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Abstract

This thesis presents a computational investigation into halogen bonding (XB) as a

foundation for organocatalyst design, positioning it as both an alternative and a

complement to traditional hydrogen-bond (HB) catalysis. While often compared

to HB, XB interactions display unique characteristics, most notably a high degree

of directionality, tunability, and mechanistic versatility, and the ability to promote

different activation modes, making them a unique platform for catalyst development.

The work is structured around successive chapters, beginning with a systematic

computational study of symmetric monovalent XB scaffolds. By analysing the re-

lationship between scaffold geometry, electronic structure, and donor accessibility,

this part reveals how subtle variations in orientation and flexibility can dramatically

alter substrate activation. It also demonstrates that XB catalysis is not limited to a

single mechanistic pathway but can operate through multiple, context-dependent

activation modes. Building on these principles, the thesis explores hypervalent XB

architectures, where enforced rigidity and geometric control fundamentally reshape

activation preferences. These donors emerge not as extensions of monovalent scaf-

folds, but as a distinct and powerful class of XB-based catalysts. The final chapter

of the thesis examines the influence of counterions and intramolecular interactions,

showing that counterions can actively stabilise specific key conformations and mod-

ulate σ-hole accessibility, thereby exerting a direct influence on catalytic behaviour.

Together, these findings establish a comprehensive framework for computational

design of XB-based organocatalysts, outlining the principles of scaffold design, mech-

anistic diversity, and environmental effects that define their reactivity and potential

ii



in asymmetric synthesis.
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1 | Introduction

1.1 Catalysis – A Cornerstone of Chemical Science

Chemical reactions underpin both life and modern society, from the biochemical pro-

cesses within cells to the manufacture of medicines, materials, and energy technolo-

gies. Most reactions, however, are kinetically inaccessible under practical conditions

due to substantial activation barriers. Catalysis overcomes these barriers, enabling

efficient and selective transformations in which small quantities of catalyst convert

vast amounts of material. As a result, catalysis lies at the core of chemical science and

plays a central role in addressing global challenges spanning sustainable energy, envi-

ronmental remediation, agriculture, and healthcare. As illustrated in Figure 1.1, this

section traces key milestones in the evolution of catalysis, underscoring its enduring

adaptability in tandem with societal change. Catalysis traces its origins to biological

systems and early human practice. Enzymes drive the essential reactions of living

systems, and humans have applied catalytic processes for millennia, exemplified by

carbohydrate fermentation to produce wine, beer, and acetic acid before 2000 BCE.

The deliberate application of chemical catalysts emerged much later, with the first

recorded inorganic example reported in 1552 when Valerius Cordus used sulfuric

acid to convert alcohol into ether.1,2 Early observations remained largely empirical

until Berzelius coined the term catalysis in 1835, formalising the concept through sys-

tematic analysis.3 By the late nineteenth and early twentieth centuries, the combined

contributions of Ostwald, Haber, Bosch, and Mittasch transformed catalysis from

serendipitous practice into an engineered scientific discipline, enabling hundreds of
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catalytic processes and industrial-scale bulk chemical production.1,4

Bridging theory and practice, Wilhelm Ostwald established the foundational prin-

ciples of catalysis, chemical equilibria, and reaction kinetics, work recognised with

the 1909 Nobel Prize in Chemistry.1,5,6 These principles directly enabled industrial

translation, with Haber demonstrating small-scale ammonia synthesis using an iron-

based catalyst by 1905.1,3,5–8 Industrial implementation at BASF, led by Bosch and

enabled by Mittasch’s catalyst development, established the Haber-Bosch process

as a template for modern high-pressure catalysis.6,8–10 This platform subsequently

enabled a wide range of bulk chemical technologies, including methanol synthesis,

Fischer-Tropsch hydrocarbon production, and petroleum refining processes such as

catalytic cracking and reforming.4,11–13,13–15 The growing scientific maturity of het-

erogeneous catalysis was marked by the Faraday Society’s first conference devoted

to the field in 1950.16

Figure 1.1: Timeline of key milestones in catalysis from its origin to the early 2000s.

As post-war demand expanded beyond fuels and petrochemicals, catalytic innova-
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tion rapidly extended into polymer synthesis and materials manufacturing. Ziegler’s

titanium-based ethylene polymerisation system (1953) and Natta’s stereospecific

propylene polymerisation (1954) founded the modern plastics industry and were

recognised with the 1963 Nobel Prize.17,18 Rapid industrial uptake followed, includ-

ing Phillips Petroleum’s chromium catalysts for polyethylene and Ziegler-Natta

systems for synthetic rubber, with the Phillips process becoming the world’s largest

source of polyethylene by 1956.15,19 Several additional catalytic routes of global

significance reached industry by the end of the decade.15 Alongside these develop-

ments, catalysis consolidated as a scientific discipline and diversified beyond classical

heterogeneous platforms. The launch of the Journal of Catalysis in 1962 and the intro-

duction of a highly active nickel-based steam reforming catalyst marked increasing

scientific growth20 This transition accelerated with Wilkinson’s soluble rhodium

complex (1965), which established homogeneous catalysis for pharmaceuticals and

fine chemicals and was later recognised with the 1973 Nobel Prize.21,22 Subsequently,

homogeneous catalysis was translated to industrial polymer production by Shell

and Union Carbide via catalytic routes to linear low-density polyethylene.23

Entering the twenty-first century, asymmetric catalysis rose to prominence as the bio-

logical consequences of molecular chirality became increasingly apparent. Although

early demonstrations date back to Rosenthaler’s enzyme-mediated cyanohydrin

formation (1908)24 and Bredig and Fiske’s prochiral transformation (1913),25 the field

gained major recognition with the 2001 Nobel Prize awarded to Knowles, Noyori,

and Sharpless.26–28 Knowles’s adaptation of Wilkinson’s rhodium(I) complex en-

abled the first efficient homogeneous asymmetric hydrogenations,29,30 while Kagan

and Dang’s DIOP ligand demonstrated that ligand chirality could drive enantios-

electivity.31,32 These principles enabled widespread industrial adoption, including

Monsanto’s Rh-DIPAMP synthesis of L-DOPA for Parkinson’s therapy,33 Noyori’s

Ru-BINAP hydrogenation of olefins and ketones,34,35 Takasago’s 150-ton-per-year

acetoxyazetidinone process for antibiotic synthesis,36 and Hoffmann-La Roche’s

MeO-BIPHEP catalysts for vitamins and fine chemicals.37
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1.2 Emergence of Organocatalysis

As the twentieth century drew to a close, catalysis found itself increasingly shaped

by environmental imperatives and the emerging paradigm of green chemistry. Au-

tomotive emissions control drove widespread deployment of Engelhard’s exhaust

after-treatment systems, now the most widely used catalytic reactors globally.38 Zeo-

lite catalysts enabled shape-selective processes such as Mobil’s methanol-to-gasoline

conversion with ZSM-5 (1976) and Fe-ZSM-5-catalysed oxidation of benzene to

phenol (1990).39 Selective Catalytic Reduction (SCR) emerged in the 1980s for NOx

control in power generation and heavy-duty transport.40 Before the turn of the mil-

lennium, most high-performance catalytic systems relied heavily on transition metals,

whose effectiveness was well established but whose reliance on scarce, often toxic el-

ements raised concerns of sustainability and safety.41 Organocatalysis, defined as the

use of small chiral organic molecules to catalyse stereoselective reactions, emerged

as a compelling alternative. Its rise around the year 2000, as illustrated in Figure 1.2,

was driven not only by its capacity to deliver high levels of reactivity and selectivity

but also by attributes uniquely suited to the evolving needs of modern chemistry

and society. Organocatalytic reactions are characterised by operational simplicity,

broad functional group tolerance, and robustness under ambient conditions, often

proceeding in the presence of air and water. Importantly, the catalysts themselves are

stable, non-toxic, and structurally diverse, drawing on the vast repertoire of organic

molecules available for design and modification. These features are synonymous

to the efficiency observed in biological systems, where small organic motifs operate

under mild conditions. These qualities, combined with the absence of metals, aligned

organocatalysis with the principles of sustainability, offering synthetic strategies with

reduced environmental burden.41 In this sense, organocatalysis resonated strongly

with the wider cultural and methodological shift towards green chemistry, a disci-

pline that by the late twentieth century had become firmly embedded in the scientific

and industrial agenda. As defined by Anastas and Warner, the twelve principles of
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green chemistry established a framework for innovation aimed at minimising waste,

reducing hazardous substances, and improving energy efficiency.42–45

Figure 1.2: Publication of organocatalysis (blue) and computational organocatalysis
(purple) papers over time.

Early asymmetric applications of organocatalysis appeared sporadically throughout

the twentieth century. Bredig and Fiske reported the asymmetric HCN addition to

benzaldehyde using Cinchona alkaloids in 1913, albeit with modest enantiomeric

excess,46,47 followed decades later by Pracejus’s O-acetylquinine-catalysed methanol-

ysis of ketenes in 196048 and Sheehan’s use of chiral carbenes in asymmetric benzoin

condensations.49,50 These early demonstrations remained largely isolated and did

not immediately establish a coherent field. A clear inflection point emerged in the

early 1970s, as illustrated in Figure 1.3, when Eder, Sauer, and Wiechert at Scher-

ing51 and independently Hajos and Parrish at Hoffmann-La Roche52 demonstrated

proline-catalysed intramolecular aldol cyclisations en route to steroid precursors,

providing one of the first compelling examples of enzyme-like catalysis by a small

organic molecule. Although these studies were initially underappreciated, they

catalysed a gradual broadening of conceptual approaches through the late 1970s and

1980s, including Wynberg’s development of Cinchona alkaloids as chiral bases and

phase-transfer catalysts.53–55 By the 1990s, organocatalysis had evolved into a dense

and diverse landscape of strategies, with pioneering examples including Jacobsen’s

thiourea-catalysed Strecker reaction,56 Miller’s peptide-based catalysts,57 Fu’s chiral

DMAP derivatives,58 Shi’s and Yang’s ketone-based oxidation systems, Denmark’s
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phosphoramides,59 and Maruoka’s quaternary ammonium salt catalysts.60 Together,

these contributions formed a scattered but increasingly concentrated foundation that

directly preceded the rapid expansion of organocatalysis in the early twenty-first

century.

Figure 1.3: Timeline of milestones within organocatalysis from its first uses (purple)
to the gold rush era and ending with the field’s recognition with a Nobel Prize (blue).

This momentum culminated in the seminal, near-simultaneous reports by List and

MacMillan in 2000, which triggered the rapid expansion of modern organocatalysis.

List and co-workers demonstrated that the simple amino acid L-proline could me-

diate enamine-based aldol reactions, while MacMillan introduced imidazolidinone

catalysts enabling iminium activation in Diels-Alder reactions.61,62 Two complemen-

tary activation modes, enamine catalysis acting through Lewis base character, and

iminium catalysis functioning as a Lewis acid analogue, fundamentally reshaped

thinking in asymmetric synthesis by proving that small, readily available organic

molecules could rival transition metals in scope and selectivity. It was in this context

that MacMillan coined the term organocatalysis, defined as “the acceleration of a

chemical transformation through the addition of a substoichiometric amount of an

organic compound which does not contain a metal atom”.61 This conceptual clarity,

together with the operational simplicity and sustainability inherent to organocata-

lysts, ignited what has since been described as the “organocatalysis gold rush”.63 The

field continued to expand at remarkable speed, with both List and MacMillan extend-

ing their strategies to diverse transformations such as Mannich reactions, conjugate

reductions, cycloadditions, Michael additions, and domino processes.63–74 Crucial
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contributions from others soon followed. The Jørgensen–Hayashi catalyst, based on

diarylprolinol silyl ethers, emerged in 2005 as a powerful and versatile scaffold with

enhanced stereoselectivity compared to proline and imidazolidinone systems.75–77

Around the same time, MacMillan’s group introduced single-electron pathways

through SOMO activation, broadening the conceptual landscape of organocataly-

sis.78,79 Perhaps most notably, the mergence of organocatalysis with photoredox

catalysis in 2008 by MacMillan and Nicewicz demonstrated how light-driven single-

electron events could be harnessed in tandem with enamine activation, opening new

frontiers in sustainable catalysis.80 The field rapidly integrated into a cornerstone

of modern asymmetric synthesis, firmly establishing its place as a third pillar of

catalysis, alongside transition-metal catalysis and biocatalysis.81

Over the past two decades, organocatalysis has sustained its momentum and estab-

lished itself as a foundational discipline in modern chemistry. Its recognition with the

2021 Nobel Prize in Chemistry82 marked not only the validation of its scientific matu-

rity but also its establishment as one of the central paradigms in catalysis. This field’s

evolution is marked by the ever-expanding range of activation modes and mecha-

nistic principles. Among the most established are enamine and iminium activation,

Brønsted acid/base catalysis, nucleophilic Lewis base catalysis, hydrogen-bonding

catalysis, and ion-pairing phase-transfer catalysis, as summarised in Figure 1.4. Each

of these approaches enables highly enantioselective transformations across diverse

substrate classes and reaction types. Beyond these classical categories, contempo-

rary research has increasingly focused on multifunctional catalysts and synergistic

systems, in which multiple activation pathways operate cooperatively within a sin-

gle transformation. Such strategies, inspired in part by enzymatic catalysis, have

dramatically expanded the synthetic reach and efficiency of organocatalytic method-

ologies. Catalysts can now be grouped according to their acid–base characteristics, or

alternatively by their mode of interaction, whether they form covalent intermediates

with substrates or promote reactivity through NCIs.
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Figure 1.4: Overview of covalent (blue) and non-covalent (purple) organocatalytic
activation mechanisms.

1.3 Halogen Bonding

Inspired by the success of HB in organocatalysis, attention has increasingly shifted

toward XB as a parallel yet fundamentally distinct NCI with growing influence in

molecular recognition, crystal engineering, and, more recently, organocatalysis.83 XB

is formally defined as “a net attractive interaction between an electrophilic region associated

with a halogen atom in a molecular entity and a nucleophilic region in another or the same

molecular entity.”84,85 Contrary to the classical perception of halogens as nucleophilic

donors, XB emerges when a covalently bound halogen, most prominently iodine due

to its high polarisability, develops a localised electrophilic region capable of accepting

electron density.86 This behaviour arises from the anisotropic distribution of electron

density around a halogen atom when bound to an electron-withdrawing framework.

As illustrated in Figure 1.5, a region of positive electrostatic potential develops along

the extension of the R–X bond axis, referred to as the σ-hole, while an electron-

rich belt occupies the perpendicular region.87–94 This charge anisotropy imparts the

pronounced directionality characteristic of halogen bonding, with R–X···LB angles
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typically approaching linearity due to repulsive interactions between the halogen’s

lateral lone pairs and the Lewis base.95 Although early experimental observations of

halogen–anion interactions date back to 1819,96 the modern theoretical foundation of

XB was only established in the 1990s with the help of quantum chemical analysis of

the σ-hole by Politzer and Murray.97,98 Subsequent computational and experimental

studies further validated this framework,99,100 leading to formal IUPAC recognition

in 2013.94,101 The description of the XB continues to receive notable attention with

recent work demonstrating that XB arises from a balance of electrostatics, charge

transfer, polarisation, and dispersion contributions.102–104 Direct experimental imag-

ing of the σ-hole by Kelvin probe force microscopy in 2021 provided compelling

validation of this conceptual model.105

Figure 1.5: Electron poor (blue) and rich (purple) regions highlighted in HB and
various XB-based scaffolds.

Although closely related to HB, XB exhibits several distinctive properties that are

particularly attractive for catalyst design. XB interactions are typically more direc-

tional than XB, reflecting the spatial localisation of the σ-hole.89,95,106 They are also

highly tunable; the interaction strength varies with halogen polarisability (Cl < Br <

I) as shown in Figure 1.5, alongside electron-withdrawing substitution of the donor

scaffold.84,89,106,107 As a result, iodine-based donors usually display the strongest XB

interactions, while fluorine rarely functions as an effective donor.108 In addition, XB

donors possess larger van der Waals radii and higher hydrophobicity than classical

HB donors, leading to enhanced solubility in nonpolar solvents and increased steric

sensitivity.89 These features allow XB to function as a hydrophobic analogue of HB,
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enabling activation in low-polarity environments and with apolar substrates.109,110

Importantly, XB donors may be neutral and apolar, in contrast to protic HB donors,

opening new catalytic design space in organocatalysis where solubility, directionality,

and tunability must be balanced.

Figure 1.6: Main examples of XB-based catalytic scaffolds used in chiral organic
synthesis.

As shown in Figure 1.6, XB donors typically function as Lewis-acidic activators

that interact with anionic or neutral substrates and π-systems, often using cationic

or polyfluorinated iodine scaffolds.111,112 Monodentate and multidentate architec-

tures have been explored, with multidentate systems providing enhanced binding

strength, preorganisation, and transition-state stabilisation, features critical for stereo-

control.89,106 Two major activation modes dominate XB catalysis. Anion binding and

halide abstraction, where XB donors coordinate strongly to anionic leaving groups,

stabilising bond cleavage and accelerating heterolytic processes.113,114 Benchmark

demonstrations include the Ritter-type solvolysis of benzhydryl bromide, activated
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by imidazolium-, pyridinium-, and triazolium-based XB donors, where iodinated

scaffolds showed dominant activity relative to non-halogenated analogues, highlight-

ing the role of the XB donor in facilitating abstraction through binding to the leav-

ing bromide ion.108,115 Higher denticity systems further enhanced activity, though

counterion effects remained unpredictable.116,117 Neutral perfluoroaromatic donors

improved solubility but displayed weaker binding, while rigid multidentate scaf-

folds restored catalytic efficiency.118,119 The second major activation mode, neutral

substrate activation, involves coordination of XB donors to carbonyls or heterocycles,

lowering LUMO energies and stabilising charge in transition states. Crystallographic

and computational studies confirmed the feasibility of XB interactions with neutral

Lewis bases.120 Early catalytic demonstrations include quinoline reductions using

haloperfluoroalkanes,121 later improved using bidentate donors.122 XB catalysis

has also been extended to polymerisation, pericyclic reactions, Michael additions,

Friedel–Crafts alkylations, and Nazarov cyclisations.119,123–128

Asymmetric induction through halogen bonding remains a central challenge for the

field.112,129 While the strong directionality of XB enables selective functional group

activation, it simultaneously imposes strict geometric constraints that complicate cat-

alyst design and limit efficient chirality transfer due to the spatial separation between

the halogen donor and the chiral scaffold. As a result, most reported asymmetric

systems achieve only modest stereocontrol, including chiral bis(imidazolium) scaf-

folds,130,131 neutral tetradentate iodotriazoles,131–133 halonium(III) systems,112,134

and monodentate iodine(III) derivatives,131,135 as illustrated in Figure 1.8. Notably,

second-generation bidentate iodine(I) donors have recently achieved up to 95% ee in

Mukaiyama aldol reactions, demonstrating that high stereocontrol through XB alone

is feasible but remains exceptional (Figure 1.7).112,131

Beyond asymmetric applications, XB catalysis faces additional challenges in mech-

anistic ambiguity, catalyst inhibition by anions, counterion effects, limited recycla-

bility, and the synthetic complexity of multidentate scaffolds.121,136–140 Polymer-

supported XB catalysts remain scarce compared to established organic and inorganic
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Figure 1.7: XB-catalysed Mukaiyama aldol reaction.

systems,141,142 although early immobilised platforms have demonstrated promising

recyclability.143,144 Mechanistic understanding of XB catalysis has progressed from

crystallographic validation of halogen–acceptor contacts,115,118,122,145–152 through

spectroscopic and thermodynamic measurements of binding strength,122,153 and

control experiments distinguishing XB from competing Brønsted acid or radical path-

ways,115,154,155 to increasingly sophisticated computational analyses. Throughout

this evolution, the σ-hole framework has remained central to rationalising donor

strength, substituent effects, solvent sensitivity, and activation pathways.107,114,156,157

Despite these advances, the complexity of NCIs limits intuition-based catalyst design,

motivating the need for quantitative, computation-driven strategies capable of re-

solving mechanistic ambiguity, predicting selectivity, and accelerating the discovery

of improved XB and related NCI-based catalysts. Modern computational modelling

now enables predictive catalyst screening, mechanistic discrimination, and rational

donor optimisation, directly addressing the intrinsic complexity of XB systems.

Figure 1.8: Previously reported XB-based catalytic scaffolds for asymmetric organic
chemistry transformations.
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1.4 Computational Design of Catalysts

The growing recognition that organocatalytic reactivity and selectivity are governed

by subtle, cooperative NCIs has fundamentally reshaped strategies for catalyst

discovery and optimisation. As previously noted, the interplay of electrostatics, po-

larisation, charge transfer, dispersion, and geometric preorganisation often exceeds

the limits of qualitative chemical intuition. Quantitative computational methods

have therefore become indispensable for resolving mechanistic ambiguity, rational-

ising structure–reactivity relationships, and guiding the deliberate design of next-

generation catalysts.158 This shift marks a broader transformation of organocatalysis

from empirically driven optimisation toward predictive, model-guided discovery. As

illustrated by Figure 1.9, early catalyst development relied largely on trial-and-error

screening and incremental modification, but advances in electronic-structure the-

ory, high-performance computing, and automation have dramatically expanded the

scope of in silico exploration. Density functional theory (DFT) and hybrid quantum

mechanical/molecular mechanical (QM/MM) approaches now enable detailed char-

acterisation of reaction pathways, transition states, and non-covalent stabilisation

effects, providing molecular-level insight into reactivity trends and stereochemical

control.158–166 Automated platforms such as ACE, AARON, and CatVS facilitate

high-throughput virtual screening of catalyst libraries, accelerating hypothesis test-

ing and reducing reliance on costly experimental trial-and-error.167–173 Collectively,

these methods enable systematic exploration of chemical space and quantitative eval-

uation of competing activation modes, an essential capability for systems dominated

by weak but highly directional NCIs.

Machine learning (ML) has further amplified this paradigm shift by enabling data-

driven prediction of catalytic performance from molecular descriptors.174 Rather

than relying solely on mechanistic intuition, ML models can identify multidimen-

sional correlations between catalyst structure and experimentally measured out-

comes, offering rapid estimates of reactivity and enantioselectivity across large
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Figure 1.9: General workflow for the traditional (blue) and modern (purple) auto-
matic approach to catalyst design.

design spaces. A notable example is provided by Denmark and co-workers, who

demonstrated that averaged steric occupancy (ASO) descriptors accurately predict

enantioselectivity in chiral phosphoric acid catalysis.175 The integration of statistical

learning with mechanistic modelling (Figure 1.9) increasingly enables closed-loop

optimisation workflows in which candidate catalysts are computationally generated,

evaluated, and prioritised prior to synthesis, significantly accelerating discovery time-

lines. Beyond individual catalyst optimisation, computational approaches have also

facilitated the emergence of hybrid and cooperative catalytic strategies. The deliber-

ate merging of complementary activation modes, such as enamine/iminium dual

catalysis or combined organocatalytic and metal-based systems, has enabled increas-

ingly complex, stereodivergent, and multistep transformations.176–182 Representative

examples include MacMillan’s cascade iminium–enamine catalysis, Carreira’s stere-

odivergent Ir/amine platforms, and Snaddon’s Pd/benzotetramisole cooperative

α-allylation strategy. Parallel advances in multifunctional catalyst design increasingly

exploit multiple binding motifs within a single scaffold to achieve enzyme-like levels

of selectivity and rate acceleration. Notable demonstrations include HB donor/acid

co-catalysis,183 bis-urea hydrogen-bonding phase-transfer systems for fluoride acti-

vation,184 and cooperative catalysts that integrate hydrogen bonding with Lewis or
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Brønsted acid activation. More recently, attention has expanded toward emerging

σ-hole interactions, namely halogen bonding (XB), chalcogen bonding (ChB), and

pnictogen bonding (PnB), as orthogonal tools for molecular activation and cata-

lyst design.185,186 These interactions offer distinctive directionality, tunable Lewis

acidity, and complementary solvation characteristics relative to classical HB, but

also introduce heightened sensitivity to geometry, electronics, and environmental

effects. As a result, computational modelling plays a uniquely critical role in disen-

tangling competing interaction pathways, quantifying stabilisation energies, and

rationally engineering donor architectures capable of delivering reliable and selective

catalysis. The convergence of electronic-structure modelling, automation, machine

learning, and NCI-focused catalyst engineering has transformed organocatalysis into

a predictive and increasingly data-driven discipline. This computationally enabled

framework provides the foundation for addressing the mechanistic complexity and

design challenges inherent to XB catalysis, and directly motivates the computational

strategy adopted in this thesis.

1.5 Aims and Objectives

The emergence of XB as a distinct NCI in organocatalyst design, often compared with

the HB, has revealed a fundamentally greater degree of tunability, as the electronic

and steric properties of the XB donor can be modulated through scaffold design,

substituent effects, and XB-donor identity, a level of control that is far less accessible

in HB-based systems. In addition to its pronounced directionality, XB exhibits no-

table mechanistic versatility, enabling diverse modes of activation, including anion

binding, leaving-group abstraction, polarisation of electrophiles, and stabilisation

of charged or high-energy intermediates, thereby expanding the scope of catalytic

transformations accessible through NCIs.89,107,113,187,188 Despite the rapidly growing

experimental interest,89 the structure–reactivity relationships, operative activation

modes, and environmental merits of XB organocatalysis remain insufficiently charac-
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terised.

This thesis aims to establish a rigorous and transferable computational framework

for understanding XB-based catalytic reactivity. Through detailed quantum chemical

analysis, the overarching goal is to deliver quantitative mechanistic insight and

extract rational design principles to guide the next generation of XB organocatalysts,

with a particular emphasis on prospective asymmetric applications.

To establish this foundation, an extensive series of computational studies was under-

taken, beginning with a systematic investigation of electronically activated mono-

valent XB scaffolds.125 Chapter 3, Monovalent XB-Based Scaffolds, examines how

donor identity, scaffold geometry, and substituent orientation govern σ-hole mag-

nitude, accessibility, and directionality, thereby defining the structural parameters

that control XB strength and thermodynamic feasibility. Particular emphasis was

placed on contrasting classical O-type activation with the recently proposed π-type

activation mode157 in the Michael addition of indole to trans-crotonophenone (Figure

1.10). Molecular iodine was incorporated as a minimalistic reference system to probe

fundamental aspects of XB-mediated catalysis.154 Together, these studies reveal the

mechanistic diversity inherent to XB activation and challenge the assumption of a

single universal pathway.

Figure 1.10: Framework of the XB-catalyst stabilised Michael addition reaction.

Building upon this mechanistic platform, the scope of XB catalysis was extended
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beyond small-molecule transformations to the ring-opening polymerisation (ROP)

of L-lactide, thereby evaluating the transferability of XB activation principles to

macromolecular systems of industrial and biomedical relevance.189 The influence

of catalyst–substrate orientation and base-mediated activation on polymerisation

behaviour was analysed to assess the robustness and adaptability of XB-mediated

control (Figure 1.11).

Figure 1.11: Framework of the XB-catalyst stabilised ring-opening polymerisation of
L-lactide.

In Chapter 4, Hypervalent XB-Based Scaffolds, the investigation is extended from

monovalent to hypervalent iodine(III) XB architectures, introducing enhanced Lewis

acidity, structural rigidity, and dual σ-hole cooperativity.190–194 Both O-type and π-

type activation modes within the hypervalent scaffolds were examined,157 alongside

systematic scaffold modulation through targeted substituent variation and oxidation-

state control. These studies clarify how inductive, mesomeric, and steric effects

collectively govern reactivity–selectivity relationships and unify monovalent and

hypervalent XB donors within a coherent mechanistic framework.

A further layer of complexity arises from secondary intramolecular interactions and

counterions in realistic XB catalysts.125 In Chapter 5, Counterion-Induced Confor-

mational Effects in Catalysis, bifunctional cationic systems incorporating HB donor

motifs were investigated to evaluate hydrogen bond–enhanced halogen bonding

(HBeXB) effects on XB strength and directionality.154,157,195 In parallel, counterion
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Figure 1.12: Framework of the XB-catalyst stabilised Ritter-type solvolysis reaction.

effects were systematically assessed in a Ritter-type solvolysis reaction to quantify

how ion size and coordinating ability, PF−
6 vs. BarF−

4 , modulate catalyst confor-

mation, σ-hole accessibility, substrate binding energetics, and overall free-energy

profiles (Figure 1.12). These results highlight the necessity of explicitly accounting for

counterions and cooperative interactions in computational modelling and catalyst

design.

Collectively, these studies establish a unified computational framework linking

electronic structure, activation mode, scaffold architecture, and environmental effects

in XB organocatalysis. The resulting design principles position halogen bonding as

a versatile platform for rational catalyst development, providing a foundation for

future advances, particularly in asymmetric XB catalysis.
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2 | Computational Theory

2.1 Quantum Chemistry

The field of theoretical chemistry has experienced remarkable growth through its

increasing integration with experimental studies across all branches of chemistry,

in both justification and iterative collaboration. Notably, the scope of theoretical

approaches was constrained by the available computational resources. However,

recent advances in computational power, coupled with the development of sophis-

ticated quantum methodologies, have enabled chemists to investigate previously

inaccessible systems, continuously pushing the boundaries of the ever-evolving

field.

A pivotal milestone in the formulation of quantum mechanics was achieved by Louis-

Victor de Broglie in 1923,196, who extended the concept of wave-particle duality from

light to all matter. He proposed that every particle with momentum p possesses an

associated wavelength λ, which can be expressed as:

λ =
c
ν
=

2πc
ω

=
2πh̄

p
(1)

Building upon this idea, Erwin Schrödinger later argued that particles exhibit-

ing wavelike behaviour should be described by a wavefunction, leading to one

of the foundational equations of quantum mechanics, the Schrödinger Equation

(SE):197
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ih̄
∂Ψ
∂t

= − h̄2

2m

(
∂2Ψ
∂x2 +

∂2Ψ
∂y2 +

∂2Ψ
∂z2

)
+ U(x, y, z)Ψ = ĤΨ (2)

When relativistic effects are neglected and atomic units are used (h̄ = me = e = c =

1), the non-relativistic time-dependent Schrödinger Equation (TDSE) for a quantum

system can be written as a function of electron coordinates (ri), nuclear coordinates

(Ri), and space-spin coordinates xi = (ri, ηi), with the Hamiltonian Ĥ(ri, Ri, t) and

wavefunction Ψ(ri, Ri, t):

ih̄
∂

∂t
Ψ(xi, Ri, t) = Ĥ(ri, Ri, t)Ψ(xi, Ri, t) (3)

In most chemical applications, systems are considered at stationary points, allow-

ing the removal of the time dependence and resulting in the time-independent

Schrödinger Equation (TISE):

ĤΨ = EΨ (4)

Here, Ĥ denotes the total energy of the system, composed of the kinetic energy of

electrons (T̂e) and nuclei (T̂n), the electron-electron (V̂ee) and nucleus-nucleus (V̂nn)

repulsions, and the electron-nucleus Coulomb attraction (V̂ext):

Ĥ =−
N

∑
i=1

h̄2

2
∇2

i −
M

∑
A=1

h̄2

2mA
∇2

A +
N

∑
i=1

N

∑
j>i

1
rij

+
N

∑
i=1

M

∑
j>i

ZAZB

Rij
−

N

∑
i=1

M

∑
A=1

ZA

riA

= T̂e + T̂n + V̂ee + V̂nn + V̂ext

(5)

Despite its generality, the Schrödinger Equation cannot be solved exactly for systems

with more than two particles. Exact solutions are limited to hydrogen-like atoms

or single-electron ions, a challenge known as the many-body problem. To address

this, Max Born and Julius Robert Oppenheimer introduced the Born-Oppenheimer
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approximation (BOA) in 1927. This approximation exploits the large mass disparity

between electrons and nuclei, which permits the separation of electronic and nuclear

contributions in both the Hamiltonian and wavefunction:

Ĥ = Ĥelec + Ĥnuc = T̂e + V̂ee + V̂ext + V̂nn (6)

Ψ(r, R) = Φ(r, R) χ(R) (7)

Within this framework, the nuclear kinetic energy T̂n is neglected, the nuclear re-

pulsion term V̂nn is treated as constant, and the electronic wavefunction Φ depends

parametrically on the nuclear positions R, while the nuclear wavefunction χ depends

solely on R. This separation significantly simplifies the study of molecular systems

in quantum chemistry.

Nonetheless, separating the electronic and nuclear components of the SE alone does

not suffice to solve the many-body problem. To make the problem tractable, a series

of assumptions, approximations, and idealisations must be introduced. In 1927,

Douglas Rayner Hartree proposed the Self-Consistent Field (SCF) method198, wherein

the motion of one electron, e1, is described within the mean potential generated

by the nucleus together with the remaining electron, e2. This approach yields an

effective Hamiltonian, Ĥeff
1 , for electron e1:

Ĥeff
1 Ψ1(r) = E1 Ψ1(r) (8)

To achieve an exact solution for accuracy, the variational principle must be inte-

grated:

Ψ∗
trial Ĥ Ψtrial = Etrial ≥ Emin⟨Ψ|Ĥ|Ψ⟩ (9)
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In the case of larger N-electron systems, the exact wavefunction becomes compu-

tationally intractable, and is therefore approximated as a product of N individual

electron functions, a construction known as the Hartree product:

Ψ(r1, r2, . . . , rN) = ψ1(r1)ψ2(r2) . . . ψN(rN) =
N

∏
i=1

ψi(ri) (10)

Furthermore, to account for the Pauli exclusion principle in line with the fermionic

properties of electrons, antisymmetric functions are applied. Consequently, following

Hartree’s approximation, Vladimir A. Fock and John C. Slater proposed the Slater

determinant199,200, conveying the wavefunction as the determinant of a matrix of

one-electron wavefunctions:

Φ0(r1, r2, . . . , rN) =
1√
N!

∣∣∣∣∣∣∣∣∣∣∣∣∣

ϕ1(r1) ϕ2(r1) · · · ϕN(r1)

ϕ1(r2) ϕ2(r2) · · · ϕN(r2)

...
... . . . ...

ϕ1(rN) ϕ2(rN) · · · ϕN(rN)

∣∣∣∣∣∣∣∣∣∣∣∣∣
(11)

Alongside the Fock operator:

F̂(r) = ĥi(r) + ∑
j

(
Ĵj(r)− K̂j(r)

)
(12)

The SE was rewritten and solved using the Hartree-Fock (HF) method:

F̂(r) ϕ0(r) = E0 ϕ0(r) (13)

The Fock operator, F̂(r), is constructed from three main contributions: the one-

electron Hamiltonian, ĥi(r), which accounts for the kinetic energy and the inter-

action between electrons and nuclei, the Coulomb operator, Ĵi(r), describing elec-

tron–electron repulsion, and the exchange operator, K̂i(r), which arises from the
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antisymmetry of the wavefunction. Although the HF approximation provides a

useful framework for electronic structure calculations, it does not yield the exact

electronic energy of a system because a single Slater determinant neglects electron

correlation. To address this limitation, various post-HF approaches have been de-

veloped. These include Möller–Plesset (MP) perturbation theory,201 Configuration

Interaction (CI),202–204 and Coupled Cluster (CC) theory.205–207

2.2 Density Functional Theory

The DFT is an alternative approach to wave-function methods previously proposed,

which expresses the ground-state (GS) energy of a system as a functional of the

electronic density, ρ(r), rather than the many-electron wavefunction. This estab-

lishes a direct relationship between the ground-state wavefunction, ΨGS, and the

corresponding electron density in an N-electron system, leading to the following

expression for the ground-state energy:

E0 =
∫
· · ·

∫ [
Ψ∗(r1, r2, . . . , rN) Ĥ Ψ(r1, r2, . . . , rN) dr3 . . . drN

]
(14)

The nuclear kinetic energy can be neglected by splitting the new Hamiltonian into

different parts, as per the Born-Oppenheimer approximation:

Ĥel(r, R) = T̂(r) + V̂(r) + V̂(R) + ν(r) (15)

Leading the description of the Hamiltonian as the total energy of a system expressed

as the sum of several contributions: the electronic kinetic energy, T̂(r), the Coulomb

repulsion between electrons, V̂(r), the Coulomb repulsion between nuclei, V̂(R),

and the electron–nucleus Coulomb attraction, ν(r), which is commonly referred

to as the external potential. By substituting this modified Hamiltonian into the

ground-state energy expression, the first three contributions can be grouped into the
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so-called universal functional, F[ρ(r)], which is distinct from the external potential,

ν(r), yielding the following expression for the total energy:

E0 =
∫
· · ·

∫
Fx[ρ(r)] +

∫ ∞

−∞
ρ(r) ν(r) dr (16)

While wavefunction-based methods struggle with multi-electron equations, the

challenge in density-based approaches is determining the exact electron density,

which corresponds to the system’s minimum energy. To simplify this, Kohn and

Sham proposed208, expressing the total density as a sum of orbital densities:

Fx[ρ(r)] = T̂[ρ(r)] +
1
2

∫ ∫
ρ(r1) ρ(r2)

|r1 − r2|
dr1 dr2 + EXC[ρ(r)] (17)

This functional can be decomposed into three components: the electronic kinetic

energy, T̂[ρ(r)], which remains unchanged; the classical electron–electron repulsion

expressed in terms of the density, 1
2

∫∫ ρ(r1) ρ(r2)
|r1−r2|

dr1dr2; and the exchange-correlation

energy, EXC[ρ(r)], accounting for exchange and correlation effects among electrons

with the same spin. The system is described by a set of non-interacting orbitals,

known as Kohn–Sham orbitals, which comply with the corresponding Schrödinger

equation:

ĤKS ΦKS
i (ri) = εi ΦKS

i (ri) (18)

2.2.1 Functionals

One of the earliest and most widely used approximations in DFT is the Local Density

Approximation (LDA). In this framework, the exchange–correlation (XC) energy at

a point in space is assumed to behave like that of a uniform electron gas with the

same local electron density.209–211 The total XC energy is obtained by evaluating the

electron density on a spatial grid and integrating the corresponding local XC energy
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density:

ELDA
XC [ρ] = ELDA

X [ρ] + ELDA
C [ρ]. (19)

The exchange component is known analytically from Dirac’s212 uniform electron gas

expression:

ELDA
X [ρ] = −3

2

(
3
π

)1/3 ∫
ρ(r)4/3 dr. (20)

The correlation term historically lacked a closed-form expression and was therefore

represented through parametrisations based on quantum Monte Carlo data.213 A

commonly used analytical form is:

ELDA
C [ρ] = ln

(
1 +

b
rs

+
b
r2

s

)
, (21)

Where a and b are constants fitted at the MP2 level, and rs =
(

3
4πρ

)1/3
is the

Wigner–Seitz radius.214

An extension of the LDA, known as the Local Spin-Density Approximation (LSDA),

treats the spin-up (ρα) and spin-down (ρβ) densities separately, making it suitable for

open-shell systems.215

ELSDA
XC [ρα] = ELSDA

X [ρα] + ELSDA
C [ρα, ρβ] = ELSDA

X [ρα] +
∫

ρα(r) RC[ρ
α, ρβ] dr. (22)

LDA performs well for systems with slowly varying electron densities, such as

solids. However, its local nature also introduces notable limitations, including the

systematic over-binding of molecules and the underestimation of bond lengths.

These shortcomings highlighted the need for more flexible and accurate descriptions
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of the exchange–correlation energy.

A step forward was the development of gradient-dependent approaches. The exact

form of the exchange–correlation potential, νXC, remains unknown, and a hierarchy

of increasingly sophisticated approximations has been constructed to make practical

use of DFT. Among these, the Generalised Gradient Approximation (GGA) has

become one of the most widely adopted.216–218 GGAs incorporate not only the local

electron density but also its spatial gradient, enabling a more nuanced treatment of

systems where the electronic density varies significantly:

EGGA
xc [ρ] =

∫
f (ρ(r),∇ρ(r), x) dr, x = | ∇ρ

ρ4/3 |. (23)

While GGAs such as Perdew-Burke-Ernzerhof (PBE) and B3LYP broaden the applica-

bility of DFT, they still provide an incomplete description of long-range correlation

and dispersion. Further refinements include the meta-GGA functionals, which addi-

tionally depend on the kinetic energy density, τ(r), and the Laplacian of the density,

∇2ρ(r):

Emeta-GGA
xc [ρ] =

∫
f (ρ(r),∇ρ(r), τ(r)) dr, τ(r) = 1

2

Nocc

∑
i=1

|∇φi(r)|
2 (24)

Functionals such as M06-2X fall into this category; M06-2X is a hybrid meta-GGA that

incorporates 32 empirically optimised parameters and includes a significantly larger

fraction of non-local exchange (54% HF exchange), enabling substantially improved

performance for main-group thermochemistry and noncovalent interactions.219

Building on the concept of the adiabatic connection,220–222 GGAs have been com-

bined with a fraction of exact exchange, giving rise to a new class of functionals

known as hybrid-GGAs. These functionals are particularly popular as they achieve

a reasonable compromise between computational efficiency and accuracy. A general

expression for a hybrid functional is:
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Ehybrid
XC = axEHF

X + (1 − ax)EDFT
X + EDFT

C . (25)

Where ax determines the fraction of exact exchange included. Among them, the

B3LYP functional, proposed by Becke,223 has become one of the most widely used

methods in quantum chemistry. Its popularity stems from its ability to provide reli-

able results at a significantly lower cost than more demanding post-HF approaches.

Nevertheless, B3LYP provides a poor depiction of long-range interactions because it

lacks an explicit treatment of dispersion forces and includes only a limited fraction

of exact exchange. Resulting in the poor description of NCIs, it systematically un-

derestimates binding in studies where long-range correlation such as van der Waals

play a central role.224 A complementary strategy is to enhance existing functionals

with dispersion corrections. Grimme’s DFT-D3 model225 adds an explicit atom–atom

dispersion potential:

Edisp = − ∑
A>B

∑
n=6,8,...

sn,
CAB

n
Rn

AB
, fn(RAB), fn(RAB) =

1 + 6

(
RAB

sr,nRAB
0

)−αn
−1

.

(26)

Here, CAB
n denotes the mean isotropic dispersion coefficient for atom pair AB, and

RAB is the interatomic distance. The parameters sn act as scaling factors, while

fn(RAB) is a damping function designed to prevent unphysical divergences at short

range. When applied to hybrid functionals such as B3LYP, this dispersion correc-

tion substantially improves the accuracy for systems where long-range interactions

are essential. The ωB97XD functional is another example of a hybrid-GGA func-

tional which combines range separation with an empirical dispersion model, thereby

improving the treatment of both long-range exchange and van der Waals interac-

tions.226

Double-hybrid functionals227 combine the strengths of DFT with elements of cor-
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related wavefunction theory. While hybrid functionals integrate a fixed fraction of

exact HF exchange with DFT exchange and correlation, double hybrids introduce

an additional term that accounts for dynamical correlation through a perturbative

second-order (PT2) contribution, typically analogous to MP2. This extension sig-

nificantly enhances the description of thermochemistry, NCIs, and reaction barrier

heights, often bringing the accuracy close to that of post-HF methods while main-

taining substantially lower computational cost. A general form of the double-hybrid

exchange–correlation energy can be written as:

EDH
XC = axEHF

X + (1 − ax)EDFT
X + (1 − ac)EDFT

C + acEPT2
C , (27)

Where ax determines the proportion of exact exchange and ac scales the perturbative

correlation term. The introduction of the PT2 component places double hybrids at

the top of the ladder, as they simultaneously reduce self-interaction error, improve

long-range correlation, and offer a more accurate, physically grounded description

of dispersion compared with lower-rung functionals.

2.2.2 Basis Sets

To apply the variational method for solving the Schrödinger equation, a suitable trial

wavefunction must be chosen. A common approach is the Linear Combination of

Atomic Orbitals (LCAO),228, where the molecular orbital ϕ is expressed as a linear

combination of basis functions Ψµ with optimised coefficients cµi:

φi(r) =
NAO

∑
µ=1

cµi Ψµ(r; Rµ) (28)

Since the exact form of Ψµ is unknown, these are represented by basis sets. Early

attempts used Slater-type orbitals (STO), which resemble hydrogenic eigenfunc-

tions:
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ηSTO
n,l,m(r) = N r n−1e−ζr Ym

l (θ, ϕ) (29)

Although STOs provide a good physical description, they are computationally de-

manding because two-electron integrals cannot be solved analytically, restricting

their use to semi-empirical methods. To address this, Gaussian-type orbitals (GTOs)

were later introduced.229 Their functional form, e−αr2
, allows analytical evaluation

of integrals:

ηGTO
nx,ny,nz(r) = xnx yny znz e−αr2

(30)

However, a single GTO poorly represents orbital behaviour near the nucleus. This

limitation is overcome by combining multiple primitive Gaussians into contracted

Gaussian functions (CGFs):

ηCGO
τ = ∑

a
dτ

a ηGTO
a (31)

This describes and replicates the behavior of orbitals with much greater accu-

racy and has been extensively incorporated in the development of modern basis

sets.230–232

Further investigations into basis set design led to the development of split-valence

basis sets, in which core and valence electrons are treated differently. Core elec-

trons, tightly bound and largely unaffected by interatomic interactions, are typically

described by a single basis function. Valence electrons, however, require greater flexi-

bility, often necessitating multiple basis functions along with diffuse and polarisation

functions to capture their behaviour accurately. Diffuse functions extend the reach

of the orbitals farther from the nucleus, which is essential for properly modelling

anionic species and systems with long-range or weak NCIs. Polarisation functions

introduce higher-angular-momentum orbitals that allow desymmetrisation of the
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atomic orbitals, providing a more accurate representation of bonding, particularly

in polarised covalent bonds and interactions governed by subtle NCIs. Together,

these enhancements enable a detailed and reliable description of electronic structure

across a wide range of chemical environments.

Figure 2.1: Conceptualised depiction of polarisation of a s basis function by a p basis
function (purple) and polarisation of a p basis function by a d basis function (blue).

Several well-established families of basis sets fall into this category, including the

split-valence Pople basis sets,233,234, the correlation-consistent (cc) basis sets intro-

duced by Dunning and coworkers,235 and the Karlsruhe-type basis sets.236 Each

of these families employs its own system of nomenclature, designed to convey the

number of functions included and the way they are constructed.

Pople-type basis sets,230–232 use a compact numerical notation to signify how many

primitive Gaussians describe the core and valence orbitals, and how the valence space

is split to enhance flexibility. For instance, 6-311G237 is an example of a triple-ζ split-

valence basis set, the leading 6 describes the core orbital represented by a contraction

of six primitive Gaussians. The 311 component specifies the split-valence space,

one valence shell is formed from a contraction of three primitives, followed by two

additional valence shells that each consist of a single primitive. In Pople’s notation,

diffuse augmentation is signaled by the addition of one or more + symbols in front

of the G. A single + marks the inclusion of diffuse functions on non-hydrogen atoms,

while ++ indicates the addition of diffuse functions to hydrogen atoms. Polarisation

functions are denoted separately by asterisks appended to the basis-set label, a
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singular * means that only the heavier elements are assigned polarisation functions,

whereas ** extends these functions to the hydrogen atom. Consequently, a double-ζ

split-valence basis set that incorporates both diffuse and polarisation functions on

all atoms would be written as 6-31++G**. This layered description provides greater

flexibility for modeling polarisation and charge redistribution.

Dunning introduced the cc basis sets. As examplified by cc-pVDZ (cc, polarised

valence double-ζ) uses two basis functions for each valence orbital and includes

a balanced set of polarisation functions specifically designed to recover electron

correlation in a controlled manner. Higher members of the series, cc-pVTZ, cc-

pVQZ, and beyond, systematically enlarge the basis by adding additional angular

momentum shells, allowing smooth convergence toward the complete basis set

limit. These features make Dunning basis sets especially valuable in high-accuracy

quantum chemical calculations and provide a useful contrast to the more compact

Pople-type constructions.

Of particular relevance to the methods applied in this thesis are the Karlsruhe basis

sets, which adopt the notation de f 2 − NVP(D). In this scheme, N specifies the

level of split-valence character (for example, TZ for triple-ζ, QZ for quadruple-ζ,

and so forth), while the letters P and D denote the inclusion of polarisation and

diffuse functions, respectively. The treatment of polarisation functions is further

distinguished by the way they are applied: writing (P) indicates that only heavy

atoms are supplemented, P denotes a single set of polarisation functions for all

atoms, and PP refers to the use of two sets of polarisation functions across all atoms.

This structured naming convention makes it straightforward to identify both the

flexibility of the valence space and the extent to which additional functions are used

to capture more subtle electronic effects.
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2.3 NCIs Characterisation Methods

2.3.1 Quantum Theory of Atoms in Molecules

The Quantum Theory of Atoms in Molecules (QTAIM)238–240 provides a framework

for analysing the topology of the electron density distribution, ρ(x, y, z), to extract a

range of atomic and molecular properties. Through this analysis, one can determine

the connectivity within a molecule, which is represented by line paths (previously

referred to as bond paths). These line paths are associated with chemical bonds as

well as with various NCIs241. Another important outcome of QTAIM analysis is

the identification of Critical Points (CPs), defined as positions in space where the

gradient of the density, ∇ρ, vanishes. The nature of each CP is classified according to

the curvature of the electron density at that point. The analysis is carried out by eval-

uating the eigenvalues (λ1, λ2, λ3), constructed from the second partial derivatives

of the electron density at each point in space ∂2ρ
∂x2 , of the Hessian matrix H(ρ):

H(ρ) =


∂2ρ
∂x2

∂2ρ
∂x∂y

∂2ρ
∂x∂z

∂2ρ
∂y∂x

∂2ρ
∂y2

∂2ρ
∂y∂z

∂2ρ
∂z∂x

∂2ρ
∂z∂y

∂2ρ
∂z2

 . =


λ1 0 0

0 λ2 0

0 0 λ3

 (32)

CPs can be systematically classified using the (ω, σ) notation, ω corresponding to

the number of non-zero eigenvalues of the Hessian matrix and σ being the sum of

their signs. Within this scheme, four types of CPs are identified. A Nuclear Attractor

Critical Point (NACP), denoted as (3,−3), occurs when all three eigenvalues are

negative, corresponding to a local maximum of the electron density and typically

located at atomic nuclei. Ring Critical Points (RCPs), with signature (3,+1), occur

when two eigenvalues are positive and one is negative, and are associated with ring

structures in molecules. Finally, Cage Critical Points (CCPs), denoted as (3,+3),

correspond to a local minimum of the electron density, with all three eigenvalues

positive. Bond Critical Points (BCPs), classified as (3,−1), which are referenced and
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discussed in detail in the work presented in this thesis, are characterised by two

negative curvatures and one positive curvature. Together, define a saddle point

of the electron density. A BCP lies along the bond path between two nuclei and

represents the minimum value of the electron density along this path. The properties

derived from BCPs, such as the electron density value ρ(r) and the Laplacian ∇2ρ(r),

provide essential insight into the strength and nature of chemical bonding, making

them invaluable for analysing covalent and NCIs alike, the latter being a central

theme of this thesis.

With that being said, in QTAIM, the electron density at the BCP, ρBCP, is directly

related to the strength of the interaction, while the Laplacian, ∇2ρBCP, obtained as the

sum of the three eigenvalues, provides further classification. Typically, ∇2ρBCP < 0

is associated with shared-shell interactions such as polar covalent bonds, whereas

∇2ρBCP > 0 is characteristic of closed-shell interactions, including ionic bonds,

hydrogen bonds, and weak NCIs. Additional insight is gained from the electronic

energy density at the BCP, K(ρBCP), defined as the sum of the local kinetic and

potential contributions, G(ρBCP) and V(ρBCP), respectively:

K(ρBCP) = G(ρBCP) + V(ρBCP) (33)

To summarise, the nature of various interactions can be described as follows: covalent

bonds are characterised by V(ρBCP) ≪ 0, G(ρBCP) ≪ |V(ρBCP)|, K(ρBCP) ≪ 0, and

∇2ρBCP < 0, while NCIs are characterised by V(ρBCP) < 0, G(ρBCP) ≈ |V(ρBCP)|,

K(ρBCP) ≈ 0, and ∇2ρBCP ≈ 0.

2.3.2 Natural Bonding Orbitals

A Natural Bond Orbital (NBO)242–244 represents a set of orthonormal, localised

orbitals with maximal electron occupancy, designed to describe an N-electron molec-

ular system that closely resembles a Lewis structure. These orbitals offer a localised

depiction of the wavefunction, often referred to as the Natural Lewis Structure (NLS)
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representation. Mathematically, each NBO is constructed from optimised linear

combinations of Natural Atomic Orbitals (NAOs), resulting in what are known as

Natural Hybrid Orbitals (NHOs):

hA ∑
k

ak Θ(A)
k (34)

Under these conditions, orbitals are classified as 1-centre, nA = hA, or 2-centre,

ΩAB = aAhA + aBhB, with core (CR) and LP orbitals in the first group, and σ and π

bonding orbitals (BD) in the second. To ensure orthogonality, each bonding NBO

has an anti-bonding counterpart, Ω∗
AB = aBhA − aAhB. Analysis of these orbitals

yields the second-order perturbation energies E(2), which quantify stabilisation from

charge transfer between donor NBO i and acceptor NBO j, where qi is the occupancy

of the donor NBO, F(i, j) are the off-diagonal NBO Fock matrix elements, and ϵi

and ϵj are the diagonal elements of the NBO Fock matrix, representing the orbital

energies:

E(2) = ∆E(2)
ij = qi

F(i, j)2

ϵi − ϵj
(35)

By evaluating the E(2) corresponding to a given interaction, one can quantify its

strength and simultaneously investigate its orbital characteristics for classification.

For instance, XB interactions are characterised by the E(2) associated with the CT

from a LP orbital on the XB-acceptor to an antibonding σ∗ orbital on the XB-donor

atom X:

LP(XBacceptor) −→ σ∗
X (XBdonor) (36)
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3 | Monovalent XB-Based Scaffolds

3.1 Introduction

The application scope of XB-based scaffolds in organocatalysis has certainly been

noteworthy since their initial reporting two decades ago.121 Both neutral and cationic

XB-based organocatalytic systems have been successfully applied across a variety of

classic organic transformations.89 Despite sustained effort, the precise nature of the

XB interaction remains elusive, constraining progress in XB catalysis, particularly for

asymmetric applications. This chapter establishes a theoretical framework to address

this gap by systematically evaluating diverse XB-based scaffolds, focusing on key

determinants of catalytic performance, including σ-hole depth, XB-donor identity,

substrate binding mode, and scaffold electronic and steric effects.

Previously experimentally explored XB-based scaffolds by Gliese et al.125 were eval-

uated within the C–C bond-forming step of the Michael addition of indole to trans-

crotonophenone (Figure 3.1). In the context of α,β-unsaturated carbonyl substrate ac-

tivation, binding modes are treated as mechanistic descriptors allowing a systematic

comparison of activation pathways. Specifically, the well-established O-activation

pathway was compared to the relatively underexplored π-type activation mode.157

This analysis included the structurally minimal yet robust I2 catalyst,154 whose

mechanistic nature continues to spark ongoing discussion.

The study was extended to the ROP of L-lactide (Figure 3.2), an industrially and

biomedically important transformation for the synthesis of biodegradable poly(lactic
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Figure 3.1: XB-based catalyst scaffolds and O- and π-type substrate binding
modes for the C–C bond-forming step of the Michael addition of indole to trans-
crotonophenone.

acid) (PLA).189 XB-based catalysts have previously been applied to this process,

notably using ICl3.123,245 In this context, XB-mediated binding modes serve as a key

descriptor framework for mechanistic pathways, with variations in catalyst-substrate

binding geometries correlating with divergent initiation profiles. These effects are

examined in the presence of external bases (Figure 3.2), critical for polymerisation

initiation and modulation.

Figure 3.2: ROP of L-Lactide catalysed by CAT3 in the presence of different bases,
with binding modes BM1-3 considered.
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3.2 Computational Details

The structures and systems under evaluation were optimised at the ωb97xd /def2-

svp246,247 computational level at room temperature. Harmonic vibrational frequen-

cies were computed at the same level used for the geometry optimisations to confirm

the nature of the stationary points as local minima. Single-point calculations were

performed to improve the energy description at the computational level of ωB97x-

D/def2-tzvp195,246,248 computational level for the systems under study, namely,

monomers, catalysts, and catalyst-substrate complexes. Structure optimisations and

energy calculations were performed using the Gaussian09 software.249 The effective

core potential def2-SVP basis set195 has been used for the iodine atoms, where the

tightly bound core electrons are replaced by an effective core potential, treating

them as an effective potential, while more relevant valence electrons are treated

explicitly.

Solvent effects were included in the optimisation by means of a continuum method,

the Solvation Model based on Density (SMD) approach250 in Gaussian09, using di-

chloromethane (DCM) as the solvent. The use of an implicit solvent model allows us

to consider the electrostatic and non-electrostatic cavitation, solvation, and structural

effects of the solvent while, at the same time, allowing for an undisturbed and in-

depth analysis of any inter- and intramolecular interactions governing structural

stabilisation of the catalyst-substrate complexes.

Relative energies (∆E) were calculated as the difference between the energy of the

optimised complex (Ecomplex) and the energy of each monomer (Emonomer) in its

optimised geometry as shown in Eq 1.

∆E = Ecomplex − ∑ Emonomer (1)

The reported free energies (∆Gdef2tzvp) in this thesis were computed by adding the
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thermal correction (TCdef2svp) from the small basis set calculations to the electronic

energy obtained from the higher level single point calculations (Edef2tzvp), as shown

in Eq 1.

Gdef2tzvp = Edef2tzvp + TCdef2svp (2)

Relative energies (∆G) were calculated as the difference between the energy of the

optimised complex (Gcomplex) and the energy of each monomer (Gmonomer) in its

optimised geometry as shown in Eq 2.

∆G = Gcomplex − ∑ Gmonomer (3)

The Molecular Electrostatic Potential (MEP) of the isolated monomers was calculated

on the electron density isosurface of 0.001 a.u. This isosurface was shown to resemble

the van der Waals surface.239 These calculations were carried out using Gaussian09

software, and the numerical results were analysed using the Multiwfn program251

and plotted using Jmol.252

The NBO253 methodology version 7 was used to evaluate the strength of individual

interactions by measuring the charge transfer between occupied and unoccupied

orbitals within different fragments. The calculations were performed at the same

level of theory as the geometry optimisations: ωb97xd /def2-svp. The NBO calcu-

lations yield the E(2) value, which will be thoroughly discussed in this thesis. As

explained in the Computational Methods chapter, E(2) is defined as second-order

perturbative energy, determined by the analysis of all possible interactions between

Lewis-type NBO donors and non-Lewis-type NBO acceptors, with their energetic

importance estimated through second-order perturbation theory. "For each donor

NBO (i) and acceptor NBO (j), the donor–acceptor stabilisation energy E(2) associated

with i → j delocalisation is calculated as E(2) = ∆Eij(2) =
qiF(i, j)2

ε j − εi
, where qi represents

the donor orbital occupancy (2 for closed shell, 1 for open shell), εi and ε j denote the diag-
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onal elements (orbital energies), and F(i, j) stands for the off-diagonal NBO Fock matrix

element."253

The QTAIM methodology254,255 was used to analyse the electron density of the sys-

tems within the AIMAll software, and the electron density at the bond critical points

(BCPs) was extracted from the various systems upon complexation. The calculations

were performed at the same level of theory as the geometry optimisations: ωb97xd

/def2-svp.

3.3 Results & Discussion

3.3.1 Michael Addition of Indole to trans-Crotonophenone

3.3.1.1 Electronic Properties

The study began with MEP calculations to characterise the electronic features of

the XB catalyst scaffolds, focusing on the effects of the XB-donor atom and its

polarisability on the σ-hole size. The MEP analysis provides a direct measure of the

charge distribution around the XB-donor atoms, allowing for a comparison of the

respective σ-hole size and intensity, which are key descriptors of XB-donor strength

and substrate-stabilising ability.

Using the optimised geometries of each catalyst, we compared the relative Vmax

values (the MEP maxima expressed in kcal/mol associated with the σ-hole) for a

representative set of bidentate XB-donor catalysts (CAT1–3), each representing a dif-

ferent XB-donor atom. The results, summarised in Figure 3.3, show a clear expected

increase in Vmax (kcal/mol) with the polarisability of the XB-donor atom. CAT3

contains the most polarisable XB-donor atom iodine and exhibits the highest Vmax

(kcal/mol), corresponding to the most pronounced σ-hole and the strongest poten-

tial for XB interactions. This observed trend is consistent with previous theoretical

insights, confirming that XB-donor atom polarisability governs the strength of XB

interactions in organocatalysis. The relatively intense σ-hole on CAT3 reflects its
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capacity for stronger substrate activation through NCIs.

Figure 3.3: MEP on the 0.001 a.u. electron density isosurface and the maxima (Vmax)
values of the MEP in kcal/mol for the catalysts under study (CAT1–3).

Following the investigation into the influence of the XB-donor atom on the electro-

static potential of XB-based catalytic scaffolds, attention was subsequently directed

toward exploring how variations in electronic and structural features of the catalytic

framework affect the size and intensity of the σ-hole. To ensure consistency across

comparisons and to isolate the effects of structural modulation, iodine was selected

as the fixed XB-donor atom for this study. Iodine’s high polarisability and its estab-

lished efficiency in forming strong XBs make it an ideal benchmark XB-donor for

assessing scaffold-induced electronic variations.

The influence of various critical structural parameters was evaluated, including den-

ticity of the scaffold, spatial placement of substituents, and the electron-withdrawing

capacity of the catalyst framework. These factors were systematically investigated

on a varied set of XB-based catalysts, as shown in Figure 3.4. Catalysts CAT3–CAT6

correspond to systems previously reported in the literature, whereas CAT7 and

CAT8 were designed and explored here solely through theoretical modelling. In

addition, molecular iodine (I2) was included for comparison, as it represents the

first iodine-based catalyst described in XB catalysis. MEP calculations were used to

quantify the changes in σ-hole size, using the Vmax (kcal/mol) associated with the

σ-hole, as a descriptor of XB strength.

A clear trend emerges in σ-hole intensity when comparing homoatomic I2 against

the heteroatomic scaffolds (CAT3–CAT8): the latter all exhibit substantially higher

Vmax values due to electron-withdrawing groups that polarise the iodine centers

(Figure 3.4).

40



Figure 3.4: MEP on the 0.001 a.u. electron density isosurface and the maxima (Vmax)
values of the MEP in kcal/mol for the catalysts under study (CAT3–8 and I2).

The effects of electronic modulation were further investigated for bidentate CAT3,

CAT5, and CAT6 by systematically varying scaffold electron-withdrawing capacity

(Figure 3.4). Replacing the imidazolium moiety in CAT3 with the more electron-

deficient benzimidazolium unit in CAT5 resulted in a modest increase in σ-hole

magnitude (168 to 170 kcal mol−1). This reflects the fundamental role of scaffold

electron withdrawal in enhancing XB-donor electrophilicity.

However, an intriguing deviation from this trend was observed in CAT6, where the

introduction of a trifluoromethyl (–CF3) substituent in the ortho position relative

to the benzimidazolium ring led to a reduction in σ-hole size to 165 kcal/mol.

This reduction suggests that local steric or inductive effects imposed by the (–CF3)

substituent may counteract the broader electron-withdrawing effects of the scaffold,

potentially diminishing the ability of the XB-donor atom to maintain an intense

σ-hole (Figure 3.5).

Motivated by this deviation, the positional influence of the (–CF3) substituent on

σ-hole size was further investigated through the computational proposition of CAT7

and CAT8 (Figure 3.4), where the placement of the CF3 group was varied within the

benzimidazolium-containing framework. MEP analysis revealed the modulating

effects of CF3 group placement on σ-hole magnitude, highlighting the combined

importance of modulating effects of CF3 group placement on σ-hole magnitude, high-
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Figure 3.5: NCIs between the XB-donor atom and CF3 substituent found in CAT6.

lighting the combined importance of electron-withdrawing capacity and substituent

positioning scaffold on σ-hole size.

3.3.1.2 Reactivity Studies

The transition state energy for the C–C coupling step (TS1) in the Michael addition

of indole to trans-crotonophenone was computed and compared across the range

of the previously mentioned XB-based catalysts (Figure 3.3 and 3.4). Building upon

the electronic properties study through MEP analysis, as discussed in section 3.3.1.1

Electronic Properties, the study was extended to the catalytic implications of varying

the electronic properties of XB-donor atoms and scaffolding on the transition state

energies. In the initial stage of this mechanistic investigation, we focused on the

O-activation mode, an interaction pathway widely-documented in the literature for

HB-based organocatalysis256 and experimentally supported by Gliese et al. for XB-

based applications. As illustrated in Figure 3.1, the O-activation pathway involves

the formation of a stabilising NCI between the XB-donor of the catalyst and the

carbonyl oxygen atom of the trans-crotonophenone substrate, mimicking the classic

HB-based substrate activation motif.

Consistent with the trends observed in the MEP analysis, the computed activation

barriers for TS1 (Figure 3.6) reflect a clear dependence on the polarisability of the

XB-donor atom. Across CAT1–3 (Cl/Br/I XB-donors), the transition state energy
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decreases with increasing halogen polarisability. Iodine-based CAT3, showing the

lowest energy barrier (Figure 3.6) due to its deepest σ-hole, thus confirming the

advantageous role of highly polarisable XB-donors in stabilising the TS energy.

Figure 3.6: TS energy (∆G kcal/mol) for the O-activated TS1 of the Michael addition
of indole to trans-crotonophenone under the catalysis of CAT1-3.

Turning to iodine-based scaffolds (CAT4, CAT6-8, I2), the energy barriers calculated

for CAT4, CAT6, and I2 were observed to be higher than the uncatalysed reaction

(Figure 3.7), suggesting that the XB-interaction within the O-activated TS1 of the

Michael addition is relatively weak and ineffective, contradictory to experimental

findings reported in literature.125 Similar to the relatively low σ-hole observed

for CAT6 (Figure 3.4), the transition state energy (Figure 3.7) followed a similar

trend.

Consequently, in light of the contradictory transition state energies calculated for

the O-activation mode, as well as the high activation barrier (due to the entropy

penalty too), an alternative mechanistic pathway was considered to further elucidate

the nature of substrate activation in XB-based catalytic systems. Recent work by

Robidas et al.157 proposed a π-type activation mechanism for the stabilisation of

α,β-unsaturated carbonyl compounds, where the double bond acts as a nucleophilic

site, contrasting the traditional lone-pair O-activation.

The underexplored substrate binding model offers an additional perspective on

substrate activation through a direct stabilisation interaction with the π-system of
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Figure 3.7: TS energy (∆G kcal/mol) for the O-activated TS1 of the Michael addition
of indole to trans-crotonophenone under the catalysis of CAT3–8 and I2.

the unsaturated substrate moiety. The alternative binding motif was evaluated in the

context of iodine-based XB-catalysts, namely I2, CAT3, CAT4, CAT6 and CAT8.

Bidentate CAT3, CAT6, and CAT8 enable dual-site activation where one iodine atom

binds the carbonyl oxygen lone pair, while the second binds at the π-bond α-carbon,

resulting in a hybrid binding mode. Monodentate CAT4 and I2 bind solely at the

α-carbon (Figure 3.8).

Figure 3.8: π-type substrate activation shown in monodentate systems (left) and
bidentate systems (right)

.
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Notably, majority of catalysts examined, I2, CAT3, CAT6, and CAT8, energetically

favour π-type activation over O-activation (Figure 3.9). CAT4, being the exception,

displayed a lower and thereby a more energetically favourable activation barrier for

the O-activation mode.

Figure 3.9: TS energy (∆G kcal/mol) for the O- and π-type activated TS1 of the
Michael addition of indole to trans-crotonophenone under the catalysis of XB-based
catalysts.

Collectively, these trends support that the hybrid π-type substrate stabilisation mode

is the energetically preferred pathway and the model which produces a TS1 energy

trend most consistent with experimentally derived conversions (%). As shown in

Figure 3.10, unlike O-type TS1 energy, the π-type TS1 energy trends align with the

experimental conversion (%) trends reported by Gliese et al.125

Collectively, these trends support the hybrid π-type substrate stabilisation mode as

the energetically preferred pathway. This model also produces a TS1 energy trend

that is most consistent with the experimentally derived conversion (%) data. As

shown in Figure 3.10, the π-type TS1 energy trends align with the experimental

conversion (%) trends reported by Gliese et al.,125 unlike the O-type TS1 energy

trends.

Transition state energies reveal clear preferences. Most catalysts (I2, CAT3, CAT6,
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Figure 3.10: Trends shown for experimentally derived conversions (%), O-activation
TS energy (kcal/mol) and π-type activation TS energy (kcal/mol) for TS1 of Michael
Addition of Indole to trans-Crotonophenone via XB-based catalysts (left to right).

CAT8) favour π-activation over O-activation. Bidentate scaffolds (CAT3, CAT6,

CAT8) specifically prefer the π-activation mode, while monodentate CAT4 favours

classical O-activation.

For I2, O-activation predicts inactivity due to high barriers, whereas π-activation

reduces the barrier below the uncatalysed reaction, in line with its robust activity

reported experimentally.125,154 This deviating observation was subsequently ratio-

nalised in Section 3.3.1.4 I2-Driven Mechanistic Pathways.

To further understand the structural implications of catalyst-substrate interactions in

XB-based catalysis, a geometry-based study was undertaken, focusing on conforma-

tional distortions within the catalytic scaffold upon TS1 assembly. Specifically, the

analysis focused on the energy required for the rotation of the dihedral angle α within

the bidentate framework, a geometric parameter particularly sensitive to substrate

engagement and activation (Figure 3.11). This analysis was used to quantify the

framework distortion energy (FDE), defined as the energetic penalty associated with

deforming the catalyst framework from its relaxed ground-state geometry into the

conformation required for transition-state formation.257

The catalyst’s geometry from the fully optimised TS1 structures of the Michael addi-

tion reaction was directly compared to the corresponding geometry of the catalyst in

its isolated, unbound monomeric form. By isolating the catalyst geometry in its TS1

conformation and comparing it to the optimised free catalyst structure, the extent of
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structural reorganisation required for catalysis could be assessed independently of

direct catalyst-substrate interaction energies. The objective was to assess the extent of

structural reorganisation required for catalysis and to quantify the energetic penalty

associated with this conformational adjustment.

The metric ∆E, illustrated in Figure 3.11, was defined as the energy difference be-

tween the catalyst in its TS-bound conformation and its monomeric, ground-state

geometry. Mathematically, this is expressed as ∆E = ETS(cat) − Emonomer(cat) Where

a positive ∆E indicates that the catalyst must adopt a higher-energy conformation

upon substrate binding, reflecting an inherent energetic cost associated with catalytic

activation.

The conformational strain, reflected in ∆E, varies significantly depending on the

mode of substrate activation. Across the series of catalysts examined, ∆E values

were consistently lower for π-type activation modes relative to their O-activation

mode counterparts. This suggests that the transition from the unbound catalyst to

the substrate-bound geometry is less energetically demanding in the π-activated

systems. Indicating that π-type activation is associated with lower reaction activation

barriers for TS1 (Figure 3.9) and reduced conformational distortion of the catalytic

scaffold.

Figure 3.11: ∆E (kcal/mol) for the O- and π-Type Activated Bidentate Catalytic
Systems Transitioning from the Monomeric to Substrate-Bound TS1 State.

These findings provide important structural insight into the mechanistic divergence
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between the two activation pathways.O-activation demands significant catalyst

deformation (∆E penalty) despite strong localised XB at the carbonyl oxygen, while

the π-type mode minimises structural rearrangement. Critically, this hybrid dual-site

anchoring positions the substrate more tightly and optimally for nucleophilic attack,

providing justification on its relatively lower TS1 barriers.

3.3.1.3 Characterisation of NCIs

To further elucidate the nature and strength of the XB-interactions underpinning the

catalytic behavior discussed in section 3.3.1.2 Reactivity Studies, a detailed quantifi-

cation of the NCIs between the XB-donor atom (X) and the carbonyl oxygen atom

(O) of the trans-crotonophenone substrate was performed, using two complemen-

tary computational approaches. Figure 3.12 illustrates the interaction between the

halogen atom (X) of the catalyst and the carbonyl oxygen (O) of the substrate in the

O-activation mode, highlighting the key features of the XB interaction. The QTAIM

analysis enabled the identification of BCPs, points of locally concentrated electron

density that indicate an electronic interaction between two atoms, and their corre-

sponding ρ values, which serve as direct indicators of the presence and strength of

an XB interaction. In all cases examined, a BCP was observed between the XB-donor

atom and the carbonyl oxygen, thereby confirming the existence of a stabilising

halogen bond in the O-activation mode.

Complementary to QTAIM, NBO analysis provided further insights into the donor-

acceptor interactions governing the XB interaction. Second-order perturbation theory

revealed stabilising LP (O) → BD*(X-R) interactions, corresponding to the charge

transfer (CT) process of the lone pair (LP) electron density from the oxygen atom

LP (O) to the antibonding orbital of the halogen-containing moiety BD*(X-R), as

expected in the O-activation mode. The magnitude of these interactions correlated

with the polarisability of the XB-donor atom, with iodine-based systems exhibiting

the highest stabilisation energies (Figure 3.12).

A similar characterisation was performed for the XB interaction in the O-activated
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Figure 3.12: NBO E(2) (dark blue) and ρBCP (light blue) in kcal/mol for the O···X
Interaction within the O-Activated TS1 of the Michael Addition of Indole to trans-
Crotonophenone under the Catalysis of CAT1-3.

TS1 of the substituted scaffold systems (Figure 3.13). Collectively, the QTAIM and

NBO results were found to be consistent with MEP and TS1 transition state energies

discussed in Sections 3.3.1.1 Electronic Properties and 3.3.1.2 Reactivity Studies,

respectively.

Overall, the quantitative agreement between the two methods not only confirms

the presence of a true XB in the activated TS1 catalyst-substrate complex but also

affirms the central role of the XB-donor atom polarisability and scaffold substituents

in shaping the strength and character of the XB-based interaction.

Figure 3.13: NBO E(2) (dark blue) and ρBCP (light blue) in kcal/mol for the O···X
Interaction within the O-Activated TS1 of the Michael Addition of Indole to trans-
Crotonophenone under the Catalysis of CAT3-8.
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CAT6 emerged as a notable outlier in the otherwise strong correlation between

computed activation barriers and the descriptors of XB strength (Figure 3.4, Figure

3.7, and Figure 3.13). Although QTAIM analysis indicated a comparatively strong

electron density at the BCP, ρBCP, and NBO analysis revealed a clear LP(O) →

BD*(X–R) donor–acceptor interaction with a measurable second-order perturbation

energy E(2), these indicators did not fully align with the unexpectedly high O-

type activation barrier predicted for in the CAT6-catalysed TS1 (40.5 kcal/mol).

Regardless, the general trend in XB interaction strength derived from both QTAIM

and NBO analyses remained consistent with available experimental observations.125

Specifically, the relative order of catalytic activity was preserved across the series

CAT3 < CAT5 < CAT6.

The substrate stabilising interaction in the O-activation and π-type modes was quan-

tified and compared. The bidentate CAT3 and CAT8 revealed enhanced substrate

stabilisation interactions in the π-type activation mode (Figures 3.14 and 3.15), as

evidenced by the E(2) and ρBCP between the O and the X atoms. The monodentate I2

followed the same trend, as shown by the relatively higher E(2) and ρBCP between

the O and the X atoms in the π-type activated system. The opposite was observed

for monodentate CAT4, which had relatively higher E(2) and ρBCP between the O

and the X atoms in the O-activated mode (Figures 3.14 and 3.15).

The bidentate XB-based organocatalysts exhibit a clear preference for the π-type

activation mode due to their ability to simultaneously activate both active sites of the

trans-crotonophenone substrate, the carbonyl oxygen and the α-carbon. Monodentate

I2 and CAT4 interact with the substrate solely through carbonyl oxygen (O-activation)

or the α-carbon (π-type activation). In CAT4, the substrate stabilisation is stronger

in the O-activation mode (Figure 3.14 and Figure 3.15). Conversely, I2 exhibits

stronger substrate stabilisation in the π-type activation mode (Figure 3.14 and Figure

3.15).
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Figure 3.14: NBO E(2) (kcal/mol) for the O···X Interaction within the bidentate
catalytic systems (A) and the O/C···X interactions within bidentate catalytic systems
(B) in the O- (blue) and π-type (red) activated TS1 of the Michael addition of indole
to trans-crotonophenone.

Figure 3.15: ρBCP (kcal/mol) for the O···X Interaction within the bidentate catalytic
systems (A) and the O/C···X interactions within bidentate catalytic systems (B) in
the O- (blue) and π-type (red) activated TS1 of the Michael addition of indole to
trans-crotonophenone.

3.3.1.4 I2-Driven Mechanistic Pathways

The catalytic utility of molecular iodine in a wide range of organic transformations is

well documented.258,259 Despite its structural simplicity and lack of elaborate func-

tionalisation, I2 has been repeatedly shown to operate as a highly effective catalyst.

However, the precise mechanism through which I2 facilitates such transformations

has remained a subject of ongoing debate, with several competing explanations
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proposed in the literature over recent decades.260

Motivated by the unexpectedly strong NCIs observed between I2 and the α-carbon

of trans-crotonophenone in the π-activation mode, significantly exceeding those

observed for the monodentate heteroatomic CAT4 (Figures 3.14 and 3.15), a com-

prehensive mechanistic investigation was undertaken. Despite CAT4 exhibiting

a relatively deeper σ-hole in the MEP analysis (Figure 3.4), enhanced substrate-

stabilisation occurred through the I2 π-activation mode. Complete reaction pathways

for both O- and π-activation modes in the I2-catalysed Michael addition of indole to

trans-crotonophenone were fully optimised and energetically evaluated.

As shown in Figure 3.16, relative to O-activation the π-type activated mechanism

demonstrated significantly lower energy barriers for both the C–C bond-forming TS

(TS1) and the subsequent proton transfer step (TS2). The activation barrier calculated

for TS1 in the O-activation mode was calculated at 40.4 kcal/mol, whereas the π-type

pathway exhibited a barrier of 37.2 kcal/mol, resulting in a ∆∆G of 3.2 kcal/mol in

favour of the π-activation route. A more pronounced difference was observed for

TS2, where the O-activated barrier was calculated to be 34.1 kcal/mol and π-type

activation 23.7 kcal/mol, resulting in a ∆∆G of 10.4 kcal/mol.

Figure 3.16: Mechanism of the O- (blue) and π-type (red) activated Michael addition
reaction of indole to trans-crotonophenone under the catalysis of I2, including the
corresponding ∆G (kcal/mol).
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Following an in-depth analysis of critical structural parameters, including bond

lengths, hybridisation angles, and NCI descriptors, using the QTAIM methodology

was carried out (Figure 3.17). Particular focus was brought to electron density at

the BCP ρBCP, the Laplacian of the electron density ∇2ρ(r), and the total energy

density (H) to determine the precise nature of the interaction throughout the catalytic

cycle. Comparative analysis was conducted using geometrically optimised control

compounds to establish a baseline, as shown in Figure 3.17.

Figure 3.17: Electronic features and bond length measured at the ρBCP (red) as well
as the angle of hybridisation α (blue) of the π-type activated trans-crotonophenone
under the catalysis of I2.

Significant changes in bond length, ρBCP, and H values were observed for I2 in the Int1

step (Table 3.1), suggesting a shift in I2 bond nature from covalent to noncovalent.

The transitional nature in the bond nature of the I2, when bound to the π-type

activated substrate, can be described as a hybrid interaction profile, in which I2

exhibits both electrophilic and XB-donor behaviour.

I-I TS1 Int1 TS2 Int2 Control
Bond length (Å) 3.032 3.69 3.51 2.74 2.69
ρBCP (a.u.) 0.038 0.011 0.016 0.066 0.072
∇2ρBCP (a.u.) 0.048 0.027 0.035 0.014 0.0033
H value -0.0066 0.00080 -0.00029 -0.016 -

Table 3.1: Structural and electronic features of the I2 catalyst bound to the π-type
activated trans-crotonophenone substrate in the full mechanistic pathway of the
Michael addition reaction, compared to the control isolated I2 catalyst.

Subsequently, a complementary investigation was conducted on the interaction

between I2 and the α-carbon of π-type activated substrate, using the C–I bond in

a geometrically optimised isopropyl iodide as the control (Figure 3.17). The most

pronounced change in bonding nature was again observed in Int1 (Table 3.2), where

the C-I interaction displayed features which resemble weakly covalent bonding, a
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shortened bond length, a negative ∇2ρ(r), a negative H value, and a hybridisation

angle of a sp3-hybridised centre at the α-carbon.

C-I TS1 Int1 TS2 Int2 Control
Bond length (Å) 2.42 2.20 2.22 3.022 2.20
ρBCP (a.u.) 0.07 0.11 0.10 0.02 0.11
∇2ρBCP (a.u.) 0.044 -0.026 -0.0088 0.045 -0.063
H value -0.014 -0.0460 -0.037 -0.0002 -
α (°) 115.16 110.68 112.27 118.48 110.54

Table 3.2: Structural and QTAIM analysis of the I2 catalyst bound to the π-type
activated trans-crotonophenone substrate in the full mechanistic pathway of the
Michael addition reaction, compared to the control isopropyl iodide molecule.

The ability of I2 to form covalent bonds with unsaturated hydrocarbons is well-

established in literature, specifically in the context of electrophilic iodination in

polar solvents.261,262 In the iodofluorination of α, β-unsaturated esters, formation

of an iodonium ion through covalent bonding at the α-position has been widely

reported,263 supporting the weakly covalent bonding behavior observed in the π-

type activated TS1 of the I2-catalysed Michael addition reaction. Moreover, iodine’s

uniquely low reduction potential among the halogen series facilitates the conversion

from I2 to I−, effectively lowering the thermodynamic barrier for redox and bonding

transitions.264 The observed transformation of I2, from neutral molecular iodine to

an I−, therefore aligns with its expected redox behaviour in unsaturated systems

such as the α, β-unsaturated carbonyl-containing substrate in this study.

The mechanistic and electronic characterisation presented here provides evidence

that π-type activated I2-catalysed Michael addition proceeds through a transitional

bonding nature, where the I2-substrate interaction changes from a weakly covalent

to NCI along the reaction coordinate, enabling lower activation barriers. These

findings not only deepen the understanding of the π-type activated mechanism but

also offer a potential explanation for the robust catalytic activity of I2 in organic

transformations.
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3.3.2 Ring-opening polymerisation of L-lactide

3.3.2.1 Reactivity Studies

Having established the mechanistic preference of the π-type activation mode in the

XB-catalysed Michael addition, a series of catalyst-substrate binding modes were

applied to the ring-opening polymerisation (ROP) of L-lactide. Three distinct binding

modes for CAT3 with L-lactide were evaluated (Figure 3.18), to assess their influence

on L-lactide activation and ROP control.

Figure 3.18: Binding mode assemblies BM1-3 of the XB-activated ROP of L-lactide.

Binding Mode 1 (BM1) represents the classical and widely studied O-activation

mode pathway. In this configuration, the L-lactide monomer is activated through

a bidentate XB-based interaction through a single anchor point at the carbonyl

oxygen atom. Binding Mode 2 (BM2) employs a bidentate XB-based interaction,

diverging from BM1 in its dual-anchor point interaction with the carbonyl and

ester oxygen atoms of the L-lactide monomer. Binding Mode 3 (BM3) involves

a bidentate XB-based dual-anchor point interaction with the carbonyl oxygen of

the L-lactide monomer and the hydroxyl group of the methanol initiator. This

configuration mimics cooperative activation, where both the monomer and initiator

are pre-organised through XB interactions.
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Figure 3.19: PES (∆G kcal/mol) of the ROP of L-lactide initiated by trimethylamine
base in the absence (grey) and presence of CAT3 through various catalyst-substrate
binding mode assemblies, BM1 (blue), BM2 (pink) and BM3 (purple).

Together, these three binding modes represent distinct mechanistic models through

which XB-based CAT3 stabilises the ROP of L-lactide. By examining their relative
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energetic effect on the ROP of L-lactide, the relationship between binding mode ar-

chitecture and catalytic performance is revealed. The study included the co-catalytic

role of Brønsted and Lewis basic additives, which are commonly employed in experi-

mental ROP protocols to promote monomer activation and facilitate the nucleophilic

ring-opening step. Two bases were selected for this purpose, trimethylamine a

neutral Brønsted base known for its capacity to abstract protons and modulate elec-

trophilicity through HB and lithium methoxide, a stronger, ionically dissociated

Lewis base that offers both nucleophilic and anionic coordination capabilities.

The free potential energy surface for the three binding modes, as well as for the

uncatalysed, was calculated, Figure 3.19. The ROP of L-lactide in the absence of

XB-based CAT3 proceeds in an uncontrolled fashion, limiting control over product

formation. The conjugate acid of trimethylamine thermodynamically favours proto-

nation of the alkoxide intermediate through TS2.2, 14.3 kcal/mol, rather than the

ester oxygen through TS2.1, 24.3 kcal/mol, resulting in INT2.2, 11.8 kcal/mol being

more stable and thereby preferred to the intended open chain product INT2.1, 12.7

kcal/mol.

In the presence of CAT3, while the overall thermodynamic profile of the ROP reac-

tion does not significantly shift, marked by the marginal decrease in the absolute

transition state energies, the role of CAT3 becomes evident in modulating the reac-

tion pathway and enhancing product selectivity. This is evidenced by the relatively

energetically stable open chain product BM2 INT2.1, 5.4 kcal/mol, in comparison

to BM2 INT2.2, 17.8 kcal/mol, rendering the competing pathway BM2 TS2.2 more

reversible, giving kinetic access to BM2 TS2.1. Although CAT3 does not lower the

absolute energy barriers of the ROP reaction in the presence of trimethylamine base,

it steers the reaction toward the open chain product BM2 INT2.1.

The ROP of L-lactide was further evaluated using lithium methoxide as the base,

both in the absence and presence of the CAT3, with the aim of further elucidating

the interplay between catalyst-substrate binding modes and base identity (Figure
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3.20).

Figure 3.20: PES (∆G kcal/mol) of the ROP of L-lactide initiated by lithium methoxide
base in the absence (grey) and presence of CAT3 through various catalyst-substrate
binding mode assemblies, BM1 (blue), BM2 (pink) and BM3 (purple).

The uncatalysed mechanism follows a stepwise pathway, whereas the CAT3-catalysed

reaction proceeds in a concerted manner across all binding modes examined. In

the presence of lithium methoxide base, CAT3-catalysed ROP is energetically more

favourable relative to the uncatalysed pathway, as shown by the lower activation

barriers, with BM3 remaining the most kinetically favourable binding mode, as

previously found using trimethylamine base (Figures 3.19 and Figure 3.20).

Overall, these findings demonstrate the potential of XB-based catalytic frameworks,

particularly those of bidentate design, in mediating and controlling the ROP of L-

lactide in the presence of base. The dispersed interaction mode offered by bidentate

catalytic scaffolds, exemplified by BM2 and BM3, enables multiple non-covalent

anchor points between the catalyst and reactants. A dual-anchor point catalyst-

substrate assembly allows for simultaneous stabilisation of different regions of the

reaction complex, thereby facilitating both activation and directional control of
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the polymerisation pathway. Furthermore, the study highlights the importance

of co-catalytic base selection. While both trimethylamine and lithium methoxide

were found to contribute to reaction control, the latter enhanced the kinetics of the

system.

3.3.2.2 Characterisation of NCIs

Quantitative characterisation of each catalyst-monomer binding mode BM1-3 com-

plex in the pre-TS assembly was carried out in the absence of base. The geometrically

optimised structures were evaluated on the strength of the stabilising NCIs between

the catalyst and the monomer. The stabilising XB interactions were quantitatively

assessed using the QTAIM, focusing particularly on the electron density at the BCP

ρBCP, which serves as a descriptor of XB strength and localisation (Figure 3.21).

Figure 3.21: ρBCP (a.u.) for the O···X interaction within the catalyst-monomer binding
mode assemblies BM1-3.

BM3 exhibited the highest ρBCP values, 0.0253 a.u. and 0.0212 a.u., and the most

dispersed stabilisation profile, engaging multiple nucleophilic sites on both the

L-lactide monomer and the methanol initiator. BM1, while bidentate in nature,

exhibited lower ρBCP values, 0.0139 a.u. and 0.0171 a.u., indicative of weaker L-

lactide monomer stabilisation. BM2 offered slightly more spatial dispersion than

BM1; the dispersion stabilisation at different anchor points was limited to the L-

lactide monomer, leaving the methanol initiator unstabilised. This observation

challenges the conventional catalyst-substrate binding assembly BM1, indicating

that substrate stabilisation is most effective through a spatially distributed network

of XB-based anchor points, as observed in BM2 and BM3. These values support the
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trends obtained in the PES study, as discussed in Section 3.3.2.1 Reactivity Studies,

and further exemplify the varied efficiency of different catalyst-monomer binding

configurations.
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4 | Hypervalent XB-Based Scaffolds

4.1 Introduction

Modulation of the XB-donor valency has emerged as a key design strategy. The

transition from monovalent to hypervalent scaffolds has consequently produced

a new class of XB catalysts with enhanced Lewis acidity and activation capabil-

ity.194,265–268

Building on the electronic, structural, and binding orientation insights established in

Chapter 3, Monovalent XB-based Scaffolds, the study was extended to experimentally

validated hypervalent XB-based scaffolds.265,266 The relatively rigid hypervalent

scaffold features two σ-holes on the XB-donor surface, as illustrated in Figure 4.1,

enabling multidirectional and cooperative NCIs. Recent advances, particularly

involving iodolium ions, have demonstrated substantial improvement in catalytic

activity and selectivity across diverse transformations.194,265–268

Figure 4.1: Positioning of the σ-hole in monovalent (left) and hypervalent (right)
XB-based scaffolds.

The Michael addition of indole to trans-crotonophenone was used as a benchmark

reaction (Figure 4.2) to directly assess how O-activation and π-type substrate binding

extend from monovalent to hypervalent XB-based scaffolds.157 Systematic scaffold
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modulation was performed through steric and electronic variation, introducing

electron-withdrawing and -donating substituents (–CF3, –CH3, tBu, –OH, –OMe,

–NO2, –CN) to interrogate inductive and mesomeric effects.269,270 Sulfur oxidation

was further examined as a means of enhancing rigidity and electronic control.

Figure 4.2: Michael addition of indole to trans-crotonophenone and theoretically
proposed XB-based scaffold modulations (highlighted in light blue) positioned ortho
and para to the XB-donor atom.

This study elucidates how enhanced XB strength and scaffold rigidity in hypervalent

systems govern catalyst–substrate binding energetics, stabilisation, and catalytic

performance. By direct comparison with monovalent analogues, it identifies the

structural and electronic features that define optimal hypervalent XB catalyst de-

sign and assesses how binding-mode preferences and energetic trends evolve with

increased valency.

4.2 Computational Details

The structures and systems under evaluation were optimised at the ωb97xd /def2-

svp246,247 computational level in room temperature. Harmonic vibrational frequen-

cies were computed at the same level used for the geometry optimisations to confirm

the nature of the stationary points as local minima. Single-point calculations were

performed to improve the energy description at the computational level of ωB97x-

D/def2-tzvp195,246,248 computational level for the systems under study, namely,

monomers, catalysts, and catalyst-substrate complexes. Structure optimisations
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and energy calculations were performed using Gaussian 16.249 The effective core

potential def2-SVP basis set195 has been used for the iodine atoms, where the tightly

bound core electrons are replaced by an effective core potential, treating them as an

effective potential, while more relevant valence electrons are treated explicitly.

Solvent effects were included in the optimisation by means of a continuum method,

the SMD approach250 in Gaussian16, using DCM as the solvent.

The reported free energies (∆Gdef2tzvp) in this thesis were computed by adding the

thermal correction (TCdef2svp) from the small basis set calculations to the electronic

energy obtained from the higher level single point calculations (Edef2tzvp), as shown

in Eq 1.

Gdef2tzvp = Edef2tzvp + TCdef2tzvp (1)

Relative energies (∆G) were calculated as the difference between the energy of the

optimised complex (Gcomplex) and the energy of each monomer (Gmonomer) in its

optimised geometry as shown in Eq 2.

∆G = Gcomplex − ∑ Gmonomer (2)

The MEP of the isolated monomers was calculated on the electron density isosurface

of 0.001 a.u. This isosurface was shown to resemble the van der Waals surface.239

These calculations were carried out using Gaussian16 software, and the numerical re-

sults were analysed using the Multiwfn program251 and plotted using Jmol.252

The NBO253 methodology version 7 was used to evaluate the strength of individual

interactions by measuring the charge transfer between occupied and unoccupied

orbitals within different fragments. The calculations were performed at the same

level of theory as the geometry optimisations: ωb97xd /def2-svp.

The QTAIM methodology254,255 was used to analyse the electron density of the
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systems within the AIMAll software, and the electron density at the BCPs was

extracted from the various systems upon complexation. The calculations were

performed at the same level of theory as the geometry optimisations: ωb97xd /def2-

svp.

4.3 Results & Discussion

4.3.1 Michael Addition of Indole to trans-Crotonophenone

4.3.1.1 Electronic Properties

The electronic effects of scaffold modification were quantified by MEP analysis to

evaluate σ-hole depth and distribution on the iodine(III) XB donor, key descrip-

tors governing halogen-bond strength and catalytic efficiency. As shown in Figure

4.3, introduction of an electron-withdrawing group (EWG) –CF3, at the ortho-para

position, CAT3b, relative to unfunctionalised CAT2, increases the σ-hole electropos-

itivite potential Vmax from 262 kcal/mol to 285 kcal/mol. The introduction of

electron-donating group (EDG) –CH3, CAT4a and CAT4b, reduced the electropos-

itive potential Vmax, 257 kcal/mol and 254 kcal/mol respectively, indicating a

diminished capacity to engage in strong XB interactions. Furthermore, steric per-

turbation introduced by the bulky tert-butyl group, CAT5a and CAT5b, led to the

partial obstruction of the lateral σ-holes and reduced electropositive potential Vmax

values, 251 kcal/mol and 248 kcal/mol, respectively.

Figure 4.3: MEP on the 0.001 a.u. electron density isosurface and the maxima (Vmax)
values of the MEP in kcal/mol for CAT2-5b.
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The promising σ-hole enhancement effect of EWG substituents, CAT3a and CAT3b,

served as a rationale for further electronic fine-tuning of the catalyst framework. Sub-

sequently, a series of alternative, strongly EWGs, -NO2 and -CN, were incorporated

and systematically evaluated (Figure 4.4).

Figure 4.4: MEP on the 0.001 au electron density isosurface and the maxima (Vmax)
values of the MEP in kcal/mol for the para, ortho, ortho-para substituted CAT3a-
CAT7c.

Para-functionalisation enhances σ-hole depth more effectively than ortho-functionalisation.

This effect is particularly pronounced in the CAT3 and CAT6 series, relative to

the ortho-functionalisation, para-functionalised variants exhibit increases in σ-hole

depth of +5.0 kcal/mol (CAT3a and CAT3c) and +13 kcal/mol (CAT6a and CAT6c).

Unlike the para-functionalised scaffolds (CAT3c, CAT6c and CAT7c) the ortho-

functionalised scaffolds (CAT3a, CAT6a and CAT7a) can potentially engage in in-

tramolecular NCIs with the XB-donor atom, in principle resulting in the reduction of

σ-hole intensity.

Increasing EWG strength further deepens the σ-hole, with CAT6b and CAT7b exhibit-

ing +4 kcal/mol and +10 kcal/mol increases relative to CAT3b. Unlike the trends for

the ortho-functionalised scaffolds, the trends for the para-substituted series (CAT3c,

CAT6c and CAT7c) are consistent with the expected EWG strength trends found in

literature, -NO2 > -CN > -CF3.271

As previously demonstrated, the functionalisation of the catalytic scaffold with a

–CF3 group has a pronounced impact on catalytic performance, primarily due to its
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Figure 4.5: MEP on the 0.001 au electron density isosurface and the maxima (Vmax)
values of the MEP in kcal/mol for CAT2 and CAT8a-CAT9b.

strong inductively electron-withdrawing character. This behaviour arises from the

polarisation of the Ar–C bond,271 which contributes to an increased electropositive

potential at the σ-hole of the iodine centre. Subsequently, further investigation was

undertaken to explore the electronic effects of electronic conjugation, particularly in

relation to the directional nature of XB interactions governed by the electron-deficient

belt located at iodine’s π-orbitals, which favour near-linear geometries (∼180°).107,272

To probe the influence of electronic donation through conjugation, functional groups,

–OH (CAT8) and –OMe (CAT9), were selected. These groups are known to exhibit

both mesomeric electron-donating effects (+M) and, to a lesser extent, inductive

electron-withdrawing behaviour (-I).273 The interplay of these effects on modulating

the σ-hole depth was evaluated. Relative to the unfunctionalised scaffold CAT2

(Figure 4.5), both the CAT8 and CAT9 series exhibit consistent reductions in σ-hole

Vmax, indicating that mesomeric electron donation outweighs inductive withdrawal,

resulting in σ-hole reduction.

Figure 4.6: MEP on the 0.001 au electron density isosurface and the maxima (Vmax)
values of the MEP in kcal/mol for CAT2 and CAT3b, varying in sulfur oxidation.
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Previous literature reports indicate that sulfur oxidation in dithienothiophenes

markedly increases electron deficiency, leading to deeper σ-holes and enhanced

catalytic potential.190,266 Drawing inspiration from these findings, sulfur oxidation

was applied to the current XB-based scaffolds. Specifically, this approach was im-

plemented on both CAT3b and the unfunctionalised reference scaffold, CAT2. As

shown in Figure 4.6, sulfur oxidation increases σ-hole depth. Most notably, the

doubly oxidised derivative of the CAT3b scaffold, CAT3b–SO2, had a relatively high

Vmax value associated with the σ-hole of 301 kcal/mol. Similarly, the doubly oxidised

derivative of the CAT2 unfunctionalised scaffold, CAT2–SO2, had an increased Vmax

value associated with the σ-hole of 272 kcal/mol. These results demonstrate that

sulfur oxidation leads to enhancement in electron deficiency, thereby resulting in

deeper σ-holes.

4.3.1.2 Reactivity Studies

Motivated by the mechanistic relevance of both π-type and O-activation modes,114,157,

the preferred binding orientations of experimentally validated265,267 CAT1 and CAT2

were systematically investigated. Additionally, a series of functionalised CAT2 scaf-

folds has been included in the study, as seen in Section 4.3.1.1 Electronic Proper-

ties.

In the case of the monodentate CAT1, a series of binding modes were systematically

investigated as shown in Figure 4.7, in addition to the previously explored O- (M3)

and π-type (M2) activation modes. Additional configurations, M1 and M4, were

considered. Both inspired by π-type activation (M2), targeting alternative points of

interaction along the conjugated π-system of the indole substrate (πindole). Computa-

tional attempts to identify TSs proved unsuccessful for both M1 and M4, indicating

that such πindole-based binding modes do not facilitate the reaction. Furthermore,

the activation barriers calculated (Figure 4.8) for the π-type (M2) and O-type (M3)

binding modes, 42.5 kcal/mol and 39.9 kcal/mol, respectively, were found to be

higher than that of the uncatalysed reaction barrier at 40.0 kcal/mol. These results
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Figure 4.7: Summary of all the catalyst-substrate binding modes explored within the
monodentate CAT1 and bidentate CAT2.

suggest that CAT1 fails to exert any catalytic effect on the reaction, aligning with

experimental observations reported in the literature, wherein CAT1 was found to be

catalytically inactive.267

For the bidentate CAT2-CAT5, two variations of the O-type activation mode (B2 and

B3) were examined alongside a classical π-type activation mode (B6). Additionally,

a series of alternative binding configurations (B1, B4, and B5) were devised based

on the πindole activation strategy, aiming to explore extended interactions with the

conjugated π-system of the indole substrate (Figure 4.7). The πindole-based, B1, B4,

and B5, were found to be ineffective, as the TS could not be computationally located

under the conditions studied. In the case of relatively rigid hypervalent XB-based

scaffolds, which impose geometric and electronic constraints, π-focused NCIs are

insufficient for enabling effective substrate stabilisation. Among the remaining, TS-

accessible binding modes (B2, B3, and B6), only the O-type B3 consistently lowers the

activation barrier relative to the uncatalysed barrier of 40 kcal/mol (Figure 4.8).
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Figure 4.8: TS energy (∆G kcal/mol) for TS1 of the Michael addition of indole to
trans-crotonophenone under the catalysis of CAT1-5b with various binding modes
considered; O-type B2 (light blue), O-type M3/B3 (dark blue) and π-type M2/B6
(red).

Building on the established preference for the O-type B3 binding mode within the

bidentate systems (CAT2–CAT5), binding mode B3 was adopted as the structural ba-

sis for further energetic investigation on the remaining modulated bidentate systems.

Referring to Figure 4.9, the electron-deficient scaffolds, CAT3a and CAT3b, reduced

the activation barrier beyond that observed for the unfunctionalised CAT2 (29.0

kcal/mol), with barrier reductions of -3.0 kcal/mol and -4.9 kcal/mol, respectively.

Conversely, CAT4a-CAT5b led to relatively higher transition state energies.

Scaffolds of increasingly electron-withdrawing modulations, CAT3, CAT6 and CAT7

underscore the efficiency of ortho-para-functionalisation, as exemplified by activa-

tion barriers 24.1 kcal/mol, 25.4 kcal/mol, and 25.1 kcal/mol, respectively (Figure

4.10). The calculated transition state energies reveal a modest but consistent pref-

erence for ortho-functionalisation over para-substitution. This effect is particularly

notable in CAT3 (∆∆G = -0.7 kcal/mol) and CAT6 (∆∆G = -1.1 kcal/mol). Moreover,

a general trend in catalytic performance emerges based on the nature of the EWG,
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Figure 4.9: TS energy (∆G kcal/mol) for TS1 of the Michael addition of indole to
trans-crotonophenone under the catalysis of CAT2-5b, binding mode B3.

following the order -CF3 > -CN > -NO2. The preference for ortho-substitution may

originate from a more favourable spatial orientation of the electrophilic site relative

to the reactive centre of the substrate, thereby improving catalytic engagement. All

EWG-functionalised scaffolds (CAT3a–b, CAT3c, CAT6, and CAT7) reduce the ac-

tivation barrier by 12.6–15.9 kcal/mol, underscoring the role of EWG strength and

positioning in enhancing the efficiency of hypervalent XB-based catalysts.

Figure 4.10: TS energy (∆G kcal/mol) for TS1 of the Michael addition of indole to
trans-crotonophenone under the catalysis of CAT3, CAT6 and CAT7, binding mode
B3.
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Mesomerically donating substituents, –OH (CAT8a-b) and –OMe (CAT9a-b), reduce

σ-hole depth (Figure 4.5). To assess whether this translates into altered reactivity,

activation barriers were calculated for CAT8a–9b (Figure 4.11). Relative to unfunc-

tionalised, CAT2, CAT8a and CAT9a show minimal barrier changes, whereas CAT9b

exhibits a 2.7 kcal/mol increase. These results indicate that although mesomeric

donation substantially decreases σ-hole depth, its impact on reaction energetics is

more nuanced.

Figure 4.11: TS energy (∆G kcal/mol) for TS1 of the Michael addition of indole to
trans-crotonophenone under the catalysis of CAT2 and CAT8a-9b, binding mode B3.

Activation barrier calculations for sulfur-oxidised scaffolds align closely with the

MEP trends (Figure 4.6). The doubly oxidised CAT2–SO2 exhibits the lowest bar-

rier among all catalysts at 20.9 kcal/mol (Figure 4.12), corresponding to a 19.1

kcal/mol reduction in transition state energy relative to the uncatalysed reaction (40

kcal/mol).

The energetic improvements were not linear across the oxidation sequence. The

first oxidation step, from CAT3b to CAT3b–SO, resulted in a modest reduction in

transition state energy of just 0.6 kcal/mol. The second oxidation, from CAT3b to

CAT3b–SO2, produced a more substantial decrease of 3.2 kcal/mol. This non-linear

progression suggests diminishing returns following initial oxidation, aligning with

the expected electronic behaviour captured by Hammett parameters for sulfoxides

and sulfones.274 Collectively, these results illustrate that sulfur oxidation is a poten-
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Figure 4.12: TS energy (∆G kcal/mol) for TS1 of the Michael addition of indole to
trans-crotonophenone under the catalysis of CAT2 and CAT3b, varying in sulfur
oxidation, binding mode B3.

tially promising strategy for tuning the electron deficiency and thereby the efficiency

of hypervalent XB-based catalysts.

4.3.1.3 Characterisation of NCIs

QTAIM analysis was performed to characterise and verify the NCIs present in

the catalyst–substrate complexes. The ρBCP values for the O· · · I XB were plotted

against interatomic distance, revealing a strong linear correlation (R2 = 0.97), Figure

4.13. This confirms the expected inverse relationship between distance and electron

density at the BCP seen in NCIs, with shorter O· · · I contacts corresponding to

stronger interactions.

Catalyst–substrate stabilisation was further analysed by NBO calculations, which

quantify CT interactions through second-order perturbation energies, E(2) (Figure

4.14). The dominant interaction arises from donation of the substrate O lone pair

O (LP) into the σ-hole of the XB donor, represented antibonding orbital, I (BD∗).

The E(2) energies for substrate-stabilising O(LP)→I(BD∗) CT interactions are sum-

marised in Figure 4.15.

EWG-functionalised scaffolds generally exhibit stronger substrate stabilising CT,
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Figure 4.13: Correlation between ρBCP (a.u.) and the distance between interacting
atoms (Å).

Figure 4.14: Schematic representation of intermolecular O (LP)· · · I (BD∗) in B3
binding mode (blue) and intramolecular O (LP)· · · I (BD∗) interactions (purple) CT
in the ortho-substituted scaffolds, exemplified by CAT6b.

CAT6b had the highest E(2) value (55.82 kcal/mol), marginally exceeding CAT3b–SO2

(54.61 kcal/mol, despite the latter exhibiting the lowest activation barrier (Figure

4.12).

NBO analysis was extended to intramolecular interactions within ortho-functionalised

scaffolds (Figure 4.14). In CAT3b, the fluorine lone pair F(LP) engages in intramolec-

ular CT with an E(2) value of 8.27 kcal.mol, CAT6b exhibits substantially stronger

intramolecular CT of 24,0 kcal/mol between the nitro-group oxygen O(LP) and the

XB-donor BD∗ orbital. No analogous intramolecular interaction is observed for the
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Figure 4.15: Total E(2) values (kcal/mol) corresponding to the CT O(LP)· · · I(BD∗) in
B3 binding mode for catalysts under study.

cyano-substituted CAT7b (Figure 4.16). As discussed in Section 4.2.1.1 Electronic

Properties, the σ-hole trends for ortho-functionalised scaffolds (CAT3a–b, CAT6a–b,

CAT7a–b; Figure 4.4) deviate from the expected EWG strength order (–NO2 > –CN >

–CF3) reported in literature.271 The E(2) values associated with intramolecular NCIs

between the ortho-positioned substituent and the XB-donor atom offer a plausible

explanation for the electronic observations found in ortho-functionalised scaffolds,

such as smaller σ-hole depth and divergence from expected EWG strength order

(Figure 4.4 and Figure 4.16).

Figure 4.16: E(2) values (kcal/mol) corresponding to the intramolecular CT (purple)
from the ortho-positioned functional group to the I(BD∗) in CAT3b, CAT6b and
CAT7b.

Moreover, these results highlight the importance of substituent positioning. Ortho-
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positioned substituents can engage in intramolecular NCIs with the XB-donor atom

in hypervalent XB-based scaffolds, thus influencing the electronic properties of the

XB-donor atom. The spatial arrangement of substituents relative to the XB-donor

atom is critical for modulating the activity of hypervalent XB-based scaffolds and

should be carefully considered.
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5 | Counterion-Induced Conformational

Effects in Catalysts

5.1 Introduction

This chapter examines the role of NCIs in substrate stabilisation, focusing on cooper-

ative intramolecular effects involving the XB-donor atom and on how counterions

influence the conformational landscape of the catalytic scaffold. Building on recent

work by Bugaut et al.,275 who proposed intramolecular cooperativity through proxi-

mal HB-donor motifs in monovalent cationic XB catalysts, this study investigates the

hypothesised hydrogen-bond-enhanced halogen bonding (HBeXB) model. Under-

standing this cooperative enhancement is important for rational catalyst design, as it

provides a means to modulate interaction strength, improve substrate binding, and

ultimately enhance catalytic performance.

Intramolecular HB is introduced to amplify XB strength by modulating the electronic

environment of the XB-donor atom.275 Cooperative HB/XB effects are well docu-

mented across both biological and synthetic systems, where HB can reinforce, preor-

ganise, or otherwise enhance XB interactions. In synthetic chemistry, this cooperation

has been observed in several scenarios, including parallel HB and XB interactions

with a common substrate, HB-preorganised XB scaffolds that promote favourable

geometries, HB-assisted XB that strengthens donor–acceptor interactions, and XB-

assisted HB assemblies that improve overall catalytic activity. Collectively, these
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examples demonstrate that such NCIs can substantially increase binding strength

and reactivity. The design and optimisation of catalysts incorporating the coopera-

tive effect has therefore emerged as a promising strategy, with bifunctional HB/XB

architectures offering well-defined geometric and electronic control over substrate

stabilisation.276–281

While intramolecular NCIs can potentially enhance the XB, the overall strength and

directionality are further governed by the catalytic scaffolds charge distribution and,

consequently, by the presence of counterions. The transition from neutral to cationic

XB-based catalyst systems has emerged as a widely adopted design approach, as

cationic systems generate deeper σ-holes and stronger XB interactions, leading to

enhanced catalytic performance.95,282–284 Charge neutrality in such systems neces-

sitates counterions, which are often neglected in computational studies due to cost

or assumed weak coordination. However, growing evidence demonstrates that

counterions can engage in meaningful NCIs, including HB, ion pairing, and π–π

interactions, substantially influencing catalyst conformation and electronic struc-

ture.285–290 Additionally, omitting counterions in continuum solvation models can

introduce artefacts arising from imbalanced charge distributions.291

Figure 5.1: CAT1 catalysed Ritter-type solvolysis highlighting counterion effects
(PF−

6 , BArF−
4 ) and the proposed HBeXB interaction.
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Motivated by the growing recognition of counterion effects and the strict confor-

mational requirements for intramolecular cooperativity in bifunctional catalytic

scaffolds, this study systematically examines the experimentally validated CAT1

scaffold bearing HB-donor functionalities (Figure 5.1).275 Non-coordinating coun-

terions of differing size, PF−
6 and BArF−

4 , are evaluated for their influence on the

conformational landscape and accessibility of the XB donor site. The presence and

strength of the proposed HBeXB interaction and its impact on the free-energy profile

of a Ritter-type solvolysis are examined in terms of XB-donor accessibility and σ-hole

depth. Collectively, these results reveal the decisive role of counterions in governing

catalyst geometry and reactivity, underscoring the need for their explicit inclusion in

computational models of XB catalysis.

5.2 Computational Details

The structures and systems under evaluation were optimised at the M06-2X/def2-

svp computational level with Grimme’s D3 dispersion correction at room temper-

ature.292–297 This accounts for atom–pairwise dispersion contributions, including

three-body terms. This correction is essential for obtaining a quantitatively accu-

rate description of XB-based interactions, sensitive to dispersion and polarisation

effects, providing a balanced and cost-effective approach for modelling NCIs in

the iodine-containing systems under evaluation. Harmonic vibrational frequen-

cies were computed at the same level used for the geometry optimisations to con-

firm the nature of the stationary points as local minima. Single-point calculations

were performed to improve the energy description at the computational level of

M06-2X/def2-tzvp292–297 computational level for the systems under study, namely,

monomers, catalysts, and catalyst-substrate complexes. Structure optimisations

and energy calculations were performed using Gaussian 16.249 The effective core

potential def2-SVP basis set195 has been used for the iodine atoms, where the tightly

bound core electrons is replaced by an effective core potential, treating them as an
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effective potential, while more relevant valence electrons are treated explicitly.

Solvent effects were included in the optimisation by means of a continuum method,

the SMD approach250 in Gaussian16 with refined SMD18 parameters for iodine

atoms (2.74 Å)298, using acetonitrile as the solvent.

The reported free energies (∆Gdef2tzvp) in this thesis were computed by adding the

thermal correction (TCdef2svp) from the small basis set calculations to the electronic

energy obtained from the higher level single point calculations (Edef2tzvp), as shown

in Eq 1.

Gdef2tzvp = Edef2tzvp + TCdef2tzvp (1)

Relative energies (∆G) were calculated as the difference between the energy of the

optimised complex (Gcomplex) and the energy of each monomer (Gmonomer) in its

optimised geometry as shown in Eq 2.

∆G = Gcomplex − ∑ Gmonomer (2)

The MEP of the isolated monomers was calculated on the electron density isosurface

of 0.001 a.u. This isosurface was shown to resemble the van der Waals surface.239

These calculations were carried out using Gaussian16 software and the numerical re-

sults were analysed using the Multiwfn program251 and plotted using Jmol.252

The NBO253 methodology version 7 was used to evaluate the strength of individual

interactions by measuring the charge transfer between occupied and unoccupied

orbitals within different fragments. The calculations were performed at the same

level of theory as the geometry optimisations: M06-2X/def2-svp.

The QTAIM methodology254,255 was used to analyse the electron density of the

systems within the AIMAll software, and the electron density at the BCPs (BCPs)

was extracted of the various systems upon complexation. The calculations were
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performed at the same level of theory as the geometry optimisations: M06-2X/def2-

svp.

The conformational space of the catalyst in the absence and presence of counte-

rions was searched using Conformer-Rotamer Ensemble Sampling Tool (CREST)

version 2.11.299, a package which works with the semi-empirical tight binding (xTB)

program.300 The conformational space of a given molecule is optimised and subse-

quently explored using a conformer search using the iMTD-GC algorithm utilising a

combination of root-mean-square deviation (RMSD) metadynamics simulations and

semiempirical calculations.301 This RMSD calculations were performed using calcu-

late_rmsd302 package. The Hungarian algorithm303 was used as the atomic reorder-

ing method and the Kabsch algorithm304 was used as the system rotation method.

The conformers generated were optimised using xTB version 6.4.0, with GFN2-xTB

parametrised tight-binding model and the ALPB implicit solvation model.305–307 The

results were filtered using a RMSD of 8.0 Å and an energy difference of 5.0 kcal/mol.

Following this, the Boltzmann populations were calculated at rt and further filtered

if below 0.1% population.

5.3 Results & Discussion

5.3.1 Conformational Analysis

The study commenced with an exploration of the conformational landscape of the

monovalent scaffold CAT1. Owing flexible nature of the CAT1 scaffold, conforma-

tional analysis is essential to assess how the relative spatial arrangement of key

functional groups, namely the urea and azolium units, influences catalytic behaviour.

The analysis revealed a diverse conformational ensemble, with the urea moiety

adopting three primary arrangements: (anti,anti), (anti,syn), and (syn,anti). The

relative orientation of the azolium with respect to the urea is described as cis when

both groups are oriented in the same direction and trans when oppositely oriented
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(Figure 5.2).

Figure 5.2: Orientations found for CAT1 in the absence and presence of counteranions
BArF−

4 and PF−
6 . Boltzmann population % displayed for isolated CAT1 (grey), in the

presence of BArF−
4 (blue) and PF−

6 (pink).

The conformational landscape of isolated CAT1 is summarised in Figure 5.2. Multiple

conformers were identified, with four distinct arrangements exhibiting Boltzmann

populations exceeding 0.1%. Consistent with literature, CAT1 shows a strong prefer-

ence for the (anti,anti) urea conformation.308 In addition, a general preference for

a trans-orientation of the imidazolium moiety is observed. Overall, isolated CAT1

displays a relatively broad conformational ensemble comprising several closely

populated structures.

To probe the influence of counterions on this flexibility, the analysis was extended to

CAT1 complexed with PF−
6 and BArF−

4 , two commonly employed anions of differing

size.275,309 Complexation with either counterion substantially reduced the accessible

conformational space, as shown in Figure 5.3. For 1·PF−
6 , two conformers were

identified: a major structure featuring a trans-oriented azolium and an (anti,anti)

urea motif, and a minor cis (anti,anti) arrangement. A comparable restriction was

81



observed for 1·BArF−
4 , which also exhibited two distinct conformers; the major

species featuring a trans azolium orientation and a (syn,anti) urea conformation.

Figure 5.3: Visual depiction of the primary NCIs in the major CAT1 conformers in
the presence of BArF−

4 (blue) and PF−
6 (pink).

Counterions were found to exert a pronounced and differentiable influence on scaf-

fold preorganisation. While PF−
6 largely preserves the trans (anti,anti) conformational

preference also seen for the isolated CAT1, BArF−
4 induces a conformational shift

within the urea motif, highlighting the role of counterion identity in modulating

catalyst geometry.

Table 5.1: Total CT (kcal/mol) and BCPs (a.u.) representative of the intermolecular
interaction, N-H (BD*) .... F (LP), N-H from the urea-motif in CAT1 1 and F from the
counterion.

Population Total
System (%) BCP CT

1·PF−
6 (major) 98.8 0.0438 15.01

1·PF−
6 (minor) 1.2 - -

1·BArF
4
− (major) 99.7 0.0120 2.72

1·BArF
4
− (minor) 0.3 - -

The origin of the conformational preferences and the role of counterion complexation

was investigated through NBO and QTAIM analyses. Major conformer complexes

exhibited stabilising intermolecular HBs between the CAT1 urea N–H and counterion
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F atoms. The associated CT energies and BCP parameters are summarised in Table

5.1.

Figure 5.4: Visual depiction of the π-π stacking interactions between CAT1 and
BArF−

4 . The ρ values (a.u.) at relevant BCPs are denoted in blue.

The 1·PF−
6 (major) conformer is stabilised by a bidentate HB interaction between

the CAT1 urea and PF−
6 , enabled by the (anti,anti) urea orientation and resulting in

a CT of 15.01 kcal/mol. The 1·PF−
6 (minor) conformer lacks such interactions and

is therefore weakly populated (1.2%). Similarly, the 1·BArF−
4 (major) conformer is

stabilised by a single urea–counterion HB (99.7% population), whereas the minor

conformer lacks comparable interactions and is negligibly populated (0.3%).

Additionally, BArF−
4 interacted with CAT1 through π-π stacking interactions, as

illustrated in Figure 5.4. QTAIM analysis was used to quantify the π-π stacking in-

teractions. 1·BArF−
4 (major) had BCP densities of 0.00653 and 0.00722 a.u., facilitated

by a (syn,anti) urea orientation rather than the typical (anti,anti) arrangement. The

1·BArF−
4 (minor) conformer exhibits weaker π–π stacking interactions (0.00238 and

0.00620 a.u.).

The HBeXB cooperative intramolecular interaction, specifically a HB between the

urea and iodoazolium as shown in Figure 5.5, proposed by Bugaut et al.275 was
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explored using QTAIM and NBO analyses.

Figure 5.5: Previously identified amine-based cooperative effect (left). Experimen-
tally proposed HBeXB urea- (middle) and theoretically proposed methylene-based
(right) cooperative effects in CAT1.

The interaction was not found in either the major or minor conformers of 1·BArF−
4

or 1·PF6−. Instead, an alternative intramolecular HB between the iodoazolium unit

and a methylene H atom was identified (Figure 5.5), adopting a parallel geometry

analogous to cooperative amide-based systems.310 QTAIM and NBO descriptors,

related to the intramolecular HB between the iodoazolium unit and a methylene

spacer, are outlined in Table 5.2.

Table 5.2: CT (kcal/mol) and BCPs (a.u.) representative of I (LP) ···· H (BD*) between
the iodoazolium unit and the methylene spacer for the major and minor conformers
of 1·BArF−

4 or 1·PF6−. Vmax values (kcal/mol) representative of the XB-donor σ-hole.

BCP CT Vmax
System (a.u.) (kcal/mol) (kcal/mol)

1·PF−
6 (major) 0.0120 0.84 91.45

1·PF−
6 (minor) N/A N/A 107.01

1·BArF
4
− (major) 0.0120 1.03 92.98

1·BArF
4
− (minor) 0.0122 1.48 112.41

To assess the electrostatic impact of the intramolecular HB between the iodoazolium

unit and the methylene spacer, MEP analyses were performed on the major and

minor conformers of 1·PF−
6 and 1·BArF4−. As shown in Table 5.2, this interaction

does not significantly affect the σ-hole Vmax. As exemplified in the 1·PF−
6 system, the

intramolecular HB is present in the major conformer (CT = 0.84 kcal/mol) but absent

in the minor conformer, yet the corresponding σ-hole Vmax values (91.45 and 107.01

kcal/mol respectively) show no enhancement attributable to this intramolecular

interaction.
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5.3.2 Ritter-Type Solvolysis

5.3.2.1 Electronic Properties

MEP calculations were performed for the major and minor conformers of 1·PF−
6 and

1·BArF4− (Figure 5.6), to evaluate how counterion-induced conformational changes

affect the Vmax values of the XB donor, the urea HB donor, and subsequently the

substrate-binding site. Relative to the isolated CAT1, Vmax 94 kcal/mol, the major

and minor conformers of 1·PF−
6 and 1·BArF4− complexes exhibit reduced σ-hole

magnitude at the XB-donor site, reflecting the introduction of NCIs between CAT1

and the anion that modify both its electronic and steric environment.

Figure 5.6: MEP on the 0.001 a.u. electron density isosurface, maxima (Vmax) values
of the MEP in kcal/mol representative of imidazolium XB donor, and the urea HB
donors for 1·BArF−

4 and 1·PF−
6 .

In 1·PF−
6 (major), the anion forms a compact HB interaction with the urea moeity on

CAT1, limiting the substrate binding accessibility of the HB-donor active site on the

urea. 1·PF−
6 (major) had a lower σ-hole magnitude than 1·PF−

6 (minor), 32 kcal/mol

and 53 kcal/mol respectively. As discussed in Section 5.3.1 Conformational Analysis,
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the minor conformer has weaker interactions with the anion relative to the major

conformer (Table 5.1), thereby the electronic and steric effects imposed by the anion

are reduced in the 1·PF−
6 (minor) complex.

In 1·BArF−
4 (major), strong π-π interactions and a HB between CAT1 and anion

result in a crowded environment around the iodoazolium motif, as discussed in

Section 5.3.1 Conformational Analysis, resulting in a reduced σ-hole magnitude,

Vmax 51.80 kcal/mol. 1·BArF−
4 (minor), characterised by fewer and relatively weaker

CAT1-anion interactions, results in a more accesible binding pocket and larger σ-

hole, Vmax 65.03 kcal/mol. While counterion interactions can stabilise certain catalyst

conformers, they may simultaneously diminish catalytic performance by reducing

the accessibility and strength of key substrate interaction sites.

5.3.2.2 Reactivity Studies

The highest Boltzmann populated complexes, 1·PF−
6 (major) and 1·BArF−

4 (major),

were further examined in the context of the CAT1-catalysed Ritter-type solvolysis of

benzhydryl bromide (Figure 5.7 and Figure 5.8).

Figure 5.7: Concerted reaction pathway for the CAT1-catalysed Ritter-Type solvolysis
with benzhydryl bromide.

To assess the influence of counterions on catalytic performance, three computa-

tional protocols were employed: (i) conformational searching and reactivity analysis

without a counterion; (ii) conformational searching in the presence of a counterion,

followed by reactivity analysis without it; and (iii) conformational searching and

reactivity analysis both conducted in the presence of the counterion.

As shown in Figure 5.9, the PES profiles of isolated CAT1 and the PF−
6 -complexed
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Figure 5.8: Highest Boltzmann populated conformers for isolated CAT1 (left), 1·PF−
6

(middle) and 1·BArF−
4 (right).

Figure 5.9: PES (∆G kcal/mol) for the concerted pathway of an XB-based catalysed
Ritter-Type Solvolysis using isolated CAT1 (purple) and 1·PF−

6 (pink). Reactivity
study without (dark pink) and with (light pink) the counterion shown.

species 1·PF−
6 are closely aligned, consistent with their similar dominant conforma-

tions (Figure 5.8).

The BArF−
4 complex displays a destabilised TS, with an increase of 2.3–2.8 kcal/mol

relative to isolated CAT1, and a less favourable product by 6.5 kcal/mol (Figure

5.10). This energetic divergence reflects the substantially different conformational

preference induced by BArF−
4 complexation (Figure 5.8).

These findings highlight the significant influence of counterions on the conforma-

tional landscape of cationic catalysts and demonstrate that their inclusion during

conformational analysis is essential for accurately capturing the structural and en-

ergetic features of XB-based systems. Comparison of protocols, (ii) conformational

searching in the presence of a counterion, followed by reactivity analysis without it;
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Figure 5.10: PES (∆G kcal/mol) for the concerted pathway of an XB-based catalysed
Ritter-Type Solvolysis using isolated CAT1 (purple) and 1·BArF−

4 (blue). Reactivity
study without (dark blue) and with (light blue) the counterion shown.

and (iii) conformational searching and reactivity analysis both conducted in the pres-

ence of the counterion, revealed consistent outcomes for both systems considered,

1·PF−
6 and 1·BArF−

4 . In each case, the resulting PES profiles differed by less than 1

kcal/mol along the reaction coordinate (Figures 5.9 and 5.10). These results indicate

that incorporating the counterion during conformational ensemble generation is

sufficient to capture the counterion driven catalyst geometries required for reliable

reactivity predictions. Retaining the counterion throughout PES modelling provides

only marginal gains in accuracy at substantially higher computational cost.
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6 | Conclusion

6.1 Main Findings

The work presented in this thesis investigated XB-based scaffolds as an alterna-

tive and complementary approach to traditional HB-based organocatalysts. While

initially motivated by conceptual parallels between HB and XB, the results demon-

strate that XB-based systems possess a distinct design rationale, characterised by

stronger directionality, greater tunability, and access to multiple activation modes.

Consequently, XB-based catalysis should be regarded not as a simple analogue of

HB catalysis, but as a separate strategy with unique principles, challenges, and

opportunities.

The first stage of this research provided a foundational study of monovalent XB-based

catalysts in the prototypical Michael addition of indole to trans-crotonophenone.

Systematic computational analysis showed that σ-hole accessibility, governed by

scaffold electronics, steric environment, and donor positioning, is the decisive factor

for catalytic efficiency. The results highlighted that not only the strength but also

the orientation and spatial arrangement of the XB-donor control substrate engage-

ment. Importantly, flexible and bidentate monovalent scaffolds were found to favour

π-type activation pathways over the long-assumed O-type activation, reframing

mechanistic expectations for XB catalysis. The I2-catalysed Michael addition, long

debated in the literature, was shown to proceed via a dual interaction that is simul-

taneously noncovalent and partially covalent at the substrate α-carbon, explaining
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iodine’s exceptional catalytic performance.

These mechanistic insights were then extended to the ROP of L-lactide. XB-based

scaffolds in cooperation with the base played a key role in stabilising intermediates

and steering mechanistic pathways. A dispersed, cooperative activation mode, in

which the catalyst simultaneously engaged the lactide carbonyl oxygen and the

initiator hydroxyl group, emerged as the most favourable. This behaviour mirrors

the preferences observed in the Michael addition and suggests that relatively flexible

monovalent XB scaffolds are most effective when they stabilise multiple electron-rich

regions in a distributed fashion.

Having established a foundation with monovalent systems, the thesis next explored

hypervalent XB-based scaffolds. Hypervalency introduces stronger and more pro-

nounced σ-holes, but also rigidity and enforced geometry, which fundamentally

alter activation preferences. In contrast to flexible monovalent donors that favour

π-type activation, hypervalent iodine(III) scaffolds consistently preferred O-type

activation at the carbonyl oxygen. Systematic variation of scaffold electronics and

substituent placement showed that catalytic efficiency arises from a balance between

σ-hole strength, substituent positioning, and steric environment, rather than from

simply maximising interaction strength. Hypervalent XB-donors therefore constitute

a distinct design platform, where fine-tuning rigidity and orientation is as important

as enhancing Lewis acidity.

The final stage of this thesis addressed a crucial but often overlooked aspect of

charged XB-based systems: the roles of counterions and associated intramolecular

interactions. Motivated by proposed cooperative HBeXB effects, extensive confor-

mational analyses revealed that direct HBeXB cooperativity was not observed, but

that intramolecular hydrogen bonding at the γ-position emerged as a stabilising

feature. Although this interaction did not directly enhance σ-hole strength, it can be

substituted with stronger HB-donors at this position to modulate catalyst geometry.

Even more strikingly, counterions were shown to exert a profound influence. Rather
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than acting as passive spectators, they stabilised particular conformers through

HB and π–π interactions, narrowing the accessible conformational ensemble and

modulating the accessibility of active sites. Reaction pathway calculations for a

Ritter-type solvolysis confirmed that these counterion-induced conformational differ-

ences significantly affect both transition-state and product energies, demonstrating

that explicit counterion inclusion is essential for realistic computational modelling of

charged XB-based catalysts.

Together, these studies establish a continuous mechanistic hierarchy across XB-based

catalysts, linking electronic structure and scaffold rigidity to activation mode, and

culminating in a comprehensive understanding of environmental and cooperative

effects.

6.2 Future Work

Building on these findings, future research in this area should focus on three intercon-

nected themes: refining XB design principles, developing asymmetric XB catalysis,

and exploiting counterion tuning as a deliberate design element.

The findings of this thesis underscore the unique potential of XB scaffolds as a

foundation for organocatalyst design, while revealing the complexity of factors that

govern their behaviour, from scaffold electronics and geometry to counterion effects

and activation mode preferences. Building on these insights, several promising direc-

tions for future research can be identified. Future work may be broadly grouped into

three themes: (i) refinement of XB design principles, (ii) development of asymmetric

XB catalysis, and (iii) deliberate exploitation of counterions as design elements.

A central contribution of this thesis has been the identification of key design prin-

ciples that distinguish XB-based catalysis from its HB analogue: the importance

of σ-hole accessibility, scaffold rigidity versus flexibility, and the balance between

electronic strength and orientational control. Future work should translate these

principles into systematic design strategies for next-generation XB-based catalysts.
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One particular avenue lies in the rational tuning of σ-hole properties through scaf-

fold modification. This extends past the electronic adjustment of XB-donor strength

through substituents, emphasising the importance of strategically placing intramolec-

ular stabilising groups, in appropriate proximity to the XB-donor atom, as demon-

strated throughout this thesis.

The mechanistic insights obtained here are particularly relevant for extending XB-

based catalysis into enantioselective organocatalysis, a field that remains in its

infancy but holds considerable promise. The strong directionality and tunability of

XB-donors provide a natural platform for chiral induction, as XB can impose strict

angular preferences while allowing fine electronic adjustment. The coexistence of

O-type, π-type, and cooperative activation modes observed in this thesis suggests

that activation mode in XB catalysis is inherently context-dependent, dictated by

scaffold architecture, donor valency, substrate electronics, and steric environment.

In chiral systems, XB catalyst design must therefore go beyond maximising σ-hole

depth to control both the strength and geometry of multipoint interactions. The

contrast between π-type activation in flexible monovalent systems and O-type ac-

tivation in rigid hypervalent donors illustrates how scaffold architecture can be

tuned to select the dominant activation pathway, offering a powerful tool for stereo-

control. Embedding the identified dual, distributed binding modes within a chiral

environment represents a particularly promising strategy for achieving high enan-

tioselectivity.

The identification of non-coordinating counterions as active participants in shaping

catalyst geometry and reactivity marks another important avenue for future work.

Computational studies should routinely include explicit counterions to capture

their impact on conformational ensembles, σ-hole accessibility, and transition-state

energetics, thereby improving alignment between theory and experiment. Experi-

mentally, systematic variation of counterion size, coordinating ability, and geometry

could be used to stabilise active conformations, modulate σ-hole depth, or restrict

conformational freedom. In particular, pairing XB scaffolds with chiral anions offers
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an underexplored strategy for exerting additional stereocontrol via counterion-tuned

catalysis.
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Appendix

A1 Supporting Information

Chapter 3 Monovalent XB-Based Scaffolds

The supporting information for the Michael addition of indole to trans-crotonophenone

can be found in the following repository:

DOI 10.5281/zenodo.10017508

The supporting information for the ROP of L-lactide can be found in the following

repository:

DOI 10.5281/zenodo.18486473

Chapter 4 Hypervalent XB-Based Scaffolds

The supporting information for the Michael addition of indole to trans-crotonophenone

can be found in the following repository:

DOI 10.5281/zenodo.11097065

Chapter 5 Counterion-Induced Conformational Effects in Catalysts

The supporting information for the counterion-induced conformational effects in

catalysts study can be found in the following repository:

DOI 10.5281/zenodo.18479408
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