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Abstract

Eliminative cyclisation is a class of intramolecular reactions that provide a versatile

synthetic route to functionalised and substituted polyaromatic and heteroaromatic

compounds, which form the building blocks of molecular electronic devices such

as organic photovoltaics and organic light-emitting diodes.

These reactions may be either thermally or photochemically driven, and proceed

via two steps: 1) planarisation to form a stable proto-aromatic intermediate, and

2) elimination of the groups or atoms adjacent to the forming bond to yield the

final fully aromatic product. Although experimental studies have been performed

on a wide range of starting materials to characterise reaction mechanisms and

product distributions, there remains no predictive model for determining whether

or not any given reactant will yield a product under specified reaction conditions.

This thesis investigated the factors that control both the thermodynamics and

kinetics of these reactions by explicitly mapping out reaction coordinate profiles
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and analysing induced atomic forces upon photo-excitation for a diverse range of

molecules. Results showed that the kinetics and thermodynamics of both planari-

sation and elimination in thermal cyclisation are highly sensitive to the reaction

conditions, which include the presence and position of the heteroatoms as well

as the oxidation potential of the reactants. In photocyclisation, the planarisation

step is a photo-activated excited-state process that is in contrast less sensitive to

reaction condition; elimination is proposed to proceed in the ground state. The

magnitude of the projected force along the bond vectors of the putative forming

ring is shown to be a good predictor for the outcome of the photoplanarisation

step.
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CHAPTER 1

Introduction

1.1 Optoelectronic technologies

The aim of every human civilisation from one generation to another is to devise

new methods and means that can be used to meet the needs of humanity cost-

effectively. The industrial revolution in the 19th century was a very significant

human invention that brought a remarkable improvement in the living conditions

and social wellbeing of humanity. [1–3] Impetus from this has led to an increased

in the desire to develope new techniques and devices to accelerate production pro-

cesses but with little or no human accountability for sustainability. [4,5] The direct

consequence of this is the present day electronic revolution, which is the driving

force of a vast majority of modern day technology. [6, 7]

Today, our world can be referred to as an electronic world. Electronic technol-
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ogy has led to a remarkable improvement and growth in information technology,

economic development, health, agriculture, energy, and national security. [8] For

this reason, a great deal of scientific and technical research has focused on de-

veloping electronically active materials and devices such as transistors, integrated

circuits, lasers, optical fibres and solar cells. The primary raw materials responsible

for the electronic properties of these devices are inorganic semiconductors such as

silicon, germanium, and compounds obtained from combining group III and group

V elements. [9] However, the resources and methodologies used in processing these

semiconductors, as well as their use and disposal, raises urgent questions about

their adverse environmental impacts and cost-effectiveness. Further, the purity of

these compounds is crucial to their semiconducting ability, and their rigidity limits

their range of application in flexible devices. [10]

1.1.1 Organic semiconductors

In recent years, organic semiconductors have attracted significant interest as a po-

tential replacement of inorganic semiconductors. One reason for this is that they

promise a more sustainable technology that extends across the entire lifecycle of

the device, beginning with synthesise rather than mining and ending with poten-

tially biodegradable or recyclable devices. Furthermore, organic semiconductors

can be flexible, stretchable and soft materials that can be be used to fabricate de-

vices with shapes that are difficult or almost impossible to obtain with inorganic

semiconductors. [11, 12] Despite their advantages, the field of organic electronics

is reasonably in its infancy when assessed by the number and range of devices in

the market. [13–15] The most common commercial applications are organic light

emitting diodes (OLED), [16–22] organic field effect transistors (OFET), [23–27]

organic solar cells (OSC), [28–32] liquid crystals and sensors.
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Organic semiconductors contain conjugated systems that allow delocalisation of

π-electrons across aligned π-orbitals. This results in a smaller energy gap be-

tween the highest occupied molecular orbital (HOMO) and the lowest unoccupied

molecular orbital (LUMO) giving rise to semiconducting properties. [33–35] Cur-

rent commercial organic semiconductors are mostly composed of linked aromatic

units, and can be classified under two broad categories: polymer organic semicon-

ductors and small organic molecule semiconductors.

• Polymer organic semiconductors are complex long chains of aromatic units

linked together via σ-bonds. [36] They usually form amorphous films with vir-

tually no long-range structural order and short π-conjugated length, conse-

quently resulting in low charge-carrier mobility. The most common commer-

cially applied polymer organic semiconductor is polythiophene, represented

in Fig. 1.1a.

• Small organic molecule semiconductors are less complex monodisperse molec-

ular species with well-defined chemical structures. They are typically pol-

yaromatic compounds that can self-assemble into a well-ordered polycrys-

talline framework. [37] This long-range order is important because it pro-

vides an excellent overlap of frontier molecular orbitals, which leads to bet-

ter charge-carrier mobility. The most commercially applied small organic

molecule semiconductor is rubrene, represented in Fig. 1.1b. Rubrene is

currently the organic semiconductor possessing the highest carrier mobility,

with carrier mobility of 40 cm2 V−1 s−1 for holes. [22]
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n  ( n > 4 )

a b

Fig. 1.1 Illustration of representatives of two broad types of organic semicon-

ductors. (a) Polythiophene, the most common polymer organic semiconductor and

(b) rubrene, the most common small organic molecule semiconductor.

Because of the better charge-carrier mobility of small organic molecule semicon-

ductors, they are an important class of organic semiconductors that should be

investigated further. Consequently, understanding and controlling the synthesis

of these compounds will help to expedite the development of novel compounds

with improved semiconducting ability. It is important to understand what these

compounds are, how they are synthesised and how their synthesis can be improved.

1.2 Polycyclic aromatic compounds

Polyaromatic compounds (PACs) constitute an extraordinarily large and diverse

class of organic molecules. Formally, they are defined by the International Union

of Pure and Applied Chemistry (IUPAC) as systems with at least three fused aro-
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matic rings. [38] The fusion of these rings can be angularly or linearly as illustrated

in Fig. 1.2 . [39]

Fig. 1.2 Illustration of an angular (left) and a linear (right) PAC

Most PACs are planar. Examples of non-linear PACs are helicenes for which in-

tramolecular crowding causes the system to twist into nonplanar helical structures

with substantially lowered steric hindrance between the terminal rings Fig. 1.3. [40]

This deviation from planarity leads to a disruption in the π-system, which prevents

the π-surfaces from overlapping and consequently reducing their semiconducting

ability. [41]

Fig. 1.3 Planar helicene (left) and non-planar helicene (right).

PACs can be divided into two classes, polyaromatic hydrocarbon (PAH) and poly-

heteroaromatic (PHC) compounds. PAHs are fused aromatic ring compounds,

containing purely carbon and hydrogen. PHCs are analogues of the PAHs con-

taining one or more heteroatom such as nitrogen, oxygen and sulfur. An example

of each class is represented in Fig. 1.4.
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1.1

N

1.2

Fig. 1.4 Example of a PAH (1.1) and PHC (1.2)

PACs are ubiquitous in the environment. Naturally, they are present in fossil fuels

such as crude oil, coal, and oil shales, and are often emitted into the environment

during the refinery process of these fossils fuels. [42] They are widely produced dur-

ing volcanic eruptions, forest fires or any form of incomplete combustion of organic

matter. [43–46] They also enter the environment through several other natural or

anthropogenic processes such as bacterial and algal synthesis, petroleum seeps,

erosion of sedimentary rocks containing petroleum hydrocarbons, and decomposi-

tion of vegetative litter. [47,48]

Scientific interest in PACs was instilled by the discovery of synthetic dyes from

coal-tar by Perkins in the 19th century [49], which resulted in the significant growth

of the textile industry at the dawn of the industrial revolution. [46, 50] Later, the

discovery of the carcinogenic properties of benzo[a]pyrene, dibenzo[a,b]anthracene

and other polyaromatics encouraged structure-activity studies of these compounds

because it was the first indication of a disease caused by organic molecules rather
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than microorganisms. [43]. These studies eventually led to the discovery of the

photoconducting ability of anthracene and other PACs, which was the genesis of

the study of their semiconducting ability and potential application in electronic

devices. [16, 43,51]

1.3 Synthesis of PACs

Understanding and controlling the synthesis of PACs is a key requirement for the

growth of organic electronics. There is a vast number of organic synthetic meth-

ods in literature for the synthesis of these molecules. [43,52–65]. However, in this

thesis, we will focus only on eliminative cyclisation approaches because they are

the most synthetically viable approach for the synthesis of PACs which, if well

understood and controlled, can provide access to a wide variety of PACs.

1.3.1 Eliminative cyclisation

Eliminative cyclisation is an intramolecular cyclisation reaction that proceeds via

two steps; planarisation and elimination. The planarisation step involves the initial

cyclisation of the reactant molecule into a cyclised intermediate. The eliminative

step involves the elimination of two adjacent groups bonded to the cyclising atoms,

which leads to the restoration of aromaticity in the newly formed cycle, as illus-

trated in Scheme 1.1.
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Planarization  Elimination  

Scheme 1.1 General reaction scheme for eliminative cyclization, where R1, R2,

R3 represent different ring substituents and X stands for any leaving group

Eliminative cyclisation can be thermally or photochemically driven. The ther-

mal process known as the Scholl reaction, involves an oxidative planarisation

step followed by an oxidative elimination step. It is the most versatile thermally

driven intramolecular cyclisation method for the synthesis of PACs and the only

intramolecular cyclisation method that has been used to obtain multiple simulta-

neous cyclisations. [66] For example, Mullen and co-workers used the Scholl reac-

tion to successfully make 126 new C-C bonds in a single step during the conversion

of dendritic oligophenylenes to the corresponding symmetric hydrocarbons. [66–69]

The photochemically driven eliminative cyclisation is known as the Mallory reac-

tion. It involves a planarisation step followed by either an oxidative or a thermal

elimination step. It is an essential class of eliminative cyclisation because it pro-

vides a wide range of cyclisation routes as well as an alternative route for molecules

that fail to cyclise thermally.

Scholl reaction

Despite its versatility, there is so far no agreed-upon reaction mechanism by which

the Scholl reaction proceeds. Two commonly proposed reaction pathways involve
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the formation of either a radical cation or arenium cation intermediate.

A schematic representation of the radical intermediate pathway is found in Scheme 1.2The

reactant molecule 1.3 is oxidised to the radical cation intermediate 1.4, which is

then planarised to form the cyclised intermediate 1.5. The elimination step is the

least understood, [70] but the most common view is that it proceeds by deproto-

nation to 1.6, followed by a simultaneous reduction and another deprotonation to

form the product 1.7. [71]

e-

H+

H

H H

H+, e-

1.3

1.4
1.5

1.6

1.7

Scheme 1.2 Illustration of radical cation mechanism for the synthesis of ortho-

terphenyl, 1.7. [71]

In the arenium intermediate pathway illustrated in Scheme 1.3, the reactant molecule

is believed to be protonated to form the arenium intermediate 1.4’, which is then
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planarised to the cyclised intermediate 1.5’. The cyclised intermediate is then

deprotonated to the product. [72–74]

-H+

H

-2H+

1.3

1.4’ 1.5’ 1.6’

1.7

+H+

H H H H

H

Scheme 1.3 Arenium mechanism pathway for the synthesis of ortho-terphenyl,

1.7. [72]

The only evidence for the arenium intermediate pathway is based on computational

studies; experimental studies favour the radical intermediate pathway. [71] For

instance, Zhai and co-workers [70] argued that if the arenium intermediate pathway

were the preferred pathway, the oxidising agent would play a role only in the

oxidative dehydrogenation of the cyclised intermediate and weak oxidising agents

like iodine or atmospheric oxygen would be effective. The failure of the Scholl

reaction to yield any product in the presence of weak oxidising agents suggests
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that the role of the oxidising agent is not limited to oxidative dehydrogenation.

Since the Scholl reaction requires very harsh oxidative conditions such as FeCl3

in CH2Cl2, CuCl2/AlCl3 in CS2, MoCl5 with or without TiCl4 in CH2Cl2, SbCl5,

TI(O2CCF3)3 in CF3CO2H or BF3-OEt2, CH3SO3H/DDQ, the oxidising agent

clearly plays a major role. They also found that reactants with high oxidation

potentials failed to yield products when an oxidising agent with a weaker oxidation

potential was used. This also suggests that the radical intermediary pathway is

the more likely pathway. [72–74] Based on this experimental evidence, all studies

on the Scholl reaction in this thesis assume the radical intermediary pathway.

Mallory reaction

The Mallory reaction is another versatile synthetic method for the synthesis of

PACs. In comparison with the Scholl reaction, it involves milder reaction condi-

tions and applies to a broader range of substrates. [75–77] The most agreed-upon

mechanism of the Mallory reaction is illustrated in Scheme 1.4. [76] The reactant

molecule 1.8 absorbs a photon of light and is excited to a singlet excited state

1.9, in which the molecule rearranges to a planarised, cyclised intermediate 1.10.

Elimination can then proceed oxidatively or non-oxidatively (when ’X’ is a good

leaving group) to give the product 1.11. [76, 77]

1.3.2 Problems with eliminative cyclization

Although the Scholl and the Mallory reactions have been extensively studied ex-

perimentally, [78–84] there is a general lack of understanding as to why certain

reactants fail to yield cyclisation products. One reason for this is that experi-

mental studies have focused on optimising reaction conditions - solvent, oxidant,

temperature - to identify experimental conditions that will lead to product for-

mation. They do not provide fundamental information about the structural and
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Scheme 1.4 Illustration of the reaction mechanism for Mallory reaction for the

synthesis of ortho-terphenyl. LG represents a good leaving group. [76]

electronic attributes of the reactant molecules that will make them suitable can-

didates for eliminative cyclisation. Hence it will be important to perform detailed

computational studies on a range of reactant molecules with diverse cyclisation

modes, with the aim of providing a qualitative understanding of the fundamental

structural and electronic factors that control the different mechanisms for these

reactions.
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1.3.3 Computational modelling

Chemical reactions, generally speaking, are determined by a complex physical in-

terplay of the electronic and structural attributes of the reactants, along with

conditions such as temperature, concentration, phase and solvent. [85] One of the

major goals of chemistry is to control reactions to produce a relatively large yield

of products. Designing a reaction to obtain large yields of a particular product of

interest is one of the most challenging problems in synthetic chemistry. Most, if

not all, organic chemists are devoted either to developing novel synthetic meth-

ods or altering the current synthetic methods by changing reaction conditions or

reactant properties to maximise yield. However, a detailed understanding of the

complex processes occurring during a reaction may enable the rational design of

optimal processes.

Computational chemistry has emerged as a pivotal tool, for underpinning the

mechanisms of complex chemical reactions. It enables a detailed understanding of

the structural and electronic properties of reacting species, as well as elucidating

the mechanism of reactions, which can help in designing new reactions or predict-

ing the outcome of reactions. The latter can be done either by performing detailed

mechanistic modelling or by developing rule-based parameters, known as reactivity

predictors, that can be used to predict the products of a given reaction. Mecha-

nistic modelling is a manual and time-consuming process, but gives comprehensive

thermodynamical data. Reactivity predictors are faster, cheaper and amenable to

automation, but are not quantitative.

Mechanistic modelling and reaction coordinate profiles

Fundamentally, computational chemistry is a quantum mechanical (QM) treat-

ment of a chemical reaction that involves finding near exact solutions to the
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Schrödinger equation for the reaction systems in question. A major approxima-

tion in solving the Schrödinger equation involves decoupling electronic motions

from nuclear motions - the Born-Oppenheimer approximation. Solutions of the

electronic motion for different nuclear coordinates lead to the construction of a

multidimensional potential-energy surface (PES).

The PES is a graphical representation of the energy of a system at different nu-

clear coordinates. [86] Analysing and exploring the PES is key to understanding

reaction mechanisms. Stationary points, whereby the first derivative of energy for

one or more nuclear coordinates is zero, represent critical points that can further

be characterised by performing second derivative calculations to confirm their na-

ture. Stationary points with positive second derivatives for all nuclear coordinate

displacements represent minima: reactants, products and intermediates. Alterna-

tively, points with one direction of negative curvature are referred to as first-order

saddle points. The direction of this negative second energy derivative indicates

the vibrational coordinate along which the reaction proceeds through a transition

state for the given reaction path. [87] Linking critical points on a PES surface

establishes the minimum energy path of the reaction (MEP), which can otherwise

be called the energy profile of the reaction.

Deciphering the energy profile of a chemical reaction is vital for understanding

and explaining the reaction kinetics and thermodynamics. For instance, the deter-

mination of the transition state from the reaction profile explains the rate of the

chemical reaction. Analysis of the energetics of the species that appear along the

energy profile helps to understand the energy barriers required for the reactions

as well as the relative stability of the products. [88]
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Comparison between experimental observables and computational measurements

depend on several factors. The first and most important of these is the computa-

tional. QM methods ranging from semi-empirical, and ab initio to density func-

tional theory (DFT) are often used. Amongst these methods, DFT has emerged

as the most popular and widely spread, largely because it gives a good comprise

between accuracy and computational cost in comparison to the other methods.

Another essential approximation required for accurately modelling experimental

observable is the basis set of the atomic orbital functions that are used in con-

structing the molecular orbitals of the system. The preferred basis sets are those

that provide results at a minimal computational cost.

Finally, solvent effect plays a vital role in modelling many real chemical systems.

The solvation approximation used is a crucial prerequisite in efficiently modelling

any such chemical system. An extensive summary of the most critical compu-

tational approximation necessary to reproduce experimental observables will be

covered in later chapters.

Generating the full PES for any realistically sized chemical system using any quan-

tum chemical method is a costly and time-consuming process. One way to get

around this is to intuitively guess starting geometries for all of the critical struc-

tures that constitute the MEP. This approach has been cleverly used to generate

the energy profile of many chemical reactions at moderate cost, giving great insight

into understanding these reactions.

Knowledge of the reaction mechanism for a common class of reaction can also

be used to design some rule-based parameters or reactivity predictors that can be
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used to predict the outcome of subsequent reactions in a far more cost-effective

and automated manner.

Reactivity predictors

Reactivity predictors, commonly referred to as reactivity indices or reactivity de-

scriptors, are a set of quantitative parameters that can be used to predict possible

reaction outcomes or reaction centres in a molecule. [89] In particular, reactivity

predictors aim to capture or describe the most essential interactions involved in

forming the rate-determining transition state. [90] They can best be applied to

reactions that have early transition states, for which there are only minor per-

turbations of the electronic and nuclear structures of the interacting species upon

formation of the rate-determining transition state. [91]

The first calculated reactivity predictors for organic reactions were based on cor-

relating chemical reactivity to atomic partial charges and free valence indices. [92]

The basic rationale for calculating atomic charges was that the reorganisation of

charges resulting from the polarisation of a molecule could be indicative of the

most favourable site for either an electrophilic or nucleophilic attack. For instance

in an aromatic electrophilic or nucleophilic substitution reaction, the carbon atom

with the most negative partial charge will be the most responsive site for an elec-

trophilic attack, and conversely, the carbon atoms with the most positive charge

will be the most favourable site for nucleophilic attack.

The free valence index can be defined as the degree to which atoms in a molecule

are bonded to one another relative to a theoretical maximum bonding power. [93]

The rationale for this index was the premise that every atom in a molecule has
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a valency that must be satisfied when forming bonds with other atoms in the

molecule. This valency can be measured by comparing the total bond order of the

atom to a theoretical maximum bond order expected for that atom type. Atoms

with less than the required valency, also known as free valence, were considered to

be reactive centres susceptible to new-bond formation. [93]

The use of both atomic partial charges and free valence index have found limited

success due to many shortcomings. One shortcoming is that atomic partial charges

and free valence indices are not experimental observable and have no agreed the-

oretical definitions or methods of quantification. [94]

As an alternative to partial atomic charge and free valence index, Fukui pioneered

the development of a reactivity descriptor based on analysing electronic density

distributions over only frontier molecular orbitals (FMOs), generally referred to

as FMO theory. The basic tenet in this approach is that only the electrons in the

FMO take part in chemical reactions. [95] Hence, organic reactions evolve through

electronic overlap between FMOs of the reacting species. Reactivity predictors

based on FMO theory have been the most popularly used reactivity predictors for

most electrophilic and nucleophilic substitution reactions. [96]

The extensive application of FMO theory inspired the design of many more re-

activity predictors such as chemical hardness, chemical softness, electrophilicity,

ionisation potential (IP), electron affinity(EA), and nucleophilicity. [89,97–99] But

despite the many published reactivity predictors, there is, so far, no robust reactiv-

ity predictor for eliminative cyclisation reactions. The existing reactivity predictors

were focussed on changes in electron distribution computed via Hückel molecular

orbital theory. [100–105] However, these reactivity predictors have been limited
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only to polyaromatic hydrocarbons excluding heteroatom-containing molecules

and are not commonly used for synthetic planning.

1.4 Objective of the present work

The aim of this study is to develop a more general and reliable computational

model to cheaply and efficiently predict the outcome of eliminative cyclisation re-

actions under specified reaction conditions. In particular, this is to establish which

reactions or sets of reaction conditions are likely to give products with preferably

high yields or even to give any products at all. This is to be done in two stages.

The first will establish a detailed reaction mechanism of eliminative cyclisation in

order to grasp a full understanding of both the planarisation and the elimination

steps. In particular, it will extend understanding on how oxidative-elimination and

non-oxidative elimination proceed in the Mallory reaction, which will be a critical

factor in understanding the role of the oxidising agent in eliminative cyclisation.

Secondly, the knowledge acquired from elucidating the reaction mechanism will be

used to establish a robust reactivity predictor for eliminative photocyclisation.

1.4.1 Scope of thesis

This work is divided into the following chapters:

Chapter Two: General overview of the computational quantum chemistry methods

relevant to this study.

Chapter Three: Establish the reactivity mechanism for both the Mallory and Scholl

reactions by studying the effects of alternating the position of heteroatoms in the

molecule.

Chapter Four: The effects of different ring substituents on the photocyclisation of

substituted benzylidene o-methyloximes is studied.
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Chapter Five: Summary of existing reactivity predictors for photochemical cycli-

sation will be made as well as the setting grounds for the new reactivity predictor.

Chapter Six: Testing the new reactivity predictor on different molecules with var-

ied structural diversity.

Chapter Seven: Conclusions and setting up some future work as well as providing

some useful recommendations to synthetic chemists.
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Computational Methods
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2.1 Introduction

In order to design a model for predicting eliminative cyclisation through plotting

reaction coordinate profiles or simple rule-based parameters, a set of molecular

properties will have to be calculated. These properties would all be determined

computationally since this study is purely theoretical. In this chapter, the various

computational chemistry methods that are relevant to understanding the mod-

elling done in this study will be described in the simplest way possible without

including any mathematic formulas. This will be followed by a brief description

of the different methods that will be used to map out reaction coordinate dia-

grams. Finally, a summary of the computational details used in this study will be

presented.

2.2 Electronic structure methods

Electronic structure is a branch of chemistry that uses computational algorithms

to find approximate mathematical solutions for describing the behaviour of elec-

trons in molecules and how electronic energies change as a function of atom posi-

tions. [1–5] Electronic structure theories are commonly used in determining molec-

ular energies, electronic charge density distributions, dipoles, reaction-coordinates

energy profiles as well as predicting spectroscopic observables such as infrared tran-

sition frequencies and nuclear magnetic resonance chemical shifts. [6–23]

All electronic structure models yield approximate solutions to the electronic Schrödinger

equation because analytical solutions are only possible for one-electron systems

such the hydrogen atom. [3] Therefore, computational quantum chemistry meth-

ods are mostly classified based on the approximations that they make in solving

this equation. [4]
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The main classes of computational quantum chemistry methods are: those based

on approximations made onto the form and composition of the wave-function (wave

function theories); and those based on computing energy from the density alone

(density functional theory).

Wave function-based methods are variational, meaning that the energy obtained

from any trial wave function is an upper bound of the exact energy. [24] Density

functional-based methods are not variational, but, if parameterised appropriately,

can lead to reasonably accurate predictions of relative energies at lower computa-

tional cost. [25–29]

2.2.1 Wave function methods: Hartree-Fock theory

The Hartree-Fock method is the simplest wave function based method and forms

the foundation for all other wave-function based methods. [30–32] In the Hartree-

Fock method, a many-electrons wave-function is expressed as an antisymmetrised

product of one electron function, also known as molecular orbitals. [30] This wave

function does not allow for the instantaneous interactions between electrons. [33]It

instead assumes that each electron in the system feels only a time averaged electro-

static effect created by all the other electrons. [34] For this reason, the Hartree-Fock

method is said to employ a mean-field approximation. [35]

In practice, a Hartree-Fock wave-function is represented as a single determinant,

which ensures that electrons are indistinguishable and are associated with all other

orbitals. This determinantal representation of the Hartree-Fock wave function is

commonly known as the Slater determinant. [4] The elements in a Slater determi-

nant are molecular orbitals expressed as a linear combinations of atomic orbital

36



functions. The coefficients for the atomic orbitals play a central role in determin-

ing the energy and electronic properties of systems. [34] In order to obtain the best

estimate of the energy of a system, the orbital coefficients are adjusted iteratively

until the energy is minimised according to the variational principle. This approach

is known as the self-consistent field (SCF) approach since the optimal shape of the

orbital relies on the energy and vice versa. [34,36]

The energies calculated by the Hartree-Fock method are usually about 99% accu-

rate in terms of absolute energy. [37] Unfortunately, the remaining 1%, although

seemingly small, is important for describing changes in valence electron density, en-

ergies and chemical behaviour. For instance, even for a small molecule like H2 at its

equilibrium geometry, this small fraction of energy is approximately 110kJmole−1,

which is of the order of a chemical bond. [35] The unaccounted 1% is known as the

correlation energy, and results from the fact that the mean-field approximation

neglects the instantaneous interactions between electrons. [4]

Correlation energy can be divided into two main components: dynamic and static

correlation. Dynamic correlation is associated with the motion of electrons as they

avoid each other and is most important in bond breaking processes. Static corre-

lation results from the use of a single determinant wave function, [38] and is most

important for distorted from their equilibrium geometry and for low lying excited

states. [4]

2.2.2 Wave function methods: Post Hartree-Fock

Post Hartree-Fock methods are extensions of the Hartree-Fock method that ac-

count for the correlation energies by constructing new wave functions that im-

plicitly correct for these energies. These wave functions are constructed from the
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single-determinant Hartree-Fock wave function. [4]

A single-determinant wave function from the Hartree-Fock method is made-up

of a total of M molecular orbitals that result from the linear combination of M

atomic orbitals. After optimisation of the wave function, only the N orbitals with

the lowest energies are occupied by electrons. Consequently, this results in a total

of M-N unoccupied orbitals often referred to as virtual orbitals. [35] New determi-

nants, also known as configurations, can be constructed by promoting one or more

electrons to these unoccupied orbitals. [4]

Post Hartree-Fock wave functions are simply approximate wave functions that are

constructed from mixing the new configurations. All existing post Hartree-Fock

methods differ only in the manner in which these configurations are constructed

and in the manner in which their mixing coefficients are determined.

The simplest post Hartree-Fock method is a configuration interactions method

wherein the molecular electronic wave function is expressed as a linear combi-

nation of a Hartree-Fock wave function and many other wave functions that are

constructed by promoting electrons from ground-state occupied orbitals to un-

occupied orbitals. [39–49] Methods in which excited-state determinants are built

by promoting one electron at a time to the unoccupied orbital are referred to as

configuration interaction singles (CIS). When both single and double electrons are

promoted, the method is referred to as configuration interaction singles and dou-

bles (CISD). [48,49]
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2.2.3 Density functional theory

Density functional theory is a class of electronic-structure method that relies on the

use of electron density to compute molecular energies and electronic properties. It

is based on the Hohenberg-Kohn theorem, which states that the total ground-state

energy of a system can be obtained as a functional of its electron density. [50, 51]

This means that there is a one-to-one mapping of the energy of a system to its

electron density made possible through the density functional.

The electron density is simply the integral over all space of the square of the

wave function, which is the same as the electron probability density, whereas a

functional is the function of a function. For instance, a function acts on a number

to generate another number. In the same way, a functional acts on a function to

generate a number. Unfortunately, the exact functional for mapping the electron-

density of a system to its total ground-state energy is unknown, so has to be

estimated of approximated.

In density functional theory, the total energy of a system can be expressed as

a sum of energy functionals for: 1) the electrons kinetic energy, which describes

the motion of the electrons in the field of the nuclei; 2) electron-electron repul-

sion energy; 3) electron-nuclear attraction energy; 4) the exchange energy, which

describes motions of electrons with the same spin, and; 5) the correlation energy,

which describes the motion of electrons with different spins. Exact functionals

exist only for the electron-electron repulsion and the electron-nuclear attraction

energies, which have exact classical expressions in terms of electron density. There

are no exact functionals for the other three terms. The kinetic energy functional

is the most problematic since it makes the largest contribution to the total energy.

Consequently, a small relatively error in the kinetic energy leads to a large absolute
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error in the total energy. [52]

To determine expressions for the functional form of the electrons kinetic energy,

Kohn and Sham derived a set of equations using concepts similar to those of the

Hartree-Fock method. In their approach, the electronic kinetic energy is solved

for a one-electron system in a manner similar to the Hartree-Fock method except

that Kohn-Sham orbitals are used in place of the Hartree-Fock orbitals. [50, 53]

The two remaining terms, the exchange energy and the correlation energy, com-

monly referred to collectively as the exchange-correlation energy, are the only

unknowns with no universal functional form. Existing density functional methods

differ in the manner in which these functionals are expressed. [54] Currently, there

is a plethora of existing exhange-correlation functionals with more being designed

and published on a regular basis [52,55–60]

2.2.4 Excited-state wave function methods

An electronic excited state is a quantum state of a system that has a higher energy

than the ground-state. It can be defined as an electronic state in which one or

more electrons have been promoted from a lower energy state to a higher energy

state. Excited-states in which the spins of all electrons are paired are referred to

as a singlet electronic excited-states, meanwhile those with two unpaired spins are

referred to as triplet electronic excited states. [61]

Wave function-based methods for calculating excited-state energies can be di-

vided into single-reference methods or multi-reference methods. In single-reference

methods, only the mixing coefficient of the configurations that make up the wave

function are optimised when minimising the energy of the wave function. [62] In
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multi-reference methods, both the mixing coefficients and the orbitals of the con-

figuration they represent are optimised when minimising the energy. The latter

approach corrects for both static and dynamic correlations. [63]

2.2.5 Density functional methods for excited states

The extension of density functional theory to compute excited state energies and

properties is known as time-dependent density functional theory (TDDFT). [64–66]

In practice, excited-state energies and their properties are often calculated using

the Casida’s formulation of TDDFT. [67] A detailed formulation of this approach

can be found in the following references. [67–69] In this formulation TDDFT can

be classified as ’full’ TDDFT or Tamm-Dancoff approximation to TDDFT. [67–69]

The Tamm-Dancoff approximation is conceptually similar to CIS but, with the

DFT correction applied to each electronic state before the CI matrix is diago-

nalised to find ground and excited-state energies and properties. Effectively, it

uses the Kohn-Sham orbitals to construct the one-electron densities without op-

timising these densities. On the other hand, ’full’ TDDFT includes extra terms

that allow the Kohn-Sham orbitals to be iteratively optimised during excited-state

calculation. [70]

2.2.6 Basis sets

Basis sets are mathematical functions used in wave function and density functional-

based methods to describe molecular orbitals and densities respectively. [71] They

are important because they transform the Hartree-Fock and Kohn-Sham equations

into algebraic equations that are suitable for efficient computational implementa-

tion. In general, the choice of the basis set determines how close the trial wave
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function is to the true wave function of the system. The mathematical functions

making up these basis sets are often atomic orbitals, wherein the two most com-

mon are the Slater-type orbitals and Gaussian-type orbitals. [72, 73]

Slater-type orbitals are solutions of the Schrödinger equation for the hydrogen-

like atoms. They have the property that they form a cusp at the nucleus (i.e.

r=0) and decay exponentially at long distances from the nucleus. However, inte-

gral calculations using Slater orbitals are computationally difficult to solve. [74–76]

Gaussian orbitals have analytic integrals, which are simpler to solve computa-

tionally. However, they do not provide the correct behaviour at long distances

from the nucleus because they decay exponentially. [76, 77]

For most practical applications, basis sets are formed by expanding Slater or-

bitals as a linear combination of Gaussian orbitals. An example of this type of

basis set is the STO-3G basis set, in which each Slater orbital is represented as

a linear combination of three Gaussian-type orbitals. This basis set is generally

referred to as a minimal basis set because each orbital is represented by only one

basis function. [78,79]

Minimal basis sets are not well suited for modelling anisotropic effects, the rea-

son being that, their basis sets exponents do not vary, and as a consequence, the

orbitals have a fixed size and do not expand or contract. [78, 79] Basis sets that

allow orbital sizes to vary are most often referred to as split-valence basis sets. In

these basis sets, each valence orbital is represented by two or more basis functions

that have different exponents. An example of a split-valence basis set is 6-31G.

in which, each core orbital is represented by one basis function consisting of 6
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Gaussian functions. The valence orbitals are each represented by two basis func-

tions, wherein one is composed of 3 Gaussian and the other one is composed of

one Gaussian function.

Polarisation functions are higher angular momentum functions that are added

to a basis set. They increase the flexibility of a basis set, which enables bet-

ter description of inter-electronic cusp as well as anisotropic variations that occur

during bonding. [80] For instance, an electron on an opposite site of the nucleus

may not always be well described by an s-orbital. However, adding a p-function,

which has a higher angular momentum, enables a better description of the elec-

tron probability. Thus, polarisation functions involve adding some p functions

to an s-orbital, a d-function to a p-orbital and an f -function to the d-orbital. An

example of a split-valence basis with some polarisation functions is the 6-31G(p,d).

Diffuse functions are used to describe the behaviour of electrons at large distances

from the nucleus. They are Gaussian basis functions with a small exponent that in-

creases the flexibility of atomic orbitals, at long distances from the nucleus. [24,80]

These functions are denoted by a "+" sign, for instance 6-31+G(p,d).

2.2.7 Solvent model

Solvation can generally be perceived as an interaction between a solute and a sol-

vent that leads to a stabilisation of the mixed system. [81,82] Simply, it corresponds

to an energy favourable process of surrounding a solute by solvent molecules.

Electronic structure methods model the properties of molecules as isolated sys-

tems in vacuum; but in the real world, molecules are not always isolated. [83]

Including a solvation correction accounts for the stabilisation interactions that the
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system would have experienced in a solvated medium. [83]

There are two model types used in modelling solvent effects; explicit and im-

plicit. [81, 84] Explicit solvation models take into account the detail interactions

between each solvent molecule and the solute molecule. [85] They represent an

intuitively realistic picture of solute-solvent interactions, are extremely time con-

suming and computationally very expensive. [85]

Implicit solvation models account for solute-solvent interactions by presenting the

solvent as a uniform polarisable medium with a fixed dielectric constant wherein

the solute is placed in a cavity. [86] The energy resulting from this interaction is

given as a sum of terms that includes: 1) free energy required to form the solute

cavity, which is the work required to create the cavity plus the entropic penalty

resulting from the reorganisation of the solvent molecules around the solute; 2) the

van der Waals interaction between the solute and the solvent; 3) the electrostatic

potential resulting from the polarisation between solute and solvent molecules; and

finally 4) the free energy from hydrogen bonding. [87, 88]

There are many existing implicit solvation models that differ from one another

based on: the size and shape of the solute cavity considered; the level of solute

description; the description of the dielectric medium; the method used in calcu-

lating the cavity; and the manner in which charges are distributed. [87] The most

common implicit solvation model is the polarisation continuum model often ab-

breviated as PCM. [88] In this study, the conductor-like polarisation continuum

model (CPCM) [87] was used, mostly because it is currently the only implicit sol-

vation model for which analytical gradients and Hessian are available for both the

ground and excited-states.
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2.3 Characterising the potential energy surface

The potential energy surface is a plot of energy as a function of all internal coor-

dinates of a given molecular system. [89, 90] This is constructed from computing

electronic energies at different nuclear configurations. The most important points

on the potential energy surface are those in which the gradients of the energy

along all internal coordinates equal zero. These points are commonly referred to

as stationary points. The nature of these points is confirmed by computing the

second derivative of energies with respect to atomic displacements. This informa-

tion is stored in the Hessian matrix. When the Hessian matrix is diagonalised, the

number of negative eigenvalues is referred to as the Hessian index. It corresponds

to the number of vibrational modes along which the energy decreases with atomic

displacement along the corresponding eigenvectors.

Stationary points in which the Hessian index is zero are known as minima, and

they usually involve reactants, intermediates, and products. [91] Meanwhile, points

with non-zero Hessian index are known as saddle points. A saddle point with only

one Hessian index is known as a first order saddle point. If the coordinates of this

saddle correspond to the most critical change that needs to occur for the reaction

to proceed, then this point is the transition state for the reaction under consider-

ation. [91]

Reaction minimum energy paths, routinely referred to as reaction coordinate pro-

files, are plots that connect reactants, transition states, intermediates and prod-

ucts’ energies.. [31] In practice, reaction coordinate profiles are computed by deter-

mining the individual energies of reactants, products, intermediates, and transition

states. [92] The energies of these species are obtained from single point energy cal-
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culations on their equilibrium geometric structures, which are mostly obtained

from geometry optimisation calculations. [93]

Obtaining transition-states energies are comparatively harder and are hardly ob-

tained from normal geometry optimisation calculations. This is because it is often

difficult to locate transition-state structures. [94] In practice, the process of locating

transition-state structures generally involve two steps: 1) designing approximate

guess transition-state structures; and 2) refining these structures to precisely lo-

cate the first-order saddle point using surface-walking techniques, which are often

in-built algorithms in quantum mechanical software packages. [95, 96] Of the two

steps, the first step is often the more tricky because it involves a high level of

chemical intuition and good knowledge of the form of the transition state in order

to ease the refinement process. In general, a sufficiently good guess has one Hes-

sian index. [97] In this thesis, two approaches were employed to determine guess

transition-state structures for instances where reaction coordinate diagrams were

computed. These approaches were the freezing-string method [98] and a method

based on computing a series of constrained geometry optimisations.

2.3.1 Geometry optimisation

Geometry optimisation is a general procedure for obtaining the equilibrium ge-

ometry of a molecule. [96] For reactant, intermediates and products, this involves

obtaining a structure in which the forces on all the atoms are zero.

In practice, a guess structure or an approximate structure of a molecule is built

using a molecular builder software. The energy of the guess molecule is minimised

by computing the derivatives of the energy for different atom positions. [96] In this

process, atoms position are displaced by some computed step that is predicted to
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reduce the energy gradient. If the gradient is is equal to zero or below a speci-

fied threshold, the process stops; otherwise a new displacement is made. [99] This

process is iterative and it repeats until the geometry is converged to the minima

structure in which the forces on all atoms are zero. For each cycle in the geometry

optimisation, a single point energy calculation is performed to obtain the energies

of the wave function or electron density at that nuclear configuration. The end

result is an equilibrium structure with associated energy.

2.3.2 Constrained geometry optimisation

A constrained geometry optimisation is one on which one or more coordinates are

held fixed meanwhile all other coordinates are free to relax to their equilibrium

position. This method was used as one approach for determining guess transition

state structures. This was done by performing a series of constrained geometry

optimisations, whereby the distance between the bond being formed or broken,

depending on the transition state being searched were constrained. For forming

bonds, which generally involved the formation of the cyclised intermediate, the dis-

tance between the two atoms forming the new bond was constrained and a value

of 0.1 Å was subtracted from this distance during each constrained geometry op-

timisation. For bond breaking, which involved the elimination of a leaving group,

the distance between the bond being broken were increased by 0.1 Å in each

constrained geometry optimisation. Finally, the coordinates of the constrained

structure with the largest energy was selected as the guess transition-state struc-

ture.

This approach is manual but guarantees that the guess transition state struc-

ture found is the structure closest to the first-order saddle point for the reaction

path being considered.
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2.3.3 Freezing-string method

The freezing-string method is an automated method for determining guess transi-

tion state structures. In this method, the reactant and the product coordinates are

interpolated inwardly towards the transition state. Each node created from each

interpolation is partially optimised orthogonally to the reaction path, and then

frozen before the next node is interpolated. [98] At the end of the interpolation,

an output is printed out with coordinates of all the nodes generated along the

reaction path with their associated energies. The node with the highest energy

was used as the guess transition state structure.

2.4 Computational details

In this thesis, all ground state geometries and energies were calculated using den-

sity functional theory (DFT) incorporating the Becke-3-Lee-Yang-Parr (B3LYP)

functional, [100–102]. DFT is a method of choice that offers a favourable compro-

mise between accuracy and computational cost. [103, 104] The B3LYP functional

was selected because it is well parametrised for calculating geometries and energies

of organic molecules and also because it is one of the few functionals for which

ground and excited-state analytical gradients and Hessians are available. [105,106]

All singlet electronic excited-states gradients, geometries and energies were calcu-

lated using the TDDFT and also using B3LYP functional. All ground and excited-

state properties were computed using the 6-31G(d,p) basis set because it is the

basis set that was used in parameterising the B3LYP functional and so it affords

near-optimal error cancellation between basis set superposition errors (BSSE) and

dispersion contributions to the energy. [107] Finally, solvation corrections to the

free energy were computed using the conductor-like polarisation continuum model

(C-PCM) [87,88] with a dielectric constant of either 8.93 or 32.6 chosen to resem-
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ble dichloromethane and methanol, respectively. All calculations were performed

using Q-chem 4.4. [108]
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3.1 Introduction

It has long been recognised that the most powerful insights into the nature of the

physical world come when theory and experiment are unified:

“Experiment without theory is blind, but theory without experiment is mere in-

tellectual play” – Immanuel Kant (1724-1804)

With a particular focus on directly connecting theory and experiment, this work

seeks to elucidate and understand the factors that control reactivity in a synthet-

ically important class of aromatic-ring forming reactions; those that involve both

intramolecular cyclisation and elimination processes. [1]

(a)

(b)

Fig. 3.1 Balanced equations for prototypical (a) thermal [Scholl] and (b) photo-

chemical [Mallory] oxidative cyclodehydrogenation reactions
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For example, the Scholl reaction [2–5] (Fig. 3.1(a)) is a thermal oxidative cyclode-

hydrogenation process that is used in the synthesis of atomically-precise nano-

materials with useful electronic properties such as polythiophene semiconducting

polymers, [6,7] polypyrrole conducting polymers [8,9] and very large polyaromatic

hydrocarbons that are often referred to as nano-graphenes. [1, 10,11]

Mallory reactions, [12–17] on the other hand, are photo-activated cyclisation pro-

cesses whose elimination step may be either oxidative (Fig. 3.1(b)) or purely elim-

inative. They may be used to access a wider range of products from a wider range

of readily accessible starting materials than the Scholl reaction. In particular, they

do not need to be pre-aligned for ring formation, but can form the unconnected

ring structure via trans-cis isomerisation and/or bond rotation. The cyclising

centres may be heteroatoms and/or may have non-hydrogenic leaving groups at-

tached. Mallory reactions are also more tolerant to functional group substitution

than Scholl reactions. However, the photoexcitation process can be reversible, or

lead to alternative photoproducts, which can result in lower yields. [18–20]

The most likely proposed mechanisms for the Scholl [1, 21–23] and Mallory [18,

20, 24] reactions are illustrated in Fig. 3.2 and Fig. 3.3, and key similarities and

differences between them are summarised in Table 3.1.
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Table 3.1 Key steps in Mallory and Scholl cyclisation processes, highlighting

the similarities and differences between them.

Mallory Scholl

Photoexcite Oxidise

↓ ↓

Mechanism Cyclise Cyclise

↓ ↓

Oxidise and dehydrogenate/ Dehydrogenate with

Eliminate further oxidation

Fig. 3.2 Thermal cyclisation (Scholl reaction) proceeds via oxidative photocy-

clisation and elimination (top), followed by a second oxidative elimination step

(bottom)

For Scholl reactions and oxidative Mallory reactions, cyclisation is initiated by
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Fig. 3.3 Mallory reaction mechanism: trans-cis isomerisation and cyclisation

occur in first step, followed by either oxidative dehydrogenation (if oxidant present)

or elimination (if reactant contains appropriately positioned leaving group)

moving electrons either electrochemically to another molecule, or photochemi-

cally to another electronic state, and the dehydrogenation step is electrochemically

driven. However, redox coupling is not required for the Mallory process to proceed

through the purely eliminative pathway.

Although the general mechanisms illustrated in Fig. 3.2 and Fig. 3.3 are reasonably

well-supported by experimental and computational evidence, [1,18,20–24] they fall

well short of providing the level of detail that is useful for synthetic chemists; given

a reactant and set of reaction conditions, will a product form? Which set of reac-

tion conditions should be tried first, if multiple reaction pathways are possible?

The Woodward-Hoffmann rules [25–27], provide a simple, general and powerful

model to answer questions of this nature for electrocyclisation reactions, which

are a much simpler class of cyclisation reaction that are atom-economical and in-
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volve only concerted electron-transfer processes. The Woodward-Hoffmann rules

were later generalised by Baldwin to describe a wider range of electrocyclisation

reactions involving heteroatoms and unusual ring features, [28, 29] and map onto

modern quantum chemical calculations through conceptual DFT [30]. However,

all of these approaches lack information about the dehydrogenation/elimination

process, so cannot be applied to the mechanistically more complex Scholl and

Mallory reactions.

To address this deficiency, Laarhoven developed reactivity predictors for all-hydrocarbon

photocyclisation reactions based upon bond order analysis within Hückel molec-

ular orbital theory. [31–34]. The physical rationale behind this approach is that

the number and/or strength of the existing π bonds at the cyclising centres should

decrease upon photo-excitation, facilitating the formation of a new intramolecular

σ bond. Unfortunately, Laarhoven’s rules turn out to be neither robust, nor gen-

eralisable, nor powerful, nor simple. They cannot be easily applied to molecules

containing heteroatoms, do not apply at all to Scholl reactions, contain no infor-

mation about reaction conditions or geometrical structure, and can fail to predict

reaction outcomes correctly even where applicable.

Our aim here is to perform detailed mechanistic studies of both Mallory and Scholl

reactions, to determine the key steric and electronic factors that control reactivity,

with a view to developing simple, powerful, general and unified reactivity predic-

tors for these synthetically important classes of aromatic ring-forming reactions.

We will focus particularly on structural modifications whose impact on reactivity

is poorly explained by existing reactivity models; inclusion of heteroatoms and

varying ring sizes within the photocyclising ring system. Aromatic substituent

effects on elimination reactions are already well understood [35, 36] so will not be

investigated in further detail here.
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3.2 Methods

All reactants have the same basic framework structure (Fig. 3.4) with varying

rings, as illustrated in Table 3.2.

R1

R2 R3

R1

R2 R3

Fig. 3.4 Framework structure for all reactants (left) and products (right) within

our data set of molecules that undergo eliminative cyclisation.

Reaction pathways are mapped out at B3LYP [37] using a 6-31G(d,p) basis [38]

for all atoms except Cl− (6-31+G(d)) [39, 40] and Fe (LanL2DZ) [41]. Vertical

excitation energies are computed at TD-B3LYP [42] with the same atomic orbital

basis. Gibbs free energies are computed from ground and excited state electronic

energies, ground state harmonic frequencies, moments of inertia and molecular

masses using standard statistical thermodynamics formulae, discarding the imag-

inary frequency of each transition state. Solvation corrections to the free energy

are computed using the conductor-like continuum solvation model [43] as imple-

mented in QChem4.2 [44,45] with a dielectric constant of 8.93 chosen to resemble

dichloromethane. Complete details of all species involved in each reaction pathway

are provided as in Appendix (A).

All ab initio and statistical thermodynamics calculations are performed using

QChem4.2. [44]
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Table 3.2 IUPAC names and schematic representation of all molecules in our

data set

IUPAC name R1 R2 R3

cis-1,2-diphenylethylene

3,4-diphenylpyrrole
H
N

3,4-diphenylthiophene
S

1,2-diphenylbenzene

2,2’-(1,2-phenylene)dipyridine
N N

2,2’-(1,2-phenylene)dithiophene S S

2,2’-(1,2-phenylene)dipyrrole N N

3,3’-(1,2-phenylene)dipyridine

N N

3,3’-(1,2-phenylene)dithiophene
S S

3,3’-(1,2-phenylene)dipyrrole
N N

1-(2-methoxyphenyl)-2-phenylbenzene

OMe
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3.3 Results and Discussion

3.3.1 Thermal cyclisation

A prototypical reaction coordinate diagram for the radical cation mediated thermal

oxidative cyclodehydrogenation of 1,2-diphenylbenzene is illustrated in Fig. 3.5,

and key thermodynamic parameters for all structural variants reported in Ta-

ble 3.3.
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Fig. 3.5 Reaction coordinate diagram for the thermal oxidative dehydrogenation

of 1,2-diphenylbenzene (R1 = benzene, R2 = R3 = phenyl), proceeding via the

radical cation mechanism. The greyed-out lines represent the energy required for

the planarisation step of the reaction to proceed in a single step, in the absence of

a strong oxidising agent.

On the whole, the data presented in Table 3.3 are consistent with experimental
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observations reported in the literature; [6–9, 46, 47] oxidative cyclodehydrogena-

tion for all heteroaromatic molecules under investigation – except the dipyridine

derivatives, for which no experimental data is available – occurs in the presence of

strong oxidising agents at room temperature. The substantial negative ∆rxnG val-

ues provide a strong thermodynamic driving force. The Gibbs energies of activation

indicate that each reaction step, except the planarisation of 3,4-diphenylpyrrole,

should be thermally accessible at room temperature, assuming each molecule pos-

sesses 3Natom

2
RT J mol−1 thermal energy (≈ 120 kJ mol−1 at 298.15 K). Although

it is unlikely that all the available thermal energy would be channeled into the

reaction coordinate, it is also likely that we have overestimated barrier heights, as

the continuum solvation model we have used does not account for explicit solvent

stabilisation of the radical cation intermediates, which is likely to have a significant

stabilising effect. [48,49] Finally, we note that the intrinsic accuracy of B3LYP for

modelling isomerization reactions, [50] reaction enthalpies [51, 52] and activation

energies [51, 52] lies in the 6 – 10 kJ mol−1 range.
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Table 3.3 Key thermodynamic quantities controlling the thermodynamic sta-

bility (Gibbs energy of reaction, ∆rxnG) and kinetic reactivity (Gibbs energy of

oxidation, ∆oxG and Gibbs energies of activation, ∆‡planG and ∆‡elimG) of candidate

molecules for thermal oxidative cyclodehydrogenation (Scholl reaction).

Both Scholl -oxidant

R1 R2 = R3 ∆rxnG ∆oxG ∆‡planG ∆‡elimG ∆‡planG

(kJ mol−1) (kJ mol−1) (kJ mol−1) (kJ mol−1) (kJ mol−1)

pyrrole phenyl -54.5 56.1 136.6 99.4 291.2

thiophene phenyl -55.0 98.8 93.9 73.0 307.2

benzene phenyl -67.7 93.9 122.5 101.9 254.1

benzene 2-pyridine -71.8 118.3 103.5 73.0 246.4

benzene 2-thiophene -97.7 60.0 98.2 106.4 264.2

benzene 2-pyrrole -87.9 1.7 105.1 121.3 194.8

benzene 3-pyridine -71.8 117.7 89.1 58.4 240.9

benzene 3-thiophene -93.3 68.8 37.6 115.8 187.3

benzene 3-pyrrole -90.8 6.5 46.1 118.9 172.4

To the best of our knowledge, the only previous studies of oxidative cyclodehy-

drogenation reactions have either been performed entirely in the gas phase [22]

or largely focussed on the arenium cation mechanism [53] that has since been ex-

perimentally shown [23] to be less plausible than the radical cation mechanism

investigated here. However, they do report solvation-corrected ∆‡planG values for

1,2-diphenylbenzene of 114.2 kJ mol−1 at B3LYP/6-31G* and 105.9 kJ mol−1 at

BHandHLYP/6-31G* that agree reasonably with the 122.5 kJ mol−1 reported here.

High-level gas phase CASPT2/6-31G* calculations of the initial barrier to planari-

sation, ∆‡planG, for 2,2’-(1,2-phenylene)dithiophene and 3,3’-(1,2-phenylene)dithiophene
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reactions have been computed in the absence of oxidant, in the context of mod-

elling the factors that control photoswitchability of these molecules. [54] In princi-

ple, their reported gas phase values are not directly comparable to our solvation-

corrected values. However, the polarity of the molecule does not change substan-

tially upon planarisation in the absence of oxidant, so the corresponding solvation

free energy change is also small, according to the continuum solvation model we

use (full details accessible in Appendix (A)). Therefore, the difference between

their reported values of 236.0 kJ mol−1 and 193.3 kJ mol−1, respectively, and ours

of 264.2 kJ mol−1 and 187.3 kJ mol−1, are largely due to differences in electronic

structure models. This finding is consistent with the results of a recent bench-

marking study for a series of electrocyclisation reactions [55] which shows that

hybrid generalised gradient functionals like B3LYP can be in error by up to 35 kJ

mol−1 for barrier heights, although the RMSD error for B3LYP is only around 6

kJ mol−1.

Overall, our model qualitatively and semi-quantitatively reproduces existing ex-

perimental and computational data, so can be confidently used to identify trends

in reactivity due to inclusion of heteroatoms and variation of ring sizes within the

cyclising ring system.

From Table 3.3, it is clear that the Gibbs energy of oxidation, ∆oxG, is most

strongly influenced by the identity of the terminal rings, but not the position of

the heteroatom within the cyclising ring system. Pyridine increases the barrier

to oxidation relative to benzene, thiophene decreases it, and pyrrole substantially

decreases it. As expected, these trends are roughly correlated with the oxidation

potentials of each ring substituent drawn from the literature [56,57] and reported

in Table 3.4
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Table 3.4 Oxidation potentials of ring substituents, measured under the same

experimental conditions [57]

Molecule Eox (V)

benzene 2.08

pyridine 1.82

thiophene 1.60

pyrrole 0.76

Gibbs energies of activation for planarisation, ∆‡planG, are substantially decreased

by having a heteroatom adjacent to the photocyclising site, and slightly decreased

by the presence of a thiophene ring anywhere within the cyclising system. This

suggests that the primary determinant of the barrier to oxidative cyclisation is the

ability to alleviate ring strain.

Gibbs energies of activation for elimination, ∆‡elimG obey similar trends to those

of oxidation, only in the opposite direction. For molecules with terminal ring sub-

stituents, pyrrole and thiophene both raise the barrier while pyridine substantially

decreases it. Substitution of the central ring by pyrrole has little effect while thio-

phene substituent lowers the barrier for reasons that are not entirely clear to us.

Taking all of the above competing effects into account, the molecule with lowest

overall rate-determining free energy barrier is 3,4-diphenylthiophene.

3.3.2 Oxidative photocyclisation

A prototypical reaction coordinate diagram for the oxidative photocyclisation of

1,2-diphenylbenzene is illustrated in Fig. 3.6, and key thermodynamic parameters

for all structural variants reported in Table 3.5.
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Fig. 3.6 Ground (black) and excited state (red) reaction coordinate diagrams

for the photochemical oxidative dehydrogenation of 1,2-diphenylbenzene (R1 =

benzene, R2 = R3 = phenyl), with internal conversion proposed to occur during

the first step of the elimination process, as indicated in blue.
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Table 3.5 Key thermodynamic quantities controlling the thermodynamic stabil-

ity (Gibbs energy of intersystem crossing, ∆IC
elimG) and kinetic reactivity (excited

state Gibbs energies of activation, ∆‡,∗planG and ∆‡,∗elimG) of candidate molecules for

photochemical oxidative cyclodehydrogenation (Mallory reaction). Gibbs energies

of reaction are the same as for the Scholl reaction, as reported in Table 3.3.

Mallory

R1 R2 = R3 ∆‡,∗planG ∆‡,∗elimG ∆IC
elimG

(kJ mol−1) (kJ mol−1) (kJ mol−1)

ethene phenyl 19.2 85.2 -52.8

pyrrole phenyl 14.9 148.3 -11.6

thiophene phenyl 17.8 123.1 -26.6

benzene phenyl 10.7 111.3 -18.6

benzene 2-pyridine 8.8 105.3 -28.0

benzene 2-thiophene 36.8 92.7 -69.3

benzene 2-pyrrole 32.6 155.3 -44.9

benzene 3-pyridine 6.0 117.3 -31.9

benzene 3-thiophene -73.1 155.3 -39.1

benzene 3-pyrrole -20.7 214.3 -31.7

As far as we are aware, there are no prior mechanistic studies covering all stages of

the oxidative Mallory photocyclisation process. However, the first step in the pho-

tocyclisation of 2,2’-(1,2-phenylene)dithiophene and 3,3’-(1,2-phenylene)dithiophene

has been extensively investigated [24,54] in light of their potential utility as molec-

ular photoswitches. Although our vertical excitation energies are not directly com-

parable with the adiabatic values reported in the literature [54], our results are

nonetheless consistent with previous findings that planarisation proceeds sponta-
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neously in the first excited state for 3,3’-(1,2-phenylene)dithiophene, and partial

planarisation proceeds spontaneously for 2,2’-(1,2-phenylene)dithiophene.

Overall, the ∆‡,∗planG values presented in Table 3.5 imply that planarisation pro-

ceeds either readily (low positive values) or spontaneously (negative values) fol-

lowing photo-excitation for all molecules in our data set. Planarisation appears to

be strongly enhanced by the presence of a heteroatom adjacent to the photocyclis-

ing centre, but retarded by distant heteroatoms within 5-membered rings, or the

presence of an ethylene bridge within the molecule.

By analogy with the Scholl mechanism data presented in the previous section,

a number of these reactions could proceed thermally in the excited state, with

∆‡,∗elimG values < 120 kJ mol−1. However, it is far more likely that they undergo

a thermodynamically favourable internal conversion (∆IC
elimG < 0), mediated by

vibronic interactions with the oxidant.

Comparing the data presented in Table 3.3 and Table 3.5, it appears that photo-

mediated oxidative cyclodehydrogenation reactions will occur more readily and

under milder conditions than their thermal counterparts, with free energy barriers

that are less sensitive to the identity of the reactants.

3.3.3 Eliminative photocyclisation

Finally, it remains to compare the oxidative and purely eliminative photocyclisa-

tion processes illustrated in Fig. 3.7. Synthetically, the oxidative route is easier, as

it does not require appropriate leaving groups to be pre-attached to the photocy-

clising rings in appropriate positions, although the eliminative route has a shorter

work-up as the low molecular weight elimination product can simply be distilled

off from the reaction mixture.
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Fig. 3.7 Oxidative (left) and eliminative (right) photocyclisation pathways

Reaction coordinate diagrams for 1-(2-methoxyphenyl)-2-phenylbenzene, a proto-

typical molecule that can undergo both oxidative and eliminative photocyclisation,

are illustrated in Fig. 3.8. Key thermodynamic parameters for both pathways are

reported in Table 3.6, along with 1,2-diphenylbenzene reference data.

Table 3.6 Gibbs energies of reaction (∆rxnG), Gibbs energies of activation

(∆‡,∗planG, ∆‡,∗elimG) and Gibbs energies of internal conversion (∆IC
elimG) capturing

key characteristics of the potential energy surfaces for oxidative and purely elim-

inative photocyclisation of 1-(2-methoxyphenyl)-2-phenylbenzene (R1 = benzene,

R2 = phenyl, R3 = 2-methoxyphenyl).

Molecule Pathway ∆rxnG ∆‡,∗planG ∆‡,∗elimG ∆ISC
elimG

(kJ mol−1) (kJ mol−1) (kJ mol−1) (kJ mol−1)

1,2-diphenylbenzene oxidative -67.7 10.7 111.3 -18.6

1-(2-methoxyphenyl)-2-phenylbenzene oxidative -51.7 41.0 154.6 17.5

1-(2-methoxyphenyl)-2-phenylbenzene eliminative -91.8 45.8 8.7 -168.1

In contrast to the unsubstituted parent molecule 1,2-diphenylbenzene, 1-(2-methoxyphenyl)-

2-phenylbenzene has an unfavourable free energy of internal conversion along the
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Fig. 3.8 Ground (black) and excited state (red) reaction coordinate diagrams for

the photochemical eliminative cyclisation of 1-(2-methoxyphenyl)-2-phenylbenzene

(R1 = benzene, R2 = phenyl, R3 = 2-methoxyphenyl). For reference, the proposed

oxidative pathway is shown greyed-out.
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oxidative pathway, higher free energy of planarisation and lower overall thermo-

dynamic stability of the products, i.e. it is disfavoured over the unsubstituted

molecule in every respect. Therefore, adding on a methoxy leaving group is a poor

synthetic strategy unless the eliminative pathway is strongly favourable.

The eliminative pathway has a low energy barrier for progression from the planar

intermediate to the excited state product and the internal conversion along this

pathway is strongly exergonic, suggesting that the reaction could proceed via either

pathway. However, as there is no obvious mechanism for the internal conversion

to occur, we hypothesise that this reaction proceeds to completion in the excited

state.

Finally, we note that the free energies of activation for planarisation, ∆‡,∗planG, are

the largest of all reactants considered in this study, regardless of which rotamer is

involved and which pathway is being followed.

3.4 Conclusions

Oxidative Mallory reactions appear to optimally balance synthetic convenience

(ease of preparation of reactants, mild conditions, tolerant to chemical diversity in

reactants) against favourable kinetic and thermodynamic properties. Thermal ox-

idative cyclodehydrogenation (Scholl) reactions are far more sensitive to the nature

of the rings comprising the reactant molecules, which can have both disadvantages

(capricious reactivity) and advantages (controllability). There does not seem to

be any additional advantage pursuing eliminative photocyclisation over oxidative,

from the limited results presented here. Future work on how the nature of the re-

actant affects the outcome of the reaction would studied in order to investigate the

interplay between substituent effects, ring strain and heteroatom effects. Beyond
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this, it would also be useful and synthetically relevant to investigate the influence

of different solvents and/or solvation models, and the importance of the choice of

oxidant.
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CHAPTER 4

Substituent Effects on Substituted Benzylidene

O-methyloximes
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4.1 Substituents in organic reactions

In organic chemistry, substituents play an important role in understanding, con-

trolling, and predicting the fate of most reactions. For instance, in predicting

the acidity of many acids as well as the rate and product distribution of nucle-

ophilic/electrophilic addition and substitution reactions. [1–4] Substituent effects

may be transmitted geometrically or electronically. The geometrical effect of sub-

stituents is observed through steric hindrance while the electronic effects can either

be transmitted via inductive or resonance effects. In general, the electronic effects

of substituents are often more important because they affect the position and

distribution of electrons in molecules, which is what chemistry is all about.

4.1.1 Inductive effect of substituents

Substituent inductive effects involve polarisation that results in partial separa-

tion of charges between the substituent and the substrate. [5] Substituents that

pull electron density away from the substrate are referred to as inductive electron

withdrawing groups. Meanwhile, those that push electron density towards the

substrate are referred to as inductive electron-donating groups. Examples of both

inductive electrons donating and withdrawing groups are represented in Table 4.1.

Table 4.1 Some examples of inductive electron-donating and electron withdraw-

ing groups, where R represents an alkyl group.

Electron donating groups Electron withdrawing groups

O−, CO−2 , CR3 NR+
3 , NO2, CN, X(F, Cl, Br, I), RCO, OR, NR2

An example of the role of substituent inductive effects can be illustrated in an
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aromatic ring system. In aromatic compounds, substituent inductive effects act

by either activating or deactivating the ring.

Inductive electron-donating groups are ring activators. [6] They activate the ring

by donating a pair of electrons into the ring, which increases the electron density

of the ring. For instance, in electrophilic substitution reactions, activated rings

are important for stabilising the carbocation intermediate, which leads to a reduc-

tion in transition-state energies for substitution. [7] On the other hand, inductive

electron withdrawing groups act as ring deactivators. They deactivate the ring

by pulling electron density away from the ring, thereby destabilising the carboca-

tion. The polarisation effects of these groups on an aromatic ring are illustrated

in Fig. 4.1

ID

! !
IW

! !

A B

Fig. 4.1 Illustration of ring activation (A) and deactivation (B) due to the pres-

ence of inductive electron-donating groups, ID, and electron withdrawing groups,

IW , respectively. δ - represent electron rich site meanwhile δ + represent electron-

deficient site.

4.1.2 Resonance effect

A resonance effect involves the polarisation of a molecule resulting from the in-

teraction of a lone pair of electrons or π-system of the substituent with the con-

jugated electrons in the parent molecule or substrate. Substituents with a lone

pair of electrons or C=C bond (e.g. -vinyl, -aryl) on the atoms adjacent to the
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substrate molecule can donate these electrons to the π-conjugation of the system.

Such substituents are referred to as resonance electron-donating groups. On the

other hand, substituents with an electronegative atom involved in a π-bond have

the ability to pull electron density away from their substrate. Hence they are re-

ferred to as resonance electron-withdrawing groups. Some examples of resonance

electron-donating and electron-withdrawing groups are presented in Table 4.2.

Table 4.2 Example of resonance electron-donating and electron-withdrawing

groups, where R represents an alkyl group.

Resonance electron-donating groups Resonance electron-withdrawing groups

OCH3, -NH2, -X[F, Cl, Br, I], -vinyl, -aryl NO2, -CN, C=O

In aromatic ring systems, substituent resonance effects are important in predict-

ing the most reactive sites in aromatic compounds. [8] When a resonance electron-

donating group is attached to an aromatic ring, it donates a pair of electrons to the

conjugated system of the ring, which leads to the formation of different resonance

structures as the electron is delocalised. The different resonance structures allow

the electron density to be located on the ortho and para position, as illustrated in

Scheme 4.1. For this reason, resonance electron-donating groups are often referred

to as ortho/para directional substituents because they activate these positions by

making them more nucleophilic, which has a consequence of reducing the barrier

for electrophilic substitution on these sites.
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MD MD MD MD

MD

δ

δ

δ

δ

Scheme 4.1 Illustration of ortho/para ring activation by resonance electron-

donating substituents, MD. The double-headed arrow shows the direction of the

formation of the different resonant structures with localised electron density. The

bottom structure represents the net effect of electron-donating resonance effect

with δ - showing the activated sites.

When a resonance electron-withdrawing group is attached to the ring, the reso-

nance structures that result from their electron-withdrawing effect allow the charge

to be localised on the meta-position as shown in Fig. 4.3. Consequently, resonance

electron-withdrawing groups are generally referred to as meta-directional groups.
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MW MW MW MW

MW

δ

δ

δ

δ

Scheme 4.2 Illustration of meta ring activation by resonance electron-

withdrawing substituents, MW . The double-headed arrow shows the direction of

formation of the different resonant structures with regions of depletion of electron

density. The bottom structure represents the net effect of electron-withdrawing

resonance effect on a benzene ring with δ + showing the deactivated sites.

It is not routinely possible to decouple inductive and resonance effects of sub-

stituents. However, most inductive electron-withdrawing groups are also reso-

nance electron-withdrawing groups and it is a rule of thumb that resonance effects

of most substituents dominate over their inductive effects. The only exceptions

to these rules are halogens, which have an unusual substituent effect on aromatic

rings. They deactivate the ring but, at the same time, act as ortho/para direc-

tional groups. This is because halogens are highly electronegative and this leads to
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their ring deactivating ability. However, they are still capable of donating a lone

pair of electrons to the ring, which leads to their ortho/para-directional ability.

The importance of substituents in controlling reactions are not limited to pre-

dicting reaction rates and site selectivity. They are also useful in altering some

chemical and physical properties such as melting and boiling point, solubility, pho-

tochromic, and self-assembly mode of molecules. Hence the choice of a substituent

is a crucial requirement to take into account during synthetic planning.

4.2 Substituent effects in cyclisation

For the past 100 years, substituent effects have been explored and studied for

almost all reactions in chemistry. [9–27] Despite these plethora of studies, there is

still the need for a generalisation of how substituents could be used in controlling

eliminative cyclisation reactions. However, before examining the importance and

application of substituent in eliminative cyclisation, it is necessary to review the

basic steps in these reactions and how substituents can be important in controlling

each step.

4.2.1 Basic steps in eliminative cyclisation

Eliminative cyclisation in the simplest case can be described as a two-step process

as shown in Fig. 4.2, which can be thermally or photochemically driven.

In the thermally driven reaction, the first step involves an oxidative electron trans-

fer from the reactant to a strong oxidising agent, which enables the planarisation

step to proceed. The second step involves an oxidative dehydrogenation of the

planar intermediate to form the product.
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Reactant Cyclised
intermediate Product 

Planarisation Elimination 

Step 1 Step 2

Fig. 4.2 Illustration of the two main steps in eliminative cyclisation.

In photochemical eliminative cyclisation, the first step involves the absorption of

light, which enables the planarisation step. Meanwhile, the second step can either

proceed via a thermal oxidative dehydrogenation of the planar intermediate or via

a non-oxidative elimination of a leaving group, in which case a good leaving group

is required.

In both thermal and photochemical cyclisation reactions, it is important to know

how substituent effects can be used in controlling reaction rates and product dis-

tribution.

4.2.2 Substituent effects on thermal eliminative cyclisation

Several theoretical and experimental studies have been performed to decipher the

role of substituents as directing and blocking groups on aromatic rings in thermal

eliminative cyclisation reaction. [28–30] It has been concluded from these studies

that both the number and position of the electron-donating group(s) in a reactant

molecule are crucial for successful thermal cyclisation reactions. This conclusion

is evident because electron donating groups increase the electron density around

the ring, and as a consequence lower the barrier of oxidation, which in effect
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reduces the overall energy barrier for planarisation and elimination. However,

electron withdrawing-groups have an opposite effect of decreasing the oxidation

potential of the precursor molecule as they pull electrons away from the ring,

which consequently increases the oxidation barrier, and eventually the barrier for

planarisation and elimination. Apart from acting as blocking groups, steric effects

were found to be of little importance in controlling thermal cyclisation reactions.

[31] These observations are unsurprising because thermal cyclisation, like every

other reaction for which substituent effects have extensively been studied, are

reactions that proceed in the ground electronic state.

4.2.3 Substituent effects on photochemical eliminative cy-

clisation

In photochemical cyclisation, there is still no generalisation on the role and impor-

tance of substituent effects. A possible reason for this can be attributed to the fact

previous studies [32–43] were based on oxidative photocyclisation reaction, which

is more dependent on the oxidising agent and solvation medium. In non-oxidative

photochemical eliminative cyclisation reactions, which proceed in the absence of

oxidising agents and involve the actual elimination of a leaving group, it is likely

that substituent effects may be important. However, for these reactions, there are

presently no studies on the effect of substituents on their reaction mechanisms.

For this reason, this chapter is aimed at investigating the role of substituents in

non-oxidative eliminative photocyclisation reactions, using substituted-benzylidene

O-methyloximes as a test case. This will be done computationally by mapping out

stationary points on the potential energy surfaces of the ground and first singlet

electronic excited states for a series of substituted-benzylidene O-methyloximes

that are capable of undergoing non-oxidative eliminative photocyclisation reac-
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tions. The results obtained from this computation will be compared against

experimental results obtained from the synthesis of substituted-benzylidene O-

methyloximes. [44] However, this study is not intended to correlate calculated

energies with experimental yields, which depend on purification and other experi-

mental variables. Rather, experimental yields will be considered only for judging

whether the calculated energies correctly predict the formation of a product or

not.

4.3 Methods

4.3.1 Data set

The data set is composed of a series of para- and ortho-substituted-benzylidene

O-methyloximes, whose experimental syntheses are all known with the methoxyl

group acting as the leaving group. [44] The para-substituted compounds lead to

only one product and, as a consequence, they have only one rotamer. A scaffold

for the reactant and product of the para-substituted compound is illustrated in

Scheme 4.3. The different substituents represented by R are presented in Table 4.3.
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N

OMe

R

N

R

Scheme 4.3 Scaffold of reactant (left) and product (right) of para-substituted-

benzylidene O-methyloximes. R represents the substituent and the methoxy group

is the leaving group, which is eliminated during cyclisation.

Table 4.3 IUPAC names for the different para substituents of benzylidene O-

methyloximes with corresponding abbreviation for the R group.

IUPAC name R

Para-dimethylamino-benzylidene O-methyloximes NMe2

Para-amino-benzylidene O-methyloximes NH2

Para-methoxy-benzylidene O-methyloximes OMe

Para-hydroxy-benzylidene O-methyloximes OH

Methoxy-benzylidene O-methyloximes H

Para-chloro-benzylidene O-methyloximes Cl

Para-cyano-benzylidene O-methyloximes CN

Para-nitro-benzylidene O-methyloximes NO2

The ortho-substituted-benzylidene O-methyloximes compounds have two rotamers

as presented in Scheme 4.4. Each rotamer can cyclise into a different isomer. The
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IUPAC names as well as the substituents, R, are presented in Table 4.4.

N

OMe

N

OMe

R R

A B

Scheme 4.4 Illustration of rotamers A and B of ortho-substituted-benzylidene

O-methyloximes, where the R represents the substituent and the methoxy group

is the leaving group.

Table 4.4 IUPAC names for ortho-substituent-benzylidene O-methyloximes

with corresponding abbreviation for the R group

IUPAC name R

Ortho-dimethylamino-benzylidene O-methyloximes NMe2

Ortho-amino-benzylidene O-methyloximes NH2

Ortho-methoxy-benzylidene O-methyloximes OMe

Ortho-hydroxy-benzylidene O-methyloximes OH

Ortho-floro-benzylidene O-methyloximes F

Ortho-chloro-benzylidene O-methyloximes Cl

Ortho-cyano-benzylidene O-methyloximes CN

Ortho-nitro-benzylidene O-methyloximes NO2
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4.3.2 Computational procedure

Firstly, a ground-state geometry optimisation was performed for the reactant, in-

termediate, and product guess structures for the unsubstituted O-methyloxime.

This was followed by a vibrational frequency calculation to ensure that the opti-

mised geometries were local minima. Initial-guess geometries for transition-state

structures for both planarisation and elimination were then determined using the

freezing string method (FSM) [45,46], which is described in chapter 2. These guess

transition-state structures were then used as starting geometries for the transition-

state search using an in-built surface-walking transition state search algorithm [47]

implemented in QChem4.4. [48]

Before each transition-state search, a vibrational frequency calculation was first

performed on the guess transition-state structure. The gradients and Hessians

from this calculation were read into the in-built surface-walking transition-state

search in QChem4.4. Another vibrational-frequency calculation was performed

on the optimised transition-state structure to ensure that only one imaginary fre-

quency was present and that the vibrational mode of this frequency corresponded

to the vibration of the bond being formed or broken.

Once all the optimised structures were obtained, a Python script was implemented

to add the various substituents to the optimised unsubstituted structures. This

was done in a way that the coordinates of each atom in the unsubstituted com-

pounds remained fixed.

Optimised geometries were then obtained for each substituted species. This was

done using a fixed-geometry optimisation procedure wherein the main frame of

the unsubstituted compound was held fixed and only the coordinates of the sub-
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stituents added were allowed to relax.

Finally, a single-point energy calculation was performed on all optimised geome-

tries using the conductor-like polarisation continuum model to account for solvent

correction. This was done using a dielectric constant of 32.6, which represents the

dielectric constant of methanol. A similar procedure was performed for the first

singlet electronic excited states for all the systems.

4.4 Results and Discussion

4.4.1 Unsubstituted benzylidene O-methyloximes

The reaction coordinate diagram for the unsubstituted benzylidene O-methyloximes

is presented in Fig. 4.3.
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Fig. 4.3 Ground (black) and first singlet electronic excited-state (red) reaction

coordinate diagram for the photochemical eliminative cyclisation of unsubstituted

O-methyloxime, with internal conversion proposed for vibrational relaxation of

the reactant as represented by the grey line. R, TS1, I, TS2, and P represent the

ground-state energies of reactant, transition-state for planarisation, intermediate,

transition state for elimination, and product respectively at ground-state geome-

try. R∗ represents the first singlet electronic excited-state energy of the reactant

at ground-state geometry. RI∗, TS2
∗, and P∗ represent the first singlet electronic

excited energies of the reactant, transition-state for elimination, and product re-

spectively at excited-state geometry.

In Fig. 4.3, R, TS1, I, TS2, and P represent the relative energies of the reactant,

transition-state energy for planarisation, cyclised-intermediate, transition-state en-
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ergy for elimination, and product in the ground-state respectively. R∗ corresponds

to the first singlet electronic excited-state energy of the reactant at ground-state

geometry meanwhile, RI∗ corresponds to the first singlet electronic excited state-

energy of the reactant at excited-state geometry. TS∗2 corresponds to the excited-

state transition-state energy for elimination and P∗ is the excited-state energy of

the product at excited-state geometry.

Geometry optimisation in the first singlet excited state, beginning at all possi-

ble rotamers of the reactant and intermediate all converged to the same structure,

RI∗. This structure is very similar to the ground-state transitions-state structure

for planarisation, TS1. 3D ball-and-stick digrams of RI∗ and TS1, generated us-

ing IQmol2.1 from their optimised geometric coordinates as produced from the

QChem4.4 output, are presented in Fig. 4.4 and Fig. 4.5, respectively. The dis-

tance between atoms 1 and 2 is 1.982 Å and 1.864 Å for RI∗ and TS1, respectively.

This resemblance in structures can potentially lead to a strong coupling between

the two states. Hence, there is a likelihood that excited-state deactivation can

proceed via internal conversion from RI∗ to TS1, with ∆ICH, corresponding to the

energy released from vibrational relaxation. On the basis of this hypothesis, the

ground-state enthalpies of planarisation, ∆planH, and elimination ∆†elimH can be

calculated.
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Fig. 4.4 3D ball-and-stick image of RI∗ generated using IQmol2.1. The balls

represent atoms and the sticks connecting the balls represent bonds connecting the

atoms. The blue and red ball represent a nitrogen and an oxygen atom respectively.

The dark grey balls represent carbon atoms, and the light-grey balls represent

hydrogen atoms. Atom 1 and 2 correspond to atoms forming the new bond in the

planar intermediate.
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Fig. 4.5 3D ball-and-stick image of TS1 generated using IQmol2.1, where the

blue and red ball represent a nitrogen and an oxygen atom respectively. The dark

grey balls represent carbon atoms, and the light-grey balls represent hydrogen

atoms. Atom 1 and 2 correspond to atoms forming the new bond in the planar

intermediate.

Since approximately 173 kJ mol−1 of energy is released in the formation of the cy-

clised intermediate for the ground-state reaction path, elimination via the ground-

state pathway can be considered to be valid. This amount of energy should be

sufficient to overcome the enthalpy/entropic barrier to drive elimination. Alterna-

tively, if elimination is considered to proceed in the first singlet electronic excited-

state, then about 108 kJ mol−1 of energy will be required to overcome this barrier.
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However, since reacting species often follow the minimum energy path of the re-

action, it is likely that elimination will not proceed in the excited state.

It should be noted that the accuracy of the computed energies is limited by the

approximations made in computational modelling and also the methods used. In

this model, some error may be included due to the non-inclusion of zero-point

energy correction and thermochemical corrections. Also, the solvent-correction

model used does not explicitly account for solvent interactions. Moreover, the er-

ror associated with B3LYP/6-31G(d,p) for reaction energy is within the range of

6-10 kJ mol−1. [49, 50] In spite of these inaccuracies, it is still expected that the

shape of the reaction coordinate diagram, Fig. 4.3, should be qualitatively correct

given that only relative energies are considered.

4.4.2 Para-substituted benzylidene O-methyloximes

The results obtained from calculating the enthalpies for key elementary steps in

the photocyclisation of para-substituted benzylidene O-methyloximes are reported

in Table 4.5. All enthalpies are reported in kJ mol−1.
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Table 4.5 Results of enthalpy (kJ mol−1) of internal(∆ICH), planarisation

(∆†planH), ground-state elimination (∆†elimH), elimination in the first singlet elec-

tronic excited-state (∆†,∗elimH), and photocyclisation experimental yields obtained

from literature. [44]

Molecule ∆ICH ∆†planH ∆†elimH ∆†,∗elimH Yield(%)

NMe2 -150.8 -24.4 57.7 89.1 26

NH2 -152.8 -19.9 58.9 99.8 36

OMe -154.6 -22.9 60.9 104.1 53

OH -153.1 -18.5 61.1 107.5 36

H -148.7 -24.3 56.6 108.6 29

Cl -151.9 -20.7 62.3 111.3 -

CN -149.2 -18.8 62.5 113.4 -

NO2 -147.4 -18.5 63.1 138.0 -

The results in Table 4.5 are presented in order of decreasing electron-donating

ability (NMe2 > NH2 > OMe > OH) and increasing electro- withdrawing ability

(Cl < CN < NO2) of R. According to these results, it can be observed that both

the ground and the first singlet electronic excited-state enthalpies of elimination,

∆†elimH and ∆†,∗elimH respectively, are sensitive to the strength and nature of R. In

this respect, enthalpies for elimination increase as the electron-donating power of

R decrease, meanwhile the same increases as the electron-withdrawing ability of

R increases. These trends imply that the barrier for elimination is influenced by

the nature of the para-substituent. Comparing these enthalpies of elimination be-

tween both states, shows that enthalpies of elimination in the ground-state (57-62

kJ mol−1) are lower than those of the first singlet electronic excited-state (89-138
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kJ mol−1). This means that less energy is required to drive elimination in the

ground-state than in the first singlet electronic excited-state. Consequently, this

increases the likelihood for a ground-state elimination pathway over the excited

state pathway.

It can also be inferred from Table 4.5 that the enthalpies for planarisation are

all negative. This shows that planarisation in these systems is thermodynamically

favourable regardless of the nature of the substituent. Consequently, it can be

hypothesised that elimination is rate limiting step. This is supported by the fact

that no cyclisation products were obtained from the experimental synthesis for

systems with electron withdrawing substituents, [44] which were found to have

the largest enthalpies for elimination both in the ground and in the first singlet

electronic excited-state.

4.4.3 Ortho-substituted benzylidene O-methyloximes

The enthalpies of elimination for ortho-substituted benzylidene O-methyloximes

are reported in Table 4.6. All enthalpies are reported in kJ mol−1.
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Table 4.6 Ground and first singlet electronic excited-state enthalpies for elim-

ination in rotamers A and B for ortho-substituted benzylidene O-methyloximes,

Scheme 4.4. ∆†elimH, and ∆†,∗elimH ground and first singlet electronic excited-state

enthalpies. All enthalpies are recorded in kJ mol−1. Yields were obtained from

experimental published literature. [44]

Molecule
Rotamer A Rotamer B

∆†elimAH ∆†,∗elimAH Yield(%) ∆†elimBH ∆†,∗elimBH Yield(%)

NMe2 41.3 98.6 - 29.9 87.4 6

NH2 30.0 92.0 - 32.8 94.7 26

OMe 53.6 101.2 - 45.9 106.6 63

OH 49.1 90.6 - 42.9 105.3 30

H 56.6 108.6 29 56.6 108.6 29

F 56.9 109.2 - 53.5 110.6 -

Cl 59.3 124.3 - 59.2 110.1 -

CN 62.5 117.3 - 70.9 107.7 -

NO2 79.8 127.2 - 79.6 104.0 -

Considering that the barrier for planarisation is a downhill process, as shown

in section 4.4.1, only the ground and excited-state enthalpies of elimination for

ortho-substituted benzylidene O-methyloximes are reported in Table 4.6. These

enthalpies are presented in decreasing order of the electron-donating power to the

increasing electron-withdrawing power of R. Each rotamer in Scheme 4.4 represent

different starting geometry that can either lead to isomer A or B, whose scaffold

structures are illustrated in Fig. 4.6.
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Fig. 4.6 Structure of isomer A (left) and isomer (B), which can respectively

be synthesised from the photocyclisation of rotamer A or B of ortho-substituted-

benzylidene O-methyloximes, Scheme 4.4. R represents the substituent and the

methoxy group is the leaving group.

According to Table 4.6, it can be observed for both rotamer A and B that electron-

donating groups all have a stabilising effect on the barrier for elimination for both

the ground and the first singlet electronic excited-state. Meanwhile, electron-

withdrawing groups all have a destabilising effect. However, it can be observed

for rotamer B that the rotamer with R = F has a ground-state enthalpy of elim-

ination, ∆†elimH, of 53.5 kJ mol−1, which is slightly more stable than that the

rotamer with R = H, whose ground-state enthalpy of elimination, ∆†elimH, is 56.6

kJ mol−1. This should probably result from the fact that although fluorine is an

inductive ring deactivating group, it also possesses a resonance electron-donating

ability which activates the ring at the ortho and para positions, with the para

position being more activated. This could also explain why R = Cl in rotamer

A has a ground state enthalpy of elimination, ∆†elimH, of 56.9 kJ mol−1, which is

only about 0.3 kJ mol−1 different from that of R = H.

It can also be observed from Table 4.6 that the enthalpies for elimination for

rotamer B are much lower than those of rotamer A. This can be linked to both
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geometrical and electronic effects of the substituents. This could be because of the

resonance-stabilisation effect from having a substituent on the para-position to the

cyclisation centre. This resonance-stabilisation effect could also explain why the

enthalpies of rotamer A and B are much lower than those previously obtained for

para-substituted-benzylidene O-methyloximes in section 4.4.2.

Finally, enthalpies of elimination are much lower in the ground-state than in the

first singlet electronic excited-state for both rotamers. This should further support

a ground-state elimination pathway over an excited-state elimination pathway.

4.4.4 Literature context

From experimental studies, [44] product yields were recorded only for rotamer B,

with electron-donating substituents Table 4.6. However, even though there were

no reported experimental yields for compounds with R = F and Cl, cyclisation

products were observed in complex mixtures whose purifications were not pur-

sued. Finally compounds with electron-withdrawing groups, R = CN, NO2 failed

to form any product. [44]

Comparing the ground-state barrier for elimination with the experimental results

shows that the enthalpies calculated in Table 4.6 correlate well with experimental

results. Only systems with the lowest enthalpies of elimination formed products.

The barrier heights for elimination in the first singlet electronic excited-state do

not favour the observed product selectivity obtained experimentally. This obser-

vation also supports ground-state elimination over elimination in the first singlet

electronic excited-state. The enthalpies for internal conversion and ground-state

planarisation, which are both exothermic are both recorded in Appendix (B).
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4.4.5 Conclusion

So far it has been shown that substituents play an essential role in controlling

non-oxidative eliminative cyclisation. In this study, substituents have been found

to have an essential role in lowering the barrier heights to elimination as well as

in predicting regio-selectivities. Moreover, since the elimination step is likely to

proceed via the ground state, it means that other organic reactivity predictors for

thermal eliminative processes can also be applied in predicting the outcome of the

elimination step in non-oxidative cyclisation.
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A New Photocyclisation Reactivity Predictor
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5.1 Introduction

Before attempting chemical synthesis, synthetic chemists often perform thorough

synthetic planning for the reaction under consideration. This might involve sam-

pling of the most cost-effective reagents or building blocks that will lead to the

desired product in high yield. Alternatively, this may involve an in-depth study

of the primary reactants with critical consideration of all the possible outcomes

that could result from the synthesis. Finally, it may involve making an educated

guess of the reaction mechanism leading to the desired product to enable better

control of the reaction. In most cases, this synthetic planning is often limited

to performing a literature survey, which is followed by "trial-and-error" synthesis

before arriving at the desired product. However, doing this is not always efficient

and cost-effective, because it can lead to a significant wastage of chemical resources

as well as time, and may even be physically risky for certain chemical reactions. [1]

One alternative to help guide synthetic planning is to couple literature survey

with the application of computational chemistry techniques. Although there are

many computational chemistry approaches, quantum computational chemistry has

emerged as the best developed and most intuitive approach for synthetic planning.

This is achieved by either mapping out stationary points along the potential-energy

surface for the minimum energy path of a given reaction and/or through applying

rule-based parameters known as reactivity predictors.

Mapping out stationary points along the potential-energy surface for a reaction

involves a careful determination of energy and geometric coordinates of reactants,

products, intermediates, and all possible transition states that define the minimum

energy path of the reaction. Although this approach provides intuitive thermody-
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namic and kinetic information about the reaction, synthetic chemists find it less

appealing, [2] because it can be very time consuming, especially if results within

chemical accuracy (1 kcal mol−1) are desired. [3] Besides, this is not a black-box

approach, meaning that a certain level of knowledge, skill, and understanding of

quantum computational chemistry methods are required.

On the other hand, reactivity predictors involve computing some properties of

the reactant and correlating them with observed chemical reactivities for a class

of reaction. [4] Most frequently, reactivity predictors are based on the analysis of

electronic properties of molecules (charge density, electrostatic potential, molecular

orbitals) because chemistry is mostly concerned with the position and movement of

electrons. [2] The computation of these properties is usually less computationally

demanding in comparison to mapping out stationary points on the potential-energy

surface for the minimum energy path of a reaction. Moreover, reactivity predictors

are mostly implemented as black-box methods, which do not require any expertise

in computational chemistry making them more appealing for synthetic planning.

A plethora of reactivity predictors have been implemented to determine reactive

species or sites in molecules of nucleophilic/electrophile addition and substitution

reactions. [5–21] However, not much has been done towards designing reactivity

predictors for planarisation and elimination in eliminative cyclisation reactions

despite their utility in synthesising polyaromatic compounds, which are building

blocks for organic semiconductors. [22–25] Some old reactivity predictors do exist

for predicting the propensity of a molecule to photoplanarise. However, these pre-

dictors are not broadly and widely applicable, so have fallen out of use.

This chapter is aimed at designing a more robust reactivity predictor specifically
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for predicting photoplanarision. The focus is on photocyclisation reactions because

they are easier and less sensitive to reaction conditions in comparison to thermal

eliminative cyclisation, as shown in chapter 3. These reactions are more syntheti-

cally useful and widely applied in synthesis.

In the following sections that, existing reactivity predictors for photocyclisation

will briefly be reviewed. This will be followed by implementation of a new reac-

tivity predictor for photocyclisation.

5.2 Existing reactivity predictors for photocyclisa-

tion

The existing reactivity predictors for photocyclisation are all based on predicting

the propensity of photo-induced 6-π electrocyclisation, otherwise known as photo-

planarisation. For the rest of this thesis, reactivity predictors for photocyclisation

will refer to predicting photoplanarisation except where otherwise stated. All the

existing reactivity predictors were formulated from the Hückel molecular orbital

theory. A summary of these reactivity predictors, including their basic tenets, is

described below.

5.2.1 Localisation energy

Electron localisation energy and free valence index were first introduced by Scholz

and co-workers. [26] Scholz defined the electron localisation energy, L∗, for a pho-

tocyclisation system as the difference in energy between the first singlet π elec-

tronic excited-state of the reactant molecule and the ground-state of the dihydro-

intermediate, whose structures are illustrated in Fig. 5.1 and calculated according

to equation(5.1). [26]
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H

H

Fig. 5.1 Reactant (left) and dihydro-intermediate (right) whose energies are used

in calculating the electron localisation energy.

L∗ = R∗ − I (5.1)

Here R∗ is the π-electron energy for the first singlet electronic excited-state of

the reactant molecule, I is the ground-state π-electron energy for the dihydro-

intermediate, all calculated from Hückel molecular orbital theory.

In the prediction of the outcome for a photochemical cyclisation reaction, Scholz

hypothesised that cyclisation would most favourably proceed via the formation of

the dihydro-intermediate with the lowest value of L∗. This results from the fact

that R∗ and I are both negative energies. However, I is less negative because the

dihydro-intermediate has fewer π-electrons, which makes it less stable. Therefore,

reactants or conformers forming a more stable dehydro-intermediate will be the

most likely to give cyclisation products.

5.2.2 Free valence index

The free valence index, which was originally conceived by Coulson, the degree to

which atoms in a molecule are bonded to other atoms relative to a theoretical

maximum bonding power. The rationale here is that every atom in a molecule
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has a valency that must be satisfied as it bonds to other atoms in a molecule. So,

atoms whose valencies are not fully satisfied, or atoms with free valences, are active

sites in the molecule that are most susceptible to form new chemical bonds. [27]

Coulson defined the free valence index, Vr, of an atom r, as the difference between

the sum of all bond orders of bonds formed by atom r to a theoretical maximum

bond order empirically defined for the bond type. The formula for calculating the

free valence index is given by equation (5.2).

Vr = Nmax −Nr (5.2)

Here Nr is the sum of π-bond orders for all the bonds joining atom r to the re-

mainder of the system; Nmax is the theoretical maximum π-bonding power that

atom r can have in any chemical system.

The theoretical maximum bond order power, Nmax, for an sp2 hybridised carbon is
√

3. This value is calculated from trimethylene methane as described in Appendix

(C). The π-bond order, Pr,s, between any two bonds, r and s, is calculated from

the simple Hückel molecular orbitals using equation (5.3). [28]

Pr,s =
K∑
i=1

niariasi (5.3)

ni is the number of electrons in each occupied orbital, ari and asi are the atomic

orbital coefficients for atom r and s respectively, and the sum is taken over all the

K occupied orbitals.

In order to use this concept in predicting photocyclisation, Scholz and co-workers

calculated the free valence indices, V ∗r , in the first π-excited state for each cyclising

atom as expressed in equation (5.4).

V ∗r =
√

3−
∑
i

P ∗r,i (5.4)
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The second term in equation (5.4) represents the sum of all π-bond orders formed

by r in the molecule for its first π-excited state. The authors reported from this

calculation that the preferred mode for ring closure is between atoms with the

largest value of V ∗r .

Case study - localisation energy and free valence index

One example of the use of free valence index, V ∗r in the first excited-state and

the electron localisation energy, L∗, was in predicting the mode of cyclisation

in 2-styryl naphthalene, 5.1, 1,2-di(2-naphthyl)ethyl, 5.2 and 1-(1-naphthyl)-2-(2-

naphthyl)ethyl, 5.3. These molecules are illustrated in Fig. 5.2 and their free

valence indices, V ∗r , in the first excited-state and their electron localisation ener-

gies, L∗, are presented in Table 5.1.

1

1’

2

5.2

1

1’

2’

5.3

2

1

1’

2’

5.1

Fig. 5.2 Illustration of 2-styryl naphthalene, 5.1, 1,2-di(2-naphthyl)ethyl, 5.2

and 1-(1-naphthyl)-2-(2-naphthyl)ethyl, 5.3.
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Table 5.1 An illustration of the use of free valence index, V ∗r in the first ex-

cited state and the localisation energy, L∗, in predicting the mode of cyclisation

in 2-styryl naphthalene, 5.1, 1,2-di(2-naphthyl)ethyl, 5.2 and 1-(1-naphthyl)-2-(2-

naphthyl)ethyl, 5.3, where p is indicates that a product is formed. [26]

Molecule Atom position V ∗r Bond formed L∗ Observed product %

5.1 1’ 0.504 1, 1’ 3.114 p

1 0.667

2 0.450 1, 2 3.472 0

5.2 1’ 0.610 1, 1’ 3.106 p

1 0.493

2 0.455 1, 2 3.472 0

5.3 1 = 1’ 0.630 1, 1’ 2.922 p

1, 2’ 3.281 p

2 = 2’ 0.452 2, 2’ 3.622 0

For all molecules presented in Table 5.1, atom 1 and 1’ have the largest V ∗r and

the lowest L∗ between them. This implies that these atoms have the smallest

π character, which makes them more suitable for bond formation. Moreover,

the lowest values of L∗ show that the intermediates resulting from bonds formed

between these atoms are the most stable. Therefore, the predicted mode of ring

closure would be via bond formation between these two atoms. [26] However, this

prediction is vague, given that it does not give any idea of how large V ∗r or how

small L∗ should be for a product to be formed.
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5.2.3 Laarhoven rules for photocyclisation

In 1968, Laarhoven proposed a critical value for the free valence index, V ∗r , in

the first excited-state and the localisation energy, L∗ [29]. From a series of calcu-

lations on different photocyclisable systems, Laarhoven postulated that a system

would photocyclise if L∗ is less than 3.450(β), where β is an empirical value for the

Coulombic interatomic electronic interaction, which has a commonly agreed value

of -0.7 eV. From a conceptual standpoint, L∗ values are more meaningful because

they are easy to interpret and have an actual physical interpretation, since they

represent an energy difference between two molecular electronic configurations.

However, L∗ values were less commonly used because, at the time of its develop-

ment, there were limited computational resources and they were considered to be

computationally very demanding since one computation had to be carried out for

the reactant and another one for the dihydro-intermediate. [30]

V ∗r was more appealing since one calculation on a reactant molecule was suffi-

cient to completely describe the free valencies for all atoms in the molecule.

In order to predict the susceptibility of a cyclisation that proceeds via bond for-

mation between atom r and s, the sum of free valence indices in the first excited-

state,V ∗r,s, is calculated for these atoms as shown in equation (5.5).

V ∗r,s = V ∗r + V ∗s (5.5)

Here V ∗r and V ∗s are the first excited-state free valence indices of atoms r and

s, respectively. After evaluating V ∗r,s for a series of photocyclisable systems, the

following rules for predicting photocyclisation were established, formally known as

Laarhoven rules. [31]
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1. A system will undergo photocyclisation via bond forming between atom r

and s only when V ∗r,s is greater than 1.0.

2. When two or more isomers can be formed from a given photocyclisation

reaction, only one product will be formed if the difference in the first excited-

state free valence indices, ∆V ∗r,s for both isomers, is greater than 0.1.

Here ∆V ∗r,s = V ∗r,s(1) - V ∗r,s(2) with (1) and (2) representing isomers one and

two respectively.

3. When a planar and a non-planar product can arise from a given photocy-

clisation reaction, the planar aromatic compound will be the main product

provided V ∗r,s > 1.

Case study - Laarhoven’s rules

An example of the illustration of these rules is found in Scheme 5.1. Compound

5.4, with V ∗1,2 = 1.111 photocyclises to 5.6 with 60% yield. However, no cyclisation

product is obtained for 5.7 with V ∗1,2′ = 0.941, as predicted by the first rule. On

the other hand, compound 5.5 in which V ∗1,2 = 1.095 and V ∗1,2′ = 1.188, gives only

one product. In this case, only the planar isomer, 5.7, is formed with a 75% yield.

No product yield is recorded for the non-planar isomer, 5.6, which follows from

the third rule that the planar compound will be the main cyclisation product in

cases where both planar and non-planar compounds can be formed. [32]
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V*1,2 = 1.111

V*1,2 = 1.095

V*
1 ,2’ = 0

. 941

V
* 1

, 2’
 =
1.

18
8

2’

2

1

1

2’

2

5.4

5.5

5.6 5.7

non-planar planar

Scheme 5.1 Illustration of an application of Laarhoven’s rules. V ∗1,2 represents

the sum of first excited-state free valence index between atom 1 and 2. V ∗1,2′

presents those for atom 1 and 2’. [30]

5.2.4 Variation in electronic overlap population

Another approach for predicting photocyclisation is based on applying the Mulliken

overlap populations nr,s calculated from the Hückel theory. [33, 34] The rationale

in this approached was based on the fact that interactions between bonding cen-

tres can intuitively be deduced by calculating their electronic overlap population.
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Muszkat et al., calculated the electronic overlap between two cyclisation centres r

and s in the ground and the first singlet excited-state for reactant molecules as a

measure for predicting photocyclisation reaction. [35,36] They used the difference

in electronic overlap between both states, ∆n∗r,s, as a measure for evaluating how

this interaction changes between both states. [37,38]

∆n∗r,s = n∗r,s − nr,s (5.6)

Here n∗r,s is the electronic overlap between atom r and s in the excited-state; nr,s

is the electronic overlap population between these atoms in the ground-state; and

r and s represent the atoms forming the new σ-bond in the cyclisation reaction.

Positive values of ∆n∗r,s are hypothesised to indicate a bonding interaction be-

tween atom r and s, consequently favouring the propensity for bond formation

between these atoms during photocyclisation. Negative values of ∆n∗r,s suggest

antibonding interactions, thus disfavouring new bond formation, which is inter-

preted as disfavouring photocyclisation. [39]

Unlike Laarhoven’s rules, this reactivity predictor was less successful in predicting

photocyclisation, because Laarhoven’s rules are more straightforward and easier to

implement. The only times this was used as reactivity predictors were for syntheses

authored by Muszkat. [39]

5.2.5 Variation in bond order

The final existing reactivity predictor for photocyclisation involved analysing the

changes in Coulson bond order between the ground and the first singlet electronic

excited state, again calculated from Hückel molecular orbital theory. [40–42] The

rationale in this model was based on the fact that changes in bonding patterns

139



that result from the deactivation of an electronic excited-state correspond to the

molecular rearrangements that lead to the formation of the photochemical prod-

uct. A qualitatively easy way to evaluate these changes in bonding pattern is by

evaluating how the bond orders in the molecule change in states.

Minot and co-workers suggested that the most critical changes in bonding pattern

in the first singlet electronic excited-state for a photocyclisation system would cor-

respond to the formation of a new σ-bond. Consequently, a large bond order in

the first singlet excited-state between atoms forming the new bond will imply a

high bonding interaction and therefore, a higher propensity for a σ- bond to be

formed between both atoms, and vice versa. They evaluated this by calculating

the variation in the bond order, ∆P ∗r,s, for this centre in the ground and excited-

state as shown in equation (5.7).

∆P ∗r,s = P ∗r,s − P ∗r,s (5.7)

Here r and s, represent the two atoms between which the new σ-bond would

formed during cyclisation. P ∗r,s and Pr,s are, respectively, the first singlet elec-

tronic excited-state and ground-state bond orders between both atoms. A positive

value of ∆P ∗r,s implies a higher propensity to photocyclise, and vice versa. [43]

Similarly to the variation in electronic overlap population, these reactivity pre-

dictors have fallen short of use. Again, the only publications in which they were

used are from papers authored by Minot et al and Laarhoven. [30]
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5.2.6 Summary

A summary of key aspects of these existing reactivity predictor is presented in

Table 5.2. Of all four existing reactivity predictors, V ∗r,s is the most straightforward

and preferentially used. Due to the limited computational resources at the time of

creation, L∗ was seldom used and, as a consequence, it is difficult to conclude on

its predictive power. ∆n∗r,s and ∆P ∗r,s are a little more complicated to implement,

which significantly limited their application.

Table 5.2 Summary of the used of localisation energy, L∗, sum of excited-state

free valence index, V ∗r,s, variation in atomic overlap, ∆n∗r,s, and variation in bond

order, ∆n∗r,s in predicting photocyclisation

Reactivity predic-

tor

Definition Prediction

L∗ Difference in excited-state

energy of reactant and

dihydro-intermediate

Molecule should photocy-

clise if L∗ < 3.450(β)

V ∗r,s Sum of excited-state free va-

lence of atom r and s, which

form the putative bond dur-

ing photocyclisation

Molecule should photocy-

clise if V ∗r,s > 1.0

∆n∗r,s Change in electronic overlap

between ground and excited-

state for atom r and s that

forms the σ-bond during cy-

clisation

Molecule photocyclises if

∆n∗r,s is largely positive

number

Continues on next page
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Table 5.2 – Continued from previous page

Reactivity

predictor

Definition Prediction

∆P ∗r,s Variation in bond order be-

tween ground and excited-

state for atom r and s form-

ing the new bond

Molecule photocyclises if

∆P ∗r,s > 0

5.2.7 Limitations of existing reactivity predictors

The existing reactivity predictors for photocyclisation have fallen short of use in

recent years. There are so far few or no publications where these reactivity pre-

dictors were used in synthetic planning. The only instances where these reactivity

predictors were applied are from papers published in the 1980s and the early 1990s,

mostly authored by the developers of these predictors and mostly applied to justify

observed results rather than make accurate de novo predictions.

The main reason for this decline of reactivity predictors is that they are based

on Hückel theory, which is no longer in used except as an introductory method

in textbooks. Its inherent oversimplification on the wave function and the molec-

ular Hamiltonian limits its application to π-conjugated hydrocarbons, and more

advanced wave-function or density-functionals methods are required to enable the

inclusion of a broader range of systems.

Apart from the localisation energy, all other reactivity predictors rely on analysing

changes in electron distribution between the ground and the first singlet electronic
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excited-state. The problem with this approach stems from the fact that electrons

are delocalised over the entire molecular orbital of a molecule. Analysing changes

in electron distribution will depend on the population analysis method that is be-

ing used to arbitrary distribute electrons to different atoms in the molecule; and

there is no agreed standard for judging the correctness of a population analysis

method since there are no corresponding experimental observables. [44]

5.3 Rationale for new reactivity predictor

Upon outlining the fundamental principles and reasons for the fall in use of exist-

ing reactivity predictors for photocyclisations, it is evident that a new generation

of reactivity predictors is required. To do this, it is important to take a step back

and reiterate the purpose and essence of a reactivity predictor. A reactivity pre-

dictor is a cheap, fast and easy-to-understand parameter that can be used to pull

out qualitatively important information about the most important points on the

PES of a reaction. In order to design a new reactivity predictor, it is important

to give a careful thought what changes in molecular properties are important in

gaining useful and reasonable qualitative insight about the rate-determining step

of the reaction in question.

In principle, a PES is a plot of how the energy of a molecule changes along all pos-

sible degrees of freedoms for a given reaction. In this scheme, the rate-determining

step is found by identifying the highest energy point on the PES corresponding

to changes in the most important degree of freedom along which the reaction pro-

ceeds. Consequently, the rate-determining step is vertically linked to the energy

and horizontally linked to a change in a particular set of molecular coordinates.

We could resort to finding ways of predicting the patterns or directions along which

these sets of coordinates will change rather than trying to estimate the energy of
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the rate-determining step. The idea is first to make an educated guess on the most

critical changes in the molecular coordinates that will correspond to the most sig-

nificant changes in the degree of freedom at the rate-determining step and then

devise an easy way to estimate these changes in a qualitative manner.

In a photochemical reaction, light absorption often leads to a change in the bond-

ing pattern of the atoms that contribute to the HOMO and the LUMO, which

correspond to the first singlet electronic excited-state. For a photocyclisation re-

action, it could hypothesise that, if this region is located on the putative forming

ring, then the most considerable changes in the bonding pattern will occur between

the atoms that make up this ring.

Since photoplanarisation is a necessary precondition for photocyclisation that relies

on a molecule’s inherent ability to absorb light and undergo 6-π electrocyclisation,

the necessity for predicting this step is of great importance. If the planarisation

step can successfully be predicted, product formation will simply rely on optimis-

ing reaction conditions to favour the elimination. Based on this hypothesis, the

remaining task is to devise a means to qualitatively predict or quantify the changes

in bonding pattern within the putative forming ring in the first singlet electronic

excited-state in a quick, easy and robust way without having to perform multiple

time-consuming computations.

5.3.1 Induced atomic forces upon vertical excitation

When a molecule absorbs a photon of light and is excited to its first singlet elec-

tronic excited-state, the instantaneous changes in electron distributions resulting

from this excitation induces forces on the atoms within the molecule. These forces

act by driving the atoms in the molecule to reorganise from their initial ground-
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state conformation towards the excited-state equilibrium geometry. If the direc-

tions of these forces are consistent with driving the atoms in the molecule towards

becoming planar or more aromatic-like, then it is likely that the molecule will

photoplanarise. Consequently, these induced forces can be used as a proxy for

predicting whether an initial electronic excitation would lead to a 6-π electrocy-

clisation reaction.

This can be done either by: 1) evaluating the components of the induced forces

along the torsional coordinate about which bond rotation occurs in the putative

forming ring during planarisation and/or 2) evaluating the components of the in-

duced forces along bond vectors within the putative forming ring. Evaluating the

components of the induced forces along the torsional coordinates along which bond

rotation occurs is more intuitive. This is because it directly points out whether

the induced forces act by decreasing or increasing the torsional angle, which could

favour or disfavour photoplanarisation. Since torsional barriers are usually quite

low, [45, 46] these forces will be relatively small and might not be so easy to de-

tect. On the other hand, evaluating the components of the induced forces along

the bond vectors in the putative forming ring provides information on the changes

in bonding patterns that would likely occur in the ring. Consequently, this can

be used to predict whether the changes in bonding patterns would lead to the

putative forming ring becoming more aromatic-like or not.

5.4 Methodology and computational details

5.4.1 Force projection on bond vector

Consider the scaffold for the putative forming ring of a hypothetical photocyclisa-

tion to be represented by Scheme 5.2. The atoms constituting the putative forming
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ring are labelled 1 to 6.

R1 R2
1 6

2 5

3 4

R1 R2
1 6

2 5

3 4

planarisation

Scheme 5.2 Scaffold for the putative forming ring of a hypothetical photocycli-

sation system. The numbers 1- 6 represent atom labelings for atoms found in the

putative forming ring. R1 and R2 represent any ring substituents

For any two atoms in the putative forming ring represented by the position vectors

r1 and r2, respectively, the atomic forces are f1 and f2, respectively. The bond

vector between these two atoms can be represented by r1,2 and the force vector by

f1,2. The component of the force, F1,2, along the bond vector r1,2 can be evaluated

from equation (5.8).

f1

f1

f2

f
1
,2

r1 r2

r1,2

F1,2
1 2

F1,2 =
f1,2.r1,2
||r1,2||

(5.8)

To be consistent with 6-π electrocyclisation, the components of the induced forces

along each π-bond vector should adopt a positive value, which is indicative of

double-bond lengthening. The combine components of these induced forces, F ∗π ,

on the π-bonds vectors for atoms in the putative forming ring can be obtained by
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summing up the components of the forces on each pair of atoms forming a double

bond in the putative forming ring as given by equation (5.9).

F ∗π = F1,2 + F3,4 + F5,6 (5.9)

The components of the forces along each single bond vector in the putative form-

ing ring should adopt a negative value, which is indicative of σ-bond shortening.

Moreover, the combine components of the induced forces on all σ-bond vectors,

F ∗σ , is given as the sum of the components of the forces on each pair of atoms

forming a single bond in the putative forming ring as shown in (5.10).

F ∗σ = F2,3 + F4,5 (5.10)

Finally, the combine components of these forces on all bond vectors, F ∗π,σ, in the

putative forming ring is the difference between F ∗π and F ∗σ as given by equation

(5.11).

F ∗π,σ = F ∗π − F ∗σ (5.11)

5.4.2 Data set

The dataset in this chapter is composed of 34 aromatic hydrocarbons with pub-

lished free valence indices. [29,30,47,48] Their experimental yields are also selected

from the same published literatures. The structures of these molecules and their

free valence indices computed by Laarhoven et al are presented in Table 5.3 in the

results section.

5.4.3 Procedure

For each reactant molecule, an approximate guess geometry was constructed using

the Avogadro 1.2.0 molecular builder software. [49] Each starting geometry was

constructed so that the atoms forming the new bond were in a cis-configuration
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relative to each other. This was done for all possible conformers resulting in

different isomeric products. The geometries of these guess structures were then

optimised in the ground-state using the methods described in chapter 2. From

these ground-state optimised geometries, the Cartesian position vector for each

atom in the putative forming ring was selected, from which the bond vectors were

calculated. The energy gradients, from which the force vectors were calculated

from, were computed in the first singlet electronic excited-state at the ground-state

optimised geometries for each reactant conformer. The components of the induced

forces in the putative forming ring for all the conformers were then computed using

an analysis script implemented in Python 2.7.10

5.5 Results and Discussion

The components of the forces, F ∗π , F ∗σ , F ∗π,σ, along π-bond vectors, σ-bonds and for

all the bond vector of atoms constituting the putative forming ring are presented

in Table 5.3. These results are presented alongside Laarhoven free valence indices,

V ∗r,s, where r and s correspond to the atoms that are susceptible to form the new

bond in the planarisation step.
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Table 5.3 Molecules, sums of free valence indices, V ∗r,s, components of induced forces along π-bond vectors, F ∗π ,

σ-bond vectors, F ∗σ , both π and σ-vectors along the putative forming. All components of induced forces along the

putative forming are given in Eh/a0. r and s correspond to atoms between which the new bond is formed during

planarisation.

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

2 a = 2,2’ 1.050 x 0.257 -0.214 0.471 P

5.13

2'

2

a = 2,2’ 1.028 x 0.184 -0.172 0.356 P

5.14

Continues on next page
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Table 5.3 – Continued from previous page

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

2
4

4'

a = 2’,4 0.916 y 0.118 -0.144 0.262 0

b = 2,2’ 1.020 y 0.167 -0.155 0.322 0

c = 4,4’ 1.083 y 0.190 -0.154 0.344 50

d = 2,4’ 1.183 y 0.224 -0.161 0.389 22

5.15

2'

2

4

a = 2,2’ 0.955 y 0.15 -0.109 0.259 0

b = 4,2’ 1.117 y 0.085 -0.105 0.190 80

5.16

Continues on next page
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Table 5.3 – Continued from previous page

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

2

4

4'

a = 2,2’ 0.916 y 0.077 -0.122 0.199 0

b = 4,2’ 1.046 y 0.146 -0.124 0.270 0

c = 2,4’ 1.080 y 0.157 -0.142 0.299 65

d = 4,4’ 1.0216 y 0.138 -0.127 0.265 20

5.17

2'

24

4'

a = 4,2’ 0.927 y 0.142 -0.150 0.292 0

b= 4,4’ 1.027 y 0.174 -0.153 0.327 0

c = 2,4’ 1.126 y 0.171 -0.152 0.323 50

5.18

Continues on next page
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Table 5.3 – Continued from previous page

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

24
a = 4,2’ 0.972 y 0.157 -0.145 0.302 0

b = 2,2’ 1.069 y 0.195 -0.150 0.345 80

5.19

2'

24

a = 4,2’ 1.095 y 0.201 -0.148 0.349 75

b = 2,2’ 1.188 y 0.230 -0.150 0.380 0

5.20

Continues on next page
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Table 5.3 – Continued from previous page

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

2

4

a = 2,2’ 0.941 y 0.076 -0.087 0.163 0

b = 4,2’ 1.111 y 0.121 -0.087 0.208 60

5.21

2'

2

4'

a = 2,2’ 1.032 y 0.158 -0.126 0.284 0

b = 2,4’ 1.164 y 0.212 -0.136 0.348 90

5.22

Continues on next page
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Table 5.3 – Continued from previous page

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

2

4'

4

a = 4,4’ 0.938 y 0.145 -0.154 0.299 0

b = 4,2’ 1.048 y 0.186 -0.161 0.347 75

c = 2,4’ 1.049 y 0.192 -0.164 0.356 0

d = 2,2’ 1.160 y 0.225 -0.169 0.394 0

5.23

2'

24

a = 2,2’ 0.959 y 0.099 -0.1 0.198 0

b = 4,2’ 1.083 y 0.156 -0.121 0.277 65

5.24

Continues on next page
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Table 5.3 – Continued from previous page

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

24

4'

a = 4,2’ 0.911 y 0.085 -0.085 0.17 0

b = 2,2’ 0.983 y 0.121 -0.09 0.211 0

c = 4,4’ 1.074 y 0.149 -0.111 0.260 60

d = 2,4’ 1.146 y 0.184 -0.118 0.302 22

5.25

2'

2

4
a = 2, 2’ 0.915 y 0.099 -0.097 0.196 0

b = 4, 2’ 1.035 y 0.092 -0.062 0.154 10

5.26

Continues on next page
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Table 5.3 – Continued from previous page

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

2

4

4'

a = 4, 4’ 0.922 y 0.068 -0.086 0.154 0

b = 4, 2’ 1.023 y 0.101 -0.106 0.207 0

c = 2, 4’ 1.053 y 0.146 -0.123 0.269 0

d = 2, 2’ 1.146 y 0.208 -0.152 0.360 62

5.27

2'

2

4

4'

a = 4, 4’ 0.916 y 0.075 -0.092 0.167 0

b = 2, 4’ 1.046 y 0.106 -0.102 0.208 0

c = 2, 2’ 1.126 y 0.192 -0.131 0.323 70

5.28

Continues on next page
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Table 5.3 – Continued from previous page

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

2

4

4'

a = 4, 4’ 0.904 y 0.083 -0.134 0.217 0

b = 4, 2’ 1.082 y 0.141 -0.125 0.266 0

c = 2, 2’ 1.260 y 0.245 -0.156 0.401 80

5.29

2'

2

4

4'

a = 4, 4’ 0.907 y 0.074 -0.076 0.150 0

b = 4, 2’ 1.012 y 0.113 -0.104 0.217 0

c = 2, 4’ 1.071 y 0.139 -0.092 0.231 5

d = 2, 2’ 1.176 y 0.181 -0.105 0.286 0
5.30

2'

2 a = 2, 2’ 1.170 t 0.130 -0.117 0.247 P

5.31

Continues on next page
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Table 5.3 – Continued from previous page

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

2

4'

4

3

a = 2, 2’ 1.240 z 0.269 -0.166 0.435 7

b = 2, 4’ 1.092 z 0.199 -0.158 0.357 0

c = 3, 4’ 1.1133 z 0.233 -0.165 0.398 0

5.32

2'

2

a = 2, 2’ 0.934 z 0.029 -0.07 0.088 46

5.33

2'

2

4'

4

a = 2, 2’ 1.149 z 0.254 -0.159 0.413 8.5

b = 4, 4’ 1.070 z 0.216 -0.152 0.368 0

5.34

Continues on next page
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Table 5.3 – Continued from previous page

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

2

4'

4

a = 2, 2’ 1.238 z 0.276 -0.158 0.434 13.5

b = 4, 4’ 1.067 z 0.213 -0.149 0.362 0

5.35

2'
2

a = 2, 2’ 0.949 z 0.032 -0.089 0.121 0

5.36

2'

2

a = 2, 2’ 0.934 z 0.082 -0.008 0.090 0

5.37

Continues on next page
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Table 5.3 – Continued from previous page

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

2 a = 2, 2’ 1.091 z 0.226 -0.143 0.369 10

5.38

2'

2

a = 2, 2’ 1.124 z 0.253 -0.161 0.414 2

b = 2, 4’ 0.988 z 0.190 -0.153 0.343 0

5.39

Continues on next page
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Table 5.3 – Continued from previous page

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

2

4

4'
a = 2, 2’ 0.912x 0.083 -0.071 0.154 0

b = 4, 4’ 0.948 x 0.130 -0.098 0.228 p

5.40

2'

2

4

4'

a = 2, 2’ 0.908x 0.086 -0.090 0.176 0

b = 4, 4’ 0.955 x 0.095 -0.106 0.201 p

5.41

Continues on next page
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Table 5.3 – Continued from previous page

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

24

4'

a = 2, 2’ = 4,4’ 0.955x 0.133 -0.133 0.246 p

5.42

2'

2

a = 2, 2’ 0.965 x 0.187 -0.127 0.314 p

5.43

2'

2

a = 2, 2’ 0.972 x 0.076 -0.012 0.088 0

5.44

Continues on next page
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Table 5.3 – Continued from previous page

Molecule r, s V ∗r,s F ∗π F ∗σ F ∗π,σ Yields %

2'

2

a = 2, 2’ 0.976 x 0.084 -0.032 0.116 0

5.45

2'

2

4'

4

a = 2, 2’ 0.961x 0.048 -0.09 0.138 0

b = 4, 4’ 0.914 x 0.08 -0.065 0.145 0

5.46
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Abbreviations:

p : product formed with no recorded yield from refercence

t : see ref [30]

x : see ref [29]

y : see ref [47]

z : see ref [48]

5.5.1 Predictive power

A close look at Table 5.3 shows, that experimentally, products are mostly observed

for molecules with F ∗π ≥ 0.1 Eh/a0 and F ∗π,σ ≥ 0.20 Eh/a0 . For molecules with many

rotamers, isomeric products are consistently observed for rotamers with the largest

F ∗π and F ∗π , provided they are above or equal to 0.1 and 0.2 Eh/a0, respectively.

These observations are summarised in Table 5.4 and Table 5.5, where experimental

results are compared for each molecule as a whole and not the individual rotamers

based on the hypothesis that the formation of the preferred isomer precludes the

formation of others. For systems with many rotamers, only the rotamers with the

largest F ∗π and F ∗π,σ are considered, since the experimental results reported for each

isomer are not independent. Predictions obtained from applying Laarhoven’s rules

to these molecules are also summarised in Table 5.6.
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Table 5.4 Summary of cross-correlation of the predictive power of F ∗π with ex-

perimental results for which 30 molecules formed products and 4 molecules did

not. Each column represents experimental observations while each row represents

predictions from F ∗π

Prediction Products/30 No product/4

F ∗π ≥ 0.1 28 0

F ∗π < 0.1 2 4

Table 5.5 Summary of cross-correlation of the predictive power of F ∗π,σ with

experimental results for which 30 molecules formed products and 4 molecules did

not. Each column represents experimental observations while each row represents

predictions from F ∗π,σ.

Prediction Products/30 No product/4

F ∗π,σ ≥ 0.20 28 0

F ∗π,σ < 0.20 2 4

Table 5.6 Summary of cross-correlation of the predictive power of V ∗ with ex-

perimental results for which 30 and 4 molecules did not. Each column represent

experimental observation while each row represent predictions from V ∗.

Prediction Products/30 No product/4

V ∗ ≥ 1.0 25 0

V ∗ < 1.0 5 4
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Performance of force base reactivity predictor for molecules that are

experimentally observed to photocyclise

From Table 5.4 and Table 5.5 it can be observed that 28 out of the 30 molecules

that were experimentally observed to yield cyclisation products had F ∗π ≥ 0.1 Eh/a0

and F ∗π,σ ≥ 0.2 Eh/a0. A typical example is cis-stilbene, 5.13, whose induced forces

are illustrated in Fig. 5.3.

Fig. 5.3 Illustration of induced forces atomic forces in cis-stilbene, 5.13. The

pink arrows indicate the direction and position of the forces within the molecule,

and the lengths of the arrows correspond to the magnitude of the induced forces.

The dark grey balls represent carbon atoms and the light grey balls represent

hydrogen atoms.

It can be observed from Fig. 5.3 that the induced forces are highly localised along

the region of the putative forming ring, which is indicative of the fact that the
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electronic transition occurs in this region and promotes aromatisation of the ring.

This is evident from the fact that forces on atoms forming σ-bonds point in the

direction corresponding to σ-bonds shortening. Meanwhile, forces on atoms form-

ing π-bonds point directions corresponding to π-bonds lengthening. Overall, this

effect is consistent with bond equilibration along the putative forming ring, which

is indicative of aromatisation of this ring, thus leading to a high propensity for 6-π

electrocyclisation or photoplanarisation.

Two molecules, 5.26, 5.33, with F ∗π < 0.1 Eh/a0 and F ∗π,σ < 0.2 Eh/a0, which

are predicted not to photoplanarise were actually observed to yield cyclisation

products. The induced forces in these molecules are illustrated in Fig. 5.4 and

Fig. 5.5 respectively.
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Fig. 5.4 Illustration of induced forces in compound 5.26b. The pink arrows indi-

cate the direction of the induced forces while the lengths of the arrows correspond

to the magnitude of the induced forces. The dark grey balls represent carbon

atoms and the light grey balls represent hydrogen atoms.
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Fig. 5.5 Illustration of induced forces in compound 5.33. The pink arrows indi-

cate the direction of the induced forces while the length of the arrows correspond

to the magnitude of the induced forces. The dark grey balls represent carbon

atoms and the light grey balls represent hydrogen atoms.

From close inspection of Fig. 5.4 and Fig. 5.5 it can be observed that the induced

forces are only sparsely localised on few atoms in the putative forming ring and

highly delocalised on the large aromatic fragment. This is indicative of the fact

that the electronic transition does not readily occur in the region of the putative

forming, hence does not promote aromatisation or drive photoplanarisation.

The fact that these molecules are experimentally observed to photocyclise means

that predictions from the force analysis for these systems are wrong. One pecu-
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liarity about these molecules is that they all possess a terminal aryl ring connected

to a large aromatic fragment. Hence, it is likely that rotation about the bond con-

necting the two aromatic units breaks π-conjugation and prevents aromatisation.

But the equilibrium torsional angles in these systems do not differ much from other

molecules in the dataset that are predicted to photoplanarise, which makes this

explanation unlikely. In addition, if all the thermally accessible bond rotations are

taken into account, it will substantially increase the computational cost as well as

complexity of this model, thus would prevent it from being routinely applied.

Tt is possible that the electronic structure model, TD-B3LYP/6-31G*, used in

computing the induced excited-state forces is not consistent with aromatisation of

the putative forming ring within these systems. In order to confirm this hypoth-

esis, future studies will be performed using the Coulomb-attenuating version of

the B3LYP (CAM-B3LYP) functional, which is suitable for describing long-range

interactions in electronically excited states. [50]

Overall, this model correlates well with experimental results and provides use-

ful qualitative insights at a modest computational cost across a diverse set of

molecules, even if it should be interpreted with caution for this type of molecules.

Perfomance of reactivity predictor for molecules that are not experi-

mentally observed to photocyclise

It follows from Table 5.4 and Table 5.5 that all the 4 molecules with no recorded

experimental products are those with F ∗π < 0.1 Eh/a0 and F ∗π,σ < 0.2 Eh/a0. Two

representatives of these molecules are illustrated in Fig. 5.6 and Fig. 5.7.
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Fig. 5.6 Illustration of the delocalisation of induced forces on the phenathryl

fragment in compound 5.45. The pink arrows indicate the direction and position

of the forces within the molecule and the lengths of the arrows correspond to the

magnitude of the induced force. The dark grey balls represent carbon atoms while

the light grey balls represent hydrogen atoms
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Fig. 5.7 Illustration of the delocalised induced forces in compound 5.40. The

pink arrows indicate the direction and position of the forces within the molecule

and the lengths of the arrows correspond to the magnitude of the induced force

while the light grey balls represent hydrogen atoms

It can be observed from Fig. 5.6 that the induced forces in compound 5.45 are de-

localised on the phenanthryl fragment away from the putative forming ring. This

implyies that the electronic transition occurs on the phenanthryl fragment and so

does not promote aromatisation of the putative forming ring.

In contradistinction to compound 5.45, the induced forces in compound 5.40 are

highly delocalised across the entire molecule, as illustrated in Fig. 5.7. This leads

to small induced forces along the putative forming ring, which are insufficient to

172



promote aromatisation of the putative forming ring .

Since the electronic transition in these molecules does not promote the aroma-

tisation of the putative forming ring, it is unlikely that any cyclisation product

would be obtained, regardless of the solvent and oxidising agent used to optimised

experimental conditions.

Prediction of isomeric products

In as much as this analysis is capable of predicting whether photoplanarisation

will proceed or not, it can also be useful in predicting preferred photoplanari-

sation pathways in cases where isomeric products can be formed. From results

presented in Table 5.3, it is observed that isomerisation products are obtained

from rotamers with the largest F ∗π and F ∗π,σ. Nonetheless, no observed products

were obtained for certain rotamers with F ∗π ≥ 0.1 Eh/a0 and F ∗π,σ ≥ 0.2 Eh/a0.

The fact that no experimental products were observed for these rotamers does not

mean that they could not absolutely photoplanarise, but rather that they were

relatively disfavoured since the experimental yields reported for each isomer are

not independent.

5.5.2 Comparison with Laarhoven’s rules

Based on Table 5.4, Table 5.5, and Table 5.6, a comparison between this new force

analysis model and Laarhoven’s free valence index can be made. This comparison

based on the number of times both models correctly and falsely predict the for-

mation or non-formation of products relative to experimental results are recorded

in Table 5.7
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Table 5.7 Comparison between V ∗ and F ∗π /F ∗π,σ based on the percentages by

which they correctly and falsely predict the formation and non-formation of prod-

ucts relative to experimental results. CP: Correct prediction of product formation,

CN: Correct prediction of no product formation, FP: False prediction of product

formation and FN: False prediction of no product

Methods CP (/30) CN (/4) FN (/30 ) FP(/4)

V ∗ 25 4 5 0

F ∗π /F ∗π,σ 28 4 2 0

According to Table 5.7, it can be observed that our model and Laarhoven’s free

valence indices correlate quite well in predicting conformers for which experimental

products were observed. However, our model is slightly better, for instance, our

model correctly predict the formation of products for 28 out of the 30 molecules

yielding experimental products, whereas, Laarhoven’s free valence index correctly

predict products for 25 of these molecules.

Moreover, both methods are good at correctly predicting conformers that do not

yield experimental products. For these systems, both methods correctly predict

the non-formation of products for all the 4 molecules with no observed experimen-

tal products.

For cases in which both predictors failed to correctly predict the formation prod-

ucts, our model is slightly better than Laarhoven’s. Our model falsely predict the

non-formation of products for two molecules, whereas, Laarhoven’s free valence

index falsely predict the non-formation of products for 5 molecules.
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Although Laarhoven’s free valence index and our force-based reactivity predictor

are conceptually different, they are still capable of capturing the same essential

changes in electronic structure that result from photo-excitation. This shows that

simple models based on Hückel molecular orbital theory are sometimes valuable in

qualitatively explaining the electronic structures of molecular systems in a clear

and neat way like our more complex model, which is based on time-dependent

density functional theory.

Overall, apart from having a better predictive power, our model is superior to

Laarhoven’s rules because the Hückel molecular orbital theory on which Laarhoven’s

indices are calculated cannot be easily applied to non-conjugated hydrocarbons

or systems possessing one or more heteroatoms. Previous attempts to extend

Laarhoven’s free valence index to heteroatom containing rings by generalising the

Hückel molecular orbital theory to include heteroatom containing systems have

failed. [30] Since our model is designed from time-dependent density functional

theory, it will work equally well for heteroatom containing systems as for hydro-

carbons.

5.5.3 Practical application

Our force-based reactivity predictor predicts the outcome of the photo-planarisation

step, which is an essential precondition for photocyclisation. Molecules with F ∗π ≥

0.1 Eh/a0 and F ∗π,σ ≥ 0.2 Eh/a0 are most likely to yield photocyclisation products

provided experimental conditions are optimised to favour elimination. Since F ∗π ,

F ∗σ , F ∗π,σ values all give us the same information, it will be more comfortable and

more practical for synthetic chemists to deduce only F ∗π,σ values for any precursor

molecule. This is because it will be easier to state the atoms present in the puta-
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tive forming ring contrary to stating their bond types (i.e. whether they form σ or

π-bonds). All subsequent excited-state force analysis in this thesis will be based

on calculating only F ∗π,σ.

5.6 Summary

In this chapter, we aimed to design a novel reactivity predictor for the outcome of

photocyclisation reaction. This predictor is based on the components of induced

forces along the bond vectors in the putative forming ring. Results show that

molecules in which induced forces are localised along the putative forming are

more susceptible to photo-planarisation, which in most cases leads to cyclisation

products. Comparing this model to Laarhoven’s free valence index shows that both

models capture the same essential changes in electronic structure that result from

photo-excitation. However, our dataset was selected only for systems in which

Laarhoven’s free valence indices could be found in the literature. This dataset is

not considered extensive enough to explore the generalisability of our force-based

reactivity predictor. In the next chapter, our model will be applied to a more

extensive dataset in order to fully assess its strengths and limitations.
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CHAPTER 6

Photocyclisation Reactivity Predictor: Generalised Case

Studies and Testing
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6.1 Introduction

In chapter 3, reaction coordinate profiles were mapped out for a series of photocy-

clisation systems. It was concluded from this study that the barrier for elimination

was highly sensitive to the reaction conditions. Meanwhile, the planarisation step

was found to be photoactivated, meaning that it depends on the inherent ability

of a molecule to absorb light and undergo 6-π electrocyclisation. To predict pho-

tocyclisation, one can resort to determining whether a reactant molecule possesses

the inherent ability to photoplanarise. This can be done on the basis that if a

molecule photoplanarises, product formation will rely on optimising the reaction

conditions -solvents and oxidising agent- to favour elimination.

In chapter 5, a novel reactivity predictor for predicting photoplanarisation was

established, based on the components of the induced forces from the first singlet

electronic excited-states along the bond vectors of the putative forming ring. The

power of this reactivity predictor was assessed by evaluating how well it could

be used to predict product formation in photocyclisation. It was observed that

systems in which Fσ,π ≥ 0.2 Eh/a0 were the most likely to photocyclise.

In order to enable comparison with Laarhoven’s free valence index, the dataset

was restricted only to molecules with published free valence indices. [1–4] But

since Laarhoven’s free valence index can only be applied to conjugated hydrocar-

bons, the dataset was not sufficiently extensive to assess the generalisability of this

new force-based reactivity predictor.

In this chapter, the force-based reactivity predictor will be applied to structurally

and chemically diverse range of photocyclisable systems to investigate how predict-
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ing the ability of a molecule to photoplanarise correlates with product formation.

The aim is not to predict product yields, which depend on other experimental

variables such as purifications, but to determine if one can discriminate whether a

product will form or not based on analysing induced forces from the first singlet

electronic excited-state.

6.2 Dataset and Methodology

All molecules used were selected from published experimental literature and have

structures presented in the results section. The dataset is divided into three cate-

gories to enable a more critical assessment of the strengths and weaknesses of this

predictor.

• The first class of molecules is composed of systems possessing one or more

heteroatoms with a single cyclisation centre.

• The second class of systems is heteroatom-containing molecules with multiple

potential photocyclisation centres.

• The last class of molecules involves systems that undergo non-oxidative or

purely eliminative photocyclisation.

The methodology and computational details used in Chapter 5 are replicated in

this chapter.

6.3 Results and discussion

For each putative forming ring, only the results Fσ,π, are presented. This is mainly

for simplicity since it is easier to specify atoms found in the putative forming ring
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rather than also having to identify their bond types. The results are accompanied

by experimental yields as well as the literature references from which they were

obtained.

6.3.1 Class one: Heteroatom-containing systems with a sin-

gle cyclisation centre

The heteroatom-containing systems with a single cyclisation considered here con-

stitute a series of (6.1) acryloyl, [5] (6.2) indolyl, [6] and (6.3) dibenzo[e,g]indolyl [6]

systems. Scaffolds for these systems are presented in Fig. 6.1. The components

of the forces along the putative forming ring in these systems are presented in

Table 6.1.

A

B
C N

H
O

X…

6.1. Acryloyl

N
R1

R2

X

6.2. Indolyl

N
R1

R2

X
Y

Y

6.3. Dibenzo[e,g]indolyl

Fig. 6.1 Scaffolds for the heteroatom containing systems with a single cyclisation

centre. A, B, and C represent ring constituents, R represents ring substituents

that are potentially involved in photocyclisation. X and Y represent electronically

active substituents, and the identity of these groups are defined in Table 6.1. For

each of these molecules, photocyclisation can occur between ring substituents or

between the scaffold atoms illustrated by (. . . ).
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Table 6.1 Component of bond aromatisation forces, F∗π,σ, along all the putative

forming rings in (6.1) Acryloyl, [5] (6.2) indolyl, [6] and (6.3) dibenzo[e,g]indolyl

[6]. A, B, and C represent ring constituents, X and Y represent different electron-

ically active substituents. Rs and (. . . ) represent bonding centres Fig. 6.1. Exper-

imental yields are presented in order to verify whether a product was formed or

not.

Molecules Forming ring F∗π,σ (Eh/a0) Yield %

6.1. Acryloyl

a A = B = CH, C = N, X = H . . . 0.29 17

b A = B = CH, C = N, X = Me . . . 0.29 78

c A = C = CH, B = N, X = Me . . . 0.28 53

d A = CH, B = N, C = CCl, X = Me . . . 0.27 25

e A = N, B = C = CH, X = Me . . . 0.26 72

6.2. Indolyl

a R1 = R2 = phenyl, X = Et R1–R2 0.30 64

b R1 = R2 = 4-methoxyphenyl, X = Et R1–R2 0.35 60

c R1 = R2 = 4-methylphenyl, X = Et R1–R2 0.31 87

d R1 = R2 = 4-tert-butylphenyl, X = Et R1–R2 0.33 89

e R1 = R2 = phenyl, X = Bz R1–R2 0.30 84

f R1 = R2 = 4-methoxyphenyl, X = Bz R1–R2 0.33 62

g R1 = R2 = 4-methylphenyl, X = Bz R1–R2 0.32 56

h R1 = R2 = 4-tert-butylphenyl, X = Bz R1–R2 0.33 78

6.3. Dibenzo[e,g]indole

a R1 = R2 = phenyl, X = Et, Y = H R1–R2 0.04 –

b R1 = R2 = 4-methylphenyl, X = Et, Y = H R1–R2 0.04 –

Continues on next page
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Table 6.1 – Continued from previous page

Molecules Forming ring F∗π,σ (Eh/a0) Yield %

c R1 = R2 = 4-tert-butylphenyl, X = Et, Y = H R1–R2 0.04 –

It can be observed from Table 6.1 that the components of the induced forces in

the putative forming ring, of both the acryloyls and indolyls, are above 0.2 Eh/a0.

This implies that both systems should photoplanarise. Experimental results con-

firm that these systems do photocyclise into their corresponding acrylamides and

dibenzo[a,c]carbazoles compounds as illustrated in Scheme 6.1 and Scheme 6.2

respectively.

A

B
C N

H
O

X

!

"
# $

%
&

'(

Scheme 6.1 Scaffold for the photocyclisation of acryoly into acrylamide. A, B,

and C represent ring constituents, X represents the different electronically active

substituents and (. . . ) represents the cyclisation centres.
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N

X

Y

Y

N

X

Y

Y

Scheme 6.2 Scaffold for the photocyclisation of indolyl into

dibenzo[a,c]carbazoles. X and Y represent different electronically active

substituents.

The putative forming ring in the acryolyl systems does not cyclise into an aro-

matic ring system. Nonetheless, the induced forces in putative forming ring in

these systems correctly predict that these systems should photoplanarise. This

can be attributed to the fact that the putative forming ring in the acryolyl sys-

tems form an extended conjugated system involving the π-electrons in the terminal

olefinic bond, carbonyl group, the lone pair of electron on the nitrogen atom, and

the aromatic π-electron system. This extended conjugation surely results in the

delocalisation of π-electrons within their putative forming rings, which enables the

electronic transition to occur along their putative forming ring. Consequently, it

can be hypothesise that these systems photoplanarise in a similar manner to the

6-π electrocyclisation of 1,3,5-hexatriene.

It can also be observed from Table 6.1 that the components of the induced forces,

F∗π,σ, along the putative forming ring of the dibenzo[e,g]indole systems are very low,
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having a value of 0.04 Eh/a0. Consequently, these systems are predicted not to pho-

toplanarise. Experimental results for the photocyclisation of these systems show

that they failed to cyclised into the corresponding tetrabenzo[a,c,g,i]carbazoles

Scheme 6.3. [6]

N

X Y

Y

Y

Y

Scheme 6.3 Scaffold for the cyclisation of dibenzo[e,g]indolel. X and Y represent

different electronically active substituents.

The induced forces for a prototypical dibenzo[e,g]indole system, 6.3a, are illus-

trated in Fig. 6.2. It can be observed from this figure that the induced forces are

localised solely on the dibenzo[e,g]indole scaffold. This implies that the electronic

transition occurs solely in this region, and so does not promote aromatisation of

the putative forming ring. Consequently, these systems do not photoplanarise,

and if the photoplanarised intermediate does not form, so it is unlikely that elim-

ination would proceed, which is consistent with experimental results obtained for

these systems. [6]
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Fig. 6.2 Illustration of induced forces in N-ethyl-2,3-diaryl-dibenzo[e,g]indole,

(6.3a). The pink arrows indicate the direction and position of the forces within

the molecule. The dark grey balls represent carbon atoms and the light grey balls

represent hydrogen atoms.

6.3.2 Class two: Heteroatom-containing molecules with mul-

tiple potential photocyclisation centres

Results obtained from computing the components of the induced forces along the

putative forming rings of heteroatom containing systems with multiple cyclisation

centres are presented in Table 6.3.
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Table 6.2 Components of induced forces along each putative ring for systems with two or more putative forming

rings. Results are presented in terms of sequential photocyclisation. The components of the forces Fσ,π in Eh/a0 are

found in each putative forming ring.

Reactant Product1/Reactant2 Product2 Reference

6.4 S S

0.27 0.27

S S

0.32

S S [7]

6.5

S

S

S

S

0.30 0.30 0.30

S

S

S

S

S

S

S

S

[8, 9]
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Reactant Product1/Reactant2 Reference

6.6

0.32 0.32 0.12

[8, 9]

6.7

0.25

S

S

0.34 0.18

S

S

[8, 9]

6.8
N
Et

0.13

0.07

0.21

N
Et

0.04

[10]

Continues on next page

195



Table 6.3 – Continued from previous page

Reactant Product1/Reactant2 Reference

6.9
N
Et

0.152

0.09

0.21

N
Et

0.04

[10]

6.10
N
Et

0.11

0.09

0.27

tBu

tBu

tBu
tBu

N
Et

0.04

tBu

tBu

tBu

tBu

[10]

Continues on next page
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Table 6.3 – Continued from previous page

Reactant Product1/Reactant2 Reference

6.11

0.12

0.12

0.12

0.12

0.12

0.12

[1]
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For systems involving two symmetric putative forming rings, where the induced

forces along both rings are equal, a cyclisation product can be formed for any of

the rings, provided Fσ,π is greater than or equal to 0.2 Eh/a0. For instance in

6.4-6.6, it is not possible to discriminate between the two putative forming rings.

In asymmetric systems with different Fσ,π for the putative forming rings, a cycli-

sation product is formed via cyclisation of the ring with the largest Fσ,π, provided

it is greater than or equal to 0.2 Eh/a0. For instance in 6.7 cyclisation products

are observed only for putative the forming ring containing the thiophene groups,

which has a Fσ,π = 0.34 Eh/a0. Similarly, the cyclisation of tetraphenyl pyrrolyl

compounds 6.8-6.10, involves the cyclisation of only one putative forming ring,

which is suggested to be the ring with the largest Fσ,π.

In hexaphenylbenzene 6.11, where Fσ,π for all the putative forming rings are sym-

metric and have the same value of 0.12 Eh/a0, it experimentally observed that no

cyclisation product results from any of the putative forming rings. The induced

atomic forces in this system are illustrated in Fig. 6.3. It can be observed from

this figure that the induced forces are highly delocalised across the whole system,

meaning that the electronic transition is delocalised and does not promote aroma-

tisation in any of the putative forming rings. Consequently, the resulting forces are

too weak to drive the system to photoplanarise. This could be a possible reason

why hexabenzocoronene [11] has never been synthesised from hexaphenylbenzene

via photocyclisation reaction.
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Fig. 6.3 Illustration of induced forces in hexaphenylbenzne, (6.11). The pink

arrows indicate the direction and position of the forces within the molecule. The

dark grey balls represent carbon atoms and the light grey balls represent hydrogen

atoms.

The complete photocyclisation pathway for tetrakis(thiophene-2-yl)ethene, (6.5),

1,1,2,2-tetraphenylethene, (6.6) and N-ethyl- 2,3,4,5-tetraarylpyrrole (6.8) are il-

lustrated in Scheme 6.4, Scheme 6.5, and Scheme 6.6 respectively.

199



0.30

0.30 0.30

SS

S S

SS

S S

SS

S S

Scheme 6.4 Consecutive photocyclisation pathway for tetrakis(thiophene-2-

yl)ethene, (6.5). The component of the forces, Fσ,π, for each putative forming

ring is presented in Eh/a0.

0.315

0.315 0.12

Scheme 6.5 Consecutive photocyclisation pathway for 1,1,2,2-

tetraphenylethene, (6.6). The component of the forces, Fσ,π, for each putative

forming ring is presented in Eh/a0.

N
Et

N
Et

N
Et

0.21 0.13

0.07

0.04

Scheme 6.6 Consecutive photocyclisation pathway for N-ethyl- 2,3,4,5-

tetraarylpyrrole, (6.5). The component of the forces, Fσ,π, for each putative form-

ing ring is presented in Eh/a0.
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It can be observed from Scheme 6.4, Scheme 6.5, and Scheme 6.6 that, apart

from the photocyclisation of tetrakis(thiophene-2-yl)ethene, 6.5, the second pho-

toplanarisation step is less facile than the first. In the second photocyclisation of

tetrakis(thiophene-2-yl)ethene, it can be observed that the component of the forces

along the putative forming has a value of 0.30 Eh/a0, which is sufficiently large

to drive the photoplanarisation. A possible explanation for this observation is the

presence of the heteroatoms in the thiophenyl groups. Since these heteroatoms are

highly electronegative, they cause the electronic cloud to be localised along the

putative forming ring, thereby causing the electronic transition to occur in this

region, which promotes the aromatisation of the ring.

The components of the forces in the second photocyclisation of both 6.6 and 6.8

are small and are consequently insufficient to drive the photoplanarisation process

to completion in order to form the pro-aromatic intermediate. This suggests that

photocyclisation is not well suited for systems with multiple cyclisation centres.

6.3.3 Case study 3: Systems that undergo non-oxidative

elimination

For systems that undergo non-oxidative eliminative cyclisation reactions, the propen-

sity of obtaining a cyclisation product depends on two things; the inherent ability

of a molecule to photoplanarise, as well as, the ease with which the leaving group

can break off from the cyclised intermediate. Although planarisation is still a nec-

essary precondition for the reaction to proceed, the leaving groups ability to exit

should be the most controlling factor. In order to confirm this hypothesis, the
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components of the forces along the putative forming rings in various substituted

benzylidenecyclopentanone O-methyl oximes [12] were computed. A scaffold for

this system is illustrated in Scheme 6.7 and the calculated Fσ,π are reported in

Table 6.4.

N N

OMe

R2

R1

1

2

2’
N

R2

R1

R2

R1

+
hv

MeOH

a b

Scheme 6.7 Illustration of the two possible isomers a and b that can be

formed from the photocyclisation of R-substitutedbenzylidenecyclopentanone O-

methyloxime.

Table 6.4 Components of induced forces, Fσ,π, along the putative forming ring

of R-substitutedbenzylidenecyclopentanone O-methyloxime for the two rotamers

that potentially photocyclises into isomer (a) and (b). [12]

(isomer a) (isomer b)

R1 R1 Fσ,π(1, 2)E h/a0 Yields % Fσ,π(1, 2′) E h/a0 Yields %

Me H 0.378 32 0.397 -

Me Me 0.360 17 0.377 -

Me OMe 0.279 15 0.303 -

Continues on next page
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Table 6.4 – Continued from previous page

R1 R2 Fσ,π(1, 2) E h/a0 Yields % Fσ,π(1, 2′)E h/a0 Yields %
tBu H 0.405 13 0.404 -

OMe H 0.320 - 0.360 63

OMe OMe 0.268 - 0.317 21

OMe Me 0.310 - 0.348 57

OH H 0.321 - 0.365 30

NMe2 H 0.332 - 0.347 6

NH2 H 0.365 - 0.404 26

OAc H 0.365 17 0.404 20

NO2 H 0.280 - 0.301 -

Cl H 0.372 - 0.401 -

CN H 0.316 - 0.349 -

F H 0.353 - 0.402 -

In Table 6.4, it can be observed that the components of the forces along the puta-

tive forming ring for all the rotamers are above 0.2 E h/a0. This implies that these

systems should readily photoplanarise. If planarisation were the rate-determining

step, then the results in Table 6.4 would imply that; products will always be

formed, and prediction of preferential isomer formation with higher Fσ,π would

not be consistent with the experimentally observed product distribution. How-

ever, it was observed in Chapter 4 that elimination is the rate-determining step

for this reaction. Therefore, the non-formation of products in certain molecules is

not due to the lack of photoplanarisation, but it is rather due to high barriers for

elimination.
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This dependency on the barrier for elimination in this class of systems raises the

need for a reactivity predictor for the eliminative step. However, in Chapter 4, it

was hypothesised that elimination would likely proceed in the ground state. If this

hypothesis is valid, this means that routine reactivity predictors for ground states

thermal elimination reactions may be applicable to these reactions.

6.4 Summary

This chapter aimed to apply Fσ,π to a range of potentially photocyclisable systems

with different molecular and structural diversity. It was found that molecules with

Fσ,π > 0.2 E h/a0 generally formed cyclisation products. Moreover, Fσ,π is not

suitable for predicting reactions in which elimination is the rate-determining step.

However, it is likely that if Fσ,π is coupled with a reactivity predictor for elimina-

tion, then a complete prediction for non-oxidative cyclisation reactions would be

achieved. Nonetheless, if the planarisation step is the rate-determining step or if

the barrier to elimination is the same regardless of the isomer, Fσ,π will be able to

predict preferred isomers.

204



Bibliography

[1] W. H. Laarhoven, “Photochemical cyclizations and intramolecular cycloaddi-

tions of conjugated arylolefins. Part I: Photocyclization with dehydrogena-

tion,” Recueil des Travaux Chimiques des Pays-Bas, vol. 102, no. 4, pp. 185–

204, 1983.

[2] W. Laarhoven, T. Cuppen, and R. Nivard, “Photodehydrocyclizations in

stilbene-like compounds III : Effect of steric factors.,” Tetrahedron, vol. 26,

no. 20, pp. 4865 – 4881, 1970.

[3] A. R.J.Hayward and C.C.Leznoff, “Photocyclization reactions of aryl polyenes

VI: The photocyclization of 1,4-diaryl-1,3-butadienes,” Tetrahedron, vol. 28,

no. 3, pp. 439–447, 1972.

[4] W. H. Laarhoven, T. J. R. M. Cuppen, and R. J. F. Nivard, “Photodehy-

drocyclization in stilben-like compound,” Recueil des Travaux Chimiques des

Pays-Bas, vol. 87, pp. 686–698, 1968.

205



[5] M. Ogata and H. Matsumoto, “Organic photochemical reactions. VIII. Photo-

cyclization of n-acryloyl heteroaromatic amines,” Chemical and Pharmaceu-

tical Bulletin, vol. 20, no. 10, pp. 2264–2268, 1972.

[6] J. L. Ferguson, M. A. Squire, and C. M. Fitchett, “Photochemical and oxida-

tive cyclisation of tetraphenylpyrroles,” Organic and Biomolecular Chemistry,

vol. 15, pp. 9293–9296, 2017.

[7] N. Hoffmann, “Photochemical reactions applied to the synthesis of helicenes

and helicene-like compounds,” Journal of Photochemistry and Photobiology

C: Photochemistry Reviews, vol. 19, pp. 1 – 19, 2014.

[8] Y. Cai, L. Du, K. Samedov, X. Gu, F. Qi, H. H. Y. Sung, B. O. Patrick, Z. Yan,

X. Jiang, H. Zhang, J. W. Y. Lam, I. D. Williams, D. Lee Phillips, A. Qin,

and B. Z. Tang, “Deciphering the working mechanism of aggregation-induced

emission of tetraphenylethylene derivatives by ultrafast spectroscopy,” Chem-

ical Science, pp. –, 2018.

[9] E. Fischer, J. Larsen, J. B. Christensen, M. Fourmigue, H. G. Madsen,

and N. Harrit, “Synthesis of new sulfur heteroaromatics isoelectronic with

dibenzo[g,p]chrysene by photocyclization of thienyl- and phenyl-substituted

ethenes,” The Journal of Organic Chemistry, vol. 61, no. 20, pp. 6997–7005,

1996. PMID: 11667599.

[10] J. L. Ferguson, Colossal Aromatic Molecules. PhD dissertation, University of

Canterbury, 2013.

[11] R. Rathore and C. L. Burns, “A practical one-pot synthesis of soluble hexa-

peri-hexabenzocoronene and isolation of its cation-radical salt,” The Journal

of Organic Chemistry, vol. 68, no. 10, pp. 4071–4074, 2003.

206



[12] M. Austin, O. J. Egan, R. Tully, and A. C. Pratt, “Quinoline synthesis: Scope

and regiochemistry of photocyclisation of substituted benzylidenecyclopen-

tanone o-alkyl and o-acetyloximes,” Organic and Biomolecular Chemistry,

vol. 5, pp. 3778–3786, 2007.

207



CHAPTER 7

Conclusion and Future Work
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7.1 Conclusion

The aim of this thesis was to design a reliable computational model to cheaply

and efficiently predict the outcome of eliminative cyclisation reactions. The intro-

duction set up the importance and need for such a reliable predictor. After this,

the computational methods that were relevant for this modelling were summarised

in chapter 2. The rest of the chapters were devoted to the computational modelling.

In chapter 3, reaction coordinate profiles were mapped out for both thermal and

photochemical cyclisation reactions for a range of heteroatom containing systems.

The minimum energy reaction path for thermal cyclisation was found to be sen-

sitive to the reaction conditions, which include the presence and position of the

heteroatoms as well as the oxidation potential of the reactants. Meanwhile, the

minimum energy path in photochemical reaction was found to be less sensitive to

reaction conditions, because the planarisation step, which is often the rate deter-

mining step is photoactivated. Computational evidence suggests that oxidative

elimination in photochemical cyclisation reaction is most likely to proceed in the

ground state following internal conversion after the formation of the planar inter-

mediate. This process may be mediated by vibrionic coupling with the oxidant.

In Chapter 4, ground and excited-state reaction coordinate profiles were mapped

out for a series of ortho and para-substituted benzylidene O-methyloximes that

undergo non-oxidative eliminative cyclisation. For these systems, it was observed

that the rate determining step of the reaction is no longer the planarisation step,

which is photoactivated. Instead, the reaction was found to be controlled by the

ability of the leaving group to leave. This elimination was also found to favourably

proceed in the ground state with a strong dependence on the nature and position
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of the substituent to the elimination site.

In Chapter 5, a new force based reactivity predictor for predicting photoplanari-

sation was designed. This was based on evaluating the components of the induced

atomic forces, resulting from photo-excitation, along the bond vectors of the atoms

constituting the putative forming ring. This was used as a proxy for predicting

photoplanarisation based on analysing whether the electronic transition resulted

in a more aromatic-like putative forming ring. Molecules with more aromatic-

like putative forming ring in the first excited-state were predicted to have a high

propensity to photoplanarise.

Finally in Chapter 6, this force based reactivity predictor was applied to a range

of systems with varied structural and molecular diversity. It was observed that

this reactivity predictor is more suitable for systems undergoing oxidative photo-

cyclisation wherein the rate-determining is the six π-electrocyclisation step.

7.2 Recommendation for synthetic chemists

Based on the results, understanding and experienced acquired from this studies,

the following recommendations can be made to synthetic chemists who are involved

with these reactions.

• When performing thermal eliminative cyclisation reaction, a good balance

should be made between the oxidising potential of the oxidant and the re-

ducing potential of the precursor molecule. Since both the planarisation and

elimination step in this reaction require an oxidative transfer of electron from

the precursor to the oxidant. Hence, it is advisable to use oxidants that have

a stronger oxidation potential than the precursor.
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• Based on the hypothesis that elimination in non-oxidative photocyclisation

is a ground-state process, such reactions can be controlled by correctly select-

ing the substituents and leaving group. For this purpose, electron donating

substituents will be more effective to help stabilise the enthalpy of elimina-

tion. However, apart from the purpose of regioselectivity and ease of not

having to seperate oxidants, there seem to be no real synthetic benefit in

choosing non-oxidative cyclisation over oxidative cyclisation.

• It also advisable to apply the force analysis before any oxidative photocycli-

sation reaction. This will help to avoid time wastage on trying to synthesise

a compound that cannot be synthesised from the initial reactant molecules.

• Finally, I highly encourage synthetic chemists to be more upfront in pub-

lishing molecules that fail to cyclised because such systems are desirable to

enable a more complete representation of molecules for benchmarking new

reactivity predictors.

The purpose of this thesis was to design a full reactivity predictor that predicts

both the elimination and photo-planarisation step of photocyclisation reaction. A

reactivity predictor for predicting photo-planarisation was successfully designed.

It is clear that photo-planarisation is a necessary pre-condition for photocyclisa-

tion, but just because a molecule can photo-planarise does not necessarily mean

that it will photocyclise, because it must subsequently undergo an elimination

step. Fortunately, for molecules undergoing oxidative elimination reaction, this

can be controlled by the choice of the experimental conditions, which include

the strength of the oxidant, solvent and temperature. [1–3] On the other hand,

for non-oxidative photocyclisation, elimination is dependent on both distal sub-

stituent effects, as shown in Chapter4 and, more importantly, on the nature of the

leaving group.
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Nonetheless, the need for a full reactivity predictor that is capable of captur-

ing both steps in the reaction is still a necessity. In the future, it will be important

to perform a computational study to analyse how different solvents and oxidising

agents control the barrier for elimination. This will hopefully enable a careful

prescription of an adequate cocktail for the most suitable reaction conditions for

a diverse range of molecules. This will be done with the intention of hopefully

establishing a machine learning reactivity predictor for eliminative cyclisation.

Finally, a similar approach of using induced excited-state forces, known as judge-

ment of energy distribution index (JEDI) was recently published. This method

uses both excited-state gradients and Hessian to analyse the energy distributed

on atoms as they are excited on the Franck-Condon point on the excited-state

potential energy surface [4–7] However, this method was used on only a single rep-

resentative photochemical system to explain the photo-isomerisation of stilbene.

In the future, it will be important to implement and apply this model to all re-

actants in the dataset used in this thesis in order to compare this model with the

newly developed force-base reactivity predictor.
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APPENDIX A

Complete details of all species involved in reaction pathway

and full details of thermochemical data

A.0.1 Detailed mechanism for Scholl reaction
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A.0.2 Detailed mechanism for Mallory reaction (oxidative pathway)

Using Iodine as catalyst 
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A.0.3 Detailed mechanism for Mallory reaction (eliminative pathway)
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A.0.4 Geometries, energies and thermochemical data for re-

action pathway minima, transition states and inter-

mediates

Compound 
E 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol 

(Hartree) 
[FeCl3(H2O)3] -1732.641787 49.987 9.338 -34.7058526 -0.03890442 
[FeCl3(H2O)3]- -1732.738749 49.601 8.982 -35.00907115 -0.11881448 
[FeCl2(H2O)4] -1348.858737 64.27 10.411 -37.35849315 -0.04264669 
HCL -460.7997862 4.273 2.074 -13.2992789 -0.006443977 
H2O -76.4188287 13.411 2.371 -13.4513354 -0.010888571 

S1 
Energies & thermochemical data: 

R1 R2=R3 
E 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol 

(Hartree) 
ethene phenyl -540.7210023 135.187 7.524 -31.68589125 -0.006222913 
pyrrole phenyl -672.2832085 153.689 8.791 -34.27919995 -0.033129726 
thiophene phenyl -1015.078583 143.59 8.95 -34.8435979 -0.063181801 
benzene phenyl -694.3760609 164.632 9.135 -35.0242768 -0.010489987 
benzene 3-pyridine -726.4291731 149.907 8.992 -34.84151085 -0.031780496 
benzene 2-thiophene -1335.883339 122.473 8.775 -34.29649265 -0.007340811 
benzene 2-pyrrole -649.9825591 142.531 8.421 -33.2884475 -0.254414051 
benzene 3-pyridine -726.4291731 149.907 8.992 -34.84151085 -0.031780496 
benzene 3-thiophene -1335.882225 122.246 8.809 -34.686771 -0.007871462 
benzene 3-pyrrole -650.2184884 142.34 8.522 -33.7225539 -0.015690785 

benzene 
phenyl/2-
methoxyphenyl -808.9016287 185.113 10.8 -39.10326695 -0.01014625 

S2 
Energies & thermochemical data: 

R1 R2=R3 
E 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol 

(Hartree) 
ethene phenyl -540.4607245 135.382 7.542 -31.38893385 -0.062665404 
pyrrole phenyl -672.045994 152.475 8.534 -33.3099143 -0.069288739 
thiophene phenyl -1014.864398 143.148 9.032 -34.8519461 -0.060290762 
benzene phenyl -694.1140343 164.863 9.125 -34.633104 -0.059109131 
benzene 3-pyridine -726.1503721 149.687 9.034 -34.5126514 -0.08703688 
benzene 2-thiophene -1335.62935 122.597 8.694 -33.59882165 -0.061049978 
benzene 2-pyrrole -649.9918036 142.927 8.323 -32.4613794 -0.067792689 
benzene 3-pyridine -726.1503721 149.687 9.034 -34.5126514 -0.08703688 
benzene 3-thiophene -1335.624801 122.51 8.657 -33.54694355 -0.062601505 
benzene 3-pyrrole -649.9881672 143.001 8.293 -32.32572115 -0.068102815 

benzene 
phenyl/2-
methoxyphenyl -808.6456339 185.318 10.792 -38.4213979 -0.05833202 

 

 

S3 
Energies & thermochemical data: 

R1 R2=R3 
E 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol 

(Hartree) 
ethene phenyl -540.4077051 133.608 7.121 -29.8549521 -0.064645218 
pyrrole phenyl -672.0028293 153.318 7.902 -31.3439132 -0.06438645 
thiophene phenyl -1014.829416 143.332 8.264 -32.4542238 -0.062801788 
benzene phenyl -694.0531455 164.564 8.274 -32.21898345 -0.07565697 
benzene 3-pyridine -726.1107284 149.606 8.364 -32.65905285 -0.089256095 
benzene 2-thiophene -1335.591498 122.472 8.072 -31.830494 -0.063365324 
benzene 2-pyrrole -649.9524916 142.771 7.614 -30.43366125 -0.069182036 
benzene 3-pyridine -726.1107284 149.606 8.364 -32.65905285 -0.089256095 
benzene 3-thiophene -1335.610964 122.532 8.058 -31.78308815 -0.064292881 
benzene 3-pyrrole -649.9698156 142.86 7.631 -30.42412045 -0.070880307 

benzene 
phenyl/2-
methoxyphenyl -808.6003239 185.094 10.072 -36.2353621 -0.06009548 

S4 
Energies & thermochemical data: 

R1 R2=R3 
E 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol 

(Hartree) 
ethene phenyl -540.4330416 135.432 6.999 -29.0481582 -0.064437704 
pyrrole phenyl -671.9968008 153.471 8.337 -32.59524875 -0.076851873 
thiophene phenyl -1014.809171 143.188 8.563 -33.28278265 -0.078081109 
benzene phenyl -694.0566796 164.794 8.776 -33.7487911 -0.082231703 
benzene 3-pyridine -726.110944 149.461 8.696 -33.8913068 -0.091367151 
benzene 2-thiophene -1335.612718 123.175 8.264 -32.16114235 -0.063411291 
benzene 2-pyrrole -649.9457262 143.396 7.789 -30.6134457 -0.094194583 
benzene 3-pyridine -726.110944 149.461 8.696 -33.8913068 -0.091367151 
benzene 3-thiophene -1335.624057 123.742 8.179 -32.0582806 -0.077040553 
benzene 3-pyrrole -649.953649 143.663 7.769 -30.58154365 -0.098755949 

benzene 
phenyl/2-
methoxyphenyl -808.6018609 185.286 10.379 -37.256824 -0.05928582 

S5=S6 
Energies & thermochemical data: 

R1 R2=R3 
E 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol 

(Hartree) 
ethene phenyl -1000.839361 132.516 7.922 -32.22912055 -0.025624889 
pyrrole phenyl -1132.40018 151.904 9.255 -35.16351285 -0.036438373 
thiophene phenyl -1475.236956 140.636 9.277 -35.15218315 -0.022423046 
benzene phenyl -1154.468756 163.128 9.703 -36.08897045 -0.032435024 
benzene 3-pyridine -1186.512179 146.827 9.302 -35.169774 -0.063011468 
benzene 2-thiophene -1796.009139 119.908 9.204 -35.4393016 -0.022958386 
benzene 2-pyrrole -1110.358426 139.336 8.964 -34.2562424 -0.030096307 
benzene 3-pyridine -1186.512179 146.827 9.302 -35.169774 -0.063011468 
benzene 3-thiophene -1796.026784 120.146 9.25 -35.4691166 -0.026091699 
benzene 3-pyrrole -1110.369466 140.02 8.901 -34.32034465 -0.034886653 

benzene 
phenyl/2-
methoxyphenyl -1268.994954 183.344 11.218 -39.5245529 -0.02931753 
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S8 

Energies & thermochemical data: 

R1 R2=R3 
E 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol 

(Hartree) 
ethene phenyl -539.8273506 128.807 6.781 -28.986143 -0.10888675 
pyrrole phenyl -671.4469804 147.688 8.031 -31.925902 -0.075976981 
thiophene phenyl -1014.265753 137.261 8.267 -32.66441955 -0.072216431 
benzene phenyl -693.4892257 158.534 8.487 -33.0374052 -0.095338482 
benzene 3-pyridine -725.5528965 143.128 8.383 -32.91784705 -0.093608564 
benzene 2-thiophene -1335.041975 116.308 8.023 -32.0517213 -0.064585008 
benzene 2-pyrrole -649.3927529 136.892 7.56 -30.64117365 -0.082010725 
benzene 3-pyridine -725.5528965 143.128 8.383 -32.91784705 -0.093608564 
benzene 3-thiophene -1335.049329 116.816 7.999 -32.0892882 -0.065906014 
benzene 3-pyrrole -649.3925838 137.064 7.623 -30.79442275 -0.082873261 

benzene 
phenyl/2-
methoxyphenyl -808.038175 178.956 10.098 -36.55289185 -0.06763671 

 
S9 

Energies & thermochemical data: 

R1 R2=R3 
E 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol 

(Hartree) 
ethene phenyl -539.5545665 122.099 6.517 -28.3755318 -0.006467846 
pyrrole phenyl -671.1214265 140.498 7.87 -31.42530815 -0.013200534 
thiophene phenyl -1013.951808 130.449 8.056 -32.12476805 -0.008354125 
benzene phenyl -693.2002024 151.342 8.363 -33.0719906 -0.00813524 
benzene 3-pyridine -725.2483137 136.621 8.104 -32.34003235 -0.036781617 
benzene 2-thiophene -1334.717814 109.551 7.834 -31.5615627 -0.007858693 
benzene 2-pyrrole -649.0517601 129.262 7.567 -30.4923968 -0.016106302 
benzene 3-pyridine -725.2483137 136.621 8.104 -32.34003235 -0.036781617 
benzene 3-thiophene -1334.716315 109.538 7.846 -31.60717965 -0.008068084 
benzene 3-pyrrole -649.0483365 129.081 7.681 -30.7297242 -0.018239623 

benzene 
phenyl/2-
methoxyphenyl -807.6653005 172.019 9.997 -37.1846717 -0.06173623 

S7 
Energies & thermochemical data: 

R1 R2=R3 
E 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol 

(Hartree) 
ethene phenyl -1000.876749 132.536 9.014 -36.1220651 -0.008995311 
pyrrole phenyl -1132.44545 151.207 10.34 -38.9729754 -0.015051395 
thiophene phenyl -1475.2751 141.308 10.468 -39.4207967 -0.010762293 
benzene phenyl -1154.524429 162.584 10.591 -39.05138885 -0.010564946 
benzene 3-pyridine -1186.573451 148.003 9.965 -37.6014854 -0.052802241 
benzene 2-thiophene -1796.037352 120.394 10.356 -38.8578895 -0.011221123 
benzene 2-pyrrole -1110.375878 140.531 9.729 -36.93512015 -0.016911855 
benzene 3-pyridine -1186.573451 148.003 9.965 -37.6014854 -0.052802241 
benzene 3-thiophene -1796.049448 120.567 10.376 -39.12234855 -0.011560372 
benzene 3-pyrrole -1110.382154 140.636 9.764 -36.9318405 -0.018220966 

benzene 
phenyl/2-
methoxyphenyl -1269.043731 183.055 12.198 -42.58744785 -0.01192554 
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M4 
Energies & thermochemical data: 

R1 R2=R3 
E_X 

(Hartree) 
E_G 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol_X 

(Hartree) 
Gsol_G 

(Hartree) 
ethene phenyl -540.3825427 -540.4330424 135.431 7 -29.04845635 -0.065062568 -0.064439138 
pyrrole phenyl -671.962611 -672.0049572 153.469 8.338 -32.5949506 -0.068745184 -0.068764161 
thiophene phenyl -1014.782757 -1014.820521 143.189 8.564 -33.2872549 -0.066544802 -0.06673107 
benzene phenyl -694.0292552 -694.0566796 164.794 8.776 -33.7487911 -0.06374212 -0.082231703 
benzene 3-pyridine -726.0906785 -726.110944 149.461 8.696 -33.8913068 -0.071693622 -0.091367281 
benzene 2-thiophene -1335.544469 -1335.612718 123.177 8.264 -32.1626331 -0.064749294 -0.063432807 
benzene 2-pyrrole -649.9050798 -649.9703343 143.394 7.79 -30.614042 -0.071527153 -0.069596639 
benzene 3-pyridine -726.0906785 -726.110944 149.461 8.696 -33.8913068 -0.071693622 -0.091367281 
benzene 3-thiophene -1335.575165 -1335.636226 123.741 8.179 -32.0582806 -0.066922445 -0.064864903 
benzene 3-pyrrole -649.9247249 -649.9826145 143.661 7.769 -30.58094735 -0.072232918 -0.069811544 

benzene 
phenyl/2-
methoxyphenyl -808.5693877 -808.6018609 185.286 10.379 -37.256824 -0.060974154 -0.059355449 

 
 

M3 
Energies & thermochemical data: 

R1 R2=R3 
E_X 

(Hartree) 
E_G 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol_X 

(Hartree) 
Gsol_G 

(Hartree) 
ethene phenyl -540.558798 -540.6578209 134.785 7.074 -29.70080855 -0.00969612 -0.005826782 
pyrrole phenyl -672.1158017 -672.1928594 152.417 8.372 -32.456609 -0.02199998 -0.012801238 
thiophene phenyl -1014.944966 -1015.018655 142.165 8.59 -33.21957485 -0.01512718 -0.007524966 
benzene phenyl -694.1977628 -694.282947 164.027 8.807 -33.73120025 -0.01339075 -0.007482271 
benzene 3-pyridine -726.2708269 -726.3386618 149.37 8.597 -33.2753289 -0.020435601 -0.034882262 
benzene 2-thiophene -1335.733579 -1335.826769 122.582 8.374 -32.33228045 -0.01220785 -0.008460893 
benzene 2-pyrrole -650.0663899 -650.1513359 141.876 8.053 -31.04725395 -0.01763243 -0.013651042 
benzene 3-pyridine -726.2708269 -726.3386618 149.37 8.597 -33.2753289 -0.020435601 -0.034882262 
benzene 3-thiophene -1335.760321 -1335.84832 123.022 8.278 -32.2079519 -0.01348783 -0.008921109 
benzene 3-pyrrole -650.0694087 -650.158884 142.207 7.95 -31.3379502 -0.01955899 -0.012663841 

benzene 
phenyl/2-
methoxyphenyl -808.7163664 -808.7051832 184.605 10.394 -37.22372935 -0.014605255 -0.106791514 224



 
 
 

M7 
Energies & thermochemical data: 

R1 R2=R3 
E_X 

(Hartree) 
E_G 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

 (kcal/mol) 
-TS 

(kcal/mol) 
Gsol_X 

(Hartree) 
Gsol_X 

(Hartree) 
ethene phenyl -1000.79817 -1000.876749 132.536 9.014 -36.1220651 -0.009183712 -0.008995311 
pyrrole phenyl -1132.353944 -1132.44545 151.207 10.34 -38.9729754 -0.015518894 -0.015051395 
thiophene phenyl -1475.187142 -1475.2751 141.308 10.468 -39.4207967 -0.010850388 -0.010762293 
benzene phenyl -1154.436471 -1154.524429 162.584 10.591 -39.05138885 -0.0104366 -0.010564946 
benzene 3-pyridine -1186.522043 -1186.573451 148.003 9.965 -37.6014854 -0.014371403 -0.052802401 
benzene 2-thiophene -1795.95585 -1796.037352 120.394 10.356 -38.8578895 -0.011302854 -0.011221123 
benzene 2-pyrrole -1110.293668 -1110.375878 140.531 9.729 -36.93512015 -0.017302715 -0.016911855 
benzene 3-pyridine -1186.522043 -1186.573451 148.003 9.965 -37.6014854 -0.014371403 -0.052802401 
benzene 3-thiophene -1795.963565 -1796.049448 120.567 10.376 -39.12234855 -0.011419743 -0.011560372 
benzene 3-pyrrole -1110.289261 -1110.382154 140.636 9.764 -36.9318405 -0.019320571 -0.018220966 

benzene 
phenyl/2-
methoxyphenyl -1268.955854 -1269.043731 183.055 12.198 -42.58744785 -0.011865153 -0.01192554 

 
 

M5=M6 
Energies & thermochemical data: 

R1 R2=R3 
E_X 

(Hartree) 
E_G 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol_X 

(Hartree) 
Gsol_G 

(Hartree) 
ethene phenyl -1000.78806 -1000.839361 132.516 7.922 -32.22912055 -0.026670742 -0.025624889 
pyrrole phenyl -1132.368325 -1132.40018 151.904 9.255 -35.16351285 -0.039428648 -0.036438373 
thiophene phenyl -1475.185839 -1475.236956 140.636 9.277 -35.15218315 -0.024476093 -0.022423046 
benzene phenyl -1154.438821 -1154.468756 163.128 9.703 -36.08897045 -0.034010137 -0.032435024 
benzene 3-pyridine -1186.476436 -1186.512179 146.827 9.302 -35.169774 -0.04194948 -0.063011468 
benzene 2-thiophene -1795.955462 -1796.009139 119.908 9.204 -35.4393016 -0.024782256 -0.022958386 
benzene 2-pyrrole -1110.300054 -1110.358426 139.336 8.964 -34.2562424 -0.032299832 -0.030096307 
benzene 3-pyridine -1186.476436 -1186.512179 146.827 9.302 -35.169774 -0.04194948 -0.063011468 
benzene 3-thiophene -1795.982273 -1796.026784 120.146 9.25 -35.4691166 -0.027477662 -0.026091699 
benzene 3-pyrrole -1110.322539 -1110.369466 140.02 8.901 -34.32034465 -0.038440439 -0.034886653 

benzene 
phenyl/2-
methoxyphenyl -1268.957213 -1268.994954 183.344 11.218 -39.5245529 -0.032036083 -0.02931753 225



 
 

M9 
Energies & thermochemical data: 

R1 R2=R3 
E_X 

(Hartree) 
E_G 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol_X 

(Hartree) 
Gsol_G 

(Hartree) 
ethene phenyl -539.4061658 -539.5545665 122.099 6.517 -28.3755318 -0.006270942 -0.006467846 
pyrrole phenyl -670.9758164 -671.1214265 140.498 7.87 -31.42530815 -0.01796811 -0.013200534 
thiophene phenyl -1013.800507 -1013.951808 130.449 8.056 -32.12476805 -0.00968114 -0.008354125 
benzene phenyl -693.0522621 -693.2002024 151.342 8.363 -33.0719906 -0.00782665 -0.00813524 
benzene 3-pyridine -725.1230569 -725.2483137 136.621 8.104 -32.34003235 -0.011854589 -0.036781507 
benzene 2-thiophene -1334.576175 -1334.717814 109.551 7.834 -31.5615627 -0.00795307 -0.007858693 
benzene 2-pyrrole -648.9079798 -649.0517601 129.262 7.567 -30.4923968 -0.01509626 -0.016106302 
benzene 3-pyridine -725.1230569 -725.2483137 136.621 8.104 -32.34003235 -0.011854589 -0.036781507 
benzene 3-thiophene -1334.567945 -1334.716315 109.538 7.846 -31.60717965 -0.01019549 -0.008068084 
benzene 3-pyrrole -648.8953924 -649.0483365 129.081 7.681 -30.7297242 -0.02322568 -0.018239623 

benzene 
phenyl/2-
methoxyphenyl -807.5726194 -807.7173566 172.026 10.013 -37.5382776 -0.010024728 -0.009754335 

 
 

M8 
Energies & thermochemical data: 

R1 R2=R3 
E_X 

(Hartree) 
E_G 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol_X 

(Hartree) 
Gsol 

(Hartree) 
ethene phenyl -539.7622939 -539.8273811 128.807 6.781 -28.986143 -0.066198452 -0.108856224 
pyrrole phenyl -671.3782944 -671.4469804 147.688 8.031 -31.925902 -0.06139385 -0.075976981 
thiophene phenyl -1014.200703 -1014.265753 137.261 8.267 -32.66441955 -0.05705109 -0.072216431 
benzene phenyl -693.4387426 -693.4892257 158.534 8.487 -33.0374052 -0.058117368 -0.095338482 
benzene 3-pyridine -725.5022572 -725.5528965 143.128 8.383 -32.91784705 -0.058709591 -0.093608564 
benzene 2-thiophene -1334.952103 -1335.041975 116.308 8.023 -32.0517213 -0.06358869 -0.064585008 
benzene 2-pyrrole -649.3114406 -649.3927529 136.892 7.56 -30.64117365 -0.06850342 -0.082010725 
benzene 3-pyridine -725.5022572 -725.5528965 143.128 8.383 -32.91784705 -0.058709591 -0.093608564 
benzene 3-thiophene -1334.971126 -1335.049329 116.816 7.999 -32.0892882 -0.06171559 -0.065904164 
benzene 3-pyrrole -649.3232056 -649.3925838 137.064 7.623 -30.79442275 -0.0677067 -0.082873261 

benzene 
phenyl/2-
methoxyphenyl -807.9625478 -808.0399689 179.108 10.104 -36.6158015 -0.055308356 -0.06719489 

226



Energies & thermochemical data for 1-(2-methoxyphenyl)-2-phenylbenzene:  

Geometry 
E_X 

(Hartree) 
E_G 

(Hartree) 
ZPVE 

(kcal/mol) 
H 

(kcal/mol) 
-TS 

(kcal/mol) 
Gsol_X 

(Hartree) 
Gsol_G 

(Hartree) 
M1e -808.7377264 -808.9021119 185.129 10.736 -38.4273609 -0.011370762 -0.00972967 
M2e -808.7202076 -808.7832959 183.873 10.02 -35.9580826 -0.012359474 -0.009604674 
M3e -808.7170554 -808.7043539 183.857 10.579 -37.6891415 -0.01569891 -0.103429943 
M4e -808.7104584 -808.7799225 182.572 10.505 -37.232972 -0.017348284 -0.01397875 
M5e -808.7804884 -808.9281102 184.22 11.186 -41.41154425 -0.011987689 -0.012433589 
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APPENDIX B

Complete Thermochemical Data for benzylidene

O-methyloximes
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Table B.1 Electronic energy + solvation correction (kJ/mol) for para-

substituted benzylidene O-methyloximes. For every molecule, row1 =excited and

row2= ground state energy

Molecule Reactant TS1 Intermediate TS2 Product Yield(%)

NMe2
358.85 - 305.46 394.518 270.781

26
0.0 154.578 130.175 187.939 -230.694

NH2
383.989 - 299.519 399.342 166.596

36
0.0 146.71 126.795 185.706 -234.962

OMe
388.847 - 299.503 403.578 169.61

53
0.0 144.911 121.96 182.884 -233.229

OH
403.789 - 302.067 409.54 168.053

36
0.0 148.956 130.41 191.501 -230.127

H
403.598 - 297.926 406.513 202.617

29
0.0 149.234 124.915 181.484 -232.261

Cl
394.85 - 297.177 408.497 161.659

-
0.0 145.29 124.567 186.884 -229.077

CN
394.882 - 296.351 409.782 145.682

-
0.0 147.116 128.275 190.744 -226.343

NO2
386.628 - 294.713 432.757 208.997

-
0.0 147.281 128.829 191.895 -224.638
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Table B.2 Electronic energy + solvation correction (kJ/mol) for ortho-

substituted benzylidene O-methyloximes. For every molecule, row1 =excited and

row2= ground state energy: Rotamer A

Molecule Reactant TS1 Intermediate TS2 Product Yield(%)

NMe2
327.361 - 315.459 414.051 138.214

-
0.0 147.252 114.729 156.067 -221.931

NH2
367.319 - 300.194 392.175 174.843

-
0.0 150.265 112.332 142.367 -241.401

OMe
381.468 - 292.636 393.803 181.095

-
0.0 156.078 130.477 184.111 -228.014

OH
406.31 - 305.409 396.051 181.798

-
0.0 146.717 119.249 168.357 -227.731

F
402.504 - 296.102 405.289 183.372

-
0.0 143.708 122.451 179.373 -225.448

Cl
402.838 - 307.758 432.047 168.743

-
0.0 149.339 129.519 188.829 -221.376

CN
411.752 - 296.166 413.463 143.294

-
0.0 133.428 119.802 182.271 -225.076

NO2
336.099 - 306.939 475.602 63.743

-
0.0 116.985 109.479 189.248 -202.173
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Table B.3 Electronic energy + solvation correction (kJ/mol) for ortho-

substituted benzylidene O-methyloximes. For every molecule, row1 =excited and

row2= ground state energy: Rotamer B

Molecule Reactant TS1 Intermediate TS2 Product Yield(%)

NMe2
340.873 - 297.772 385.212 166.87

6
0.0 155.297 115.771 145.441 -236.671

NH2
372.745 - 294.444 389.104 167.741

26
0.0 157.099 116.379 149.161 -235.978

OMe
388.585 - 296.33 402.921 167.591

63
0.0 151.814 115.825 161.751 -235.522

OH
402.784 - 295.312 400.602 166.568

30
0.0 157.784 123.425 166.37 -232.52

F
401.995 - 298.888 409.515 165.345

-
0.0 152.476 124.268 177.765 -230.564

Cl
403.222 - 295.682 405.781 160.886

-
0.0 145.995 122.666 181.822 -229.955

CN
414.167 - 288.264 395.939 145.517

-
0.0 127.82 112.841 183.721 -229.848

NO2
347.571 - 283.78 447.16 105.475

-
0.0 116.829 102.722 182.378 -229.313
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APPENDIX C

Simple Hückel molecular orbital theory calculation of bond

order of trimethylene methane

Apart from the Born-Oppenheimer approximation and the independent particle

approximation, the Hückel molecular orbital theory also include π-electron seper-

ation approximation. In this approximation, it is assumed that the reactivity

of π-conjugated hydrocarbon is completely controlled by the π-electron system.

Hence the Schrodinger’s equation can further be separated to obtain an equation

for the π-electron system in which the Hamiltonian for all electrons is replaced

by the Hamiltonian for π-electrons only. Consequently the trial wavefunction can

also be approximated as a linear combination of p atomic orbitals.

The trial wave function of trimethylene methane can therefore be approximated

as shown in equation(C.1):
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H2C C

CH2

CH2

1 2

3

4

Fig. C.1 structure of trimethylene methane, with the number 1-4 representing

the numbering of the carbon atomic orbitals used in constructing the molecular

wave function. The dotted lines represent the delocalisation of π-electrons on the

molecule

Ψ = c1φ1 + c2φ2 + c3φ3 + c4φ4 (C.1)

where φ represent unhybridized p atomic orbitals of the double-bonded carbon

atoms and c(s) represent the atomic orbital coefficient. Substituting this wave

function to the π-only Schrödinger’s gives the equation (C.2).

HΨ = EΨ (C.2)

H here represents the one electron Hamiltonian for the π electron. Multiplying

both sides of the equation (C.2) by Ψ and integrating over all over π electrons (τ)

leads to the determination of the energy spectrum E.

E =

∫
ΨHΨdτ∫
ΨΨdτ

(C.3)
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Substituting equation (C.1) in (C.4) results in

E =

∫
(c1φ1 + c2φ2 + c3φ3 + c4φ4)H(c1φ1 + c2φ2 + c3φ3 + c4φ4)dτ

(c1φ1 + c2φ2 + c3φ3 + c4φ4)2dτ
(C.4)

setting:∫
φi H φi dτ = Hii∫
φi H φj dτ = Hij∫
φi φi dτ = Sii∫
φi φj dτ = Sij

Where i and j run from 1-4. Minimising the energy with respect to each of the

coefficients and setting the value to zero leads to 4 set of secular equations that

can be represented as a secular matrix.


H11 − ES11 H12 − ES12 H13 − ES13 H14 − ES14

H21 − ES21 H22 − ES22 H23 − ES23 H24 − ES24

H31 − ES31 H32 − ES32 H33 − ES33 H34 − ES34

H41 − ES41 H42 − ES42 H43 − ES43 H44 − ES44




c1

c2

c3

c4

 = 0 (C.5)

The simple Hückel theory makes the following assumptions in order to solve the

secular equation (C.5).

1) Firstly, Hückel assumes that all the carbon atoms are equivalent hence:

- The coulomb integrals Hii which describes the energy of interaction of an electron

in a free carbon 2pz atomic orbital in the molecule α

- The resonant integral Hij, which describes the energy of interaction of an electron

in a smear out of all the nuclei takes a value of β if the carbon atoms are directly

linked together or takes a value of zero if the are separated by two or more bonds.
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2) Secondly, Hückel assumes that 2px atomic orbitals constituting the molecular

wave-functions are orthonormal. Therefore, the overlap integrals are:

Sii = 1

Sij = 0

Applying this approximation to equation (C.5) simplifies it into equation (C.6)


α− E β 0 0

β α− E β β

0 β α− E 0

0 β 0 α− E




c1

c2

c3

c4

 = 0 (C.6)

Setting x = (α - E)/β and dividing every entry in the first matrix in equation

(C.6) by β leads to equation (C.7)
x 1 0 0

1 x 1 1

0 1 x 0

0 1 0 x




c1

c2

c3

c4

 = 0 (C.7)

Calculation of the energy spectrum

The energy spectrum can easily be from equation (C.7) by determining the value

of x. This can be done by equating the determinant of the matrix containing x to

zero. Therefore

det(


x 1 0 0

1 x 1 1

0 1 x 0

0 1 0 x

) = 0 (C.8)

235



x


x 1 1

1 x 0

1 0 x

 -


1 1 1

0 x 0

0 0 x

 + 0


1 x 1

0 1 0

0 1 x

 - 0


1 x 1

0 1 x

0 1 0

 = 0

x [ x

x 0

0 x

 -

1 0

1 x

 +

1 x

1 0

 ] - [

x 0

0 x

 -

0 0

0 x

 +

0 x

0 0

 ] = 0

x[x(x2 − 0)− (x− 0) + (−x)]− x2 = 0

x4 − 3x2 = 0

x2(x2 − 3) = 0

Hence x = −
√

3, 0, 0,
√

3

Substituting for x in x = (α - E)/β results in the energy spectrum that is represent

in Fig. C.2
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Fig. C.2 Energy level diagram of trimethyl methane showing the energy of each

molecular orbital and their occupancy

Determination of the atomic orbital coefficient

Expanding equation C.7 leads to four simultaneous equations

c1x+ c2 = 0 (C.9)

c1 + c2x+ c3 + c4 = 0 (C.10)

c2 + c3x = 0 (C.11)

c2 + c4x = 0 (C.12)

From equation (C.9)

c2 = −c1x (C.13)

Hence substituting equation (C.13) in equation (C.11) and (C.12) results in

c3 = c1 and c4 = c1 Since the wave function in equation (C.1) is orthonormal, this
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implies that

c21 + c22 + c23 + c24 = 1 (C.14)

substituting the values of c2, c3 and c4 by their new values in equation (C.15) leads

to

c21 + c1x
2 + c21 + c21 = 1 (C.15)

=> c1 = 1√
3+x2

Thus

c1 = c3 = c4 = 1√
3+x2

and

c2 = −x√
3+x2

When x = 0

c1 = c3 = c4 =
√
3
3

and c2 = 0

When x = +
√

3

c1 = c3 = c4 =
√
6
6

and c2 = -
√
3√
6

When x = −
√

3

c1 = c3 = c4 =
√
6
6

and c2 =
√
3√
6

Substituting these coefficients in equation (C.1) for the different energy levels leads

to following wave functions

Ψ1 =
√
6
6
φ1 +

√
3√
6
φ2 +

√
6
6
φ3 +

√
6
6
φ4

Ψ2 = Ψ3 =
√
3
3
φ1 +

√
3
3
φ3 +

√
3
3
φ4

Ψ4 =
√
6
6
φ1 -

√
3√
6
φ2 +

√
6
6
φ3 +

√
6
6
φ4
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Determination of the bond order

According to Coulson, the bond order between any pair of atoms, r and s, can be

calculated according to equation (C.16)

Prs =
K∑
i=1

Nicricsi (C.16)

Where N is the number of π- electrons in the orbital and the sum runs only over

all the k occupied molecular orbitals. Hence the bond order for between carbon 1

and 2 is calculated as follows

P1,2 = P2,3 = P2,4 = 2[
√
6
6

x
√
3√
6
] +

√
3
3

+
√
3
3

=
√

3

Therefore the π-bond order for all the carbon-carbon bond is equal to
√

3. Since

each of the carbon atoms independently form 3 σ bonds, the total bond order

formed by each of the carbon atoms will be equal to 3 +
√

3.
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