.2 kcal/mol more stable than intermediate VIIIIr-L1a-Pr. From this species,

direct C-N reductive coupling is possible, with a barrier of 15.1 kcal/mol to form the
pyridinium bound to the iridium centre in an h4-fashion via 3 carbons and one nitrogen

(h4NCCC-XIr-L1a-Pr,). The ligand can then favourably rearrange to the h5-structure, BIrL1a-Pr, observed experimentally with an overall energy change from the reactant
species of -24.6 kcal/mol.

Fig. 6.7—Computed reaction profile for the reaction of the iridacycle VIINCMe-Ir-L1a
and 4-octyne, yielding iridium-bound heterocycle BIr-L1a-Pr. Gfinal shown in kcal/mol,
corrected for solvation in DCM.
Compared to the rhodium systems discussed in Chapters 3 and 4, the migratory
insertion from VIIIIr-L1a-Pr was computed to have a 5.4 kcal/mol higher barrier than
that from VIIIRh-L1a-Pr while TS(VIII-IX)Rh-L1a-Pr is 5.8 kcal/mol more stable than

TS(VIII-IX)Ir-L1a-Pr. This is in keeping with the hypothesis put forward in Chapter 4
that more stable M-C3 bonds lead to stabilised 5-membered metallacycles and higher

barriers to migratory insertion, indicating that the Ir-C3 bond in these systems is
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stronger than the Rh-C3 bonds. The energetics and geometries involved in the reductive
coupling steps for the rhodium and iridium complexes were found to be broadly similar.

Unlike the catalytic systems investigated in Chapter 5, the experimental reagents here
are only the acetonitrile-bound intermediate VIINCMe-Ir-L and the alkyne. Therefore,

there is no acetate required to activate the metal dimer, meaning there is no acetate

present in solution to form IXAcO-Ir-L1a-Pr and lead to the more stable neutral-pathway,

as discussed in Chapter 5. However, the NCMe derived from VIINCMe-Ir-L1a could
potentially bind to IXIr-L1a-Pr to form what would be referred to as IXNCMe-Ir-L1a-Pr in

the naming convention used so far; however, for consistency with the product

selectivity discussion, this will be labelled as AIr-L1a-Pr (Fig. 6.8) for the rest of this
chapter. Upon binding MeCN the N1 C5 distance increases by 0.19 Å and
stabilisation of 9.2 kcal/mol is computed.

a

Fig. 6.8—NCMe binding step from IXIr-L1a-Pr to form AIr-L1a-Pr. Selected bond
distances shown in Å. H atoms have been omitted for clarity. Relative Gfinal shown in
kcal/mol.
From AIr-L1a-Pr, N1-C5 reductive coupling can occur to form XNCMe-Ir-L1a-Pr (Fig.
6.9) with a significant barrier of 21.2 kcal/mol in a process that is endergonic by 12.6

kcal/mol. The N1 C5 distance is reduced from 2.99 Å in AIr-L1a-Pr to 1.96 Å in

TS(A-XNCMe)Ir-L1a-Pr and 1.51 Å in XNCMe-Ir-L1a-Pr. The C4-C5 bond distance
increases from 1.37 Å in AIr-L1a-Pr to 1.48 Å in XNCMe-Ir-L1a-Pr as the C4=C5 double
bond becomes part of an aromatic ring. The Ir-N2 bond changes by only 0.02 Å,
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indicating that the nature of the Ir-NCMe interaction does not change during the
reductive coupling.

Fig. 6.9—Reductive coupling step from A-L1a-Pr to form IXNCMe-L1a-Pr. Selected
bond distances shown in Å. H atoms have been omitted for clarity. Relative Gfinal shown
in kcal/mol.
Comparing the reaction profile for the reductive coupling from IXIr-L1a-Pr with that
from AIr-L1a-Pr (Fig. 6.10), it can be seen that TS(A-XNCMe)Ir-L1a-Pr is 3.1 kcal/mol
more stable than TS(IX-X)Ir-L1a-Pr. Interestingly, the NCMe-ligated pathway has the

reductive coupling step as rate determining step, with an energy span of 21.2 kcal/mol,
compared to the migratory insertion with an energy span of 18.0 kcal/mol.

212

Fig. 6.10—Computed reaction profile for the reaction of the iridacycle VIINCMe-Ir-L1a
and 4-octyne, yielding iridium-bound heterocycle BIr-L1a-Pr. Reductive coupling from
NCMe-ligated complex AIr-L1a-Pr shown in blue. Gfinal shown in kcal/mol, corrected
for solvation in DCM.
6.3.4—Rearrangement of Pyridinium Complex h4NCCC-XIr-L1a-Pr

Experimentally, several possible binding modes were identified for the final
heterocyclic products. The relative energies of the various isomers will be discussed in

greater detail in Section 6.3.6, but for now the route to formation of these products will

be the focus. A pathway for the rearrangement of h4NCCC-XIr-L1a-Pr to BIr-L1a-Pr, CIrL1a-Pr and DIr-L1a-Pr was characterised (Fig. 6.12). h4NCCC-XIr-L1a-Pr was found to

rearrange to CIr-L1a-Pr with a barrier of 10.4 kcal/mol. This leads to a significant

stabilisation by 11.4 kcal/mol in keeping with the conclusions of Chapter 4, which
found that an h4CCCC binding mode was favoured over h4NCCC. CIr-L1a-Pr can then
rearrange to BIr-L1a-Pr via a barrier of 11.7 kcal/mol, leading to a further stabilisation

of 6.4 kcal/mol. Rearrangement of BIr-L1a-Pr leads to a structure with the same iridium
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binding mode as DIr-L1a-Pr, but with the iPr group rotated by 180o, labelled D′Ir-L1aPr, the formation of which goes through a barrier of 11.3 kcal/mol and results in a
notable decrease in stability by 6.8 kcal/mol, most likely due to the methyls of the iPr
group being directed towards the adjacent Pr substituent. Rotation of the iPr group leads
to the formation of DIr-L1a-Pr via a low barrier of 6.4 kcal/mol, and leads to a

stabilisation of 5.8 kcal/mol as the steric repulsion is relieved. No direct route from CIrL1a-Pr to DIr-L1a-Pr was located, despite several attempts, suggesting that such a route
may not exist.

Fig. 6.12—Rearrangement pathway of h4NCCC-X-L1a-Pr to DIr-L1a-Pr. Relative Gfinal of
minima and connecting transition states are shown in kcal/mol.
All of the barriers above are no higher than 11.7 kcal/mol, meaning that all

rearrangements are more facile than the preceding migratory insertion and reductive
coupling steps. Therefore all of the identified species should be accessible under the

reaction conditions and hence the final product ratio would be expected to be governed

by their relative thermodynamic stability. The reverse energy span barrier from B-L1aPr to the migratory insertion transition state, TS(VIII-IX)Ir-L1a-Pr, is 35.1 kcal/mol
and so the migratory insertion would be expected to irreversible. This would indicate
that the iridacycle competition experiments are under kinetic control and their
selectivity would be based on the barrier to migratory insertion. The rearrangements
from B-L1a-Pr to D-L1a-Pr appear to have more potential for reversibility, with the

highest reverse barrier being that from B-L1a-Pr to C-L1a-Pr at 18.1 kcal/mol.
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Therefore, while competition between two iridacycles is under kinetic control, the
selectivity of the product isomer formed for any one system would be under
thermodynamic control.

6.3.5—Competition Study of the Reaction of Iridacycles VIINCMe-Ir-L with Alkynes
where L = L1a, L1b and L3b and R2 = Pr, Ph

Following these mechanistic studies, attention was returned to the experimental

competition reactions between iridacycle complexes, VIINCMe-Ir-L. Reaction profiles

were calculated for the heterocyclic ligand complex formation from VIINCMe-Ir-L1a,
VIINCMe-Ir-L1b and VIINCMe-Ir-L3b with both 4-octyne and DPA. All Gfinal energies for

this competition study will be quoted relative to VIINCMe-Ir-L and R2C CR2.

Experimentally, the competition experiment comparing the pyrrolic complex, VIINCMeIr-L1b,

with the thiophenyl complex, VIINCMe-Ir-L3b favoured functionalisation of

VIINCMe-Ir-L1b by 4-octyne by a ratio of 9 : 1 in DCM and the two reaction profiles are

compared in Fig. 6.13. The system beginning with VIINCMe-Ir-L1b has a TS(VIII-IX)Ir-

L-Pr energy that is 2.6 kcal/mol more stable than that starting with VIINCMe-Ir-L3b,
qualitatively matching experimental results.
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Fig. 6.13—Computed reaction profile for the functionalisation of the iridacycles
VIINCMe-Ir-L by 4-octyne, yielding XIIr-L-Pr for L = L1b (blue) and L = L3b (gold).
Gfinal relative to VIINCMe-Ir-L shown in kcal/mol.
The energies of TS(VIII-IX)Ir-L-R2, are summarised in Fig. 6.14 for all of the

computed substrate-alkyne combinations. For 4-octyne coupling, the computational
results qualitatively match the experimental selectivities, with VIINCMe-Ir-L1a being the
most reactive experimentally and TS(VIII-IX)Ir-L1a-Pr being the most stable transition

state of the set, while VIINCMe-Ir-L3b is the least reactive and TS(VIII-IX)Ir-L1a-Pr is
the least stable transition state. The results for DPA coupling once more indicate that L
= L3b is the least reactive experimentally and has the least stable TS(VIII-IX)Ir-L-Ph of
the three systems. However, the most reactive iridacycle towards DPA coupling

experimentally is VIINCMe-Ir-L1b, while TS(VIII-IX)Ir-L1a-Ph is calculated to be 2.4

kcal/mol more stable than TS(VIII-IX)Ir-L1b-Ph. This, again, highlights the challenge
in reproducing experimental results that are determined very small differences in
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relative energies, as slight discrepancies can lead to different selectivities being obtained
computationally. Even so, although the more subtle effect of varying the R1 group was
not captured computationally, the larger energy difference between the thiophenyl and
pyrrolic heterocyclic substituents was.

Fig. 6.14—Experimental relative reactivities and relative Gfinal of TS(VIII-IX)Ir-L-R2
relative to VIINCMe-Ir-L of indicated complexes to functionalisation by alkynes as per
Scheme 6.4. Energies in kcal/mol.
6.3.6—Selectivity of Product Structure in the Reaction of Iridacycles VIINCMe-Ir-L with
Alkynes where L = L3b, L3e and L4 and R2 = Pr, Ph, CO2Me

The mechanistic investigations into the product rearrangement in Section 6.3.4 suggest
that the isomer adopted is under thermodynamic control. To investigate this further, the

range of complexes A–D were computed for the systems studied in the experimental
product selectivity investigation and their relative energies (compared to IIIIr, H-L, and
R2C CR2) were examined (Table 6.3). All of the observed products are computed to be

strongly exergonic, in agreement with their experimental stability. Furthermore, strong

agreement is obtained between theory and experiment, with the experimentally
observed product being computed as the most stable by DFT in each case.

Experimentally, entries 3 and 4, both thiophen-2-yl substrates bearing either xylyl (HL3b) or benzyl (H-L3d) R1 groups and CO2Me alkyne substituents, both favour the 7-

membered iridacycle intermediate A. Both of these entries show A as the most stable
product by DFT calculation, at -33.7 kcal/mol for entry 3 and -41.4 kcal/mol for entry 4.
217

It is interesting to note that these energies are significantly more stable than the product

energies for entries 1 and 2, where R2 = Ph or Pr respectively. Similarly, entry 7 (also

with R2 = CO2Me) shows all structures approximately 10 kcal/mol more stable than the
equivalent structures for R2 = Ph (entry 6) or Pr (entry 5), indicating that the DMAD
leads to more favourable coupling compared to the other two alkynes investigated.
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Entry 1 favours the h5-complex, B, experimentally and by DFT calculation, with B
being computed to be 3.2 kcal/mol more stable than the next most stable geometry (D).

Entry 2 also forms structure B experimentally and is the most stable by calculation as
well, with a relative Gfinal of -25.5 kcal/mol.

The selectivity is changed when VIINCMe-Ir-L3b is exchanged for VIINCMe-Ir-L4, with

none of entries 5-7 favouring either structures A or B. Instead, entry 7 shows a strong
favouring for product C experimentally, and this is favoured by 5.0 kcal/mol by DFT.

Entry 6, with DPA as the alkyne, leads to the observation of both C and D by X-ray

crystallography. Computationally, these two isomers were found to have an energy
difference of only 1.1 kcal/mol, in good agreement with them both being accessible
experimentally. Similarly, when 4-octyne is used in entry 5, computed energies are

within 0.4 kcal/mol for both C and D. Experimentally, however, only D was observed
by X-ray crystallography. Due to this apparent disagreement between experimental and

computational results, the crude product mixture was re-analysed by 1H NMR and a
second product was observed and assigned as C. Again, since the calculations only take
into account solvent, not crystal packing effects, this would seem to indicate that

although both C and D are present in solution, upon crystallisation all of isomer C

rearranges to form D. For both substrates, it should be noted that both DPA and 4octyne show very little difference in terms of preferred product.

6.4—Conclusions
Stoichiometric iridacycle functionalisation with alkynes was observed to occur with

high yield experimentally, identifying a series of unexpected h5 products, BIr-L-R2.
Computational analysis of these complexes indicate that their formation formally
involves an internal redox reaction, in which two electrons are transferred from the Ir(I)
metal centre to the ligand, forming an Ir(III) complex with an anionic pentadienyl
ligand.

A mechanistic pathway to the formation of the experimentally identified products was
characterised to proceed in a similar route to the rhodium complexes discussed in

previous chapters, involving a selectivity determining migratory insertion, MeCN
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binding followed by

irreversible, rate determining reductive coupling and a

thermodynamically controlled product rearrangement.

Using this pathway, results from experimental iridacycle competition studies with
alkynes conducted by the Davies group were investigated computationally. The

experimental trend in reactivity for 4-octyne coupling was qualitatively reproduced by
the computed energies of the migratory insertion transition states, providing further

evidence for the validity of the proposed mechanism and the interpretation that the
competition studies were operating under kinetic control. The equivalent couplings with
DPA proved a greater challenge to capture computationally, however the trend in
varying the substrate heteroatoms was qualitatively reproduced, even if the trend in
varying the N-substituent was not in every case.

An investigation into the range of iridium-bound functionalised products gave

experimental evidence towards the various binding modes proposed in Chapter 4,
along with identifying new possibilities. Calculated energies agreed well with

experimentally observed products. Computationally there was evidence that the

coupling of substrate H-L4 with 4-octyne should lead to an equilibrium mixture of two
h4-bound products, although only one was crystallised. Further investigation by NMR

revealed the second product was indeed structure present in solution. Overall, little

difference in product selectivity was observed between coupling with 4-octyne and
DPA, however couplings with DMAD gave significantly different product selectivities
experimentally, and notably different product stabilities experimentally.

221

Chapter

7—Theoretical

Investigation

Ruthenium-Catalysed Direct Alkylation

into

the

Mechanism

of

7.1—Introduction
So far, this thesis has focused on the discussion of heterocycle formation via C-H

activation by Rh and Ir followed by functionalisation with alkynes. However, as

discussed in Chapter 1, this is just one of many synthetic possibilities in which C-H
activation is used to add functionality to organic substrates. In Section 1.3.5, rutheniumcatalysed direct functionalisation was discussed, and a subset of this, Ru(II)-catalysed
direct alkylation, was introduced. It is this that will be the focus of this chapter.

The mechanism of direct C-H functionalisation by ruthenium catalysis has been

investigated previously in the literature,69, 78 as has direct alkylation specifically.79 As

discussed in Chapter 1, evidence from these investigations suggests a general catalytic

cycle for direct functionalisation reactions, as shown in Fig. 7.1. Notably, H/D

exchange experiments reported by Ackermann79 resulted in the observation of ortho
deuteration in the reaction conditions, indicating that binding of N-donor substrates

followed by C-H activation was both facile and reversible. This lead to the proposal that

C-H activation occurs first, followed by oxidative addition of a C-X bond of an alkyl
halide. Finally, C-C bond forming reductive coupling produces the alkylated product
and regenerates the active catalyst.
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Fig. 7.1—Proposed mechanism for ruthenium-catalysed direct functionalisation
reactions.
In this chapter, the mechanism of this catalytic cycle will be explored computationally.
In Section 7.2, the ligand exchange and C-H activation will be studied using the model
reaction of [(h6-C6H6)Ru(OAc)2] with 2-phenylpyridine in o-xylene and the importance

of using ion-pairing to describe this system will be highlighted. In Section 7.3, the
mechanism of oxidative addition and reductive coupling will be explored. In Section

7.4, an alternative mechanism, in which oxidative addition precedes C-H activation, as
proposed by Oi and Inoue70 will be considered.

7.2—Computational Mechanistic Study of C-H Activation
7.2.1—Computational Model

As this investigation was focused on an initial exploration of the mechanistic
possibilities of these direct alkylation reactions, a model system was chosen rather than

attempting to reproduce a specific experimental result. The selected model reaction is

shown in Scheme 7.1. The substrate used was 2-phenylpyridine, ligand H-L6 from
previous chapters. This substrate has been used experimentally in ruthenium-catalysed

direct arylation reactions,69 dating back to the pioneering work of Oi and Inoue.70

Furthermore, 2-phenylpyridine has no flexible side groups and so has limited
conformational freedom, reducing the amount of conformational searching that must be
done to find the most stable form of the species involved. The alkyl halide chosen was
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MeI for simplicity, as the longer-chain alkanes used experimentally have more
conformational possibilities. Iodide was chosen in order to have a relatively weak C-X
bond compared to other halides and so ensure that any high barriers obtained were not a

result of the selected halide. The catalyst chosen was [(h6-C6H6)Ru(OAc)2].
Experimentally, p-cymene is often used as the arene ligand,69 however using benzene in
place of p-cymene or another substituted arene ligand again greatly reduces the

conformational possibilities for all the metal complexes. As discussed in Chapter 1, a
wide range of solvents have been used experimentally, including NMP, o- and m-xylene
and even water.69 Moreover, there is evidence for the ability of solvents to displace the

aromatic p-cymene ligands on the Ru complexes, as demonstrated by Dixneuf.78 In
order to minimise the mechanistic possibilities that having the ligand-for-solvent

exchange would entail, the reaction will be modelled using o-xylene solvation as if
solvent does displace the aromatic ligand, it will form a new complex with an aromatic
ligand in place.

Scheme 7.1—Model reaction scheme used for computational mechanistic investigation
in this chapter.
The computational protocol used initially in this chapter is based on that outlined at the

end of Chapter 5. Optimisations will be conducted using the BP86 functional; Ru and I
will use the SDD basis set including effective core potentials and d-orbital polarisation
for all optimisations while all other atoms will use 6-31G**. A combined single point

correction is then applied using –D3(BJ) dispersion correction, PCM solvation
correction for o-xylene and a larger basis set on all atoms—Ru and I use the cc-pVTZPP basis set and all other atoms use 6-311++G**. Unless otherwise stated, all energies

are quoted as Gfinal relative to 1, [(h6-C6H6)Ru(OAc)2] with the free H-L6 substrate and
MeI. All energies are given in kcal/mol, all distances quoted will be in Å and all angles
will be quoted in degrees.
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For discussions of distances, the atom labelling scheme is shown in Fig. 7.2. N1 is the

pyridine nitrogen. C1 is the ipso carbon of the pyridine ring of H-L6 while C2 is the

ipso carbon of the phenyl ring. C3 is the ortho carbon that is deprotonated in the C-H
activation, and H1 is the proton that is cleaved in this step. C4 is the methyl carbon of
the MeI coupling partner. The atoms will be coloured as shown in Fig. 7.3.

Fig. 7.2—Atom labelling scheme used throughout this chapter.
H
C
N

O

Ru
I

Fig. 7.3—Colour scheme for all shown computed geometries.
7.2.2—C-H Activation After Initial Acetate Dissociation

The initial mechanism of C-H activation considered was based on the mechanism of CH activation at Rh and Ir complexes discussed in Chapter 3 and outlined as in Fig 7.1.

The first step is exchange of an acetate ligand from 1 for H-L6 to form cationic 2 (Fig.
7.4). This exchange has little effect on the remaining Ru-O bond distances, which

decrease by 0.01 and 0.02 Å but results in a substantial increase in Gfinal of 37.2

kcal/mol, which has a significant effect on the overall barrier of the system, as will be
discussed below.
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Fig. 7.4—Acetate-for-H-L6 exchange step. Distances shown in Å. Gfinal shown in
kcal/mol.
From 2 an AMLA-6 C-H activation can occur to deprotonate the C3-H1 bond and form

a new C3-Ru bond in 3 (Fig. 7.5). This occurs in a single step, and no agostic

intermediate was located. In the transition state, the C3-H1 distance is only slightly
lengthened from 1.09 Å to 1.12 Å. The RuLO1 distance in TS(2-3) is also relatively
low (though still non-bonded) at 2.82 Å compared to 3.48 Å in 3. This would indicate

that this transition state is closer to the k2-k1 displacement transition state identified in
Chapter 3 than the C-H deprotonation transition state. In 3, a metallacycle is produced

with a new C3-Ru bond, which has a length of 2.06 Å. H1 is transferred onto O1, with
the new O1-H1 bond having a distance of 1.01 Å, forming an acetic acid ligand. The
barrier to this step is remarkably low at only 2.4 kcal/mol.
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Fig. 7.5—Intramolecular C-H activation from 2. Distances shown in Å. Gfinal shown in
kcal/mol.
Finally, from 3, the acetic acid ligand can be deprotonated by the acetate ligand lost

earlier in the reaction, forming the neutral metallacycle, 4 (Fig. 7.6). This has little
effect on the Ru-N1 and Ru-C3 bond distances which change by no more than 0.02 Å.
The acetate binds more strongly to the Ru than the acetic acid, with a Ru-O bond
distance of 2.09 Å compared to 2.16 Å. The most stable orientation of the acetate was

found to have the free arm of the acetate oriented towards the benzene ring, allowing
weak interactions between O1 and two C-H bonds of the benzene ring at a distance of

2.53 Å and 2.56 Å. This deprotonation step from 3 to 4 is highly exergonic, with a

DGfinal of -32.0 kcal/mol.
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Fig. 7.6—Acetic acid ligand deprotonation step from 3. Distances shown in Å. Gfinal
shown in kcal/mol.
Combining these results, the computed reaction profile can be assembled (Fig. 7.7).
This reaction has a prohibitively high overall barrier of 38.6 kcal/mol, far higher than

the barriers computed for similar processes in Chapter 3. Much of the energetic cost of
this barrier originates from the first step in converting 1 to 2, while the C-H activation

step itself is remarkably facile with a barrier of only 2.4 kcal/mol. The conversion of 1
to 2 involves dissociation of acetate. As this model system is considered to take place in

o-xylene solvent, this comes at a high energetic penalty, as the anionic acetate molecule
and the cationic metal complex are dissociated into an non-polar aromatic solvent.
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Fig. 7.7—Reaction profile for the intramolecular C-H activation of H-L6 in o-xylene,
yielding metallacycle 4. Gfinal shown in kcal/mol.
7.2.3—C-H Activation After Ion-Pair Formation

An alternative model that may closer match the experimental reality would be an ionpair model, in which the acetate and 2 remain in close proximity to each other. This

avoids the separation of charges in the non-polar aromatic solvent and so should
stabilise the exchange process. This does, however, present a challenge in that there are
many possible positions and orientations at which the acetate can associate with the rest
of the complex. In order to reduce the possibilities to be explored, an electrostatic

potential plot was calculated (Fig. 7.8). This is a plot of the electron density isosurface

coloured according to the electrostatic potential across that isosurface. Blue indicates

electron rich regions, while red indicates electron deficient regions, likely to be good
binding sites for the acetate anion. This highlights the C-H positions of the benzene and
pyridine rings as the most electron deficient areas of the isosurface.
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Fig. 7.8—Electrostatic potential plot of 2. Red indicates electron deficient regions,
while blue indicates electron rich regions.
Several structures were computed, and the one that led to the most facile C-H activation,
2OAc, is shown in Fig. 7.9. This has the acetate positioned to interact with the benzene

ring above the pyridine ring, with an O3LH distance of 1.86 Å. Although the Ru-N1

bond remains almost unchanged at 2.14 Å, the RuLC3 distance is increased slightly
more by 0.09 Å.

Fig. 7.9—Comparison between 2 and 2OAc. Distances shown in Å. Gfinal shown in
kcal/mol.
From 2OAc, an intramolecular C-H activation mechanism was characterised (Fig. 7.10).

This occurs in two steps, the first being a k2 to k1 displacement in which the Ru-O1

bond is broken, leading to an increase in Ru O1 distance from 2.18 Å in 2OAc to 3.23 Å
in 2bOAc. This opens a vacant coordination site at the metal centre, allowing the C3-H1

bond to interact with the Ru in an agostic fashion, with a Ru C3 distance in 2bOAc of
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2.28 Å. The agostic interaction causes the C3-H1 bond to be lengthened to 1.19 Å in
2bOAc compared to 1.09 Å in 2OAc. This step has a barrier of 9.1 kcal/mol.

Fig. 7.10—Ion-paired k2-k1 displacement step from 2OAc. Distances shown in Å. Gfinal
shown in kcal/mol.
The second step is an AMLA-6 deprotonation (Fig. 7.11). In this, the C3-H1 is cleaved,

with the C3 H1 distance increasing from 1.09 Å in 2bOAc to 1.26 Å in TS(2b-3)OAc
and 1.89 Å in 3OAc. In its place, an O1-H1 bond is formed, with the C3 H1 distance

decreasing from 1.70 Å in 2bOAc to 1.47 Å in TS(2b-3)OAc and 1.01 Å in 3OAc.
Deprotonation of the acid ligand by the acetate counterion converts 3OAc into the neutral
metallacycle 4 already discussed.
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Fig. 7.11—Ion-paired intramolecular C-H deprotonation step from 2bOAc. All Distances
shown in Å. Gfinal shown in kcal/mol.
The reaction profile for this ion-pairing C-H activation mechanism is shown in Fig.

7.12. The ion-pairing greatly stabilises the ligand exchange from 1 to 2OAc, with a Gfinal
of +8.2 kcal/mol compared to +36.2 kcal/mol for the exchange from 1 to 2. The k2-k1
displacement step then has a barrier of 9.1 kcal/mol, giving an overall barrier for the

process of 17.3 kcal/mol. This is higher than the barriers to C-H activation discussed in
Chapter 3, but still accessible at room temperature and facile under the elevated
reaction temperatures used experimentally (~120 oC69).
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Fig. 7.12—Ion-paired C-H activation reaction mechanism, yielding metallacycle 4.
Gfinal shown in kcal/mol.
7.2.4—External Deprotonation Mechanism

In a 2011 report by Dixneuf and Jutand,78 an intermolecular C-H activation mechanism

is suggested for the deprotonation of 2-phenylpyridine by [(h6-C6H6)Ru(OAc)2] in
acetonitrile in which an external acetate acts as the base. This was investigated to see if
an external deprotonation was favoured in the o-xylene solvent used in this study.

A transition state involving deprotonation by an external acetate, TS(2-3)Ext, was

located (Fig. 7.13). The reverse IRC of this gave the reactant structure 2Ext, in which

both acetates are k1 ligands on the Ru centre, with Ru-O2 and Ru-O3 distance at 2.09 Å
and 2.08 Å respectively. During the step, the Ru-O3 bond dissociates, with the Ru O3
distance being 3.41 Å in TS(2-3)Ext. This now external acetate deprotonates the C3-H1
bond, forming a cyclometalated complex as in the intramolecular C-H activation and an
external acetic acid, which H-bonds to the O2 atom at a distance of 1.62 Å.
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Fig. 7.13—External deprotonation step. Distances shown in Å. Gfinal shown in kcal/mol.
The reaction profile for this process is shown in Fig. 7.14. Notably, with the Gfinal of
TS(2-3)Ext of +23.0, this reaction is kinetically disfavoured in o-xylene compared to the
intramolecular deprotonation above, which had the least stable transition state, TS(22b)OAc, with a Gfinal of 17.3.kcal/mol. However, 2Ext is 1.5 kcal/mol more stable than 1,
and the barriers to C-H activation should be measured against this species as the
calculated Gfinal energies indicate that this will be the dominant species in solution.
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Fig. 7.14—Ion-paired C-H activation reaction mechanism, yielding metallacycle 4.
Gfinal shown in kcal/mol.
7.2.5—C-H Activation Mechanism Optimised in Solvent

As will be seen below, in order to characterise the methyl iodide oxidative addition,
optimisation in solvent was required. For consistency, the C-H activation profile was

therefore recomputed using optimisation in solvent. The new profile is shown in Fig.

7.15. This results in little difference in the energetics of the profile, with the k2-k1
displacement step having a barrier of 9.1 kcal/mol in both computed profiles. Similarly,

the C-H deprotonation step has a barrier that is only 0.4 kcal/mol less when optimising

in solvent. The substrate binding and ion-pair formation process from 1 to 2OAc is 2.4
kcal/mol more disfavoured when optimising in solvent, leading the barrier to the overall

C-H activation to be 2.4 kcal/mol higher. The overall energy span barrier from 2Ext to
TS(2-2b)OAc is 21.0 kcal/mol.
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Fig. 6.15—Ion-paired C-H activation (black) and external deprotonation (pink) reaction mechanisms, optimised using o-xylene solvent
correction. Gfinal shown in kcal/mol.

The external deprotonation mechanism was also optimised in solvent. This resulted in

the location of an agostic intermediate in this pathway, 2bExt, equivalent to 2bOAc of the
ion-paired mechanism. The transition state involved in the formation of this
intermediate could not be located due to the extremely flat nature of the electronic

energy surface around 2bExt, however a transition state for the external deprotonation

was located (TS(2b-3)Ext). This remained kinetically disfavoured, with (TS(2b-3)Ext)
having a Gfinal of +23.2 kcal/mol, compared to the ion-paired pathway, which has a least
stable transition state (TS(2-2b)OAc) at 19.7 kcal/mol. 3Ext is 3.5 kcal/mol more stable
than 4, most likely due to the stabilising influence of the H-bond between the acetic acid

and the acetate ligand. In order to be consistent with forward reactivity from 3Ext, an

acetic acid molecule would need to remain in the outer coordination sphere on all future
structures, which would significantly increase the flexibility of the system. Therefore

for simplicity moving forward, 4 will be considered as the lowest lying preceding
intermediate for the oxidative addition steps.

7.3—Mechanism of Oxidative Addition of MeI
7.3.1—SN2 At h6-C6H6 Structures

Following C-H activation, oxidative addition of MeI and C-C bond forming reductive

coupling must occur to yield the functionalised product. The first mechanism of
oxidative addition considered involved an SN2 reaction, in which the Ru centre
performs a nucleophilic attack on C4, the carbon of the MeI. The characterisation of this

reaction proved challenging, since—although a transition state could be located—as the
iodide dissociates away from the complex during the forward IRC, the calculation
routinely failed to reach SCF convergence, likely due to the charge separation in the gas

phase. In order to address this issue, instead of performing the geometry optimisations
in the gas phase, the optimisations were conducted including PCM solvation. This
successfully allowed the characterisation of an SN2 mechanism. First, this involves

exchange of the acetate ligand of 4 by MeI to form 5 (Fig. 7.16), which is highly
endergonic by 34.6 kcal/mol. For the SN2 reaction, the MeI associates to the metal

centre through the C4-H2 bond, with a Ru H2 distance of 2.05 Å. This interaction
results in a slight lengthening of the C4-H2 bond to 1.13 Å compared to the other two
C4-H distances, both at 1.09 Å. The acetate is displaced and returns to ion-pairing with

the benzene ring, with contacts between O1 and O2 and the benzene hydrogen atoms at
237

1.90 Å and 2.08 Å respectively. This has little effect on the Ru-N1 and Ru-C3 distances,
neither of which change by more than 0.01 Å.

Fig. 7.16—Exchange of acetate by MeI to form 5. Distances shown in Å. Gfinal shown in
kcal/mol.
Unexpectedly, the located SN2 transition state did not involve an attack by the Ru

centre, but by the C3 atom (Fig. 7.17). This leads directly to 6, the coupled product (2-

(o-tolyl)pyridine) bound to the metal centre, in a single step. The C3 C4 distance
decreases from 3.15 Å in 5 to 2.07 Å in TS(5-6), then down to a C3-C5 bond in 6 with a

distance of 1.51 Å. The C4-H2 distance is further lengthened in the transition state by
0.05 Å compared to 5. A C4-H2 to Ru interaction remains in 6, with a lengthened C4-

H2 distance of 1.18 Å and a distance between Ru and H2 of 1.85 Å. The Ru-C3 bond is
partially displaced during this step from 2.05 Å in 5 to 2.30 Å in 6. The C4-I bond gets
broken, increasing from 2.19 Å in 5 to 2.94 Å in TS(5-6) to 3.93 Å in 6, with a free
iodide anion. The closest contact between the iodide and in complex 6 is between I and

H3, at 2.85 kcal/mol. The step itself has a barrier of 14.7 kcal/mol from 5 and is slightly
exergonic by 2.7 kcal/mol.
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Fig. 7.17—SN2 attack by C3 on C4 from 5. Distances shown in Å. Gfinal shown in
kcal/mol.
The reaction profile for this process is shown in Fig. 7.18. This shows a barrier from 4
of 49.3 kcal/mol, extremely high and inconsistent with the reactions proceeding in

reasonable times, even at elevated temperatures. A related SN2 transition state with a

triplet spin state was located in the gas phase at higher energy, but was not able to be
optimised in solvent as the SCF cycle would reach convergence failure, even when

trying to run a frequency correction without solvent. To attempt to estimate the energy

of the approximate triplet SN2 transition state, the DGfinal was calculated at the geometry
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using the free energy correction from the singlet transition state, TS(5-6); this gave an
estimated energy for the triplet transition state at +52.8 kcal/mol. Even assuming the
true transition state energy would be stabilised, this still leads to a very high barrier to
the oxidative addition.

Fig. 7.18—Reaction profile for the C-C bond forming SN2 reaction to form 6. Gfinal
shown in kcal/mol.
Radical mechanisms were also examined (Scheme 7.2), however these produced
intermediates with Gfinal energies of +34.5 kcal/mol and +62.8 kcal/mol respectively,

and so their energy span barrier for such processes would have been greater than 43.9
kcal/mol.
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Scheme 7.2—Radical Me-I bond cleavage mechanisms investigated. Gfinal shown in
kcal/mol.
7.3.2—Concerted Oxidative Addition At h6-C6H6 Structures

The second mechanism considered was a concerted addition of the Me-I bond to the Ru

centre. The first step of this is similar to that of the SN2 reaction, with the exchange of
an acetate for MeI to form 7 (Fig. 7.19). In 7, the MeI associates with the metal centre

via the iodine with a Ru I distance of 2.76 Å, as opposed to via a C-H bond of the

methyl group as in 5. Furthermore, the acetate associates loosely with benzene and the
iodide, with an I O3 distance of 2.79 Å. 7 is significantly more stable than 5 by 23.2

kcal/mol, indicating that binding via the iodide is a more stable arrangement for the MeI
in these structures.

Fig. 7.19—Comparison of structures 5 and 7. Distances shown in Å. Gfinal shown in
kcal/mol.
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This can then be followed by C4-I cleavage (Fig. 7.20), with the C4-I distance

increasing from 2.21 Å in 7 to 2.60 Å in TS(7-8) then to 3.14 Å in 8. The mechanism

for this, however, did not lead directly to the expected oxidative addition product, with
new Ru-C4 and Ru-I bonds being formed, but instead, as the C4-I bond was cleaved, it

is stabilised by the free acetate to form an iodonium intermediate, 8, with a I O1
distance of 2.45 Å. Interestingly, this is longer than the I O1 distance in the transition
state (2.29 Å). A new Ru-C4 bond is formed during this reaction, with a distance of
2.18 Å in 8. This step has a significant barrier of 29.9 kcal/mol and is highly endergonic
by 20.9 kcal/mol.
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Fig. 6.20—C4-I bond cleavage to form iodonium intermediate 8. Distances shown in Å. Gfinal shown in kcal/mol.

There has been literature precedent for the formation of I+-OAc bonds in the field on CH activation in the Pd-catalysed C-H acetoxylation of pyrroles reported by Suna.109 In

this, pyrrole(phenyl) iodonium acetates were proposed as intermediates based on 1H and
C NMR evidence (Scheme 7.3).

13

Scheme 7.3—Acetoxylation of pyrroles reported by Suna via pyrrole(phenyl) iodonium
acetate.109
From 8, reductive coupling can take place to form a new C3-C4 bond in 9 (Fig. 7.21),

forming a (2-(o-tolyl)pyridine) ligand. This can be seen in the reduction of the C3 C4
distance from 2.56 Å in 8 to 1.87 Å in TS(8-9) and 1.51 Å in 9. As this bond forms, the
Ru-C3 and Ru-C4 bonds are broken, increasing from 2.07 Å and 2.18 Å respectively in

8 to 3.69 Å and 3.84 Å respectively in 9. This opens a coordination site at the Ru centre,

allowing for the formation of a Ru-I bond with a length of 2.58 Å in 9 compared to the

3.04 Å Ru I distance in 8. Interestingly the formal oxidation state on the metal centre
in both 8 and 9 is Ru(II), even though a reductive coupling has taken place. This can be
explained if the AcOI moiety in 8 is formally neutral, which can be envisioned as a

combination of an {AcO-} and {I+} fragment. If the Ru-I bond involves donation of two
electrons from the metal centre forming an iodide anionic ligand, then this would lead to

formation of the Ru(II) centre and an acetate moiety (analogous to a transfer of a proton
from acetic acid to the metal centre to form a hydride ligand). The acetate remains

loosely associated with the iodide ligand, with the I O4 distance at 2.70 Å in 9. This
step has a barrier of 15.4 kcal/mol, and is highly exergonic by 18.0 kcal/mol.
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Fig. 6.21—C3-C4 reductive coupling step from iodonium intermediate 8. Distances shown in Å. Gfinal shown in kcal/mol.

Examination of the reaction profile for this iodonium pathway (Fig. 7.22) reveals an
energy span from 4 to TS(8-9) of 47.6 kcal/mol, almost as large as for the SN2 reaction
pathway and still prohibitively high.

Fig. 7.22—Reaction pathway for the oxidative addition of MeI at 7 and reductive
coupling to form 9 via an iodonium intermediate. Gfinal shown in kcal/mol.
7.3.3—Oxidative Addition via s-(C-H)-C6H6 Structures

As previously stated, experimentally, the arene rings of the metal complexes are shown

to exchange with solvent. This would indicate that there are other possible binding
modes of the benzene ring accessible to the system. The mode that lead to the most

stable complex that was located was found to involve the benzene ring binding via a C-

H s-interaction to the Ru centre, 10 (Fig. 7.23). This lengthens the C5 Ru distance
from 2.33 Å to 2.53 Å. The Ru H3 distance decreases by 1.18 Å and the s-interaction
results in a slight weakening of the C5-H3 bond as evidenced by a lengthening of the

bond by 0.04 Å. The displacement of the benzene ring opens coordination sites,
allowing the acetate to bind in a k2 fashion, with Ru-O1 and Ru-O2 bond lengths of

2.24 Å and 2.13 Å respectively. The rearrangement of 7 into 10 results in little energy
change, with a stabilisation of 0.8 kcal/mol.
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Fig. 7.23—Displacement of benzene ring at 7 from h6 to s-(C-H) bound benzene
complex. Distances shown in Å. Gfinal shown in kcal/mol.
7.3.4—Concerted Oxidative Addition at s-(C-H)-C6H6 Structure,10

From 10, a concerted oxidative addition of the Me-I bond leads to 11 (Fig. 7.24). The
Ru C4 distance is significantly reduced in the transition state to 2.83 Å from 4.04 Å in

10. This reaches a distance of 2.21 Å in 11 as a Ru-C4 bond is formed. The C4-I bond is

cleaved in this step, increasing in distance from 2.23 Å in 10 to 2.52 Å in TS(10-11)
and 3.22 Å in the intermediate 11. Interestingly, the Ru-I distance is shorter in 10 (at

2.65 Å) than in 11 (2.80 Å) despite the Ru being oxidised to from Ru(II) to Ru(IV).

This oxidative addition step has a significant barrier of 24.7 kcal/mol, but is only
slightly endergonic by 3.2 kcal/mol.
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Fig. 7.24—Oxidative addition from I-coordinated MeI complex 10. Distances shown in
Å. Gfinal shown in kcal/mol.
C3-C4 reductive coupling from 11 leads to the functionalised product (2-(o-

tolyl)pyridine) bound to the metal centre, 12 (Fig. 7.25). The C3 C4 distance decreases

from 2.40 Å in 11 to 1.93 Å in TS(11-12) and 1.51 Å in 12 as the C3-C4 bond is
formed. As this occurs, the Ru-C3 and Ru-C4 bonds break and the arene ring containing

the C3 and C4 atoms rotates away; in place an h2 interaction is formed between the Ru,

C2 and C6 atoms, with the Ru C2 and Ru C6 a distances being at 2.42 Å and 2.29 Å
respectively. This step has a very low barrier of only 6.2 kcal/mol, and is exergonic by
18.6 kcal/mol.
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Fig. 7.25—Reductive coupling from Ru(IV) complex 11. Distances shown in Å. Gfinal
shown in kcal/mol.
The reaction profile for this mechanism is shown in Fig. 7.26. This has a notably lower

energy span of 35.3 kcal/mol compared to the 47.6 kcal/mol of the iodonium pathway.
This also has a change of the highest transition state for the process, which is now the
oxidative addition. The reductive coupling step is remarkably facile with a barrier of
only 6.2 kcal/mol.
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Fig. 7.26—Reaction profile for the concerted oxidative addition followed by reductive
coupling at a Ru-s-benzene complex to yield 12. Gfinal shown in kcal/mol.
7.3.4—SN2 Oxidative Addition at s-(C-H)-C6H6 Structures

An SN2 type reaction can also be envisioned at a Ru s-benzene complex. This starts at

13 (Fig. 7.27), in which the MeI is coordinated to the Ru centre via the C-H bond of the

methyl group, as opposed to the iodine as in 10. As in 5 above, this results in a sinteraction between the C4-H2 bond and the Ru centre, as evidenced by the lengthened

C4-H2 bond length of 1.16 Å and short Ru H2 distance of 1.82 Å. Similar to the h6(C6H6) complexes (5 vs. 7), coordination through the I in 10 is favoured over
coordination through the Me group as in 13, here by 12.6 kcal/mol.
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Fig. 7.27—Comparison between I-coordinated MeI in complex 10 and Me-coordination
in complex 13. Distances shown in Å. Gfinal shown in kcal/mol.
An SN2 attack at C4 by the Ru centre was characterised (Fig. 7.28). From 13, an early

transition state, TS(13-14), was located, with a Ru C4 distance that is decreased by
0.24 Å and a C4-I bond that is lengthened by 0.17 Å. In 14, the methyl group binds via
a s-bond, with a Ru H2 distance of 2.06 Å and a lengthened C4-H2 bond at 1.20 Å.

The displaced iodide anion associates with the complex near the s-bonded hydrogen
atom, H2, with an I H2 distance of 2.39 Å. The early nature of the transition state is
reflected in an extremely facile barrier of this step of 1.0 kcal/mol.
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Fig. 7.28—SN2 cleavage of C4-I bond from C4-H2 coordinated complex 13. Distances
shown in Å. Gfinal shown in kcal/mol.
From 14, a C3-C4 bond forming step was located (Fig. 7.29), with the C3 C4 distance
decreasing from 2.61 Å in 14 to 1.94 Å in TS(14-15) and 1.49 Å in 15. Notably, during

this process the C4-H2 bond is also cleaved, with this distance increasing from 1.20 Å
in 14 to 1.96 Å in 15, leading to an alkyl hydride intermediate, with a Ru-H2 bond

distance of 1.64 Å. One explanation for this behaviour is that the bond is cleaved in
order to relieve the coordinative unsaturation that the preceding reductive coupling
would generate. The iodine atom remains associated with H2 in 15 at a distance of 2.32

Å. This is likely because, although H2 is formally a hydride, it still has a partial positive
charge, with an NBO charge of +0.12, therefore attracting the iodide anion. This C-C
bond formation has a relatively low barrier of 8.4 kcal/mol and is exergonic by 4.7
kcal/mol.
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Fig. 2.29—C3-C4 bond forming step from 14. Distances shown in Å. Gfinal shown in
kcal/mol.
C4-H1 reductive coupling can occur from 15 to form the functionalised product ligated
to the Ru centre, 16 (Fig. 2.30). In the same step, as the hydride is transferred, the free

iodide binds to the metal centre, filling the vacant coordination site. It should be noted

that 16 was not able to be fully optimised to a genuine minimum, and even under very
tight optimisation criteria was computed to have a negative vibrational frequency at -3.4

cm-1. During this step, the C4 H2 distance decreases from 1.96 Å in 15 to 1.46 Å in

TS(15-16). In 16, this remains lengthened compared to a standard C-H bond, at 1.27 Å,
indicating this is an agostic interaction. This is supported by a short Ru H2 distance of
1.77 Å in 16. Meanwhile, the Ru C4 distance lengthens slightly from 15 to 16 by 0.08

Å, while the Ru C3 distance decreases by 0.07 Å. This reductive coupling has a very
low barrier of 1.7 kcal/mol.
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Fig. 2.30—C4-H2 reductive coupling from 15. Distances shown in Å. Gfinal shown in
kcal/mol. a) optimised intermediate 16 has an imaginary frequency of -3.4 cm-1.
Combining these steps, the reaction profile is shown in Fig. 2.31. Notably, the SN2 step

itself has a barrier of only 1.0 kcal/mol. The energy span for the process from 4 to
TS(14-15) is +30.6 kcal/mol, even lower than the concerted mechanism shown in Fig.
2.27.
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Fig. 7.31—Reaction profile for the SN2 cleavage of the C4-I bond, followed by
reductive coupling and hydride transfer complex to yield 16. Gfinal shown in kcal/mol.
7.3.6—SN2, Ru-I formation and Reductive Coupling at an h2-C6H6 Structure

It was noted that while the SN2 mechanism at the s-benzene complex gave the lowest
oxidative addition barrier, the most facile reductive coupling was from species 11.

Comparing species 11 and 14, the main difference is that in 14 the iodide lies in the
secondary coordination sphere and is only loosely associated with the complex, whereas

in 11 it is bound directly to the Ru centre. It was reasoned that if 14 could be converted

into 11, this would allow for a reaction mechanism with a relatively low barrier to both
oxidative addition and reductive coupling. Indeed, a transition state was located to

connect these two intermediates, TS(14-11) (Fig. 7.32). In this transition state, the
Ru I distance is still long at 3.96 Å compared to 2.80 Å in 11. As the Ru-I bond is

formed, the Ru H2-C4 s-interaction is broken, with the Ru H2 increasing from 2.06
Å in 14 to 2.69 Å in 11, while the C4-H2 bond decreases by 0.10 Å.
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Fig. 7.32—Ru-I bond formation step from 14 to 11. Distances shown in Å. Gfinal shown
in kcal/mol.
This allows for the most accessible reaction pathway that has been characterised to be
constructed (Fig. 7.33). From 4, displacement of the benzene to form a s-complex

allows for the k2-binding of acetate and the association of MeI to form 13. From 13,

facile SN2 C4-I bond cleavage can take place to form 14. This can be followed by Ru-I
bond formation to form 11. From 11, reductive coupling forms the C3-C4 bond of the

functionalised product, yielding 12. This pathway has an energy span of 28.7 kcal/mol,
from 4 to the Ru-I bond forming transition state, TS(14-11).
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Fig. 7.33—Reaction profile for the SN2 cleavage of the C4-I bond, followed by
reductive coupling and hydride transfer complex to yield 16. Gfinal shown in kcal/mol.
7.4—Mechanism Based on Initial Oxidative Addition
Although experimental evidence has since indicated that C-H activation occurs before

oxidative addition in these direct functionalisation reactions (see Section 1.3.6), the first
proposed catalytic cycle by Oi and Inoue70 involved oxidative addition occurring before

C-H activation. Therefore, such a mechanism was characterised in o-xylene solvent

(Fig. 7.34). The most stable pathway involved association of the MeI to 1, to form 17.
From this, concerted oxidative addition cleaves the C4-I bond, yielding 18. During this
step, the Ru C4 distance decreases from 3.89 Å in 17 to 2.73 Å in TS(17-18), while at

the same time, the I-C4 bond in broken, increasing from 2.18 Å in 17 to 2.65 Å in

TS(17-18). In 18, the C4-I bond is fully cleaved, with a C4 I distance of 3.12 Å, while

a new Ru-C4 bond is formed with a length of 2.21 Å. The Ru-I bond is not greatly
affected by the process, decreasing by only 0.07 Å from 17 to 18.
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Fig. 7.34—Concerted oxidative addition first step from 17 to 18. Distances shown in Å.
Gfinal shown in kcal/mol.
Examining the calculated Gfinal for this process (Fig. 7.35), the energy span from 1 to

TS(17-18) comes to 41.3 kcal/mol, a significant barrier and higher than the 28.7
kcal/mol overall barrier for the C-H activation first route. No SN2 reaction step was able

to be optimised in solvent, however, an SN2 step followed by Ru-I bond formation
should lead to intermediate 18, which has a relative energy of +27.2 kcal/mol, less
stable than the rate determining transition state of the oxidative addition second
pathway shown in Fig. 7.33. The same would apply to a radical mechanism, such as the
one discussed previously, which would still lead to the formation of 18 as the final

product of oxidative addition. The s-(CH) binding mode of the benzene, discussed
above, was also investigated for this initial oxidative addition mechanism, however

these systems routinely encountered SCF convergence failures, likely due to the
unsaturation of the metal centre in these species. Because of this instability of the

product of the oxidative addition first mechanism, 18, compared to the CHA-first
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pathway, these computed results would indicate that the CHA-first mechanism is more
favoured, in agreement with experimental evidence.

Fig. 7.35—Reaction profile for the concerted oxidative addition first mechanism to
yield 18. Gfinal shown in kcal/mol.
7.5—Predicted Pathway for the Direct Alkylation of 2-Phenylpyridine by MeI at
[(h6-C6H6)Ru(OAc)2]

From these results, the most stable characterised pathway involves an intramolecular CH activation first, followed by an SN2 Me-I bond cleavage, Ru-I bond formation and
reductive coupling (Fig. 7.36. Overall the system is exergonic by 14.2 kcal/mol from

the starting complex 1. The rate determining barrier is from 4 to the Ru-I bond-forming
transition state, TS(14-11), at 28.7 kcal/mol. Because neither the C3-H1 activation nor
the C4-I bond cleavage are rate determining, the strength of the C3-H1 and C4-I bonds

would not be expected to affect the reaction rate. This is in agreement with the
experimental observation by Ackermann that primary alkyl chlorides react more

efficiently than alkyl bromides in Ru(II) direct alkylation reactions.73 In order to close

the catalytic cycle, the functionalised product, 2-(o-tolyl)pyridine (19), needs to be
released from the complex and the iodide ligand exchanged for an acetate in order to
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regenerate 1. This results in practically no energy change from 12, and so each round of
the catalytic cycle results in a free energy change of -14.1 kcal/mol. Furthermore, as 12
is only 0.01 kcal/mol more stable than the regenerated complex 1 and 19, the kinetics of
the following cycle will be unaffected.
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Fig. 6.36—Most kinetically accessible reaction profile characterised for the C-H functionalisation of H-L6 by MeI and [(h6-C6H6)Ru(OAc)2], 1.
Gfinal show in kcal/mol.

7.6—Conclusions
In order to characterise the reaction profile for the direct alkylation of 2-phenylpyridine
by MeI and [(C6H6)Ru(OAc)2] in o-xylene, optimisation in solvent was required.

Furthermore, an ion-pairing model was necessary in order to obtain reasonable reaction
barriers due to the instability of free acetate anions in o-xylene solution.

Despite these challenges, a series of mechanistic possibilities were investigated. The

most favourable pathway identified involved a C-H activation first mechanism, similar
to those proposed by Ackermann et. al..57 Following C-H activation, Me-I bond
cleavage was found to proceed via an SN2 attack by the Ru centre to the carbon of MeI,

displacing iodide. This then binds to the Ru centre through a rate-determining transition
state, with the overall barrier for the direct functionalisation being 28.7 kcal/mol. Final
C-C reductive coupling leads to the desired methylated product bound to the Ru centre.

From these results, it would be predicted that the reaction rate would not be sensitive to
the nature of the C-H or C-I bonds cleaved in the reaction.
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