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III. Abstract 

This thesis, at its broadest, concerns the so-called ontology of isomerism and 

isomerisation, this encompassing the conceptual frameworks and relationships that comprise 

the subject matter; the necessary formal definitions, nomenclature, and representations that 

have impacts reaching into unexpected areas such as drug registration and patent 

specifications; the requisite controlled and precise vocabulary that facilitates nuanced 

communication; and the digital/computational formalisms that underpin the chemistry 

software and database tools that empower chemists to perform much of their work. 

Using conceptual tools taken from Combinatorics, Group Theory, and Graph Theory, 

means are presented for the provision of a unified description of isomerism and associated 

unimolecular isomerisation spanning both constitutional isomerism and stereoisomerism 

called the Polytope Formalism. This includes unification of the varying approaches 

historically taken to describe and understand stereoisomerism in organic and inorganic 

compounds. 

The work in this Thesis began, historically, with the synthesis, isolation, and 

characterisation of compounds that could not be adequately described using existing IUPAC 

recommendations. Generalisation of the polytopal-rearrangements model of 

stereoisomerisation used for inorganic chemistry led to the prescriptions that could deal with 

the synthesised compounds, revealing an unrecognised fundamental form of isomerism called 

akamptisomerism. 

Following on, this Thesis describes how in attempting to place akamptisomerism 

within the context of existing stereoisomerism reveals significant systematic deficiencies in 

the IUPAC recommendations.  Further, these shortcomings have limited the 

conceptualisation of broad classes of compounds and hindered development of molecules for 

both medicinal and technological applications. 

It is shown how the Polytope Formalism can be applied to the description of 

constitutional isomerism in a practical manner. Finally, a radically different medicinal 

chemistry design strategy with broad application, based upon the principles, is described. 
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1 Introduction 

1.1 Classifying isomerism and unimolecular isomerisation 

Understanding isomerism – the different ways in which atoms can be rearranged into 

chemical structures – is one of the most important aspects to the understanding of chemistry.  

As such, it forms some of the earliest lessons for chemistry students.  Isomerism is the 

subdiscipline of chemistry that rationalises and classifies/catalogues what chemical structures 

are possible for a given set of atoms, whilst isomerisation is concerned with how isomers may 

interconvert.  Isomerisation of molecules can occur by many broadly described processes.  Of 

these processes, unimolecular isomerisation is a special category in that a single molecular 

entity rearranges without the involvement of other molecular entities.  For a given set of 

atoms, not all possible isomers are necessarily accessible to each other via a single-step 

rearrangement process.  Understanding what processes are allowed, how many steps are 

required to connect any pair of isomers, and what the kinetics are for each step, thus become 

important to the understanding of both the dynamical behaviour of molecular entities and for 

how desired chemical reactions can be selected for or promoted, and undesired reactions 

suppressed. 

Most broadly, isomers are classified into two main types: constitutional isomers, in 

which the connections between the constituent atoms (bonding topologies) are different, and 

stereoisomers in which the bonding topologies are preserved but the spatial arrangements of 

the atoms vary.  These are depicted graphically in Figure 1.1a.  Whilst this classification is 

considered simple and intuitive, in its essence it relies on definitions concerning what 

constitutes a “bond” and so may be subject to ambiguities.  If such ambiguities do arise, the 

traditional resolution to the problem has been simply use whichever options are most 

appropriate for the chemical system being considered. 

Stereoisomers are further divided into subcategories.  Some of these classifications 

rely on global geometric properties of molecules.  For example, enantiomers are defined as 

non-superimposable mirror-image pairs of stereoisomers with those that do not fit this 

criterion called diastereomers as shown in in Figure 1.1a.  Other classifications depart from 

this geometry-only approach and have arisen phenomenologically from the observation   
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Figure 1.1 Isomerism relationships.  (a) Based upon global properties of a molecule, isomerism is divided into 

the two mutually exclusive categories of constitutional isomerism and stereoisomerism.  Further, 

stereoisomerism can be divided into two mutually exclusive subcategories of enantiomerism and 

diastereomerism.  (b) Alternatively, stereoisomerism can be described from an atom-centric level.  

Characteristic types of atom-centric stereoisomerism and associated Rst
c 1 mechanisms can be defined bused 

upon the coordination and geometry of the stereocentre.  The traditional concepts of conformational isomerism 

and configurational isomerism represent a continuum of phenomena with each being applied to different thermal 

regimes where the associated Rst
c 1 processes are operative as indicated by the blue and yellow shaded regions.  

The positions of the dotted vertical lines indicate suggested property delineations, with “fluxionality” reflecting 

an interconversion between stereoisomers that is extremely rapid, “practical isolability” representing species 

stable for 1000 s at 298 K, and “configurationally stable” as stable for 24 hours at 423 K.  IUPAC recognises 

stereoisomerism and stereoisomerisation types with respect to the common thermal regimes.  Polytopal 

rearrangements, with torsions included can describe all possible classes of atom-centred stereoisomerism and 

associate stereoisomerisation. 
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and understanding of the dynamical and chemical-reaction behaviour of molecules.  Whilst 

this approach has been eminently practical – and at its heart chemistry is foremost a practical 

science – it has nonetheless introduced a “common conditions” aspect into the classification 

scheme and mixes a reaction kinetics definition with a geometry-only definition. 

A widely used subdivision of stereoisomerism where this mixing up of geometry with 

reaction kinetics occurs is in the concepts of conformational isomerism and configurational 

isomerism.  Conformers are stereoisomers that interconvert (stereoisomerise) unimolecularly 

at ambient temperatures and pressure on the timescale of seconds or faster.  Configurational 

isomers are defined as being configurationally “stable” at typically encountered temperature 

with some more informal “rule of thumb” definitions describing them as requiring bond 

breakage and reformation.  The obvious issue with this subclassification is that the kinetics of 

stereoisomerisation represent a continuum of possibilities.  As such, where does the divide 

lie?  Any answer to this question inevitably introduces a degree of arbitrariness into the 

definition and reflects the “common conditions” bias and the desire for useful and practical 

definitions. 

From a practical perspective, these subdivisions of stereoisomerism exist so that 

chemists can classify, name, and describe the “essential” aspects of some chemical.  For 

example, if you have a bottle of a simple solvent like n-hexane, it is sufficient to know that 

each constituent molecule has six carbon atoms bonded sequentially with their valence 

satisfied by hydrogen atoms.  Explicit knowledge that, at room temperature, these hexane 

molecules exist in a dynamic equilibrium of hundreds of different conformations 

interconverting via unimolecular stereoisomerisation reactions on the timescale of 

nanoseconds is typically far from the chemist’s mind if all they are interested in is its utility 

as a solvent.  Notwithstanding this perspective, technology is increasingly demanding the 

need to explicitly include such fine-grained knowledge into our endeavours.  Technology 

allows us access to temperature and pressure conditions that depart far from ambient ones 

but, and perhaps more significantly, the rising prominence of machine-led chemistry has 

made chemists re-evaluate how the subject is approached.  Frequently, it is no longer 

sufficient to rely on the vaguely described guiding principle of “chemical intuition”: 

machines need all the details underpinning such intuition spelled out.  As such, being able to 

generate a comprehensive catalogue of isomeric possibilities, no matter how large, empowers 

such research efforts and promises a way to transcend the limitations of the individual. 
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From another perspective, in a world of increasing regulation, the need for the 

complete cataloguing of isomers and allowed unimolecular reactions is becoming more 

important.  There is a trend for regulatory authorities to demand more precise definitions and 

characterisation of chemical substances.  This is especially the case for patent definitions 

where, for example, agencies such as the United States Food and Drug Administration 

(USFDA) and the European Medicines Agency (EMA) now require, where possible, single 

stereoisomer drugs. 

A central issue for all these applications concerns the way that molecular structures 

and reactions are represented in databases.  Some databases, such as crystallographic ones, 

store the coordinates (Cartesian or reciprocal space coordinates) of all, or a majority, of the 

atoms in the chemical or material.  Such databases contain extensive data pertaining to 

isomerism, but typically contain no data pertaining to isomerisation.  Yet despite intense 

effort, this level of structural characterisation is available for only a very small fraction of the 

tens of millions of compounds that have been synthesised. 

The more common ways in which isomerism information is stored in databases is via 

2D chemical structure representations – typically using “canonical” bond topology 

descriptions augmented with stereodescriptors – and in-line molecular descriptors such as 

SMILES or systematic chemical names.  Each representation is equivalent, and software is 

available for converting between them.  The Chemical Abstracts Service (CAS) database, for 

example, represents the bonding topology of a molecular structure as an “adjacency matrix” 

but converts this to the familiar 2D representation – technically, a “molecular graph” – for 

viewing by users.  In addition, there is an increasing need for the generation of an 

approximate 3D geometry from each description, with such functionality now becoming 

standard for the popular chemical-drawing software packages.  These approximate molecular 

geometries provide a starting point for numerous applications such as X-ray structural 

refinement, drug discovery platforms, and for high-level quantum chemistry calculations, etc. 

All these approaches rely upon explicit understanding about what isomeric 

possibilities exist.  Any deficiency in that understanding has a deep impact throughout all 

chemistry, and anything that depends upon it, by limiting both machine and human 

approaches alike.  The authority that oversees this is the International Union of Pure and 

Applied Chemists (IUPAC).  IUPAC provides the required sets of recommendations with 

these comprising their “Colour Books”, each of which focusses on a sensibly delineated 
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chemistry subdiscipline or topic.  For example, the “Blue Book”2 is a compendium for 

organic chemistry nomenclature, the “Red Book”3 for inorganic chemistry nomenclature, and 

the “Gold Book”4 a compendium of chemical terminology.  Whilst IUPAC is careful to call 

the contents of these compendia as “recommendations” – reflecting the fact that the field of 

chemistry is a constantly evolving discipline – these are, nonetheless, in large part treated as 

“rules”.  This is especially true the further one departs from “purely academic research”.  For 

example, governmental regulatory authorities treat the IUPAC recommendations as the basis 

for legal frameworks including those for patent specification. 

The selection of current IUPAC recommendations pertinent to the material presented 

in this Thesis is reproduced in Appendices A and B, with some 2D stereochemistry drawing 

recommendations placed in context in Chapter 5.  These reproduced recommendations 

include very many concepts that underpin chemistry teaching and practice and, whilst these 

could be considered as “common knowledge”, in this work their precise definition and 

purpose often becomes the centrepiece of discussion.  

Chemistry practice, and the IUPAC recommendations, has developed over two and a 

half centuries of discoveries of new chemical phenomena.  These phenomena comprise the 

discovery and understanding of new compounds, new reactions, and a growing understanding 

of the underlying principles – what Kuhn first called “paradigm shifts”5 – to rationalise what 

was observed.  For the major subdisciplines of chemistry, there has been a degree of 

independent development with, for example, similar yet distinct systems of nomenclature for 

organic and inorganic compounds.  In each instance, the system is fit-for-purpose, but it does 

highlight the fact that the understanding and approach to chemistry in its entirety is not a fully 

unified discipline. 

This is particularly true of isomerism and associated unimolecular isomerisation.  

Organic chemistry, for all its rich diversity of structure and ubiquitous application, is 

nonetheless fixated on a single element – that of carbon.  Isomerism and unimolecular 

isomerisation of organic compounds thus reflects what is typical of organic compounds.  

Tetrahedral coordination is typically the highest coordination geometry, with Walden 

inversion of configuration at a tetrahedral stereocentre requiring bimolecular processes where 

bonds are broken and made.  Concerted unimolecular “inversion of configuration” at a 

tetrahedral carbon atom typically requires extreme energies and is thus outside the usual 

discussions of organic reactions.  In contrast, bond torsion-related processes for organic 
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chemistry typically have very low barriers and present a broad landscape of conformational 

possibilities accessible at ambient temperatures – indeed, much biochemistry critically relies 

on this.  This is well studied, and its teaching is part of the foundational concepts for 

chemistry students.  An unfortunate side effect of this is that it can engender an unconscious 

misconception that these narrowly described isomerism and associated unimolecular 

isomerisation characteristics are representative of that for the rest of the periodic table.  

Indeed, for organic systems where there is a notable departure from the normal expectations, 

there is much fuss over it with special new terms being invented to account for it.  As an 

example, rotamers and atropisomers are special cases of conformational torsional 

stereoisomers where the “rotation” (more correctly called a torsion) is described as 

“hindered” in contradistinction to typical torsional barriers being very low in energy.  Even 

when armed with this more nuanced picture of torsional stereoisomerism and isomerisation, 

the recognition of the well-established examples of alkenes and imines as “hindered torsional 

isomers” tends to get glossed over or is simply ignored.  

Chemists that start to specialise in inorganic chemistry soon learn that for inorganic 

systems, a much richer diversity of isomerism-related phenomena and wider range of energy 

regimes that isomerisation can operate at is seen as typical rather than rare or special cases.  It 

is not surprising then that inorganic chemistry has developed a somewhat more general 

approach to isomerism and unimolecular isomerisation.   

Whilst the current state of isomerism and unimolecular isomerisation makes sense 

from a historical perspective, from the perspective of physical chemistry, many of these 

subdiscipline-dependent idiosyncratic practices and definitions make little sense.  Just as the 

periodic table brought order to the set of known chemical elements, a systematic, self-

consistent, and general approach to isomerism and associated unimolecular isomerisation is 

thus very appealing. 

A way forward, which is described in this Thesis, relies upon the mathematical fields 

of Combinatorics and Graph theory.  Graph Theory, and its application to chemistry began in 

the later nineteenth century with the representation of molecules as bond topologies between 

atoms, i.e., the 2D molecular structures that all chemists use are molecular graphs with few 

chemists today, apart from those practicing cheminformatics, recognising them for what they 

are.  Anyone who has ever drawn the 2D representation of a molecule or performed a 

substructure search of a database has implicitly done so using Graph Theory techniques.  
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Graph Theory has been applied in numerous other ways to chemistry problems, one being the 

enumeration of constitutional isomers.  For over half a century there has been an expectation 

that Combinatorics-Graph Theory applications could greatly advance chemistry, but this has 

not been realised.  A critical issue limiting advancement was expressed by Vladimir Prelog 

(1975 Nobel Prize in Chemistry for “his research into the stereochemistry of organic 

molecules and reactions”), in the preface to the influential 1976 book edited by Balaban,6 

describing “the gap (or even abyss) between the chemical and mathematical literature”. 

Unifying the separate topics of constitutional isomerism and stereoisomerism through 

application of a Combinatorics-Graph Theoretic approach is the objective of this Thesis.  It 

looks towards the development of a single formalism that unifies all aspects and requisite 

language for precise descriptions.  Its central aim is to be able to count, name, represent, and 

catalogue all possible isomers, as well as define the unimolecular reaction mechanisms that 

interconvert them. 

Concerning constitutional isomerism, IUPAC currently makes no recommendations 

pertaining to counting and cataloguing all possible constitutional isomers.  There has been an 

extensive mathematical literature pertaining to this task, but this has not led to the 

development of practical schemes.  A reason for this is that the number of constitutional 

isomers possible increases superexponentially up to the order 𝒪(2𝑁2
) with the number of 

atoms 𝑁. 

The starting impetus for this Thesis was the synthesis and basic characterisation, 

during 2006, by the author of this Thesis, Peter Canfield, in collaboration with his thesis 

advisers, other researchers at The University of Sydney, and researchers at The Australian 

National University, of compounds that could not be classified using existing IUPAC 

stereochemical recommendations.  The initial work performed during this Thesis was the 

completion of the compound characterisation and the development of basic understanding as 

to why organic compounds could be made that could not be classified.  This included a 

generalisation and mathematical completion of an IUPAC-recognised concept for isomerism 

and unimolecular isomerisation called the polytopal-rearrangements model of 

stereoisomerisation.  Publication of the original work, plus the extensions done during this 

Thesis, then appeared in the publication: “A new fundamental type of conformational 

isomerism”, Peter J. Canfield, Iain M. Blake, Zheng-Li Cai, Ian J. Luck, Elmars Krausz, Rika 

Kobayashi, Jeffrey R. Reimers & Maxwell J. Crossley, Nature Chemistry volume 10, pages 



Chapter 1 

 

8 

 

615–624 (2018).7  Following on, this Thesis considers the consequences of this discovery for 

the understanding of known organic compounds and for the development of new 

stereoisomeric compounds that could not previously be anticipated.  It also considers the 

underlying mathematical abstraction of isomerism and unimolecular isomerisation, and the 

centrality of Combinatoric and Graph Theory for its specification.  This was further 

abstracted and generalised to provide a basis for application to constitutional isomerism.  In 

doing so, the resulting formalism unifies both major branches of isomerism under a single 

conceptual framework. 

1.2 Stereogenic units and composite stereoisomerism 

As mentioned earlier, enantiomerism (chirality) and diastereomerism are general 

types of stereoisomerism that are dependent upon global properties of the molecular system.  

A useful and alternative approach relies upon the definition of stereoisomers as having the 

same constitution, i.e., the molecular connectivity (bond topology) remains the same for 

stereoisomers but their arrangements in space differ.  From this definition, it is possible to 

focus attention on individual atoms or a small grouping of atoms and how these are bonded to 

the remainder of the molecule.  This picture is composite stereoisomerism as the overall 

stereoisomerism of a molecule can be defined as being composed of its constituent parts and 

the global properties 

Focussing on individual atoms, critical stereoisomeric properties are its coordination 

number and the coordination geometry.  A further elaboration concerns whether the 

substituents to the atom are distinguishable.  For the familiar case of a tetrahedral atom, if all 

four substituents are distinct or the interchange of any pair of substituents leads to a different 

stereoisomer, this is variously referred to as a single centred stereogenic unit, assymetric 

atom, or chirality centre.  This principle applies more generally to atoms of arbitrary 

coordination number though increased scope of possibilities exist for coordination numbers 

of 5 or higher.  For example, in a trigonal bipyramidal structure, ligand – ligand relationships 

are more complex with interchange of ligands occupying axial and equatorial positions leads 

to diastereomers and not enantiomers.  Similarly, for octahedral complexes there exist cis and 

trans relationships between ligand positions providing scope for diastereomeric relationships 

in addition to enantiomeric ones. 
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The torsional relationships between contiguous atoms, where they exist, are also 

fundamental.  To define a torsion, four atoms with no three contiguous collinear atoms is a 

requirement.  Any four atoms that meet this requirement can be considered as a stereogenic 

unit, though IUPAC formally requires “stability” of the arrangement as an additional 

condition.  Atropisomers, rotamers and E/Z configurations about double bonds all conform to 

this definition.  The implicit requirement for stability in the single centred stereogenic unit, 

and explicit requirement in the case of torsional stereoisomers serves an additional example 

of where geometry and isomerisation mechanism become mixed. 

For the purposes of this Thesis where general geometric principles of isomerism are 

examined, the geometric principles underlying the concept of the stereogenic unit can be 

generalised, regardless of whether substituent atoms are distinct or not.  For convenience, 

throughout this Thesis such centres are called “stereocentres”.  The justification for this being 

that substituent atoms around a central atom are assigned distinct indices so that they can be 

tracked. 

As the size of the stereocentre increases, so do the number of structural motifs that it 

can support and the number of unimolecular reactions available to interconvert between 

them.  Some of these features for larger coordination numbers can often be recognised as 

aspects from smaller stereocentres that have been combined in some new and characteristic 

form.  Fundamental stereoisomerism and stereoisomerisation processes are those that cannot 

be represented in terms of properties of smaller stereocentres.  When the stereoisomerism of a 

molecule can adequately be described in terms of the properties of multiple stereocentres, 

then this is described as a composite stereoisomerism form. 

1.3 Key historical discoveries pertaining to stereoisomerism 

Some key discoveries concerning stereoisomerism include: 

(1) enantiomerism arising at a tetrahedral8-9 or higher coordination number10 chirality centre, 

as enunciated by Van't Hoff and Le Bel, to explain Pasteur’s 1848 observations 

pertaining to optical activity;11  

(2) the understanding of, what would later be termed, E/Z torsional stereoisomerism 

involving double bonds in organic compounds, established around 189012-13 in cis/trans 

isomers; 
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(3) torsional stereoisomerism about single bonds (classical conformational 

stereoisomerism),14-15 including atropisomerism (“hindered” torsional stereoisomerism 

producing isolable compounds, discovered in 191416-17);  

(4) pyramidal “inversion” – typically of amines18 – and its “hindered” form as 

experimentally demonstrated in 1961;19-20 and   

(5) Fluxionality observed in phosphorus pentahalides21 in 1953 and stereomutation in other 

5-coordinate phosphorus compounds providing inspiration for the polytopal-

rearrangements model of stereoisomerisation. 

The consequence of this historical phenomenological development of basic concepts 

for stereochemistry is that the current IUPAC rules and recommendations constitute an ad 

hoc, though authoritative, collection, i.e., they do not arise from the consistent and systematic 

application of a single conceptual framework describing all the possible underlying spatial 

arrangements and all possible concerted unimolecular stereoisomerisation rearrangement 

mechanisms (for which the symbol Rst
c 1 is introduced in this work). 

Composite-isomerism forms, sometimes referred to as “non-canonical” forms, are 

describable as combinations of fundamental forms, whilst fundamental forms cannot have all 

their aspects described in simpler terms.  Composite-isomerism forms are well known, 

including phenomena such as the familiar cyclohexane chair-boat as well as other complex 

forms that can result in stable, individually synthesisable compound atropisomers.22-25 

1.4 Graph Theory and reaction graphs 

Graph Theory is a mathematical subdiscipline that deals with the pair-wise 

relationships of abstract “objects”.  Graphs are composed of graph vertices (the “objects”) 

with the relationships between them represented as graph edges, and the combination of 

vertices and edges is the “graph”.  Graphs may be “undirected” meaning the edges do not 

indicate directional relationships between vertices with such edges pictorially indicated as a 

simple conjoining line.  Conversely, a “directed” graph features directed graph edges that 

indicate some directional or ordered relationship between the graph vertices with directed 

edges pictorially represented as arrows.   
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As any elementary chemical reaction or transformation represents one object (the 

reactant) changing into another (the product), representing chemical reactions as a graph is a 

natural fit.  As an example, consider the reaction a → b, c, or d over independent transition 

states TSb, TSc, or TSd.  In physical chemistry, these are often depicted in the familiar and 

standard chemical form shown in Figure 1.2a.  Figure 1.2b shows the same pathway 

information re-expressed as a reaction graph.  If the energies of each of the species (now 

represented as graph vertices) is associated with each graph vertex, then the graph is 

equivalent to the traditional form in Figure 1.2a.   

 

Figure 1.2  Traditional and Graph Theory depiction of chemical reactions.  (a) The traditional depiction as 

typically used in physical chemistry of a → b or c or d over transition states TSb, TSc, or TSd to yield products 

b, c, and d, respectively.  (b) The Graph Theory “reaction graph” depiction of (a). 

 

Figure 1.3 shows a related example detailed by the polytopal rearrangements model of 

stereoisomerism:7, 26-29  Figure 1.3a shows representations of three of the polytopes of ML3, 

with Figure 1.3b displaying them as a reaction graph that highlights their allowed 

interconversion pathways.  Representing chemical reactions as graphs has its greatest utility 

when there are numerous interconnecting processes.  Graph Theory provides a suite of 

powerful tools that can be brought to bear on problems of interest. 

 

 

Figure 1.3  Three structural polytopes7 of ML3 are shown in (a), named by their IUPAC polyhedral symbols3 

(TS-3 is T-shaped, TPY-3 is trigonal pyramidal, TP-3 is trigonal planar), with (b) showing their representation as 

a reaction graph that highlights their concerted unimolecular reaction interconversion pathways (blue graph 

edges).  Each graph vertex is labelled using IUPAC polyhedral configuration symbols.3 
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1.5 Overview of the thesis 

As much of the work comprising this Thesis is pedagogical in nature, precise 

definitions and language are critical.  Chapter 2 takes a more detailed look at some formal 

IUPAC stereoisomerism and stereoisomerisation-related terminology as listed in the “Gold 

Book”,4 and terms in common usage that either differ from the formal definitions or are not 

formally defined by IUPAC. It identifies some ambiguities and shortcomings and, where 

possible, addresses these.  As this Thesis introduces an extensive reappraisal of isomerism 

within the context of a unifying mathematical formalism, a significant number of necessary 

new terms are introduced to facilitate a precise and concise description and discussion.  These 

new terms are formally defined in detail and provide a reference for subsequent Chapters. 

Chapter 3 seeks to describe a mathematically rigorous and complete framework for 

defining, cataloguing, and classifying stereoisomerism and unimolecular stereoisomerisation 

(Rst
c 1) processes.  The resulting framework is called the Polytope Formalism of 

stereoisomerism applicable to any general MLn family.  Many of the underlying principles for 

this formalism are an extension of the polytopal-rearrangements model of stereoisomerisation 

as introduced by Muetterties:26-29 in the late 1960s onwards and recognised later by IUPAC.  

As there does not exist a sufficiently comprehensive or focussed description of the 

Muetterties model, one is provided.  From the perspective of stereoisomerism in general, 

deficiencies of the Muetterties model are systematically identified and addressed to provide 

mathematical rigour and completeness.  The Polytope Formalism of stereoisomerism is used 

to examine the ML2 family with the concept of “embedding” introduced as a critical feature 

for manifesting the full scope of stereoisomeric possibilities for this special case.  The 

Polytope Formalism of stereoisomerism analysis of the ML3 family is also provided to 

indicate generality. 

Chapter 4 presents the experimental demonstration of bond-angle reflexion 

stereoisomerism in four chirally resolved transoid B(F)–O–B(F)-quinoxalinoporphyrin 

stereoisomers where ML2 is B–O–B.  Focus is placed on characterisation of compounds 

synthesised prior to commencement of the work presented in this Thesis.  This Chapter 

presents new nomenclature and terminology necessary to describe these synthesised 

stereoisomers and introduces the term “akamptisomers” to describe them.  This Chapter also 

asks the question: why were akamptisomers so difficult to unequivocally demonstrate 

experimentally? 
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Chapter 5 asks the question: what are the minimal molecular features required to 

guarantee akamptisomerism?  Armed with an answer, a restrictive search of the CAS 

database was performed to answer the follow-up question: how common are akamptisomeric 

molecules and how relevant are they to chemistry and chemistry-related applications such as 

medicinal chemistry?  A search is made seeking to identify significant deficiencies in the 

current treatment of such molecules demanding improvements.  This Chapter investigates 

how these deficiencies can be overcome and describes important implications not just for 

stereochemistry but also anything that relies upon it such as patent definitions. 

Chapter 6 asks the question: what features do constitutional isomerism and 

stereoisomerism have in common?  In answering this, a mathematical framework is 

developed and called the Polytope Formalism of constitutional isomerism.  Due to an 

identified size-scaling problem, an approach is developed to make the formalism tractable 

and provide practical solutions to problems of interest to chemists.  The worked example of 

tautomerism of free-base porphyrin is presented with all possible bond-topology structures 

and interconversions listed and the accompanying full potential energy surface generated.  A 

suite of software tools is provided to facilitate general application of this formalism. 

In Chapter 7, findings from Chapter 5 are implemented as a drug-design strategy.  The 

questions are asked: is this strategy useful and how widely applicable is it?  A search of the 

CAS and RCSB.org30 databases reveal significant opportunities and docking calculations on 

examples vindicate the premise.  Density-functional theory modelling reveals why the 

strategy has merit.  New opportunities for drug patents are identified. 
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2 Evaluation of existing IUPAC stereochemical 

terms and new ones introduced in this thesis 

2.1 Summary 

This Chapter reviews the formal IUPAC stereoisomerism and stereoisomerisation-

related terminology as listed in the “Gold Book”,4 and terms in common usage that differ 

from these formal definitions. Ambiguities and shortcomings are noted.  To overcome these 

deficiencies, herein new formally defined terms used throughout this thesis are introduced. 

2.2 Introduction 

In one of the first treatises of modern Chemistry, written in 1787, Antoine Lavoisier 

states: "We cannot improve the language of any science, without, at the same time improving 

the science itself; neither can we, on the other hand, improve a science, without improving 

the language or nomenclature which belongs to it".31  The science of Chemistry encompasses 

a vast universe of possibilities and, in the two and a half centuries of discovery and 

understanding, there has been a clear and concerted effort made to formalise the language 

used to describe the ever expanding and evolving concepts. 

To this end, the International Union of Pure and Applied Chemistry (IUPAC) has, 

since its founding in 1919, sought to act as a single authority on the subject.  As stated on 

their website:32 

“What We Do 

The International Union of Pure and Applied Chemistry (IUPAC) is the world authority 

on chemical nomenclature, terminology…  It develops and maintains Recommendations 

that create a common language for the global chemistry community. The scientific work 

of IUPAC is conducted largely through a formal Project System in which proposals from 

chemists around the world are peer-reviewed and, if meritorious, are approved and 

supported. In addition, IUPAC has many other wide-ranging activities that ultimately 

impact both the chemical profession and the worldwide community as a whole. These 

include the publishing of technical reports, journals, books, databases and other 

information resources that facilitate the conduct of scientific research, conferences, and 

the provision of awards for the recognition of scientific excellence.” 
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The recommendations for terminology are collected online in the IUPAC “Gold 

Book”4 and comprise an up-to-date collection of formal definitions for Chemists and all 

national and international authoritative bodies dealing with the description, handling, and 

processing of chemical concepts or substances. 

Despite this and due to different teaching styles and source matériel (text-books, 

online sources including Wikipedia.org articles, some of which “Gold Book” entries link 

directly to), the concepts and terminology that comprise some of the earliest lessons for 

students of chemistry frequently differ in subtle and significant ways from the formal IUPAC 

recommendations.  Professional chemists may go on to have successful and productive 

careers without ever having to systematically readdress such foundational knowledge.  The 

result is that the chemistry community expresses a range of subtly different definitions and, 

given IUPAC represents this diversity of views, there is evidence of this in the IUPAC “Gold 

Book”.4  Some of these differences and ambiguities are discussed in Section 2.3. 

Listed in Appendix A are some selected isomerism-related definitions copied 

verbatim from the IUPAC “Gold Book” and “Green Book”.  As this thesis deals with the 

systematisation of aspects of isomerism with a focus on precise language, it is suggested that 

the reader familiarise themself with these formal definitions. 

This Chapter concludes with formal definitions of novel terminology introduced in 

this thesis and central to the work. 

Within the IUPAC terminology, the definition for a stereogenic unit (see Section 

A.44) is a useful concept to use for this discussion.  It explicitly invokes the same “grouping 

within a molecular entity that may be considered a focus of stereoisomerism” picture that is 

referred to here as fundamental stereoisomerism.  Whilst the formal IUPAC definition is 

narrow and restricted to 4-coordinate or fewer centres, the term stereogenic unit can be 

broadened to encompass a centre of arbitrary coordination number MLn. 

2.3 Terms in common usage and their relationships to the IUPAC terms 

The notion of isomerism, that is, the relationship between isomers (See Sections 0 and 

0), from its earliest conception, has been about the geometric relationships between two or 

more molecular entities. 
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In the case of stereoisomerism – a subcategory of isomerism – the connectivity 

between the constituent atoms remains the same but the spatial arrangements and 

relationships are different.  Stereoisomerism thus concerns itself with differences in 

geometries.  As shown in Figure 1.1b, these differences can be dependent upon global 

properties or may be defined from an atom-centric perspective where spatial relationships are 

related by local geometric operators that change one stereoisomer into another.  Here the term 

“local geometric operator” means a geometry altering operation that is applied to a subset of 

atoms and/or the connections between atoms but leaves the local geometric relationships of 

all other parts of the molecule unaltered.  An internal coordinate description of a molecule 

provides the easiest implementation for a local geometric operator to act upon.   

Figure 2.1a shows a local reflection operator (indicated by the red disk) acting upon 

the nitrogen chiral stereogenic unit of (R)-[(R)-2-chloro-2-fluoroethyl](methyl)amine. with all 

other internal coordinates remaining unchanged including the halogenated carbon 

stereocentre and backbone conformation.  

 

Figure 2.1  The effect of local geometrical operators on the example compound (R)-((R)-2-chloro-2-

fluoroethyl)(methyl)amine.  (a) A local reflection operator, indicated by the red disk, acting upon the nitrogen 

and immediate substituent atoms with all other internal coordinates remaining unchanged.  This results in a 

change in the absolute configuration of the nitrogen but leaves the carbon stereocentre and overall staggered 

conformation unchanged.  (b) The bond torsion operator indicated by the red arrow changing the backbone 

conformation. 

Similarly, in Figure 2.1b a local torsion operator (indicated by the red arrow) is 

applied to a C–N bond changing the backbone conformation.  In each of these examples in 

Figure 2.1, the stereoisomerism is described in purely geometrical terms with no reference to 

physical mechanism or process.  It is important to note that the black arrow indicating the 

transformations are not referring to actual continuous physical motions. 
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In contrast, the concept of isomerisation does concern itself with real or conceptual 

continuous physical processes.  Isomerisation is about mechanism.  In general terms, 

isomerisation can mean any mechanism that brings about a change of isomers whether it be 

concerted, unimolecular, bimolecular or some complex multistep sequence of elementary 

processes.  For constitutional isomerism, any isomerisation process necessarily involves a 

breaking and making of bonds as, by definition, there is a change in connectivity (molecular 

topology – see Section 2.4.27).  In the case of stereoisomerisation where, by definition, there 

is no net change in connectivity, there are two distinct classes of processes; (i) 

stereoisomerisation mechanisms where the topology undergoes changes and (ii) mechanisms 

where the topology remains unchanged throughout. 

An example of the case (i) is the hypothetical, multistep reaction where an (S) 

stereoisomer is changed to the (R) configuration via a trigonal planar prochiral carbanion 

intermediate as shown: 

 

A well-known example of case (ii) is the “inversion” (actually, a reflexion) of NH3 

via a trigonal planar transition structure like the example in Figure 2.1: 

 

This represents an elementary (see Section A.14) concerted unimolecular process where the 

motion of the atoms is smooth and continuous and the formal covalent character of the N–H 

bonds remains, essentially, unchanged.  Throughout this thesis, the concept of concerted 

unimolecular stereoisomerisation (rearrangement) mechanisms characterised by unchanging 

connectivity (“stereotropic” – see Section 2.4.21) are a central topic.  The symbol Rst
c 1 is 

introduced in this Thesis (see Section 2.4.20) to concisely describe this. 

The distinction that isomerism be only concerned with geometric differences between 

isomers and stereoisomerisation be only concerned with real or conceptual physical 

processes is not a uniformly adopted view.  The mixing up of the two concepts is particularly 
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prevalent throughout the terminology regarding stereoisomerism.  Numerous definitions of 

stereoisomers and the relationships between them (the stereoisomerism) explicitly include 

reference to mechanism (stereoisomerisation) – see Appendix A Sections 0, 0, 0, and 0.  

The central and long standing example of “conformational isomerism” which is 

traditionally described as a form of stereoisomerism where the stereoisomers can be 

interconverted by torsions about single bonds, explicitly intermingling the concepts of 

geometry and mechanism.  IUPAC, however, does not formally define “conformational 

isomerism”, instead defining “conformation” (see Section A.6) as “the spatial arrangement of 

the atoms affording distinction between stereoisomers which can be interconverted by 

rotations about formally single bonds…”.  By avoiding calling it a type of isomerism, and 

instead using the phrasing “arrangement of atoms”, this definition encompasses all 

intermediate geometries and is consistent with the IUPAC definition that isomers represent 

potential energy minima deep enough to accommodate at least one vibrational mode.  Despite 

the careful definitions by IUPAC (see Section A.7), the concept of “conformational 

isomerism” is commonplace. 

Atropisomers and atropisomerism – presumably the relationship between 

atropisomers – presents an interesting example.  Atropisomers are defined by IUPAC (see 

Section A.1) and, being a subcategory of conformer which in turn is a subcategory of isomer, 

must represent a local potential energy minimum deep enough to accommodate at least one 

vibrational mode.  The notion that these isomers are defined as arising from restricted 

rotation (see Section A.18) provides an example of where the formal definition of a 

geometric relationship is now intermingled with mechanism.  As a side note, “rotation” in 

this sense is more precisely called “torsion”. 

The existence of stereoisomers related by “restricted rotation” had the effect of 

placing the concept of potential energy barrier to rotation at the centre for all “conformational 

isomerism” discussions in textbooks33 and teaching settings.  It is not surprising, then, that 

the concepts of the geometric differences between the stereoisomers and the associated Rst
c 1 

mechanism are often viewed as indistinguishable. 

Concerning stereoisomerism, it is divided into two mutually exclusive subcategories 

conformational isomerism and configurational isomerism.  The latter is defined as anything 

which is not conformational isomerism (see Section A.5).  Whilst defining something by 

what it is not, may be convenient, it suggests an underlying flaw in the conceptualisation.  
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The obvious question is: what physical properties or behaviour delineates configurational 

isomerism from conformational isomerism? 

A frequently cited definition for configurational isomers and, in particular the 

configuration at a stereocentre, is that they “cannot be interconverted without breaking and 

making bonds” with this usually taken in the context of the configuration at a tetrahedral 

carbon stereocentre.  Such a definition, whilst reflecting much observed chemistry, is 

nonetheless biased by the chemistry of carbon and a thermal regime typical of human 

activities. 

As shown later in Chapter 3 and Chapter 4, the distinction between conformational 

isomers and configurational isomers is arbitrary; it is largely “carbon-centric”.  Polytopal 

rearrangements (see Section A.33), which are extensively elaborated in this Thesis, can be 

defined in a general sense for all stereoisomerisation phenomena.  A graphic summary of this 

is shown in Figure 1.1. 

The definition of “stereogenic unit” (see Section A.44) is mathematically incorrect. 

Definition (2) reads “A chain of four non-coplanar atoms (or rigid groups) in a stable        

conformation, such that an imaginary or real (restricted) rotation (with a change of sign of the 

torsion angle) about the central bond leads to a stereoisomer”.  A mentioned earlier, 

“rotation” is more precisely called “torsion”.  Further “four non-coplanar” excludes torsion 

angles of 0° and 180°.  The presumed intended definition should read “A chain of four atoms, 

no consecutive three of which are collinear…”. 

A final point concerns the term “inversion” in the context of stereoisomerism.  

“Inversion”, in a mathematical sense, means a change of sign of a scalar quantity, a → -a, or 

for a vector, (a1, a2, a3…)→(-a1, -a2, -a3…).  Both of these concepts play a role in their use in 

stereoisomerism. 

In chemistry it is common practice to refer to “inversion of configuration” at a 

tetrahedral centre.  This term arising out of the older phenomenological terms “optical 

inversion” and “Walden's Inversion” where “inversion” was adopted directly from its 

mathematically correct use in describing the change in sign of optical polarisation-rotation 

measurements.34-36  This concept of “inversion of configuration” is further directly applicable 

to trigonal pyramidal ML3 centres where the lone-pair acts as a fourth “ligand” thus 
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emulating a tetrahedral species.  In this case, “pyramidal inversion” means the conversion of 

one stereoisomer to the other. 

In the context of geometry, the “inversion” of a vector representing atomic Cartesian 

coordinates for a molecule is (x,y,z)→(-x,-y,-z).  Similarly defined is “reflexion”, a process 

which, in the demonstrative case of reflexion in a Cartesian plane, involves only a single 

Cartesian coordinate changing sign whilst the other two remain unchanged, e.g., for reflexion 

in the xy plane: (x,y,z)→(x,y,-z).  The “inversion” of configuration as described above for 

ML4 and ML5 species is correctly described as a reflexion and not a geometric inversion.  

This distinction is critical if one wishes to digitally represent and manipulate aspects of 

stereoisomerism or stereoisomerisation in databases, drawing and structure manipulating 

software, and quantum-chemical calculations.  Group theory, which forms the basis of much 

molecular-structure classification including, for example, the ubiquitous X-ray 

crystallographic data, explicitly uses the mathematical definitions only. 

This terminological difficulty is not just associated with interchanges at chiral centres 

but also applies to ML2.  Historically, the conversion of a bent structure through its linear 

form to the reflexed bent structure has been known as “bond-angle inversion”.  This usage 

parallels that for “inversion of configuration” and “pyramidal inversion”.  Similarly, the 

mathematical operator involved in these cases are also all “reflexions” and not “inversions”.  

However, reflexion and inversion, in the mathematical sense, are both processes that could be 

of relevance in ML2 systems, so the significance of the ambiguity of terminology is 

particularly important. 

In this thesis, I use only the strict mathematical expression “reflexion” to describe the 

interchange of these types of isomers and not “inversion” as commonly used by organic 

Chemists.  IUPAC defines inversion, when used as a stand-alone term, as a geometric 

property involving a centre of inversion (see Section A.22). 

2.4 New and revised terms introduced in this thesis 

The following terms, introduced in this work, are formally defined here in a manner 

analogous to IUPAC’s terminology. 
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2.4.1 akamptisomerism 

A type of stereoisomerism defined by the relationships between akamptisomers. 

2.4.2 akamptisomerisation 

Stereoisomerisation process that converts between a pair of akamptisomers.  The 

process may occur by any mechanism. 

2.4.3 akamptisomers 

Stereoisomer pair related to each other by bond-angle reflexion only.  Term 

constructed in analogy to that for atropisomers (see Section A.1).  From Ancient Greek ά- (á-, 

privative) + κάμπτω (kámpto, “bend”) + ἴσος (ísos, “equal”) + μέρος (méros, “part”).  

“Akamptisomeric” is the adjectival form. 

2.4.4 autakamptisomers 

An akamptisomeric pair that are structurally degenerate.  Any interconversion 

between autakamptisomers represents a degenerate rearrangement (see Section A.12).  

“Autakamptisomeric” is the adjectival form. 

2.4.5 bond-angle reflexion (BAR) 

A bond angle θ < 180° changing to 360° – θ as measured in a fixed reference frame.  

In real molecules this may only be approximately true depending upon additional 

interactions.  BAR may contextually describe either a local geometric operator or a physical 

motion (mechanism).  A BAR mechanism is an Rst
c 1 mechanism associated with 

akamptisomerism and involves a transition state/intermediate conforming to a linear 

polytope. 



Chapter 2 

 

22 

 

 

At least one additional connected atom beyond each end of the specified bond angle is 

necessary to embed (see Section 2.4.9) the BAR within the frame of reference, hence five 

consecutively connected atoms A–X–Y–Z–B, where both A–X–Y and Y–Z–B are not 

collinear, are required to define a BAR operation or process.  

 

2.4.6 bond-angle flexion 

A local geometric operator applied to a bond angle X–Y–Z whereby a bond angle θ < 

180° changes to 180°, or the reverse change.  Two flexions in succession and the same 

direction result in a reflexion operator (See Bond-Angle Reflexion).  
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2.4.7 concise polytope set 

For the Polytope Formalism of stereoisomerism and a given polytope family MLn, the 

concise polytope set are all polytope species for which on the associated graph, no adjacent 

species share the same generic symmetry point group.  A concise set can be generated from a 

more extensive non-concise set by resolving all adjacent polytope set members with the same 

generic symmetry point group into a single representative polytope. 

2.4.8 demesne 

When a Polytope Formalism model is used to describe the relationships between 

properties, behaviours and objects that comprise a general set of physical phenomena then 

these are the demesne (pronounced dɪˈmeɪn, plural: demesnes) of that specific implementation 

of the Polytope Formalism.  For example, Chapter 3 describes the Polytope Formalism for the 

demesne of stereoisomerism. 

A property of a demesne is that, for its allowed operators, it exhibits set closure.  

Further, set members that are semi-terminal define key boundaries for the demesne and 

indicate the existence of a neighbouring or enclosing demesne.  For example, the demesne of 

stereoisomerism exists within the demesne of isomerism. 

2.4.9 embedding 

In the context of an n-coordinate, single atom stereocentre represented generally as 

MLn, an embedding is where all ligating atoms form part of an extensively connected semi-

rigid network that provides a frame of reference external to the stereocentre.  Embedding 

restores rotational invariance to an MLn stereocentre. 

2.4.10 generic polytope graph 

Within the context of the Polytope Formalism of stereoisomerism, a generic polytope 

graph is an undirected or directed graph showing the traverses between members of a set of 

polytope genera for a MLn polytope family, 

2.4.11 hula-twist-like mechanism 

A stereotropic mechanism associated with akamptisomerisation that consists of 

coupled torsions.  The bond angle θ does not change significantly throughout the process. 

https://en.wiktionary.org/wiki/demesne
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At least one additional connected atom beyond each end of the specified bond angle is 

necessary to embed the motion within an external frame of reference, hence five atoms A–X–

Y–Z–B are required to define the hula-twist-like mechanism in terms of independent A–X–

Y–Z and X–Y–Z–B torsions, where A–X–Y, X–Y–Z, and Y–Z–B are all not collinear. 

This term is derived in reference to geometrical changes present during the hula-twist 

(HT) mechanism as defined in the IUPAC “Gold Book”4 (See Appendix A Section A.19) 

2.4.12 local geometric operator 

A geometric operator applied to a specified arrangement of atoms within a molecular 

entity.  The internal coordinates describing all other atoms in the molecular entity remain 

unaltered by the local geometrical operator. 

2.4.13 polytope class 

In the context of the Polytope Formalism, a polytope class is a high-level taxonomic 

grouping of all families united by a high-level characteristic.  For stereoisomerism, the class 

is MLn for all n.  For constitutional isomerism, the class is the number of atoms whose bond 

topology is permuted.  This would be described as the N-atom bond-topology class.  Other 

descriptors can be applied to constitutional isomerism where simplifying principles are 

implemented, e.g., for the 𝒮𝑚ℬ𝑛 partitioning described in Chapter 6, 𝒮𝑚ℬ𝑛 is the class. 

2.4.14 polytope family 

In the context of the Polytope Formalism, the polytope family is a taxonomic 

grouping of genera (and their constituent species) that are closely related by some uniform 

character.  For stereoisomerism, MLn designates the polytope family where n is the 

coordination number of centre M.  M can represent any element.  L can represent any single 

element or member of a set of different elements.  For constitutional isomerism, the polytope 

family, or bond-topology family, are groups of genera that have the same number of bond-

topology elements. 
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2.4.15 polytope genus 

In the context of the Polytope Formalism, the polytope genus describes the general 

form or pattern of a configuration.  For stereoisomerism, this equates to a polytope form 

without any vertex index assignment and IUPAC inorganic nomenclatural polyhedral 

symbols3 (or new ones constructed in an analogous manner, as needed) can be used to 

describe the polytope genus.  For constitutional isomerism, the polytope genus, also called 

the “bond-topology” genus, comprises all symmetry related species with the same general 

arrangement of bonds. 

2.4.16 polytopal rearrangement 

The IUPAC definition (see Appendix A Section A.33) defines a polytopal 

rearrangement as representing a stereoisomerisation process.  This implies a change between 

stereoisomers with such isomers necessitating they be local minima on the associated 

potential energy surface (PES) deep enough to support zero-point vibration.  The definition is 

expanded here to include rearrangements between any arrangement of atoms corresponding 

to critical points on the PES.  A polytopal traverse to an adjacent structure necessarily 

involves a change in the saddle-point order.  For example, a single traverse from a local 

minimum to a first order saddle point.  The corollary of this is that any rearrangements 

between critical points of the same saddle-point order necessitates an even number of 

traverses. 

2.4.17 polytope species 

In the context of the Polytope Formalism, any polytope featuring a unique 

configuration. For stereoisomerism, this equates to a unique form and vertex index 

assignment.  For constitutional isomerism, this equates to a unique configuration of bonds.   

For stereoisomerism, IUPAC inorganic nomenclatural polyhedral configuration 

symbols3 can be used to label the polytope species if the vertex indices are used in the same 

manner as Cahn-Ingold-Prelog priorities. 

2.4.18 polytopal traverse 

A change (either as a geometric operator or a continuous motion) between adjacent 

polytopal forms within a polytope family.  The endpoints of a polytopal traverse can be 
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characterised by, usually low energy (including imaginary) and large amplitude, normal 

vibrational modes. 

2.4.19 pontation 

A molecular design concept whereby the ring-fusion C–C bond of a polyaromatic or 

related conjugated molecule is replaced by C–X–C bridging group resulting in a bridged 

annulene.  This is referred to as X-pontation, e.g., CH2-pontation of naphthalene gives the 

methylene-bridged [10]annulene: 

 

where the special “pontation arrow” used here specifically indicates the alteration of structure 

brought about through pontation. 

From Latin pons (“bridge”) + ation (verb suffix).  Pontate is the participle of 

pontation and pontated is the past participle. 

2.4.20 𝑹𝒔𝒕
𝒄 𝟏 

Chemical reaction mechanism symbol denoting a concerted unimolecular stereotropic 

rearrangement elementary reaction mechanism.  Being a stereotropic process, no bonds are 

broken or made during the Rst
c 1 reaction. An Rst

c 1 mechanism can correspond to a single 

traverse between two critical points on a potential energy surface or can be used to describe 

two contiguous traverses as would be the case, for example, between two local minima on a 

potential energy surface.  R = rearrangement, c = concerted, st = stereotropic, 1 = 

unimolecular.  Symbol constructed in an analogous manner to SN2, E1, etc. 

e.g., “inversion” (reflexion) of 

tertiary amine 
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2.4.21 𝑹𝒕𝒐
𝒄 𝟏 

Chemical reaction mechanism symbol denoting a concerted unimolecular topotropic 

rearrangement elementary reaction mechanism.  Being a topotropic process, the bonding 

connectivity must change during the Rto
c 1 reaction.  

 

2.4.22 seed polytope 

Within the context of the Polytope Formalism of stereoisomerism, for a given 

polytope family MLn the seed polytope genus is the polytope genus of highest symmetry, 

e.g., for ML2 it is L-2, for ML3 it is TP-3, for ML4 it is T-4, and for ML5 it is TBPY-5.  For a 

seed polytope genus, each of the corresponding species can be referred to as seed polytope 

species. 

2.4.23 semi-terminal property and semi-terminal polytope 

Within the context of the Polytope Formalism of stereoisomerism, a polytope genus 

or species is semi-terminal if one direction of at least one non-dissociating vibrational normal 

mode does not lead to a polytope within the set of those under consideration.  Semi-terminal 

polytopes delineate the boundaries of the set with respect to set-closure.  The directed graph 

representation of this is a self-loop.  

2.4.24 specific polytope graph 

Within the context of the Polytope Formalism of stereoisomerism, a specific polytope 

graph is a directed graph showing all traverse connections between the full set of polytope 

species belonging to a set of polytope genera for a MLn polytope family.  The requirement for 

the graph to be directed is to accommodate polytope species with semi-terminal properties. 

2.4.25 stereotropic 

Adjective pertaining to a change in stereoisomeric form and does not involve bond 

breaking and bond making.  From Ancient Greek στερεός (stereós, “solid”) + τροπικός 

(tropikós, “of or pertaining to a change).  Not to be confused with stereotopic. 
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e.g., stereotropic reaction 

 

2.4.26 strepsisomerisation 

A Rto
c 1 isodesmic bond-walk mechanism by which a central polytopic group bonded 

within a macrocyclic ligand leads to successive ligation isomers as this central group rotates 

coherently within the macrocycle cavity.  From Ancient Greek στρέψις (strépsis, “a turning 

[inward]”) + ἴσος (ísos, “equal”) + μέρος (méros, “part”) + “isation” (verbal suffix for a 

process). 

The following example shows the four step strepsisomerisation of a peripherally 

substituted B(F)OB(F)-porphyrin. 

 

2.4.27 topology (molecular topology, bond topology) 

In the context of a discrete molecular entity, topology means the bonding connectivity 

between the constituent atoms.  The default meaning of “bonding” here is covalent bonding 

with bond order ignored.  The term may be extended to refer to other types of bonding such 

as hydrogen bonding with such details needing to be explicitly noted. 
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2.4.28 topotropic 

Adjective pertaining to a change in bonding topology of a chemical system.  

Constitutional isomerism is wholly concerned with topotropic differences.  From Ancient 

Greek τόπος (tópos, “place, locality”) + τροπικός (tropikós, “of or pertaining to a change). 

2.4.29 torsion (bond), torsional angle, dihedral angle 

In the context of molecular geometry, a bond torsion (or simply “torsion”) describes a 

rotational angle or motion of atoms or groups about an axis defined by the bond.  In practice, 

four contiguous atoms b1–a1–a2–b2 where no three consecutive atoms are collinear define the 

torsional angle (dihedral angle) between the two planes defined by the sets of points {b1, a1, 

a2} and {a1, a2, b2}. 
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3 Polytopal Formalism of stereochemistry  

at a single stereocentre 

3.1 Summary 

This Chapter introduces conceptual framework capable of describing the full scope of 

stereoisomerism and associated concerted unimolecular rearrangement processes (Rst
c 1) 

arising at a single atomic centre of arbitrary coordination number.  The conceptual framework 

is called the Polytopal Formalism of stereochemistry and builds upon the Muetterties 

polytopal-rearrangement model of stereoisomerisation developed from 1969 onwards, in 

large part, to account for fluxional behaviour observed in molecules such as PF5.  Whilst the 

polytopal-rearrangement model of stereoisomerisation, which is described in detail, provides 

useful insights for both conformational isomerism and configurational isomerism, it has a 

notable deficiency in not being capable of describing torsions about bonds – the very process 

at the heart of all classical conformational isomerism that so dominates organic chemistry. 

In seeking to address this, and other deficiencies, the Polytopal Formalism, as 

presented here, is developed through the formal inclusion of such torsions to the existing 

polytopal-rearrangement model.  Further, the inclusion of torsions allows for the concept of 

“embedding” that provides an external frame of reference for the spatial arrangements.  The 

result is a conceptual framework is capable, in principle, of comprehensively describing both 

the full scope of geometries and the geometric changes available at a single atomic centre of 

arbitrary coordination number. 

Armed with this, centres with low coordination number are examined in detail and it 

is revealed that the ML2 case presents unique properties.  The Polytope Formalism 

demonstrates how these novel properties can be manifested in real molecules with significant 

implications for Chemistry.  The ML3 case is also described in detail indicating the generality 

of the formalism. 



Chapter 3 

 

 

31 

 

3.2 Introduction 

This Chapter focuses on stereoisomerism and, more broadly, on the different 

arrangements that bonded atoms can take up about a central atom.  In this chapter and due to 

the mathematical treatment presented, this is called a “stereocentre” regardless of whether it 

is a stereogenic unit (see Section A.44) as formally defined by IUPAC.  In geometric terms, 

stereoisomerism can be divided into two general classes: torsional stereoisomerism (see 

Section A.48) where the different stereoisomers only differ by a specific dihedral angle, 

hence requiring at least three consecutive non-collinear atoms, and polytopal-rearrangement 

stereoisomers that can be defined as the different ways a set of ligating atoms or molecular 

fragments can be arranged around a single central atom.  On first inspection, these two 

classes may appear to be distinct and unrelated.  Further, the condition that a dihedral angle 

only has meaning when the constituent atoms are not collinear may appear innocuous.  Much 

of the forthcoming development is concerned with understanding the consequences of three 

atoms becoming collinear, in terms of how polytopes are defined and how they describe the 

associated stereoisomerism. 

A general model describing torsional isomerism is straightforward in just requiring a 

single torsion angle φ to be defined about an axis formed by two bonded atoms a1 and a2 of 

the non-collinear group of atoms b1–a1–a2–b2.  A geometric operator can be defined to change 

φ by an arbitrary amount.  Further, a concerted unimolecular stereotropic rearrangement 

mechanism (Rst
c 1 – see Section 2.4.20) can be associated with this torsional isomerism that 

uses the same definition of φ as the reaction coordinate. 

Polytopal-rearrangement stereoisomerism at a single central atom is, however, more 

complicated and is described in detail in Section 3.2.1.  An essential aspect of the polytopal-

rearrangement model is that, for an atom of coordination number n, it treats the associated 

stereoisomerism as a highly reduced system with the central atom and its n ligating atoms 

reduced to point-like objects and, historically, the geometry idealised to a high symmetry 

object called a polytope.  This model describes, in principle, all the distinct 

stereoisomerically meaningful ways the ligating “atom” points can be arranged around a 

central “atom” point.  These geometries correspond to arrangements of atoms representing 

stereoisomers (potential energy local minima) and transition structures (saddle points of 

varying orders).  Associated Rst
c 1 mechanisms describe the transformation of one polytope to 

another. 
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Together, these two separate models can describe all stereoisomerism at a single 

stereocentre.  In this Chapter it is shown that both can be combined into a single 

mathematically based model called the Polytope Formalism of stereochemistry.  This 

formalism can, in principle, provide a complete and systematic exploration of the full scope 

of stereoisomerism at a single atomic centre.  Significantly, it is not subject to anomalies 

attributable to singularities that occur when three or more atoms involved in a torsion become 

collinear, or any other similar effect related to polytope identification. It is from the 

perspective of this formalism that the discovery of bond-angle reflection isomerism, called 

akamptisomerism and described in Chapter 4, was revealed to represent a new fundamental 

type of stereoisomerism. 

3.2.1 A modern perspective on the polytopal-rearrangement model 

Despite the significant body of literature on the polytopal-rearrangements model of 

stereoisomerisation, a single clear and comprehensive description is lacking.  The following 

reviews some of the history of the model and attempts to describe it in sufficient detail for the 

reader to understand the Polytope Formalism of stereoisomerism on which it is based.  To 

facilitate a clear and precise description, new terminology, deemed essential, is introduced to 

help organise the conceptual elements into a clear framework. 

From the perspective of coordination number, organic molecules exhibit only few 

distinct basic geometries at an atomic centre, despite the vast multitude of known organic 

compounds.  Typically, the coordination number is limited to four or fewer except for some 

exotic or fleeting species.  In contrast, inorganic compounds exhibit a far richer diversity of 

both coordination numbers and basic geometric forms.  Consequently, the challenges of 

description, classification, and nomenclature for any stereochemistry arising in higher 

coordination number species are far greater.   

For much of its history, chemistry has dealt with emerging novel stereochemical 

phenomena in a case-by-case manner, as needs demanded.  In the 20th century, research in 

chemistry surged, especially after World War II with powerful investigational tools such as 

X-ray crystallography and NMR becoming widespread.  This revealed an increasingly 

complex diversity of stereochemical structural and dynamical phenomena exhibited by 

inorganic species.  Given all this diversity and, in particular, Berry’s 1960 hypothesised 
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pseudorotation mechanism to explain the fluxional behaviour in PF5,
37 there was a clear need 

for some unifying approach to give order to the subject. 

This led Muetterties and Guggenberger26-29, 38-43 to pioneer the polytopal-

rearrangements model of stereoisomerisation from the late 1960s onwards, initially in large 

part, to account for the observed “stereochemical nonrigidity” in numerous 5-coordinate 

phosphorus species38, 43-48 including chelating ligands.49-50  The early work also examined the 

case of 5-coordinate carbon species.51  Further development of the model led to its 

generalisation to describe dynamical behaviour in 3-coordinate p-block52 species;  4-

coordinate s-block, 53-54 p-block54-57, and d-block54, 58-62 species; 5-coordinate d-block63-70 and 

further work on p-block71-73 species; 6-coordinate d-block39, 74-79 and p-block80 species; 7-

coordinate general42 and d-block81-83 species; 8-coordinate40, 82, 84-87 species; and  the 9-

coordinate41 system.  Mingos,88 further, provides an in-depth look at the early concepts and 

application of the polytopal-rearrangements model of stereoisomerism from a structural 

correlation perspective for 5- to 8-coordinate systems.  Due to its success and obvious utility 

in all these instances, this conceptual model was recognised and adopted in 1996 by IUPAC89 

for its generality in describing both geometry and non-dissociative stereoisomerisation 

processes. 

The polytopal-rearrangements model of stereoisomerisation (the “Muetterties model”) 

presents a physics-inspired mathematical treatment26-29, 43 that separates out stereoisomerism, 

as being a property only of atomic spatial arrangements and geometric operators, from non-

dissociative stereoisomerisation, the possible non-dissociative reactions that interconvert 

between stereoisomers.  Further, it defines key “minimal distortion”90 Rst
c 1 pathways that 

must always be conceptually available for any specific set of stereoisomers.  Structure and 

transformative reactions become simple, independent concepts that are, nevertheless, 

intrinsically related to each other.   

The essential elements in this picture are polytopes, the fundamental types of idealised 

geometrical arrangements of bonded point-like “atoms” that can be arranged as objects of 

one, two, or three spatial dimensions as linear forms, regular polygons and convex polyhedra, 

respectively.  These polytopes are typically used as simplified representations for real 

molecular systems of coordination number n that conform to the generalised formula MLn.  

Traditionally, Muetterties38, 40-41 called such systems the n-atom family.  In this work, MLn is 

called the polytope family (see Section 2.4.14).  Within this context, “L” represents the atom 
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bonded to “M”, whether it is part of a larger molecular fragment or not, and each of the “L” 

atoms can be different in the real molecule.  Further, “M” can represent any element, not just 

metals.   

Within this model, all M–L bonds are treated equally, and bond order has no meaning.  

The nature of the bonding also has no meaning; it could be covalent, ionic, van der Waals, 

etc. – so long as it meets the requirement that it supports zero-point vibration (see Section 

A.31).  Further, as the model is focussed on non-dissociative phenomena, any changes in  

M–L bond lengths are deemed inconsequential, i.e., the connectivity or bonding topology (see 

Section 2.4.27) remains constant. 

There are several different ways of graphically representing a polytope, each having 

strengths and weaknesses.  The various IUPAC “Red Book”, section IR.9.3.2, 

recommendations for inorganic nomenclature depict common polyhedra to describe 

coordination geometries and are reproduced in Appendix B.3  Figure 3.1a shows bonding to a 

tetrahedral centre as typically represented in 2D using the wedge-hash convention91 for 

indicating stereochemistry when drawing molecular structures.  This is typical for organic 

molecules and for inorganic molecules with coordination numbers of 6 or fewer.  In Figure 

3.1b only the edges (in blue) of the defining tetrahedron are indicated, making the overall 

structure of the polytope (the tetrahedron) the obvious feature.  This “edge-only” style is 

usually only common when depicting inorganic species of high coordination number where, 

otherwise, a multitude of radiating bonds from the centre would be visually confusing.  For 

smaller coordination numbers, this edge-only approach can cause a different type of 

confusion where, for example, in the case of a “square planar” polytope it could be mistaken 

for cyclobutane.  In Figure 3.1c, both styles are combined with distinct colours differentiating  

 

Figure 3.1  Equivalent representations of the tetrahedral polytope genus, T-4, for ML4.  a) Typical 2D 

representation using the wedge-hash convention89 with only the M–L bonds showing.  b) Representation 

showing only the edges of the polytope.  c) Representation combining both (a) and (b).  d) 3D representation of 

(c).  The red dots and sphere represent the central atom “M” and the green dots and spheres represent the 

ligating atoms “L”. 
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the respective bond and edge features.  Figure 3.1d shows a more realistic 3D representation 

of Figure 3.1c with the 3D visual cues helping to make the spatial relationships clearer for a 

wide diversity of cases.  This will be the style used throughout this chapter. 

In this work there is an important conceptual distinction between the general shape of 

a polytope and when that same shape has a specific arrangement (configuration) of distinct 

indices assigned to the polytope’s vertices.  When discussing only the shape, the polytope is 

referred to as a polytope genus (plural: genera; adjectival form: generic.  See Section 2.4.15), 

for example, Figure 3.2b shows the tetrahedral genus and its IUPAC nomenclatural 

polyhedral symbol T-4 (see Appendix B: IUPAC “Red Book” polyhedral symbols and 

structures.).  The T-4 genus belongs to the ML4 family (Figure 3.2a).  When vertex indices are 

specifically assigned, the polytope is referred to as a polytope species (see Section 2.4.17).  

Figure 3.2c shows the two distinct ways of assigning nondegenerate indices to a tetrahedron.  

If the indices are used in the same way as the Cahn-Ingold-Prelog (CIP) priorities, then 

chemical nomenclatural (T-4-S) and (T-4-R) polyhedral configuration symbols (IUPAC “Red 

Book” 3, section IR.9.3.3) can be assigned to each species and provide a convenient and 

unique labelling.  It is due to the use of nondegenerate indices being assigned to the polytope 

vertex “atoms” that the term stereocentre is used throughout this Chapter. 

 

Figure 3.2  Distinctions between the polytope family, genus and species concepts.  (a) ML4 is the polytope 

family.  (b) The tetrahedral genus T-4 only refers to the general shape.  (c)  The two distinct ways of indexing 

the vertices correspond to distinct polytope species.  Chemical nomenclatural (T-4-S) and (T-4-R) polyhedral 

configuration symbols3 are assigned to each species using the vertex indices to represent CIP priorities, 

Within the Muetterties model, the distinction between genus and species is important 

when cataloguing different forms and when discussing symmetries.  Polytope genera will 

typically exhibit a high degree of symmetry.  For example, the tetrahedral genus shown in 

Figure 3.2b exhibits the Td symmetry point group.  The two tetrahedral species shown in 

Figure 3.2c, however, have their symmetry broken by the indices assigned, even if the 

polytope vertices represent ligands that are equivalent.  When referring to a species, its 
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generic symmetry is that of the corresponding genus, for example, the generic symmetry of a 

species of (T-4-S) configuration is that of the T-4 genus, namely, Td. 

In this Chapter, genera and species are assigned descriptive symbols based on the 

IUPAC inorganic nomenclatural polyhedral symbols and polyhedral configuration symbols3, 

respectively.  Where existing symbols do not suffice, new ones are devised following the 

IUPAC-led principle.  Generic symbols have the form ABC-n, where ABC is some letter or 

letter-number combination describing the general shape, n is the coordination number, all 

letters are capitalised and italicised, whereas all number are presented in plain text.  Notably, 

there are no parentheses around the symbol.  Specific symbols take the form (ABC-n-x-y) 

where ABC and n are for the genus, and x, and sometimes y, are used to indicate a specific 

arrangements of vertex indices.  In Figure 3.2, the symbols assigned are indicative. 

An illustrative 4-coordinate example is shown in Figure 3.3 for the (S) enantiomer 1a 

of a chiral organosilane,92 where the silicon atom exhibits tetrahedral coordination. 

 

 
Figure 3.3  The organosilane92 1a and the corresponding polytopal representation of the stereochemistry at the 

Si atom as a tetrahedral polytopal species within the ML4 family.  The CIP priorities of the ligands to Si are used 

as the vertex indices.  The red sphere represents the Si atom and the smaller green spheres each of the four 

ligating atoms from the substituent groups O (OMe), C (Et). C (Me), and H.  The blue lines describe the edges 

of the tetrahedron. 

This simplification of a real molecule to this minimalist model representation also 

requires that all the “L” points now be considered “physically identical” yet assigned a 

unique index, i.e., the details of their chemical nature are no longer important, but the “L” 

points can be tracked by their indices.  In the Muetterties model, the polytope is idealised as 

the highest symmetry version.  For the example 1a shown in Figure 3.3, the symmetry of the 

generic tetrahedral polytope is the Td point group regardless of the precise geometry of the 

real molecule or that the substituents on the Si atom are distinct.  In Figure 3.3, each vertex 

has been assigned a unique index (green coloured numerals).  The indexing-system choice 
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can be arbitrary but, for the example of 1a, the CIP priority rules are implemented for 

convenience. 

In the traditional implementation of the model and for a given polytope genus, a 

simple classical (molecular) mechanics-like model for this geometry is made and a 

vibrational normal-mode analysis performed.  Traditionally, the low energy (including 

imaginary valued), large amplitude vibrational modes were recognised as corresponding to 

initial reaction-coordinate vectors along some feasible Rst
c 1 path leading to a different 

polytope genus within the same MLn family.29  For example, Figure 3.4 depicts the 

tetrahedral polytope representation of 1a undergoing the deformations arising from a normal 

vibrational mode comprised of a pair of orthogonal antisymmetric bond-angle flexional 

motions.  The corresponding generic symmetry is Td for which this motion has e symmetry.  

One direction of the transition vector describing this deformation is congruent with one 

endpoint along the Rst
c 1 reaction coordinate leading to a square planar polytope (having the 

generic SP-4 polyhedral symbol), here specifically representing the structure 2a with absolute 

configuration (SP-4-2).  As was the case for the T-4 genus, the highest symmetry generic 

polytope representation of 2a is used, here being the square planar polytope having the D4h 

intrinsic symmetry point group. 

 

Figure 3.4  Structure 1a is represented as a tetrahedral polytope species with vertex indices as marked.  Structure 

2a is represented as a square planar polytope species with the vertices as marked.  For the tetrahedral and square 

planar polytopes, vibrational normal modes of e and b2u symmetry, respectively, are congruent with the 

corresponding end points of the Rst
c 1 process.  This motion is characterised as a pair of orthogonal bond-angle 

symmetric flexions as indicated by the green arrows. 

Similarly, for the square planar polytope species in Figure 3.4 representing 2a, one 

direction of the transition vector describing the motion of the unique vibrational mode (of 

symmetry for the SP-4 genus) is congruent with the other endpoint of this same Rst
c 1 

mechanism.  As the generic symmetry here is D4h, the symmetry of this vibrational mode is 

b2u.  A “minimal distortion” single-step process like the one depicted in Figure 3.4 is called a 

polytopal “traverse” by Muetterties29 and is formally defined in Section 2.4.18. 
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For the tetrahedral example in Figure 3.4, the orthogonal bond angles undergoing 

antisymmetric flexion are (1–M–2) and (3–M–4) – or more concisely written as (12,34) – and 

are represented by the green arrows in Figure 3.4.  In Figure 3.5a, these same bond-angle 

antisymmetric flexional motions for the SP-4 arrangement are shown continuing in the same 

direction leading, again, to a T-4 arrangement.  The different directions of the normal 

vibration mode transition vector are congruent with forward and backward Rst
c 1 mechanisms, 

each leading to a T-4 species.  Examination of the configuration of the vertex indices for the 

two T-4 species shows that they are different. 

Given that all vertices of the generic T-4 polytope are equivalent, however, any of the 

three possible combinations of pairs of vertices can be chosen to undergo this type of 

orthogonal antisymmetric double bond-angle flexions with the resulting SP-4 structures 

shown in Figure 3.5b.  Each of the three possibilities will lead to a different SP-4 arrangement 

of the ligands and each correspondingly assigned a distinct nomenclatural polyhedral 

configuration symbol using CIP priorities. 

Figure 3.5b shows that structure 1a, having the (S) absolute configuration, can be 

converted by the same general Rst
c 1 mechanism to 1b, having the (R) absolute configuration, 

via each of the three different possible SP-4 geometries: 2a, 2b and 2c.  The same general 

Rst
c 1 mechanism amounts to what is traditionally called an “inversion” of configuration of a 

tetrahedral species.   The mathematically correct term describing this process is a reflection 

of configuration. 
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Figure 3.5 Polytopal rearrangements of tetrahedral and square planar polytopes.  (a) Transformation of one 

tetrahedral polytope species to the other via a square planar polytope species.  For each of the two tetrahedral 

polytopes on the left and right, the vibrational normal modes of e symmetry involving flexion of orthogonal 

bond angles 1–M–2 and 3–M–4, or simply as (12,34), are congruent with the beginning of the Rst
c 1 processes 

leading to the square planar polytope in the centre.  Similarly, for the square planar polytope, each direction of 

the vibrational normal mode of b2u symmetry acting upon the two angles (12,34) is congruent with an endpoint 

of each of these same Rst
c 1 processes.  (b) Details of the rearrangement of 1a to 1b showing the three different 

choices of pairs of bond angles giving distinct square planar species 2a, 2b, and 2c.  Standard IUPAC 

nomenclatural polyhedral configuration symbols3 are listed for each species.  (c) The polytope generic graph 

representation of the scheme in (b).  (d)  The graph showing the relationship between each polytope species for 

T-4 and SP-4 using the polyhedral configuration symbols used as labels. 
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In the language of the polytopal-rearrangement model of stereoisomerisation, this 

path analysis shows all the possible ways that the T-4 species 1a can be transformed into the 

T-4 species 1b via polytopal rearrangements involving only SP-4 intermediates.  Further, it is 

important to note the immediate correlation between the nomenclatural configuration 

requirements that have been established3 and the vertex index permutations for each polytope 

genus.  There are only two vertex index permutations for T-4 and hence only two polyhedral 

configuration symbols: (T-4-R) and (T-4-S).  Similarly, there are only three vertex index 

permutations for SP-4 and hence only three corresponding polyhedral configuration symbols: 

(SP-4-2), (SP-4-3), and (SP-4-4).  Figure 3.5b shows how these nomenclatural symbols arise 

by the geometric perturbations described. 

Figure 3.5c shows what, within the mathematical discipline of Graph Theory, is called 

the graph of polytopal rearrangements of T-4 and SP-4 polytope genera for the ML4 family.  

This is referred to here as the generic polytope graph and is formally defined in Section 

2.4.10.  As only two genera are included, this graph only shows that these polytope genera 

are adjacent.  Figure 3.5d shows the complete graph of all the polytope species belonging to 

the T-4 and SP-4 genera and utilises the corresponding IUPAC nomenclatural polyhedral 

configuration symbols3 using the vertex indices as CIP priorities. 

In this worked example of 1a → 2 → 1b as shown in Figure 3.5, compounds 1 having 

T-4 coordination geometries represent PES local minima and compounds 2 having SP-4 

coordination geometries represent first order saddle point transition structures.  This same 

analysis and resulting graph equally apply to compounds where the SP-4 geometries are 

potential energy surface (PES) local minima and the T-4 geometries are transition structures, 

for example as in some Pt(II) complexes93.  It is also important to note that, whilst the 

example detailed here deals with a 4-coordinate centre featuring four distinct substituents, the 

same analysis is equally applicable to systems where some, or indeed all, of the ligand atoms 

or groups are equivalent.  The use of assigned unique vertex indices provides for the tracking 

of ligand atoms as if they were distinct. 

An obvious question arises: are there other polytopal forms within an MLn family that 

are possible or need to be considered?  Historically, the answer would depend upon what the 

purpose was for invoking the polytopal-rearrangement model.  In the case of fluxional 

molecules, on which most of the current literature is focussed,42-44, 46-48, 63, 72-73, 77, 80, 85-87, 94 

typically only one or, at most, two additional polytope genera, in addition to that describing 
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the lowest energy geometry, are needed to be considered.  Later, this Chapter describes, in 

principle, a fully comprehensive picture of potential stereoisomeric forms and processes.  

Consequently, all possible polytopes require consideration and a formal definition of “what 

constitutes a polytope” introduced.   

The literature does not directly address the question of how to define a polytope from 

first principles.  Typically, the starting point is the empirical observation of stable molecular 

geometries and reference to Valence Shell Electron Pair Repulsion95 (VSEPR) Theory 

models.  Whilst this starting point has direct practical application, it nonetheless avoids the 

critical question.  Later, in Section 3.3, this question is addressed directly. 

Staying with the ML4 family for now, at least two additional polytope genera are 

recognised from VSEPR-like models: the “M”-apical square pyramidal polytope genus (SPY-

4) and the see-saw polytope genus (SS-4) as shown in Figure 3.6a and Figure 3.6b.  

Additional planar non-VSEPR-like polytope genera are introduced here: the half hexagonal 

planar polytope genus (given the HHP-4 polyhedral symbol) shown in Figure 3.6c, derived 

from a vibrational normal mode of the SS-4 polytope genus of a2 symmetry and named for its 

shape; the gyfu planar polytope genus (given the GYP-4 polyhedral symbol) shown in Figure 

3.6d, derived from a vibrational normal mode of the SP-4 polytope genus of b2g symmetry 

and named after the Anglo-Saxon rune of the same shape; and the algiz planar polytope 

genus (given the ALP-4 polyhedral symbol) shown in Figure 3.6e, also derived from a 

vibrational normal mode of the SP-4 polytope genus of eu symmetry and named after the 

Elder Futhark rune of the same shape.  Each of these additional polytopes embody a set of 

stereochemical relationships distinct from the known ML4 VSEPR-like polytopes.  Whilst no 

stable molecules featuring these unusual 4-coordinate geometries are currently recognised, 

these genera, generated by the same vibrational-mode-following principle described by 

Muetterties, serve as evidence for the existence of additional forms beyond those traditionally 

considered.  
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Figure 3.6  Some additional known ML4 polytopes.  Top row: Additional VSEPR-like polytopes; (a) the “M”-

apical square pyramidal (SPY-4) and (b) the see-saw (SS-4) genera. Bottom row: Some planar non-VSEPR-like 

polytopes; (c) the half-hexagonal planar (HHP-4) polytope, gyfu planar (GYP-4) polytope, and algiz planar 

(ALP-4) polytope genera. 

A detailed analysis, like the approach depicted in Figure 3.5 can be made for the ML4 

family including these additional polytope genera.  A full listing of vertex index permutations 

for each polytope genus gives the total number of polytope species.  Using the vertex indices 

as CIP priorities, the standard IUPAC nomenclatural polyhedral configuration symbols,3 

augmented by analogously defined ones for the HHP-4, GYP-4, and ALP-4 genera,  can be 

assigned to each.  A full tabulation of the 41 polytope species is given in Table 3.1 for these 

seven polytope genera of the ML4 family as discussed in this chapter. 

Not all polytope genera are accessible by a single-step traverse from a different form.  

In the language of Graph Theory, the genera are not adjacent.  For example, to change a T-4 

polytope to its nearest SPY-4 polytope necessitates a two-step traverse via a SS-4 polytope.  

This is because there is no vibrational normal mode (or linear combination of modes of the 

same symmetry) that transforms a T-4 form directly to a SPY-4 form.  The results of working 

through this path analysis and defining all possible minimal distortion traverses between 

polytopes in the set can then be represented as a graph.  Such a graph showing the 

relationships between all species in the VSEPR-like polytope genera (T-4, SP-4, SPY-4 and 

SS-4) are shown in Figure 3.7.    
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Table 3.1  Full tabulation of all 41 polytope species comprising tetrahedral, square planar, “M”-apical square 

pyramidal, see-saw, half hexagonal planar, gyfu planar, and algiz planar polytope genera of the ML4 family.   

The polyhedral symbol,3 generic symmetry point group and number of symmetry operations for each polytope 

genus are given.  Using vertex indices as CIP priorities, the standard IUPAC polyhedral configuration symbols3 

are given and provide convenient and distinct polytope labels.  No standard polyhedral configuration symbols 

currently exist for the half hexagon planar, gyfu planar, or algiz planar with those listed here in blue being 

constructed in an analogous manner to those already defined by IUPAC.  Chirality and total species for each 

polytope genus are indicated. 

Polytopal 

form: 
Tetrahedral 

Square 

planar 

“M”-apical 

square 

pyramidal 

See-saw 
Half 

hexagonal 
Gyfu planar 

Algiz 

planar 

Generic 

polyhedral 

symbol 

T-4 SP-4 SPY-4 SS-4 HHP-4 GYP-4 ALP-4 

Generic point 

group 
Td D4h D4v C2v C2v D2h C2v 

Generic symm. 

operations 
24 16 8 4 4 8 4 

Species 

configuration 

symbols a 

(T-4-R) 

 

 

(T-4-S) 

(SP-4-2) 

 

(SP-4-3) 

 

(SP-4-4) 

(SPY-4-2-C) 

 

(SPY-4-2-A) 

 

(SPY-4-3-C) 

 

(SPY-4-3-A) 

 

(SPY-4-4-C) 

 

(SPY-4-4-A) 

(SS-4-12-C) 

(SS-4-12-A) 

(SS-4-13-C) 

(SS-4-13-A) 

(SS-4-14-C) 

(SS-4-14-A) 

(SS-4-23-C) 

(SS-4-23-A) 

(SS-4-24-C) 

(SS-4-24-A) 

(SS-4-34-C) 

(SS-4-34-A) 

(HHP-4-12) b 

 

(HHP-4-13) b 

 

(HHP-4-14) b 

 

(HHP-4-23) b 

 

(HHP-4-24) b 

 

(HHP-4-34) b 

(GYP-4-12-3) c 

 

(GYP-4-12-4) c 

 

(GYP-4-13-2) c 

 

(GYP-4-13-4) c 

 

(GYP-4-14-2) c 

 

(GYP-4-14-3) c 

(ALP-4-12) d 

 

(ALP-4-13) d 

 

(ALP-4-14) d 

 

(ALP-4-23) d 

 

(ALP-4-24) d 

 

(ALP-4-34) d 

Species 

chirality 
chiral nonchiral chiral chiral nonchiral nonchiral nonchiral 

Totals 2 3 6 12 6 6 6 

a: Polytope species nomenclatural polyhedral configuration symbols3 under the assumption of distinct vertices. 

b: (HHP-4-ij) where i–M–j is the linear grouping and i < j.  c: (GYP-4-ij-k) with i = 1, j is trans to i, k is closest 

adjacent vertex to i.  d: (ALP-4-ij) with i the “post” of the rune away from the clustered vertices and with j trans 

to i and i < j. 
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Figure 3.7  Graph showing all Rst
c 1 traverses for the full set of tetrahedral, square planar, “M”-apical square 

pyramidal, and see-saw polytope species of the ML4 family.  The labels are the standard IUPAC polyhedral 

configuration symbols.3 

The path analysis and resulting graph for all species belonging to the considered set of 

polytope genera maps out the full scope of geometries (the distinct spatial arrangements and 

permutations of vertex indices for each), as well as and how these geometries transform (the 

rearrangements) into each other via Rst
c 1 processes.  Put another way, within the limitations 

of the number of polytope genera in the set considered, this conceptual picture provides a 

systematic approach to listing the complete scope of possible stereoisomers and intermediates 

and provides non-dissociative concerted mechanisms for all interconversion reactions.   
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3.2.2 “Closure” condition 

The Muetterties 1969 papers on the ML5
38 and ML9

26 families discuss the property of 

closure in reference to a set of polytopes.  In this context, closure refers to set closure 

meaning that any Rst
c 1 operation on a member of a set only returns another member of that 

same set.  In Graph Theory, closure has a different meaning. 

Within the Muetterties implementation of the polytopal rearrangements model, 

typically only one geometric distortion operation transformation between two polytope 

genera was considered.  Within this narrow setting, he defines26 the closure conditions from 

the standpoint of stereoisomer permutations.  

3.2.2.1 Applicability of the Muetterties model to real molecular systems 

Within this discussion of idealised coordination geometries for a restricted set of 

polytopes, an important question arises: since the precise coordination geometries of real 

molecules often deviates from those arrangements described by the idealised polytopes, how 

appropriate is it to apply the polytopal-rearrangements model of stereoisomerisation?   

Early work analysing numerous X-ray crystallographic structures of organic 

compounds and coordination complexes revealed that the deviations from ideal coordination 

geometries could be robustly interpreted as lying somewhere along a reaction coordinate 

between idealised forms.  This principle of “Structural Correlation” by Bürgi and Dunitz96-97 

can be described as the geometric idiosyncrasies of real molecules appearing to fall along a 

reaction coordinate pathway on the potential energy hypersurface derived from idealised 

forms.  This intimate relationship between static geometries and dynamical processes is a key 

concept which is discussed in more detail in Section 3.3. 

Today, the appropriate quantum chemical methods can provide geometries, normal 

vibrational modes, and free energies for chemical species that faithfully match experimental 

data.  Armed with such quantitative information, it is possible to reliably determine the 

kinetics for any Rst
c 1 process.  For a complex web of interconnected polytope species, the 

tools of Graph Theory can be harnessed to formulate overall reaction rates involving 

numerous pathways.  Further, if the graph representing a set of species and interconversion 

processes have energies and stationary point characteristics assigned to the graph vertices, 
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then the resulting mathematical object serves as a compact representation of the 

corresponding PES. 

3.2.2.2 Relationships between geometries, vibrations and energy differences 

Some general inferences can be made concerning the relationships between the 

magnitude of distortions occurring during an Rst
c 1 process, the free energy change, and the 

frequency of the associated vibrational mode.  In Figure 1.2 are shown orthogonal 

antisymmetric paired flexions for (a) the T-4 polytope of the ML4 system and (b) the TBPY-5 

polytope of ML5.  Despite these mechanisms being closely analogous, in the ML4 case, the 

magnitude of the displacements interconverting the T-4 and SP-4 polytopes are relatively 

large as, typically, are the potential-energy changes with the energy of the corresponding 

vibration being high.  In contrast, for the ML5 case, the magnitude of the displacements 

interconverting the TBPY-5 and the SPY-5 polytopes are relatively small as are the potential-

energy changes and corresponding vibration energy.  This underpins why T-4 geometries are 

generally configurationally stable whilst TBPY-5 geometries often exhibit fluxionality. 

 

Figure 3.8  Direct comparison of antisymmetric paired orthogonal flexions of bond angles (12,34) for (a) the T-4 

and SP-4 genera in the ML4 polytope family, and (b) the TBPY-5 and SPY-5 genera in the ML5 polytope family.  

In (a) for the ML4 family, the distortions are comparatively large and are generally associated with large Rst
c 1 

reaction barriers.  For the analogous process in the ML5 family, the distortions are comparatively small as too 

are the corresponding Rst
c 1 reaction barriers.  The process in (a) is a unimolecular “inversion” of configuration 

of a tetrahedral centre and (b) is the Berry pseudorotation mechanism (see Section A.34). 
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3.2.2.3 Problematic issues with the polytopal-rearrangements model 

Notwithstanding the success of the Muetterties model in rationalising the observed 

dynamical behaviour of stereocentres and apart from the lack of an a priori definition for 

what constitutes a polytope there exist several important shortcomings. 

In all prior implementations of the polytopal-rearrangements model, the number of 

polytope genera considered was always few and typically two.  Explicit reference to only 

considering the “low energy/frequency, large amplitude”29, 38, 43 vibrational modes provided a 

practical and physically reasonable criterion for solving the types of problems of interest, 

such as fluxionality and shape distortion,42-44, 46-48, 63, 72-73, 77, 80, 85-87, 94 to the inorganic 

chemistry community.  Implementing this criterion, however, introduced a degree of 

arbitrariness with further development stalling.  Whilst the underlying principle of following 

non-dissociative vibrational modes as reaction coordinates to generate different polytopes 

was set as the core of the model, the model itself was never fully and rigorously developed. 

Whilst Muetterties explicitly recognised that geometric transformations between 

different polytope genera correlate with non-dissociative vibrational normal modes, his 

analysis being focussed on practical problems such as the Berry pseudorotation mechanism, 

only considered the single direction of a ground state vibrational motion that led to the 

polytope genus corresponding to the transition structure of interest.  An unbiased 

implementation of this vibration-defined transformation principle would need to consider 

both directions of the vibrational motion displacement vector of interest.  In the case where 

there are degenerate vibrations, this needs to be amended to all directions of these vibrations.  

Depending upon the MLn family, symmetry properties of the polytope genus, and the 

symmetry of a vibration, different directions of the displacement vector could lead to distinct 

polytope genera. 

A further obvious issue with the Muetterties model is that it is biased towards a small 

subset of non-dissociative vibrations.  If the aim is to describe a fuller scope of stereoisomeric 

phenomena, then there is the implicit need to include all such vibrational modes. 

As noted earlier, the polytopal-rearrangements model cannot describe isomerism 

arising from a torsion about a bond (torsional stereoisomerism, see Section A.48).  As this 

property is the basis for all “classical conformational” stereoisomerism and 

stereoisomerisation processes, the vast majority of stereoisomerism that is important to 
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organic chemistry and biochemistry is absent from the model.  Whilst it is true that torsional 

stereoisomerism can be described separately, the need for two distinct approaches is 

philosophically unsatisfying. 

With much of this discussion as to “idealised forms”, the question arises as to what 

“idealised” geometry actually means?  For high symmetry geometries, such as tetrahedral or 

octahedral, the answer is obvious but for polytopes of lower symmetry the question becomes 

pressing.  If the intention is to describe the relationships between a small number of well-

defined polytope genera within a family, then some precise details may not be necessary.  For 

example, when considering the relationships between the VSEPR-like polytope genera (T-4, 

SP-4, SPY-4, and SS-4), the precise angles and the apex of the SPY-4 genus or the angle 

between the “legs” of the SS-4 genus are not important.  If, however, the intention is to locate 

some experimentally measured non-ideal static geometry along a pathway between two 

“ideal polytope genera” then precise and complete geometric definitions of those pathway-

defining polytope genera are critical.  In a rigorous treatment, any molecular structures 

should be unambiguously assigned to some polytope, without such issues arising. 

A factor that may have contributed to the limited development of the polytopal-

rearrangements model is that to do with scaling.  As n increases for the MLn families, the 

number of polytope genera is expected to rise superexponentially.  Further, the permutations 

of vertex indices for each genus, i.e., the number of polytope species for a genus, is also 

expected to scale superexponentially.  Even with a precise definition for what constitutes a 

polytope, the scaling issue imposes limits to what is practical.  At least for the common low 

coordination numbers, the problem could be expected to be tractable. 

The IUPAC “Gold Book” definition for polytopal rearrangement (see Section A.33) also 

mentions rearrangements of cluster compounds such as polyhedral boranes.  Mingos also 

discusses alkali metal systems,88 but in these cases – best described as “clusters” – the 

rearrangements involve changes in connectivity and thus falls outside of the purview of this 

discussion limited to stereoisomerism where, by definition, the connectivity must be 

preserved. 
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3.3 Critical aspects needed for a complete description of stereoisomerism 

In this Chapter, the aim is to develop a comprehensive descriptive model of 

stereoisomerism at a single stereocentre of arbitrary coordination number.  Such a general 

approach, based upon a rigorous mathematical treatment can be reasonably expected to 

provide not just the description of stereoisomerism and mapping out allowed Rst
c 1 processes, 

but also a systematic and complete classification framework.  As outlined in Chapters 1 and 

2, the current state of stereoisomerism is an ad hoc collection of treatments that have 

developed phenomenologically over the history of chemistry. 

Addressing the deficiencies of the Muetterties model as detailed in Section 3.2.2.3, 

development of the Polytope Formalism of stereoisomerism requires the following:  

(1) To formally accommodate bond torsions for the M–L bonds and hence describe 

torsional isomerism. 

(2) To allow constraining ligand – ligand relationships to be defined. 

(3) To formally include all non-dissociative vibrational modes. 

(4) To follow all directions of the non-dissociative vibrational modes. 

These are discussed below in detail. 

3.3.1 To formally accommodate bond torsions for the M–L bonds and hence 

describe torsional isomerism 

The simplest mathematical way to include the property of torsional relationships 

(either as geometric transformations or continuous motions) about a bond “M–L” for 

arbitrary MLn, whilst still keeping the model minimalist and given the existing polytopal-

rearrangements model, is to ascribe the property of “orientability” to each vertex point.  Here, 

orientability is an abstract mathematical property and does not define a torsion in the 

traditional sense but defines the capacity for these traditional torsions.  Orientability, in this 

context, can be thought of as a way of concisely representing the chemical structure of a 

ligand to “M” beyond the “L” atom.  To represent this property graphically and to give an 

intuitive sense, the vertices of polytopes having the property of orientability are now 

represented as chequered spheres.  This is shown in Figure 3.9 for the A-2 or “bent”,  

2-coordinate polytope genus. 
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 Figure 3.9  Depiction of the A-2 or “bent”, 2-coordinate polytope genus with ligands having the property of 

orientability. 

The property of orientability of a ligand can be thought of as a succinct representation 

of molecular connectivity beyond the ligating atom that allows for the traditional definition of 

a torsion without having to explicitly include these additional atoms.  For example, in  

Figure 3.9, a ligand “atom” vertex may feature additional substituents that allow for a torsion 

to be defined; a1–Li–M–Lj, where no three or more consecutive coordinates are collinear. 

If a quantum chemical model is used in the analysis, then in practice the orientable L 

“atoms” need to be modelled as simple, small, and sensible chemical groups that preserve the 

overall symmetry of the system.  For example, in Figure 3.10a the ML5 trigonal bipyramidal 

TBPY-5 genus is modelled as a substituted phosphorus species 3 comprised of axial, eclipsed 

methyl groups and trigonal-planar equatorial amino groups.  The TBPY-5 genus having the 

same D3h symmetry point group of 3 is maintained as either conformations 3a or 3b.  The 

ML2 linear L-2 polytope genus exhibits the D∞h symmetry point group which cannot be 

physically represented without reducing the symmetry to a finite order.  In Figure 3.10b, the 

model shown is the eclipsed conformation of linear dimethyl ether exhibiting the D3h 

symmetry point group as an approximation to D∞h. 

 

Figure 3.10  Practical implementations of polytopes featuring orientable ligands.  (a) The TBPY-5 polytope 

genus with orientable ligands implemented as the phosphorus species indicated.  As the TBPY-5 polytope genus 

exhibits the D3h symmetry point group then the substituents need to preserve this whilst still being capable of 

describing M–L torsions.  Here, two different orientations of the equatorial amino groups achieve this.  (b) For 

the special case of the L-2 polytope genus, the D∞h symmetry point group cannot be implemented as a chemical 

species with orientable ligands without reducing the symmetry to a finite order.  The model shown here is the 

eclipsed conformation of linear dimethyl ether exhibiting the D3h symmetry point group. 
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The polytopes shown in Table 3.2 and Table 3.3 have their L “atoms” depicted as being 

orientable. 

3.3.2 To allow constraining ligand – ligand relationships to be defined 

With the orientability property of the ligand “atoms” standing in for structure beyond 

the ligating atoms, this provides a convenient way of “coupling” a set of ligating “atoms” into 

a constrained group.  If a set of i ligand “atoms” are coupled, this has the effect of making 

them into an i-dentate chelating group.  From an internal coordinate perspective, for a set of 

coupled ligand “atoms”, all the internal coordinates between the ligating atoms are preserved 

or only undergo small changes as the stereocentre undergoes non-dissociative 

rearrangements.  Any rearrangement that would lead to a disruption of this coupling would be 

suppressed and hence not appear in the associated graph depicting the Rst
c 1 pathways. 

If all n ligand “atoms” are coupled, then rotational invariance for the entire molecule 

is restored.  Such a situation is referred to here as “embedding” since it places the 

stereocentre within a “fixed” external frame of reference (see Section 2.4.9).  This is an 

important concept that is discussed further in several contexts throughout the remainder of 

this Chapter. 

3.3.3 Inclusion of all non-dissociative vibrations and vibrational displacement 

vector directions 

Nominally, vibrations can be partitioned into those that only change bond angles, 

torsional angles, etc., and those that lead to bond dissociation.  Those that lead to dissociation 

describe constitution isomerism or other processes and are hence outside the scope of 

stereoisomerism considered in this Chapter.   

Requirements (3) and (4) describe the formal inclusion of all non-dissociative 

vibrational modes and to follow all directions of these.  In doing so, all possible Rst
c 1 

processes are defined from a physics-based approach.  It is posited that for an MLn family 

where no ligand – ligand constraints are imposed, all possible polytopes can form a closed set 

under the operations described by the Rst
c 1 processes.  

A subtle but significant challenge arises where there are degenerate vibrational 

normal modes of the same symmetry.  In such cases, all linear combinations of these 
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vibrations represent feasible processes, with an infinite set of solutions possible.  This 

situation is a common feature for the highest symmetry polytope of a given family.  

Consequently, they are present in commonly encountered geometries like TP-3 and T-4.  

How this situation is dealt with becomes an important principle of the resulting Polytope 

Formalism of stereoisomerism. 

3.4 Development of the Polytope Formalism 

The following sections describe how these additional features are incorporated into 

the Muetterties model to produce the Polytope Formalism of stereoisomerism.   

3.4.1 Accounting for all possible 𝑹𝑺𝒕
𝒄 𝟏 processes within a selected subset of 

polytopes 

Returning to the ML4 polytope family, the worked examples given in Figure 3.5a and 

Figure 3.8a present two specific polytopes, (T-4-S) and (SP-4-12), each connected to the 

other by a vibration corresponding to orthogonal antisymmetric paired flexional motions of 

(12,34); this situation is replicated in Figure 3.11a.  From the (SP-4-12) structure, this 

vibration of generic b2u symmetry can be applied in two directions – designated here as b2u(+) 

and b2u(-), with each direction leading to a different T-4 configuration.  Considering Rst
c 1 

reactions from T-4, the appropriate vibration, again corresponding to orthogonal 

antisymmetric paired flexional motions of (12,34), applied in one direction leads back to  

(SP-4-12), but when applied in the other direction leads to a polytope that is not included in 

the set being considered.  In the Muetterties model, this motion is simply ignored.  The 

consequence of this is that not all possible reactions are included on the associated reaction 

graphs and these graphs are not closed under all directions of vibrations defining the polytope 

transformations.   

A way to overcome this incomplete accounting for vibrational displacements is to 

introduce the concept of the semi-terminal property (see Section 2.4.23).  A polytope that is 

semi-terminal has at least one Rst
c 1 reaction leading to a polytope that is excluded from the 

set under consideration, with this property indicated as a self-loop on a directed graph.  The 

direction of the vibrational displacements that lead out of the set are returned and thus restore 

set closure.  This notion is illustrated in Figure 3.11b, making explicit the nature of the 

chemical model being represented by the directed graph.  The set of polytopes and vibrational 
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modes included in an analysis, along with other explicit details of the model, define the 

demesne (see Section 2.4.8) of the analysis. 

With a more general approach, additional polytopes made by performing reactions in 

the reverse direction could be included within the set under consideration.  This is illustrated 

in Figure 3.11c, with the new polytopes required representing a genus called a “tetragonally-

elongated tetrahedron” and assigned absolute configurations (TET-4-2-S) and (TET-4-2-R).  

These configuration symbols are constructed following the form (TET-4-i-X), where i is the 

vertex index nearest to index 1 and X being R or S as for the T-4 genus.  These polytopes also 

have critical vibrations, again corresponding to orthogonal antisymmetric paired flexional 

motions of (12,34), that convert back to their respective T-4 species.  Hence the original 

problem of only considering motion in one direction is again encountered for the newly 

introduced polytope.  Consequently, these TET-4 polytopes can now be considered as semi-

terminal with respect to this now-enlarged set of polytopes under consideration.  Importantly, 

the two T-4 species are no longer semi-terminal with respect to this enlarged set of polytopes 

and transformations. 

Repeating the generalisation process by considering these vibrations (of generic a1 

symmetry) in the other direction leads to two L “atoms” moving on top of each other.  This is 

a constitutional-isomerism process.  In a general approach embodying both stereoisomerism 

and constitutional isomerism, the nature of the products would become important.  Herein, 

only stereoisomerism is being considered and so such processes are not relevant to the 

analysis.  The semi-terminal path shown in Figure 3.11c thus represents a “hard edge” to the 

demesne of stereoisomerism.  Additionally, the symmetry point group of the TET-4 species 

shown does not change for this direction of the a1 generic symmetric vibrational motions, 

merely increasing the degree of tetragonal elongation.  The general stereoisomeric 

relationships between the vertices remain the same. 
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Figure 3.11  Effect of direction of the vibrational displacement vector on polytope rearrangements as demonstrated by an antisymmetric orthogonal pair of flexions for the 

ML4 family.  (a) Here only three polytopes are considered: the (SP-4-12) species (centre) and the two T-4 species (T-4-S) and (T-4-R). Each direction of the vibration of 

generic b2u symmetry corresponding to antisymmetric paired flexional motions of (12,34), applied to the (SP-4-12) species leads to each of the T-4 species shown.  For each 

of the T-4 species, analogous antisymmetric paired flexional motions have generic e symmetry.  One direction of these vibrations returns both T-4 species to the (SP-4-12) 

species.  The other direction of these vibrations leads to some other polytope of reduced symmetry not explicitly included in the set of polytopes considered here.  Under 

these conditions, this property of the T-4 polytope is called semi-terminal.  (b) The associated directed graph for (a) with generic symmetry point groups indicated.  The semi-

terminal properties of the T-4 species are indicated by self-loops.  The purpose of self-loops is to account for all directions of motion for a set of considered vibrations.  (c) 

The set of polytopes used in (a) can be expanded to now include those generated by these motions.  Here, the new generic polytope is called a “tetragonally-elongated 

tetrahedron” exhibiting the D2d symmetry point group with absolute configurations assigned as described in the main text.  For the TET-4 species shown, analogous 

antisymmetric paired flexional motions have generic a1 symmetry.  One direction of motion for these a1 vibrations returns the structures to the T-4 species whilst the other 

direction is again semi-terminal.  (d) The directed graph for (c).  In contrast to the situation in (a), in (c) the semi-terminal property of the TET-4 polytopes does not result 

from a change to a different polytope.  The vibrational motions responsible for the semi-terminal property of TET-4 polytopes simply change the degree of tetragonal 

elongation, not the general stereoisomeric relationships of the vertices.  Green vibrations and reaction arrows are in the forward direction, those in black are in the reverse. 
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The examples shown in Figure 3.11 focus on one general type of vibrational motion, 

albeit one that changes form slightly through a progression of different polytopes.  

Stereocentres embody many vibrational motions and expanded polytope sets can be 

envisaged in which an increasing number of vibrational motions, i.e., Rst
c 1 mechanisms, are 

included.  On the expanded graphs depicting this additional chemistry, the representation of 

excluded processes via depiction of semi-terminal polytopes will always be possible.  For 

example, the graph in Figure 3.7 depicting rearrangements within the T-4, SP-4, SS-4, and 

SPY-4 genera can be modified to indicate which members are semi-terminal polytopes with 

respect to this set and hence account for all possible reaction mechanisms in a fully consistent 

manner.  It would seem apparent that generic vibrational symmetry plays a key role in this 

development.  Only motions that conform to one type of asymmetric vibration can contribute 

to an Rst
c 1 mechanisms.  

3.4.2 Determination of sets of polytopes closed under all possible associated 𝑹𝑺𝒕
𝒄 𝟏 

reactions embodying all possible vibrational modes 

Generally applicable sets of polytopes can be obtained by the vibrational-mode-

displacement-following method of Muetterties but applied exhaustively to an arbitrary MLn 

stereocentre.  To do this there are four main challenges: 

(1) where to start, 

(2) how to deal with degenerate vibrations,  

(3) how to deal with polytopes of C1 symmetry, and 

(4) polytopes with linear L–M–L′ angles 

3.4.2.1 Where to start  

Addressing point (1) is straight forward.  Whilst, in principle, any polytope might 

serve as a starting point due to the requirement that a full set of unconstrained polytopes and 

associated Rst
c 1 processes exhibits set closure, in practice the highest symmetry polytope 

serves as the seed polytope (see Section 2.4.22) for “growing” the full set by the vibrational-

mode-displacement-following method as described.  For a polytope family MLn, the highest 

symmetry polytope is unambiguously and uniquely defined.  The highest-symmetry 

polytopes for up to ML12 are listed in Table 3.2 and provide an initial description for 

coordination numbers up to 12.  Chemical species with higher coordination numbers are 
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unlikely due to the relative size of atoms and the steric constraints higher coordination 

numbers impose. 

Table 3.2  Seed polytope genera for polytope families MLn with n up to 12. 

n 
Polytope 

name 

IUPAC 

polyhedral 

symbol a 

Point 

group 

Number 

symmetry 

operations 

Image 

Normalised vertex 

coordinates in ℝ3 

(See Appendix C) 

0 Point none O(3) ∞  null 

1 Linear interval none C∞v ∞  (1, 0, 0) 

2 Linear L-2 D∞h ∞ 
 

(1, 0, 0) 

(−1, 0, 0) 

3 Trigonal plane TP-3 D3h 12 

 

(1, 0, 0) 

(−0.5, −0.866, 0) 

(−0.5, 0.866, 0) 

4 Tetrahedron T-4 Td 24 

 

(0, 0, 1) 

(−0.471, −0.817, −0.333) 

(−0.471, 0.817, −0.333) 

(0.943, 0, −0.333) 

5 
Pentagonal 

plane 
PP-5 D5h 20 

 

(𝐶𝑜𝑠
2𝑘𝜋

5
, 𝑆𝑖𝑛

2𝑘𝜋

5
, 0) 

 

with k ∈ [1,2 … 5] 

6 Octahedron OCT-6 Oh 48 

 

(−1, 0, 0)  (0 ,1, 0) 

(0, 0, −1)  (0, 0, 1) 

(0, −1, 0)  (1, 0, 0) 

7 
Heptagonal 

plane 
HP-7 D7h 28 

 

(𝐶𝑜𝑠
2𝑘𝜋

7
, 𝑆𝑖𝑛

2𝑘𝜋

7
, 0) 

 

with k ∈ [1,2 … 7] 
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n 
Polytope 

name 

IUPAC 

polyhedral 

symbol a 

Point 

group 

Number 

symmetry 

operations 

Image 

Normalised vertex 

coordinates in ℝ3 

(See Appendix C) 

8 Cube CU-8 Oh 48 

 

(−0.577, −0.577, −0.577) 

(−0.577, 0.577, 0.577) 

(−0.577, 0.577, −0.577) 

(−0.577, 0.577, 0.577) 

(0.577, −0.577, −0.577) 

(0.577, −0.577, 0.577) 

(0.577, 0.577, −0.577) 

(0.577, 0.577, 0.577) 

9 
Nonagonal 

plane 
NP-9 D9h 36 

 

(𝐶𝑜𝑠
2𝑘𝜋

9
, 𝑆𝑖𝑛

2𝑘𝜋

9
, 0) 

 

with k ∈ [1,2 … 9] 

10 
Decagonal 

plane 
DP-10 D10h 40 

 

(𝐶𝑜𝑠
2𝑘𝜋

10
, 𝑆𝑖𝑛

2𝑘𝜋

10
, 0) 

 

with k ∈ [1,2 … 10] 

11 
Undecagonal 

plane 
UP-11 D11h 44 

 

(𝐶𝑜𝑠
2𝑘𝜋

11
, 𝑆𝑖𝑛

2𝑘𝜋

11
, 0) 

 

with k ∈ [1,2 … 11] 

12 Icosahedron ICO-12 Ih 120 

 

(0, 0, −1)  (0, 0, 1) 

(−0.894, 0, −0.447) 

(0.894, 0, 0.447) 

(0.724, −0.526, −0.447) 

(0.724, 0.526, −0.447) 

(−0.724, −0.526, 0.447) 

(−0.724, 0.526, 0.447) 

0.276, −0.851, −0.447) 

(−0.276, 0.851, −0.447) 

(0.276, −0.851, 0.447) 

(0.276, 0.851, 0.447) 

a: Symbols in blue not specified by IUPAC but introduced here and constructed in an analogous manner to the 

recognised IUPAC polyhedral symbols. 

For MLn with n > 3, the Platonic solids are the only non-planar highest-symmetry 

polytopes.  Hence these polytopes have often dominated applications of the polytopal-

rearrangements model.  Polytopes that better resemble expected molecular structures and may 

prove useful alternative seed polytopes, especially for higher coordination-numbers, are the 

VSEPR-related ones given in Table 3.3. 
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Table 3.3  Polytopes useful as alternative starting points. 

n 
Polytope 

name 

IUPAC 

polyhedral 

symbol a 

Point 

group 

Number 

symmetry 

operations 

Image 

Normalised vertex 

coordinates in ℝ3 

(See Appendix C) 

5 

Trigonal 

bipyramid 

 

(Johnson 12) 

TBPY-5 D3h 12 

 

(0, 0, −1) 

(0, 0, 1) 

(−0.5, −0.866, 0) 

(−0.5, 0.866, 0) 

(1, 0, 0) 

7 

Pentagonal 

bipyramid 

 

(Johnson 13) 

PBPY-7 D5h 20 

 

(0, 0, −1) 

(0, 0, 1) 

(1, 0, 0) 

(0.309, −0.951, 0) 

(0.309, 0.951, 0) 

(−0.809, −0.588, 0) 

(−0.809, 0.588, 0) 

9 

Trigonal 

prism, square 

face tricapped 

 

(Johnson 51) 

TPRS-9 D3h 12 

 

(−0.378, −0.655, −0.655) 

(−0.378, −0.655, 0.655) 

(−0.378, 0.655, −0.655) 

(−0.378, 0.655, 0.655) 

(0.756, 0, −0.655) 

(0.756, 0, 0.655) 

(−1, 0, 0) 

(0.5, −0.866, 0) 

(0.5, 0.866, 0) 

9 

Square 

antiprism, 

square face 

capped 

 

(Johnson 10) 

SAPRS-9 C4v 12 

 

(−0.563, −0.563, −0.606) 

(−0.563, 0.563, −0.606) 

(0, 0, 1) 

(0, −0.919, 0.393) 

(0, 0.919, 0.393) 

(0.563, −0.563, −0.606) 

(0.563, 0.563, −0.606) 

(−0.919, 0, 0.393) 

(0.919, 0, 0.393) 

10 
Pentagonal 

antiprism 
PAPR-10 D5d 20 

 

(−0.894, 0, −0.447) 

(0.894, 0, 0.447) 

(−0.724, −0.526, 0.447) 

(−0.724, 0.526, 0.447) 

(−0.276, −0.851, −0.447) 

(−0.276, 0.851, −0.447) 

(0.276, −0.851, 0.447) 

(0.276, 0.851, 0.447) 

(0.724, −0.526, -0.447) 

(0.724, 0.526, −0.447) 
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n 
Polytope 

name 

IUPAC 

polyhedral 

symbol a 

Point 

group 

Number 

symmetry 

operations 

Image 

Normalised vertex 

coordinates in ℝ3 

(See Appendix C) 

10 
Pentagonal 

prism 
PPR-10 D5h 20 

 

(0.862, 0, −0.507) 

(0.862, 0, 0.507) 

(−0.697, −0.507, −0.507) 

(−0.697, −0.507, 0.507) 

(−0.697, 0.507, −0.507) 

(−0.697, 0.507, 0.507) 

(0.266, −0.820, −0.507) 

(0.266, −0.820, 0.507) 

(0.266, 0.820, −0.507) 

(0.266, 0.820, 0.507) 

10 

Square 

antiprism, 

square face 

bicapped 

 

(Johnson 17) 

SAPRS-10 D4h 16 

 

(−0.608, −0.608, −0.511) 

(−0.608, 0.608, −0.511) 

(0, 0, −1)  (0, 0, 1) 

(0, −0.860, 0.511) 

(0, 0.860, 0.511) 

(0.608, −0.608, −0.511) 

(0.608, 0.608, −0.511) 

(−0.86, 0, 0.511) 

(0.86, 0, 0.511) 

11 

Pentagonal 

antiprism, 

pentagon face 

capped 

 

(Johnson 11) 

PAPRP-11 C5v 10 

 

(0, 0, 1) 

(−0.856, 0, −0.518) 

(0.93, 0, 0.367) 

(−0.264, −0.814, −0.518) 

(−0.264, 0.814, −0.518) 

(0.287, −0.885, 0.367) 

(0.287, 0.885, 0.367) 

(−0.752, −0.547, 0.367) 

(−0.752, 0.547, 0.367) 

(0.692, −0.503, −0.518) 

(0.692, 0.503, −0.518) 

a: Symbols in blue not specified by IUPAC but introduced here and constructed in an analogous manner to the 

recognised IUPAC polyhedral symbols. 

3.4.2.2 How to deal with degenerate vibrations of the same symmetry 

As briefly mentioned in Section 3.3.3, degenerate vibrational normal modes pose a 

challenge for defining vibration displacement vectors as all linear combinations of such 

vibrations represent feasible processes, with an infinite set of solutions, possible.  This 

situation will always arise for the seed polytopes listed in Table 3.2.  Indeed, this is so in the 

worked example of the orthogonal antisymmetric paired flexional motions for T-4 described 

in Figure 3.4, Figure 3.5, and Figure 3.11, where the corresponding vibration has e symmetry 

and so doubly degenerate.   

Inspiration for dealing with this problem comes from the known properties of the 

Jahn-Teller effect.98  This specifies how structures supporting degenerate vibrations can 
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distort to reduce their symmetry.  Interactions that lower symmetry are usually described in a 

hierarchy as first-order, second-order, etc., with each term in the series generating 

increasingly more subtle geometrical changes.  Each order therefore generates sets of 

structures that need to be categorised in terms of polytopes.  Throughout chemistry, mostly 

low-order interactions suffice to describe structures produced by the Jahn-Teller effect, 

demanding the availability of only a small set of polytopes.  As all vibrational motions are to 

be included at a consistent level, the set of polytopes produced in this way is expected to be 

complete under the Rst
c 1 transformations supported by the specified order of the Jahn-Teller 

interaction.  In practice, this means there is no single unique set of polytopes can fully 

characterise an MLn family, but rather an infinite number of finite sets of increasing size 

arise, with each set being closed under its allowed transformations.  

As chemical variations tend to be small, making useful the original Muetterties model 

that focused on only a few well-known structures of an MLn family, it is likely that the 

smallest viable polytope set will be the most useful one.  A property of the smallest set is that 

it includes polytopes representative of every symmetry point group that any stereocentre 

represented by the MLn family could adopt.  The smallest viable full-polytope set is called a 

concise set (see Section 2.4.7).  The inclusion of low-symmetry structures is a significant 

departure from the Muetterties model, which assumed that all stable isomers have high 

symmetry or, where nearly so, were idealised to high-symmetry forms. 

Determining the concise set, and indeed the procedures needed to create larger closed 

sets, would appear to be most naturally undertaken using a coordinate system that reflects the 

structure of the high-symmetry seed polytope.  Examples are subsequently provided as to 

how this can be done for both ML2 and ML3. 

In the concise set, all polytopes interconnected by Rst
c 1 operations have different 

point-group symmetry.  Hence their point group, plus other known features of the available 

polytopes, facilitates the direct determination of which polytope any real stereocentre 

structure corresponds to.  Other features of relevance concern internal relationships that 

differentiate between different types of structure with the same symmetry, plus external 

relationships associated with the embedding of the stereogenic unit in its environment.  When 

this applies, there is no need for the Bürgi and Dunitz97 correlation conjecture to be applied.   
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For example, Figure 3.5 depicts tetrahedral and square-planar polytopes of ML4 in a 

polytope set interconnected by a single Rst
c 1 process.  The Bürgi and Dunitz principle allows 

any real structure to be expressed in terms of its similarity to these forms.  In a concise 

polytope set, another polytope will exist depicting the lower symmetry of all intermediary 

structures.  Real structures are then automatically assigned to either an original polytope or to 

this newly generated intermediate, depending on their symmetry.  In the concise polytope set, 

Rst
c 1 mechanisms connect the T-4 polytope to this new one, and this new one to the SP-4 

polytope only.  All polytopes do not need to correspond to stationary points on the molecular 

PES, and so it is possible, and indeed likely, that the traditional T-4 polytope and SP-4 

polytope determine all isomers and transition states of interest in some situation.  

Nevertheless, the concise polytope set recognises the possibility that low-symmetry structures 

formed by high-order Jahn-Teller interactions, however uncommon, may represent the stable 

isomers instead. 

In larger non-concise complete sets, polytopes with the same symmetry point group 

will be connected by Rst
c 1 mechanisms.  In this case, symmetry, polytope properties, and 

embedding will be insufficient to uniquely assign any real structure to one of the available 

polytopes.  In this case, generalised forms of the Bürgi and Dunitz principle need to be 

developed to enable a priori structure assignment. 

3.4.2.3 How to deal with polytopes of C1 symmetry 

If a polytope has high symmetry, then its vibrations may be categorised according to 

their symmetry.  In many cases, this will be sufficient to identify all Rst
c 1 mechanisms.  When 

more than one vibration share the same symmetry, any linear combination of those vibrations 

could generate the anticipated Rst
c 1 paths.  Finding characteristic paths therefore becomes a 

challenge.  For polytopes of C1 symmetry, all vibrations need to be considered and 

appropriate linear combinations sought, which could present practical issues.  An approach to 

solving this problem arises by recognising that Rst
c 1 paths are bidirectional as demanded by 

the principle of micro-reversibility.  Determination of the Rst
c 1 path from a high-symmetry 

polytope to a lower-symmetry one immediately provides the return path.  The constraint can 

then be introduced that all other Rst
c 1 paths away from the low-symmetry structure must start 

orthogonal to this established path. 
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3.4.2.4 Polytopes with linear L–M–L′ angles 

Many MLn families feature high-symmetry seed polytopes with linear L–M–L 

relationships.  This will become a critical feature of the associated compact polytope set.  

Also, polytopes with linear angles will pose significant issues for the embedding of the 

stereocentre inside an external frame of reference, as torsional angles embodying these atoms 

will be undefined owing to the associated singularity.  Hence care will always need to be 

taken when describing the stereochemistry of these families. 

Owing to the propensity of linear structures envisaged by VSEPR models, linear 

structures have been commonly envisaged as polytopes, even when their presence is not 

demanded by symmetry.  A common example is the SS-4 see-saw polytope of ML4, see 

Figure 3.6; another example is the “T-shaped” polytope of ML3 that featured in Chapter 1, 

Figure 1.3.  In these cases, there is no demand for a precisely linear L–M–L arrangement with 

a 180° angle representing just one example of possible structures of the same symmetry.  As a 

structure of this type featuring a precisely linear L–M–L arrangement represents a single 

point along a continuum of forms in configuration space, the probability of a real chemical 

system having this precise geometry is zero.  Even though the underlying singularity in the 

coordinate system of embedded stereocentres must always be considered, its effect will not 

be as impactful as is that for polytopes, like L-2, in which symmetry demands a linear angle. 

3.5 The ML2 family 

Despite the systematic nature of the Muetterties model, it was never applied to the 

seemingly simple systems with low-coordination number, perhaps under the assumption that 

all possible stereochemistry was known and thus there was nothing new or interesting to 

discover.  The vibrational-mode-displacement-following method for determining all possible 

polytopes for a family can now be applied to ML2, presenting a unified picture.  Even though 

ML2 would appear to be simple and hence well defined, options are found for what is the best 

way to represent the ML2 family of polytopes in different circumstances.  Further, the low 

dimensionality of all ML2 polytopes relative to ℝ3 space provides significant challenges and 

opportunities for its embedding inside a larger chemical system. 



Chapter 3 

 

 

63 

 

3.5.1 Polytopes representing ML2 

The highest-symmetry polytope for ML2 is the linear polytope L-2, which exhibits the 

D∞h generic symmetry point group.  The bending vibration is doubly degenerate and hence 

can be applied in an infinite number of ways, with D∞h structures presenting singularities in 

coordinate-system definitions.  Molecules of the form ML2 have four vibrational motions and 

two rotational motions at D∞h configurations, but three vibrations and three rotations 

otherwise.  This feature stresses the critical nature of the singularity to the understanding of 

the properties of ML2. 

By whatever means, bending the bond angle L–M–L′ leads to structures with the C2v 

generic symmetry point group. Such bent structures have been historically associated with the 

A-2 polyhedral symbol, regardless of the value of the angle. This reflects the basis for these 

polyhedral symbols to name “stable” and characterisable structures, and not as they are used 

here to describe fine subtleties of structural relationships. The L-2 and A-2 polytopes form a 

concise set with its directed graph shown in Figure 3.12a.  Any real ML2 structure can be 

assigned to one of these concise polytopes based on symmetry information alone.  In Figure 

3.12b, an A-2 polytope is shown reflexing via an L-2 polytope to another A-2 polytope.  The 

associated directed graph is shown in Figure 3.12c.  There are an infinite number of ways in 

which the degenerate bending vibrations can combine when applied to L-2, making for an 

infinite number of possible Rst
c 1 mechanisms that can only be differentiated if the 

stereocentre is embedded into an external frame of reference.  Regardless, all these 

mechanisms share the same basic feature in that bending takes L-2 to A-2 and on to 

constitutional isomerism at sufficiently small angles when the two ligands chemically 

interact.  

Beyond this concise set, an expanded polytope set – also closed under all possible 

Rst
c 1 mechanisms – can be obtained by trifurcating A-2 into three structures all with the same 

symmetry featuring, e.g., an obtuse angle, a right angle, and an acute angle. For labelling 

purposes, these are assigned the new polyhedral symbols OA-2, RA-2, and AA-2, respectively, 

and are shown in Figure 3.12d along with the L-2 polytope; their interconnecting Rst
c 1 

mechanisms form the directed graph shown in Figure 3.12f.  If, for some chemical system, 

stable stereoisomers corresponding to OA-2 and AA-2 could be made that could be 

interconverted via some transition state of intermediate geometry like RA-2, then it would be 
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essential to use this non-compact polytope set for the naming and storage of the associated 

structures. 

 

Figure 3.12  Polytopes of the ML2 family.  (a) The directed graph of the complete and concise set of ML2 

polytopes.  (b) The vibrational mode – polytope traverse analysis for the ML2 family utilising the simpler and 

concise A-2 form to demonstrate the relationships between a vibrational mode and the resulting structural 

changes.  Both displacement vector directions of a single vibration from the orthogonal and degenerate pair or 

normal modes having generic πu symmetry corresponding to the bond angle flexion of the L-2 linear form 

(centre) changes the polytope to an A-2 angular form.  For an A-2 polytope, one direction of the displacement 

vector of the vibration of a1 symmetry returns the structure to the L-2 polytope.  The other direction of this same 

vibration does not lower the symmetry further, hence A-2 is a semi-terminal polytope with the self-loops 

indicated and shown in the associated directed graph (c).  (d) The unique L-2 linear polytope and three angular 

polytopes produced through angle permutations described in the main text and as indicated here as obtuse 

angular OA-2, right angular RA-2, and acute angular AA-2.  The three angular polytopes all exhibit the C2v 

symmetry point group and can be described in a general sense as A-2 without reference to the angle 

categorisation.  (e) In real molecular systems, when the bond angle is of the order of 60° or less bond topology 

changes can occur as shown here for the open form of ozone changing to the cyclo-form.  Such a constitutional 

isomerism change at the ligand atoms has the effect of introducing a new external constraint to the ML2 

stereocentre that was absent in the other angular polytopes.  (f)  The directed graph showing the relationships 

between the four polytopes in (d) for a flexion of the bond angle.  Due to the low dimensionality of the ML2 

system, in ℝ3 the orthogonal and degenerate pair of πu symmetry vibrations for L-2 do not have an absolute 

orientation. And each A-2 species is equivalent.   
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Nevertheless, it is doubtful that any chemical system could exhibit this stereoisomeric 

behaviour.  As a bond angle decreases in a bent bi-coordinate system, the energy will 

typically rise until increasing L – L interactions lead to the formation of an L–L bond 

representing a constitutional change.  This is highlighted in Figure 3.12e, taking ozone as an 

example.  Clearly, it has an isomer that could be associated with OA-2, but the isomer that 

could be associated with AA-2 is more appropriately treated as a conformational isomer.  

Hence just the concise 2-element set {L-2, A-2} is sufficient to describe stereoisomerism in 

ozone. 

3.5.2 ML2 embedding 

For the ML2 family, the unique L-2 polytope is a one dimensional object and all 

angular polytopes are two dimensional.  Consequently, any ML2 polytope existing in ℝ3 

space cannot be oriented in an absolute sense without some reference to an additional system.  

The situation is particularly problematic for the L-2 case.  Here, the only non-dissociative 

vibrational modes are a pair of degenerate and orthogonal normal modes of generic πu 

symmetry.  Without some external frame of reference there are an infinite set of solutions for 

the direction of these, consistent with the D∞h generic symmetry point group.  A general 

consequence of the low dimensionality of ML2 polytopes is that IUPAC nomenclatural 

polyhedral absolute configuration symbols have not been developed. 

On first inspection, it may seem that ML2 has minimal scope of possibilities to offer 

stereochemistry and, indeed, this is true of simple open-chain molecules featuring an ML2 

stereocentre such as H2O.  The key to realising an increased scope of stereoisomeric 

possibilities derives from providing the ML2 unit with an external frame of reference – 

achieved by coupling the orientable ligand atoms to a fixed (or approximately fixed) 

molecular entity.  This is called “embedding” (see Section 2.4.9).  For discrete molecular 

systems, this is most easily achieved by bonding the ML2 unit into a cyclic structure with 

sufficient rigidity to isolate the now-distinct ML2 orientations.  For materials systems, an 

example would be to bridge two parallel slabs of material with a bicoordinate atom.  In either 

case, motions of the ML2 centre can now be described relative to the embedding.  This 

principle is depicted in Figure 3.13, with a full description of available geometries and 

allowed motions given.   
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Figure 3.13  Full scope of stereoisomerism and associated Rst

c 1 stereoisomerisation of an embedded ML2 unit.  

(a) The embedding of the linear ML2 unit provides an external frame of reference.  Here, the L-2 polytope 

species is aligned with the z-axis with x-axis horizontal and in the plane of the page, and the y-axis is normal to 

the plane of the page.  With reference to these axes, the ML2 unit is assigned the configuration symbol (L-2-z).  

(b) Directed graph representation indicating all possible motions of the M centre relative to the L “atoms”.  For 

(L-2-z), each direction of two degenerate orthogonal vibrational normal modes of πu generic symmetry, aligned 

to the x and y directions are indicated changing the (L-2-z) polytope species to each of the angular species 

indicated.  Displacement in the positive and negative directions are assigned α and β stereodescriptor modifiers, 

respectively, to define polyhedral absolute configuration symbols.  The subscripts to these modifiers indicate the 

plane normal to the displacement vectors in each case.  For each A-2 species, a flexional vibration of a1 generic 

symmetry in the directions indicated either return to the L-2 polytope or remains A-2 and is hence semi-terminal.  

The directed graph edges indicated in blue together represent the coupled torsional clockwise (outer track) and 

anticlockwise (inner track) motions comprising hula-twist-like mechanisms.  If further significant steric 

constraints are present, then one flexional mode can be suppressed.  If flexional motion in the x direction is fully 

suppressed, then only out-of-plane flexional motion (in the y direction) is allowed, these being indicated by the 

enclosing red dashed box.  Further, all coupled-torsions based hula-twist-like motions are also suppressed 

resulting in a strictly BAR geometric relationship and associated Rst
c 1 stereoisomerisation mechanism.  This is 

the directed graph of the complete and concise set of embedded ML2 polytopes.  (c) Molecular embodiment of 

the embedding principle and suppression of one flexional mode in an asymmetrically substituted transoid 

B(F)OB(F)-porphyrin yielding diastereomeric BAR-related stereoisomers.  (d) Key intramolecular interactions 

to the L-2 oxygen atoms of the (unsubstituted) transition structure shown in (c) suppressing motion in the x-

direction.  These are indicated by space-filling models of the atoms showing sub van der Waals contacts.  (e) 

Embedding principle in an asymmetrically substituted 11-oxabicyclo[4.4.1]undeca-1,3,5,7,9-pentaene yielding 

enantiomeric BAR-related stereoisomers where, in each case, the A-2 species represent local minima and the L-

2 species first-order transition structures.  (f) Key intramolecular interactions to the L-2 oxygen atoms of the 

(unsubstituted) transition structure shown in (e) and similarly indicated as in (d).  In (c) and (e), atoms and 

bonds indicated in red are above the plane of the page, those in blue are below. 
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In Figure 3.13a, an L-2 polytope is embedded with the Cartesian coordinate axes 

indicated.  Figure 3.13b presents the directed graph showing all allowed motions for the 

concise ML2 polytope set.  An analogous graph could also be constructed using the expanded 

polytope set with the result appearing as three crossed and concentric diamonds instead of the 

single diamond shown in Figure 3.13b.  To uniquely label all the embedded ML2 polytopes, 

the existing polyhedral symbols are amended with reference to the coordinate axes.  The 

linear form is (L-2-z) as it aligns with the z-axis.  Each of the bond angle flexions arising 

from the orthogonal and degenerate vibrational normal modes of πu generic symmetry are 

aligned with the x- and y-axes as an introduced convention.  All directions for these 

displacement vectors lead to distinct A-2 polytopes.  With the embedding, these now have 

absolute configurations.  The configuration symbols are constructed to the following scheme: 

(A-2-Xab) where X is either α or β depending on whether the relative displacement of M is in 

the positive or negative direction, respectively, and ab defines the Cartesian plane normal to 

the displacement. 

For all the A-2 species, there exists a vibrational normal mode of a1 generic symmetry 

that either returns the geometry to the L-2 polytope or simply further distorts the bond angle 

to values small enough to depict constitutional isomerism.  Hence the A-2 polytopes are semi-

terminal, as was described above in Section 3.5.1.  An emergent property that arises from the 

embedding is that torsional motions for the orientable ligand atoms must now be coupled, 

resulting in a geometric change to an adjacent A-2 polytope.  These are indicated by the blue 

directed edges in Figure 3.13b.  A process comprised of such motions is called the hula-twist-

like mechanism (see Section 2.4.11). 

In Figure 3.13c and Figure 3.13e are two simple examples of an embedding bent X–

O–X group inside rigid bicyclo molecules with B(F)–O–B(F) ligated to the inner cavity of a 

porphyrin and C–O–C bridge of the O-bridged [10]annulene, respectively.  In each of these 

examples, the embedding is such that it completely suppresses motion of the O atom in the x-

direction due to strong steric interactions as depicted in Figure 3.13d and Figure 3.13f.  By 

suppressing all motion in the x-direction, it can be seen from the graph in Figure 3.13b that 

only the  

(A-2-βxz) ⇌ (L-2-z) ⇌ (A-2-αxz) BAR processes (as indicted by the enclosing, red-dashed box) 

are now permitted.  Significantly, the coupled torsions are fully suppressed, hence only the 
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BAR mechanism remains physically viable.  The implications for stereochemistry of this type 

of embedding are profound and explored later in Chapters 4, 5, and 7. 

3.6 The ML3 family 

The principles identified for ML2 can also be applied to ML3.  For ML3, the seed 

polytope (Table 3.2) is trigonal planar with D3h symmetry.  This stereocentre features six 

internal vibrational modes, of which three are bond-stretches leading to constitutional 

isomerism and three involve angle/torsion variations that lead to either stereoisomerism or 

constitutional isomerism.  As only stereoisomerism is of current interest, the dissociative 

modes are neglected.  Complete structural definition then requires specification of the three 

L–M–L bond angles and the improper torsional angle 𝜏.  For planar structures, 𝜏 = 0 and the 

three bond angles sum to 360; for non-planar structures, the three bond angles sum to less 

than 360.  Large-magnitude torsions and/or small bond angles force the ligands to overlap 

and hence depict constitutional isomerism.  

To make a complete ML3 polytope set for stereoisomerism, all three angle/torsion 

vibrations need to be considered in all directions.  For the ML3 seed polytope, the bending 

vibration is doubly degenerate and hence “all directions” includes all possible linear 

combination of the two components describing the mode specification and hence, like the 

case for L-2, presents an infinite number of possibilities.  The specification of some finite set 

of polytopes therefore demands that this infinite range of possibilities be partitioned into 

chemically meaningful units.  The most appropriate coordinate system for considering ML3 is 

neither Cartesian coordinates nor internal coordinates comprised of bond and torsion angles.  

Instead, the torsion angle combined with a polar representation of the doubly degenerate 

bending vibration, (𝑎, 𝜙, 𝜏), provides an unbiased minimalist description.  With this 

specification, 𝑎 is the magnitude of the distortion of the doubly degenerate mode, and 𝜙 is its 

phase. 

The situation in which a Jahn-Teller distortion98 occurs when a doubly degenerate 

electronic state interacts with a doubly degenerate vibration is common and well-studied.  

The complex network of structures that can arise directly reflect the polytopes of ML3.   

In effect, the torsional angle determines the nature of planar versus non-planar 

polytopes, whilst the three bent L–M–L angles combine to determine the polytopes that can 
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exist at each torsional value.  For planar structures, a variety of angle patterns can occur: all 

three angles equal to 120, two equal angles that are either less than or greater than 120, one 

angle equal to 120, and all angles unequal with either two less than 120 or else two greater 

than 120.  Each of these categories therefore can define polytope genera in an embedded 

environment where all discrete combinations of configurations are allowed.  The genus with 

all angles equal, G1P-3, gives rise to only one species (G1P-3) – it is “monotypic”; 8 other 

genera could arise from this partitioning, each of which supports 3 species.  Hence 25 planar 

embedded species are possible.  The 24 species other than (G1P-3) differ from each other 

simply by 15 advancements in the polar angle 𝜙 for fixed 𝑎 and 𝜏.  Distorting out of plane in 

each direction generates two symmetry-related sets of genera and species, making for a total 

of 18 possible genera and 75 possible species.  These are listed in Table 3.4 using a typical 

value for both 𝑎 and 𝜏, highlighting a periodic cyclic path for Rst
c 1 reactions as a function of 

the angular variable 𝜙.  Coordinate files and generating code are found in E_File_1. 

Inspection of Table 3.4 shows that groups of three polytope species with the same 

generic symmetry point group (Cs for planar polytopes, C1 for non-planar ones) regularly 

appear.  This polytope set is therefore not concise, rather mimicking the expanded polytope 

set for ML2 that included the (OA-2), (RA-2), and (AA-2) species.  A concise set of ML3 

polytopes can be obtained simply by deleting the (G3xP-3-i), (G5xP-3-i), (G3xPY-3-i-y), and 

(G5xPY-3-i-y) species from the table, where x, y = “C” or “A” and i ∈ {1, 2, 3}.  This means 

that structures are sampled at 30 intervals in 𝜙 rather than at 15 intervals, with the larger set 

being that produced by trifurcation of all the (G4xP-3-i) and (G4xPY-3-i-y) species in the 

concise set.  The concise set allows many features of the Jahn-Teller distortion to be 

represented and is expected to be adequate for most chemical scenarios; the extended set 

provides options for the description of more subtle chemical features, when required 

  



Chapter 3 

 

 

70 

 

Table 3.4  ML3 polytope species ordered by torsional displacement 𝜏, and then by their 𝜙 angle.  Results are 

shown for an extended polytope set.  The seed polytope (G1P-3) species is shaded blue. Adjacent polytope 

species of the same generic symmetry point group are shaded grey as single blocks.  Species from genera G3X-3 

and G5X-3, where X = P or PY, are not included in the concise set listed in Figure 3.14. 

𝜙 /  species generic point group 𝜃L1ML2 /  𝜃L2ML3 /  𝜃L3ML1 /  𝜏 /  

undefined (G1PY-3-C) C3v 116.9 116.9 116.9 −30 

0 (G2PY-3-1-C) Cs 144.4 99.4 99.4 −30 

15 (G3APY-3-1-C) C1 143.8 93.6 107.1 −30 

30 (G4APY-3-1-C) C1 141.6 89.6 115.6 −30 

45 (G5APY-3-1-C) C1 137.7 87.5 124.2 −30 

60 (G6PY-3-1-C) Cs 132.3 87.3 132.3 −30 

75 (G5CPY-3-1-C) C1 125.6 88.9 139.1 −30 

90 (G4CPY-3-1-C) C1 118.3 92.3 144.2 −30 

105 (G3CPY-3-1-C) C1 110.7 97.3 147.5 −30 

120 (G2PY-3-2-C) Cs 103.6 103.6 148.6 −30 

135 (G3APY-3-2-C) C1 97.3 110.7 147.5 −30 

150 (G4APY-3-2-C) C1 92.3 118.3 144.2 −30 

165 (G5APY-3-2-C) C1 88.9 125.6 139.1 −30 

180 (G6PY-3-2-C) Cs 87.3 132.3 132.3 −30 

195 (G5CPY-3-2-C) C1 87.5 137.7 124.2 −30 

210 (G4CPY-3-2-C) C1 89.6 141.6 115.6 −30 

225 (G3CPY-3-2-C) C1 93.6 143.8 107.1 −30 

240 (G2PY-3-3-C) Cs 99.4 144.4 99.4 −30 

255 (G3APY-3-3-C) C1 106.5 143.3 93.1 −30 

270 (G4APY-3-3-C) C1 114.5 140.5 88.5 −30 

285 (G5APY-3-3-C) C1 122.5 135.9 85.7 −30 

300 (G6PY-3-3-C) Cs 129.8 129.8 84.8 −30 

315 (G5CPY-3-3-C) C1 135.9 122.5 85.7 −30 

330 (G4CPY-3-3-C) C1 140.5 114.5 88.5 −30 

345 (G3CPY-3-3-C) C1 143.3 106.5 93.1 −30 

360 (G1PY-3-C) Cs 144.4 99.4 99.4 −30 

undefined (G1P-3) D3h 120.0 120.0 120.0 0 

0 (G2P-3-1) C2v 150.0 105.0 105.0 0 

15 (G3AP-3-1) Cs 149.0 98.8 112.2 0 

30 (G4AP-3-1) Cs 146.0 94.0 120.0 0 

45 (G5AP-3-1) Cs 141.2 91.0 127.8 0 

60 (G6P-3-1)  C2v 135.0 90.0 135.0 0 

75 (G5CP-3-1) Cs 127.8 91.0 141.2 0 

90 (G4CP-3-1) Cs 120.0 94.0 146.0 0 

105 (G3CP-3-1) Cs 112.2 98.8 149.0 0 

120 (G2P-3-2) C2v 105.0 105.0 150.0 0 

135 (G3AP-3-2) Cs 98.8 112.2 149.0 0 

150 (G4AP-3-2) Cs 94.0 120.0 146.0 0 

165 (G5AP-3-2) Cs 91.0 127.8 141.2 0 

180 (G6P-3-2) C2v 90.0 135.0 135.0 0 

195 (G5CP-3-2) Cs 91.0 141.2 127.8 0 

210 (G4CP-3-2) Cs 94.0 146.0 120.0 0 

225 (G3CP-3-2) Cs 98.8 149.0 112.2 0 

240 (G2P-3-3) C2v 105.0 150.0 105.0 0 
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𝜙 /  species generic point group 𝜃L1ML2 /  𝜃L2ML3 /  𝜃L3ML1 /  𝜏 /  

255 (G3AP-3-3) Cs 112.2 149.0 98.8 0 

270 (G4AP-3-3) Cs 120.0 146.0 94.0 0 

285 (G5AP-3-3) Cs 127.8 141.2 91.0 0 

300 (G6P-3-3) C2v 135.0 135.0 90.0 0 

315 (G5CP-3-3) Cs 141.2 127.8 91.0 0 

330 (G4CP-3-3) Cs 146.0 120.0 94.0 0 

345 (G3CP-3-3) Cs 149.0 112.2 98.8 0 

360 (G1P-3) C2v 150.0 105.0 105.0 0 

undefined (G1PY-3-A) C3v 116.9 116.9 116.9 30 

0 (G2PY-3-1-A) Cs 144.4 99.4 99.4 30 

15 (G3APY-3-1-A) C1 143.8 93.6 107.1 30 

30 (G4APY-3-1-A) C1 141.6 89.6 115.6 30 

45 (G5APY-3-1-A) C1 137.7 87.5 124.2 30 

60 (G6PY-3-1-A) Cs 132.3 87.3 132.3 30 

75 (G5CPY-3-1-A) C1 125.6 88.9 139.1 30 

90 (G4CPY-3-1-A) C1 118.3 92.3 144.2 30 

105 (G3CPY-3-1-A) C1 110.7 97.3 147.5 30 

120 (G2PY-3-2-A) Cs 103.6 103.6 148.6 30 

135 (G3APY-3-2-A) C1 97.3 110.7 147.5 30 

150 (G4APY-3-2-A) C1 92.3 118.3 144.2 30 

165 (G5APY-3-2-A) C1 88.9 125.6 139.1 30 

180 (G6PY-3-2-A) Cs 87.3 132.3 132.3 30 

195 (G5CPY-3-2-A) C1 87.5 137.7 124.2 30 

210 (G4CPY-3-2-A) C1 89.6 141.6 115.6 30 

225 (G3CPY-3-2-A) C1 93.6 143.8 107.1 30 

240 (G2PY-3-3-A) Cs 99.4 144.4 99.4 30 

255 (G3APY-3-3-A) C1 106.5 143.3 93.1 30 

270 (G4APY-3-3-A) C1 114.5 140.5 88.5 30 

285 (G5APY-3-3-A) C1 122.5 135.9 85.7 30 

300 (G6PY-3-3-A) Cs 129.8 129.8 84.8 30 

315 (G5CPY-3-3-A) C1 135.9 122.5 85.7 30 

330 (G4CPY-3-3-A) C1 140.5 114.5 88.5 30 

345 (G3CPY-3-3-A) C1 143.3 106.5 93.1 30 

360 (G1PY-3) Cs 144.4 99.4 99.4 30 

 

When embedded, the concise set embodies 10 genera and 39 species. These are 

shown listed in Figure 3.14, partitioned into planar structures represented by 5 genera and 13 

species, as well as non-planar structures represented by 5 genera and 26 species.  The non-

planar genera can be conceived as being derived from the planar genera simply by distortion 

out of plane.  The planar genera are: G1P-3 of D3h generic symmetry, the “T-shaped” genus 

G2P-3 of C2v generic symmetry, the “Y-shaped” genus G6P-3, also of C2v generic symmetry, 

and the G4AP-3 and G4CP-3 genera of Cs generic symmetry.  The two genera of C2v  

symmetry are differentiated based on the equal L–M–L bond angles being either less than or 

greater than 120, whereas the two genera of Cs symmetry are differentiated by their 
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embedding in the external environment, with “A” and “C” representing the rotational 

ordering of the 𝜙 angles with respect to an external reference.  These distinctions allow for 

the species of any planar ML3 stereocentre to be uniquely assigned.  Hence the Bürgi and 

Dunitz structural correlation procedure is not required for structural assignments, by analogy 

to the result found already for the concise polytope set of ML2.  To apply the expanded 

polytope set, structural correlation would be required to differentiate between (G3xP-3-i), 

(G4xP-3-i), (G5xP-3-i), (G3xPY-3-i-y), (G4xPY-3-i-y), and (G5xPY-3-i-y) 

The associated Rst
c 1 mechanisms that interconvert the 39 embedded concise set of 

species are depicted as a directed graph in Figure 3.15.  As before, semi-terminal polytopes 

that present hard edges to the regime of stereoisomerism are indicated using cyclic arrows.  

The reaction mechanisms are classified as to whether they depict torsional (𝜏), radial (𝑎), or 

phase (𝜙) reaction coordinates.  The polytope species at the centre of the Jahn-Teller 

distortion, (G1P-3), (G1PY-3-C), and (G1PY-3-A) can react to form any species with the 

same torsional value through radial distortion and interconvert between these subsets by 

torsional distortion.  All other polytope species can undergo precisely six reactions, some of 

which lead to constitutional isomerism as indicated in the figure.  Normalised coordinates and 

generating Fortran code comprise E_File_1. 
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Figure 3.14  The concise set of ML3 genera and constituent species.  For each genus, the generic symmetry point group is indicated along with a full listing of species 

differentiated by their unique vertex index permutations.  The monotypic highest-symmetry seed genus G1P-3 is indicated by the blue shading. 

Planar genera: 

 
 

“T-shaped” 
  

“Y-shaped” 

Generic point 

group: 
D3h C2v Cs Cs C2v 

Genus symbol: G1P-3 G2P-3 G4AP-3 G4CP-3 G6AP-3 

Concise embedded 

species: 

(G1P-3) (G2P-3-1) 

(G2P-3-2) 

(G2P-3-3) 

(G4AP-3-1) 

(G4AP-3-2) 

(G4AP-3-3) 

(G4CP-3-1) 

(G4CP-3-2) 

(G4CP-3-3) 

(G6AP-3-1) 

(G6AP-3-2) 

(G6AP-3-3) 

      

Non-planar genera: 

 
   

Generic point 

group: 
C3v Cs C1 C1 Cs 

Genus symbol: G1PY-3 G2PY-3 G4APY-3 G4CPY-3 G6APY-3 

Species: (G1PY-3-C) 

 

(G1PY-3-A) 

(G2PY-3-1-C) 

(G2PY-3-1-A) 

(G2PY-3-2-C) 

(G2PY-3-2-A) 

(G2PY-3-3-C) 

(G2PY-3-3-A) 

(G4APY-3-1-C) 

(G4APY-3-1-A) 

(G4APY-3-2-C) 

(G4APY-3-2-A) 

(G4APY-3-3-C) 

(G4APY-3-3-A) 

(G4CPY-3-1-C) 

(G4CPY-3-1-A) 

(G4CPY-3-2-C) 

(G4CPY-3-2-A) 

(G4APY-3-3-C) 

(G4APY-3-3-A) 

(G6APY-3-1-C) 

(G6APY-3-1-A) 

(G6APY-3-2-C) 

(G6APY-3-2-A) 

(G6APY-3-3-C) 

(G6APY-3-3-A) 
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Figure 3.15  Directed graph representation of all species in the concise set of ML3 polytopes connected by their 

Rst
c 1 mchanisms.  The colour-coded directed edges depict coordinate changes: blue are the torsional (𝜏) 

changes, magenta are the radial (𝑎) changes, and red are the phase (𝜙) angle changes.  Coordinates are found in 

E_File_1. 
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3.7 Conclusions 

The polytopal-rearrangements model has been very successful in describing observed 

reactions in inorganic complexes, rationalising observed chemistry and dynamical behaviour 

in stereocentres often with significant size and complexity.  This approach focused on the 

reactions, but in doing so the model also depicted iconic structures that could be identified as 

isomers (potential energy local minima) or transition states.  IUPAC currently recognises the 

polytopal-rearrangements model’s contributions to inorganic stereoisomerisation, but with 

less recognition of the associated stereoisomerism aspects.  The geometries associated with 

the stereoisomerism were typically used as “inputs” into the model rather than consequences 

of and underlying a priori mathematical basis.  The presentation here has reviewed key 

developments of the polytopal-rearrangement model, emphasising that it implicitly presents 

groundwork for a unified description to both stereoisomerism and stereoisomerisation.  

Indeed, its central tenet is to focus on sets of polytopes that are closed under the operation of 

the Rst
c 1 reactions involving all non-dissociative vibrational modes. 

The general principles of the polytopal-rearrangements model were described in detail 

through a step-by-step process facilitated by introduced language needed to precisely and 

concisely describe key properties and relationships.  The description focussed on the example 

of the ML4 family as it is familiar to both organic and inorganic chemists alike and is 

sufficiently complex to demonstrate detail without being overly so.  Whilst many polytope 

genera were described for this ML4 system, it was clear that many additional low-symmetry 

genera would also be required for a complete set. 

Based upon the main principles of the polytopal-rearrangements model of 

stereoisomerisation, the Polytope Formalism for stereoisomerism (and stereoisomerisation) is 

presented, embodying four principal advances.  The first is the inclusion of torsions for the 

M–L bonds through the introduction of the “orientability” property of the L-vertex “atoms”, 

this being critical for the description of all classical conformational isomerism.   

The second advance was to formally include all non-dissociative vibrational modes 

without bias for the lowest energy modes.  This allows for the description of high-energy 

reactions or high-energy species not previously included for the systems studied.  Of note, 

however, what are high-energy species and/or barriers for one chemical system may turn out 

to be the isomers and barriers of critical interest in some other system.  Hence this extension 
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provides for the generalisation of chemical understanding obtained in one context to apply to 

many more. 

Further, all directions of the non-dissociative vibrational modes have been included and 

not simply one direction corresponding to a predetermined reaction pathway.  For degenerate 

modes, this generalises to the requirement that all possible linear combinations of the mode 

components need to be included, giving rise to an infinite number of possibilities.  Various ways 

of reducing this infinite number to finite representations are possible, with each representation 

leading to polytope sets that are closed under the operation of all included Rst
c 1 mechanisms 

interconnecting them.  For ML2 and ML3, concise polytope sets were found by this process within 

which all Rst
c 1 mechanisms only interconvert polytopes of different symmetry.  Also, it was found 

that some of the vibrational modes would lead to increasingly close ligand-ligand contact which, 

in a real chemical system, would lead to constitutional isomerism. To provide a way to account 

for these motions and maintain set closure, the concept of the semi-terminal property was 

introduced which, on a directed reaction graph, is represented as a self-loop.   

The fourth advance is the principle of embedding which takes the orientability 

property of the L-vertex “atoms” and couples them together.  This embedding principle 

implicitly embodies the semi-rigid molecular structure beyond the immediate ligand atoms 

and provides a frame of reference external to the stereocentre.  This was demonstrated to be 

critically important for the ML2 family.  Due to the low dimensionality of ML2 polytopes in 

ℝ3 space, an external frame of reference is needed to manifest the full scope of ML2 

stereoisomerism and associated Rst
c 1 mechanism.  This embedded ML2 stereoisomerism 

scope was presented along with the notion that sufficient steric constraints from an 

embedding could suppress some motions.  Full suppression of one direction of bond-angle 

flexion was shown to lead to the situation where the only remaining stereoisomerisation 

mechanism was a single bond-angle reflexion orthogonal to the suppressed motion.  

Importantly, the coupled torsional motions representing the “hula-twist-like” motions were 

also suppressed.  Examples of molecular systems embodying these principles were given.  

The desire to understand this level of detail in the ML2 system was the driving impetus for 

the research comprising this Thesis, following on from the discovery of compounds with ML2 

stereocentres that could not be described adequately using existing IUPAC chemical names 

and reaction specifications, as detailed in Chapter 4. 
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It is proposed that the concise polytope sets identified for ML2 and ML3 should be 

able to describe most stereocentres belonging to these families.  Nevertheless, larger polytope 

sets allow for additional chemical variations to be described, when needed.  A feature 

identified for both ML2 and ML3 families is that polytopes in a concise set can be trifurcated 

to make a larger polytope set.  As concise polytope sets only support Rst
c 1 mechanisms 

interconnecting polytopes of different symmetry, it is always possible to assign any real 

stereocentre to one of the polytopes based on just symmetry information combined with basic 

properties of the structure and its embedding.  For larger polytope sets in which structures of 

the same symmetry are connected, it will always be necessary to introduce some structural 

correlation procedure to assign stereocentres to polytopes. 
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4 Experimental demonstration of bond-angle 

reflection stereoisomerism 

4.1 Summary 

Stereoisomerism is a fundamental chemical concept, reflecting the fact that the 

arrangement of atoms in a molecular entity has a profound influence on its chemical and 

physical properties. Here is described a previously unclassified fundamental form of 

stereoisomerism, through the synthesis of four resolved stereoisomers of a transoid 

B(F)−O−B(F)-quinoxalinoporphyrin. These comprise two pairs of enantiomers that manifest 

structural relationships not describable within existing IUPAC nomenclature and 

terminology. They undergo thermal diastereomeric interconversion over a barrier of 104±2 kJ 

mol-1, which is termed “akamptisomerisation”. Feasible interconversion processes between 

conceivable synthesis products and reaction intermediates were mapped out by density-

functional theory calculations, identifying bond-angle reflexion (BAR) at a singly bonded 

atom as the reaction mechanism and an Rst
c 1 process.  Necessary BAR-related 

stereodescriptors parvo and amplo are introduced. 

4.2 Background 

4.2.1 Overview of work performed prior to this Thesis and as part of this Thesis 

A new form of stereoisomerism designated as “akamptisomerism” was described in 

the early stages of the work undertaken for this Thesis.  Before the work described in this 

thesis, the synthesis of B(F)−O−B(F)-quinoxalinoporphyrins had been achieved at the 

University of Sydney.  This work was undertaken to gain insight into the optoelectronic 

properties of the quinoxalino[2,3−b′]porphyrin structural motif, as exemplified by 1 (See 

Figure 4.1), and to validate theoretical methods used to model such properties.99  The choice 

of these B(F)−O−B(F)-quinoxalinoporphyrins was based upon the understanding that they 

were expected to be stable chiral compounds amenable to chiroptical characterisation, in 

particular, using Circular Dichroism (CD) and Magnetic Circular Dichroism (MCD) 

spectroscopies.  These compounds were to serve as model systems for molecular electronic 
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devices100-127 and to assign the origins of analogous optoelectronic properties in some 

biological systems and biomimetic models.100-110, 112, 128-141 

Prior to commencement of this Thesis, the initial synthesis was carried out by Dr Iain 

Blake, and resolution and isolation of compounds by the author of this Thesis, Peter Canfield, 

in the Crossley Laboratory.  Nuclear Magnetic Resonance (NMR) Spectroscopy 

measurement and kinetics determinations were carried out by Dr Ian Luck.  Chiroptical 

studies were carried out by Prof Elmars Krausz, Dr Zheng-Li Cai and the author of this 

Thesis, Peter Canfield.  Modelling was carried out by Prof Jeffrey Reimers, Dr Rika 

Kobayashi and the author of this thesis, Peter Canfield.   

At the outset of studies towards a PhD as described in this Thesis, there were still 

aspects requiring detailed investigation and rationalisation.  In the initial stages of the 

research undertaken for this Thesis, these syntheses and chiral resolution were repeated by 

Prof Maxwell Crossley and the author of this Thesis.  In the course of this Thesis work, 

structural assignments based upon the observed CD spectra, further NMR measurements and 

Density-Functional Theory (DFT) modelling was carried out and extensive development of 

the conceptual framework was carried out by the author of this Thesis, Peter Canfield, under 

the supervision of Prof Maxwell Crossley and associate supervisor Prof Jeffrey Reimers.  

This led to the publication of: “A new fundamental type of conformational isomerism”, Peter 

J. Canfield, Iain M. Blake, Zheng-Li Cai, Ian J. Luck, Elmars Krausz, Rika Kobayashi, 

Jeffrey R. Reimers & Maxwell J. Crossley, Nature Chemistry volume 10, pages 615–624 

(2018).7   Subsequent to this publication, the implications pertaining to the basic 

understanding of isomerism and isomerisation were further developed and elaborated in the 

course of this doctoral candidature.  This work is as yet unpublished, and it is also presented 

in this Thesis Chapter. 

4.2.2 The experimentally posed challenges addressed in this Thesis 

It was known142-145 that the transoid B(F)OB(F) group could be ligated inside the C2v 

point-group symmetry macrocycle (see Section A.28) cavity in four distinct ways with 

concomitant molecular distortions leading to chiral structures.  This chirality was expected to 

produce measurable CD spectra in the visible region that could be used to help deconvolve 

the absorption bands into their different polarisation components.  To this end, chiral 

stationary phase High-Performance Liquid Chromatography (HPLC) separation of the four 
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synthetic products had been conducted7 yielding, in order of elution, fractions Fr1, Fr2, Fr3 

and Fr4.  The four products were reasoned to have the stereoisomeric chemical structures 

shown in Figure 4.1a-b, structures that comprise two sets of enantiomers. 

 

Figure 4.1 Stereoisomerisation of four putative transoid B(F)−O−B(F)-quinoxalinoporphyrin reaction products 

and their DFT-calculated structures.7  (a) The 4 putative transoid ligation stereoisomers grouped as pairs of 

enantiomers.  Atoms and bonds marked in red are above the quasi-plane of the porphyrin whilst those in blue 

are below it.  (b) DFT-calculated structural models corresponding to (a) shown in plan and side view. Hydrogen 

atoms and the aryl side chains are omitted for clarity, with rings coplanar to a chelated in-plane boron atom 

shaded yellow to make clear the stereoisomeric differences.  Atom colours: white- H, peach- B, grey- C, blue- 

N, red- O, green- F.  (c) Observed stereoisomerisation pattern in simple solutions of the HPLC-separated 

fractions Fr1 – Fr4. The 2 racemates produced by flash-silica column chromatography are indicated as “A” and 

“B” within the dotted boxes. 

During this HPLC separation process, there was the serendipitous discovery of an 

unexpected interconversion of pairs of isomers, specifically only between diastereomeric 

pairs (see Section A.13) Fr1 and Fr4, and between Fr2 and Fr3 occurring on the order of 

hours at ambient temperatures.  Racemisation interconversions within the enantiomeric pairs 

Fr1 and Fr2, and Fr3 and Fr4 were not observed in these simple solutions.  This pattern of 

isomerisation was shown in Figure 4.1c. 
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The kinetics of the isomerisation was determined7 by tracking the distinct 

diastereomeric signals using variable temperature 19F NMR measurements starting with 

enantiopure samples.  It was shown7 to follow first-order kinetics over an activation barrier of 

104 ± 2 kJ mol-1. 

The challenges addressed in this Thesis Chapter concern the assignment of the four 

observed HPLC fractions to the four expected reaction products.   This involved attempts to 

obtain single-crystal structural determinations, and the assignment of the observed NMR and 

CD spectra.  A related challenge was the expansion of the possible-product molecular set to 

include options beyond the four compounds initially envisaged.   Also, the HPLC fraction 

assignment needed to be consistent with the observed isomerisation reactions and their rates.  

Further, although multiple reaction products were expected, it was discovered that IUPAC 

rules did not provide convenient means to name the four compounds.  The determination of a 

robust and general naming scheme therefore also presented a challenge, with broader 

implications concerning what these compounds revealed concerning the understanding of 

stereoisomerism and stereoisomerisation. 

4.3 Determination of the composition of the observed compounds 

4.3.1 Attempted X-ray crystallography studies 

The most direct method for determination of the composition of fractions Fr1 – Fr4 is 

via X-ray crystallographic analyses of crystals.  To this end, crystal growth was attempted for 

samples containing pure racemates.  Whilst studies of mixtures would give results that are 

less informative than enantiopure fractions, these would nevertheless provide some structural 

information.  These experiments, however, were hampered by observed and 

uncharacteristically high solubility of the molecules in all organic solvents, showing low 

solubility only in pure water.  Eventually, crystals of sufficient quality needed for diffraction 

experiments were obtained from pure racemates.  These were taken to the Australian 

Synchrotron for analysis.  Supported measurement procedures at the Australian Synchrotron 

specify only a specific set of attachment methods for the sample crystals to the measurement 

probe, involving use of various glues.  It was found that the crystals dissolved in all allowed 

glues. 
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Hence, the crystallography approach failed to yield useful information.  Assignment 

of the observed fractions was therefore performed based on interpretation of NMR and CD 

data using a rationalised set of structural possibilities, driven by DFT calculations. 

4.3.2 Structural possibilities – diversity of configurations and ligation modes of 

macrocycle-ligated B(F)OB(F) groups within quinoxalinoporphyrin 

Without crystallographic information, it is essential that all possible chemical 

products of the reaction (see Figure 4.1c.) be considered when making structural assignments 

for the four observed product fractions. 

The first consideration is the configuration of the B(F)OB(F) group.  Figure 4.2 

shows three dimensional (3D) structural examples of the transoid configuration (Figure 4.2a 

and the second structure of Figure 4.2f), an extended-cisoid configuration (Figure 4.2b, 

Figure 4.2d, Figure 4.2e and the first structure of Figure 4.2f), and the proposed hypothetical 

contracted-cisoid configuration shown in Figure 4.2c.  Whilst the literature142-145 indicates 

that porphyrin coordinated B(F)OB(F) groups adopting the transoid configuration are the 

likely isolated products from the syntheses (see Figure 4.2a), the extended-cisoid 

configuration (see Figure 4.2b) has also been observed in the related corrole system146 (see 

Figure 4.2d) and recently in porphycenes147 (see Figure 4.2e).  Further, for the very closely 

related tetra-aza-porphyrin analogues; porphyrazines and phthalocyanines, both transoid and 

extended-cisoid configurations are simultaneous products from the syntheses.148-149 

A key distinction between transoid and cisoid B(F)OB(F) configurations is that in the 

transoid case, the two boron atoms exhibit distinct geometric relationships to the macrocycle.  

For a transoid configuration, one boron is effectively “in-plane” with the half portion of the 

macrocycle chelating it, whilst the other boron atom is significantly “out-of-plane” with 

concomitant distortions to its chelating half of the macrocycle.  For both the extended and 

contracted-cisoid configurations, both boron atoms exhibit the same relationships to their 

respective macrocycle chelating halves. 
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Figure 4.2 Possible structures of transoid and cisoid B(F)OB(F)-macrocycle complexes.  All structures shown 

here feature unsubstituted macrocycles for clarity.  (a) Two views of the transoid configuration of B(F)OB(F)-

porphyrin.  A transoid configuration is the exclusive isolated synthetic product for porphyrins.  (b) Two views 

of an extended-cisoid configuration of B(F)OB(F)-porphyrin.  Such a configuration has not been isolated from 

the reported syntheses.  (c) Two views of a hypothetical contracted-cisoid configuration of B(F)OB(F)-

porphyrin. Contracted-cisoid configurations have not been seen experimentally.  (d) Two views of an extended-

cisoid configuration of [B(F)OB(F)-corrole] anion.  Syntheses on corroles exclusively yield this ligation mode 

and configuration.  (e) Two views of an extended-cisoid configuration of B(F)OB(F)-porphycene.  Synthesis on 

porphycenes exclusively yield this ligation mode and configuration.  (f) Two views of each of the transoid and 

extended-cisoid configurations of B(F)OB(F)-porphyrazines.  Both the transoid and cisoid configurations are 

simultaneous synthesis products.  The closely related phthalocyanine macrocycle also yields the simultaneous 

transoid and cisoid configurations from the synthesis conditions.  Atomic colours: white- H, peach- B, grey- C, 

blue- N, red- O, green- F. 

These distinctions have important consequences for the number of possible different 

ligation modes to 2,3-symmetrically disubstituted porphyrins like the quinoxalinoporphyrin 

1.  According to the standard IUPAC recommendations for atom-locant numbering in 

macrocyclic rings150, the quinoxalino-substituent to the porphyrin fixes the macrocycle inner-

nitrogen locant numbers to those indicated in green in Figure 4.3. 
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Figure 4.3  The dianion of 1, denoted 12- or pqx2-, exhibits the C2v symmetry point group.  The quinoxalino-

substituent of the porphyrin fixes the inner nitrogen atom locant numbers to those indicated in green which 

follow the standard IUPAC numbering for porphyrins.150  The locant numbers shown on the quinoxalino 

fragment are nonstandard but used for clarity.  Regardless of the B(F)OB(F) configuration, all B2OF2pqx 

stereoisomers exhibit the C1 symmetry point group and are chiral.  The κ2N21,22 boron atom is indicated by blue 

and the κ2N23,24 boron atom indicated in red. 

The dianion of 1 (12- or pqx2-) exhibits the C2v symmetry point group.  A B(F)OB(F) 

group ligated within the central cavity of 12-, regardless of its configuration, leads to 

structures of the general formula “B2OF2pqx” (see Figure 4.3) all of which exhibit the C1 

symmetry point group.  Subsequently, all B2OF2pqx stereoisomers are chiral.  For the 

transoid B(F)OB(F) configurations, the unique in-plane boron can be located at either the 

nomenclaturally defined κ2N21,22 boron atom position, as indicated by blue in Figure 4.3, or at 

the nomenclaturally defined κ2N23,24 boron atom position, as indicated in red.  Concomitantly 

and in each case, the unique out-of-plane boron atom of a transoid configuration will occupy 

the other position. Due to chirality, these two possibilities result in a total of four transoid 

B2OF2pqx stereoisomers. 

In the case of cisoid B(F)OB(F) configurations, Figure 4.2 shows that there is a pair 

of enantiomeric extended-cisoid B2OF2pqx stereoisomers and a pair of contracted-cisoid 

B2OF2pqx stereoisomers for a total of four cisoid B2OF2pqx stereoisomers. 

4.3.3 Primary conclusion for scope of structural possibilities 

There are eight B2OF2pqx stereoisomeric possibilities in total.  Figure 4.4 shows all 

eight of these stereoisomers as potential reaction products from the synthetic scheme 

indicated.7  Compounds 2a, 2b, 3a, and 3b have transoid configurations, compounds 4a and 

4b have extended-cisoid configurations, and compounds 5a and 5b have the contracted-cisoid 

configuration.  Equilibrium reaction pathways are marked that are consistent with the primary 

experimental observation that enantiomerisation is not possible under ambient conditions for 
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simple solutions.  E_File_2 shows stereoisomers 2a, 2b, 3a, and 3b rotating together to make 

their geometric relationships clearer.  Similarly, E_File_3 shows 4a, 4b, 5a, and 5b. 

 

Figure 4.4  Synthetic scheme, structures and nomenclature of the eight possible stereoisomers produced by 

reaction of quinoxalinoporphyrin 1.  (a) Structure of 1 and reaction conditions. (b) Only 2a, 2b, 3a, and 3b (blue 

boxes) are isolated from the reported7 synthesis, with DFT calculations suggesting 4a and 4b being much less 

stable thermodynamically, whilst 5a and 5b are unstable (pink boxes).  Two dimensional representations of each 

structure are given.  Enantiomers, for example, 2a and 2b, are related by reflection across the vertical mirror 

planes, as indicated, whilst akamptisomers, such as 2a and 3a, are related by BAR, moving the O through the 

effective plane of the macrocycle. All indicated stereochemistry is relative to the porphyrin ligand.  The new 

stereodescriptors parvo (subscripted p) and amplo (subscripted a) are defined in Section 4.4.4.  Atoms and 

bonds marked in red are above the quasi-plane of the porphyrin whilst those in blue are below it.  Hydrogen 

atoms and the aryl side chains are omitted for clarity, with rings coplanar to a chelated parvo boron atom shaded 

yellow. Atomic colours: white- H, peach- B, grey- C, blue- N, red- O, green- F. 
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4.3.4 Overview of isomerism and isomerisation as predicted by DFT 

Free energies for model systems with meso Ar = H and Ar = 3,5-(di-tert-butyl)phenyl 

of B2OF2-pqx stereoisomers 2, 3, 4, and 5 were calculated using DFT (see Methods Section 

4.7.1.1).   These results, as well as associated potential-energy surfaces, are indicated in 

Figure 4.5.  These show that the transoid compounds 2 and 3, within the precision of the 

method, are isoenergetic with G = 0.0 ± 0.2 kJ mol−1 and have the lowest free energies of 

the different B(F)OB(F) configurations.  The extended-cisoid compounds 4 are higher in 

energy by 30 kJ mol−1 and the contracted-cisoid compounds 5 is unstable undergoing 

barrierless conversion to 4. 

Three stereoisomerisation mechanisms “deemed” as feasible in simple organic-

solvent solutions were considered and modelled using DFT.  These mechanisms are the 

unimolecular BAR mechanism (see Sections 4.5.1 and 4.5.2), a unimolecular bond-walk 

mechanism called strepsisomerisation (see Section 2.4.26 for the formal definition and 

Section 4.5.3 for details specific to this Chapter), and a bimolecular process involving loss, 

rearrangement and subsequent addition of fluoride anion (see Section 4.5.4).  These 

calculated reaction activation free energies are summarised in summarised Table 4.1.  Only 

one reaction mechanism appropriate for the experimental conditions is envisaged, the 

akamptisomerisation reaction that occurs by a BAR Rst
c 1 over a calculated free-energy barrier 

of height 108 kJ mol−1.  This mechanism is depicted by the potential-energy surfaces shown 

in Figure 4.5 as a function of the B–O–B bond angle as the reaction coordinate.  As the 

calculations do not indicate the feasibility of racemisation occurring, the results presented in 

that figure pertain to pairs of BAR-related stereoisomers only. 

Table 4.1  Observed and B3LYP/6-31G+(d)-calculated reaction activation free energies in kJ mol−1, for various 

types of isomerisation mechanisms in simple CH2Cl2 solutions. a 

Environment Process 

Akamptisomerisation Enantiomerisation 

2a ⇌3a 

3b ⇌2b 

3a ⇌2a 

2b ⇌3b 
2a ⇌2b 3a ⇌3b 

CH2Cl2 solution 

Observed 104  2 104  2 N.O.c N.O.c 

B−O−B BAR 108 108 N.A.d N.A.d 

B(F)OB(F) bond-

walk-rotation b 
225 225 251 247 

F− loss a
 284 285 220 220 

a see Section 4.5.1, 4.5.3, and 4.5.4 for details, including pathways and considered alternatives.  
b Strepsisomerisation – see Section 4.5.3. 
c N.O. – Not observed.  d N.A. – Not applicable. 



Chapter 4 

 

 

87 

 

 
Figure 4.5  Energetics of BAR Rst

c 1 mediated akamptisomerisation.  DFT calculations show the metastable 

decay of the higher-energy contracted-cisoid compound 5a to the lower energy extended-cisoid species 4a 

through an intermediate I (shown in red, corresponding to the top structures) and the equilibrium over a BAR 

transition state 𝐓𝐒𝐚𝐤
𝑹  between transoid compounds 2a and 3a (shown in blue, bottom structures). The 𝐓𝐒𝐚𝐤

𝑹  

structure features a linear B−O−B bond angle. The meso 3,5-di-tert-butylphenyl groups and hydrogens are 

omitted for clarity.  Atomic colours: white- H, peach- B, grey- C, blue- N, red- O, green- F. 

Recapping the relevant prior experimental findings, under the conditions of the 

synthesis, the reaction products have been assumed to be under thermodynamic control.  In 

the solid form, all four isolated fractions were found to be indefinitely stable at ambient 

temperatures.  In solution (either CDCl3 as used for NMR measurements or 99:1 n-hexane:2-

propanol as used for the chiral-stationary phase HPLC resolution of stereoisomers), mild 

temperatures induced the specific diastereomeric interconversions as shown in Figure 4.1c.  

The rate constants for these processes as determined7 using 19F NMR, led to the conclusion 

that the free-energy changes associated with each reaction are G = 0.0 ± 0.2 kJ mol−1, while 

the activation energies are G‡ = 104  2 kJ mol−1.  No racemisation was observed under 

these conditions.  The DFT calculations predict all of these critical features, indicating the 

likelihood of four equal-proportion or near-equal-proportion, near-equal energy products, a 

single reaction mechanism with a barrier of 108 kJ mol-1, and no low-energy racemisation 

process. 
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Primary conclusion of the overview of isomerism and isomerisation  

as predicted by DFT: 

Only compounds 2a, 2b, 3a, and 3b need to be considered when assigning the isolated 

fractions Fr1, Fr2, Fr3, and Fr4 to stereoisomeric structures. 

 

4.3.5 DFT calculations used to assign the observed NMR spectra 

4.3.5.1 NMR structural assignments  

The experimental7 1H, 13C and 19F chemical shifts and assignments for racemate (Fr1 

+ Fr2) and racemate (Fr3 + Fr4) based on homonuclear 2D NMR  (dqf-COSY, NOESY) and 

heteronuclear 2D experiments (1H-13C HMBC, 1H-13C HSQC) are reproduced in Appendix D 

Table D.1, Table D.2, and Table D.3.  The annotated 1D 1H, 13C and 19F spectra of racemate 

(Fr1 + Fr2) are reproduced in Appendix D Figure. D.2, Figure D.3, and Figure D.4, 

respectively and similarly for racemate (Fr3 + Fr4) in Appendix D Figure D.5, Figure D.6, and 

Figure D.7. 

Due to the conformational landscape and complex nature of the induced magnetic 

environments inherent in the B2OF2-pqx stereoisomers, DFT calculations of 1H, 13C and 19F 

isotropic chemical shifts for the full systems (with Ar = 3,5-di-tert-butylphenyl; see Methods 

Section 4.7.1.5) were of additional utility in the interpretation of these experimental isotropic 

chemical shifts with the view of assigning structures to the isolated fractions Fr1 – Fr4. 

Chemical intuition suggested that the -pyrrolic 1H and aromatic 13C centres, 

supported by the DFT NMR calculations, would be strongly diagnostic of structure (since 

enantiomers show the same NMR spectra and this method is not able to discriminate between 

a and b, but quite different spectra are predicted for 2 – 5).  The DFT-calculated isotropic -

pyrrolic 1H, 19F and 13C chemical shifts for 2 and 3 corresponding to all experimentally 

assigned aromatic peaks (see Appendix D) of (Fr1 + Fr2) and (Fr1 + Fr2) are listed in Table 

4.2Table 4.2 and with their experimental-calculated correlations shown in Figure 4.6.  Good 

agreement is found only when Fr1 and Fr2 are assigned to racemate 2 and Fr3 and Fr4 are 

assigned to racemate 3. 
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Table 4.2  DFT calculated -pyrrolic 1H, 19F and 13C isotropic chemical shifts corresponding to all 

experimentally assigned aromatic peaks for racemates 2 and 3.  Atom assignments match the locant numbers 

indicated in Figure 4.3. 

Racemate 2 (as 2a)  Racemate 3 (as 3a) 

Position 1H δ / ppm  Position 1H δ / ppm 

H7 9.12  H7 9.61 

H8 9.06  H8 9.68 

H12 9.06  H12 8.70 

H13 9.54  H13 8.89 

H17 9.82  H17 8.89 

H18 10.03  H18 9.29 

Position 19F δ / ppm  Position 19F δ / ppm 

Fa -175.0  Fa -177.1 

Fp -203.9  Fp -202.4 

Position 13C δ / ppm  Position 13C δ / ppm 

C5 134.43  C5 124.01 

C6 154.84  C6 149.89 

C7 127.04  C7 130.24 

C8 142.43  C8 146.06 

C9 154.97  C9 146.97 

C10 135.26  C10 137.08 

C11 133.25  C11 155.17 

C12 146.00  C12 141.49 

C13 133.25  C13 129.12 

C14 147.69  C14 156.30 

C15 129.63  C15 139.65 

C16 145.53  C16 151.65 

C17 131.94  C17 129.47 

C18 144.82  C18 139.93 

C19 152.33  C19 159.59 

C20 129.95  C20 129.46 

C26 138.29  C26 138.50 

C27 135.53  C27 135.63 

C28 136.01  C28 135.78 

C29 137.48  C29 137.17 

C25a 148.38  C25a 147.73 

C29a 148.98  C29a 148.73 

p-Ar5 109.00  p-Ar5 109.29 

p-Ar10 110.50  p-Ar10 106.39 

p-Ar15 108.64  p-Ar15 109.20 

p-Ar20 105.22  p-Ar20 110.18 

o-Ar5 118.05  o-Ar5 122.00 

o-Ar5 119.68  o-Ar5 123.27 

o-Ar10 126.64  o-Ar10 120.84 

o-Ar10 127.92  o-Ar10 121.22 

o-Ar15 117.92  o-Ar15 118.55 

o-Ar15 122.55  o-Ar15 121.19 

o-Ar20 125.29  o-Ar20 120.22 

o-Ar20 128.38  o-Ar20 123.09 
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(a)  

 

(b) 

 

(c) 

 

(d) 

 
Figure 4.6 Correlations of experimental7 and DFT calculated -pyrrolic 1H, 19F and aromatic 13C NMR isotropic 

chemical shifts, based on the possible alternative assignments of: Left- Fr1 and Fr2 to racemate 2, and Right- 

Fr1 and Fr2 to racemate 3.  Red- data for molecules 2a and 2b, blue- data for molecules 3a and 3b; tie lines in 

(a) indicate vicinal -pyrrolic proton pairs, (c) adjacent -pyrrolic carbons and (d) the para- and two ortho 

carbons of individual meso-aryl groups.  Each dashed line indicates a linear regression fit to the data points. 
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Primary conclusion of the NMR structural assignments: 

(Fr1 + Fr2) is assigned to racemate 2 and (Fr3 + Fr4) is assigned to racemate 3. 

 

4.3.6 DFT calculations to assign the observed CD spectra 

To determine chiral-structural details, DFT modelled properties were used to interpret 

the experimental7 electronic transition chiroptical measurements.  Electronic absorption and 

circular dichroism spectra were modelled using the optimised geometries for 2a and 3a only 

as their enantiomers give identical results except for the opposite sign of the calculated 

rotatory strengths.  At least 8 electronic transitions were determined, the first two occurring in 

the Q-band region while the remainder are the Soret and nearby bands.  See Methods Section 

4.7.1.6 for technical details. 

Results are given in Table 4.3 for 2a and Table 4.4 for 3a, featuring calculated 

excitation energies, electric-dipole oscillator strengths, rotatory strengths, the angle between 

the transition electric dipole vector and the direction made by projecting the B-B vector onto 

the plane best representing the four pyrrolic rings, and the “E-M” angle between the electric 

dipole moment and the magnetic dipole moment.  The most noticeable common feature is 

that the E-M angles are all near 90.  Rotatory strengths are proportional to the cosine of this 

angle and hence are expected to be small and to be dominated by subtle effects that 

manipulate the perceived angle.  This result reflects the geometrical property that chirality in 

these molecules is a subtle effect arising through the interplay of the distortions and 

asymmetries introduced by the transoid B(F)OB(F) group combined with the asymmetry 

introduced by mono-quinoxalino ring fusion. 
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Table 4.3  Calculated spectral properties of 2a. 
 method CAM-B3LYP CAM-B3LYP CAM-B3LYP CAM-B3LYP ωB97XD CAM-B3LYP ωB97XD CIS 

 basis 6-31G* 6-31+G* 6-31+G* 6-31++G(2d,p) 6-31G* 6-31+G* 6-31+G* 6-31+G* 

 solvent none none CHCl3 THF =7 none none none none 

 meso groupd dtp dtp dtp dtp dtp H H H 

0→1 Energy / cm-1 16440 16250 16470 16120 16090 16930 16620 18370 

 Osc. Str. 0.059 0.057 0.062 0.078 0.058 0.035 0.029 0.080 

 Rot. Str.a 9 10 12 14 9 −9 −10 −40 

 TM angleb /  29 31 30  28 96 96 120 

 E-M anglec /  86 85 86  87 94 95 84 

0→2 Energy / cm-1 16740 16570 16790 16480 16460 17490 17140 19880 

 Osc. Str. 0.009 0.011 0.012 0.024 0.009 0.009 0.010 0.085 

 Rot. Str. a 0 1 1 2 1 −5 −4 −11 

 TM angleb /  7 6 13  10 63 109 57 

 E-M anglec /  87 88 87  86 100 98 105 

0→3 Energy / cm-1 24480 24110 24510 23380 24740 26100 26410 33050 

 Osc. Str. 1.050 1.064 1.059 1.654 1.129 0.410 1.298 2.874 

 Rot. Str. a 27 39 47 255 106 1 225 114 

 TM angleb /  86 93 83  73 97 35 16 

 E-M anglec /  86 85 83  70 90 29 92 

0→4 Energy / cm-1 24700 24320  23450 24950 26280 26660 34110 

 Osc. Str. 1.255 1.314  1.635 1.241 1.399 0.707 0.886 

 Rot. Str. a −24 −20  −229 −99 110 −139 56 

 TM angleb /  10 10   162 34 30 48 

 E-M anglec /  91 91   96 81 100 73 

0→5 Energy / cm-1 26360 26270   26250 28540 28140 36310 

 Osc. Str. 0.641 0.530   0.675 0.041 0.033 1.833 

 Rot. Str. a 8 8   -6 −1 −6 −147 

 TM angleb /  138 137   38 142 144 62 

 E-M anglec /  88 87   93 94 102 91 

0→6 Energy / cm-1 28450 28210   28000 28920 28690 37640 

 Osc. Str. 0.013 0.191   0.005 0.465 0.010 0.057 

 Rot. Str. a 2 −13   3 −88 13 −17 

 TM angleb /  53 41   37 119 150 96 

 E-M anglec /  82 93   73 98 55 135 

0→7 Energy / cm-1  28710   29470 29260 29550 38340 

 Osc. Str.  0.043   0.112 0.025 0.339 0.125 

 Rot. Str. a  25   11 −6 −64 49 

 TM angleb /   145   135 47 61 57 

 E-M anglec /   47   88 92 98 94 

0→8 Energy / cm-1  29280   30060 30670 31030 40050 

 Osc. Str.  0.004   0.036 0.058 0.017 0.109 

 Rot. Str. a  2   25 53 34 -8 

 TM angleb /   140   139 35 50 79 

 E-M anglec /   77   65 73 78 122 

a: 10-40 erg esu cm gauss-1.  b: angle between electronic transition moment and the B–B vector projected into the macrocyclic 

plane.  c: angle between the electric dipole and magnetic dipole transition moments.  d: dtp = 3,5-di-tert-butylphenyl. 
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Table 4.4  Calculated spectral properties of 3a. 
 method CAM-B3LYP CAM-B3LYP CAM-B3LYP CAM-B3LYP ωB97XD CAM-B3LYP ωB97XD CIS 

 basis 6-31G* 6-31+G* 6-31+G* 6-31++G(2d,p) 6-31G* 6-31+G* 6-31+G* 6-31+G* 

 solvent none none CHCl3 THF =7 none none none none 

 meso groupd dtp dtp dtp dtp dtp H H H 

0→1 Energy / cm-1 16880 16690  16560 16620 17150 16900 18530 
 Osc. Str. 0.006 0.008  0.017 0.005 0.042 0.039 0.113 
 Rot. Str.a 9 10  14 9 14 13 −7 
 TM angleb /  83 95   82 51 51 49 
 E-M anglec /  85 84   85 87 87 89 

0→2 Energy / cm-1 17180 17030  16960 17040 18120 17960 22620 
 Osc. Str. 0.064 0.063  0.098 0.065 0.001 0.001 0.050 
 Rot. Str. a −6 −7  −13 −6 1 1 −3 
 TM angleb /  24 25   25 27 45 45 
 E-M anglec /  99 101   100 77 71 48 

0→3 Energy / cm-1 24620 24240  23530 24870 26130 26350 32970 
 Osc. Str. 1.143 1.164  1.701 1.226 1.147 1.252 3.032 
 Rot. Str. a −32 −34  −129 −60 −116 −141 −165 
 TM angleb /  76 74   107 13 14 19 
 E-M anglec /  98 98   105 105 107 117 

0→4 Energy / cm-1 25240 24840  24040 25600 26660 27270 35430 
 Osc. Str. 1.413 1.392  1.727 1.505 0.609 0.775 0.982 
 Rot. Str. a 58 52  122 94 13 59 −26 
 TM angleb /  9 9   169 106 99 88 
 E-M anglec /  85 85   83 88 85 70 

0→5 Energy / cm-1 26720 26700   26580 28960 28690 38100 
 Osc. Str. 0.266 0.238   0.259 0.132 0.009 0.007 
 Rot. Str. a −54 −61   −56 72 7 153 
 TM angleb /  125 124   52 92 46 86 
 E-M anglec /  105 109   107 75 60 62 

0→6 Energy / cm-1 28480 28260   28240 29100 28780 37640 
 Osc. Str. 0.044 0.199   0.001 0.009 0.004 0.057 
 Rot. Str. a 25 29   1 20 23 -1 
 TM angleb /  14 12   121 35 97 104 
 E-M anglec /  79 84   76 29 5 88 

0→7 Energy / cm-1     29350 29650 29800 38760 
 Osc. Str.     0.047 0.288 0.066 0.050 
 Rot. Str. a     11 -54 -4 2 
 TM angleb /      150 102 86 126 
 E-M anglec /      89 99 94 79 

0→8 Energy / cm-1     29890 30260 30630 38900 
 Osc. Str.     0.065 0.096 0.219 0.326 
 Rot. Str. a     −40 −11 −39 −93 
 TM angleb /      139 154 114 113 
 E-M anglec /      110 96 127 92 

a: 10-40 erg esu cm gauss-1.  b: angle between electronic transition moment and the B–B vector projected into the macrocyclic 

plane.  c: angle between the electric dipole and magnetic dipole transition moments.  d: dtp = 3,5-di-tert-butylphenyl. 
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The results of analysis, in combination of with the pattern of thermal isomerisation 

and NMR assignments, was used to assign absolute configurations a and b for each of 2 and 

3 with the results summarised in Table 4.5 with Fr1 assigned to 2b, Fr2 to 2a, Fr3 to 3a, and 

Fr4 to 3b.  There are only two feasible possibilities for the assignments of the four fractions, 

and only one of these results is in qualitative agreement between the observed and calculated 

CD spectroscopic properties. 

Table 4.5  Assignment of structures to HPLC fractions by comparison of measured7 and calculated 1H and 19F 

NMR, observed thermal isomerisation processes, and CD Spectra. 

Fraction NMR 
Thermal isomerisation  

Q-band intense  

peak~15600 cm-1  
Soret shoulder  

at ~22500 cm-1 

possibility 1 possibility 2  CD sign CD strength Ass.  CD sign CD strength Ass. 

Fr1 2 a b  − strong 2b  + weak 2b? 

Fr2 2 b a  + strong 2a  - weak 2a? 

Fr3 3 b a  − weak 3a  - strong 3a 

Fr4 3 a b  + weak 3b  + strong 3b 

 

Primary conclusion of the structural assignments from 

DFT interpreted chiroptical properties: 

Fr1 is assigned to 2b, Fr2 to 2a, Fr3 to 3a, and Fr4 to 3b. 

 

4.4 Necessary new terminology and nomenclature 

4.4.1 Terminology 

New terminology is required to describe the observed stereoisomerism, i.e., the 

geometric relationships between these stereoisomers, and the associated concerted 

unimolecular stereoisomerisation process (Rst
c 1) that this work shows interconverts between 

the diastereomeric pairs (2a ⇌ 3a), (2b ⇌ 3b), and conceptually between diastereomeric pairs 

(4a ⇌ 5a) and (4b ⇌ 5b). 

Whilst in Chapter 2, it was pointed out that stereoisomerism classifications should 

only describe geometric relationships, during the early stages of the work comprising this 

Thesis, common practice was followed where, for some types of conformational isomerism, 
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the terms mix their geometric relationship definition with reference to a real or conceptual 

mechanistic process. 

The IUPAC definition for atropisomers (from Greek atropos meaning “without 

turning”) meaning “subclass of conformers which can be isolated as separate chemical 

species and which arise from restricted rotation about a single bond” (see Section A.1) 

provided the template for the BAR analogue described here.  Hence the term akamptisomers 

(from Greek akamptos meaning “inflexible, unbending”, see Section 2.4.3) was coined to 

describe bond-angle reflectomers where the barrier to BAR was sufficiently high, or 

“hindered”, to allow for practical isolation of the resultant stereoisomers.  Further, the 

relationship between these akamptisomers was called akamptisomerism (see Section 2.4.1) in 

keeping with the IUPAC standard general definition for isomerism (see Section A.25).  

Similarly, any mechanism that can convert between akamptisomer pairs is called 

akamptisomerisation (see Section 2.4.2) with the associated Rst
c 1 process being BAR. 

 

4.4.2 The ML2 stereogenic unit and their 2D depiction 

This work revealed that an embedded ML2 stereogenic unit can exhibit geometric 

relationships unforeseen by the existing IUPAC recommendations.91  This is apparent when 

the ML2 unit is embedded so as to provide an external frame of reference.  Two limiting cases 

are shown in Figure 4.7.  In Figure 4.7a is an example of a substituted 11-

oxabicyclo(4.4.1)undeca-1,3,5,7,9-pentaene where the bridgehead L atoms are sp2 carbon 

atoms and all bonds connecting to them form part of the embedding structure.  Here, the 

existing IUPAC recommendations for the wedge-hash depiction of stereoisomeric 

relationships91 and the IUPAC inorganic nomenclatural polyhedral symbols3 prove sufficient 

to describe all the geometric relationships. 
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 Figure 4.7  Usage of the wedge-hash system for the 2D depiction of the ML2 stereogenic unit of BAR-related 

stereoisomers.  (a) For a substituted 11-oxabicyclo(4.4.1)undeca-1,3,5,7,9-pentaene, the existing wedge-hash 

system91 and inorganic polyhedral symbols3 suffice to describe all stereoisomeric properties of the ML2 

stereogenic unit.  (b) For the substituted porphyrin ligated B(F)OB(F) complexes the existing recommendation 

for the wedge-hash system fails.  The non-standard usage shown here faithfully indicates the geometric 

relationships between M, L and the embedding porphyrin.  Significantly, it is the presence of the non-embedded 

fluorine atoms that demands this.  The intermediates marked as “I” need not be characterised as a transition-

state structure.  Atoms and bonds marked in red are above the quasi-plane of the porphyrin whilst those in blue 

are below it.   

In Figure 4.7b are examples of substituted porphyrin ligated B(F)OB(F) complexes.  

In these cases, the bridgehead L atoms are sp3 tetrahedral boron atoms that each feature a 

substituent that is not part of the embedding structure (the fluorine atoms).  This work reveals 

that in such cases the existing wedge-hash system fails and that the entire ML2 unit and its 

connections to the embedding structure need to be considered as a single stereogenic unit, 

requiring the non-standard wedge-hash usage as shown.  This system, used throughout this 

Thesis, faithfully indicates all the necessary 3D geometric relationships between M, L and the 

embedding structure.  A detailed examination of the implications that arise from the failings 

of standard IUPAC depictions of stereogenic units is discussed in Chapter 5. 
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4.4.3 Deficits of current nomenclature for akamptisomeric systems 

The unusual nature, recent discovery, and (currently small) number of examples of 

compounds in this class has highlighted weaknesses, and indeed failings, of existing 

nomenclature.  The nomenclature used in Chemical Abstracts (CAS) listings is ambiguous as 

it does not fully address the stereochemistry of these compounds.  For example, B(F)OB(F) 

porphyrins are currently listed in CAS using additive systematic IUPAC nomenclature, i.e., 

for the compound with CAS Registry Number 1022915-61-2, the name is difluoro-μ-oxo[μ-

[tetraphenyl-21H,23H-porphinato(2-)-κN21,κN22:κN23,κN24]]diboron.  In a similar fashion, the 

B(F)OB(F)-corrole complex, assigned CAS Registry Number 1013891-91-2 (Component: 

1013965-96-2), is named [μ-[1,2,3,7,8,12,13,17,18,19-decadehydro-21,22-dihydro-5,10,15-

tris(4-methylphenyl)corrinato(3-)-κN21,κN24:κN22,κN23]]difluoro-μ-oxodiborate(1-).  

However, from the primary publication, the first is a transoid compound143 and the second an 

extended-cisoid compound146, and the alternative forms of each are, in principle, feasible yet 

would be assigned the same name: 

 
CAS number: 1022915-61-2 

 

is 

 

 
 

(parvo,amplo) 

 

but 

not 

 

 
 

(amplo,amplo) 

 
CAS Number 1013891-91-2 

(Component: 1013965-96-2) 

is 

 

 

 
(amplo,amplo) 

but 

not 

 

 
 

(parvo,amplo) 

 

 

The most obvious difference between the two B(F)OB(F) configurations 

demonstrated are the positions of the boron atoms relative to the macrocycle.  There does 

exist a system of / stereodescriptors for defining the different faces of a macrocycle150 

which could, in principle, be used to indicate the single protruding BF in the transoid case, or 

the two co-facially protruding BF groups in the cisoid case.  This usage, however, is 
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somewhat lacking in that it introduces a new source of ambiguity in the case of porphyrinoid 

macrocycles as “” is frequently used in a non-systematic way to indicate the -pyrrolic 

positions. 

Porphyrin complexes featuring the unsymmetrical bridge group B(OH)OB(Ph) 

prepared by Belcher et al.143 demonstrate another shortcoming of existing nomenclature.  

Under the assumption of the bridge group adopting a transoid configuration, there is the 

question as to which, of the now distinct, boron atoms occupies the position that is coplanar 

with the macrocycle.  This is demonstrated below for CAS Registry Number 1022915-75-8, 

which has been assigned the name hydroxy-μ-oxophenyl[μ-[5,10,15,20-tetrakis(4-

methylphenyl)-21H,23H-porphinato(2-)-κN21,κN22:κN23,κN24]]diboron. 

 
CAS number: 1022915-75-8 

 

 
(parvo,amplo) 

 

 
(amplo,parvo) 

 

The low-symmetry B(F)OB(F) porphyrin isomers studied in this work further 

exemplify the shortcomings of existing nomenclature, especially when discussing the 

phenomenon of akamptisomerism.  An ideal amendment to the systematic nomenclature 

would not only be to provide clear, concise, and unambiguous names but also make the 

relationships between stereoisomers clear and, preferably, obvious. 

Additionally, no standard IUPAC descriptors3 exist for akamptisomer nomenclature, 

although for some of these molecules existing descriptors could be utilised.  The Klyne-

Prelog system provides a crude description of torsional relationships, but it is not currently 

utilised within an IUPAC nomenclatural context, nor is it ideally fit for purpose here. 

4.4.4 Akamptisomer specific stereodescriptors: parvo and amplo 

Proposed here are universal stereodescriptors for bond-angle reflectomer and 

akamptisomer nomenclature, enabling easy implementation within computerised naming 
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schemes. These provide general molecular structural elements that are intuitively descriptive 

and can also be applied to akamptisomeric systems involving double bonds, if required. 

The essential features of akamptisomers in a constraining (embedding) environment 

are:  

(i) angle bending around a bicoordinate atom M linked to atoms L1 and L2, 

forming an inner L1−M−L2 unit [for example, B(F)OB(F) for 2 – 5], and  

(ii) this unit is constrained by bonds to its external embedding environment 

(macrocyclic ligand, polymer chain, matrix, etc.).  See Chapter 3 Section 

3.5.2. 

 

Both L1 and L2 may connect to their embedding environment by more than one bond 

(e.g., two B−N bonds each for 2 – 5 but with the fluorine atoms ignored as these are not 

connected to the embedding environment).  The simplest representation for this is a single 

vector that averages all of the actual bond vectors to L1.  These vectors end at points labelled 

E1 and E2 that originate from L1and L2, respectively (see Figure 4.8).  Typically, E1 and E2 

will lie very close to the L1−M−L2 plane, but, for generality, E1 and E2 are projected onto this 

plane.  For porphyrins and other systems that exhibit a local reflection symmetry plane 

coincident with the L1−M−L2 plane (see Figure 4.2a–c, Figure 4.2e, and Figure 4.2f), E1 and 

E2 will lie very close to this L1−M−L2 plane.  As a counter-example where this local 

reflection symmetry is not present such as in corroles (Figure 4.2d), the effect of the E1 

projection onto the L1−M−L2 plane is more significant. 

To determine the configuration of Li with respect to its external environment, the 

Li−Ei−Ej angle 𝑖 is calculated. This is then compared to the analogous angle 𝑖
′
 in the BAR 

stereoisomer.  Here, an arbitrary numerical criterion is chosen for comparison of the angles; 

by testing against many B−O−B macrocycles complexes, including corroles (see Table 4.8), 

it was found that comparing the 𝑖 / 𝑖
′
 values to 2/3 and 3/2 appear to be a robust criterion.  

Accordingly, the stereodescriptors are defined as follows:  

 
𝑖

𝑖
′⁄  < 2 3⁄    Li is assigned the stereodescriptor parvo 

2
3⁄  ≤ 

𝑖

𝑖
′⁄  ≤ 3 2⁄    no stereodescriptor applies 

3
2⁄ < 

𝑖

𝑖
′⁄     Li is assigned the stereodescriptor amplo 
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with 

parvo: Latin; ablative, neuter, singular of parvus, meaning “small”.  

amplo: Latin; ablative, neuter, singular of amplus, meaning “large, spacious”.  

A Mathematica script that automates the assignment of parvo/amplo stereodescriptors 

is provided in Appendix C. 

Figure 4.8 shows the application of this scheme to 2a – 5a, also the BAR transition 

state 𝐓𝐒𝐚𝐤
𝑹  connecting 2a with 3a, and a defluorinated reaction intermediate, illustrating that 

this method leads to unique chemical names. When L1 and L2 are stereocentres, they are 

given their respective absolute configuration stereodescriptors to which the right subscripted 

labels “amplo” and “parvo” are added.  If using standard IUPAC organic nomenclatural 

stereodescriptors, these will be either (R) or (S).  If using standard IUPAC inorganic 

polyhedral absolute configuration stereodescriptors, these will be either (T-4-R) or (T-4-S).  

The labels for each atom Li in the name are ordered according to the standard numbering 

system of the surrounding macrocycle.  If there exists a choice for numbering, parvo is given 

priority over amplo.  Abbreviated names are also provided in the figure.  All b isomers are 

named similar to the a isomers shown, with all (R) and (S) labels interchanged.  In Table 4.8, 

the names and angles are given for the 36 porphyrin and corrole structures and transition 

states mentioned in this work. 

Compounds like 2 – 5 form two bonds from each of L1 and L2
, to their environments, 

within a macroscopic ring system.  Then (parvo) configurations generally correspond to the 

ligated centre being effectively co-planar (“plano”) with its ligated half of the macrocycle, 

with (amplo) centres being distinctly out-of-plane (“aplano”) with their ligated half of the 

macrocycle, thus the mnemonic: 

parvo  plano     and     amplo  aplano 

can provide a more structure-intuitive guide. 

The situation in which the L1−M−L2 angle is nearly linear is worthy of note.  In this 

case, optimisation of the structure produced by BAR inversion usually results in a return to 

the original structure, making both 𝑖 / 𝑖
′
 = 1 and so no stereodescriptor is assigned.  This 

result is both general and intuitive. 
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In the unusual cases of the 1,3-fluoride shift enantiomerisation transition structures, 

both the fluorine and the oxygen atoms occupy positions on opposite sides of the macrocycle, 

and each is bicoordinate with a bent geometry.  Whilst it is physically impossible for both the 

B−O−B and B−F−B bond angles to undergo a Rst
c 1 BAR, this simultaneous-dual reflection 

geometric relationship still holds.  The outcome is that 𝐓𝐒𝐞𝐧
𝑹𝑺+ and 𝐓𝐒𝐞𝐧

𝑺𝑹+ constitute a pair of 

akamptisomers.  The dual BAR in this case also interchanges the (T-4-R) and (T-4-S) 

polyhedral absolute-configuration stereodescriptors; something not seen in the single BAR 

cases. 

4.4.4.1 Nomenclature for transition-state structures encountered in this Chapter 

With the increasing ability to accurately model transition structures for chemical 

reactions, a natural consequence is the increasing need to unambiguously name these.  Whilst 

a comprehensive treatment solving the full range of challenges faced for a nomenclatural 

system for transition-state structures in general requires further development, the challenges 

encountered in this work are far simpler. 

In this Chapter all the transition structures differ from potential-energy local-minima 

structures only by either coordination geometry (in the case of linear bicoordinate oxygen) or 

coordination number (in the case of strepsisomerism).  Consequently, these transition 

structures are readily described by implementing the existing standard IUPAC inorganic 

nomenclature (IUPAC “Red Book”3).  The designation that a constructed name is a transition 

structure and not a potential-energy local minimum is readily indicated by simply adding the 

double dagger (‡) symbol to the end of the name.  For example, the B−O−B BAR transition 

structures encountered here are characterised by a linear or near-linear bicoordinate oxygen, 

hence necessitating the use of the (L-2) symbol (see IR-9.3.2.13 and Appendix B). 

For abbreviated names, the double dagger symbol can be used as is or superscripted 

as desired. 
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Figure 4.8  Naming convention for atoms involved in BAR processes, their application to 2a – 5a, the B 

transition-state structure linking 2a and 3a, and a defluorinated reaction intermediate, listing convenient 

abbreviations and full IUPAC substitutive systematic names, augmented with parvo/amplo stereodescriptors, 

that commence with “5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′]porphyrin-21,23-diido-“ 

and finish as indicated.   The B−O−B plane is highlighted, and the meso 3,5-di-tert-butylphenyl groups and 

hydrogens are omitted for clarity.  
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4.4.4.2 Listing of all species and proposed systematic names 

In Table 4.6, names are given to all neutral molecules and anionic corroles considered 

in this Chapter, their abbreviated names, and proposed full systematic substitutive IUPAC 

names modified with the parvo and amplo stereodescriptors.  Additionally, alternative 

systematic additive IUPAC names are shown in blue for some species.  For all 2D structures, 

all indicated stereochemistry is relative to the porphyrin ligand with atoms and bonds marked 

in red being above the quasi-plane of the porphyrin whilst those in blue are below it.    

Table 4.7 provides corresponding information for all mono-defluorinated cationic species 

considered.  The geometric angles leading to the specified values of the parvo and amplo 

stereodescriptors in both tables are listed in Table 4.8. 

Table 4.6   Names for all neutral porphyrins and anionic corroles considered. References listed as, for example 

IR-9.3.2.1, refer to specific sections in the “IUPAC Red Book”3. 

Structure Names 

 

1, H2pqx: 

 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)-22H,24H-

quinoxalino[2,3−b′]porphyrin 

 

2a, (Ra,Rp)-B2OF2pqx: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino 

[2,3−b′]porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-

Ramplo),2(A-2),3(T-4-Rparvo)]-1,3-difluoro-14,34-diboroxane} 
 

1,2-difluoro-μ-oxo(μ-[5,10,15,20-tetrakis(3,5-di-tert-

butylphenyl)quinoxal-ino[2,3−b′]-21H,23H-porphinato(2-)-1

κ2N21,22:2κ2N23,24])-[1(T-4-Ramplo),2(T-4-Rparvo)]-diboron 

 

2b, (Sa,Sp)-B2OF2pqx: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino 

[2,3−b′]porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-

Samplo),2(A-2),3(T-4-Sparvo)]-1,3-difluoro-14,34-diboroxane} 
 

1,2-difluoro-μ-oxo(μ-[5,10,15,20-tetrakis(3,5-di-tert-

butylphenyl)quinoxal-ino[2,3−b′]-21H,23H-porphinato(2-)-1

κ2N21,22:2κ2N23,24])-[1(T-4-Samplo),2(T-4-parvo)]--diboron 
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Structure Names 

 

3a, (Rp,Ra)-B2OF2pqx: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino 

[2,3−b′]porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-

Rparvo),2(A-2),3(T-4-Ramplo)]-1,3-difluoro-14,34-diboroxane} 
 

1,2-difluoro-μ-oxo(μ-[5,10,15,20-tetrakis(3,5-di-tert-

butylphenyl)quinoxal-ino[2,3−b′]-21H,23H-porphinato(2-)-1

κ2N21,22:2κ2N23,24])-[1(T-4-Rparvo),2(T-4-Ramplo)]-diboron 

 

3b, (Sp,Sa)-B2OF2pqx: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino 

[2,3−b′]porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-

Sparvo),2(A-2),3(T-4-Samplo)]-1,3-difluoro-14,34-diboroxane} 
 

1,2-difluoro-μ-oxo(μ-[5,10,15,20-tetrakis(3,5-di-tert-

butylphenyl)quinoxal-ino[2,3−b′]-21H,23H-porphinato(2-)-1

κ2N21,22:2κ2N23,24])-[1(T-4-Sparvo),2(T-4-Samplo)]-diboron 

 

4a, (Ra,Sa)-B2OF2pqx: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino 

[2,3−b′]porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-

Ramplo),2(A-2),3(T-4-Samplo)]-1,3-difluoro-14,34-diboroxane} 
 

1,2-difluoro-μ-oxo(μ-[5,10,15,20-tetrakis(3,5-di-tert-

butylphenyl)quinoxal-ino[2,3−b′]-21H,23H-porphinato(2-)-1

κ2N21,22:2κ2N23,24])-[1(T-4-Ramplo),2(T-4-Samplo)]-diboron 

 

4b, (Sa,Ra)-B2OF2pqx: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino 

[2,3−b′]porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-

Samplo),2(A-2),3(T-4-Ramplo)]-1,3-difluoro-14,34-diboroxane} 
 

1,2-difluoro-μ-oxo(μ-[5,10,15,20-tetrakis(3,5-di-tert-

butylphenyl)quinoxal-ino[2,3−b′]-21H,23H-porphinato(2-)-1

κ2N21,22:2κ2N23,24])-[1(T-4-Samplo),2(T-4-Ramplo)]-diboron 

 

5a, (Rp,Sp)-B2OF2pqx: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino 

[2,3−b′]porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-

Rparvo),2(A-2),3(T-4-Sparvo)]-1,3-difluoro-14,34-diboroxane} 
 

1,2-difluoro-μ-oxo(μ-[5,10,15,20-tetrakis(3,5-di-tert-

butylphenyl)quinoxal-ino[2,3−b′]-21H,23H-porphinato(2-)-1

κ2N21,22:2κ2N23,24])-[1(T-4-Rparvo),2(T-4-Sparvo)]-diboron 
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Structure Names 

 

5b, (Sp,Rp)-B2OF2pqx: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino 

[2,3−b′]porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-

Sparvo),2(A-2),3(T-4-Rparvo)]-1,3-difluoro-14,34-diboroxane} 
 

1,2-difluoro-μ-oxo(μ-[5,10,15,20-tetrakis(3,5-di-tert-

butylphenyl)quinoxal-ino[2,3−b′]-21H,23H-porphinato(2-)-1

κ2N21,22:2κ2N23,24])-[1(T-4-Sparvo),2(T-4-Rparvo)]-diboron 

 

(parvo,amplo)-B2OF2p: 
 

porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-parvo),2(A-

2),3(T-4-amplo)]-1,3-difluoro-14,34-diboroxane} 
 

difluoro-μ-oxo[μ-(21H,23H-porphinato(2-)-1

κ2N21,22:2κ2N23,24)]-[1(T-4-parvo),2(T-4-amplo)]-diboron 

 

TSak, 2(L-2)-B2OF2p, BAR transition state 
 

porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4),2(L-2),3(T-

4)]-1,3-difluoro-14,34-diboroxane} ‡ 
 

difluoro-μ-oxo[μ-(21H,23H-porphinato(2-)-1

κ2N21,22:2κ2N23,24)]-(2(L-2))-diboron‡ 

 

transoid (ipaBF)2O: 

 

bis[2-fluoro-1,2-dihydro-1,2λ4,2-diazaborinine]oxide 

 

 

𝐓𝐒𝐚𝐤
𝑹 , (R,L-2,R)-B2OF2pqx‡, 2a3a akamptisomerisation 

transition state: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino 

[2,3−b′]porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-

R),2(L-2),3(T-4-R)]-1,3-difluoro-14,34-diboroxane}‡ 

See IR-9.3.2.13 for use of (L-2) polyhedral symbol 

 

𝐓𝐒𝐚𝐤
𝑺 , (S,L-2,S)-B2OF2pqx‡, 2b3b akamptisomerisation 

transition state: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino 

[2,3−b′]porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-

S),2(L-2),3(T-4-S)]-1,3-difluoro-14,34-diboroxane}‡  

See IR-9.3.2.13 for use of (L-2) polyhedral symbol 
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Structure Names 

 

TS2a3a, (Cp,amplo)-B2OF2pqx‡, 3a↔2a strepsisomerisation 

transition state: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino 

[2,3−b′]porphyrin-21,23-diido-1κ3N21,22,23:3κN24-{[1(TBPY-5-

Cparvo),2(A-2),3(TP-3-amplo)]-1,3-difluoro-15-diboroxane}‡ 
 

See IR-9.3.4.53 for use of (C/A) stereoconfiguration symbol 

 

TS3a3b, (parvo,amplo)-B2OF2pqx‡, 3b↔3a strepsisomerisation 

transition state: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino 

[2,3−b′]porphyrin-21,23-diido-1κ3N21,22,24:3κN23-{[1(TBPY-5-

parvo),2(A-2),3(TP-3-amplo)]-1,3-difluoro-15-diboroxane}‡ 

 

TS2b3b, (Ap,amplo)-B2OF2pqx‡, 2b↔3b strepsisomerisation 

transition state: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino 

[2,3−b′]porphyrin-21,23-diido-1κ3N21,22,23:3κN24-{[1(TBPY-5-

Aparvo),2(A-2),3(TP-3-amplo)]-1,3-difluoro-15-diboroxane}‡ 
 

See IR-9.3.4.53 for use of (C/A) stereoconfiguration symbol 

 

TS2a2b, (amplo,parvo)-B2OF2pqx‡, 2a↔2b strepsisomerisation 

transition state: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino 

[2,3−b′]porphyrin-21,23-diido-1κN21:3κ3N22,23,24-{[1(TP-3-

amplo),2(A-2),3(TBPY-5-parvo)]-1,3-difluoro-35-

diboroxane}‡ 

 

(amplo,amplo)-B2OF2tpp: 
 

5,10,15,20-tetraphenyl-porphyrin-21,23-diido-1κ2N21,22: 

3κ2N23,24-{[1(T-4-amplo),2(A-2),3(T-4-amplo)]-1,3-difluoro-

14,34-diboroxane} 

difluoro-μ-oxo[μ-(5,10,15,20-tetraphenyl-21H,23H-

porphinato(2-)-1κ2N21,22:2κ2N23,24)]-[1(T-4-amplo),2(T-4-

amplo)]-diboron 

 
(amplo,amplo)-B2OF2corrolate(1-) 

(amplo,amplo)-B2OF2corrole(1-), conjugate base of CAS 

number 1013891-91-2 (Component: 1013965-96-2): 
 

[μ-[1,2,3,7,8,12,13,17,18,19-decadehydro-21,22-dihydro-5,10,

15-tris(4-methylphenyl)corrinato(3-)-κN21,κN24:κN22,κN23]]

difluoro-μ-oxo-[1(T-4-amplo),2(T-4-amplo)]-diborate(1-) 
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Structure Names 

 
(Sp,Sa)-B2OF2corrolate(1-)  

(Sp,Sa)-B2OF2corrole(1-): 

 

[μ-[1,2,3,7,8,12,13,17,18,19-decadehydro-21,22-dihydro-5,10,

15-triphenylcorrinato(3-)-κN21,κN24:κN22,κN23]]difluoro-μ-

oxo-[1(T-4-Sparvo),2(T-4-Samplo)]-diborate(1-) 

 
(parvo,amplo)-B2O(Ph)(OH)-p 

(parvo,amplo)-B(OH)OB(Ph)ttp, CAS number 1022915-75-8: 
 

5,10,15,20-tetrakis(4-methylphenyl)porphyrin-21,23-diido-1

κ2N21,22:3κ2N23,24-{[1(T-4-parvo),2(A-2),3(T-4-amplo)]-1-

hydroxy-3-phenyl-14,34-diboroxane} 
 

 

hydroxy-μ-oxophenyl[μ-[5,10,15,20-tetrakis(4-methylphenyl)-

21H,23H-porphinato(2-)-κN21,κN22:κN23,κN24]]-[1(T-4-

parvo),2(T-4-amplo)]-diboron. 

(amplo,parvo)-B2O(Ph)(OH)-p 

(amplo,parvo)-B(OH)OB(Ph)ttp: 
 

5,10,15,20-tetrakis(4-methylphenyl)porphyrin-21,23-diido-1

κ2N21,22:3κ2N23,24-{[1(T-4-amplo),2(A-2),3(T-4-parvo)]-3-

hydroxy-1-phenyl-14,34-diboroxane] 
 

 

hydroxy-μ-oxophenyl[μ-[5,10,15,20-tetrakis(4-methylphenyl)-

21H,23H-porphinato(2-)-κN21,κN22:κN23,κN24]]-[1(T-4-

amplo),2(T-4-parvo)]-diboron. 
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Table 4.7  Names for all mono-defluorinated cations considered.  References listed as, for example IR-9.3.2.1, 

refer to specific sections in the “IUPAC Red Book”3. 

Structure Names 

 

(Rp,_)-B2OFpqx+: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′] 

porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-Rparvo),2(A-

2),3(TP-3)]-1-fluoro-14-diboroxanium} 
 

See IR-6.4.33 for nomenclature of substituted cations 

 

(Ra,_)-B2OFpqx+: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′] 

porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-Ramplo),2(A-

2),3(TP-3)]-1-fluoro-14-diboroxanium} 
 

See IR-6.4.33 for nomenclature of substituted cations 

 

(_,Rp)-B2OFpqx+: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′] 

porphyrin-21,23-diido-1κ2N23,24:3κ2N21,22-{[1(TP-3),2(A-2),3(T-4-

Rparvo),]-1-fluoro-14-diboroxanium} 
 

See IR-6.4.33 for nomenclature of substituted cations 

 

(_,Ra)-B2OFpqx+: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′] 

porphyrin-21,23-diido-1κ2N23,24:3κ2N21,22-{[1(TP-3),2(A-2),3(T-4-

Ramplo),]-1-fluoro-14-diboroxanium} 
 

See IR-6.4.33 for nomenclature of substituted cations 

 

(Sp,_)-B2OFpqx+: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′] 

porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-Sparvo),2(A-

2),3(TP-3)]-1-fluoro-14-diboroxanium} 
 

See IR-6.4.33 for nomenclature of substituted cations 

 

(Sa,_)-B2OFpqx+: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′] 

porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-Samplo),2(A-

2),3(TP-3)]-1-fluoro-14-diboroxanium} 
 

See IR-6.4.33 for nomenclature of substituted cations 
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Structure Names 

 

(_,Sp)-B2OFpqx+: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′] 

porphyrin-21,23-diido-1κ2N23,24:3κ2N21,22-{[1(TP-3),2(A-2),3(T-4-

Sparvo),]-1-fluoro-14-diboroxanium} 
 

See IR-6.4.33 for nomenclature of substituted cations 

 

(_,Sa)-B2OFpqx+: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′] 

porphyrin-21,23-diido-1κ2N23,24:3κ2N21,22-{[1(TP-3),2(A-2),3(T-4-

Samplo),]-1-fluoro-14-diboroxanium} 
 

See IR-6.4.33 for nomenclature of substituted cations 

 

𝐓𝐒𝐚𝐤𝟏
𝑹+ , (_,R)-B2OFpqx+‡, cationic akamptisomerisation transition 

state: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′] 

porphyrin-21,23-diido-1κ2N23,24:3κ2N21,22-{[1(TP-3),2(L-2),3(T-4-

R)-1-fluoro-14-diboroxanium}‡ 
 

See IR-9.3.2.13 for use of (L-2) polyhedral symbol and IR-6.4.33 

for nomenclature of substituted cations 

 

𝐓𝐒𝐚𝐤𝟏
𝑺+ , (_,S)-B2OFpqx+‡, cationic akamptisomerisation transition 

state: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′] 

porphyrin-21,23-diido-1κ2N23,24:3κ2N21,22-{[1(TP-3),2(L-2),3(T-4-

S)-1-fluoro-14-diboroxanium}‡ 
 

See IR-9.3.2.13 for use of (L-2) polyhedral symbol and IR-6.4.33 

for nomenclature of substituted cations 

 

𝐓𝐒𝐚𝐤𝟐
𝑹+ , (R,_)-B2OFpqx+‡, cationic akamptisomerisation transition 

state: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′] 

porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-R),2(L-

2),3(TP-3)]-1-fluoro-14-diboroxanium}‡ 
 

See IR-9.3.2.13 for use of (L-2) polyhedral symbol and IR-6.4.33 

for nomenclature of substituted cations 

 

𝐓𝐒𝐚𝐤𝟐
𝑺+ , (S,_)-B2OFpqx+‡, cationic akamptisomerisation transition 

state: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′] 

porphyrin-21,23-diido-1κ2N21,22:3κ2N23,24-{[1(T-4-S),2(L-2),3(TP-

3)]-1-fluoro-14-diboroxanium}‡ 

See IR-9.3.2.13 for use of (L-2) polyhedral symbol and IR-6.4.33 

for nomenclature of substituted cations 
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Structure Names 

 

𝐓𝐒𝐞𝐧
𝑹𝑺+, (R,S)-B2OFpqx+‡, cationic enantiomerisation transition 

state: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′] 

porphyrin-21,23-diido-2κ2N21,22:4κ2N23,24-{[1(A-2),2(T-4-R),3(A-

2),4(T-4-S)]-12,3,24,44-fluoraoxadiboretanium}‡ 

 

𝐓𝐒𝐞𝐧
𝑺𝑹+, (S,R)-B2OFpqx+‡, cationic enantiomerisation transition 

state: 
 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)quinoxalino[2,3−b′] 

porphyrin-21,23-diido-2κ2N21,22:4κ2N23,24-{[1(A-2),2(T-4-S),3(A-

2),4(T-4-R)]-12,3,24,44-fluoraoxadiboretanium}‡ 
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Table 4.8 Listing of all species internal angles in degrees, angle ratios and parvo/amplo assignments. 

Compound 1 2 BOB 
Reference 

akamptisomer 
1 2 1/1 2/2 

Stereo-

descriptors 

2a, (Ra,Rp)-B2OF2pqx 60 5 118 3a, (Rp,Ra)-B2OF2pqx 5 60 11.6 0.1 amplo,parvo 

2b, (Sa,Sp)-B2OF2pqx 60 5 118 3b, (Sp,Sa)-B2OF2pqx 5 60 11.6 0.1 amplo,parvo 

3a, (Rp,Ra)-B2OF2pqx 5 60 118 2a, (Ra,Rp)-B2OF2pqx 60 5 0.1 11.6 parvo,amplo 

3b, (Sp,Sa)-B2OF2pqx 5 60 118 2b, (Sa,Sp)-B2OF2pqx 60 5 0.1 11.6 parvo,amplo 

4a, (Ra,Sa)-B2OF2pqx 65 65 143 5a, (Rp,Sp)-B2OF2pqx 39 39 1.7 1.7 amplo,amplo 

4b, (Sa,Ra)-B2OF2pqx 65 65 143 5b, (Sp,Rp)-B2OF2pqx 39 39 1.7 1.7 amplo,amplo 

5a, (Rp,Sp)-B2OF2pqx 39 39 121 4a, (Ra,Sa)-B2OF2pqx 65 65 0.6 0.6 parvo,parvo 

5b, (Sp,Rp)-B2OF2pqx 39 39 121 4b, (Sa,Ra)-B2OF2pqx 65 65 0.6 0.6 parvo,parvo 

6, (parvo,amplo)-B2OF2p 4 61 118 6, (amplo,parvo)-B2OF2p 61 4 0.1 14.1 parvo,amplo 

𝐓𝐒𝐚𝐤
𝟔 , 2(L-2)-B2OF2p 39 39 180 𝐓𝐒𝐚𝐤

𝟔 , 2(L-2)-B2OF2p 39 39 1 1 none,none 

𝐓𝐒𝐚𝐤
𝑹 , 2a3a BAR TS 40 38 180 𝐓𝐒𝐚𝐤

𝑹 , 2a3a BAR TS 40 38 1 1 none,none 

𝐓𝐒𝐚𝐤
𝑺 , 2b3b BAR TS 40 38 180 𝐓𝐒𝐚𝐤

𝑺 , 2b3b BAR TS 40 38 1 1 none,none 

TS2a3a, 2a↔3a streps. TS 4 57 118 TS3b2b, 3b↔2b streps. TS 57 4 0.1 15.2 parvo,amplo 

TS3a3b, 3a↔3b streps. TS 4 56 117 TS2b2a, 2b↔2a streps. TS 56 4 0.1 15.2 parvo,amplo 

TS3b2b, 3b↔2b streps. TS 57 4 118 TS2a3a, 2a↔3a streps. TS 4 57 15.2 0.1 amplo,parvoa 

TS2b2a, 2b↔2a streps. TS 56 4 117 TS3a3b, 3a↔3b streps. TS 4 56 15.2 0.1 amplo,parvo 

(parvo,amplo)-B2O(Ph)(OH)-p 13 62 121 (amplo,parvo)-B2O(Ph)(OH)-p 62 8 0.2 8.1 amplo,parvo 

(amplo,parvo)-B2O(Ph)(OH)-p 62 8 119 (parvo,amplo)-B2O(Ph)(OH)-p 13 62 0.1 4.8 parvo,amplo 

(Rp,_)-B2OFpqx+ 7 29 104 (Ra,_)-B2OFpqx+ 64 32 0.1 0.9 parvo,none 

(Ra,_)-B2OFpqx+ 64 32 129 (Rp,_)-B2OFpqx+ 7 29 9.1 1.1 amplo,none 

(_,Rp)-B2OFpqx+ 29 7 104 (_,Ra)-B2OFpqx+ 32 65 0.9 0.1 none,parvo 

(_,Ra)-B2OFpqx+ 32 65 129 (_,Rp)-B2OFpqx+ 29 7 1.1 9.7 none,amplo 

(Sp,_)-B2OFpqx+ 7 29 104 (Sa,_)-B2OFpqx+ 64 32 0.1 0.9 parvo,none 

(Sa,_)-B2OFpqx+ 64 32 129 (Sp,_)-B2OFpqx+ 7 29 9.1 1.1 amplo,none 

(_,Sp)-B2OFpqx+ 29 7 104 (_,Sa)-B2OFpqx+ 32 65 0.9 0.1 none,parvo 

(_,Sa)-B2OFpqx+ 32 65 129 (_,Sp)-B2OFpqx+ 29 7 1.1 9.7 none,amplo 

𝐓𝐒𝐚𝐤𝟏
𝑹+ , (_,R)-B2OFpqx+‡ 5 44 155 𝐓𝐒𝐚𝐤𝟏

𝑹+ , (_,R)-B2OFpqx+‡ 5 44 1 1 none,none 

𝐓𝐒𝐚𝐤𝟏
𝑺+ , (_,S)-B2OFpqx+‡ 5 44 155 𝐓𝐒𝐚𝐤𝟏

𝑺+ , (_,S)-B2OFpqx+‡ 5 44 1 1 none,none 

𝐓𝐒𝐚𝐤𝟐
𝑹+ , (R,_)-B2OFpqx+‡ 44 5 155 𝐓𝐒𝐚𝐤𝟐

𝑹+ , (R,_)-B2OFpqx+‡ 44 5 1 1 none,none 

𝐓𝐒𝐚𝐤𝟐
𝑺+ , (S,_)-B2OFpqx+‡ 44 5 155 𝐓𝐒𝐚𝐤𝟐

𝑺+ , (S,_)-B2OFpqx+‡ 44 5 1 1 none,none 

𝐓𝐒𝐞𝐧
𝑹𝑺+ 11 10 93 𝐓𝐒𝐞𝐧

𝑺𝑹+ 10 11 1 1 none,noneb 

𝐓𝐒𝐞𝐧
𝑺𝑹+ 10 11 93 𝐓𝐒𝐞𝐧

𝑹𝑺+ 11 10 1 1 none,noneb 

a: alternate ring numbering giving priority to parvo leads to TS3b2b being named (1Ap,3amplo)-B2OF2pqx and 

not (1amplo,3Ap)-B2OF2pqx, b: BAR of a F- transfer transition state requires the conceptual BAR of both the F 

and O atoms. 
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Primary conclusions concerning terminology and nomenclature: 

New terminology is essential for describing the BAR-related stereoisomerism and has been 

introduced.  Additionally, new nomenclatural stereodescriptors are sometimes required to 

describe the BAR-related geometric details of the bridgehead atoms L1 and L2 comprising an 

embedded ML2 stereocentre.  The stereodescriptors parvo and amplo are introduced and 

rigorously defined.  They are compatible with existing IUPAC stereodescriptors.  The IUPAC 

recommended wedge-hash notation fails for embedded BAR-related stereoisomers with non-

standard usage introduced. 

4.5 Detailed DFT understanding of reaction mechanisms 

To show the relationships between the conceived compounds 2 – 5, (DFT) 

calculations at the B3LYP/6-31+G* level were performed, seeking stable isomers 

corresponding to 2 – 5 and transition states for BAR and other possible unimolecular 

processes, as well as for probable bimolecular processes, that could interconvert them. Full 

details are given in Methods Section 4.7.1.3, with optimised coordinates provided in 

E_File_8 (see page xxv).   

Previously, Table 4.1 presented a results overview pertaining to isomerisation 

reactions possible in simple solution under ambient conditions.  Here, this is extended by the 

consideration of more processes and by the examination of reactions pertaining to the 

conditions used in the synthesis, with results presented in Table 4.9.  Considered in detail are 

the following possible reaction mechanisms: 

Unimolecular processes: 

i) B−O−B BAR, 

ii) B−O−B hula-twist-like mechanism, 

iii) B(F)OB(F)-group bond-walk-rotation (strepsisomerisation). 

Bimolecular processes: 

iv) Uncatalysed F− loss, 

v) HNEt3
+ catalysed F− loss, 

vi) BF3·NEt3 catalysed F− loss, 

vii) uncatalysed F− SN2, 

viii) F− loss with counterfacial addition. 
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Table 4.9  Observed and B3LYP/6-31G+(d)-calculated reaction activation free energies in kJ mol−1, for various 

types of isomerisation mechanisms in (a) simple CH2Cl2 solutionsa and (b) under the conditions of synthesis b.  

Entries (a) are reproduced from Table 4.1 and included here to facilitate direct comparison with entries (b). 

 

Environment Process 

Akamptisomerisation Enantiomerisation cisoid relaxation 

 

2a ⇌3a 

3b ⇌2b 

3a ⇌2a 

2b ⇌3b 
2a ⇌2b 3a ⇌3b 

4a→2a 

4a→3b 

4b→2b 

4b→3a 

4a→2a 

4b→3b 

 

4a→2b 

4b→3b 

(a) 
CH2Cl2 

solution a 

Observed 104  2c 104  2c N.O.e N.O.e − − − 

B−O−B BAR 108 108 N.A.f N.A. f − − − 

B−O−B hula-twist-

like 
>108 >108 N.A.f N.A. f − − − 

B(F)OB(F) bond-

walk-rotation d 
225 225 251 247 − − − 

F− loss a
 284 285 220 220 − − − 

(b) 
Synthesis 

 conditions b 

HNEt3
+ catalysed F− 

loss 
180 180 116 119 − − − 

BF3·NEt3 catalysed F− 

loss 
180 180 106 109 − − − 

Uncatalysed F− SN2 − − − − 82 − − 

F− loss, counterfacial 

addition 
− − − − − 143 149 

a: see Sections 4.7.1.3.1, 4.7.1.3.2, 4.7.1.3.3, and 4.7.1.3.4 for details, including pathways and considered 

alternatives.  b: see Section 4.7.1.3.4.  c: 96% confidence interval.   

d: Strepsisomerisation – see Section 4.7.1.3.3.  e: N.O. – Not observed.  f: N.A. – Not applicable. 

 

4.5.1 BAR mechanism 

BAR Rst
c 1 mechanisms are, by definition, characterised by A-2 polytopes 

interchanging via an intermediate L-2 polytope (see Chapter 3, Section 3.5).  There exists a 

wide range of barriers to linearisation for ML2 systems as shown in Table 4.10 for 

bicoordinate oxygen and sulfur species with the nature of the L-atoms playing as significant 

role as the nature of M.  Whilst noting the rich diversity of equilibrium bond angles and 

barriers to linearisation shown in Table 4.10, a full discussion is beyond the scope of this 

Thesis. 

To provide insight into the nature of the energy barrier associated with BAR, the 

model system ipaB(F)−O−B(F)ipa (see Figure 4.9) is considered where ipa = 3-iminoprop-1-

en-1-amine.  It is introduced as it embodies the essential electronic and structural character 

present in B(F)−O−B(F)-porphyrins but without the topological and steric constraints of the 

full macrocycle.  Further, the compact size of the chelating ipa ligands avoid intramolecular 

close-contact interactions and hence this model compound provides an excellent reference 
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system for the DFT calculated barrier to linearisation without the steric constraints imposed 

by a porphyrin macrocycle. 

Table 4.10  BAR barriers for ML2 centres in some simple compounds. 

Species Bond angle 
Equilibrium 

angle 
G

‡ / kJ mol-1 a G
‡ / kJ mol-1 d 

H−O−H b H−O−H 104.7° 127 132.51 

Li−O−Li b Li−O−Li [180°] [0]  

H3N:B(H2)−O−B(H2):NH3 
c B−O−B 120.3° 38  

ipaB(F)−O−B(F)ipa c f B−O−B 129.8° 23  

Me−O−Me b C−O−C 112.5° 149 154.66 

F−O−F b e F−O−F 104.0° 326  

Cl−O−Cl b Cl−O−Cl 112.8° 262  

H3Si−O−SiH3
 b Si−O−Si 137.9° 6  

F3Si−O−SiF3
 b Si−O−Si [180°] [0]  

H−S−H b H−S−H 93.1° 284 289.67 

Li−S−Li b Li−S−Li 143.3° 11  

H3N:B(H2)−S−B(H2):NH3 
c B−S−B 99.9° 116  

ipaB(F)−S−B(F)ipa c f B−S−B 106.3° 114  

Me−S−Me b C−S−C 99.5° 293 310.16 

H3Si−S−SiH3
 b Si−S−Si 101.1° 112  

a: relative electronic energy of species with bond angle = 180°, b: B3LYP-D3/6-311++G(2d,p) water solvation, 

c: B3LYP-D3/6-31+G(d) chloroform solvation, d: at the W2-F12 level of theory.151 e: linear case constrained to 

D∞h point group. f: the bidentate ligand ipa = 3-iminoprop-1-en-1-amine with the symmetries of complexes 

constrained to the Cs and C2h point groups for the bent and linear geometries, respectively.  These complexes 

conform to the structure with the F atoms trans to each other. 

 

 

Figure 4.9  The topologically-unconstrained model compound transoid ipaB(F)OB(F)ipa complex, where ipa = 

3-iminoprop-1-en-1-amine.  (a) The 2D representation.  (b) DFT calculated model of the model compound 

where symmetry is constrained to the Cs point group.  The ball and stick figure indicate the B–O–B  bond angle 

of 129.8° and the internuclear distance of the imino H atoms at 3.25 Å.  The space-filling model clearly shows 

no close intramolecular contacts between each side of the complex.  Atomic colours: white- H, peach- B, grey- 

C, blue- N, red- O, green- F. 

As shown in Table 4.10 (blue highlighted entry), the DFT calculated B–O–B bond 

angle for ipaB(F)OB(F)ipa is 129.8° and the DFT calculated barrier to linearisation is only  

23 kJ mol-1.  In comparison, in 2 and 3 the DFT calculated B–O–B bond angle is 117.8° and 
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the corresponding DFT calculated barrier 108 kJ mol-1.  This five-fold increase in the energy 

barrier  and large reduction in the B–O–B bond angle are readily interpreted as a consequence 

of the compression of the coordinated B–O–B unit imposed by the porphyrin macrocycle 

with a concomitant tetragonal macrocycle distortion.143, 152  These compressional forces are 

communicated via the N–B bonds of the complex.  Whilst these forces are in balance 

between the macrocycle and ligated B(F)OB(F) unit, the strain energy is not necessarily 

equipartitioned.   

The effects of the strain are shown in Table 4.11.  The strain energy of the macrocycle 

alone is readily calculated with reference to a free-base porphyrin analogue.  Full technical 

details are found in Methods Section 4.7.1.2. 

 Table 4.11  DFT calculated macrocycle strain energies ΔE for model (Ar = H) species 2a, 3a and 𝐓𝐒𝒂𝒌
𝑹 , strain 

energy differences ΔΔE, and tetragonal elongations Δd.  

Species 
Macrocycle strain 

energya ΔE / kJ mol-1 

ΔΔE b 

/ kJ mol-1 
Δd / Å c 

2a 43 64 0.25 

3a 44 63 0.25 

𝐓𝐒𝐚𝐤
𝑹  107 - 0.50 

a: B3LYP-D3/6-311G(d,p).  b: ΔΔE values are ΔE(𝐓𝐒𝐚𝐤
𝑹 ) - ΔE(2a or 3a).  c: Tetragonal elongation for the 

(N21-N24) internuclear distance relative to a free-base porphyrin reference structure distance of 3.35Å.  See 

Methods Section 4.7.1.2 for details. 

The large macrocycle strain energies ΔE, strain energy differences ΔΔE, and 

tetragonal elongations Δd all indicate that the macrocycle is exhibiting significant strain in 

order to accommodate the compressed B–O–B unit.  Considering the magnitude of these 

strain energies, it is reasonable to conclude that the facile formation of and stability of the 

B2OF2pqx stereoisomers must be due to the high strength of the B–N and B–O bonds. 

An important practical consequence of the akamptisomerisation barrier being of the 

order of 100 kJ mol-1 is that, whilst diastereomeric racemates 2 and 3 were readily separable 

using standard flash-silica column chromatography, their specific pattern of diastereomeric 

interconversion was also observable under ambient conditions during the chiral stationary-

phase HPLC resolution of stereoisomers.  If the barrier to stereoisomerisation was higher or 

lower by only 12 kJ mol-1 then the serendipitous observation of this unusual dynamical 

behaviour is unlikely to have occurred and lead to the philosophical discourse that comprises 

this Thesis. 
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The BAR Rst
c 1 transition structure linking 2a and 3a on the model system with Ar = 

H was optimised at the B3LYP-D3/6-31(+)G(d) level.  The transition state, called 𝑻𝑺𝒂𝒌
𝑅 , is 

shown in detail in Figure 4.10.  An animation of the BAR Rst
c 1 reaction 2a ⇌ 3a (meso-

unsubstituted) is provided as E_File_4 with the animation of the corresponding vibrational 

normal mode for meso-unsubstituted 2a shown in E_File_5 (vibrational normal mode 12, 

frequency 204.36 cm-1, IR intensity 0.7641 km mol-1) 

 

Figure 4.10  DFT calculated transition structure of the model system (unsubstituted porphyrin meso positions) 

for the BAR Rst
c 1 reaction 2a ⇌ 3a (akamptisomerisation).  Hydrogens omitted for clarity.  Atomic colours: 

white- H, peach- B, grey- C, blue- N, red- O, green- F. 

Primary conclusion concerning the BAR mechanism: 

The BAR mechanism is compatible with the observations. 

 

4.5.2 Hula-twist-like mechanism 

The linear nature of the B−O−B bond angle present in the DFT modelled BAR 

transition structures such as 𝐓𝐒𝐚𝐤
𝑹  (See Section 4.5.1, above) is a particular instance of the 

more general case where the oxygen atom moves through the porphyrin quasi-plane but 

adopts B−O−B angles other than 180°.  This “swinging” motion is referred to as the “hula-

twist-like mechanism” (see Sections 2.4.11 and 0). 

The energetics and resulting constrained potential energy surface (PES) of this 

general scenario was modelled using the simpler unsubstituted high-symmetry transoid 

B(F)OB(F)-porphyrin 6 according to the autakamptisomerisation scheme shown in Figure 

4.11. 
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Figure 4.11  Scheme showing the unsubstituted transoid B(F)OB(F)-porphyrin 6 undergoing an Rst
c 1 

mechanism involving a nonlinear B−O−B bond angle.  Such a process is called the hula-twist-like mechanism. 

The resulting DFT PES is shown in Figure 4.12a under the geometrical constraint that 

the oxygen atom lies on the C2 axis as indicated in Figure 4.12b. 

Three semi-empirical methods were compared to the DFT results and are shown in 

Figure 4.12c.  The older AM1 and PM3 methods both predict a potential energy double well 

indicative of a hula-twist-like mechanism.  The newer and more accurate PM6 method 

reproduces a single potential energy well that closely tracks the DFT values for B−O−B 

angles in the range of ∼140° to ∼220°.  A single potential energy well indicates that a linear 

B−O−B geometry corresponds to the akamptisomerisation transition structure. 

A hula-twist-like mechanism not involving appreciable bond-angle flexion character 

would be expected to involve a corresponding transition structure with the B−O−B angle 

comparable to that found the ground state structure.  E_File_6 is an animation of such a 

mechanism for meso-unsubstituted 2a ⇌ 3a reaction with the B–O–B angle fixed at 130° 

throughout.  For the DFT model described here, this would correspond to a B−O−B bond 

angle of around 118°.  In Figure 4.12a, the vertical green and red dashed lines indicate 

B−O−B bond angles representative of ground state structures.  The energy penalty for these 

values clearly indicate that a hula-twist-like mechanism is energetically uncompetitive with 

the linear B−O−B bond angle indicative of the BAR Rst
c 1. 

This analysis, as applied to the transoid B2OF2pqx stereoisomeric system shows that 

this system exhibits both geometric and mechanistic relationships arising purely by BAR. 
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Figure 4.12  The hula-twist-like transition state energy dependencies on B−O−B angle.  (a) B3LYP-D3/6-

31G(d) potential-energy surface for akamptisomerisation hula-twist-like transition structure (TS) of 6, featuring 

the transition structure shown in (b).  The left axis shows the TS energy relative to the ground state.  The right 

axis shows the TS energy relative to that for the linear B−O−B transition structure.  The red dot-dashed vertical 

lines correspond to the B−O−B angles of 118° and 242° found in the ground state (potential energy local 

minimum) of 6.  The green dashed vertical lines correspond to the less constrained B−O−B angles of 133° and 

227°.  b) Plan and low-oblique views of a transition structure.  The oxygen and two meso carbons, C-10 and C-

20, lie on the C2 axis represented by the purple arrow.  The second line joining meso carbons C-5 and C-15, 

intersects the C2 axis at right angles.  Hydrogen atoms omitted for clarity.  c) Comparison of potential well as 

calculated by different methods.  The older AM1 and PM3 semiempirical methods (dashed lines) predict a 

double well indicative of a double torsional mechanism, whereas the more accurate B3LYP-D3/6-31G(d) (solid 

blue) and newer PM6 semiempirical (solid red) methods predict very similar single wells with a linear BAR 

transition state.  Atomic colours: white- H, peach- B, grey- C, blue- N, red- O, green- F. 

A broader understanding of the relationship between the BAR mechanism and the 

hula-twist-like mechanisms is provided in Figure 4.13.  First, Figure 4.13a depicts some 

aspects of the conformational isomerism of ethylmethyl ether, labelled to make each 

hydrogen atom distinguishable.  A pair of akamptisomeric conformations are identified and 

the reactions between them considered.  First, the BAR mechanism is applied to 

Akamptisomer 1, converting it to Akamptisomer 2 via a (high energy) BAR transition state.  

Note that this preserves the configurational relationships of ligands (the two carbon atoms 
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and attendant substituents) to the oxygen atom.  Then, hula-twist-like (low energy) coupled 

torsions around the C–O bonds are applied, producing a structure that is rotationally 

equivalent to Akamptisomer 1.  In this example, the coupled torsions comprising the hula-

twist-like mechanism can be uncoupled with each allowed to occur sequentially to the same 

affect.  Conformational isomerisation by BAR is not observable in this molecule as BAR is 

energetically uncompetitive compared to either coupled (hula-twist-like) or sequential 

separate torsion-based reaction mechanisms.  This situation is extremely widely applicable to 

the chemistry of ethers. 

Next, Figure 4.13b examines the same processes but with the key atoms encapsulated 

(“embedded” – see Section 2.4.9) inside a porphyrin macrocycle. A phenyl derivative is used 

to stress that it is not possible to transfer this substituent through the centre of the macrocyclic 

ring.   First, the figure shows the BAR mechanism in direct analogy to that portrayed in 

Figure 4.13a for ethylmethyl ether.  The oxygen atom is transferred through the macrocyclic 

ring to the other side by the BAR process, with the B–O–B bond angle becoming linear at the 

transition-state structure.  The situation is very different for the hula-twist-like mechanism, 

however, as this mechanism demands that the phenyl ring by transported through the centre 

of the macrocyclic ring.  In this way, confinement of the reacting group by the macrocycle 

inhibits hula-twist-like reactions much more than it does BAR reactions.    

Nevertheless, coupled torsions may still be involved in the reaction mechanism if, as 

illustrated in Figure 4.13c, the B–O–B bond angle is constrained to be non-linear, large bond-

angle changes around the boron atoms are permitted, and the resultant twisting-bending 

motion simply forces the oxygen through the macrocyclic plane.  When the B–O–B bond 

angle becomes linear, couped-torsional motions can no longer be defined and this mechanism 

collapses to BAR.   The interpretation of Figure 4.12 is that the DFT (and semi-empirical 

PM6) calculations predict that indeed this occurs, making any attempt at performing a 

coupled-torsion-based reaction mechanism combined with B–O–B bond angle changes 

collapse to BAR rather than providing a viable alternative. 
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Figure 4.13  BAR processes within single bonds.  (a) BAR can conceivably occur in many molecules but 

coupled torsional motions conceivably undo the reaction at minimal energy cost, with two 180 torsional 

motions followed by a global 180 rotation demonstrating the effect most simply.  (b) Side view of B−O−B 

showing that embedding the atoms of interest within a macrocycle, couples and sterically hinders such torsional 

motions, producing distinct akamptisomers.  (c) Top view of macrocycle featuring an alternative double torsion 

involving only 90 motions could also undo BAR, but owing to compression from the macrocycle, double-

torsion pathways involve strong steric repulsions (shown B3LYP/6-31G* optimised O−C non-bonded distance 

d1 = 2.27 Å) are all of higher energy than the BAR transition state (C2h optimised O−C non-bonded distance d2 = 

2.94 Å) and so do not undo the process.  (d) Asymmetric substitution of the macrocycle allows BAR to produce 

a distinct akamptisomer that also cannot revert through coupled torsional motions.  Views (a), (b), and (d) show 

the fundamental processes with respect to the magenta-coloured B−O−B (or C−O−C) atoms placed at 

characteristic positions and hence involve large motions of the surrounding atoms, whereas in (c) the view is 

with respect to the macrocycle, showing the O atom moving through it. Atomic colours: white- H, peach- B, 

grey- C, blue- N, red- O, green- F.   
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Finally, Figure 4.13d depicts the situation for the stereoisomers 2 and 3.  The fusion 

of the quinoxaline ring onto the porphyrin makes 2 and 3 distinguishable.  However, the 

distinguishing interactions involve atoms at the porphyrin centre interacting with the 

substituents out in the periphery and are therefore very weak.  In this way, distinguishable 

compounds are produced with very different 3D shapes but very similar energies.  BAR can 

interchange the akamptisomers, but torsional motions are inhibited by the connections of the 

reacting group to the macrocycle.  This suppression of degrees of freedom of the flexing 

group is detailed in Chapter 3 in Figure 3.13. 

Primary conclusion concerning the hula-twist-like mechanism: 

A hula-twist-like mechanism involving torsional motions around the B–O bonds coupled with 

significant B–O–B bond angle changes, whilst compatible with the observations, is found to be 

energetically uncompetitive by DFT calculations. 

 

4.5.3 Strepsisomerism 

A unimolecular “bond-walk” mechanism termed strepsisomerisation (see Section 

2.4.26) was considered as a potential stereoisomerisation process.  During 

strepsisomerisation, the chelated B(F)OB(F) group rotates in a coherent manner inside the 

porphyrin cavity with each 90° rotation of the B(F)OB(F) group yielding a different 

stereoisomer.  A full 360° rotation completes a strepsisomerisation cycle returning to the 

original stereoisomer. 

For the 2,3-porphyrin substitution pattern studied here, the resulting 

strepsisomerisation cycle gives rise to two alternating rounds of akamptisomerisation (though 

not by the BAR mechanism) and enantiomerisation, interconverting all products 2a, 2b, 3a, 

and 3b.  This is shown in Figure 4.14, with results collected in Table 4.9. 
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Figure 4.14  Concerted unimolecular “bond-walk” stereoisomerisation pathways affected through the coherent 

rotation of the B(F)OB(F) group inside the cavity of the macrocycle.  All isomers interconvert through 

successive 90 rotations with intervening transition structures indicated.  Ar = 3,5-di-tert-butylphenyl for the 

real systems.  Calculated free energies for the Ar = H analogues are at the B3LYP-D3/6-31G+(d) level including 

implicit dichloromethane solvation.  All indicated stereochemistry is relative to the porphyrin ligand.  Atoms 

and bonds marked in red are above the quasi-plane of the porphyrin whilst those in blue are below it.  * The 

interconversion of akamptisomers is not through BAR nor is the interconversion of enantiomers through the 

dual inversion of the stereocentres; in each case these isomerisations are a feature specifically arising from the 

combined symmetries of both the ligand and the transoid-B(F)OB(F) group.  Inset in the centre of the scheme is 

the corresponding labelled reaction graph. 

The strepsisomerisation transition-state structure TS2a3a connecting stereoisomers 2a 

and 3a (with Ar = H) is shown in Figure 4.15 and is representative of all four 

strepsisomerisation transition-state structures. 
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Figure 4.15  3D structure the strepsisomerisation “bond-walk” mechanism transition structure for the reaction 2a 

⇌ 3a as featured in Figure 4.14.  Peripheral hydrogen atoms omitted for clarity.  Atomic colours: white- H, 

peach- B, grey- C, blue- N, red- O, green- F. 

The PES of the full strepsisomerisation cycle is shown in Figure 4.16.  The structure 

of this surface is strongly indicative of an asynchronous process where a weaker N–B(amplo) 

bond breaks first as the energy rises changing the coordination of this boron atom from T-4 to 

TP-3.  On completion of this stage the B(parvo) atom moves changing coordination from T-4 

to TBPY-5. 

 

Figure 4.16  Potential energy surface scan of the strepsisomerisation cycle corresponding to Figure 4.14 for the 

model (Ar = H) system calculated at the PM7 level with energies uniformly scaled to match the DFT energy 

range.  The reaction coordinate corresponds to the rotation of the B(F)OB(F) group within the macrocycle 

cavity.  The shape of the surface indicates that each local minimum to transition-state-structure proceeds in a 

strongly asynchronous manner with the weaker N–B(amplo) bonds breaking first as the energy rises.  An 

animation of the strepsisomerisation process is illustrated in E_File_7. 
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Figure 4.17 shows structures at three stages along the reaction path 2a to TS2a2b 

corresponding to the first eighth of the PES in Figure 4.16.  The intermediate structure shows 

that the amplo boron has become TP-3 whilst the parvo boron remains T-4.  Proposed 

systematic names are given for each structure reflecting the differences in the coordination of 

the boron atoms.  An animation of the strepsisomerisation process is illustrated in E_File_7 

(see page xxv). 

 

Figure 4.17  Modelled structures along the path from 2a to TS2a2b with an intermediate (centre) showing the 

changes in coordination of the boron atoms.  The proposed systematic name of each structure is assigned and 

reflects the changes in coordination number with each name commencing 5,10,15,20-tetrakis(3,5-di-tert-

butylphenyl)quinoxalino[2,3−b′]porphyrin-21,23-diido-… Hydrogens omitted for clarity.  Atomic colours: 

white- H, peach- B, grey- C, blue- N, red- O, green- F. 

 

Primary conclusion concerning strepsisomerisation-mediated stereoisomerisation: 

DFT modelling of the strepsisomerisation process shows its activation energies to be very high.  

Further, the strepsisomerisation mechanism interconverts all stereoisomers 2a, 2b, 3a, and 3b 

which is not observed in simple solutions.  Modelling indicates that strepsisomerisation in the 

transoid B2OF2pqx system proceeds in a highly asynchronous manner. 

 

4.5.4 Bimolecular processes 

Whilst B−F bonds are particularly strong, dissociation of B2OF2pqx in solution to 

[B2OFpqx]+ + F- was anticipated to be energetically accessible due to the highly delocalised 

nature of the charge in the resulting cationic porphyrin species [B2OFpqx]+, with the nature 

of the resulting anion playing an equally critical role.  Loss of two fluoride anions to produce 

dicationic species [B2Opqx]2+ was deemed energetically inaccessible under the conditions of 

synthesis and in simple solutions. 
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The special importance of these reactions arises from the ability of the cationic 

porphyrin to undergo BAR Rst
c 1 mediated akamptisomerisation processes analogous to those 

of the neutral species.  Unlike the neutral species B2OF2pqx, cationic B2OFpqx+ species can 

also undergo an intramolecular nucleophilic substitution (SNi, see Section A.52) which can 

also be described as 1,3-fluoride shift from one boron to the other.  Such a process facilitates 

enantiomerisation and, hence, is a key step in racemisation.  Example transition structures for 

each of these are shown in Figure 4.19. 

Overall, the effect of these fluoride loss reactions is to enable a wide range of 

pathways interconverting all the isomers upon subsequent fluoride recombination.  

Interrelationships between 2a, 2b, 3a, 3b, 4a and 4b are sketched in Figure 4.18, with key 

data collected in Table 4.9.  
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Figure 4.18  Bimolecular isomerisation pathways involving initial loss of fluoride ion.  Ar = 3,5-di-tert-

butylphenyl for the real systems.  Free energies for the cationic species are calculated at B3LYP-D3/6-31+G(d) 

for the Ar = H analogues using an implicit dichloromethane solvation model. All indicated stereochemistry is 

relative to the porphyrin ligand.  Atoms and bonds marked in red are above the quasi-plane of the porphyrin 

whilst those in blue are below it. 

Figure 4.19 shows the DFT modelled structures for some of the transformations (local 

minima and transition-state structures) appearing in Figure 4.18 involving cationic species 

with an emphasis on an “enantiomerisation” step that is key to racemisation reactions, and a 
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BAR reaction.  In Figure 4.19, the central local-minimum structure labelled as (Rp,_)-

B2OFpqx+ can react in the left direction to (_,Sp )-B2OFpqx+ via a transition-state structure 

involving a 1,3 fluoride transfer.  If (Rp,_)-B2OFpqx+ reacts in the direction to the right, a 

BAR mechanism occurs giving (Ra,_)-B2OFpqx+. 

 
Figure 4.19  Example local minima and transition structures for some interconversions of cationic species 

shown in Figure 4.18.  From the centre structure representing the (Rp,_)-B2OFpqx+ species, the pathway to the 

left, as indicated by the purple arrow, results in the generation of a tetrahedral boron atoms with the (S) 

configuration – a key step in the enantiomerisation of transoid B2OF2pqx species.  The pathway to the right, as 

indicated by the green arrow, results in akamptisomerisation of the cationic species.  All DFT models were on 

meso-unsubstituted species.  Hydrogens omitted for clarity.  Atomic colours: white- H, peach- B, grey- C, blue- 

N, red- O, green- F. 

In Figure 4.20 is the labelled full reaction graph showing all the interconversion that 

appear in Figure 4.18 plus BAR Rst
c 1 processes between all neutral species, the barrierless 

relaxation of 5 → 4, and the linking of 5 to cationic enantiomerisation transition-state 

structures.  This reaction graph, in conjunction with the results summarised in Table 4.9, 

demonstrate that, under the conditions of synthesis, interconversion of all B2OF2pqx 

stereoisomers are thermally accessible and allow for a thermodynamic distribution of 

products. 
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Figure 4.20  Labelled full reaction graph showing all the interconversions involving cationic local minima and 

transition-structure species (blue graph vertices) and neutral local minima and transition-structure species (grey 

graph vertices) as corresponding to those shown in Figure 4.18.  Additionally, BAR Rst
c 1 processes between the 

neutral species, the barrierless relaxation of 5 → 4, and the linking of 5 to cationic enantiomerisation transition-

state structures are included. 

A final bimolecular mechanism of note is the SN2 reaction where fluoride attacks a 

boron atom opposite its substituent F-atom leading to Walden inversion of configuration (see 

Section A.51).  For transoid species as exemplified by 2a, neither of the constituent boron 

atoms is particularly exposed for attack by a nucleophile as shown in Figure 4.21a.  In 

contrast and as shown in Figure 4.21b, one face of an extended-cisoid compound, as 

exemplified by 4a, exposes both boron atoms opposite their substituent fluorine atoms.  The 

conclusion is that for extended-cisoid compounds, there is a far larger likelihood of 

nucleophilic attack.  Further, the products of such an SN2 reaction are the thermodynamically 

favoured transoid species.  Through this reasoning, SN2 can be viewed as a viable mechanism 

for the one-way conversion of extended-cisoid B2OF2pqx species 4 to transoid stereoisomers 

2 and 3.  The calculated reaction barrier for an uncatalysed SN2 reaction is only 82 kJ mol−1.  

Being uncatalysed, this provides an upper bound for SN2 type reactions on reactant 4. 
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 Figure 4.21  Space-filling models (at each element’s the van der Waals radius) of the two faces of B2OF2pqx 

stereoisomers.  (a) 2a, representing a transoid configuration, does not allow for ready access of a nucleophile 

(fluoride) to either boron atom from the opposite side of their respective existing F-substituent.  Both boron 

atoms are effectively sterically shielded from nucleophilic attack.  (b) 4a, representing an extended-cisoid 

configuration, does partially expose both boron atoms to attack from the side opposite both existing F-

substituents.  Only this extended-cisoid configuration was modelled for nucleophilic attack by F-.  Atomic 

colours: white- H, peach- B, grey- C, blue- N, red- O, green- F. 

Primary conclusions concerning bimolecular processes: 

DFT modelling of the bimolecular processes indicates that the energetics of a B2OF2pqx 

stereoisomer to lose a fluoride ion is a rate-determining factor.  In simple solutions, the energy 

barrier to loss of fluoride is prohibitively high.  Under the condition of synthesis, however, loss of 

fluoride is more facile via at least two catalysed mechanisms with all the resulting B2OFpqx+ 

species capable of undergoing thermal isomerisation facilitating a thermodynamically controlled 

overall reaction and yielding only 2a, 2b, 3a, and 3b.  Additionally, under the conditions of 

synthesis uncatalysed SN2 reactions on extended-cisoid B2OF2pqx species 4 readily yield transoid 

B2OF2pqx species 2 and 3. 
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4.5.5 Conclusions from the DFT perspective of stereoisomerisation  

An examination of feasible unimolecular and bimolecular stereoisomerisation 

processes in these transoid B2OF2pqx systems demonstrate that only a BAR Rst
c 1 mechanism 

reproduces the pattern of stereoisomerisation observed in simple solutions with all other 

processes conceivably leading to the interconversion of all transoid and cisoid structures.  

The DFT calculated barrier for the BAR Rst
c 1 mechanism on a model system (Ar = H, see 

Section 4.5.1) is in excellent agreement with the observed experimental7 value suggesting the 

choice of DFT modelling is appropriate.  Applying this same DFT modelling approach to the 

other proposed stereoisomerisation mechanisms (see Section 4.5.2, Section 4.5.3, and Section 

4.5.4) in simple solutions produces reaction barriers infeasibly high to contribute to 

stereoisomerisation at near-ambient temperatures providing quantitative support for the 

observed pattern.  

Under the conditions of the synthesis, all processes considered here could conceivably 

contribute to interconversion of all stereoisomers facilitating thermodynamic control.  This 

provides a plausible explanation for the distribution of isolated products. 

4.6 Conclusions 

X-ray crystallographic data was not able to be obtained to assign structures to the four 

chirally resolved HPLC B2OF2pqx stereoisomer fractions.  An alternative approach where 

consideration of various theoretical and reported configurations of B(F)OB(F)-macrocycle 

complexes, led to the conclusion that there were eight distinct B2OF2pqx stereoisomeric 

possibilities.  These comprised four chiral transoid complexes 2a, 2b, 3a, and 3b along with 

four chiral cisoid complexes 4a, 4b, 5a and 5b.  Of these eight, DFT modelling indicated that 

only the transoid configurations need be considered.  This was consistent with structures of 

previously reported B(F)OB(F)-porphyrin complexes and consistent with the observed 

1:1:1:1 proportions of each B2OF2pqx isomer. 

1H, 13C, and 19F NMR data were interpreted using DFT assignments to definitively 

assign (Fr1 + Fr2) to racemate 2 and (Fr3 + Fr4) to racemate 3.  Further, CD and MCD 

measurements on enantiopure fractions, interpreted against DFT calculated chiroptical 

properties gave a robust assignment of Fr1 to 2b, Fr2 to 2a, Fr3 to 3a, and Fr4 to 3b. 
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The unprecedented nature of the demonstrated stereoisomerism arising from purely 

BAR-related geometric differences demanded new terminology.  These BAR-related 

stereoisomers are described in geometry-only terms as “bond-angle reflectomers”.  In a 

similar manner to how the term atropisomer is defined by IUPAC, the term “akamptisomer” 

is introduced, this being the BAR analogue of the bond-torsion based atropisomer. 

The IUPAC recommended wedge-hash notation for stereo-structures fails for 

embedded BAR-related stereoisomers, with non-standard usage therefore introduced.  

Additionally, existing IUPAC stereodescriptors were found to be inadequate for concisely 

and unambiguously describing these novel geometric relationships.  The new “rigorously 

defined” BAR-specific stereodescriptors parvo and amplo are introduced and shown to be 

compatible with existing stereodescriptors. 

A detailed DFT investigation into reaction mechanisms was undertaken.  This 

included conceivable unimolecular and bimolecular processes that could occur in both simple 

solutions and under the conditions of the B2OF2pqx synthesis.  The BAR mechanism was 

found to be compatible with the observed specific thermal diastereomeric interconversion 

under ambient conditions in simple solutions.  The competing hula-twist-like mechanism was 

shown to be energetically uncompetitive to a BAR Rst
c 1 mechnism. 

The DFT modelling showed that under the conditions of synthesis, multiple reaction 

pathways were thermally accessible allowing full interconversion of stereoisomers including 

the cisoid stereoisomers.  This provides a reasonable explanation for the observed 

thermodynamic control of synthesis products. 

4.7 Methods 

All geometry optimisations, vibrational normal mode analyses, NMR, electronic 

absorption and electronic-transition circular dichroism calculations were carried out using 

Gaussian-16153.  All structures were characterised using vibrational frequency analyses with 

the harmonic-oscillator approximation used to estimate free energies. 

B3LYP154-155 was chosen as a “general purpose” functional that, with the inclusion of 

empirical dispersion corrections, is capable of reproducing acceptable geometries.156  The 

combination of this functional and the relatively small partially augmented 6-31(+)G(d,p) 

basis set, along with other theoretical assumptions such as the polarised continuum solvation 
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model and the harmonic-oscillator approximation for free energies, would not typically be 

expected to yield free energies with high “chemical” accuracy,156 however, for the processes 

and species described in this chapter, this typically leads to situations where there is a 

cancellation of any systematic errors and hence reasonable chemical accuracy is obtained. 

At no point in this Chapter is the need for highly precise geometries or free energies 

of critical importance. 

4.7.1.1 DFT Geometries 

Structural models for 2a, 3a, and 4a, [transition structures, intermediates, full system 

(Ar = 3,5-di-tert-butylphenyl) and model systems (Ar = H)] were optimised at the B3LYP-

D3/6-31G(d) level,154, 157-158 with diffuse functions on the boron, oxygen and fluorine atoms 

and the inner four porphyrin nitrogen atoms added.  In this method, empirical dispersion is 

included using Grimme’s original D3 function.158  Solvent effects were included using the 

polarisable continuum model159 utilising the standard parameters for chloroform and 

dichloromethane and the solute-solvent dispersion interaction160 included. Integrals were 

calculated using an “ultrafine” grid and tight convergence criteria for the SCF.  This method 

and level of theory is referred to throughout this Chapter as B3LYP-D3/6-31(+)G(d).  

Coordinates for b enantiomers were generated from the related a species by internal 

reflection.  

4.7.1.2 DFT intrinsic barriers to BAR in simple molecules 

Barriers to linearisation were calculated by first geometry optimising the coordinates 

of each A-2 species at the level of theory indicated in Table 4.10 with free energies corrected 

for using the harmonic-oscillator approximation giving GA-2.  The L1–M–L2 angles were then 

changed to 180° and the structures re-optimised under the constraint of maintaining a L-2 

geometry at M and conserving any torsional relationships at L with the resulting free energies 

GL-2.  The barriers are then simply ΔG‡ = GL-2 - GA-2. 

The strain energy DFT calculations of the porphyrin unit for complexes 2a, 3a, and 

𝐓𝐒𝐚𝐤
𝑹  that comprise Table 4.11 were calculated by first optimising model compounds (Ar = 

H) of each system at the B3LYP-D3/6-311G(d,p) level of theory.  A reference free-base 

porphyrin system was generated from 1 to reproduce the same bonding topology exhibited by 
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B2OF2pqx stereoisomers.  This corresponds to structure 1ref as shown in Figure 4.22 which 

is a second order transition-state structure (see Chapter 6). 

The optimised B2OF2pqx structures were then modified to remove the B2OF2 unit and 

replace it with two hydrogen atoms with placements similar to those in 1ref.  A geometry 

optimisation to a second order transition-state structure was then conducted with all atoms of 

the molecule frozen except for the added hydrogen atoms.  Given these structures do not 

correspond to true critical points on the potential energy surface, only the uncorrected 

electronic energies were subsequently used.  The energy differences are then simply ΔE = 

E(strained structure) – E(1ref) and the tetragonal elongation distances Δd = d(strained 

structure) – d(1ref) 

 

 Figure 4.22  Reference molecule 1ref derived from 1 to have the same bonding topology as the B2OF2pqx 

stereoisomers.  This corresponds to a second order transition-state structure.  The distance d indicated, is equal 

to the internuclear distance between atoms N21 and N24. 

4.7.1.3 DFT Reaction Pathways, Transition States and Reaction Rates 

4.7.1.3.1   DFT B−O−B bond-angle reflexion (akamptisomerisation) transition structure 

energies 

The BAR transition state linking 2a and 3a on the model system with Ar = H was 

optimised at the B3LYP-D3/6-31(+)G(d) level.  The transition state, called 𝐓𝐒𝐚𝐤
𝑹 , is shown in 

detail in Figure 4.10. 

 

 

4.7.1.3.2   DFT B−O−B coupled torsions transition structure energies 

The transition state energy dependence upon the B−O−B angle for Hula-twist-like 

mechanism was calculated as follows and using an unsubstituted and high symmetry transoid 

B2OF2-porphyrin as a workable model. 
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In this general case, for a fixed B−O−B angle, the resulting constrained transition 

state exists when the oxygen atom moves through the quasi-plane of the macrocycle.  In 

geometric terms, the following constraints must be met: 

1. The meso carbons C-10 and C-20 and the oxygen atom must be collinear and lie on 

the C2 axis as shown in Figure 4.23, 

 

2. the vector formed by joining C-5 and C-15 must intersect the C2 axis at right angles as 

shown in Figure 4.23, and 

3.  

4. the oxygen atom is located at this intersection point when, and only when; the B−O−B 

bond is linear. 

For all non-linear B−O−B angles the model exhibits the C2 point group.  In the linear 

B−O−B case, the model exhibits the C2h point group. 

 
 

Figure 4.23  Geometric constraints for performing hula-twist-like constrained potential energy surface scans.  

Plan and low-oblique views of a transition state structure.  The oxygen and two meso carbons, C-10 and C-20, 

lie on the C2 axis represented by the purple arrow.  The second line joining meso carbons C-5 and C-15, 

intersects the C2 axis at right angles.  Hydrogen atoms omitted for clarity.  Atomic colours: white- H, peach- B, 

grey- C, blue- N, red- O, green- F. 

Within Gaussian16153, this was implemented by defining a dummy atom (X) to lie at 

the intersection of the orthogonal [C-10 – C-20] and [C-5 – C-15] vectors and to freeze the 

linear bonds [C-10 – O – C-20] and [C-5 – X – C-15] and the right angles [C-10 – X – C-20] 

and [C-5 – X – C-15].  The angle [B – O – B] was then scanned from 175° to 100° at the 

B3LYP-D3/6-31(+)G(d), AM1, PM3, and PM6 levels.  For each of the different methods, the 

linear B−O−B case was calculated separately.  The results are shown in Figure 4.12a and 

Figure 4.12c. 

Single-point energy calculations at the B3LYP-D3/6-31(+)G(d) optimised geometries 

at 180 and 147 degrees give MP2/cc-pVDZ, MP2/cc-pVTZ, CCSD/cc-pVDZ, and 
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CCSD(T)/cc-pVDZ instability energies for the double torsion pathway of 13.7, 15.9, 13.7, 

and 12.3 kJ mol-1, respectively, in qualitative agreement with the B3LYP-D3/6-31G(d) 

optimised value of 22.7 kJ mol-1. 

 

4.7.1.3.3    DFT in-plane B(F)OB(F) bond-walk rotation (strepsisomerisation) transition 

structure energies 

Optimised geometries and free energies for solution phase structures of the meso-

unsubstituted analogues of 2a, 2b, 3a, and 3b, as well as their interconnecting transition 

states obtained by rotating the B(F)OB(F) group inside the porphyrin macrocycle via a “bond 

walk” mechanism (strepsisomerisation, see Section 2.4.26), were calculated at the B3LYP-

D3/6-31+G(d) level with the diffuse functions anticipated as critical to accurately model the 

bond-breaking/making process.  Solvent effects were included using the polarisable 

continuum model159 using the standard parameters for dichloromethane and the solute-solvent 

dispersion interaction160 included.   The results are given in Section 4.5.4. 

4.7.1.3.4 DFT analysis of bimolecular processes involving fluoride dissociation and 

rearrangements of cationic species 

The free energies for fluoride ion dissociation from the meso-unsubstituted analogues 

of 2 - 4 under experimental conditions (conditions of synthesis or just simple solutions) were 

calculated at the B3LYP-D3/6-31+G(d) level with the diffuse functions critical to accurately 

model the anionic species.  Solvent effects were included using the polarisable continuum 

model159 using the standard parameters for dichloromethane and CHCl3 (representing CDCl3) 

and the solute-solvent dispersion interaction160 included. 

For the following reactions, the un-ionised starting compounds are generalised as 

“P−F” where “P” represents the isomers of (B2OFpqx)+.  Reaction rates are calculated for the 

dissociation-promoted pseudo-reaction: 

P-F(solv) → P+‡
(solv)  with   𝑒−𝛥𝐺‡/𝑘𝑇 = 𝐾 =

[𝑃+‡]

[P−F]
    (1) 

where P+‡ represents the six different transitions states named in colour in Figure 4.18.  Using 

the relationships for the activation of P+ to a transition state 

‡+ +P Pc
K

⎯⎯→  with  
+

/

+

‡[P ]
e = =   

[P ]

c
G kT

cK
−     (2) 

(values of Gc shown in  Figure 4.18) is used to solve each concentration-dependent reaction 

rate.  As the Gaussian package calculates free energies with respect to a gaseous standard 
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state, the molar volume being 22.4 L, whilst in solution the standard concentration is 1 M, a 

correction to G‡ of RT ln (22.4 L / 1 L) = 8.0 kJ mol-1 must be added.  The method for 

different reactions is then: 

 

Uncatalysed simple dissociation: 

P−F(solv) → P+
(solv) + F

-
 (solv) 

The barriers are simply calculated as  Gproducts - Greactants +  Gc 

 

HNEt3
+ catalysed dissociation: 

P−F(solv) + H−NEt3
+

(solv) → P+
(solv) + [F−H−NEt3 (solv)]

 
 

 

As HNEt3
+ is a by-product of synthesis then [HNEt3

+] = 2[P−F].  With [F−H−NEt3
+] = [P+], 

the rate for this reaction becomes 

KF = [P+]2 / 2[P−F]2 

Combining this with (2) gives 

KF = ([P+‡]/ Kc
 )2 / 2[P−F]2 

and combining with (1) and simplifying gives 

𝐾 = 𝐾𝑐(2𝐾𝐹)½ = 𝑒−𝛥𝐺‡/𝑅𝑇 

so that 

G‡ = Gc + GF - ½RT ln 2 

 

BF3−NEt3 catalysed dissociation: 

 

P−F(solv) + BF3−NEt3(solv)  → P+
(solv) + BF4

-
(solv) + NEt3(solv) 

with NEt3 modelled as NMe3,  

𝑒−𝛥𝐺𝐹/𝑘𝑇 = 𝐾𝐹 =
[Me3N][BF4

−][P+]

[Me3N−BF3][P−F]
=

[Me3N]

[Me3N−BF3][P−F]
[P+]2 

 

From the reaction conditions, [Me3N−BF3] = 0.16 M and can be treated as a constant, 

[Me3N] = 0.011 M as this was added in slight excess and is taken as a constant, [P−F] = 

0.0042 M is also taken as a constant (this assumes that only a small fraction of it is 

dissociated).  Combining with (1) and (2) gives 
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𝐾𝐹 =
[Me3N]

[Me3N−BF3][P−F]
(

[P+‡]

𝐾𝑐
)

2

=
[Me3N][P−F]

[Me3N−BF3]

1

𝐾𝑐
2

(
[P+‡]

[P−F]
)

2

=
[Me3N][P−F]

[Me3N−BF3]
(

𝐾

𝐾𝑐
)

2

 

𝐾 = 𝐾𝑐 (𝐾𝐹

[Me3N−BF3]

[Me3𝑁][P−F]
)

1/2

 so that 

𝛥𝐺‡ = 𝛥𝐺𝑐 +
1

2
𝛥𝐺𝐹 −

𝑘𝑇

2
𝑙𝑛

[Me3N−BF3]

[Me3N][P−F]
= 𝛥𝐺𝑐 +

1

2
𝛥𝐺𝐹 + 10.0 kJ mol−1. 

 

Uncatalysed F- SN2 reactions on 4a and 4b: 

 

P−F(solv) + F
-
 (solv) → [F−P−F]

 -
 (solv) → iso-P−F(solv) + F-

(solv) 

 

The cisoid B(F)OB(F) motif in 4a and 4b exposes the two boron atoms to the attack 

from the opposite face of the macrocycle to give either 2a, 2b, 3a, and 3b.  The reaction was 

modelled by optimising the stepwise approach and withdrawal of F- and fitting an 

exponential function to the G data points to estimate the energy of each P−F(solv) + F-
(solv) at 

infinite separation and the maximum energy of the bound complex [F−P−F]-
(solv). 

 

Uncatalysed F- loss with counter-facial addition reactions on 4a and 4b: 

 

P−F(solv) → P+
(solv) + F

-
 (solv)  → iso-P−F(solv) 

 

This uncatalysed reaction converting 4a and 4b to 2a, 2b, 3a, and 3b provides an 

estimated upper limit for the barrier to this depletion mechanism. 

 

4.7.1.4 DFT Potential Energy Surface scans 

Optimised geometries and enthalpies for the gas-phase structures of the meso-

unsubstituted analogues of 2a and 3a were calculated at the B3LYP-D3/6-31G(d) level under 

the constraint of fixed B−O−B bond angles ranging from 95 to 180 in 27 equal angle 

increments to generate the two halves of the potential energy surface along the B−O−B BAR 

reaction coordinate shown in Figure 4.5.  A similar scan was performed for the 

interconversion of 4a and 5a with the B–O–B angle of unbound 5a structure arbitrarily 

assigned as 220° where the gradient of the PES in this region was lowest.  The resulting 
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surfaces are shown in Figure 4.5.  How the molecular structures evolve from 2a and 3a is 

shown in E_File_4. 

A PES scan of the strepsisomerisation cycle for the purposes of visualisation was 

performed using the PM7 semi-empirical method.161  The method used the intrinsic reaction 

coordinate (IRC) method162-163 starting with the four strepsisomerisation transition-state 

structures of the model (Ar = H) system in the gas phase and calculating steps in both 

forward and reverse directions to the respective local minima.  Analytical force constants 

were calculated at every step with step sizes of 0.15 a0 and with up to 72 steps.  The eight 

segments of the PES were assembled in order and scaled to match the DFT energy range 

(Emax[DFT] = 1.15 Emax[PM7]). 

4.7.1.5 DFT 1H and 19F NMR spectra  

NMR calculations using the optimised 2a and 3a geometries for the full systems (Ar 

= 3,5-di-tert-butylphenyl) (see Section 4.7.1.1) were carried out under the Gauge-

Independent Atomic Orbital method164 using the B3LYP functional154 with the 6-

311++G(2d,p) basis set applied to all atoms of the extended macrocycle and the 6-31+G(d,p) 

basis set to all meso-aryl atoms.  Empirical dispersion was included using Grimme’s original 

D3 function.158  Solvent effects were included using the polarisable continuum model159 with 

the standard parameters for chloroform and the solute-solvent dispersion interaction included.   

Isotropic chemical shifts for 1H and 13C are reported relative to the calculated 1H and 

13C shifts of tetramethylsilane (TMS) and those for fluorine relative to the calculated 19F shift 

of trifluorochloromethane (CF3Cl).  The TMS and CF3Cl geometries were optimised at the 

B3LYP-D3/6-311++G(2d,p) level.  Integrals were calculated using an “ultrafine” grid and 

tight convergence criteria for the SCF.  The TMS and CF3Cl NMR calculations were 

conducted at the same level of theory as for the porphyrins using identical settings. 

4.7.1.6 DFT Absorption and Circular Dichroism spectra 

Electronic absorption and circular dichroism spectra were modelled using the 

optimised geometries for 2a and 2b only as their enantiomers give identical results except for 

the opposite sign of the calculated rotatory strengths.  At least 8 electronic transitions were 

determined, the first two occurring in the Q-band region while the remainder are the Soret 

and nearby bands.   
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Two different asymptotically corrected density functionals, CAM-B3LYP165-166 and 

ωB97XD167 were used as well as the configuration-interaction singles168 (CIS) method, and 

three different basis sets were used.  The ωB97XD results include corrections for 

intramolecular dispersion interactions, while for the largest basis set used, 6-31++G(2d,p), 

the D3 dispersion correction158 was added to CAM-B3LYP calculations.   

Solvent corrections were also sometimes applied using the polarisable continuum 

model159 with the “noneq=read/write” commands to properly treat charge-transfer bands.  

The implicit solvent was set to either CHCl3 or else to 2-MeTHF parametrised as THF with 

the dielectric constant changed to  = 6.97.  Calculations were also performed both for the 

full molecule with Ar = 3,5-di-tert-butylphenyl substituents and for simplified molecules 

with Ar = H 

4.7.1.6.1 Room temperature spectra  

Room temperature UV-Vis and simultaneous absorption (ABS) and circular 

dichroism (CD) spectra of purified chiral stationary phase HPLC fractions Fr1, Fr2, Fr3 and 

Fr4 in solvents of different polarity have been reported.7  Figure 4.24 and Figure 4.25 show 

spectra for Fr1 and Fr4, respectively, observed using a range of sample concentrations in the 

5-20 M region.  The spectra of Fr1 and Fr2 were not significantly different from each other 

except for a sign reversal of the CD, indicating that these fractions are enantiomers, and 

hence spectra are shown only for Fr1.  Similarly, Fr3 and Fr4 are also enantiomers.  The 

spectra show little variation with solvent and concentration, indicating that the intrinsic CD of 

isolated molecules is being measured rather that the CD of oligomeric aggregates.  

Porphyrinoid compounds, including chlorophylls, often form oligomers in solutions at the 

relatively high concentrations often used to measure weak spectral components. These 

oligomers typically exhibit CD associated with exciton coupling within the oligomers that is 

much stronger than monomeric (molecular) CD.  The presence of the B(F)OB(F) group 

coordinated in the middle of the porphyrin would prevent -stacking and hence inhibit 

oligomerisation, the likely cause of the absence of the expected spectral signatures at the 

highest concentrations used. 

In Figure 4.26, the observed room temperature spectra for all isomers in 2-MeTHF are 

compared.  The CD spectra in the Q-band region show distinctly different patterns for each 

fraction varying in the sign and relative amplitudes of the two Q-band component peaks.  

This distinction is used to assign structures to the isolates in Section4.3.6. Figure 4.26 shows 
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that the Soret-band region of the spectrum which also displays unique patterns for each 

fraction and hence could (in principle) facilitate assignment.  However, using the available 

computational techniques it was not possible to authoritatively predict these patterns. 

 
Figure 4.24  Reproduced7 comparative 298 K experimental CD spectra  and ABS spectra  of Fr1 in CHCl3, 

hexane and 2-MeTHF obtained using various porphyrin concentrations in different solvents.  

 
Figure 4.25  Reproduced7 comparative 298 K experimental CD spectra  and ABS spectra  of Fr4 in CHCl3, 

hexane and 2-MeTHF obtained using various porphyrin concentrations in different solvents. 
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Figure 4.26  Reproduced7 comparative 298 K experimental CD spectra  and ABS spectra  of Fr1 - Fr4 in 2-

MeTHF obtained using various porphyrin concentrations (14-45 M).   

4.7.1.6.1 Low temperature spectra 

Low-temperature ABS, CD, and magnetic circular dichroism (MCD) spectra have 

been reported.7  Figure 4.27 reproduces the observed low-temperature ABS, CD, and MCD 

spectra.  The CD signal is very weak and hence shows considerable noise under the 

experimental conditions, i.e., conditions optimised to minimise any possibility of 

oligomerisation and to provide high reliability ABS and MCD data.  The primary purpose of 

these low-temperature measurements is to be able to separate the observed ABS spectra into 

its orthogonally polarised components.  Two independent and orthogonally polarised 

electronic transitions, usually named Qx and Qy, are expected in the Q-band region, whilst the 

related bands Bx and By are expected in the Soret-band region.  However, the Soret bands will 

mix with charge-transfer states arising from combinations of the porphyrinic N bands with 

transitions that move charge between the macrocycle ring and the fused quinoxaline group.127 
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Figure 4.27 Reproduced7 comparative of relative experimental ABS, MCD, and CD low temperature spectra 

taken in 2-MeTHF at 55-68 K in the Q-band (60-80 M) (left) and Soret band (4 – 40 M) (right) regions for 

Fr1 - Fr4.  Analytical data inversion methods are used to convert the ABS and MCD raw spectra (black) into 

two orthogonal spectral components (red and blue) on the assumption of maximal intensity in the weaker band 

(the band coloured red). Concentrations used: 37 M for Fr1, 43 M for Fr2, 27 M for Fr3, and 28 M for 

Fr4.; maximum ABS extinction always < 1.2. 

In MCD experiments, component states with one polarisation appear with +ve sign 

whilst those of the orthogonal polarisation appear with a –ve sign. When combined with ABS 

data, this observation allows the ABS to be deconvolved into two its x and y polarisation 

components.  This was achieved not by band fitting as is the usual practice, but instead using 

an analytical data inversion scheme recently introduced.169  In principle, such an analytical 

data inversion does not appear to be feasible, as it requires two more parameters to be 

deduced than there are experimentally observed quantities.  However, it has been shown169 

that one equation of constraint is already known so that only one unspecified parameter 

remains. Further, this remaining variable can be expressed in a bounded form to which 

deconvoluted band shapes are insensitive.169  Spectral components deduced using the 

minimum-allowable value for this unknown variable are shown in the figure, coloured red for 

the weaker component and blue for the stronger one.  The assumption used attributes the 

maximum possible intensity to the red components, with alternate values for the arbitrary 

parameter serving to downplay the absorption strength of the red bands without significantly 
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altering the shapes of the red and blue components.  As a result, the band centres of the 

extracted components are reliably determined and may be compared to computational 

predictions.  The deduced properties of the absorption bands are listed in Table 4.12 whilst 

Table 4.13 gives the ratios of the MCD to ABS susceptibilities B/D.  The ratios of −By/Bx for 

each band are also given, these are unity for a 4-fold symmetric porphyrin. 

For each sample, the Q-band origin region of 15400-16200 cm-1 decomposes into an 

intense lower-frequency band (blue) and a weak high-frequency shoulder (red) shifted by 250 

cm-1 for Fr1 and Fr2 and by 220 cm-1 for Fr3 and Fr4.  The analytical inversion analysis 

does not allow for comparisons between molecules, however, and it is uncertain as to whether 

the intense band coloured blue for Fr1 and Fr2 corresponds to the band coloured blue for 

Fr3 and Fr4.   

In the Soret-band region, the observed ABS spectra for all fractions are deconvolved 

into four spectral components: one intense component of one polarisation (coloured blue) and 

three components of the alternate polarisation (coloured red).  As the analyses of the Soret 

and Q-band regions are essentially independent of each other, there is no proscribed 

relationship between the state polarisations coloured the same way for each band.   
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Table 4.12  Deconvoluted properties of observed absorption spectral bands.a 

Band Pol. 
Fr1  Fr2  Average 

ν00 ͞ν f  ν00 ͞ν f  ν00 ͞ν f 

S1 x 15600 16382 0.125  15600 16371 0.129  15600 16377 0.127 

S2 y 15850 16467 0.05  15850 16470 0.048  15850 16469 0.049 

S2-S1  250 85   250 99   250 92  

S3 x 21210  0.25  21210  0.25  21210  0.250 

S4 y 21600 21906 0.93  21600 21906 0.93  21600 21906 0.930 

S5 x 22320  0.51  22320  0.62  22320  0.565 

S6 x ~23600  0.5  ~23600  0.5  ~23600  0.500 

Band Pol. Fr3  Fr4  Average 
  ν00  ͞ν f  ν00 ͞ν f  ν00 ͞ν f 

S1 x 15670 16445 0.11  15670 16450 0.111  15670 16448 0.111 

S2 y 15890 16539 0.057  15890 16535 0.056  15890 16537 0.057 

S2-S1  220 94   220 85   220 90  

S3 x 21160  0.18  21160  0.19  21160  0.185 

S4 y 21550 22050 1.05  21550 21950 1.003  21550 22000 1.027 

S5 x 22370  0.38  22370  0.43  22370  0.405 

S6 x ~23000  0.38  ~23000  0.43  ~23000  0.405 

a: Polarisation directions x and y are arbitrary and not correlated between Q and Soret bands. ν00 is the band 

origin, ͞ν the average absorption energy, and f the deconvolution-assumption-dependent oscillator strength.  

 

Table 4.13   MCD susceptibility ratios B/D, in Tesla-1, and also −By/Bx. 

.  Fraction Q band Soret Band 

 Bx/Dx By/Dy −By/Bx Bx/Dx By/Dy −By/Bx 

Fr1 0.0287 −0.0755 1.03 0.00277 −0.00358 1.05 

Fr2 0.0245 −0.0680 1.02 0.00214 −0.00280 0.94 

Fr3 0.0056 −0.0114 1.04 0.00075 −0.00052 0.95 

Fr4 0.0056 −0.0117 1.04 0.00061 −0.00054 0.92 
 

The available (noisy) low-temperature CD spectra are also reproduced in Figure 4.27.  

Comparison of relative ABS, MCD, and CD spectra taken in 2-MeTHF at 55-68 K in the  

Q-band (60 – 80 M) (left) and Soret band (4 – 40 M) (right) regions for Fr1 – Fr4.  

Analytical data inversion methods are used to convert the ABS and MCD raw spectra (black) 

into two orthogonal spectral components (red and blue) on the assumption of maximal 

intensity in the weaker band (the band coloured red).  The peaks in the CD spectra correlate 

with the maxima of the deconvolved spectral components, indicating again that they relate to 

molecular features rather than to properties of aggregates.  The qualitative shapes of the CD 

correspond to those observed at room temperatures (Figure 4.24 – Figure 4.26), indicating 

that these much-better-resolved features can be attributed to the peaks in the deconvolved 

low-temperature ABS/MCD spectra, for the purposes of spectral assignment. 
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5 The ML2 stereogenic unit: the diversity of structural 

possibilities, failings of current stereochemical practice, 

and the broader implications for stereoisomerism 

5.1 Summary 

Recognising that an embedded ML2 centre must be treated as a single stereogenic 

unit, oxygen-bridged oxabicyclo[m.n.1] systems are identified as a simple but large class of 

compounds that are akamptisomeric.  A search of the Chemical Abstracts Service (CAS) 

database for such compounds was undertaken to investigate the performance of current 

IUPAC recommendations to akamptisomeric systems. 

The search results based on various combinations of m and n show that, for small 

bicyclo systems, the current IUPAC recommendations are fit for purpose.  For a range of 

intermediate to larger bicyclo systems, the IUPAC recommendations prove inadequate with 

special attention to akamptisomerism-related increased scope for stereoisomers being 

necessary. 

Some of these compounds, examined in detail, are representative of a great diversity 

of both synthetic and natural products with applications ranging from materials science to 

pharmacological agents. 

As the IUPAC recommendations provide the foundation on which much chemistry 

related infrastructure is built, the deficiencies exposed here have immediate implications for 

automatic naming algorithms, digital representation and manipulation of structures, and 

patents and pharmaceutical-registration requirements, to name but a few. 

A deeper and more significant finding is that this deficiency exposes a fundamental 

weakness in the overall approach to stereoisomerism to date.  Historically, the subject has 

adapted to the discovery of novel phenomena by introducing novel, but ad hoc, amendments.  

Whilst this approach provided immediate practical solutions, it is not capable of predicting 

what undiscovered possibilities remain.  What has been lacking is an all-encompassing 

conceptual framework allowing for a systematic description for what is possible.  It is 

proposed here that the Polytope Formalism of stereoisomerism can meet that need. 
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5.2 Introduction 

Chapter 3 of this Thesis concluded with the mathematical basis for how a novel bond-

angle reflexion (BAR) based class of stereoisomerism, called akamptisomerism, could 

manifest in embedded ML2 systems.  Chapter 4 described the experimental demonstration of 

akamptisomerism in B(F)OB(F)-quinoxalinoporphyrins (B2OF2pqx) where both the 

geometrical relationships (stereoisomerism) and the associated concerted unimolecular 

stereoisomerisation (Rst
c 1) were exclusively BAR based.  Attempts to describe, name, and 

depict the relationships inherent to these BAR-related porphyrin stereoisomers revealed that 

the current IUPAC recommendations for terminology,4 nomenclature,3, 170 and 2D 

depiction,91 respectively, fail to do so.   

Originally, akamptisomers were presented as an exotic form of conformational 

isomerism (Chapter 4), but this view now needs to be broadened as most compounds 

investigated can be considered instead as configurational isomers. 

Whilst the geometric relationships inherent to akamptisomers can, in principle, occur 

at any bicoordinate centre, in Chapter 4 it was shown that embedding the ML2 stereogenic 

unit to give an external frame of reference was critical to allowing these geometric 

relationships to manifest.  The essential molecular features needed to exhibit 

akamptisomerism include treating the entire ML2 grouping as a single stereogenic unit and 

having this stereogenic unit connect to a larger molecular structure to provide the embedding.  

Figure 5.1a shows this where ML2 is now represented as X(A)–Y–Z(B) with A and B 

representing any number of possible substituents to X and Z, respectively.  X and Z have 

coordination numbers equal to or greater than two, and Y is of A-2 coordination.  

Importantly, A and B are not part of the embedding.  For embedded molecular systems, at 

least one topological connection (black arc) must connect X and Z independent of Y.  Whilst 

this single topological connection is a minimal requirement, at least one additional 

topological connection (green arc) serves to provide a practical embedding as a more 

“general case”.   
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 Figure 5.1  General depiction of an embedded BAR-based stereogenic unit.  (a) Assigning the ML2 unit as 

X(A)–Y–Z(B), where A and B are possible substituents to X and Z, respectively.  X and Z have coordination 

numbers equal to two or greater, and Y is of A-2 coordination.  A and B are not part of the embedding.  For 

molecular systems, at least one topological connection (black arc) must connect X and Z independent of Y.  At 

least one additional topological connection (green arc) serves to provide a practical embedding.  (b) General 

formula for oxygen-bridged oxabicyclo[m.n.1] compounds embodying the form shown in (a). 

A broad class of compounds that conforms to these general features is the oxygen-

bridged oxabicyclo[m.n.1] class as shown in Figure 5.1b  The hypothesis, examined herein, is 

that the IUPAC recommendations for nomenclature3, 170 and 2D depiction91 – the modern 

chemistry software embodying these and the basis for chemical intuition that it provides –

must be deficient regarding its handling of properties associated with akamptisomerism.  

Utilising the Chemical Abstracts Service171 (CAS) database and narrow search criteria for 

oxygen-bridged oxabicyclo[m.n.1] compounds, 443,807 known compounds are considered 

that fulfil the classification as akamptisomers.  Of these compounds that were examined, 

17,807 were found to be deficiently represented in some way. 

As the records that comprise the CAS database utilise the IUPAC recommendations 

(though generally treated as “rules”) this leads to deficiencies in structure representation.  

Some of the compound records found in the database search results, examined in detail, are 

representative of a great diversity of both synthetic and natural products with applications 

ranging from materials science to pharmacological agents.  

5.3 Results 

5.3.1 Recognising compounds as akamptisomers 

In Chapter 4, a non-standard wedge-hash usage was required to faithfully depict the 

full scope of stereo-relationships exhibited by the B2OF2pqx compounds.  The question is: 
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how general is this requirement for non-standard 2D depiction of akamptisomeric structures?  

A systematic examination of the 2D depiction and nomenclatural needs is undertaken with 

solutions given that concisely and unambiguously describe all stereo-relationships involving 

any embedded ML2 stereogenic unit. 

In Chapter 4, porphyrin akamptisomers 1 and the related forms 2 and 3a (Figure 5.2) 

were identified148 in porphyrazines; indeed, 1 – 3 all stem from related works on 

macrocycles.145, 148, 172-173  In Figure 5.2, distinguishable isomers with geometries related by at 

least one akamptisomeric centre are named as a and b, e.g., the porphyrins 1a and 1b.  A pair 

of akamptisomers that are not chemically distinguishable, for example owing to high 

symmetry, are labelled simply by a number, e.g., 2; these are called autakamptisomers (see 

Section 2.4.4).   
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Figure 5.2  Conformational and configurational bicyclo[m.n.1] isomers with  ML2 stereogenic units.  Oxygen-

bridged bicyclo[m.n.1] systems featuring akamptisomeric centres are emphasised in bold and in colour, with 

atoms above a quasi-plane shown in red, with those below shown in blue.  Labelled are transoid and cisoid 

configurations, as appropriate, of bridgehead substituents at akamptisomeric centres.  The molecule numbers are 

shaded to indicate experimental identification, with categories of (A) identified, (B) not yet identified, (C) the 

observed compound is most likely some mixture of the shown possibilities, (D) ongoing discussion is suggested 

as to the identity of observed isomer(s), and (E) the identity of the observed compound remains unspecified; for 

molecules with cisoid/transoid variants, up to 8 isomers are conceptually possible, with all distinguishable 

unlisted isomers considered to be unlikely possibilities. 
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Figure 5.2 continued.  Conformational and configurational bicyclo[m.n.1] isomers with  ML2 stereogenic units.  

Oxygen-bridged bicyclo[m.n.1] systems featuring akamptisomeric centres are emphasised in bold and in colour, 

with atoms above a quasi-plane shown in red, with those below shown in blue.  Labelled are transoid and cisoid 

configurations, as appropriate, of bridgehead substituents at akamptisomeric centres.  The molecule numbers are 

shaded to indicate experimental identification, with categories of (A) identified, (B) not yet identified, (C) the 

observed compound is most likely some mixture of the shown possibilities, (D) ongoing discussion is suggested 

as to the identity of observed isomer(s), and (E) the identity of the observed compound remains unspecified; for 

molecules with cisoid/transoid variants, up to 8 isomers are conceptually possible, with all distinguishable 

unlisted isomers considered to be unlikely possibilities.   
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Figure 5.2 continued.  Conformational and configurational bicyclo[m.n.1] isomers with  ML2 stereogenic units.  

Oxygen-bridged bicyclo[m.n.1] systems featuring akamptisomeric centres are emphasised in bold and in colour, 

with atoms above a quasi-plane shown in red, with those below shown in blue.  Labelled are transoid and cisoid 

configurations, as appropriate, of bridgehead substituents at akamptisomeric centres.  The molecule numbers are 

shaded to indicate experimental identification, with categories of (A) identified, (B) not yet identified, (C) the 

observed compound is most likely some mixture of the shown possibilities, (D) ongoing discussion is suggested 

as to the identity of observed isomer(s), and (E) the identity of the observed compound remains unspecified; for 

molecules with cisoid/transoid variants, up to 8 isomers are conceptually possible, with all distinguishable 

unlisted isomers considered to be unlikely possibilities.   

Previous to this work, a search for isomerism distinguished by “inversion” (actually a 

reflection – see Section 2.4.5) at oxygen centres was initiated in 1933 by von Bruchhausen et 

al.,174 leading to the 1970 NMR-only identification of the oxabicyclo[5.4.1]metacyclophane 

isomeric pair 4 by Gordon and Gallagher,175 compounds that can be taken as models for 

certain marine natural products and oligomeric lignans.176-178  These are oxygen-bridged 

oxabicyclo[m.n.1] species, but alternatives such as 5 have also been considered;179 however, 
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in no case were isolable products produced in these earlier works as the isomers rapidly 

interconverted at room temperature.  Those studies were based on the notion that 

akamptisomers would be purely conformational isomers that, like atropisomers and 

pyramidal reflectomers, required special constraints to affect isolability.  The particular 

oxygen-bridged oxabicyclo[5.4.1] scaffold in the akamptisomers 4a and 4b did not provide 

sufficient constraint to make them isolable, nor the sterically constrained helicene isomers 5a 

and 5b, whereas the macrocycle rings in 1a, 1b, 2 and 3a from recent studies (Chapter 4, 

etc.7, 148) did prove sufficient.  Note that, whilst these porphyrinoid macrocyclic rings embody 

internal oxygen-bridged oxabicyclo[5.5.1] systems (as emphasised in Figure 5.2), they have 

additional, critical, connections. 

Oxygen-bridged oxabicyclo compounds are generally considered from the alternative 

perspective as configurational isomers, i.e., stereoisomers classically requiring bond 

breakage and reformation to interconvert.  This is exemplified by the isomeric pair 

oxanorcocaine180-181 6a and allo-pseudo-oxanorcocaine181-182 6b.  These molecules have been 

described181 as being “endowed with interesting cocaine-like activity” and feature an 

akamptisomeric C(H)–O–C(H) centre.  They embody the small, all-convex, and highly 

constraining oxabicyclo[3.2.1] ring system, with any physically plausible 

akamptisomerisation between these isomers requiring bond breakage and reassembly.  

Further, akamptisomerisation of these all-convex, small-ring isomers necessarily involves 

Walden inversion (see Section A.51) of the two bridgehead stereocentres in addition to 

reflection at the bridging O atom; they serve to stress that the akamptisomerism phenomenon 

can be present in molecules in addition to other stereoisomeric properties.  

Hence akamptisomers can show wide-ranging properties: some conformational 

isomers like 4a, 4b, 5a and 5b have been shown to undergo rapid concerted unimolecular 

akamptisomerisation at room temperature, some isolable molecules like 1a and 1b can 

undergo laboratory-controllable akamptisomerisation, and some like 6a and 6b are classical 

configurational isomers.  Additionally, some of the structures shown like 3b are currently 

purely conceptualised stereoisomers that may turn out to be energetically infeasible to 

produce (Chapter 4).  

To overview the diversity of akamptisomerism, focus is now placed upon compounds 

with concave ring systems of intermediate size that exhibit properties intermediate between 

configurational and conformational isomerism: [5.3.1], [4.4.1], and [4.3.1] rings systems.   
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A substructure search of the CAS database (in “SciFinder classic”) was conducted on 

differing sized oxygen-bridged oxabicyclo[m.n.1] structures according to the following 

criteria: 

1. The bicyclo peripheral (non-bridging) atoms can be any element, 

2. all bonds between the peripheral atoms are of arbitrary bond order,  

3. the bicyclic system has the “lock ring” function applied to it.  Whilst this 

criterion excludes the more “interesting” compounds 1 – 5 and 7 – 19, given 

the limitations of the SciFinder search functionality, it provides a practical and 

expedient way to obtain a large number of search results that are strictly 

bicyclo in nature. 

These search results were then refined by the additional constraints: 

4. metal-free, 

5. single component, 

6. isotope free. 

A typical output is shown in Figure 5.3.  Full results are found in E_Files_7 (see page xxv).   

Many basic akamptisomeric oxygen-bridged oxabicyclo[4.4.1] compounds such as 

1,6-epoxy[10]annulene183-184 7 and their derivatives have been synthesised,183-188 with some 

such as 9 becoming the topic of patents.189  Also of significance are the diastereoisomers 8190 

containing two akamptisomeric centres that are identified as potential model compounds191 

for graphene oxide.  Also considered are the partially saturated compounds 10 – 19 

possessing widely diverse biological properties; unlike the aromatic compounds 7 – 10, these 

are not particularly acid labile.192  As detailed in Table 5.1, the example compounds 1 – 19 

are structurally highly diverse and include various natural products, synthetic intermediates, 

seco-steroids, specific and generic anti-cancer agents, kinase inhibitors, IKK inhibitors, 

dopaminergic agents, estrogenic agents, antibacterial agents, dipolar switches, and basic 

chemical/biochemical and graphene oxide models.  Further details of these compounds are 

listed in Table 5.2 
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(a) 

 
(b) 
 

 

  oxabicyclo[4.4.1] 

 
Figure 5.3  Typical output from CAS database substructure search to the given criteria.  (a) Search results 

output.  (b) Search criterion input for oxabicyclo[4.4.1].  The bold bonds (single and dashed) indicate the “lock 

rings” functionality. 

.
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Table 5.1  Representation of the stereochemistry at the akamptisomeric centre.  Results for some example molecules are shown, considering what is known concerning the 

3D structure from raw experimental data, how this is represented in 2D in the original literature and in the CAS database, software interconversion of isomer name and 2D 

structure, and immediate implications for patent specifications. 

 # molecules application 
3D 

structure 
2D 

literature 
2D CAS 

2D→name→2D 

conversiona patent implications 

 1j porphyrin dipole switch known accurate unspecified fail already addressed193 

 2148 porphyrazines dipole switch known accurate unspecified fail already addressed193 

 3148 porphyrazines dipole switch known accurate unspecified fail new possibilitiesf 

 4175 metacyclophane model system known discussed unspecified failb  

 5179 helicene model system known accurate unspecified failb  

 6180-182 cocaine derivatives dopaminergic known accurate accurate succeed none 

 7183-184 epoxy-10-annuene model system known accurate inconsistentc succeed  

 8190 diepoxy-14-annulene graphene oxide model known accurate inconsistentc failb  

 9189 an epoxy[4.4.1]annulene estrogenic agent unspecified accurate overspecifiedd failb new possibilitiesf 

 10194 Toona lathyrane ovarian cancer unspecified accurate overspecifiedd failb new possibilitiesf 

 11195 cis badgerin natural product putativee accurate inconsistentc partial  

 12196 trans badgerin natural product putativee accurate inconsistentc partial  

 13197 austroliolide antibacterial unspecified accurate accurate partial  

 14198-199 Santolina germacrane colon cancer known accurate accurate partial  

 15200 jereisterol A seco-steroid model known accurate inconsistentc fail new conceptsg 

 16176 substituted bicyclo-ether 
polyether toxin synthetic 

intermediate 
unspecified accurate overspecifiedd partial  

 17201 alterbrassicene A IKK inhibitor known accurate accurate partial  

 18202-204 staurosporine kinase inhibitor known accurate accurate partial new possibilitiesh 

 19205-207 cyclostreptini acid cytotoxic (as lactone) known accurate accurate partial  
a: Using ChemDraw,208 MarvinSketch209 and ChemSketch210 to perform an automated [structure]→[name]→[structure] two-step procedure, see Table 5.2 for details.  In 

summary: succeed- both akamptisomers correctly cycled, fail- neither akamptisomer successful cycled, partial- works for one akamptisomer only.  Note that 4, 7-9, 15 fail as 

the software does not include existing IUPAC / stereodescriptors, other failures are purely associated with non-recognition of akamptisomeric variations.  b: failure may 

not be considered relevant as, for these molecules, the isomerism can be considered as conformational, but the reasons for this failure apply also to other molecules listed that 

are stable isolable structures.   c: 2D graphical representation of the stereochemistry is unspecified, but the associated compound name is accurate.  d: provides more 

information than is reported.  e:  fully specified but controversy is revealed as to the actual stereochemical identity.   f: possibilities exist for new patents for active 

akamptisomers.   g: in August 2019, a search in CAS for “steroid” refined by “patent” yielded 30396 results; incorporating the seco-steroid motif provides new structural 

scope featuring akamptisomers, with CAS returning only 89 analogous results for “seco-steroid” refined by “patent”.   h: original patent excludes all transoid possibilities; in 

August 2019, a search in CAS for staurosporin (ID 62996-74-1) refined by “patent” yielded 1048 records.   i: also known as FR182877;  j:  Chapter 4. 
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Table 5.2  How literature, chemical software and databases depict stereoisomerism features associated with akamptisomerism. 

# 
             structure           →        auto-name       →       auto-structure 

         a         /        b                       e.g., a                        a         /        b 

cleaned ChemDraw 

structures 

stereochemistry 

handling by  

CD/MS/CS 

softwarea 

stereochemical specification and 

representation 
required 

stereodescriptors literature CAS 

a b spec.b rep. spec. rep. 

1 

 

13b,14a-difluoro-

13b,14a-dihydro-14-

oxa-4a1,7a1λ4,13a, 

14bλ4-tetraaza-13b 

λ4,14a λ4-dibora-1,13-

(metheno)cycloocta 

[8,1,2-cd:4,5,6-e'f']di-

s-indacene-2,3-

diamine 

 

 

F/F/F 

stereo. lost 

F/F/F 

stereo. lost 

complete 

N, M  
complete 

complete 

(accepted 
parvo/amplo 

descriptors) 

specifications 

inadequate 
representation

s 

parvo/amplo and  

R/S for each of the  

4-coordinate 
bridgehead atoms 
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# 
             structure           →        auto-name       →       auto-structure 

         a         /        b                       e.g., a                        a         /        b 

cleaned ChemDraw 

structures 

stereochemistry 

handling by  

CD/MS/CS 

softwarea 

stereochemical specification and 

representation 
required 

stereodescriptors literature CAS 

a b spec.b rep. spec. rep. 

2 

 

2,3,5,6,8,9,11,12-

octaethyl-13b-fluoro-

14a-phenyl-13b,14a-

dihydro-14-oxa-4,4a1 

λ4,7,7a1,10,13a 

λ4,14b,15-octaaza-

13b λ4,14a λ4-dibora-

1,13-(metheno) 

cycloocta[8,1,2-

cd:4,5,6-e'f']di-s-

indacene 
  

F/F/F 

stereo. lost 

complete  
(as 

transoid”) 

N, M 

complete none 
inadequate 

representation 

parvo/amplo for 
each of the  

4-coordinate 

bridgehead atoms 

3 

 

2,3,5,6,8,9,11,12-

octaethyl-13b-fluoro-

14a-phenyl-13b,14a-

dihydro-14-oxa-4,4a1 

λ4,7,7a1,10,13a 

λ4,14b,15-octaaza-

13b λ4,14a λ4-dibora-

1,13-(metheno) 

cycloocta[8,1,2-

cd:4,5,6-e'f']di-s-

indacene 

  

F/F/F 
stereo. lost 

F/F/F 
stereo. lost 

3a complete  

(as cisoid”) 
N, M 

3b not seen 

3a complete 3a none 

3a 

inadequate 

representation 

parvo/amplo for 

each of the  
4-coordinate 

bridgehead atoms 

4 

 

5H,7H-1,11-

ethanodibenzo[b,g] 

[1,5]oxathiocine 

 

 

F/F/F 
stereo. lost 

F/F/F 
stereo. lost 

unknown but 

fluxionality 
shown by 

NMR 

no 

stereochem. 

indicated 

none 

no 

stereochem. 

indicated 

α/β for bridging O 

atom and the S 

atom 
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# 
             structure           →        auto-name       →       auto-structure 

         a         /        b                       e.g., a                        a         /        b 

cleaned ChemDraw 

structures 

stereochemistry 

handling by  

CD/MS/CS 

softwarea 

stereochemical specification and 

representation 
required 

stereodescriptors literature CAS 

a b spec.b rep. spec. rep. 

5 

 

9,18-dimethoxybenzo 

[a]naphtho[2,1-m] 

tetraphene 

  

F/F/F 

stereo. lost 

F/F/F 

stereo. lost 

complete 

X 
complete none 

no 

stereochem. 
indicated 

meso for 5a, 

M/P for 5b 

6 

 

methyl 

(1S,2R,3S,5R)-3-

(benzoyloxy)-8-

oxabicyclo[3.2.1] 

octane-2-carboxylate 

  

S/S/S S/S/S 
complete 

X, N 
complete complete complete 

R/S for each of the 

4-coordinate 
bridgehead atoms 

7 

 

11-oxabicyclo[4.4.1] 

undeca-1,3,5,7,9-

pentaene 

 
 

S/S/S 

* fails 
when 

symmetry 

broken 

S/S/S 

* fails 
when 

symmetry 

broken 

complete 

X, N 
complete complete complete 

none for this 

highly symmetric 
system. α/β for 

bridging O atom if 

symmetry broken 
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# 
             structure           →        auto-name       →       auto-structure 

         a         /        b                       e.g., a                        a         /        b 

cleaned ChemDraw 

structures 

stereochemistry 

handling by  

CD/MS/CS 

softwarea 

stereochemical specification and 

representation 
required 

stereodescriptors literature CAS 

a b spec.b rep. spec. rep. 

8 

 

15,16-dioxatricyclo 

[8.4.1.13,8] hexadeca-

1,3,5,7,9,11,13-

heptaene 

 
 

F/F/F 

stereo. lost 

F/F/F 

stereo. lost 

8a complete 

X, N 

8b complete 

(inferred) 

8a complete 

8b complete 

8a complete 

(“α,α or syn)  

8b complete 

(as anti) 

8a 

inadequate 

representatio

n 

8b 

inadequate 
representatio

n 

α/β for bridging O 

atoms 

9 

 

(1S,2R)-1-ethyl-8-

methoxy-2-methyl-

1,2,3,4-tetrahydro-

5,10-epoxybenzo 

[10]annulene-2-

carboxylic acid 

  

F/F/F 
stereo. lost 

F/F/F 
stereo. lost 

unspecified 
not 

represented 
none 

no 

stereochem. 

indicated 

α/β for bridging O 
atom 

10 

 

(1aS,7R,8aS,9aR,11R,

11aR)-3,9,9,11-

tetramethyl-6-

methylene-

6,7,8,8a,9,9a,10, 11-

octahydro-4H-7,11a-

epoxycyclopenta 

[1,11]cyclopropa 

[5,6]cycloundeca 

[1,2-b]oxiren-4-one 

  

F/F/F 
stereo. 

inverted 

F/F/F 

stereo. lost 
10a none 

inadequate 

representation 
10a none 

inadequate 

representation 

parvo/amplo and 

R/S for each of the 

4-coordinate 
bridgehead atoms 
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# 
             structure           →        auto-name       →       auto-structure 

         a         /        b                       e.g., a                        a         /        b 

cleaned ChemDraw 

structures 

stereochemistry 

handling by  

CD/MS/CS 

softwarea 

stereochemical specification and 

representation 
required 

stereodescriptors literature CAS 

a b spec.b rep. spec. rep. 

11 

 

(3aS,4S,5R,6S,9R,11a

S)-4,6-dihydroxy-6-

methyl-3,10-

dimethylenedeca 

hydro-5,9-

epoxycyclodeca[b] 

furan-2(3H)-one 

  

S/S/S 
F/F/F 

stereo. lost 

none 
(putative) 

NMR data 

does not  
rule out  

11a ⇌ 11b 

fluxionality 

configurations 

indicated but 

inadequate 
representation 

stereochem. 

different 

from primary 
reference 

inadequate 

and 

inconsistent 
representation 

parvo/amplo and 

R/S for each of the 

4-coordinate 
bridgehead atoms 

12 

 

(3aS,4R,5R,6S,11aS)-

4,6-dihydroxy-6-

methyl-3,10-

dimethylenedeca 

hydro-5,9-epoxycyclo 

deca[b]furan-2(3H)-

one 

  

F/F/F 

stereo. lost 
S/S/S 

none 

(putative) 
NMR data 

does not  

rule out  

12a ⇌ 12b 

fluxionality 

configurations 
indicated but 

inadequate 

representation 

complete 

R*/S* 

inadequate 
and 

inconsistent 

representation 

parvo/amplo and 
R/S for each of the 

4-coordinate 

bridgehead atoms 
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# 
             structure           →        auto-name       →       auto-structure 

         a         /        b                       e.g., a                        a         /        b 

cleaned ChemDraw 

structures 

stereochemistry 

handling by  

CD/MS/CS 

softwarea 

stereochemical specification and 

representation 
required 

stereodescriptors literature CAS 

a b spec.b rep. spec. rep. 

13 

 

(3aS,4R,5S,11aS)-4- 

hydroxy-3,6,10-

trimethylenedeca 

hydro-5,9-epoxy 

cyclodeca[b]furan-

2(3H)-one 

 
 

F/F/F 
stereo. lost 

S/S/S 

none 

NMR data 

does not  
rule out  

13a ⇌ 13b 

fluxionality 

configurations 

indicated but 
inadequate 

representation 

complete 
R*/S* 

inadequate 
representation 

parvo/amplo and 

R/S for each of the 
4-coordinate 

bridgehead atoms 

14 

 

(1R,2S,3R,6R,7R,8S)-

8-isopropyl-1-methyl-

5-methylene-11-

oxabicyclo[4.4.1] 

undecane-2,3,7-triol 

  

S/S/S 
F/F/F 

stereo. lost  

14a complete 

X 
14b not seen 

14a complete 14a complete 14a complete 

parvo/amplo and 
R/S for each of the 

4-coordinate 

bridgehead atoms 

15 

 

(1S,8S,10aS,13aR)-1-

nonyl-8-methoxy-

10a,13a-dimethyl-

2,3,3a,6,6a,7,8,9, 

10,10a,13,13a-

dodecahydro-1H-

4,11-epoxybenzo[a] 

cyclopenta[f] 

[10]annulene 
  

F/F/F 
stereo. lost 

F/F/F 
stereo. lost 

15a complete 

X 
15b not 

identified 

15a complete 

15a complete 

15b no 

record 

15a complete 
α/β for bridging O 

atom 
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# 
             structure           →        auto-name       →       auto-structure 

         a         /        b                       e.g., a                        a         /        b 

cleaned ChemDraw 

structures 

stereochemistry 

handling by  

CD/MS/CS 

softwarea 

stereochemical specification and 

representation 
required 

stereodescriptors literature CAS 

a b spec.b rep. spec. rep. 

16 

 

(1R,2R,3S)-11-

oxabicyclo[4.4.1] 

undec-6-ene-2,3-diol 

  

S/S/S 
F/F/F 
stereo. 

inverted 

none - no 
evidence for  

2 species. 

16a 

incomplete 

16a complete 

R*/S* 

16b no 
record 

16a complete 

parvo/amplo and 

R/S for the single 

4-coordinate 
bridgehead atom 

17 

 

(2aR,3S,5R,7aS,8R,9S

)-3,5-dihydroxy-1-

isopropyl-5-

(methoxymethyl)-

2a,7a,8-trimethyl-

3,5,6,7,7a,8,9, 

10-octahydro-3,9-

epoxycyclobuta[a] 

cyclopenta[e][9] 

annulen-2(2aH)-one 

 

 

S/S/S 
F/F/F 

stereo. lost 

17a complete 
N, M 

17b not 
identified 

17a complete 

17a complete 

17b no 
record 

17a complete 

parvo/amplo and 
R/S for the single 

4-coordinate 
bridgehead atom 
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# 
             structure           →        auto-name       →       auto-structure 

         a         /        b                       e.g., a                        a         /        b 

cleaned ChemDraw 

structures 

stereochemistry 

handling by  

CD/MS/CS 

softwarea 

stereochemical specification and 

representation 
required 

stereodescriptors literature CAS 

a b spec.b rep. spec. rep. 

18 

 

(5S,6R,7R,9R)-6-

methoxy-5-methyl-7-

(methylamino)-

6,7,8,9,15,16-

hexahydro-5H,14H-

17-oxa-4b,9a,15-

triaza-5,9-

methanodibenzo 

[b,h]cyclonona[jkl] 

cyclopenta[e]-as-

indacen-14-one 

  

S/S/S 
F/F/F 

stereo. lost 

18a complete 

X 
18b not seen 

18a complete 

18a 
complete, 

18b no 

record 

18a complete 

parvo/amplo and 
R/S for each of the 

4-coordinate 

bridgehead atoms 

19 

 

(1S,2S,3R,3aR,5aR,6a

R,7S,10S,11R,13aS,13

bR,13cR)-1,3,10-

trihydroxy-2,5,7,11-

tetramethyl-

2,3,3a,5a,6,6a, 

7,8,9,10,11,13a,13b,1

3c-tetradecahydro-

1H-7,12-epoxy 

cyclonona[a]-as-

indacene-13-

carboxylic acid  
 

S/S/S 
F/F/F 

stereo. lost 

19a complete 

(as lactone) 

X 
19b not seen 

19a complete 
19a complete 

19b no 

record 

19a complete 

 

parvo/amplo and 

R/S for each of the 

4-coordinate 
bridgehead atoms 

a. CD: ChemDraw, MS: MarvinSketch and CS: ACD/ChemSketch.  ChemDraw and MarvinSketch support [structure]→[name]→[structure] whilst ChemSketch only 
supports a [structure]→[InChI]→[structure] cycle. S = Successful, F = Fail.  α/β stereodescriptors not implemented in CD, MS or CS and parvo/amplo stereodescriptors not 

yet accepted by IUPAC.   

b. experimental structure determination; X = X-ray crystallography, N = NMR methods, M = molecular modelling. 
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5.3.2 Akamptisomerism possibilities for oxabicyclo compounds and their naming  

In Chapter 4, four possible stereoisomeric arrangements were considered pertaining to 

akamptisomerism in the B2OF2pqx system.  Here, all possible arrangements are considered 

including where the bridgehead atoms do not have substituents that are not part of the 

embedding.  Tetrahedral bridgehead atoms may be describable as either (R) or (S) (or by 

some other absolute or relative configuration stereodescriptor), and their substituents can 

exhibit either a transoid or cisoid relationship to each other, e.g., the transoid 

autakamptisomers 2 and their cisoid isomeric variants 3a and 3b.  Whereas transoid 

akamptisomers may be indistinguishable, as in 2, or distinguishable, as in the lower-

symmetry pair 1a and 1b, cisoid akamptisomers are always distinguishable; the 4 general 

cisoid/transoid possibilities are sketched in Figure 5.4, along with 4 more possibilities 

depicting situations in which just one or none of the bridgehead atoms are tetrahedral.  If 

molecules are of C1 symmetry, then the relative orientation (relative, absolute, or pseudo-

symmetric R/S)4 of X–Y–Z to its surroundings is also significant, doubling the number of 

possible isomers.  A wide scope of stereochemical possibility is thus intrinsically associated 

with akamptisomerism. 

An alternative approach to the description of the stereochemistry of these compounds 

is as a composite rotamerism involving the X–Y and Y–Z bonds.  Under the assumption of 

tetrahedral X and Z, there would be 6 general conformations (eclipsed, gauche and staggered) 

for each torsion.  This gives 36 possible composite rotamers.  Embedding of X–Y–Z is a 

significant constraint leading to only four possibilities.  Considering these stereoisomers as 

akamptisomers recognises this critical structural feature. 

As with all aspects of stereochemistry, stereodescriptors are needed to unambiguously 

name isomers; existing descriptors are listed in the IUPAC “Gold Book”,4 with these plus 

new ones proposed (Chapter 4, Section 4.4.4) that pertain to akamptisomerism.  Figure 5.4 

considers the basic principles involved and applies them to some representative compounds.  

If both bridgehead atoms X and Z are three-coordinate, then the established stereodescriptors 

 and  readily apply to Y.  For the situation in which one or more are tetrahedral (or of 

higher coordination number), it would be possible to apply the Klyne-Prelog system, which 

focuses on the torsional angles about the X–Y and Y–Z bonds, defining syn and anti 

relationships.  This system becomes undefined for certain structures typical of 

akamptisomerisation (Chapters 3 and 4) and hence is not robust and, additionally, the 



Chapter 5 

 

165 

 

resulting labels are not particularly human readable.  To have an intuitive and robust 

nomenclature that is independent of coordination and structure, the new stereodescriptors 

amplo and parvo were introduced in Chapter 4 to depict the relationship between the 

bridgehead atoms X and Z with respect to their surroundings (Figure 5.4).  This nomenclature 

captures the critical features and strengths of both the / and syn/anti nomenclatures and, in 

addition, making key 3D structural relationships immediately apparent from just the name.    
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(a) Number of tetrahedral bridgehead atoms: 
            0 1 2 - cisoid 2 - transoid 

 

 

 
 

 
 

16a, 19a 

 

 
 

3a, 6a, 6b, 10a,11a,14a, 

17a, 18a 
 

      

 

 

 

  
  

 

 
4a, 4b, 7, 8a, 8b, 9a, 9b, 15a, 15b 16b, 19b 3b, 10b, 11b, 14b, 17b, 18b 1a, 1b, 2, 12a, 12b, 13a, 3b 

(b) 

 

 

 

 

 8a: (α,α) isomer 8b: (α,β) isomer 
 (15α,16α)-15,16-dioxatricyclo[8.4.1.13,8] hexadeca-

1,3,5,7,9,11,13-heptaene 

referred to in the literature and CAS as “syn” 

(15α,16β)-15,16-dioxatricyclo[8.4.1.13,8] hexadeca-

1,3,5,7,9,11,13-heptaene 

referred to in the literature and CAS as “anti” 

 

(c) 

    

 11a: (amplo,amplo) isomer 11b: (parvo,parvo) isomer 

 
(3aS,4R,5Ramplo,6S,9Ramplo,11aS)-4,6-dihydroxy-6-

methyl-3,10-dimethylenedecahydro-5,9-

epoxycyclodeca[b]furan-2(3H)-one 

(3aS,4R,5Rparvo,6S,9Rparvo,11aS)-4,6-dihydroxy-6-

methyl-3,10-dimethylenedecahydro-5,9-

epoxycyclodeca[b]furan-2(3H)-one 

 

    

 12a: (parvo,amplo) isomer 12b: (amplo,parvo) isomer 

 
(3aS,4R,5Rparvo,6S,9Samplo,11aS)-4,6-dihydroxy-6-

methyl-3,10-dimethylenedecahydro-5,9-

epoxycyclodeca[b]furan-2(3H)-one 

(3aS,4R,5Ramplo,6S,9Sparvo,11aS)-4,6-dihydroxy-6-

methyl-3,10-dimethylenedecahydro-5,9-

epoxycyclodeca[b]furan-2(3H)-one 

Figure 5.4  Stereochemical descriptors associated with akamptisomerism: (α,β) and parvo and amplo 

definitions.  (a) Possible arrangements of substituents A and B at tetrahedral bridgehead atoms.  Configurations 

are labelled with the new stereodescriptors (Chapter 4) amplo and parvo or else the existing descriptors  and , 

with surrounding atoms represented as a ring for simplicity.  Example isomers from Figure 5.2 and Table 5.1 are 

listed for each case, but sometimes require the surrounding ring atoms to be asymmetric so that the different 

forms are distinguishable; how these descriptors can be used in isomer naming is exampled for 8, 11, and 12.  

(b) examples of (α,β) usage along with 3D models and (c) (parvo/amplo) usage.  In (c) coordinates for the nine 

highlighted atoms in the 2D representation are depicted as in (a). 
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5.3.3 Structural assignments of oxabicyclo akamptisomers 

With up to 8 general isomeric variants possible for molecules displaying 

akamptisomerism, knowing what stereoisomers constitute some synthesised or natural 

product may be a difficult task.  Certainly, X-ray crystallography and 2D NMR techniques 

can, in principle, reveal all 3D information, but often such methods have not been, or cannot 

be, applied.  Further, they only pertain to the conditions present for such specific 

measurements and different conditions could favour different arrangements and thermal 

distributions of stereoisomers.  In Figure 5.2, 36 of the distinguishable isomers pertaining to 

19 chemical systems are shown.  All distinguishable akamptisomers are included, but for 

brevity, the selection shown is limited to only cisoid/transoid etc. variations that have 

previously been considered as structural possibilities.  

Figure 5.2 indicates that, of 1 - 19, the observed compound(s) have had the 

stereochemistry of their akamptisomeric centre unambiguously identified in only 13 cases.  

For the 17 systems with differentiable akamptisomers, both possible akamptisomers have 

been identified (or indeed postulated) in only 5 cases.  For 9, 10, 13, and 16, the nature of the 

akamptisomer present has not been identified, with, in the case of 9 (at least), it being likely 

that the compound is an approximately equal mixture of both possibilities.  The other poorly 

stereochemically defined compounds 11 and 12 pertain to badgerin and are of particular note.  

Initially195 a natural product was identified by NMR as 11, without distinguishing between 

11a and 11b.  However, recent analysis196 of a sample from a different, but related, source 

plant species indicated either 12a or 12b instead.  These possibilities differ in that 11 are 

cisoid whereas 12 are transoid.  As the reported NMR data do not show a 1:1 

correspondence, it is suggested that indeed both the cisoid and transoid stereoisomers may 

have been isolated; such a situation would parallel the recent identification of isomers 2 and 

3a.  Most related natural products containing tetrahedral bridgehead atoms, and their 

synthetic analogues, are cisoid, making the identification of transoid forms like 2, 12, and the 

badgerin derivative 13, unusual.  

In the absence of X-ray crystallographic data, there is an explicit need to know all 

possible stereoisomeric configurations to fully inform chemical intuition and/or artificial 

intelligence approaches.  Considering oxygen-bridged oxabicyclo compounds as 

akamptisomers provides the necessary conceptual basis for doing so. 
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5.3.4 Reliability of stereochemical information pertaining to oxygen-bridged 

oxabicyclo compounds stored in chemical databases 

Complete description of stereochemistry in chemical databases requires a complete 

conceptual basis supporting the naming of compounds, understanding chemical reactions and 

transformations, and 2D diagrammatic representations that are stereochemically 

unambiguous.  The IUPAC recommendations aim to provide this basis.3-4, 89, 91, 170, 211  That 

IUPAC recommendations cannot account for all structures involved in stereoisomerism and 

stereoisomerisation for ML2 stereogenic units has already been described (Chapter 4 Section 

4.4), as too for the inability of existing stereodescriptors  and  combined with the Klyne-

Prelog system to be intuitive and universally descriptive (Chapter 4).   

Here, it is emphasised that the 2D drawn structures for 1 –  3 and 10 – 19 in Figure 

5.2 do not follow IUPAC hash/wedge standard usage (Ref.4 page 1926 rule ST.1.3.3) as these 

rules do not readily support the required stereochemical features.  These recommendations 

are reproduced here. 

From “Graphical representation of stereochemical configuration (IUPAC 

Recommendations 2006)”,91 page 1908: 

ST-0.5 Stereobonds between stereocenters 

Stereobonds between stereocenters should be avoided at all costs. This was stated in ST-0.3 but 

bears repeating because it is so important…  

In rare cases—for example, when one stereocenter is completely surrounded by four 

other stereocenters—a stereobond must be present between two stereocenters. There is no ideal 

solution in such cases, as some ambiguity is unavoidable. In this case, solid wedged bonds should 

be used exclusively (as much as possible), and as always only the atom at the narrow end of the 

wedge should be considered as having a specified configuration. Hashed bonds connecting two 

stereogenic centers are always ambiguous, as discussed in ST-0.3. 
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If the central atom has a specific configuration and each of the surrounding atoms also 

has a specific configuration, additional stereobonds must be added to the surrounding atoms. It is 

preferred to select a depiction style for the central atom that has as few stereobonds as possible, 

since that will eliminate completely any ambiguity regarding the intended configuration at some 

of the adjacent atoms. 

 

 

The introduced convention is to view bicyclo systems from one “face” and consider 

the entire X(A)–Y–Z(B) as a single stereogenic unit, to make obvious the critical information 

concerning 3D structure.  In Table 5.3, 2D structures for 1 - 19 are presented adjacent to 3D 

models, making it clear that they are both unambiguous and intuitively interpretable; some 

details are not always embodied, however, e.g., the B(F)–O–B(F) atoms in 1 – 3 are actually 

planar (and approximately orthogonal to the plane of the page).  The reader is encouraged to 

look at the 2D representations and their comparison with 3D images, in some detail.  The 

differences from current IUPAC practice are small and may appear familiar, yet these 

differences present profound consequences. 

Indeed, failure of current IUPAC drawing recommendations is not an isolated issue, 

with other deviations from standard practice now being advocated in web-based 

undergraduate teaching environments.212  The situation for akamptisomers is somewhat 

analogous to current issues213 concerning Bredt’s rule: by considering ring-size dependences, 

natural products labelled as “wrong” by IUPAC4 are being increasingly identified.  Indeed 
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many compounds discussed in that context can now be categorised as akamptisomers, with 

recent work highlighting the difficulties associated with stereochemical aspects of 

oxabicyclo[m.n.1] compounds.214 

From “Graphical representation of stereochemical configuration (IUPAC Recommendations 

2006)”,91 page 1926: 

ST-1.3.3: Stereogenic centers at bridgehead atoms 

Stereogenic centers at bridgehead atoms pose several difficult problems. When depicting 

substituents  at bridgehead atoms, some chemists have been tempted to depict the substituent 

atom using the wedged bond style that is opposite to the one used for the bridging bonds, 

apparently on the assumption that “if the bridge goes ‘up’, then the other substituent must go 

‘down’.” In fact, if the ring system is oriented in the plane of the paper and the bridging bonds 

are oriented upwards, then the substituents are oriented upwards as well in systems where the 

bridge contains fewer atoms than any other path between the bridgehead atoms (as in the usual 

depiction of bicyclo[2.2.1]heptane). Such compounds should be depicted using solid wedged 

bonds or hashed wedged bonds for the bridging bonds, with the substituents depicted using plain 

bonds. The substituents may also be depicted using the same bond type as the bridging bonds. 

Although it would be technically unambiguous to depict the bridging bonds using plain bonds 

and reserve the solid wedged bonds and hashed wedged bonds for the substituents, that style 

should be avoided due to the longstanding confusion over its intended meaning 

 

 

As mentioned, Figure 5.2 summarises the stereochemical experimental raw data of 1 – 

19 pertaining to the 3D structure of the observed compounds.  Following on, the 2D 

representations derived from the data presented in the original publications are analysed in 

Table 5.1 (with description of all relevant information presented in Table 5.3).  
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 Table 5.3  Comparisons of 2D representations with 3D structures. 

Mol. 2D representation top view oblique 

1a 

 

 

 

1b 

 
 

 

    

2 

 

Ethyl groups shown as H for clarity 

 

 
 

    

3a 

 

Ethyl groups shown as H for clarity 
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Mol. 2D representation top view oblique 

3b 

 

Ethyl groups shown as H for clarity

 
 

    

4a 

 
 

 

4b 

 
 

 

    

5a 

 

 

 

5b 
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Mol. 2D representation top view oblique 

6a 

 
 

 

6b 

 

 

 

    

7 

 

 

 

    

8a 

 

 

 

8b 

 

 

 

    

9a 
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Mol. 2D representation top view oblique 

9b 

 
 

 

    

10a 

 
 

 

10b 

 
 

 

    

11a 

 
 

 

11b 
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Mol. 2D representation top view oblique 

12a 

 
 

 

12b 

 
 

 

    

13a 

 
 

 

13b 

 
 

 

    

14a 

 
  

14b 
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Mol. 2D representation top view oblique 

15a 

 
 

 

15b 

 
 

 

    

16a 

 
 

 

16b 

 

 

 

    

17a 

 

 

 

17b 
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Mol. 2D representation top view oblique 

18a 

 
 

 

18b 

 
 

 

    

19a 

 

 

 

19b 
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 In general, 2D representations could either accurately portray the available 

information (i.e., precise stereochemical information or associated ambiguities), could fail to 

represent features, or could depict additional features not supported by the data.  It is found 

that for 1 – 19, the stereochemical information presented in the original literature accurately 

represented the raw experimental data.  When the same structures were depicted in chemical 

databases such as CAS,171 they were drawn only in accordance with IUPAC 

recommendations, but the chosen recommendation may not have been appropriate or the 

required recommendation may not have been available.  In only 6 of the 19 cases (31%) is it 

found that the CAS structure accurately reflects the raw experimental information, otherwise 

either deleting stereochemical information or else adding unjustified features.  Again, it is the 

small details that are easy to gloss over that can be the most important features.  

To investigate how common it is that databases do not identify akamptisomerism-

related stereochemical information, in Table 5.4, records are summarised for carbocyclic, 

metal-free, “ring-locked” oxabicyclo compounds found in CAS171 that are listed in E_Files_7 

(see page xxv).   

Table 5.4  Numbers of metal-free oxabicyclo[m.n.1] structures currently listed in CAS : either the total numbera 

or those restricted to carbocyclic ring-locked compounds,b as well as the percentagec of them that have the 

isomeric features shown in Figure 5.4a fully characterised. 

oxabicyclo 
class 

total 
 Lock ring 
 Number % characterised 

     [5.4.1] 2,379  11  0 

     [5.3.1] 5,633  52  0 

     [4.4.1] 3,740  84  15 

     [4.3.1] 6,055  318  0.3 

     [4.2.1] 10,385  277  83e 

     [3.3.1] 15,903  944  60e 

     [3.2.1]d 101,484  43,765   

     [2.2.1]d 297,749  60,237   

     [2.1.1]d 479  29  69 

total 443,807  105,717   

a: includes some over-counting for large rings as, e.g., 8 which, as well as categorised as [4.4.1], can also be 

unhelpfully classified as [6.4.1]; sampled August 2019.  b: ring-locking is very restrictive, hence producing 

human-manageable subsets, and prevents over-counting by excluding many compounds such as 8, etc.; single-

component structures without isotopes only are included, sampled March 2019.  c: see E_File_9 for a listing of 

all compounds analysed. Note that the same compound may appear multiple times in the data base, distorting 

the analysis.  This may include instances in which it is depicted without stereochemical information and ones in 

which it is; such occurrences would result in underestimation of the fraction that are fully characterised.  In 

contrast, the data may include instances where the 2D structure presented depicts full characterisation, yet the 

original data and published structure include undetermined features. 

d: all-convex bicyclo.  e: intermediate case, obtained assuming that only isomers typical of all-convex bicyclo 

structures are feasible.   
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No isomers with ring sizes of [5.4.1] or [5.3.1] are found to be differentiated 

according to the possible variations shown in Table 5.4, with 15% differentiated for [4.4.1], 

and 0.3% for [4.3.1].  In contrast, characterisation of the more numerous small-ring all-

convex compounds is good, e.g., 83% for [4.2.1], 60% for [3.3.1] and 69% for [2.1.1].  it is 

contended that this stark difference in characterisation stems from shortcomings in the current 

stereochemistry conceptual framework.   

There exists a notable size dependence in stereoisomeric scope as shown in Figure 

5.5.  For smaller and more common bicyclo systems with systems with m + n + 3 ≤ 8, the 

resulting structures are all convex with only cisoid substituents at the bridgehead atoms 

possible.  Further, a BAR local operator applied to the X(A)–Y–Z(B) grouping results in 

Walden inversion of each of the bridgehead-atom configurations.  For the larger systems with 

m + n + 3 ≥ 10, the resulting structures are concave, at least, at the ring fusion points.  In 

these cases, all transoid and cisoid configurations are possible.   

For the intermediate oxabicyclo[3.3.1]nonane case where m + n + 3 = 9, the transoid 

stereoisomers 21, and the (parvo,parvo) cisoid stereoisomer 22b are each highly strained 

structures.  These compounds were modelled in Gaussian16153 at the B3LYP-D3(BJ)/6-

311G(d,p) level.  Shown in Figure 5.6, for 21 the parvo bridgehead atom features a bond 

angle of 143° and for 22b, both parvo bridgehead atoms feature a bond angle at 153°.  

Relative to the (amplo,amplo) cisoid compound 22a, compounds 21 are 150 kJ mol-1 higher 

in energy and 22b is 379 kJ mol-1 higher in energy casting doubt over their intrinsic stability. 

This size dependence on the scope of stereoisomerism at the X(A)–Y–Z(B) grouping 

is closely related to some instances of “in-out isomerism” (see Section A.20) which has been 

reviewed.215  Indeed, this behaviour also parallels that in the discussion213-214 of Bredt’s rule, 

which fails to hold when applied to bicyclo[m.n.l] compounds with S = m + n + l + 2 ≳ 8, 

owing to the concave-convex geometry crossover of the bicyclo periphery.  It is suggested 

that the prevalence of small-ring all-convex cisoid compounds has prejudiced the IUPAC 

recommendations as nomenclature and terminology development have been based on the 

requirements of commonly synthesised compounds. 
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 Figure 5.5  Convex – concave crossover in saturated oxygen-bridged oxabicyclo[m.n.1] systems.  For the 

smaller and more common systems with m + n + 3 ≤ 8, the resulting structures are all convex with only cisoid 

substituents at the bridgehead atoms possible.  Further, a BAR local operator applied to the X(A)–Y–Z(B) 

grouping results in Walden inversion of the bridgehead configuration.  For the larger systems with  

m + n + 3 ≥ 10, the resulting structures are concave, at least, at the ring fusion.  All transoid and cisoid 

configurations are possible.  For the intermediate oxabicyclo[3.3.1]nonane case with m + n + 3 = 9, the transoid 

stereoisomers 21a and 21b, and the (parvo,parvo) cisoid stereoisomer 22b are each highly strained structures 

casting doubt on their stability.   
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 Figure 5.6  DFT structures of 21b and 22b with the highly strained bond angles at the parvo atoms as indicated.  

Structures calculated using Gaussia16153 at the B3LYP-D3(BJ)/6-311G(d,p) level. 

 

5.3.5 Reliability of chemical infrastructure software for the processing of 

oxabicyclo compounds 

Chemical software, including drug-discovery platforms, process and manipulate 2D 

structures and chemical names that are assumed as being unique to each stereoisomer.  Such 

software, in general, deals well with stereochemical subtleties (e.g., axial isomerism in 

general, and atropisomerism in particular, as well as pyramidal “inversion”), being based on 

the encoding of IUPAC recommendations.  In Table 5.1, as detailed in Table 5.2, the 

performance of the ChemDraw,208 MarvinSketch,209 and ChemSketch210 software packages is 

considered in carrying out a cyclic operation, that of converting a 2D structure to a systematic 

IUPAC chemical name and then back to a 2D structure.  Despite package differences, all 

returned 2D structures for all isomers equivalent to the starting ones for only 2 of the 19 

example systems, with, as one would expect, no package explicitly recognising 

akamptisomers (see Table 5.2).  Also, no chemical database currently explicitly recognises 

akamptisomers, nor chemical contextual identifiers such as SMILES216 and IUPAC’s 

InChI,217 even though they can include stereochemical information.  In addition, it is noted 

that the software packages considered offer “structure checking” and “structure cleaning” 

functions that do not recognise critical stereochemical aspects and hence can destroy valuable 

information under the currently deficient IUPAC recommendations.  Indeed, and of particular 

note, none of the software package considered currently implement the / specifications 
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defined by IUPAC, which would have proved useful in many cases.  The stereodescriptors, 

existing or new, needed to accurately depict each example molecule are listed in Table 5.2.  

Immediate consequences of this are that modern machine-learning software designed for 

target design and synthesis for the pharmaceutical and agrochemical industries218-219 is often 

based on SMILES216 specifications and therefore is currently not capable of developing 

explicitly akamptisomerism-selective targets or syntheses. 

5.3.6 Quantum chemistry and spectroscopic software 

In principle, IUPAC stereochemical recommendations should form the basis for 

modern quantum-chemical software that seeks to evaluate all properties concerning 

stereochemistry and stereoisomerisation by first-principles means.  Instead, most software 

either avoids stereochemical descriptions altogether by using Cartesian coordinates, or else 

embed quantitative analyses based on the redundant-internal-coordinate stereochemical 

descriptors introduced by Wilson, Decius and Cross in 1955.220  These implement all ML1 

stereodescriptors plus some pertinent to ML2 but not those shown in Figure 5.4.  With the 

rarely needed addition of improper torsions and extended linear atomic chains (features not 

supported by IUPAC), this approach provides a widely useful description of general 

stereochemical phenomena in terms of combinations of composite atropisomerism and 

akamptisomerism.  Key to this is the internal determination of the best-possible composite 

description based on the complete set of available possibilities.  All properties of ML3, ML4, 

and higher stereocentres are described this way, e.g., Walden inversion in ML4 is described as 

resulting from compositing two BAR-operator instances as demonstrated in Chapter 3, Figure 

3.5. 

As the Polytope Formalism indicates, all such descriptions of higher stereocentres 

embody singularities and are not generally applicable for the description of phenomena, just 

as two coupled torsions cannot universally describe all properties associated with 

akamptisomers.  Wilson, Decius and Cross220 showed how such anomalies can be internally 

detected, e.g., by counting the number of non-zero eigenvalues of the nuclear kinetic-energy 

operator, and following detection widely-used software such as Gaussian16153 stops with a 

“coordinate system error” message.  Software like Gaussian16 typically checks for the 

singularity associated with the description of akamptisomerism as composite M–L torsions, 

attempting to mitigate its effects, and, e.g., Reimers’ DUSHIN package221, that considers how 

nuclear motion controls UV/visible spectroscopic band shapes, does likewise.  Nevertheless, 
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the intrinsic problem can only be solved by implementing the full set of ML2 

stereodescriptors and their geometrical bases (Figure 5.4, see also Chapter 3).  Most user 

help-line issues associated with DUSHIN pertain to the effects of singularities in the Wilson-

Decius-Cross approach.  Only through the implementation of all fundamental isomerism 

forms and the exclusion of stereochemical representations that generate singularities can 

optimal, generally applicable, coordinate systems be obtained for use in quantum chemical 

software. 

5.4 Discussion 

The results obtained from looking at the 443,807 oxabicyclo compounds vindicates 

the hypothesis that the IUPAC recommendations for nomenclature and 2D depiction are 

incomplete.  Some recommendations reflect a narrower scope of chemistry than is now 

available, e.g., favouring the implicit depiction of isomers with cisoid bridgehead 

configurations at the expense of transoid ones despite analogous systems being known since 

1968.215  The current recommendations91 were designed largely with small-ring examples in 

mind, e.g., the cocaine derivatives 6, and work for many natural products, e.g., 10, 14, 17 and 

18, but fail for larger rings, e.g., 1, 2, 12 and 13.  It remains to be determined if alternative 

cisoid/transoid stereoisomers can be synthesised, including many forms not explicitly 

represented in Figure 5.2.  In addition, for many examples, either the akamptisomeric 

composition of the identified compound is uncertain (e.g., 4, 10 - 13) or else alternative 

akamptisomers are possible that also have gone largely unforeseen or unrecognised (e.g., 3b, 

14b, 15b, 17b, 18b, 19b).  Further, the scope of available oxabicyclo chemistry for large-ring 

compounds appears to be poorly explored, e.g., of 1 - 19, in only 5 instances (26%), 4 – 8, 

could the available useful stereochemical space be considered to have been fully explored.   

The results obtained can be summarised as:  

1. the currently accepted basis for chemical intuition is incomplete and biased 

towards past achievements,  

2. modern chemical databases fail to correctly store akamptisomerism-associated 

stereochemical information, and  

3. chemical infrastructure software fails to uniformly process compounds 

correctly.   
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Here, ramifications of this are discussed, first by considering possible small-scale 

revisions to IUPAC recommendations.  Additionally, significance for patents and government 

regulatory authorities, and future developments in the understanding of akamptisomerism are 

discussed.  Finally, these deficiencies draw attention to a deeper issue with the historical 

approach to stereoisomerism with a call to overhaul the subject matter in favour of a fully 

systematic, and hence comprehensive, approach.  

5.4.1 Small-scale revised IUPAC recommendations 

In keeping with the tradition of adding new terminology and nomenclature for 

describing novel stereoisomerism, Chapter 2 lists several new terms for akamptisomerism 

and related needs (see Sections 2.4.1 – 2.4.6) and Chapter 4 describes the new supplementary 

stereodescriptors parvo and amplo (see Section 4.4.4). 

5.4.2 New opportunities for patent protection    

Issues of inadequately described stereochemistry can have important ramifications for 

patents, including validity as well as the opportunity to protect new discoveries and 

innovation.  The material in this subsection was developed in collaboration with Dr Linda 

Govenlock, Partner, Head of Allens Patent & Trade Mark Attorneys, Patent Attorney.  In 

patent law, the concept of “obviousness” or “inventiveness” is a fundamental concept, the 

assessment of which can vary across jurisdictions, and stereochemistry can be critical in this 

this.222  As such, IUPAC definitions are important aspects of the underlying conceptual basis.  

Additionally, regulatory authorities such as the United States Foods and Drug Administration 

(US FDA) and the European Medicines Agency (EMA), encourage evaluation of single-

stereoisomer active pharmaceutical ingredients (API), implicitly demanding full recognition 

of akamptisomers.223-224 

In Table 5.1, 7 patent-relevant examples are considered.  Within the available 

knowledge, the only existing patent in which akamptisomerisation is discussed193 includes 

technological applications of the dipole switches 1 and 2, but excludes the cisoid variant 3.  

Existing patent definitions fail to describe the full range of stereoisomers associated with 

akamptisomerism for 3, the estrogenic agent 9,189 the ovarian cancer active agent 10194, the 

internal-seco-steroid model 15, the principle of which may be applied to the many steroid 

patents, and the kinase inhibitor staurosporine 17.204  For example, the original staurosporine 

patent204 shows one general molecule that implicitly includes all stereoisomers, yet 
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subsequent specific embodiments failed to recognise the cisoid/transoid aspect associated 

with akamptisomerism.  Likewise, for 9, 10, and 17, the stereoisomerism concept that is 

akamptisomerism was not explicitly discussed. Whilst these patents broadly cover all forms, 

this still leaves open the potential for new "follow-on" patents focused on a previously 

unrecognised stereoisomeric drug form that could prolong patent life – a strategy that has 

been used effectively in the pharmaceutical industry, e.g., in relation to active enantiomeric 

forms.   Applied to a mature area such as steroid research, this could lead to a significant 

reinvigoration.   

5.4.3 The future of Akamptisomerism  

The discovery of akamptisomerism presents many immediate challenges, presenting 

unfettered synthetic goals, appropriate classification schemes, and enhancements to existing 

software, including:  

1) Additional classification of all compounds meaningfully recognisable as akamptisomers. 

2) Improved structural rules for 2D representations of akamptisomers. The entire 

akamptisomeric centre X(A)–Y–Z(B) needs to be considered as a single stereogenic unit.   

3) Revisions to conformational-analysis software, including structure drawing, structure 

cleaning and naming functions, for both traditional chemical and drug-discovery 

applications.  All existing software requires updating to recognise akamptisomers and 

their stereochemical implications. 

4) Data mining of compound databases in search of incompletely characterised 

akamptisomers, including: 

i) mixtures of akamptisomers reported as single compounds,  

ii) compounds with incompletely described stereochemistry,  

iii) unrecognised akamptisomeric pairs, and  

iv) possible unexploited cisoid/transoid variations.  More sophisticated search 

algorithms need to be developed to facilitate this. 

5) Machine-learning high-throughput virtual-screening studies of potential akamptisomeric 

ligands docked to proteins, DNA, sugars, etc., seeking ligands with improved binding.  
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6) Patent specifications need to recognise akamptisomers and related systems.  Patented 

molecules may not have been sufficiently represented or specified in terms of 

stereochemistry.  Consequentially the potential to pursue patent protection for 

stereoisomers not previously protected may have been overlooked, which presents an 

important opportunity for innovation, especially for new isomeric forms that exhibit new 

properties or advantages.  In this respect, patent applications directed to new isomeric 

forms will need to satisfy legal requirements, including “obviousness” or “inventiveness”, 

which can vary subtly across jurisdictions. 

7) Synthesis and testing of targeted akamptisomer pairs and other newly conceivable 

isomers (e.g., transoid structures) for possible medicinal and technological applications, 

e.g., see Chapter 7 

Such opportunities are rare for seemingly fully understood chemistry topics, and it 

remains to be seen how many new compounds can be conceived, synthesised, characterised, 

depicted, and catalogued.  Enhanced IUPAC stereochemical recommendations can play a 

critical role in advancing these goals. In particular, Machine Learning provides a powerful 

diagnostic tool for processing large and complex datasets to identify trends, patterns, uses and 

effects, many of which were previously indiscernible. Concerning drug discovery, while such 

human endeavours can break free of the conceptual space provided by Nature, IUPAC 

recommendations, and current frameworks, all Machine Learning design methods are strictly 

limited to work within the internal conceptual space provided.218-219  The ability to factor in 

stereochemical nuance, including akamptisomerism, as an additional parameter provides a 

powerful opportunity to further interrogate these datasets.  

5.4.4 A broader perspective: full stereochemistry overhaul 

To this point, the contention has been that the existing IUPAC system needs to 

recognise akamptisomers and associated phenomena to be able to describe a wider range of 

modern chemistry.  Taking a broader perspective, it is worth recognising that, to date, the 

subject that is stereochemistry has adapted phenomenologically resulting in an ad hoc 

collection of concepts, terms, and nomenclature.  The recent discovery, description and 

reporting7 of akamptisomerism as a novel form of stereoisomerism highlights the fact that the 

current ad hoc approach, whilst practical, is not systematic.  In short, it does not provide a 
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means to rigorously search for all stereochemical possibilities and can not answer the 

question: what other forms of stereoisomerism remain to be discovered? 

Any solution seeking to answer that question requires a unified and mathematically 

rigorous, a priori model of all stereoisomerism – nothing short of a “Grand Unified Theory of 

stereoisomerism”.  Such an approach would naturally accommodate all possibilities – 

discovered or otherwise.  The Polytope Formalism of stereoisomerism is just such a model, 

and it is proposed that it be implemented as such. 

The Polytope Formalism of stereoisomerism maps out and categorises all structural 

possibilities for an MLn stereogenic unit and naturally separates out geometric relationships 

from unimolecular stereoisomerisation processes.  It does not bias the analysis towards 

structures that are “common” nor phenomena that is human-centric. 

Superseding the current ad hoc IUPAC nomenclature with a systematic, 

mathematically based one will not only lead to dramatic simplification from the perspective 

of qualitative understanding and chemistry teaching but will also provide a rigorous basis for 

the development of chemistry software and the digital handling of chemical structure.  

Modern software has wide-ranging applications from molecular-structure drawing to 

molecule naming, to patent specifications and conformational searching, to Machine 

Learning and data mining, to materials and molecule design and drug discovery.  

5.5 Conclusions 

It may seem that the existing ad hoc IUPAC stereochemistry prescriptions, and their 

implementation into modern software, are adequate for most needs.  Essentially, one does not 

miss what one does not know about.  This is especially true for chemical products and 

reactions designed by computers – digital chemistry.  The future is not about what is known 

but rather about discovering the unknown.  Only mathematically rigorous stereochemical 

descriptors can direct the future, defining and enabling the exploration of chemical space. 

Perhaps unsurprisingly, most of the compounds investigated were found to have been 

amply described within existing IUPAC recommendations and by modern software as these 

have been developed in order to account for commonly observed features.  Focus here, 

however, is placed on the exceptions, which are shown to be numerous, represent many 

families of molecules of pharmaceutical and technological interests, and present significant 
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issues and new possibilities pertaining to patent protection and the fulfilment of the 

requirements of regulatory authorities.  It is contended that only the full recognition of 

akamptisomers, and its classification within the larger context of stereochemistry, could 

allow the demonstrated systematic software weaknesses to be overcome.  Taking a bigger 

perspective, the whole current ad hoc nomenclature for arbitrary MLn stereogenic units is 

considered, calling for these current IUPAC stereochemical recommendations to be 

superseded with one based on the Polytope Formalism of stereoisomerism. 

Conceptually, these two issues become critical when it comes to writing computer 

software designed to implement definitions pertaining to stereoisomerism.  Software provides 

not only the means to store, draw, and name molecules, but also the conceptual basis in 

which molecules are conceived and designed by both human and artificial-intelligence 

(including machine-leaning) means.218-219  To be most effective, software must seamlessly 

describe all possible geometrical scenarios that isomers can adopt using a universal 

description that does not embody singularities.  Modern software has been generated based 

on the existing ad hoc IUPAC classification scheme in which it is implicitly assumed that 

akamptisomers can be treated as some form of composite rotamerism.  These rules have 

grown adaptively based on the properties of discovered isomers, but, by not being systematic, 

there is no guarantee that they can encompass all possible ones or provide widely applicable, 

human-readable nomenclature. 

Databases and software now provide essential tools for the exploration of new 

chemical space, facilitating both manual and Machine-Learning efforts.  The experimental 

identification of akamptisomerism (Chapter 4) and the resulting deeper understanding of 

stereoisomerism relationships now demands the establishment of a complete set of rules and 

terms by IUPAC and its full implementation in databases, chemical software, and drug-

discovery applications.  Only a universal a priori conceptual basis for stereoisomerism, and 

the systematic approach that it guarantees, allows for the complete-in-principle search of 

chemical space.  This is critical for the advancing of chemistry from a “creative art” further 

towards an “exact science”.225 
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6 The Polytope Formalism of  

constitutional isomerism and isomerisation 

6.1 Summary 

A unifying and systematic framework for all isomerism is provided by application to 

constitutional isomerism of the underlying mathematics of the Polytope Formalism of 

stereoisomerism.  All possible constitutional arrangements of a set of atoms are generated and 

the permitted pathways between any pair are also defined. This is a powerful tool to elucidate 

unimolecular isomerisation mechanisms. Cataloging constitutional isomerism is limited by 

superexponential scaling associated with bond permutations. Previously, isomeric structures 

were generated without consideration of unimolecular isomerisation intermediates. Our 

Polytope Formalism approach explicitly addresses this deficiency.  Despite added 

complexity, problems of practical interest to chemists are made substantially easier by then 

focusing on a subset of atoms of interest that undergo bond permutation. This is achieved by 

partitioning the chemical system into active components 𝒮𝑚ℬ𝑛, comprising m bonding sites 𝒮 

combined with n bonders ℬ, and non-active spectator atoms whose bonding topology remain 

unchanged. Spectator atoms limit motion of bonding sites 𝒮, but not that of the bonders ℬ, 

and thus are ignored to increase mathematical tractability. Results are exemplified for the 

𝒮4ℬ2 class by examination of tautomerism in free-base porphyrin. A graph corresponding to 

the full potential-energy surface (PES) is generated. This treatment for the 𝒮4ℬ2 class reveals 

that 28 distinct general structural forms called genera exist if all 𝒮 are equivalent and form a 

topologically-cyclic set and all ℬ are equivalent.  Of these, 12 generic compounds correspond 

to already reported porphyrin derivatives. The structural forms increase to 225 when all 𝒮and 

ℬ are distinguishable. The approach detailed here is broadly applicable to many chemical 

systems.  Cataloging and graphing software tools are provided 

6.2 Introduction 

Knowledge of isomeric structures and chemical reactions is central to chemistry.  

Isomerism is composed of stereoisomerism and constitutional isomerism. To date, these two 

sub-categories of isomerism have been treated independently. 
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Recently, the utility of the polytopal-rearrangements model in providing a framework 

for the classification of stereoisomerism and associated stereoisomerisation processes was 

shown.  In Chapter 3 the polytopal-rearrangements model was generalised to include all 

possible polytopal forms.  Additionally, bond torsional isomerism was included, thus 

allowing the model to describe all types of stereoisomerism.  The resulting model is 

comprehensive and mathematically rigorous, and we have named it the Polytope Formalism 

of stereoisomerism.  It can be applied broadly to any bonding centre, organic or inorganic. 

A key strength of the Polytope Formalism of stereoisomerism is that it does not only 

describe just the local minima structures.  All possible spatial configurations for a system are 

treated on an equal footing with all this added complexity explicitly describing all the 

possible concerted unimolecular stereotropic rearrangements.  When energies are assigned to 

each structure then the resulting graph is isomorphic to the complete potential-energy surface 

(PES) for that system.  The Polytope Formalism not only describes all possible static 

structures but also all the allowed concerted unimolecular reaction mechanisms connecting 

the structures. 

Recognising that constitutional isomerism can be viewed as the permutation of bonds 

for a collection of atoms, a direct analogy is drawn to stereoisomerism where the spatial 

arrangements of atoms are permuted.  From this perspective, this allows for the direct 

adaptation of the mathematics embodied in the Polytope Formalism of stereoisomerism to be 

applied to constitutional isomerism.  The result is a Polytope Formalism of constitutional 

isomerism.  A consequence of implementing a common abstract framework to both 

stereoisomerism and constitutional isomerism is that these main branches of isomerism 

become unified. 

The mathematics involved falls within the disciplines of Combinatorics and Graph 

Theory.  Combinatorics concerns itself with the counting and categorisation of combinations 

and permutations or abstract objects.  Graph Theory, as the name implies, is the study of 

graphs – representations of the relationships between pairs of abstract objects.  Graph 

Theory’s utility to the Polytope Formalism arises from the suite of theorems and other tools it 

provides for finding and describing properties of the graphs. 

Explicit Combinatorics and Graph Theory approaches to enumerating (i.e., 

envisaging, numbering and naming, to make a catalogue) constitutional isomers have been 

applied before, generally based on the Redfield-Pólya enumeration theorem or Burnside’s 
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lemma, etc.6, 226-233  Such approaches usually treat all atoms of the same element in a system 

at an equivalent level – typically following element valence.6, 228, 234.  An unavoidable 

challenge for any such approach is that the problem scales superexponentially and so focus 

has been just on the number and description of the isomers, i.e., the number of potential-

energy local minima structures that can accommodate zero-point vibration. 

To apply the Polytope Formalism to constitutional isomerism, all analogous bonding 

configurations must be included in the enumeration.  Consequently, the already difficult 

challenge of describing constitutional isomers is made that much more difficult with all this 

added complexity.  Notwithstanding this, the resulting power that the Polytope Formalism of 

constitutional isomerism promises is worth the effort. 

Whereas the Polytope Formalism of stereoisomerism is unavoidably descriptively 

complex, the Polytope Formalism of constitutional isomerism is, in its most general form, 

simple to describe and given in this Chapter.  To address the superexponential scaling 

problem, as with earlier approaches for enumerating just the constitutional isomers, a 

simplification scheme is introduced to make the approach tractable.  What differentiates the 

approach described in this work is that the simplification still retains all the information 

relating to the bond-rearrangement processes. 

The approach is demonstrated in detail through the worked example of 

tautomerisation in free-base porphyrin which is particularly amenable to this method.  

Numerous adaptable software tools are provided to generate and manage the general 

implementation of the Polytope Formalism of constitutional isomerism.  Additionally, 

necessary terminology directly analogous to that used in Polytope Formalism of 

stereoisomerism is introduced and used throughout. 

6.3 The Polytope Formalism of constitutional isomerism 

In broadest terms, constitutional isomerism is concerned with all the different 

arrangements of bonds between a set of atoms.  An arrangement of bonds is called the 

connectivity (see Section A.8) or the bond topology.  From a bond topology perspective, a 

“bond” can only exist between two atoms.  In its most general form where there are no 

restrictions upon the bonding, the possible combinations of bond topologies, or species, for N 

atoms spans everything from the unique case when all N atoms are unbonded through to the 
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unique case when all N atoms are bonded to each other.  As an example, Figure 6.1 shows the 

first two and the last two bonding topologies for an ordered listing for the 5-atom system. 

 

Figure 6.1  Unrestricted bonding topologies for the 5-atom system.  The first two and last two bonding 

topologies for an ordered listing are shown as molecular graphs using a “circular layout”.  There are a total of 

1024 distinct bond topologies for the 5-atom system. 

Enumeration of all unrestricted bond topologies for N atoms is the sum of all possible 

arrangements of k bonds for N atoms, where k runs from 0 through to the maximum number 

of bonds.233  For N atoms, the maximum number of bonds is equal to the binomial expression 

(𝑁
2

) =  𝑁(𝑁 − 1) 2⁄ .  Thus, the summation can be expressed by Equation (1) which 

simplifies to Equation (2): 

∑ (
(𝑁

2
)

𝑘
)

(𝑁
2 )

𝑘=0
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𝑘! ([𝑁(𝑁 − 1) 2]⁄ − 𝑘)!

𝑁(𝑁−1) 2⁄
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=  2𝑁(𝑁−1) 2⁄                                                                       (2)  

Table 6.1 shows the evaluation of Equation (2) for N = 1 through to 10, showing that, 

even for systems of modest size, the enumeration rises superexponentially.  Indeed, the 

scaling is formally of the order 𝒪(2𝑁2
), making it one of the most computationally difficult 

problems to solve. 

Table 6.1  Total number of unrestricted bond-topology combinations for a given set of N atoms 

𝑁 2𝑛(𝑛−1) 2⁄  
1 1 =  20   
2 2 =  21   
3 8 =  23   
4 64 =  26   
5 1 024 =  210 
6 32 768 =  215 
7 2 097 152 =  221 
8 268 435 456 =  228 
9 68 719 476 736 =  236 

10 35 184 372 088 832 =  245 
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As Equation (2) describes all mathematically possible bonding topologies, it places an 

upper bound on any enumeration as any imposed constraints will reduce the total number.  

Fortunably, for real chemical systems, valence and steric considerations place obvious 

limitations on the maximum number of bonds any particular atom in the set may form with 

this greatly reducing the number of bond-topology combinations worth considering.  

Typically, valence imposes the greater of these restrictions with previous attempts at 

enumeration of isomers based around this principle. 6 

An additional obvious constraint concerns minimal connectivity.  All traditional 

isomer-enumeration approaches impose the requirement that the bonding topologies (species) 

must constitute a single connected entity thus complying with the IUPAC definitions for 

constitution (see Section A.9) and constitutional isomerism (see Section A.10). 

Though these constraints are obvious ones and chemically sensible they restrict the 

structure enumeration only to potential energy local minima structures (isomers) and provide 

little or no information about processes that interconvert between these.  A key strength of the 

Polytope Formalism, be it of stereoisomerism or constitutional isomerism, is that a far 

broader range of possibilities is considered (in principle, all possibilities) with this providing 

information about interconversion processes.  In the Polytope Formalism of constitutional 

isomerism, sensible subvalent and hypervalent bonding topologies are explicitly included to 

account for bond topologies representing reaction intermediates. 

The graph that represents all the relationships between the set of structures has many 

uses.  The most obvious use is that each graph edge, interconnecting a pair of graph vertices, 

defines an allowed concerted unimolecular topotropic (see Section 2.4.28) rearrangement 

process.  This type of rearrangement is given the symbol Rto
c 1, introduced here for the first 

time to the literature (see Section 2.4.21).  An Rto
c 1 process is the bond topology equivalent 

of the concerted unimolecular stereotropic rearrangement Rst
c 1, as used for the Polytope 

Formalism of stereoisomerism (see Section 2.4.20 and Chapter 3). 

As with stereoisomerism, for constitutional isomerism the graph of bond-topology 

species can have potential energies, gradients, and curvature assigned to all graph vertices to 

give a compact representation of the bong topology full potential energy surface for the 

system. 
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It is worth noting that in the context of stereoisomerism, the word “polytope” that 

forms part of the name of the formalism does refer to geometric polytope objects.  In the 

context of constitutional isomerism, the word “polytope” now refers to a more abstract 

analogue, that being topological polytopes which represent specific bonding topologies. 

6.4 The “𝓢𝒎𝓑𝒏 partitioning” approach to the Polytope Formalism of 

constitutional isomerism 

As shown above, enumeration of bonding topologies for even relatively small systems 

rises superexponentially.  To make practical use of the strengths of the Polytope Formalism 

of constitutional isomerism significant simplifications must be introduced.  Whilst many 

approaches are conceivable, the one described here is inspired by the fact that many problems 

of practical interest to chemists involve molecular systems where only a small subset of 

atoms in a significantly larger molecule undergo bond topology changes. Typically, these 

“active” atoms can be further divided into two categories based upon the scope of bond 

topology changes.  “Topologically mobile” fragments called “bonders” ℬ, are free to move 

about and take up differing bonding arrangements with a similarly small number of bonding 

sites 𝒮.  The bonding sites are less mobile and are otherwise bound to the remaining part of 

the molecular system, this being “bond-topologically static” and are called “spectator” atoms.  

If there are m bonding sites 𝒮 and n bonders ℬ, this partitioning approach is termed 𝒮𝑚ℬ𝑛.  

This is depicted graphically in Figure 6.2a.   

In Figure 6.2b, free-base porphyrin is partitioned with the inner two hydrogen atoms 

as the bonders and the four nitrogen atoms as the bonding sites with all other atoms as 

spectators.  This 𝒮4ℬ2 partitioning allows the Polytope Formalism of constitutional 

isomerism to describe all possible tautomerism-related structures for free-base porphyrin.  

Similarly, in Figure 6.2c, the B(F)OB(F)-porphyrin is 𝒮4ℬ2 partitioned as in Figure 6.2b but 

with the boron atoms as the bonders.  Whilst in free-base porphyrin the bonders are not 

topologically connected to each other, in the B(F)OB(F)-porphyrin example the bonders are 

topologically connected, though in this case this bonder – bonder connection only minimally 

limits motion of the bonders.  Nevertheless, with the same partitioning, both systems are 

equivalent within the Polytope Formalism of constitutional isomerism. 
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Figure 6.2  𝒮𝑚ℬ𝑛 partitioning of a molecular system.  (a) The molecular system of interest is partitioned into 

collections of atoms or groups of atoms representing (1) bonding sites 𝒮, for which the spectator atoms limit 

motion, and (2) bonders ℬ, for which the spectator atoms do not limit motion.7   The bonding sites and bonders 

constituting the active atoms define the isomers or isomerisation of interest. (b)-(c) Two examples pertaining to 

free-base porphyrin: (b), see Figure 6.3, with unconstrained bonders, and (c) this after B(F)OB(F) substitution to 

establish a bonder to bonder through-spectator connection that, in this case, only minimally affects isomerism 

possibilities.   

Symmetry is an additional property that can be used to further simplify the 𝒮𝑚ℬ𝑛 

partitioning approach.  As the bonding sites and the network of spectator atoms to which they 

are bound remains a single unit (coloured blue in Figure 6.2) throughout the bond permuting 

process, the symmetry of this fragment can be used to group together species that are bond-

topologically degenerate.  Each set of bond-topologically degenerate species comprises a 

genus (plural: genera, adjectival form: generic, see Section 2.4.15).  If there is no bond-

topology degeneracy, the genus will only contain a single species (a “monotypic genus”). 

In Figure 6.3a is shown the two lowest energy forms involved in the tautomerism (see 

Section A.46) of free-base porphyrin.  When R = H, the two trans species are degenerate, and 

the tautomerisation (see Section A.47) is a degenerate rearrangement (see Section A.12).  

When R ≠ H, the two trans species are distinct and not necessarily isoenergetic.   

The tautomerism and tautomerisation processes can be described by partitioning free-

base porphyrin (R = H) as 𝒮4ℬ2 as shown in Figure 6.2b.  The “porphyrindiyl” fragment, i.e., 

the molecule less the two inner hydrogen atoms, exhibits the D4h symmetry point group from 

a bond topology perspective.  In Figure 6.3b are shown three bond-topology species 3a, 6a, 

and 2a of free-base porphyrin (all free-base porphyrin bond topology structures will be 
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described in detail later in Section 6.6).  Species 3a is a trans isomer (potential energy local 

minimum structure) and 2a a cis isomer (potential energy local minimum structure).  Species 

6a is the first-order transition-state structure along the Rto
c 1 reaction path connecting 3a and 

2a. 

(a) 

 

 

   

(b) 

   

 

Species: 

Compact label: 

3a  trans 

LM21:23 

6a  cis ⇌ trans 

TS21:μ22,23 

2a  cis 

LM21:22 

 

Figure 6.3  Free-base porphyrin tautomerism species.  (a) Tautomerism in free-base porphyrins.  Only lowest 

energy trans forms (shown here) are seen experimentally.  When R = H, the structures are degenerate.  When R 

≠ H, the structures are distinct and generally non isoenergetic.  (b) Shown is the trans species 3a, cis species 2a, 

and their associated interconversion first-order transition-state structure species 6a.  The labels 21 − 24 depict 

the standard atom locant numbering in porphyrins.150  The compact labels describe the character of the structure 

as a potential energy local minimum (LM) or a first-order transition-state structure (TS) along with the colon-

separated nitrogen atom locants that bond to H(1) and H(2), respectively. 

Depending upon the specific implementation, all bonders may be constrained to form 

at least one bond with a bonding site to preserve the property of each bond topology structure 

comprising a single fully connected molecular unit.  If this constraint is lifted this allows the 

bonders to dissociate and hence this approach can also describe dissociation mechanisms. 

The structures in Figure 6.3 are species as the specifically labelled H atoms are 

bonded to the specific nitrogen atoms as indicated.  Species 3a is an example of a trans 

isomer and, due the D4h symmetry of the porphyrindiyl fragment, there are four different 

ways of permuting the bonding of the two hydrogen atoms to the four nitrogen atoms whilst 

preserving a trans relationship.  All four trans species, without the atom labelling, are 

structurally degenerate and comprise the trans genus 3.  Similarly, species 2a is one of eight 

cis species that comprise the cis genus 2, and species 6a is one of 16 cis ⇌ trans transition-

state structure species that comprise the genus 6.  In this work, genera are indicated simply by 

a number whilst species are given a number and appended letter.  Further, no atom locant 
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numbers should appear when depicting a generic structure.  Figure 6.4 shows the 

corresponding genera for the species in Figure 6.3. 

 

   

 

Genus: 3  trans 6  cis ⇌ trans 2  cis  

Figure 6.4  Examples of free-base porphyrin tautomerism genera corresponding to species from Figure 6.3. 

 

Genera can further be grouped into the higher taxonomic rank of family based upon 

the bonding topology character of the bonders.  For example, in free-base porphyrin, both the 

trans 3, and cis 2, genera and all their constituent species, feature hydrogen atom bonders that 

only form a single bond to nitrogen atom bonding sites.  Thus, the genera 3 and 2 belong to 

the same family.  Genus 6 features one hydrogen bonder that forms a single bond and one 

hydrogen bonder that forms two bonds and so belongs to a different family.  Later in the 

Chapter, a full tabulation of species, genera, and families for the D4h symmetric, 𝒮4ℬ2 

partitioning for tautomerism in free-base porphyrin is presented. 

As a final taxonomic rank, all families for a set of atoms form a class.  In general and 

for the context of constitutional isomerism for N atoms, this is referred to as the N atom class.  

For the 𝒮𝑚ℬ𝑛 partitioning approach described here, “𝒮𝑚ℬ𝑛” is the class. 

6.5 Enumeration and cataloguing 𝓢𝒎𝓑𝒏 partitioned bonding-permuted 

chemical species 

For a 𝒮𝑚ℬ𝑛 partitioned chemical system where all bonders must form at least one 

bond to a bonding site, the total number of species 𝑁𝑠, and number of families 𝑁𝑓, is given by 

𝑁𝑠 = (2𝑚 − 1)𝑛                                                              (3𝑎) 

and 

𝑁𝑓 = (
𝑚 + 𝑛 − 1

𝑛
) =  

(𝑚+𝑛−1)!

m! 𝑛! 
                                  (4𝑎)  
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More generally with bonder dissociation permitted, the total number of species 𝑁𝑠, 

and number of families 𝑁𝑓, is given by 

𝑁𝑠 = 2𝑚𝑛                                                                         (3𝑏) 

and 

𝑁𝑓 = (
𝑚 + 𝑛

𝑛
) =  

(𝑚+𝑛)!

m! 𝑛! 
                                              (4𝑏)  

As described in 6.4, structures may be chemically degenerate due to symmetry of the 

bonding sites, allowing for numerous species to be collected into a single genus.  Following, 

further description of the  𝒮mℬn partitioned chemical system is focussed on the example of 

tautomerism in free-base porphyrin where the symmetry is D4h and the partitioning is 𝒮4ℬ2. 

To provide a catalogue of bond topology species, software for generating families, 

genera, and species for 𝒮mℬn partitioned chemical systems, under the assumption of non-

dissociation, is provided in E_File_11 with a brief description and instructions given in 

Appendix G.  Also in Appendix G are tables showing the enumeration of families, genera 

(given Dnh site symmetry), and species for m and n ≤ 8.  Note that this software is analogous 

to that which could be used to find a numerical solution to a so-called “intractable” NP-

complete problem.233 

6.5.1 Compact notation labels for 𝓢𝟒𝓑𝟐 partitioned bond-permuted free-base 

porphyrin tautomerism species 

To help concisely and informatively label a species, the following compact label 

notation is used throughout.  The label comprises a two-letter descriptor of the PES critical 

point type for the species with LM being a local minimum, TS, a first-order transition-state 

structure, kS a kth order transition-state structure, and NC a noncritical point.  Additionally, kI 

can represent a kth order inflexional critical point though these are not found for free-base 

porphyrin.  Appended to right of this is a colon-separated listing of the bonding site atom 

locant numbers that form bonds to the bonders and is ordered by bonder number.  If a bonder 

is bonded to more than one bonding site, and adaptation of the IUPAC “” notation3 is used.  

For example, the cis ⇌ trans transition-state species 6a has the second H atom bonded to 

nitrogen atoms 22 and 23 – this bond topology being written as μ22,23.  If a bonder is bonded 

to more than two bonding sites the μ notation follows IUPAC nomenclatural form with a 
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right subscripted number indicating the bridging number.  For example, a hydrogen atom 

bonder triply bridging nitrogen atoms 21, 22, and 23 would use μ321,22,23. 

For free-base porphyrin, the hydrogen atom bonders are seen to be physically situated 

in the quasi-plane of the macrocycle or above or below the quasi-plane.  This property is 

utilised in the construction of the label with in-plane H atom bonders having their bonding 

locant lists positioned to the right and in the middle of the line. For example, the trans local 

minimum species 3a, has both H atoms in the plane of the porphyrin with H(1) bonded only 

to N(21) and H(2) only to N(23), thus the symbol is LM21:23.  If an H atom is bonded above or 

below the quasi-plane of the porphyrin, its bonding locant list is right superscripted or 

subscripted, respectively.  For example, a local minimum species with both H atoms bonded 

to N(21) is given the label LM21
21. 

 

6.5.2 Allowed concerted unimolecular reactions that interconvert species. 

As noted earlier, the critical feature of the Polytope Formalism of stereoisomerism 

where all concerted unimolecular reactions that interconvert species are identified is 

maintained within this adaptation to constitutional isomerism.  The bond-topology species are 

represented as graph vertices on a graph, with the allowed Rto
c 1 processes represented as 

graph edges connecting the graph vertices.  Software is provided in E_File_12 for 

constructing such graphs from the species lists generated by the software in E_File_11.  

Detailed usage instructions and sample outputs are provided in Appendix H.  This graphing 

software calculates various graph properties and generates both labelled pictorial 

representations of the graph objects and graph-object specific output file types of general 

utility to the user.   

An example of the pictorial graphing software is shown in Figure 6.5a.  This shows 

the first-order motions (only one bonder at a time is allowed to make a single bond-topology 

change – this will be discussed further in Section 6.6.2) for all species belonging to genera 2, 

3, and 6 for the D4h site symmetric 𝒮4ℬ2 family.  A degenerate trans ⇌ trans′ rearrangement 

of 3a and 3b representative of experimentally observed tautomerisation of free-base 

porphyrin is shown in Figure 6.5b.  In Figure 6.5c a shortest allowed elementary pathway 

interconnecting 3a and 3b involving three intermediate species belonging to genera 6 and 2 is 

shown.  This pathway has been highlighted (red and blue) and annotated on the graph shown 

in Figure 6.5a. 
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Also, in E_File_13 is “S4B2_genera{1-28}_1_2.pdf”; a large, high-resolution 

pictorial representation of the full graph for the 𝒮4ℬ2 partitioning implemented for free-base 

porphyrin. 

  

Figure 6.5  Example output from the pictorial graphing software and how it relates to isomerisation processes.  

(a) Output for the first-order motions graph of all species belonging to genera 2, 3, and 6 from the D4h site 

symmetric 𝒮4ℬ2 family.  (b) A degenerate trans ⇌ trans′ rearrangement of 3a and 3b representative of 

experimentally observed tautomerisation of free-base porphyrin.  (c) A shortest allowed elementary pathway 

involving three intermediate species belonging to genera 6 and 2.  This pathway has been highlighted (red and 

blue) and annotated on the graph (a). 
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6.5.3 From a catalogue to representative molecular structures. 

Starting with the intrinsic form of each bond topology species (see Figure 6.3), it is 

possible to generate a simple atomic representation of the sites and bonders.  More than one 

geometrical structure may be possible for each bond topology species as isomers are defined 

not only by the bond topology but also by site stereoisomerism, bonder stereoisomerism, and 

global properties of the whole molecular system.  As each aspect presents a finite number of 

possible structural variations, the total number of conceived chemical structures remains 

countable. 

All structures envisaged by this procedure may not be chemically feasible, however, 

owing to steric constraints and the need to link the bonding sites together (and possibly also 

the bonders), see Figure 6.2.  If a realistic complete chemical model can be constructed, then 

low-level and/or high-level computational schemes could be used to convert this into a 

chemical structure worthy of consideration. 

It is possible that the entire process of determination of the bond topology species, 

adding of variations associated with site and bonder stereochemistry, and implementation of 

global molecular properties can be computer automated.  This applies also to optimisation 

procedures for obtaining quantitatively useful structures.  Hence it is possible to fully 

automate computational searches for isomers and reactions, with very broad applicability 

throughout chemical research. 

In databases used for searching chemical structures and sub-structures like the CAS 

database, the “chemical structures” are stored as a connectivity list or matrix, i.e., they are 

digitally represented as a bond topology list augmented by bond multiplicities and 

stereodescriptors.  Further, systematic chemical names can be automatically generated from 

this same digital representation.  The bond-topology permuted structures that the Polytope 

Formalism of constitutional isomerism (or its 𝒮𝑚ℬ𝑛 partitioned approach described here) 

generates provides “structures” using the same basic representations as already used in 

structure databases.  Consequently, many existing cheminformatics tools are expected to be 

readily adaptable to implement the principles and concepts described here. 
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6.6 Detailed results for tautomerism in free-base porphyrin.   

The appropriate class for tautomerism in free-base porphyrin is 𝒮4ℬ2.  For this, 

Equations (3a) and (4a) indicate that there are 𝑁𝑠= 255 species and 𝑁𝑓= 10 families.  The site 

topology symmetry appropriate to this molecule is the 𝐷4ℎ symmetry point group. Assuming 

this, there are 𝑁𝑔= 28 possible genera, each of which corresponds to a different qualitative 

bonding scenario.  Previously, three example species were presented in Figure 6.3, their 

corresponding genera in Figure 6.4, and the description of their family relationships in the 

accompanying discussion.  Here, a complete tabulation of all 28 genera is shown in Figure 

6.6 

In Figure 6.6 the genera are grouped into families F1 through to F10 by the different 

general bonder linking patterns, with this being indicated by colour coding and descriptive 

legend.  For each genus two representations are given: (i) the general 𝒮4ℬ2 partitioning form 

and (ii) this depicted as a 2D molecular structure. 

All 𝑁𝑠=225 possible species are listed in Table 6.2 grouped by genus and family.  The set 

definition of each genus is listed using the following approach: 

For 𝒮𝑚ℬ𝑛, let S be the set of bonder site atom locants si.  For tautomerism in free base 

porphyrin partitioned as 𝒮4ℬ2, m = 4, thus: 

S = {s0, s1, s2, s3} ≡ {si mod 4} where i ∈ ℤ 

For free base porphyrin and using standard IUPAC porphyrin atom locants:  

s0 = 21, s1 = 22, s2 = 23, and s3 = 24. 

Given the D4h topological site symmetry, the following relations apply: 

si+1 ≢ si−1  and  si+2 ≡ si−2  with i = i mod 4 

For convenience let S\i be the set difference of S and i.  For example, S\s1 = {s0, s2, s3} or 

specifically for free base porphyrin, S\22 = {21, 23, 24}.  This is “hole” notation. 

From the genus definitions, bonder-site locant lists using the adapted μ notation as 

outlined in Section 6.5.1 are generated and given in the Table 6.2. 
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Figure 6.6  All bond topology genera for free-base porphyrin tautomerism.  This ustilises the 𝒮4ℬ2 partitioning 

with 𝐷4ℎ site symmetry and assuming non-dissociative topologies.  All 𝑁𝑔 = 28 possible genera are shown as 

both their general topology-only 𝒮4ℬ2 partitioned form and as feasible free-base porphyrin 2D chemical 

structures.  The genera are color-coded into 𝑁𝑓 = 10 families F1 through to F10, depicting different bonder 

linking patterns as described in the legend. 
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Table 6.2  Listing of families, genera (D4h site symmetry), and species for 𝒮𝑚ℬ𝑛, partitioning as is appropriate for describing tautomerism of free-base porphyrin.  For each 

genus definition, i ∈ ℤ with i = i mod 4. 

Genus 

entry 
Family 

Canon. 

genus 
N’ber 

Genus 

definitions 
Species locant lists 

Both H1 and H2 non-bridging: total = 1 (4
1

) (
4
1

) = 1 ⨯ 4 ⨯ 4 = 16 

1 F1 1 4 (i:i) (21:21)   (22:22)   (23:23)   (23:23) 

2 F1 2 8 (i:i1) (21:22)   (22:23)   (23:24)   (24:21)   (22:21)   (23:22)   (24:23)   (21:24) 

3 F1 3 4 (i:i+2) (21:23)   (22:24)   (23:21)   (24:22) 

One H non-bridging, one H μ bridging: total = 2 (4
1

) (
4
2

) = 2 ⨯ 4 ⨯ 6 = 48 

4 F2 1 16 (i:μi,i1) 

(i:μi1,i) 

(21:μ21,22)   (21:μ21,24)   (22:μ22,23)   (22:μ21,22)   (23:μ23,24)   (23:μ22,23)   (24:μ21,24)   (24:μ23,24)    

(μ21,22:21)   (μ21,24:21)   (μ22,23:22)   (μ22,21:22)   (μ23,24:23)   (μ22,23:23)   (μ21,24:24)   (μ23,24:24) 

5 F2 2 8 (i:μi,i+2) 

(μi,i+2:i) 

(21:μ21,23)   (22:μ22,24)   (23:μ21,23)   (24:μ22,24)   (μ21,23:21)   (μ22,24:22)   (μ21,23:23)   (μ22,24:24) 

6 F2 3 16 (i:μi1,i+2) 

(μi1,i+2:i) 

(21:μ22,23)   (21:μ23,24)   (22:μ23,24)   (22:μ21,24)   (23:μ21,24)   (23:μ21,22)   (24:μ21,22)   (24:μ22,23)    

(μ23,22:21)   (μ23,24:21)   (μ23,24:22)   (μ21,24:22)   (μ21,24:23)   (μ21,22:23)   (μ21,22:24)   (μ22,23:24) 

7 F2 4 8 (i:μi+1,i−1) 

(μi+1,i−1:i) 

(21:μ22,24)   (22:μ21,23)   (23:μ22,24)   (24:μ21,23)    

(μ22,24:21)   (μ21,23:22)   (μ22,24:23)   (μ21,23:24) 

Both H1 and H2 μ bridging: total = 2 (4
2

) (
4
2

) = 1 ⨯ 6 ⨯ 6 = 36 

8 F3 1 4 (μi,i+1:μi,i+1) (μ21,22:μ21,22)   (μ22,23:μ22,23)   (μ23,24:μ23,24)   (μ21,24:μ21,24) 

9 F3 2 16 (μi,i1:μi,i+2) 

(μi,i+2:μi,i1) 

(μ21,22:μ21,23)   (μ21,24:μ21,23)   (μ22,23:μ22,24)   (μ21,22:μ22,24)   (μ23,24:μ21,23)   (μ22,23:μ21,23) 

(μ21,24:μ22,24)   (μ23,24:μ22,24)   (μ21,23:μ21,22)   (μ21,23:μ21,24)   (μ22,24:μ22,23)   (μ22,24:μ21,22) 

(μ21,23:μ23,24)   (μ21,23:μ22,23)   (μ22,24:μ21,24)   (μ22,24:μ23,24) 

10 F3 3 8 (μi,i1:μi,i∓1) (μ21,22:μ21,24) (μ22,23:μ21,22) (μ23,24:μ22,23) (μ21,24:μ23,24) (μ21,24:μ21,22) (μ21,22:μ22,23) (μ22,23:μ23,24)   

(μ23,24:μ21,24) 

11 F3 4 4 (μi,i+1:μi−1,i+2)  (μ21,22:μ23,24)     (μ22,23:μ21,24)      (μ23,24:μ21,22)      (μ21,24:μ22,23) 

12 F3 5 2 (μi,i+2:μi,i+2) (μ21,23:μ21,23)     (μ22,24:μ22,24) 

13 F3 6 2 (μi,i+2:μi+1,i−1) (μ21,23:μ22,24)     (μ22,24:μ21,23) 

One H non-bridging, one H μ3 bridging: total = 2 (4
1

) (
4
3

) = 2 ⨯ 4 ⨯ 4 = 32 

14 F4 1 8 (i:μ3S\i) (μ3S\i:i) (21:μ322,23,24) (22:μ321,23,24) (23:μ321,22,24) (24:μ321,22,23) (μ322,23,24:21) (μ321,23,24:22) (μ321,22,24:23)   

(μ321,22,23:24) 

15 F4 2 16 (i:μ3S\i1) 

(μ3S\i1:i) 

(21:μ321,22,23) (22:μ322,23,24) (23:μ321,23,24) (24:μ321,22,24) (21:μ321,23,24) (22:μ321,22,24) (23:μ321,22,23) 

(24:μ322,23,24) (μ321,22,23:21) (μ322,23,24:22) (μ321,23,24:23) (μ321,22,24:24) (μ321,23,24:21) (μ321,22,24:22) 

(μ321,22,23:23)   (μ322,23,24:24) 

16 F4 3 8 (i:μ3S\i+2) 

(μ3S\i+2:i) 

(21:μ321,22,24)    (22:μ321,22,23)    (23:μ322,23,24)    (24:μ321,23,24)     

(μ321,22,24:21)    (μ321,22,23:22)    (μ322,23,24:23)    (μ321,23,24:24) 
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Table 6.2 continued.  Listing of families, genera (D4h site symmetry), and species for 𝒮𝑚ℬ𝑛 , partitioning as is appropriate for describing tautomerism of free-base porphyrin.  

For each genus definition, i ∈ ℤ with i = i mod 4. 

Genus 

entry 
Family 

Canon. 

genus 
N’ber 

Genus 

definitions 
Species locant lists 

One H μ bridging, one H μ3 bridging: total = 2 (4
2

) (
4
3

) = 2 ⨯ 6 ⨯ 4 = 48 

17 F5 1 16 (μi,i1:μ3S\i1) 

(μ3LS\i1:μi,i1) 

(μ21,22:μ321,23,24) (μ22,23:μ321,22,24) (μ23,24:μ321,22,23) (μ21,24:μ322,23,24) (μ21,24:μ321,22,23) (μ21,22:μ322,23,24) 

(μ22,23:μ321,23,24) (μ23,24:μ321,22,24) (μ321,23,24:μ21,22) (μ321,22,24:μ22,23) (μ321,22,23:μ23,24) (μ322,23,24:μ21,24) 

(μ321,22,23:μ21,24)     (μ322,23,24:μ21,22)     (μ321,23,24:μ22,23)     (μ321,22,24:μ23,24) 

18 F5 2 16 (μi,i1:μ3S\i∓1) 

(μ3LS\i∓1:μi,i1) 

(μ21,22:μ321,22,23) (μ22,23:μ322,23,24) (μ23,24:μ321,23,24) (μ21,24:μ321,22,24) (μ321,22,23:μ21,22) (μ322,23,24:μ22,23) 

(μ321,23,24:μ23,24) (μ321,22,24:μ21,24) (μ21,24:μ321,23,24) (μ21,22:μ321,22,24) (μ23,22:μ321,22,23) (μ21,24:μ322,23,24) 

(μ321,23,24:μ21,24)     (μ321,22,24:μ21,22)     (μ321,22,23:μ22,23)     (μ322,23,24:μ21,24) 

19 F5 3 8 (μi,i+2:μ3S\i) 

(μ3S\i:μi,i+2) 

(μ21,23:μ322,23,24)     (μ22,24:μ321,23,24)     (μ21,23:μ321,22,24)     (μ22,24:μ321,22,23)  

(μ322,23,24:μ21,23)     (μ321,23,24:μ22,24)     (μ321,22,24:μ21,23)     (μ321,22,23:μ22,24) 

20 F5 4 8 (μi,i+2:μ3S\i+1) 

(μ3S\i+1:μi,i+2) 

(μ21,23:μ321,23,24)    (μ22,24:μ321,22,24)    (μ21,23:μ321,22,23)    (μ22,24:μ322,23,24)  

(μ321,23,24:μ21,23)    (μ321,22,24:μ22,24)    (μ321,22,23:μ21,23)    (μ322,23,24:μ22,24) 

Both H1 and H2 μ3 bridging: total = 1 (4
3

) (
4
3

) = 1 ⨯ 4 ⨯ 4 = 16 

21 F6 1 4 (μ3S\i:μ3S\i) (μ321,22,23:μ321,22,23)     (μ322,23,24:μ322,23,24)     (μ321,23,24:μ321,23,24)     (μ321,22,24:μ321,22,24) 

22 F6 2 8 (μ3S\i:μ3S\i1) (μ322,23,24: μ321,23,24)     (μ321,23,24: μ322,23,24)    (μ321,23,24: μ321,22,24)      (μ321,22,24: μ321,23,24) 

(μ321,22,24: μ321,22,23)     (μ321,22,23: μ321,22,24)     (μ321,22,23: μ322,23,24)     (μ322,23,24: μ321,22,23) 

23 F6 3 4 (μ3S\i:μ3S\i+2) (μ321,22,23:μ322,23,24)     (μ322,23,24:μ321,23,24)     (μ321,23,24:μ321,22,24)     (μ321,22,24:μ321,22,23) 

One H non-bridging, one H μ4 bridging: total = 2 (4
1

) (
4
4

) = 2 ⨯ 4 ⨯ 1 = 8 

24 F7 1 8 (i:μ4S) 

(μ4S:i) 

(21:μ421,22,23,24)     (22:μ421,22,23,24)     (23:μ421,22,23,24)     (24:μ421,22,23,24) 

(μ421,22,23,24:21)     (μ421,22,23,24:22)     (μ421,22,23,24:23)     (μ421,22,23,24:24) 

One H μ bridging, one H μ4 bridging: total = 1 (4
2

) (
4
4

) = 1 ⨯ 6 ⨯ 1 = 12 

25 F8 1 8 (μi,i+1:μ4S) (μ21,22:μ421,22,23,24)     (μ22,23:μ421,22,23,24)     (μ23,24:μ421,22,23,24)     (μ21,24:μ421,22,23,24) 

(μ421,22,23,24:μ21,22)     (μ421,22,23,24:μ22,23)     (μ421,22,23,24:μ23,24)     (μ421,22,23,24:μ21,24) 

26 F8 2 4 (μi,i+2:μ4S) (μ21,23:μ421,22,23,24)     (μ22,24:μ421,22,23,24)     (μ421,22,23,24:μ21,23)     (μ421,22,23,24:μ22,24) 

One H μ3 bridging, one H μ4 bridging: total = 2 (4
3

) (
4
4

) = 2 ⨯ 4 ⨯ 1 = 8 

27 F9 1 8 (μ3S\i1:μ4S) 

(μ4S:μ3S\i1) 

(μ321,22,23:μ421,22,23,24)     (μ324,22,23:μ421,22,23,24)     (μ321,23,24:μ421,22,23,24)     (μ321,22,24:μ421,22,23,24) 

(μ421,22,23,24:μ321,22,23)     (μ421,22,23,24:μ322,23,24)     (μ421,22,23,24:μ321,23,24)     (μ421,22,23,24:μ321,22,24) 

Both H1 and H2 μ4 bridging: total = 1 (4
4

) (
4
4

) = 1 ⨯ 1 ⨯ 1 = 1 

28 F10 1 1 (μ4LS:μ4S) (μ421,22,23,24:μ421,22,23,24) 
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6.6.1 Insight gained into properties of free-base porphyrin.  

DFT-optimised Cartesian coordinates (see Methods Section 6.10 for details) depicting 

all 28 genera of porphyrin are listed in Appendix E.  Chemical intuition indicates that 

structures of interest for free-base porphyrin and related molecules can be divided into two 

categories:  

i) “distal structures”, in which both H-atom bonders are distant from the ring 

centre, and 

ii) “cross-bonded structures”, in which at least one bonder is close to the ring 

centre. 

Distal structures can be characterised primarily based on the rotation angle of the two 

hydrogens around the molecular plane.  The technical details as to how to implement this 

concept for general molecules that may be warped and distorted in many ways are discussed 

in detail in the Methods Section 6.10, including the instructions needed for implementation of 

the adaptive coordinate system into Gaussian16153 in Appendix I.  Key features are presented 

in Figure 6.7, including the radii r1 and r2 of the two hydrogens from the ring centre and the 

angles 𝜙1 and 𝜙2 depicting their rotation within the macrocycle plane. 

 

 

Figure 6.7  Critical polar coordinates r1, r2, 1, and 2 used to describe the locations of the two inner-coordinated 

hydrogen atoms.  O is the origin, defined as the barycentre of the four nitrogen atoms, with the polar coordinates 

defined with respect to the N21−N22−O plane (using IUPAC porphyrinoid naming conventions150) and its O−N21 

vector. The associated polar angles θ1 and θ2 (not shown) depict motion of the hydrogen atoms out of the 

reference plane. 

The result of this coordinate transformation is that it is possible to construct a PES  

E(1, 2) provided that the distal constraint r1, r2 > 0.95 Å holds. In Appendix E, Table E.1 
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and Table E.2 list these distance values for DFT optimised structures representing all 28 

genera demonstrating that this criterion for grouping structures as distal or cross-bonded 

holds. 

Two representations of the resulting distal-structure PES are shown in Figure 6.8 with 

critical points labelled by genus numbers used for the 𝒮4ℬ2 partitioning of free-base 

porphyrin.  Details of the distal structures are tabulated in Figure 6.9 with results from high-

level calculations of their structure and properties given. 

To help understand the distal-structure relationships and the nature of the coordinate 

system, an interactive graphics-based application for exploring the distal-structure space is 

provided as E_File_10 with details and instructions in Appendix F.  This allows the user to 

“click” on any point in Figure 6.8a and have the corresponding energy, coordinates  

(1, 2), and 3D molecular representation displayed.  

It is not feasible to search for cross-bonded structures using an analogous systematic 

approach as the number of geometrical variables needed to define the PES is too great.  

Hence the general method described earlier to search for realistic chemical structures 

depicting the properties of the other polytopes is applied, using non-automated techniques.  

Detailed results and discussion obtained for six selected structures are presented in Figure 

6.11, with results for the remaining 14 cross-bonded structures presented in Figure 6.12.   

In general, it would not be possible to find chemically sensible example structures 

corresponding to all genera; the example of free-base porphyrin is exceptional in this regard 

as only two very small bonders are involved, and the physical space defined by the site cavity 

is large compared to what the bonders require.  Also, the fully conjugated macrocycle π 

system adapts to all bond-topology configurations. 
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Figure 6.8  Equivalent representations of gas-phase B3LYP/6-31G(d) potential-energy surface E(1, 2), for 

free-base porphyrin distal structures with r1, r2 > 0.95 Å.  (a) The critical points, representing bond-topology 

species on the 2D contour map are labelled by their genus number.  (b) PES rendered as a 3D landscape with the 

vertical axis representing the energy values.  Colouring for (b) is the same as for (a).  
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Type Description ΔG / kJ mol-1 Example Model 

L
o
ca

l-
m

in
im

a 
sp

ec
ie

s 
(i

so
m

er
s)

 

1 
LM21

21 
gem 

𝐶2𝑣 

225 

  

2 
LM21:22 

cis 

𝐶2𝑣  
a 

22 

  

3 
LM21:23 

trans 

𝐷2ℎ 

[0] 

  

1
st
 o

rd
er

 t
ra

n
si

ti
o
n

-s
ta

te
 

sp
ec

ie
s 

4 

TS21
μ21,22

 
cis ⇌ gemadj 

𝐶1 

234 

  

6 
TS21:μ22,23 

cis ⇌ trans 

𝐶𝑠 

43 

  

2
n

d
 o

rd
er

 t
ra

n
si

ti
o
n

-s
ta

te
 s

p
ec

ie
s 

8 

2Sμ21,22
μ21,22 

cis H-exch. 

gem ⇌ gemadj 

𝐶2𝑣 

365 

  

10 

2Sμ21,24
μ21,22

 
gem ⇌ transadj 

cis ⇌ cisadj 

𝐶2 

252 

  

11 

2Sμ23,24
μ21,22

 
trans ⇌ trans′ 

cis ⇌ cisopp 

𝐷2ℎ  
a 

65 

  
Figure 6.9  Tabulation of the distal structures for free-base porphyrin based on DFT models.  “Type” refers to 

the character of the critical point on the potential energy surface.  “Description” gives the genus number, an 

example of a species within that genus, a relational description of the structure and the symmetry point group of 

the genus.  ΔG is the DFT Gibbs free energy relative to 3.  “Example” gives a 2D representation of the species 

listed in the column to the left.  “Model” is a 3D framework molecular model of the DFT calculated structure.  

Characterisation based on B2PLYP-D3(BJ)/cc-pVDZ calculations with implicit CHCl3 solvation; grey- C, blue- 

N (the four sites 𝒮), white- peripheral H, orange- the two bonder hydrogens (ℬ).  a: Trivially small difference in 

symmetry between DFT methods - highest symmetry point group shown.  
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Figure 6.10  Toroidal mapping of the distal structure PES.  As both 1 and 2 is periodic as indicated, the PES 

seamlessly maps onto the surface of a torus.  The same genus-number labelling as used in Figure 6.8a is applied 

here for the critical points on the PES.  Each critical point is a different bond-topology species and corresponds 

to a graph vertex.  The black lines interconnecting pairs of critical points represent single bond-topology 

changes (first-order motions of the hydrogen bonders) for the connected species and correspond equally to 

reaction pathways and graph edges.  This demonstrates the direct relationship between a bond-topology graph 

and the associated PES.  
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Type Description ΔG / kJ mol-1 Example Model 

1
st
 o

rd
er

 t
ra

n
si

ti
o
n
-s

ta
te

  

sp
ec

ie
s 

5 

TS21
μ21,23

 
gem ⇌ trans 

Cs 

366 

  

7 

TSμ22,24
21  

cis ⇌ cisadj 
Cs 

279 

  

2
n

d
 o

rd
er

 t
ra

n
si

ti
o
n

-s
ta

te
 s

p
ec

ie
s 

9 

2Sμ21,23
μ21,22

 
gem ⇌ cisopp 

cis ⇌ transadj 

C1 

390 

  
12 

2Sμ21,23
μ21,23

 
trans H-exch. 

gem ⇌ gemopp 
D2h 

576 

  

13 

2Sμ22,24
μ21,23

 
2 ⨯ cis ⇌ cis′ 

D4d 

560 

  

3
rd

 o
rd

er
 

24 

3Sμ421,22,23,24
21  

Cs 
375 

  

4
th

 o
rd

er
 

22 

4Sμ321,22,23
μ321,22,24

 

C2 

604 

  

5
th

 o
rd

er
 

28 

5Sμ421,22,23,24
μ421,22,23,24 

D4h 
652 

  
Figure 6.11  Select cross-bonded structures for free-base porphyrin based on DFT models.  “Type” refers to the 

character of the critical point on the potential energy surface.  “Description” gives the genus number, an 

example of a species within that genus, and the symmetry point group of the genus.  ΔG is the DFT Gibbs free 

energy relative to 3.  “Example” gives a 2D representation of the species listed in the column to the left.  

“Model” is a 3D framework molecular model of the DFT calculated structure.  Characterisation is based on 

B2PLYP-D3(BJ)/cc-pVDZ calculations with implicit CHCl3 solvation; grey- C, blue- N (the four sites 𝒮), 

white- peripheral H, orange- the two bonder hydrogens (ℬ).  
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Type Example Model  Type Example Model 

14 

2Sμ322,23,24
21  

Cs 
  

 

20 

NCμ21,23
μ321,22,23

 

Cs 
  

15 

2Sμ321,22,23
21  

C1 
  

 

21 

4Sμ321,22,23
μ321,22,23

 

Cs 
  

16 

2Sμ321,22,24
21  

Cs 

  

 

23 

NCμ321,23,24
μ321,22,24

 

C2h 
  

17 

NCμ322,23,24
μ21,22

 

C1 
  

 

25 

4S𝜇421,22,23,24
𝜇21,22  

Cs 
  

18 

3Sμ321,22,23
μ21,22

 

C1 
  

 

26 

4Sμ421,22,23,24
μ21,23

 

C2v 
 

 

19 

3Sμ21,23
μ321,22,24

 

Cs 
  

 

27 

5Sμ421,22,23,24
μ321,22,23

 

Cs 
  

Figure 6.12  Remaining cross-bonded structures not shown in Figure 6.11 for free-base porphyrin based on DFT 

models.  “Description” gives the genus number, an example of a species within that genus, and the symmetry 

point group of the genus.  ΔG is the DFT Gibbs free energy relative to 3.  “Example” gives a 2D representation 

of the species listed in the column to the left.  “Model” is a 3D framework molecular model of the DFT 

calculated structure.  Characterisation is based on B2PLYP-D3(BJ)/cc-pVDZ calculations with implicit CHCl3 

solvation; grey- C, blue- N (the four sites 𝒮), white- peripheral H, orange- the two bonder hydrogens (ℬ).  
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6.6.2 Graph and potential energy surface relationship 

For the distal-structure PES shown in Figure 6.8, each of the coordinates 1 and 2 is 

periodic and hence the resulting surface can be mapped onto a torus as shown in Figure 6.10.  

On this PES, all critical points, labelled with their corresponding genus numbers, represent 

different bond-topology species.  Equally so, they represent graph vertices as required by the 

Polytope Formalism of constitutional isomerism.  Figure 6.10 also shows black lines directly 

linking a species to its four bond-topologically nearest neighbouring species.  These 

correspond to a single difference bond topology change for just one of the hydrogen bonders, 

this being referred to as a “first-order motion” Rto
c 1 reactions.  For example, in Figure 6.13 is 

shown the familiar example of trans species 3a, changing to the first-order transition-state 

structure species 6a, and then to cis species 2a. 

 

 

 3a  trans 

LM21:23 

⇌ 

⇌ 

6a  cis ⇌ trans 

TS21:μ22,23 

⇌ 

⇌ 

  2a  cis 

LM21:22 

Figure 6.13  RTo
c 1 reaction of trans species 3a to cis species 2a via the intermediate transition-state structure 6a 

representative of first-order motions on the corresponding graph.  Each step of this Rto
c 1 reaction involves a 

single bond-topology change for just one hydrogen bonder, in this case H(2).  The compact notation for the 

species makes the bond-topology changes obvious.  The inset shows a portion of the toroidal mapping of the 

distal-structures PES from Figure 6.10 with these three species highlighted in red.  The species on the PES are 

graph vertices and the black lines directly interconnecting them are graph edges.  The graph edges here directly 

indicate first order motions Rto
c 1 reactions. 

 

In the forward direction, the first step of this reaction involves only a single bond-

topology change for H(2) going from bonding to N(23) to bridging N(23) and N(22).  The 

compact notation LM21:23 → TS21:μ22,23 makes this easy to track.  Further, the number of 

imaginary frequencies characterising the critical point undergoes a change of 1 from a local 

minimum (zero imaginary frequencies) to a first order transition-state structure (one 

imaginary frequency).  Both the single change in bond topology and the ±1 change in critical 

point character gives this kind of reaction its description as a “first-order motion” Rto
c 1 

reaction.  The changes are analogous for the second step of the reaction in Figure 6.13 with  
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TS21:μ22,23 → LM21:22, again a single change in bond topology and the ±1 change in critical 

point character.  The full first-order motions Rto
c 1 reactions graph for the distal structures is 

that given earlier in Figure 6.5.  The graph in Figure 6.5 and that shown as a PES in Figure 

6.10 have a one-to-one correspondence – they are isomorphic.  This demonstrates the direct 

relationship between a bond-topology graph (comprising species and Rto
c 1 reactions) and the 

PES. 

Higher order motions are also conceivable.  For the example of free-base porphyrin, 

there are two bonders thus “second-order motions” are also possible.  Second-order motions 

Rto
c 1 reactions are where both hydrogen atom bonders each undergo a single bond-topology 

change.  Correspondingly, the character of the critical point changes by ±2 imaginary 

frequencies.  An example for the distal structures is trans species 3a changing to the second-

order transition-state structure species 11a and then onto trans′ species 3b via Rto
c 1 reactions 

as shown in Figure 6.14.  

 

 
 

 3a  trans 

  LM21:23 

⇌ 

⇌ 

11a trans ⇌ trans′ 

            cis ⇌ cisopp 

2Sμ21,24:μ22,23 

⇌ 

⇌ 

     3b  trans′ 

    LM24:22 

Figure 6.14  Rto
c 1 reaction of trans species 3a to trans′ species 3b via the intermediate second-order transition-

state structure 11a representative of second-order motions on the corresponding graph.  Each step of this Rto
c 1 

reaction involves a single bond-topology change for both hydrogen bonders.  The compact notation for the 

species makes the bond-topology changes obvious.  The inset shows a portion of the toroidal mapping of the 

distal-structures PES from Figure 6.10 with these three species highlighted in red.  The species on the PES are 

graph vertices and the yellow “diagonal” lines as graph edges, here specifically indicating second order motions 

Rto
c 1 reactions. 

 

Again, the compact notation makes the topology changes for the reaction easy to track 

and characterise.  On the toroidal mapping of the distal-structures PES from Figure 6.14, 

second-order motions are indicated by the yellow “diagonal” edges joining the species 

indicated. 
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Both first- and second-order motions can be combined into a single graph 

representing all possible relationships corresponding to allowed reaction pathways.  In 

Appendix H, Figure H.2 is shown the combined first- and second-order motions graph.  

Although the layout of this graph is a 2D projection, the toroidal form is obvious as would be 

expected for the distal structures. 

The graphing software provided in E_File_12 makes exploring the first- and second-

order motions relationships between the bond-topology species easy.  This software also 

generates of an extensive range of Graph Theory related data as detailed in Appendix H. 

6.6.3 Small chemical variations can induce dramatic changes in polytope energy-

ordering. 

Chemical changes to the basic nature of the macrocycle, as well as substituent effects, 

will modulate the resulting potential-energy landscape from that of free-base porphyrin.  In 

principle, any of the 28 structural polytope genera could provide stable isomers.  Table 6.3 

lists 12 structures that have been identified or considered, as isomers of porphyrin 

derivatives, with details provided in E_File_14.  Note that the highest-energy genus for free-

base porphyrin, 28, constitutes the global minimum isomer when the inner H is substituted by 

alkali metals. Once the genus is assigned to a compound, all possible unimolecular reaction 

mechanisms can then be read off its graph. These results stress the importance of being able 

to catalogue all possible structures that could possibly form isomers. 

As described earlier in Section 6.5, species and their corresponding genera and 

families can be generated based upon the condition of non-dissociation (Equations 3a and 4a) 

or allowing for dissociation (Equations 3b and 4b), the former being used for the discussion 

of tautomerism in free-base porphyrin. 

From the perspective of structural possibilities for porphyrin and porphyrin-like 

compounds, small chemical changes to the basic nature of the macrocycle, as well as 

substituent effects, will change the energy landscape from that of free-base porphyrin.  In 

principle, any of the 28 topological polytope genera could provide stable isomer-analogues 

instead of genus 3.  Some pertinent examples are listed below with the substituted 

porphyrin/porphyrinoid compounds identified by the free-base porphyrin genus number 

hyphenated to a letter, e.g., 2-b.  This is not to be confused with free-base porphyrin species 
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which are unhyphenated.  Only the macrocycle and minimal details of the inner substituent is 

shown for clarity.  Full calculation details are included along with the molecular coordinates 

in E_File_14 

Table 6.3  Some isomers identified or proposed pertaining to the corresponding genera of free-base porphyrin 

tautomerisation using the 𝒮4ℬ2 partitioning.  Peripheral substituents of the macrocycle are omitted for simplicity 

and the reader is directed to the original references for full structures.  Where indicated, some structures are 

discussed further in the following discussion with DFT calculated coordinates in the E_File_14. 

# Genus A1 A2 Ref.  # Genus A1 A2 Ref. 

1 

 

H H 
1-b, 1-c 

see a 
 12 

 

Tl 

 
Tl 

235, 

see a 

2 

 

H H 

2-b, 2-c 
236-238, 

see a 

 13 

 

Mg PCl3 239 

3 

 

H 

Alk 

H 

H 

ubiquitous 

common 
 14 

 

Me 

 

H 

Cd(II) 

 

Re(CO)3 

240-241, 

see a 
242 

4 

 

H 

 
CHR 243  23 

 

Re(CO)3 

Tc(CO)3 

Re(CO)3 

Tl 

Re(CO)3 

Tc(CO)3 

Tc(CO)3 

Tl 

242 
242 
242 
244 

6 

 

H BF2 152 

 24 

 

Ph 

Me 

Ph 

Alk, Ar 

Me 

Me 

Me 

Alk 

Ph 

Me 

Alk 

Co 

Co, Ni, Cu 

Cu, Zn 

Mn, Fe, Cu 

Hg 

Ir 

Ni 

Rh 

Ru 

Co, Zn 

Si(IV), Al, Mg 

245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
255, 

see a 

in a calixaphyrin analogue ,152 

see a 

8 

 

PdCl2 CHR 243   

11 

 

BF2 

B 

PdCl2 

Rh(CO)2 

BF2 

B 

CHR 

Rh(CO)2 

256 
148 
257 

258-259 

 28 

 

Li 

Na 

K 

Ca 

Ag(I) 

Hg(I) 

Li 

Na 

K 

Na 

Ag(I) 

Hg(I) 

260-262 
262 
262 
263 

264-265 
266 

a: See following discussion and E_File_14 for details, 
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Genus 1 

Calculations predict that the carba-oxa-bacteriochlorin 1-b, and carba-oxa-

porphyrintetrone 1-c, favour the gem isomer as most stable relative to cis or trans forms: 

 

 

Figure 6.15  The stabilisation of species 1-b and 1-c  is achieved by (i) to removal of the zwitterionic character 

evident in 1 by C and O substitution of atoms 21 and 23, respectively, and (ii) modification of β-positions 7, 8, 

17, and 18 to restrict the 18-electron π-system exclusively onto the inner N atoms 22 and 24 and outer β-

positions 2, 3, 12, and 13 as highlighted. 

Genus 2 

Cis isomers of porphyrins may be stabilised by macrocycle distortion and/or 

intermolecular interactions;267-269 the relative energy of asymmetric cis tautomers GS21|22 etc. 

can modulate TS structures like 6 to control reaction directionality for the equilibration of 

GS21|23 and GS22|24.270  Substitution of opposing N atoms with C and O produces cis carba-

oxa-porphyrins;236-238 calculations predict these to be more stable than the gem tautomer 1-a:  
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Genus 6 

Although the fully conjugated π-system is bisected, compounds like the BF2-

calixaphyrin complex152 6-a, have the same bonding topology as the lowest energy transition 

structure of free-base porphyrin, 6. 

 

 

Genus 11 

The high-energy distal genus 11 of free-base porphyrin, involving both bonders 

bridging two bonding sites, becomes142, 144-145, 148 the ground-state of the B(F)OB(F) inner-

bound porphyrin (see Figure 6.2c) 11-a. 

 

Genus 12 

Reported dithallium(I) complex235 12-a, upon optimisation, collapsed to 28-a:  
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Genera 13 and 14 

The reported Mg/P(III) complex239 13-a and reasonable variants 13-b and 13-c were 

not stable upon optimisation changing to, for example, 14-a:  

 

In contrast, modelling of the Cd(II) complex240-241 14-b, and Re(I) complex 14-c, 

confirmed the reported structures: 

 

Whilst the close spatial relationship between 14 and 24 makes differentiating between 

them difficult, the complex 14-c is an unequivocal example of genus 14. 

Genus 23.   

The di-Re(I) complex242 23-a was modelled, confirming the reported structure: 
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Genus 24.   

The Si(IV) complex255 24-b was modelled, confirming the reported structure: 

 

Genus 28.   

The highest-energy structure identified for free-base porphyrin is the macrocyclic ring 

with an internally trapped “di-hydron”, 28.  This has the maximum-possible symmetry, D4h, 

of all free-base porphyrin tautomerisation species.  If H is replaced with Li as 28-a, then this 

structure becomes the potential-energy global minimum of the new molecular system.260  

 

This is an extreme example of what is possible. 

6.7 Inclusion of additional chemical constraints where appropriate 

A useful extension of the developed formalism is the inclusion of additional chemical 

constraints such as the maximum number of bonds that any bonding site or bonder can form – 

this needing to be carefully considered depending upon the nature of the chemical system.  

Adding such additional restrictions simply reduces the number of possible families, genera, 

and species from contention.  In practice, for larger m and/or n, very many fewer possibilities 

may need to be considered (the bond-topology graphs become truncated).  An example of 

this would be the consideration of doubly protonated free-base porphyrin.  This is described 

by the 𝒮4ℬ4 class as now four hydrons are available to bond to the four nitrogen atom 
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bonding sites.271  Figure 6.16 shows four hypothetical example structures for doubly 

protonated free-base porphyrin dication, labelled H4p-I through to H4p-IV. 

 

Figure 6.16  Some examples of doubly protonated porphyrin dicationic species.  For structures H4p-I and H4p-

II, the maximum coordination number of the nitrogen atoms is 4.  For structures H4p-III and H4p-IV, the 

maximum coordination number of the nitrogen atoms is 5 and 6, respectively.  These latter two structures are 

unlikely to represent physically realistic molecular entities due to both the intrinsic limitations on valence for 

nitrogen and for steric constraints imposed by the macrocycle cavity.  The latter two structures can be 

eliminated from the analysis by limiting to 2 the maximum number of 𝒮 −  ℬ bonds a nitrogen bonding site can 

accommodate. 

In structures H4p-I and H4p-II, the maximum coordination number of the nitrogen 

atoms is four, whilst for H4p-III and H4p-IV, the maximum coordination number of the 

nitrogen atoms is five and six, respectively.  Based on maximum valence and steric 

constraints of the macrocycle cavity, for a 𝒮4ℬ4 partitioning of this system, a reasonable 

additional constraint would be to limit to two the maximum number of 𝒮 −  ℬ bonds a 

nitrogen bonding site can accommodate.  As such, nonclassical structures (see Section A.32) 

like H4p-III and H4p-IV would be excluded from the analysis.  Without this additional 

constraint, there are 494 possible genera as listed in Appendix G Table G.3.  With the 

additional constraint, only 64 genera are now possible, as listed in Appendix G.6, Table G.5.  

The software provided in E_File_11 (see Appendix G for details) allows for restriction in the 

bonding-site coordination, and results for the number of families, genera, and species 

obtained limiting 𝒮𝑚ℬ𝑛 to at most k = 1 or 2 bonds to any site are provided in Appendix G 

Tables G.4 through Table G.9 for most of m, n ≤ 8. 

6.8 Types of chemical systems to which the 𝓢𝒎𝓑𝒏 partitioning approach to the 

Polytope Formalism of constitutional isomerism applies 

The  𝒮𝑚ℬ𝑛 partitioning approach is intended to apply in a very wide range of 

chemical applications of practical interest with some examples indicated in Table 6.4.   
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For coordination centres 𝒮1ℬ𝑛 which can be written as MLn, the only possible bond 

topology changes are dissociative ones.  If bond topology changes are not allowed, the only 

possible general form of isomerism available here is stereoisomerism for which the Polytope 

Formalism of stereoisomerism applies. 

Isomerism in amino acids like NH2CH2COOH is an example of 𝒮3ℬ3 partitioning 

with bonding sites N, O, and O, with three H bonders.  H-transfer reactions, to which this 

type of designation generally applies, in manifold variations, are the subject of a recent 

Journal of Physical Chemistry B special issue.272 

Table 6.4  Some examples of constitutional isomerism partitionable as  𝒮𝑚ℬ𝑛. 

Chemical system 𝒮𝑚ℬ𝑛 Bonding Sites (𝒮) Bonders (ℬ) 

coordination centre MLn 𝒮1ℬ𝑛 M L 

macrocycle, e.g. porphyrin 𝒮4ℬ2 4 N atoms 2 inner H atoms 

metal cluster compounds,  

e.g., Co2(CO)8 

𝒮2ℬ8 
2 Co 8 CO 

amino acid intramolecular  

hydron transfer 
𝒮3ℬ3 

N, O, and O 3 H 

enzyme – substrate 𝒮𝑚ℬ𝑛 on enzyme on substrate 

Ligand – protein 𝒮𝑚ℬ𝑛 on protein on ligand 

cell-membrane ion channels 𝒮𝑚ℬn sites on the protein ion(s) and water 

ionophore, e.g. crown ethers,  

polyethers, and polyureas 
𝒮𝑚ℬ𝑛 

what the ions bond to the ions 

metal-organic frameworks 
𝒮𝑚ℬ𝑛 metal or organic framework 

component 
guests 

ionic liquid 𝒮𝑚ℬ𝑛 
larger ions that form an effective 

local structure in the viscous fluid 

smaller ions that move 

around in this structure 

organic rearrangements, e.g. 

olefinic carbocations 
𝒮mℬn 

the parts that stay the same the parts that rearrange 

olefin metathesis 𝒮2ℬ2 diagonal C atoms from each C=C other diagonal C atoms 

 

A related type of example, focused upon in this work, is the 𝒮4ℬ2 partitioning 

pertaining to tautomerism in free-base porphyrin267-270, 273-282 (structures 2, 3, 6, etc., see 

Figure 6.3 and Figure 6.4).  As outlined above, here the four 𝒮 are the four nitrogen bonding 

sites on the macrocycle and the two ℬ are the two inner hydrogen atoms, considered to be 

“mobile” amidst the external nitrogen environment.  Simple variations of this basic motif 

including having bonders that are internally connected by, e.g., replacing142, 144-145, 148 the two 
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H atoms with the B(F)OB(F) group that presents two boron atoms as the mobile7 bonders 

(Figure 6.2c).  The strepsisomerisation “bond-walk” mechanism described in Chapter 4, 

Section 4.5.3 with animation in E_File_7 is a direct application of the principles described 

here. 

The 𝒮𝑚ℬ𝑛 partitioning also applies to isomerism involving host-guest interactions.  

This includes substrate – enzymes and ligand-protein interactions where the definition of a 

“bond” may be required to include hydrogen bonding, van der Waals interactions and donor – 

acceptor interactions.  Another example is that of either cation-bonding or anion-bonding 

ionophores.  In each case, 𝒮 constitute sites on the larger, bond-topologically static structure 

whilst ℬ constitute the ion(s).  Examples include crown ethers, polyethers, and anion-binding 

polyureas.  A related scenario is the bonding of neutral molecules inside metal-organic 

frameworks (MOFs) in which the metals or organic-framework component provide the sites 

𝒮 and the host molecules are the mobile bonders ℬ.  In all these host-guest systems, 

dissociation of the guest may be equally relevant as bound structures. 

Ionic liquids also provide examples.  These often comprise a high viscosity and, 

therefore, pseudo-stationary network of large anions or cations that form bonding sites, 𝒮, to 

which more mobile cationic or anionic bonders, ℬ, bond, respectively.  All possible 

constitutional isomers in each “unit cell” of the ionic liquid are therefore also specified by 

this Polytope Formalism of constitutional isomerism approach. 

As a final example of the adaptability of the of the 𝒮𝑚ℬ𝑛 partitioning approach, 

consider the constitutional isomerism relationship between Me−OCH2−H and Me−CH2O−H.  

By recognising that the inner CH2–O group is comprised of bonders CH2 and O, the sites 𝒮 

are Me and H and this is an example of 𝒮2ℬ2.  The 𝒮𝑚ℬ𝑛 partitioning approach for the 

Polytope Formalism of constitutional isomerism can be applied to many analogous 

applications pertinent to modern industrial chemistry, e.g., the intramolecular rearrangements 

of olefinic carbocations during petroleum cracking. 

6.9 Conclusions. 

The intrinsic Combinatorics and Graph Theory basis29 of the Polytope Formalism of 

stereochemistry is adapted for application to configurational isomerism and provides a 
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unifying conceptual framework for the two main branches of isomerism.  The formalism not 

only enumerates isomers (potential-energy local minimum structures) but also all possible 

concerted unimolecular bond topotropic rearrangements (Rto
c 1), these being the constitutional 

isomerism analogue of Rst
c 1 reactions as featured in the Polytope Formalism of 

stereoisomerism. The size of the problem scales superexponentially as 𝒪(2𝑁2
).  To provide 

tractability, many problems of practical interest to chemists can be recast by focussing only 

on atoms of interest through a scheme, introduced here, where the chemical system is 

partitioned as 𝒮𝑚ℬ𝑛.  

𝒮𝑚ℬ𝑛 provides a class descriptor and allows for simplification, expression of the core 

ideas in terms of simple chemical concepts, and the development of widely applicable 

conceptual and computational tools.  Critically, this 𝒮𝑚ℬ𝑛 approach retains all the Rto
c 1 

mechanistic information of the full approach.  The resulting catalogue of bond-topology 

structures, associated graph, and assigned energies compactly encode the full PES of the 

active components of the chemical system.  Software tools provided allow for the general 

application of the 𝒮𝑚ℬ𝑛 partitioning to widely ranging chemical systems.   

The worked example of inner-hydrogen tautomerism of free-base porphyrin, 

complying to the 𝒮4ℬ2 class under the conditions of bonding site topology D4h symmetry and 

non-dissociation, is explored in detail.  This reveals 225 distinct bond-topology species 

grouped into 28 genera which are further grouped into 10 families.  All generic structures 

were modelled and characterised by quantum chemical calculations.  For a subset of 

structures described as distal structures the full PES was calculated by DFT using a 

traditional reaction coordinate scanning approach.  The resulting surface which, due to 

periodicity of the coordinates, maps onto a torus with the location of the critical points (bond-

topology species) and the allowed Rto
c 1 reaction pathways between them are shown to form 

the same graph as that generated through the Combinatorics and Graph Theory approach of 

the formalism supporting the premise that PES and graph have a one-to-one mapping.  The 

graph theoretic approach underlying the Polytope Formalism of constitutional isomerism thus 

provides an alternative approach for generating and compactly encoding a PES. 

For the example of free-base porphyrin, a most interesting feature is that small 

substitutions to the porphyrin could lead to dramatic modulation of both the relative 

magnitudes and character of the potential-energy critical points.  As a result, 12 of the 28 
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genera can be associated with the isomers of chemically perturbed porphyrins, implying also 

that many other genera will take on significant roles as transition states, etc.  This shows that 

compounds can be made displaying isomers and isomerisation pathways that are very 

different to those of (common) close analogues.  This stresses the importance of having 

available a complete catalogue of what types of structures might be feasible, and what Rto
c 1 

mechanisms might be operative. 

6.10 Methods 

All geometry optimisations and vibrational normal mode analyses were performed 

using Gaussian-16153.  All structures were characterised using vibrational frequency analyses 

with these being used within the harmonic-oscillator model to correct for Gibbs free energies.   

The overall shape of the “distal” structure potential-energy surface (PES) studied was 

calculated using Density Functional Theory (DFT) at the B3LYP-D3(BJ)/6-31G(d) level,154, 

157, 283 in the gas phase, using an adaptive coordinate system defined through the Generalized 

Internal Coordinate (GIC) options for the “Opt” keyword in the Gaussian16 software 

package.153   Details of the adaptive coordinate system are given in Appendix I.   

All cross-bonded structures were manually performed at the B3LYP-D3(BJ)/6-31G(d) 

level,154, 157, 283 in the gas phase. 

Further geometry optimisation and vibrational mode analysis on all distal structures 

and select cross-bonded structure stationary points were carried out at the double-hybrid 

B2PLYP-D3(BJ)/cc-pVDZ level,283-285 using implicit CHCl3 solvation within the polarised 

continuum model159 with standard parameters, to calculate free energies that are better 

representative of experimental conditions. 

Free-base porphyrin analogues were generally optimised at the B3LYP-D3(BJ)/6-

31G(d) level in the gas phase. For third and higher row elements, appropriate SDD 

pseudopotentials and basis sets were utilised. 
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7 A new design strategy for drug-target molecular 

conception based on internal modification of 

polyaromatic ligands 

 

7.1 Summary  

A new strategy based on “internal modification” of polyaromatic structures and 

henceforth given the name “pontation”, involves the replacement of a ring-fusion aromatic 

C–C bond with a C–X–C linkage to give an aromatic bridged annulene, where X = O, NH, 

CH2, CF2, etc.  The bridging group X can protrude from either face of the ring thus giving 

rise to two potential stereoisomers.  Basic properties of pontated model and drug compounds 

with X = O (O-pontation) are calculated using Density-Functional Theory (DFT).  A large 

scope for pontation is revealed through searches of the Chemical Abstract Service (CAS) and 

RCSB.org30 databases with many medicinal chemistry relevant examples found. 

Three examples of O-pontation applied to the existing drug compounds propranolol, 

the synthetic cannabinoid MDMB FUBINACA, and a quinazolinonepyrrolodihydropyrrolone 

Pim-1 kinase inhibitor are studied in detail with ligand-host docking calculations performed, 

these indicating improved binding in for two of the three examples as compared to the parent 

polyaromatic ligand. 

General pharmacophore-relevant effects of pontation are explored by DFT 

calculations on a series of pontated naphthalenes, showing predictable and useful variations 

in properties including pronounced potential for van der Waals interactions.  The pontation 

strategy can also be applied to non-aromatic compounds like azulene and isoindole, giving 

stabilised aromatic annulenes. 

As pontation is a radically different type of structure modification to traditional 

approaches, it has important ramifications for drug patents. 
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7.2 Introduction 

Understanding stereoisomerism is a critical aspect of medicinal chemistry, for both 

scaffold286 and fragment-based287-288 strategies.  In Chapter 4, a new fundamental type of 

stereochemistry, called akamptisomerism, was identified.  Identification of oxygen-bridged 

oxabicyclo[m.n.1] compounds as akamptisomers inspired a new principle for drug-target 

molecular design.  This principle, based on “internal modification” of polyaromatic structures 

and named “pontation”, involves the replacement of a ring-fusion aromatic C–C bond with a 

C–X–C linkage to give a bridged annulene.  The bridging X group protrudes from one face of 

the resulting annulene and can be situated on either side giving, pairs of aromatic 

stereoisomers.  Such stereoisomer pairs have similar steric properties as that of the parent 

structure, yet different chemical properties whilst retaining overall aromaticity.  Importantly, 

the reduced symmetry of each stereoisomer has the potential for improved ligand-host 

interactions by exploiting the asymmetry inherent to most host binding sites. Herein, focus is 

mainly on X = O with resultant pontated stereoisomer pairs also being akamptisomeric, 

though X = NH, CH2, CF2 are equally viable simple variations on the design principle. 

The potential of the pontation design principle for medicinal chemistry is explored 

through three polyaromatic drug examples considered in detail.   Drug-design software 

featuring ligand docking-scores and binding free-energy calculations are used to rate the 

parent drugs against their pontated variants for host binding.   These predict improved 

binding in two of the three examples.  This principle can be applied to millions of known 

molecules, including 34% of the ligands of the current ligand-host complexes in the 

RCSB.org database.  In this sense, pontation can be considered as a “fine-tuning” design 

concept that could be applied to known polyaromatic drug candidates seeking improved 

properties.   

To evaluate the pontation design principle in general terms, DFT calculations on a 

range of model systems is used to demonstrate energy and property relationships between 

both the pontated variants and their parent system.  The effect of pontation on some 

pharmacologically relevant properties are shown to be favourable.  Further, pontation of the 

non-aromatic azulene and isoindole systems is shown to lead to stabilised aromatic variants 

opening up new drug-design prospects for structural motifs that are otherwise problematic. 
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This design principle also has important implications for drug patents.  As pontation is 

unrelated to other chemical substitution strategies typically covered in drug patents, it 

promises scope for patent extensions and renewals. 

7.3 Pontation as a design strategy for generating new aromatic molecules 

The inspiration for this work comes from akamptisomeric molecules like 1,6-

epoxy[10]annulene 2183-188 for which derivatives include 4 and 5 and others that have been 

patented as -androgenic blockers,289-290 and the closely related diastereoisomers 7 and 8 that 

are model compounds191 for graphene oxide.  These molecules can be conceptually envisaged 

as variants of the parent compounds 1, 3, and 6, respectively, through an operation that is 

called “pontation”, meaning “bridged”, and is represented in Figure 7.1 by a special arrow 

symbol.  This is the first introduction of this arrow into the chemical literature.   

The pontation design strategy involves replacement of a C–C bond that fuses two 

aromatic rings with a bent C–X–C linkage and is referred to as X-pontation.  Most of the 

worked examples in this Chapter have X = O and are thus O-pontated.  As oxygen is a bi-

coordinate centre, these O-pontated molecules are also akamptisomeric. 

An essential feature of pontation is that, in general, the X group can be either above or 

below the plane of the parent molecule, hence generating two stereoisomers.  For the 

pontation of naphthalene 1, the two molecules so designed are identical, and are labelled 2 

and 2' instead of being assigned a different number.  For the other two examples, the pontated 

molecules are distinct.  Specifically, 4 and 5 are enantiomeric akamptisomers, whereas 7 and 

8 are diastereomeric akamptisomers.  

In terms of the chemistry, it is noted that the parent compounds 1, 3, 6, and 9 are all 

polyaromatic molecules with their pontated forms being annulenes with 4n + 2 π electrons, 

stressing the key feature that pontation preserves aromaticity.  Hence, as a design concept, 

pontated systems resemble their parent molecules.  Notwithstanding, perturbations to the 

chemistry will result and depend upon both the nature of the parent system and the pontating 

X group.  This may be advantageous or otherwise depending upon the intended application.  

For example, O-pontation of naphthalene 1 gives the mildly acid labile192 2 whereas  

CH2-pontation gives an analogue that is far stabler, both thermally and to acid attack. 
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Figure 7.1  Demonstration of the effect of pontation on sample polyaromatic molecules.  The pontation arrow is 

introduced here for the first time to the chemistry literature.  (a) Pontation by X (X-pontation) on naphthalene to 

give bridged [10]annulenes.  For X = O these are akamptisomeric analogues 2 and 2′.  (b) O-pontation on 3 

gives the enantiomeric akamptisomers 4 and 5.  (c) Double O-pontation on anthracene 6 can produce 

diastereomeric akamptisomers, two of which are shown.  (d) The chiral naphthylalanine 9, upon O-pontation 

gives a pair of diastereomeric akamptisomers 10 and 11.  Calculated free-energy differences are indicated, in kJ 

mol-1. 

Pontation produces aromatic annulenes that are no longer intrinsically symmetric 

about the aromatic plane with the X group protruding from one face of the annulene.  This is 
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highlighted in Figure 7.1 using 3D renderings of density-functional theory (DFT) models for 

naphthalene 2 and its O-pontated variants 2 and 2'.  As these images show, the protrusion of 

the pontated oxygen atom out of the molecular plane is small, as is the induced deviation 

from planarity.  The expectation that the binding of a pontated ligand to the same site in a 

host as the original ligand is therefore a reasonable one.  Nevertheless, the structural and 

electronic perturbations brought about through pontation could significantly alter 

intermolecular interactions that determine drug-host binding.  Given that the ligand binding 

sites in most host molecules are intrinsically assymetric, one would expect the two pontated 

stereoisomers to differentially interact with the binding site, this manifesting as selectivity for 

one stereoisomer over the other.  From a drug-design standpoint, pontation thus offers a 

means of fine-tuning existing polyaromatic drugs or drug candidates.   

Previous strategies for fine-tuning drug properties have largely relied upon ring-atom 

substitution or ring-periphery substitution.  Pontation contrasts and complements those 

strategies by acting as a type of ‘internal modification’ where the degree of property changes 

can range from small to arbitrarily large depending upon the nature of X. For medicinal 

chemistry, the pontation design concept provides a functionally dense modification 

alternative or addition to traditional approaches. 

7.4 Basic properties of pontated polyaromatic compounds 

In focussing on X = O, important questions pertaining to a pair of pontated systems 

concerns the relative energies of each isomer and the rate at which they are likely to 

interconvert at room temperature.  To address these questions, DFT calculations are 

performed (see Methods Section 7.12).  The calculated Gibbs free energies and rate constants 

are listed in Table 7.1 and on Figure 7.1.  Small energy differences are predicted between the 

O-pontated stereoisomer pairs as in all cases the features that differentiate the isomers 

concern only long-range interactions, meaning that both isomers are likely to be of similar 

synthetic feasibility.  Also, the barriers for the concerted thermal unimolecular isomerisation 

(akamptisomerisation by and Rst
c 1 mechanism – see Sections 2.4.2 and 2.4.20) are high in 

these bicyclo[4.4.1] compounds indicating they are thermally stable with respect to this 

mechanism. 
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Table 7.1  Properties of akamptisomeric O-pontated compounds and Rst
c 1 akamptisomerisation reactions 

calculated using B3LYP-D3(BJ)/6-31G*.a 

Parent polyaromatic 

moleculesb 

Ring 

systemb Pair Solventc G / 

kJ mol-1 
ts /  

G‡ / 

kJ mol-1 298
 

naphthalene [4.4.1] 2, 2 CHCl3  [0] 180  222 1019 y 

1-naphthoic acid [4.4.1] 4, 5 CHCl3  [0] 180  222 1019 y 

anthracene [4.4.1] 6, 7 CHCl3 57 156 80, 24d 2 s, 1 ns d 

2-naphthylalanine [4.4.1] 10, 11 water  [0] 177  222 1019 y 

propranolol [4.4.1] 13, 14 water  [0] 173  218 1019 y 

MDMB-FUBINACA [4.3.1] 16, 17 water 8 148  352 1030 y 

quinazolinone inhibitor [4.4.1] 19, 20 water −17 169  268 1025 y 

a: G is the free energy change for conversion of the first-listed molecule to the second-listed one; G‡ is the 

activation energy for the concerted unimolecular thermal akamptisomerisation process that could interconvert 

the isomers, with ts being the bond angle around the key oxygen atom at the transition state, and 298 the 

estimated thermal lifetime of the high-energy energy isomer at 298 K. 

b: Molecules from which the akamptisomers can be envisaged, either by pontation or other chemical 

modifications, and the most apt bicyclo[m.n.1] ring system that depicts them.   

c:  Calculations performed using the PCM dielectric continuum model to describe the solvent.   

d:  First number is for the (αα)-isomer → (αβ)-isomer.  The second is the reverse reaction. 

7.5 Scope for pontation 

In the context of medicinal chemistry, pontation represents a fundamentally new 

chemical design stategy.  As such, it has not been exploited in existing patent specifications, 

except for just two patents involving non-akamptisomeric methano-bridged derivatives.289-290  

Nevertheless, pontation can, in principle, be applied to a vast number of polyaromatic 

compounds.  As at March 2019, the Chemical Abstracts Service (CAS) database lists 

2,445,953 referenced naphthalene derivatives alone to which pontation could be applied.  

This process would therefore result in the designing of 4,891,906 new molecules per X 

group.  These pontated molecules could have similar chemical properties to the original but 

different intermolecular interactions, as controlled by the nature of X.  The listed molecules 

include naphthylalanine derivatives, of which 28,860 are flagged in the databases as being 

“biologically relevant”.  Compound 9 (2-naphthylalanine), is an unnatural amino acid291 of 

importance in, e.g., in the -relix series of GnRHR antagonists.  O-pontation leads to 

diastereomeric akamptisomers 10 and 11, immediately presenting new synthetic design 

options.   

More broadly, to focus on the likely relevance of this to drug design, it is noted that as 

of March 2019, 34% of the 110,701 ligand-host structures listed in the RCSB.org database, 
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feature a polyaromatic group.  Many, though not all of these ring systems will be suitable for 

pontation.  This is discussed further in Section 7.9. 

7.6 Examples of O-pontation applied to existing drug compounds 

To quantitatively investigate the effect of pontation on ligand binding, three example 

systems are considered with ligand-target docking calculations performed.  These are (Figure 

7.2): propranolol292 12 binding to the turkey ß1 adrenergic receptor, utilising a structure with 

bound antagonist cyanopindolol293 (2YCY)294, MDMB-FUBINACA 15 docked into the CB1 

cannabinoid receptor 1-G protein295, utilising294 6N4B, and the quinazolinonepyrrolodihydro-

pyrrolone 18, an inhibitor of human Pim-1 kinase296, as reported in structure294 6MT0.  

Details of the target297-300 and ligand preparation,301-302 receptor grid preparation,303 docking-

score calculation,303 binding free-energy calculation297, 300, 303-304 and ligand interaction 

diagram generation298 are described in detail in the Appendix H.  This work was done in 

collaboration with Prof David Hibbs and Dr Jonathon Du of The School of Pharmacy at The 

University of Sydney.  Results are summarised in Table 7.2 and Figure 7.2, Figure 7.3, and 

Figure 7.4.   

Table 7.2  Docking simulationsd of ligands into protein targets and their O-pontated analogues envisaged by 

pontation. 

protein site ligand variant docking scorea G b / kJ mol-1 

2YCY native - −8.94 −291.2 
Site A propranolol original 12 −9.39 −282.0 

  O-pontated 13c −8.49 −293.3 

  O-pontated 14 −8.95 −284.5 
2YCY native -  −9.02 −307.5 
Site B propranolol original 12 −8.77 −288.7 

  O-pontated 13 −8.90 −284.5 

  O-pontated 14 −8.95 −293.7 

6N4B MDMB- original 15 −10.92 −349.4 

 FUBINACA O-pontated 16 −10.75 −310.5 

  O-pontated 17 −11.01 −342.3 

6MT0 quinazolinone original 18 −7.64 −277.4 
  O-pontated 19 −4.97 −195.4 

  O-pontated 20 −4.92 −195.8 

a: From Glide V8.1;303 more-negative scores imply better docking. 

b: From PrimeMM-GBSA calculations.304 

c: Lowest energy of all configurations generated, but the 3rd best docking score (others −8.81 and −8.63). 

d: This work was done in collaboration with Prof David Hibbs and Dr Jonathon Du of The School of Pharmacy 

at The University of Sydney. 
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7.6.1 Propranolol and its two pontated variants in 2YCY 

The first ligand-host interaction considered is the β-blocker propranolol binding to 

two binding sites of the turkey ß1 adrenergic receptor293, varying structure 2YCY294.  The 

native ligand, cyanopindolol, can bind to two similar protein sites, Site A and Site B (see 

Figure 7.2), with docking scores of −8.9 and −9.0, respectively, as well as calculated binding 

free energies of −291.2 and −307.5 kJ mol-1 (Table 7.2).  As cyanopindolol is a complex 

heteroaromatic ligand with multiple types of protein interactions, also considered is the 

pontation-amenable ligand, propranolol 12, instead.  Its calculated binding scores to Sites A 

and B are similar, −9.4 and −8.8, as are its calculated binding free energies −282.0 and 

−288.7 kJ mol-1, respectively.  Its O-pontated variants 13 and 14 are predicted to have slightly 

poorer docking scores for Site A and slightly better scores for Site B, but better binding 

energies for Site A and one poorer and one better binding energy for Site B.  Overall, the 

calculated changes in docking score and binding energy are sufficiently small to indicate the 

overall similarity of 12 – 14, but, quantitatively, the predicted enhancement of G for 13 over 

14 for Site A of 11.3 kJ mol-1 implies that the O-pontated variants will show hundred-fold 

increased binding compared to the original ligand 12.  Hence, this result supports the premise 

of pontated derivatives displaying enhanced properties.   
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Figure 7.2  β1-adrenergic antagonist, propranolol 12, and its O-pontated akamptisomeric variants 13 and 14 

docked into Site A and Site B of the adrenergic receptor in 2YCY.  See Table 7.2 for calculated binding 

energies.  Calculated free-energy difference ΔG in water is indicated, in kJ mol-1, see Table 7.1.  Atoms and 

bonds marked in red are above the quasi-plane of the pontated ring system whilst those in blue are below it.  

This work was done in collaboration with Prof David Hibbs and Dr Jonathon Du of The School of Pharmacy at 

The University of Sydney 

 

7.6.2 MDMB-FUBINACA and its two pontated variants in 6N4B 

Results for the ligand-host interactions of MDMB-FUBINACA 15, and its O-pontated 

variants 16 and 17, docked into cannabinoid receptor 1-G protein295, utilising structure294 

6N4B show a similar pattern to the previous example with one variant (17) calculated to bind 

more strongly than the other (16).  This can be rationalised as arising from adverse steric 
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interactions for 16 that disrupt the van der Waals interactions and an impaired lipophilic 

interaction. 

Both the docking score and calculated binding free energy for variant 16 is slightly 

less favourable than for the original 15.  For variant 17, the docking score is significantly 

better than the original 15 but its calculated binding free energy is slightly less. 

 
Figure 7.3  Cannabinoid agonist, MDMB-FUBINACA 15, and its O-pontated akamptisomeric variants 16 and 

17 docked into the binding site of the CB1 receptor in 6N4B.  See Table 7.2 for calculated binding energies.  

Calculated free-energy differences ΔG in water are indicated, in kJ mol-1, see Table 7.1.  Atoms and bonds 

marked in red are above the quasi-plane of the pontated ring system whilst those in blue are below it. This work 

was done in collaboration with Prof David Hibbs and Dr Jonathon Du of The School of Pharmacy at The 

University of Sydney 

 

7.6.3 A quinazolinonepyrrolodihydropyrrolone Pim-1 kinase inhibitor and its two 

pontated variants in 6MT0 

A different scenario is presented by the final ligand-host interaction, a 

quinazolinonepyrrolodihydropyrrolone inhibitor 18, binding to human Pim-1 kinase296, as 

reported in structure294 6MT0.  All methods predict that the two O-pontated variants, 23 and 

20, bind poorly compared to the native ligand, thus providing a counterexample.  
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Figure 7.4  The quinazolinonepyrrolodihydropyrrolone Pim-1 kinase inhibitor 18, and its O-pontated 

akamptisomeric variants 19 and 20 docked into Pim-1 from 6MT0.  See Table 7.2 for calculated binding 

energies.  Calculated free-energy difference ΔG in water is indicated, in kJ mol-1, see Table 7.1.  Atoms and 

bonds marked in red are above the quasi-plane of the pontated ring system whilst those in blue are below it.  

This work was done in collaboration with Prof David Hibbs and Dr Jonathon Du of The School of Pharmacy at 

The University of Sydney 

 

7.7 General pharmacophore-relevant effects of pontation to existing drug 

compounds 

Pontation alters both geometry and electronic structure as compared to the parent 

compound.  Both effects will have consequences for ligand-host interactions and chemical 

stability, both from the standpoint of synthesis and in vivo.  To investigate these effects, DFT 

calculations were performed for the series of compounds, shown in Figure 7.5, produced by  

X-pontation of naphthalene, where X = O, NH, CH2, and CF2.  Full details are found in the 

Methods Section 7.12.  From the space-filling renderings of the compounds in Figure 7.5, it 

is clear that the shape changes increase with the increasing size of X.  Understandably, the 
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most dramatic changes are present on the side of the ring where X group protrudes.  

Additionally, the pitch of the C–H bonds relative to the parent 1, also exhibits an increasing 

perturbation with consequences for would-be peripheral substituents to the outer ring. 

 

 

Figure 7.5  Naphthalene 5 and its pontated variants 2, 21, 22, and 23 with X = O, NH, CH2, and CF2, 

respectively.  Skeleton and space-filling renderings of DFT models show the shape relationships.  The 

perturbation to the shape increases from left to right with O-bridge producing the least and the CF2-bridge the 

most.  Atoms and bonds marked in red are above the quasi-plane of the pontated system. 

For the series 2, 21 – 23 in Figure 7.5, the effects of pontation are quantitatively 

examined by DFT modelling these and the reference compounds 1 and 24 with the results 

summarised in Table 7.3.   
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Table 7.3  Modelled surface areasa,c, volumesa,c, highest occupied molecular orbital (HOMO) levels, and trace of 

the polarisabilitiesc α for two reference compounds 1 and 24 (shaded rows), and pontated naphthalenes 2, 21 – 

23. 

Compound Bridge Surface areaa / Å2 Volumea / Å3 HOMOb / eV Tr[α]b / Å3 

1 none        190     [1]c      185     [1]c −6.09    214    [1]c 

24 none        207  (1.09)c      206  (1.11)c −5.97    306  (1.43)c 

2 O        197  (1.04)c      195  (1.05)c −6.13    312  (1.46)c 

21 NH        202  (1.06)c      200  (1.08)c −5.91    315  (1.46)c 

22 CH2        203  (1.07)c      205  (1.11)c −5.94    313  (1.46)c 

23 CF2        211  (1.11)c      215  (1.16)c −6.22    308  (1.44)c 

a: Calculated from the solvent accessible surface using a 0.1Å solvent sphere radius on B3LYP-D3(BJ)/cc-

pVTZ gas-phase geometries.  b: B3LYP-D3(BJ)/cc-pVTZ gas-phase.  c: Proportion relative to that for 1. 

The calculated surface areas and volumes of the pontated compounds are very similar 

to the reference parent compound 1 demonstrating the degree of their isosteric character with 

X = O producing the least surface area and volume changes, and X = CF2 the most. 

A major route for catabolism of exogenous compounds in vivo is oxidative 

biotransformation by cytochrome P450 isozymes.305  The highest occupied molecular orbital 

(HOMO) level is a direct measure of general oxidisability of compounds.  The DFT 

calculated HOMO levels indicate that 2 and 23 are less oxidisable than the parent 

naphthalene 1, with 22 roughly equivalent to the reference compound 24.  That 2 is less 

oxidisable than naphthalene contrasts with the effect typical of oxygen substituents at the 

periphery of aromatic systems.  This can be rationalised as the lone pairs of the oxygen 

bridge being unable to effectively conjugate with the π-system and the high electronegativity 

of oxygen inductively lowering the π molecular orbitals.  The effect of X on the HOMO 

levels displays a clear trend indicating that inductive effects dominate. 

The polarisability of compounds is a measure of their capacity for van der Waals 

interaction.306  The trace of the DFT polarisabilities α are listed and compared to the 

reference compounds 1 and 24.  These polarisabilities for the pontated compounds are largely 

the same as for 24 but substantially larger than that for the parent naphthalene 1.  Pontation is 

thus predicted to significantly enhance van der Waals interactions with consequences for 

improved drug binding, all other things being equal. 

An additional way of measuring pontated molecules’ capacity for intramolecular van 

der Waals interaction is through the modelling of two component systems.  DFT calculations 

of the naphthalene homodimer, naphthalene – pontated-naphthalene heterodimers, and 



Chapter 7 

 

 

 

239 

 

pontated-naphthalene homodimers were carried out with the results shown in Figure 7.6.  Full 

details are in the Methods Section 7.12. 

 

Figure 7.6  DFT calculated intramolecular van der Waals energies for naphthalene, O-pontated naphthalene, and 

CH2-pontated naphthalene homo- and heterodimers.  Energies were calculated at the B3LYP-D3(BJ)/cc-pVTZ 

level.  The pontated molecules show enhanced intramolecular interactions relative to the parent naphthalene. 

For each dimer modelled, the extra van der Waals intramolecular interaction arising 

from a single pontation equates to approximately 2 kJ mol-1 and is largely additive although 

orientation effects are also evident.  This finding is consistent with the polarisability results 

and supports the expectation for improved ligand-host binding of pontated drug molecules, 

all other things equal. 
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7.8 Application of pontation to other conjugated systems 

As noted, the primary consequence of pontation is the formation on an annulene.  This 

is typically a [10]annulene where the bridge group X helps to maintain effective p-orbital 

overlap allowing the 10e π-system to be aromatic.  A significant consequence of this is that 

the aromatic pathway has been isolated to the outer-ring periphery obviating any cross-ring 

interactions that arise where there would otherwise be a direct bridgehead C–C bond.   

This property can be utilised to convert non-aromatic compounds like azulene 25, 

shown in Figure 7.7, into the bridged aromatic [10]annulene 26.  Whilst minimally perturbing 

the shape of the molecule, the change to the electronic structure is profound with significant 

stabilisation gained. 

In a similar way, the highly reactive isoindole 27, upon pontation is predicted to 

become the more stabile 28.  Currently, there are no isoindole-based drugs with pontation 

potentially offering a way to access stable isoindole-like pharmacophores. 

 
 Figure 7.7  Predicted effects of pontation of azulene 25 and isoindole 26 to give 27 and 28, respectively.  

Azulene is non-aromatic but the pontated form, shown here with X = O, is expected to be aromatic and 

akamptisomeric.  Isoindole is a highly reactive species that is predicted to become stabilised and aromatic upon 

pontation (shown here with X = O giving akamptisomers).  Atoms and bonds marked in red are above the quasi-

plane of the pontated system. 

With X = O for 26 and 28, there is also the possibility of Rst
c 1 akamptisomerisation.  

These are shown in Table 7.4 with those for O-pontated naphthalene 2, given for reference.  

The most striking result is that the bicyclo[5.3.1] structure of 26 is predicted to be fluxional.  

This can be seen as a consequence of the larger side of the 26 providing more space for the 

oxygen atoms to swing to the other face of the molecule. 
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Table 7.4  DFT calculated properties of akamptisomers and Rst
c 1 akamptisomerisation reactions calculated using 

B3LYP-D3(BJ)/6-31G*.a 

Parent polyaromatic 

moleculesb 

Ring 

systemb Pair Solventc G / 

kJ mol-1 
ts /  

G‡ / 

kJ mol-1 298
 

naphthalene [4.4.1] 2, 2 CHCl3 [0] 180 222 1019 y 

azulene [5.3.1] 26, 26 CHCl3 [0] 135   63 2 ms 

isoindole [4.3.1] 28, 28 CHCl3 [0] 147 300 ∞ 

a: G is the free energy change for conversion of the first-listed molecule to the second-listed one; G‡ is the 

activation energy for the concerted unimolecular thermal akamptisomerisation process that could interconvert 

the isomers, with ts being the bond angle around the key oxygen atom at the transition state, and 298 the 

estimated thermal lifetime of the high-energy energy isomer at 298 K. 

b: Molecules from which the akamptisomers can be envisaged, either by pontation or other chemical 

modifications, and the most apt bicyclo[m.n.1] ring system that depicts them.   

c:  Calculations performed using the PCM dielectric continuum model to describe the solvent.   

7.9 Discussion 

Whilst pontation can, in principle, be applied to any polyaromatic system, in practice, 

certain systems are more amenable when factors such as ease of synthesis and stability 

against acid or nucleophilic attack are considered.   

A primary consideration is the resulting strain that arises in pontated molecules.  The 

principal factor for this is the size of the resultant bicyclo system.  Of the systems examined 

in this Chapter, the bicyclo[5.3.1] compound 26, formally derived from azulene 25, is the 

least strained and allows for better p-orbital overlap in the π-system.  The numerous 

bicyclo[4.4.1] compounds are also reasonably accommodating of the bridging group and, 

indeed, many compounds conforming to this type were synthesised by Vogel, et al.184, 186, 190, 

307-314 and provide much of the early literature regarding synthesis and chemical stability.  

Smaller bicyclo[4.3.1] systems do, however, exhibit pronounced strain with sub-optimal  

p-orbital overlap about the bridgehead atoms. 

A second consideration is the susceptibility of peripheral ring atoms to nucleophilic 

attack as this could lead to undesirable hydrolysis in vivo.  Electronegative elements adjacent 

to the bridgehead positions are expected to be undesirable as the polarisation of a 

bridgehead–heteroatom bond would be compounded by the strain at the bridgehead position. 

Of the polyaromatic ligands present in complexes in the RCSB.org database, a large 

proportion of these are indole derivatives.  Pontation of indoles is expected to lead to 

particularly unstable compounds as it embodies each of these undesirable factors. 
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The nature of the pontating group is also highly significant.  Whilst oxygen is 

sterically the easiest to accommodate and has a stabilising effect on the molecular orbital, the 

O-pontated compound 2 is, nevertheless, mildly acid labile, rearranging to 1-naphthol.  The 

CH2 analogue 22, is far more resistant to attack by acid despite its frontier molecular orbitals 

being higher in energy as compared to both 2 and naphthalene 1.  The CF2 analogue 23, 

whilst having the stability of 22 and the orbital stabilisation of 2 does exhibit the largest 

structural perturbation from planarity of the pontated naphthalenes examined here.  When 

implementing a pontation drug-design strategy, each of these effects will need to be 

considered. 

7.10 Conclusions 

In summary, a new concept for drug design is presented based on the principle of 

pontation of fused-ring bonds in aromatic molecules, making new isomeric pairs with 

predictable shape and chemical-property changes that could be exploited in medicinal 

chemistry.  Three examples pertinent to modern drug design were considered, with ligand-

host docking calculations predicting that improved binding should occur in two cases.  This 

highlights the potential of pontation as a tool for drug discovery.  It presents quite a different 

strategy to drug discovery approaches that have been widely utilised to date, concentrating on 

internal modification of ligand polyaromatic ring structure rather than either ring-atom 

substitution or peripheral-atom substitution.  This chemical design process can be applied to 

millions of known compounds, many of which have biological or medicinal relevance.   

DFT modelling of various pontated naphthalenes reveals that relative to the parent 

naphthalene, there are predictable and useful of changes of chemical properties that are 

important for medicinal chemistry 

As a design strategy, pontation provides a radically different, yet complementary, 

approach to traditional strategies.  An additional consequence of this approach is that existing 

patents do not cover this type of drug variation.  As such, pontation also presents 

opportunities for patent renewal and patent extensions. 
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7.11 Afterword – proof-of-principle has been established 

To test the hypothesis expounded above, Crossley and Reekie have synthesised 

enantiomeric CH2-pontated variants of a potent synthetic cannabinoid agonist.  The resolved 

enantiomers both showed tighter binding to both CB1 and CB2 isoforms as compared to the 

parent polyaromatic compound.  Importantly, the different enantiomers showed reverse 

selectivity for the two receptors.  Further, in vitro absorption, distribution, metabolism, and 

excretion tests showed a ten-fold increase in solubility with other measures being similar to 

those of the parent compound.  Structures and further details of the testing results are not 

provided here because of patent sensitivity.  This work provides in-principle support for the 

medicinal chemistry design concept expounded in this Chapter. 

7.12 Methods 

All geometry optimisations, vibrational normal mode analyses, and molecular size 

measurements were carried out using Gaussian-16153.  All structures were characterised using 

vibrational frequency analyses.  All space-filling models use each element’s standard van der 

Waals radius. 

Gibbs free energies for O-pontated compounds local minima and transition-state 

structures were calculated by applying the B3LYP density functional154 and the 6-31G* basis 

set,157 with dispersion interactions treated empirically using Grimme’s D3(BJ) method,283 and 

implicit solvation corrections using the polarised continuum model (PCM).159  Gibbs free 

energies were corrected for using the harmonic-oscillator model.  Maximum errors156 in this 

approach are of the order of 20 kJ mol-1, much smaller than the range of results considered.  

The calculations are thus expected to yield a realistic qualitative description of isomerisation 

reactions. 

The calculated properties in Table 7.3 were performed at a higher level of theory, 

namely B3LYP-D3(BJ)/cc-pVTZ in the gas phase.  The molecular surface areas and volumes 

were calculated using a solvent-sphere radius of 0.1Å.  The van der Waals intramolecular 

interaction energies were performed at the B3LYP-D3(BJ)/cc-pVTZ level of theory with 

basis-set superposition error315 corrected for using the counterpoise approach.316 



Chapter 8 

 

 

 

244 

 

8 Conclusions and outlook 

This Thesis dealt with the development of the Polytope Formalism and its application 

to isomerism and associated isomerisation.  The Polytope Formalism’s mathematical 

underpinnings, based upon the sub-disciplines of Combinatorics and Graph Theory, allows 

for a rigorous and systematic treatment of the subject matter and provides a unifying 

conceptual framework for both main branches of isomerism: stereoisomerism and 

constitutional isomerism. 

This Thesis focusses on the conceptual frameworks and relationships of isomerism; 

the necessary formal definitions, nomenclature, and representations that have impacts 

reaching into unexpected areas such as patent specifications; the requisite controlled and 

precise vocabulary that facilitates nuanced communication; and the digital/computational 

formalisms that underpin the chemistry software and database tools that empower chemists to 

perform much of their work. 

Chapter 1 presented the current state of isomerism and the deficiencies and challenges 

addressed in this work. 

Chapter 2 examined problems with the existing isomerism-related terminology and 

introduced new terms required for the concise and precise description and discussion of the 

challenges identified in Chapter 1 and addressed in this work. 

Chapter 3 gave a detailed overview of the polytopal-rearrangement model of 

stereoisomerisation at a single “stereocentre”.  Previously, this was focussed on inorganic 

higher coordination numbers and on describing unexpected fluxional behaviour.  In this 

work, it was shown that this model could be generalised and given sufficient mathematical 

rigour for the new purposes of classifying all stereoisomerism and describing all allowed 

unimolecular reaction pathways for which the Rst
c 1 symbol was introduced.  This complete 

and general approach was named the Polytope Formalism of stereoisomerism.  A key finding 

was the comprehensive description of the scope of structural and dynamical phenomena 

available to the ML2 stereocentre embedded within a larger molecular framework. Key to this 

was the inclusion of all possible non-dissociative vibrational motions and the embedding of the 

stereocentre in its external environment.  For ML2 and ML3, sets of polytopes, generally useful 
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for classifying isomerism, were developed of different sizes, each of which was closed under the 

operation of all included Rst
c 1 reactions.   Concise sets were developed in which all polytopes 

related single Rst
c 1 reactions have different symmetries, allowing unique assignment of any real 

embedded stereocentre structure to a set member.  These sets are expected to be able to be 

descriptive of most, if not all, ML2 and ML3 isomerism and isomerisation, but expanded sets are 

possible should the need arise.  This classification scheme is named the Polytope Formalism of 

stereoisomerism.  It is constructed within the rigours of Graph Theory and properly accounts for 

singularities in both local and global coordinate-system definitions. 

Chapter 4 describes the experimental demonstration of bond-angle reflection (BAR) 

stereoisomerism involving an ML2 stereocentre.  This unrecognised type of stereoisomerism 

was named akamptisomerism and is the final fundamental form of stereoisomerism.  In this 

work, akamptisomerism was demonstrated in four stereoisomeric transoid B(F)–O–B(F) 

quinoxalinoporphyrin complexes (B2OF2pqx).  The stereoisomerisation of the B2OF2pqx 

isomers was shown to follow a strict diastereomeric interconversion pattern and to 

exclusively operate by a stereospecific BAR Rst
c 1 mechanism passing through a linear B–O–

B geometry. 

The unprecedented nature of the demonstrated stereoisomerism arising from purely 

BAR-related geometric differences demanded new terminology, 2D depiction, and 

nomenclatural stereodescriptors.  IUPAC recommended wedge-hash notation for stereo-

structures failed to adequately represent the B2OF2pqx isomers, with non-standard usage 

therefore introduced.  In the absence of existing and adequate IUPAC stereodescriptors, the 

akamptisomerism-specific stereodescriptors parvo and amplo were introduced and shown to 

be compatible with existing stereodescriptors. 

The manifestation of akamptisomerism was only possible due to the embedding 

constraints imposed by the porphyrin macrocycle upon the B(F)OB(F) group, fortuitously 

placing the stereoisomerisation kinetics within a “goldilocks zone” where both stereoisomer 

isolability and observable dynamical behaviour were simultaneously present. 

Chapter 5 directly addressed the unrecognised nature of akamptisomeric systems.  

The structural diversity and failing of existing stereochemical practice regarding molecules 

with an ML2 stereogenic unit was explored in detail.  Oxygen-bridged oxabicyclo[m.n.1] 

systems were identified as a simple but large class of akamptisomeric compounds based upon 
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the embedding principle.  A restrictive, and hence limited, search of the Chemical Abstracts 

Service (CAS) database revealed over 440 000 compounds that are akamptisomeric, many of 

which have relevance to materials science, natural products, and medicinal chemistry.  These 

were examined in detail revealing that whilst most were amply described within existing 

IUPAC recommendations and by modern software, approximately five percent were 

identified as being poorly characterised and poorly represented digitally.  Some of these 

problems were identified as arising from deficiencies in the IUPAC stereochemistry 

prescriptions that are biased towards common smaller bicyclo compounds.  Oxygen-bridged 

oxabicyclo[m.n.1] systems of medium size, including the B2OF2pqx stereoisomers examined 

in Chapter 4, are identified as exhibiting an increased scope of stereoisomerism exclusively 

associated with akamptisomerism.  The structural requirements needed to exhibit this 

increased scope is presented and the parvo and amplo stereodescriptors shown to be generally 

applicable.  

Inclusion of akamptisomerism-related details to the 2D depiction, systematic naming, 

and digital representation thus enables a comprehensive stereoisomeric treatment with 

important implications for patent specifications and machine-led chemical research. 

Taking a bigger perspective, the whole current ad hoc approach to stereochemistry for 

arbitrary MLn stereocentres leads to a call for the current IUPAC stereochemical 

recommendations to be systematised.  This supports the assertion that the Polytope 

Formalism of stereoisomerism provides a common and systematic conceptual framework for 

terminology, nomenclature, and representation. 

Chapter 6 described how, at a more abstract level, the same Combinatorics and Graph 

Theory underpinnings of the Polytope Formalism of stereoisomerism as described in Chapter 

3 could be directly adapted as a Polytope Formalism of constitutional isomerism.  This was 

possible because whereas stereoisomerism deals with all possible spatial permutations, 

constitutional isomerism deals with all possible bond topology permutations.  As with 

stereoisomerism, the Polytope Formalism of constitutional isomerism not only defines all 

isomers but also all possible allowed unimolecular rearrangement reactions for which the 

Rto
c 1 symbol was introduced in direct analogy to Rst

c 1.  Given that the same mathematical 

approach equally describes both stereoisomerism and constitutional isomerism, the Polytope 

Formalism provides a unifying conceptual framework for all isomerism. 
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Whilst mathematically rigorous and complete, the Polytope Formalism of 

constitutional isomerism scales superexponentially of the order 𝒪(2𝑁2
) as the number of 

atoms N.  To provide tractability for many problems of practical interest, a simplifying 

approach was described where a chemical system can be partitioned into a small number of 

active components called bonders ℬ and bonding sites 𝒮.  This is called the 𝒮𝑚ℬ𝑛 class.  This 

partitioning approach was described in detail through the worked example of inner hydrogen 

tautomerisation of free-base porphyrin representing the D4h site symmetric 𝒮4ℬ2 class. 

Taxonomic terminology closely analogous to that used in the Polytope Formalism of 

stereoisomerism was used to classify different bond topology structures.  For free-base 

porphyrin, 225 distinct bond topology species were found grouped into 28 distinct genera, 

further grouped into 10 families.  High-level quantum chemical calculations were used to 

characterise each of the 28 generic structures.  The energies and character of the generic 

structures were then combined with graphs of the species and species relationships to create 

compact representations of the potential-energy surface (PES).  It was shown that small 

modifications to the porphyrin system can have a dramatic reorganisation of the PES.  

Further, the different generic structures were shown to provide structural prototypes for other 

porphyrin/porphyrinoid complexes. This demonstrated the broader utility of this specific 

𝒮4ℬ2 partitioning approach to the Polytope Formalism of constitutional isomerism to 

porphyrin chemistry beyond just free-base porphyrin. 

A diversity of other molecular systems was described for which the 𝒮𝑚ℬ𝑛 partitioning 

approach to the Polytope Formalism of constitutional isomerism can be applied indicating 

that it could be broadly applied to many practical problems of interest to chemists.  To 

facilitate such work, numerous software tools are provided for generating species, genera and 

families for arbitrary m, n ≤ 8 and software for generating graphs describing the allowed 

reaction pathways between species. 

In Chapter 7 the focus is turned toward a practical implementation of some of the 

findings in this work.  A new concept for drug design is presented where the fusion bond of a 

polyaromatic group is replaced by a bridging group to give a new aromatic annulene 

structure.  This design transformation was called “pontation” with the resulting molecular 

group being isosteric to the parent polyaromatic but now featuring two distinct faces of the 

group.  If the bridging group is an oxygen atom, the resulting oxabicyclo annulenes are 
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akamptisomeric and correspond to a subset of structures as described in Chapter 5.  In 

principle, the bridge group could be NH, CH2, CF2 or similar. 

Pontation on existing polyaromatic drugs were modelled and docking calculations 

performed to assess their binding to drug targets relative to their parent compounds.  Two of 

the three systems studied in detail indicated improved binding.  A survey of databases 

indicated that pontation could be applied to a significant fraction of medicinal chemistry 

relevant compounds. 

DFT calculations indicate that pontated molecules exhibit increased van der Waals 

intramolecular interactions.  The nature of the bridging group also offers scope for additional 

intramolecular interactions. 

Pontation can also be applied to non-aromatic compounds like azulenes and 

isoindoles to give aromatic annulenes that are stabilised relative to the parent compounds, 

thus offering additional pharmacophores for drug discovery research. 

Pontation can be described as a type of “internal substitution” that is fundamentally 

different to traditional approaches where ring atoms or peripheral atoms are substituted for.  

As such, the concept of pontation does not explicitly exist in current drug patent 

specifications.  This provides medicinal chemistry with new approaches for patent extension 

or child patents. 

8.1 Outlook 

The findings of this Thesis are of fundamental importance to the entire fields of 

isomerism and isomerisation in their broadest sense.  In providing a refined look at a 

seemingly well-established landscape, it will allow a fresh perspective and hitherto 

unrecognised possibilities to be identified and exploited. 

This new way of looking at isomerism will mandate a change in the way that it is 

taught in undergraduate settings.  Whilst the discovery of akamptisomerism “shook the tree” 

with respect to stereoisomerism, it has nonetheless been taught as yet another ad hoc 

extension to the subject.  The Polytope Formalism framework presented in this Thesis 

provides a systematic approach.  The appeal of any systematic approach is that is guarantees 
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completeness of treatment.  Regarding isomerism, the Polytope Formalism is expected to 

illuminate chemical space beyond what is currently known and define all that is possible. 

The most immediate further developments are: 

1. The mathematical proofs of the stereoisomerism treatment of MLn for arbitrary n. 

2. The merging of the treatments of the Polytope Formalisms of stereoisomerism and 

constitutional isomerism so that both may be simultaneously addressed.  The common 

conceptual and mathematical underpinnings of these Polytope Formalisms are 

designed to facilitate this next step. 

More broadly, through application of the concepts expounded in this Thesis we expect 

development in the following areas: 

1. The empowering of machine-led approaches to chemistry.  This includes high-

throughput virtual screening of drug candidates, rational drug design, and functional 

material research.  The conformational analyses performed for biochemistry can be 

viewed as a special case of the Polytope Formalism of stereoisomerism. 

2. The Polytope Formalism framework provides a way of evaluating existing and 

suggesting new chemical mechanistic processes.  As the formalisms define strictly 

allowed elementary processes, they are also capable of ruling out unphysical 

processes.  Applications are very broad including synthetic reaction mechanisms, 

enzymatic mechanisms, and synthetic catalysis. 

3. The Graph Theory features of the Polytope Formalisms provide a means of compactly 

and concisely describing potential energy surfaces.  As much physical chemistry is 

focussed on such things, the formalisms are expected to prove a powerful tool. 

4. Following on from the Polytope Formalisms’ capacity to describe potential energy 

surfaces, Graph Theory tools can be brought to bear to solve problems involving 

complex webs of interacting processes. 

5. A further corollary is that the rational design of catalysts could be greatly empowered 

through the application of the formalisms’ principles. 

6. Molecules featuring transoid B(F)OB(F)-macrocycle complexes provide an invertible 

electrical dipole.  A patent for a fully scalable (mesoscopic to individual molecular) 
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ferroelectric material based upon this has already been filed by the author Peter 

Canfield. 

Additionally, as the work of this Thesis often deals with pedagogical details, very 

many shortcomings in IUPAC’s definitions have been exposed.  With so many governmental 

regulatory and legal definitions directly or indirectly reliant upon these, it is important that 

IUPAC reassess and updates its “Gold Book” terminology. 

Further projects include the establishment of Wikipedia pages and the formatting of 

this Thesis into book form for both students and researchers. 

As a final “blue sky” speculation, it should be noted that whilst all discussion in the 

Thesis has been firmly planted in the realm of chemistry, there are obvious instances where a 

Polytope Formalism could enter the demesne of nuclear physics.  As a simple example, the 

displacement vector for the bond-stretch vibration of a diatomic operates in both directions: 

one leading to dissociation, the other, if permitted, leads to fusion of the nuclei.  Whether the 

Polytope Formalism has any utility in such areas remains to be seen. 

8.2 Afterword 

This entire philosophical discourse pivoted around the chance observation of a small, 

but persistent, contamination issue when attempting to chirally resolve the B(F)OB(F)-

quinoxalinoporphyrin stereoisomers in 2006. Recognising the extraordinary confluence of 

factors that needed to be in place leading to that, and thereafter all the fortuitous further 

developments, is both astounding and humbling.  To describe this as “remarkable” hardly 

does it justice. 
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Appendix A: IUPAC “Gold Book”  

and “Green Book” entries 

Sections 0 to 0 are formal definitions, copied verbatim, from the IUPAC 

Compendium of Chemical Terminology (the “Gold Book”)1 with Section A.52 listing some 

approved abbreviations from the IUPAC Compendium of Quantities, Units and Symbols in 

Physical Chemistry (the “Green Book”).317 

A.1 atropisomers 

https://doi.org/10.1351/goldbook.A00511 

A subclass of conformers which can be isolated as separate chemical species and 

which arise from restricted rotation about a single bond, e.g. ortho-substituted biphenyl, 

1,1,2,2-tetra-tert-butylethane. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2200  

A.2 bond 

https://doi.org/10.1351/goldbook.B00697 

There is a chemical bond between two atoms or groups of atoms in the case that the 

forces acting between them are such as to lead to the formation of an aggregate with 

sufficient stability to make it convenient for the chemist to consider it as an independent 

'molecular species'. 

Source:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1089  

A.3 chemical species 

https://doi.org/10.1351/goldbook.CT01038 

An ensemble of chemically identical molecular entities that can explore the same set 

of molecular energy levels on the time scale of the experiment. The term is applied equally to 

a set of chemically identical atomic or molecular structural units in a solid array. For 

example, two conformational isomers may be interconverted sufficiently slowly to be 

detectable by separate NMR spectra and hence to be considered to be separate chemical 

species on a time scale governed by the radiofrequency of the spectrometer used. On the 

other hand, in a slow chemical reaction the same mixture of conformers may behave as a 

single chemical species, i.e. there is virtually complete equilibrium population of the total set 

of molecular energy levels belonging to the two conformers. Except where the context 

https://doi.org/10.1351/goldbook.A00511
https://doi.org/10.1351/goldbook.B00697
https://doi.org/10.1351/goldbook.CT01038
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requires otherwise, the term is taken to refer to a set of molecular entities containing isotopes 

in their natural abundance. The wording of the definition given in the first paragraph is 

intended to embrace both cases such as graphite, sodium chloride or a surface oxide, where 

the basic structural units may not be capable of isolated existence, as well as those cases 

where they are. In common chemical usage generic and specific chemical names (such as 

radical or hydroxide ion) or chemical formulae refer either to a chemical species or to a 

molecular entity. 

Sources:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1096 

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2202 

A.4 chirality centre – synonym: centre of chirality  

https://doi.org/10.1351/goldbook.C01060 

An atom holding a set of ligands in a spatial arrangement which is not superposable 

on its mirror image. A chirality centre is thus a generalized extension of the concept of the 

asymmetric carbon atom to central atoms of any element, for example N+abcd, Pabc as well 

as Cabcd. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2203  

A.5 configuration (stereochemical) 

https://doi.org/10.1351/goldbook.C01249 

In the context of stereochemistry, the term is restricted to the arrangements of atoms 

of a molecular entity in space that distinguishes stereoisomers, the isomerism between which 

is not due to conformational differences. 

Sources:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1099 

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2204 

A.6 conformation 

https://doi.org/10.1351/goldbook.C01258 

The spatial arrangement of the atoms affording distinction between stereoisomers 

which can be interconverted by rotations about formally single bonds. Some authorities 

extend the term to include inversion at trigonal pyramidal centres and other polytopal 

rearrangements. 

Sources:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

https://doi.org/10.1351/goldbook.C01060
https://doi.org/10.1351/goldbook.C01249
https://doi.org/10.1351/goldbook.C01258
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Recommendations 1994)) on page 1099 

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2204  

A.7 conformer 

https://doi.org/10.1351/goldbook.C01262 

One of a set of stereoisomers, each of which is characterized by a conformation 

corresponding to a distinct potential energy minimum. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2204  

A.8 connectivity 

https://doi.org/10.1351/goldbook.C01274 

In a chemical context, the information content of a line formula, but omitting any 

indication of bond multiplicity. 

Source:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1099  

A.9 constitution 

https://doi.org/10.1351/goldbook.C01282 

The description of the identity and connectivity (and corresponding bond 

multiplicities) of the atoms in a molecular entity (omitting any distinction arising from their 

spatial arrangement). 

Sources:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1100 

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2204 

A.10 constitutional isomerism 

https://doi.org/10.1351/goldbook.C01285 

Isomerism between structures differing in constitution and described by different line 

formulae e.g. CH3OCH3 and CH3CH2OH. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2205  

https://doi.org/10.1351/goldbook.C01262
https://doi.org/10.1351/goldbook.C01274
https://doi.org/10.1351/goldbook.C01282
https://doi.org/10.1351/goldbook.C01285
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A.11 contributing structure – Also contains definition of: canonical form 

https://doi.org/10.1351/goldbook.C01309 

The definition is based on the valence-bond formulation of the quantum mechanical 

idea of the wavefunction of a molecule as composed of a linear combination of 

wavefunctions, each representative of a formula containing bonds that are only single, double 

or triple with a particular pairing of electron spins. Each such formula represents a 

contributing structure, also called 'resonance structure' to the total wavefunction, and the 

degree to which each contributes is indicated by the square of its coefficient in the linear 

combination. The contributing structures, also called 'canonical forms', themselves thus have 

a purely formal significance: they are the components from which wavefunctions can be 

built. Structures may be covalent (or non-polar) or ionic (or polar). The representation is 

frequently kept qualitative so that we speak of important or major contributing structures and 

minor contributing structures. For example, two major non-equivalent contributing structures 

for the conjugate base of acetone are: 

 
Source:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1100 

A.12 degenerate rearrangement 

https://doi.org/10.1351/goldbook.D01559 

A molecular rearrangement in which the principal product is indistinguishable (in the 

absence of isotopic labelling) from the principal reactant. The term includes both 'degenerate 

intramolecular rearrangements' and reactions that involve intermolecular transfer of atoms or 

groups ('degenerate intermolecular rearrangements'): both are degenerate isomerizations. The 

occurrence of degenerate rearrangements may be detectable by isotopic labelling or by 

dynamic NMR techniques. For example: the [3,3]sigmatropic rearrangement of hexa-1,5-

diene (Cope rearrangement):  

 
Synonymous but less preferable terms are 'automerization', 'permutational isomerism', 

'isodynamic transformation', 'topomerization'. 

Source:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1104  

https://doi.org/10.1351/goldbook.C01309
https://doi.org/10.1351/goldbook.D01559
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A.13 diastereoisomerism – Also contains definitions of: diastereoisomers, 

diastereomers  

https://doi.org/10.1351/goldbook.D01679 

Stereoisomerism other than enantiomerism. Diastereoisomers (or diastereomers) are 

stereoisomers not related as mirror images. Diastereoisomers are characterized by differences 

in physical properties, and by some differences in chemical behaviour towards achiral as well 

as chiral reagents. 

Sources:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1105 

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2205  

A.14 elementary reaction 

https://doi.org/10.1351/goldbook.E02035 

A reaction for which no reaction intermediates have been detected or need to be 

postulated in order to describe the chemical reaction on a molecular scale. An elementary 

reaction is assumed to occur in a single step and to pass through a single transition state. 

Sources:  

PAC, 1993, 65, 2291. (Nomenclature of kinetic methods of analysis (IUPAC 

Recommendations 1993)) on page 2294 

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1111 

A.15 enantiomer 

https://doi.org/10.1351/goldbook.E02069 

One of a pair of molecular entities which are mirror images of each other and non-

superposable. 

Sources:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1112 

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2207 

A.16 enantiomerism 

https://doi.org/10.1351/goldbook.E02078 

The isomerism of enantiomers. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2207  

https://doi.org/10.1351/goldbook.D01679
https://doi.org/10.1351/goldbook.E02035
https://doi.org/10.1351/goldbook.E02069
https://doi.org/10.1351/goldbook.E02078
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A.17 fluxional 

https://doi.org/10.1351/goldbook.F02463 

A chemical species is said to be fluxional if it undergoes rapid degenerate 

rearrangement (generally detectable by methods which allow the observation of the 

behaviour of individual nuclei in a rearranged chemical species, e.g. NMR, X-ray). Example: 

bullvalene (1 209 600 interconvertible arrangements of the ten CH groups).  

[sic] 

The term is also used to designate positional change among ligands of complex 

compounds and organometallics. In these cases, the change is not necessarily degenerate. 

Source:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1115  

A.18 free rotation (hindered rotation, restricted rotation) 

https://doi.org/10.1351/goldbook.F02520 

In a stereochemical context the rotation about a bond is called 'free' when the 

rotational barrier is so low that different conformations are not perceptible as different 

chemical species on the time scale of the experiment. The inhibition of rotation of groups 

about a bond due to the presence of a sufficiently large rotational barrier to make the 

phenomenon observable on the time scale of the experiment is termed hindered rotation or 

restricted rotation. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2209  

A.19 hula-twist (HT) mechanism 

https://doi.org/10.1351/goldbook.HT07393 

Volume-conserving mechanism of photoisomerization of a double bond in a 

conjugated system involving simultaneous configurational and conformational isomerization, 

e.g., the photoinitiated concerted rotation of two adjacent double and single bonds.  

 

https://doi.org/10.1351/goldbook.F02463
https://doi.org/10.1351/goldbook.F02520
https://doi.org/10.1351/goldbook.HT07393
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Note:  

Under unconstrained conditions, the conventional one-bond-flip (OBF) process is the 

dominant process with the hula-twist (HT) being an undetectable higher energy process. It 

has been proposed that under confined conditions (e.g., a conjugated double bond 

chromophore in a protein cavity or in a solid matrix), the additional viscosity-dependent 

barriers make the OBF a less favourable process, allowing the volume-conserving HT to be 

the dominant process for photoisomerization. 

Source:  

PAC, 2007, 79, 293. (Glossary of terms used in photochemistry, 3rd edition (IUPAC 

Recommendations 2006)) on page 352  

A.20 in-out isomerism 

https://doi.org/10.1351/goldbook.I03055 

Isomerism found in bicyclic systems having long enough bridges to allow the 

bridgehead exocyclic bond or lone pair of electrons to point either inside the structure or 

outside.  

 

 
Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2210  

A.21 intramolecular 

https://doi.org/10.1351/goldbook.I03130 

Descriptive of any process that involves a transfer (of atoms, groups, electrons, etc.) 

or interactions between different parts of the same molecular entity. 

Relating to a comparison between atoms or groups within the same molecular entity. 

Source: 

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1126  

A.22 inversion 

https://doi.org/10.1351/goldbook.I03146 

A symmetry operation involving a centre of inversion (i). 

https://doi.org/10.1351/goldbook.I03055
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Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2210  

A.23 isodesmic reaction  

https://doi.org/10.1351/goldbook.I03272 

A reaction (actual or hypothetical) in which the types of bonds that are made in 

forming the products are the same as those which are broken in the reactants, e.g.  

 

 
Such processes have advantages for theoretical treatment. The Hammett equation as 

applied to equilibria [cf. (a)] essentially deals with isodesmic processes. 

Source:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1128  

A.24 isomer 

https://doi.org/10.1351/goldbook.I03289 

One of several chemical species (or molecular entities) that have the same atomic 

composition (molecular formula) but different line formulae or different stereochemical 

formulae and hence different physical and/or chemical properties. 

Sources:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1129 

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2210 

A.25 isomerism 

https://doi.org/10.1351/goldbook.I03294 

The relationship between isomers. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2210 

 

https://doi.org/10.1351/goldbook.I03272
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A.26 isomerization 

https://doi.org/10.1351/goldbook.I03295 

A chemical reaction, the principal product of which is isomeric with the principal 

reactant. An intramolecular isomerization that involves the breaking or making of bonds is a 

special case of a molecular rearrangement. Isomerization does not necessarily imply 

molecular rearrangement (e.g. in the case of the interconversion of conformational isomers). 

Source:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1129  

A.27 ligands 

https://doi.org/10.1351/goldbook.L03518 

In an inorganic coordination entity, the atoms or groups joined to the central atom. 

Source:  

Red Book, 3rd ed., p. 146 

In biochemistry: if it is possible or convenient to regard part of a polyatomic 

molecular entity as central, then the atoms, groups or molecules bound to that part are called 

ligands. Biochemical usage is thus wider, in that the central entity can be polyatomic. Thus 

H+ may be a ligand for proteins and for citrate as well as for O2− . It may even be a ligand for 

a univalent entity such as acetate: in other circumstances, AcO− may be the ligand for H+, 

since the definition makes it clear that the view of which entity is central may change for 

convenience. Thus, four calcium ions are ligands for calmodulin, when the protein is 

regarded as central: four carboxylate groups of calmodulin ligate (are ligands of) each 

calcium ion when this ion is regarded as central. It is the ligand that is said to ligate the 

central entity, which is said to be ligated. When the hormone binding to a receptor is called a 

ligand, the receptor is thus regarded as the central entity. Biochemists should bear in mind 

that the usage in inorganic chemistry has been that ligands bind only single atoms, so they 

should be cautious in fields such as bioinorganic chemistry where confusion may be possible. 

Sources:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1136 

White Book, 2nd ed., p. 335  

A.28 macrocycle 

https://doi.org/10.1351/goldbook.M03662 

A cyclic macromolecular or a macromolecular cyclic portion of a macromolecule. 

Note:  

In the literature, the term 'macrocycle' is sometimes used for molecules of low 

molecular mass that would not be considered 'macromolecules' as specified in the definition 

given in this book. 

https://doi.org/10.1351/goldbook.I03295
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Source:  

PAC, 1996, 68, 2287. (Glossary of basic terms in polymer science (IUPAC Recommendations 

1996)) on page 2298  

A.29 molecular entity 

https://doi.org/10.1351/goldbook.M03986 

Any constitutionally or isotopically distinct atom, molecule, ion, ion pair, radical, 

radical ion, complex, conformer etc., identifiable as a separately distinguishable entity. 

Molecular entity is used in this Compendium as a general term for singular entities, 

irrespective of their nature, while chemical species stands for sets or ensembles of molecular 

entities. Note that the name of a compound may refer to the respective molecular entity or to 

the chemical species, e.g. methane, may mean a single molecule of CH4 (molecular entity) or 

a molar amount, specified or not (chemical species), participating in a reaction. The degree of 

precision necessary to describe a molecular entity depends on the context. For example 

'hydrogen molecule' is an adequate definition of a certain molecular entity for some purposes, 

whereas for others it is necessary to distinguish the electronic state and/or vibrational state 

and/or nuclear spin, etc. of the hydrogen molecule. 

Source: PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1142  

A.30 molecular rearrangement – Also contains definition of: principle of 

minimum structural change  

https://doi.org/10.1351/goldbook.M03997 

The term is traditionally applied to any reaction that involves a change of connectivity 

(sometimes including hydrogen), and violates the so-called 'principle of minimum structural 

change'. According to this oversimplified principle, chemical species do not 

isomerization[sic] in the course of a transformation, e.g. substitution, or the change of a 

functional group of a chemical species into a different functional group is not expected to 

involve the making or breaking of more than the minimum number of bonds required to 

effect that transformation. For example, any new substituents are expected to enter the 

precise positions previously occupied by displaced groups. The simplest type of 

rearrangement is an intramolecular reaction in which the product is isomer[sic] with the 

reactant (one type of intramolecular isomerization). An example is the first step of the 

Claisen rearrangement:  

https://doi.org/10.1351/goldbook.M03986
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The definition of molecular rearrangement includes changes in which there is a bond 

migration of an atom or bond (unexpected on the basis of the principle of minimum structural 

change), as in the reaction:  

 
where the rearrangement stage can formally be represented as the '1,2-shift' of hydride 

between adjacent carbon atoms in the carbocation:  

 
Such migrations occur also in radicals, e.g.:  

 
The definition also includes reactions in which an entering group takes up a different 

position from the leaving group, with accompanying bond migration. An example of the 

latter type is the 'allylic rearrangement':  

 
A distinction is made between ‘intramolecular rearrangement’ (or 'true molecular 

rearrangements') and 'intermolecular rearrangements' (or 'apparent rearrangements'). In the 

former case the atoms and groups that are common to a reactant and a product never separate 

into independent fragments during the rearrangement stage (i.e. the change is intramolecular), 

whereas in an 'intermolecular rearrangement' a migrating group is completely free from the 

parent molecule and is re-attached to a different position in a subsequent step, as in the Orton 

reaction:  
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Source:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1142  

A.31 molecule  

https://doi.org/10.1351/goldbook.M04002 

An electrically neutral entity consisting of more than one atom (n>1). Rigorously, a 

molecule, in which n>1 must correspond to a depression on the potential energy surface that 

is deep enough to confine at least one vibrational state. 

Source: PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1143  

A.32 nonclassical structure 

https://doi.org/10.1351/goldbook.NT07084 

The structure of molecules or molecular ions that escapes description in terms of 

conventional rules of valency and stereochemistry. Nonclassical structures are characteristic 

of carbonium ions with hypercoordinated (see hypercoordination) carbon atoms, e.g., 

methanium ion 1, pyramidal dication C6H6
2+ 2 (isomeric to benzene dication), and the 

molecular species whose structure cannot be adequately represented by the equilibrium (2-

norbornyl cation, 3) or resonance of two or more classical structures. From the 

stereochemical point of view, those structures are assigned to the nonclassical type for which 

all tetracoordinate carbon bonds extend into a single hemisphere, i.e., the valence angle of a 

carbon atom is greater than 180°. A hypothetical example is pyramidane, 4, the structure of 

which corresponds to a local minimum on the C5H4 potential energy surface.  

 
Source:  

PAC, 1999, 71, 1919. (Glossary of terms used in theoretical organic chemistry) on page 1955  

https://doi.org/10.1351/goldbook.M04002
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A.33 polytopal rearrangement  

https://doi.org/10.1351/goldbook.P04755 

Stereoisomerization interconverting different or equivalent spatial arrangements of 

ligands about a central atom or of a cage of atoms, where the ligand or cage defines the 

vertices of a polyhedron. For example pyramidal inversion of amines, Berry pseudorotation 

of PF5, rearrangement of polyhedral boranes. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2213  

A.34 pseudorotation – also contains definitions of: Berry pseudorotation, 

turnstile rotation 

https://doi.org/10.1351/goldbook.P04934 

Stereoisomerization resulting in a structure that appears to have been produced by 

rotation of the entire initial molecule and is superposable on the initial one, unless different 

positions are distinguished by substitution, including isotopic substitution. One example of 

pseudorotation is a facile interconversion between the many envelope and twist conformers 

of a cyclopentane due to the out of plane motion of carbon atoms. Another example of 

pseudorotation (Berry pseudorotation) is a polytopal rearrangement that provides an 

intramolecular mechanism for the isomerization of trigonal bipyramidal compounds (e.g. λ5-

phosphanes), the five bonds to the central atom E being represented as e1, e2, e3, a1 and a2. 

Two equatorial bonds move apart and become apical bonds at the same time as the apical 

bonds move together to become equatorial.  

 
A related conformational change of a trigonal bipyramidal structure is described as 

turnstile rotation. The process may be visualized as follows.  

 
An apical and an equatorial bond rotate as a pair ca. 120° relative to the other three 

bonds. (Doubts have been expressed about the distinct physical reality of this mechanism.) 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2215  
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A.35 pyramidal inversion  

https://doi.org/10.1351/goldbook.P04956 

A polytopal rearrangement in which the change in bond directions to a three-

coordinate central atom having a pyramidal arrangement of bonds (tripodal arrangement) 

causes the central atom (apex of the pyramid) to appear to move to an equivalent position on 

the other side of the base of the pyramid. If the three ligands to the central atom are different 

pyramidal inversion interconverts enantiomers.  

 
Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2215  

A.36 rearrangement 

https://doi.org/10.1351/goldbook.R05194 

See: degenerate rearrangement, molecular rearrangement, sigmatropic rearrangement. 

Source:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1160  

A.37 rotamer 

https://doi.org/10.1351/goldbook.R05407 

One of a set of conformers arising from restricted rotation about one single bond. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2217 

A.38 rotational barrier 

https://doi.org/10.1351/goldbook.R05408 

In a rotation of groups about a bond, the potential energy barrier between two 

adjacent minima of the molecular entity as a function of the torsion angle. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2217  

A.39 sigmatropic rearrangement 

https://doi.org/10.1351/goldbook.S05660 

A molecular rearrangement that involves both the creation of a new σ-bond between 

atoms previously not directly linked and the breaking of an existing σ-bond. There is 

normally a concurrent relocation of π-bonds in the molecule concerned, but the total number 

https://doi.org/10.1351/goldbook.P04956
https://doi.org/10.1351/goldbook.R05194
https://doi.org/10.1351/goldbook.R05407
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of π- and σ-bonds does not change. The term was originally restricted to intramolecular 

pericyclic reactions, and many authors use it with this connotation. It is, however, also 

applied in a more general, purely structural, sense. If such reactions are intramolecular, their 

transition state may be visualized as an association of two fragments connected at their 

termini by two partial σ-bonds, one being broken and the other being formed as, for example, 

the two allyl fragments in (a'). Considering only atoms within the (real or hypothetical) cyclic 

array undergoing reorganization, if the numbers of these in the two fragments are designated i 

and j, then the rearrangement is said to be a sigmatropic change of order [i, j] (conventionally 

[i]≤[j]). Thus the rearrangement (a) is of order [3,3], whilst reaction (b) is a [1,5]sigmatropic 

shift of hydrogen. (N.B. By convention square brackets [...] here refer to numbers of atoms, 

in contrast with current usage in the context of cycloaddition.)  

 

 
The descriptors a and s (antarafacial and antarafacial [sic]) may also be annexed to the 

numbers i and j; (b) is then described as a [1s,5s] sigmatropic rearrangement, since it is 

suprafacial with respect both to the hydrogen atom and to the pentadienyl system:  

 
The prefix 'homo' (meaning one extra atom, interrupting conjugation— cf. 

'homoaromaticity') has frequently been applied to sigmatropic rearrangements, but is 

misleading. 

Source:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1163  

A.40 stereochemical formula (stereoformula) 

https://doi.org/10.1351/goldbook.S05974 

A three-dimensional view of a molecule either as such or in a projection. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2218  
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A.41 stereochemical non-rigidity 

https://doi.org/10.1351/goldbook.ST07107 

The capability of a molecule to undergo fast and reversible intramolecular 

isomerization, the energy barrier to which is lower than that allowing for the preparative 

isolation of the individual isomer at room temperature. It is conventional to assign to It is 

conventional to assign to the sterochemically [sic] non-rigid systems those compounds whose 

molecules rearrange rapidly enough to influence NMR line shapes at temperatures within the 

practical range (from −100 °C to 200 °C) of experimentation. The energy barriers to thus 

defined rearrangements fall into the range of 5–20 kcal/mol (21–85 kJ/mol). 

Source:  

PAC, 1999, 71, 1919. (Glossary of terms used in theoretical organic chemistry) on page 1964 

A.42 stereoisomerism 

https://doi.org/10.1351/goldbook.S05983 

Isomerism due to differences in the spatial arrangement of atoms without any 

differences in connectivity or bond multiplicity between the isomers. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2219  

A.43 stereoisomers 

https://doi.org/10.1351/goldbook.S05984 

Isomers that possess identical constitution, but which differ in the arrangement of 

their atoms in space. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2219  

A.44 stereogenic unit (stereogen/stereoelement)  

https://doi.org/10.1351/goldbook.S05980 

A grouping within a molecular entity that may be considered a focus of 

stereoisomerism. At least one of these must be present in every enantiomer (though the 

presence of stereogenic units does not conversely require the corresponding chemical species 

to be chiral). Three basic types are recognized for molecular entities involving atoms having 

not more than four substituents: 

1. A grouping of atoms consisting of a central atom and distinguishable ligands, such 

that the interchange of any two of the substituents leads to a stereoisomer. An 

asymmetric atom (chirality centre) is the traditional example of this stereogenic 

unit.  

https://doi.org/10.1351/goldbook.ST07107
https://doi.org/10.1351/goldbook.S05983
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2. A chain of four non-coplanar atoms (or rigid groups) in a stable conformation, 

such that an imaginary or real (restricted) rotation (with a change of sign of the 

torsion angle) about the central bond leads to a stereoisomer.  

3. A grouping of atoms consisting of a double bond with substituents which give rise 

to cis-trans isomerism. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2219  

A.45 stereomutation 

https://doi.org/10.1351/goldbook.S05985 

A change of configuration at a stereogenic unit brought about by physical or chemical 

means. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2219  

A.46 tautomerism 

https://doi.org/10.1351/goldbook.T06252 

Isomerism of the general form:  

 
where the isomers (called tautomers) are readily interconvertible; the atoms connecting the 

groups X, Y, Z are typically any of C, H, O or S, and G is a group which becomes an 

electrofuge or nucleofuge during isomerization. The commonest case, when the electrofuge is 

H+, is also known as 'prototropy'. Examples, written so as to illustrate the general pattern 

given above, include: keto-enol tautomerism, such as:  

 

 
The grouping Y may itself be a three-atom (or five-atom) chain extending the 

conjugation, as in:  

 

https://doi.org/10.1351/goldbook.S05985
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The double bond between Y and Z may be replaced by a ring, when the phenomenon 

is called ring-chain tautomerism, as in:  

 
Source:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1171  

A.47 tautomerization 

https://doi.org/10.1351/goldbook.T06253 

The isomerization by which tautomers are interconverted. It is a heterolytic molecular 

rearrangement and is frequently very rapid. 

Source:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1172 

A.48 torsional stereoisomers 

https://doi.org/10.1351/goldbook.T06404 

Stereoisomers that can be interconverted (actually or conceptually) by torsion about a 

bond axis. This includes E,Z-isomers of alkene, atropisomers and rotamers. 

Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2221  

A.49 transition state  

https://doi.org/10.1351/goldbook.T06468 

In theories describing elementary reactions it is usually assumed that there is a 

transition state of more positive molar Gibbs energy between the reactants and the products 

through which an assembly of atoms (initially composing the molecular entities of the 

reactants) must pass on going from reactants to products in either direction. In the formalism 

of 'transition state theory' the transition state of an elementary reactions is that set of states 

(each characterized by its own geometry and energy) in which an assembly of atoms, when 

randomly placed there, would have an equal probability of forming the reactants or of 

forming the products of that elementary reactions. The transition state is characterized by one 

and only one imaginary frequency. The assembly of atoms at the transition state has been 

called an activated complex. (It is not a complex according to the definition in this 

https://doi.org/10.1351/goldbook.T06253
https://doi.org/10.1351/goldbook.T06404
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Compendium.) It may be noted that the calculations of reaction rates by the transition state 

method and based on calculated potential-energy surfaces refer to the potential energy 

maximum at the saddle point, as this is the only point for which the requisite separability of 

transition state coordinates may be assumed. The ratio of the number of assemblies of atoms 

that pass through to the products to the number of those that reach the saddle point from the 

reactants can be less than unity, and this fraction is the 'transmission coefficient' κ. (There are 

also reactions, such as the gas-phase colligation of simple radicals, that do not require 

'activation' and which therefore do not involve a transition state.) 

Source:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1174  

A.50 transition structure 

https://doi.org/10.1351/goldbook.T06471 

A saddle point on a potential-energy (reaction) surface. It has one negative force 

constant in the harmonic force constant matrix. 

Source:  

PAC, 1994, 66, 1077. (Glossary of terms used in physical organic chemistry (IUPAC 

Recommendations 1994)) on page 1174  

A.51 Walden inversion 

https://doi.org/10.1351/goldbook.W06653 

Retention of configuration is the preservation of integrity of the spatial arrangement 

of bonds to a chiral centre during a chemical reaction or transformation. It is also the 

configurational correlation when a chemical species Xabcd is converted into the chemical 

species Xabce having the same relative configuration. The configurational change when a 

chemical species Xabcd (where X is typically carbon), having a tetrahedral arrangement of 

bonds to X, is converted into the chemical species Xabce having the opposite relative 

configuration (or when it undergoes an identity reaction in which Xabcd of opposite 

configuration is produced) is called a Walden inversion or inversion of configuration. The 

occurrence of a Walden inversion during a chemical transformation is sometimes indicated in 

the chemical equation by the symbol shown below in place of a simple arrow pointing from 

reactants to products.  

 
Source:  

PAC, 1996, 68, 2193. (Basic terminology of stereochemistry (IUPAC Recommendations 

1996)) on page 2221  
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A.52 Relevant abbreviations listed in IUPAC “Quantities, Units and Symbols in 

Physical Chemistry”, the “Green Book”2 

E1 elimination unimolecular    317 page 158 

SN1 substitution nucleophilic unimolecular  317 page 163 

SN2  substitution nucleophilic bimolecular   317 page 163 

SNi  substitution nucleophilic intramolecular  317 page 163 
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Appendix B: IUPAC “Red Book” polyhedral symbols 

and structures. 

The following tables are reproduced from the IUPAC Red Book.1  
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Appendix C: Mathematica Script for Assigning 

parvo/amplo 

C.1 Summary 

Given the atomic coordinates for a pair of akamptisomers, the following script written 

for Mathematica version 11.3.0.01 and implementing the parvo/amplo definitions as outlined 

in Sections 4.4.4. 

C.2 Mathematica script 

Molecular coordinates for akamptisomers are to be provided in the current directory 

in .xyz format, named “filename1.xyz” and “filename2.xyz”. 

Two sets of atomic indices, X, Y, Z, Exs, Ezs corresponding to each of these files are 

to be provided as integers: X, Y, Z and integer lists: Exs and Ezs (see example below).  For 

autoakamptisomeric systems, only one set of coordinates and atomic indices need be 

provided.  The default angle ratio cut-off is set to ⅔ but can be arbitrarily set. 

 

 

 

 

 

 

 

 

 

 

 

1 Wolfram Research, I. Mathematica, 11.3; Wolfram Research, Inc.: Champaign, 

Illinois, 2018.  



Appendix C 

 

293 

 

ProjectedElist[coord_,{X_,Y_,Z_,Exs_,Ezs_}]:= 

   Module[{Ex,Ez,pv1,pv2,plane,d}, 

      Ex = Mean[coord⟬Exs⟭]; 

      Ez = Mean[coord⟬Ezs⟭]; 

      pv1 = coord⟬X⟭ - coord⟬Y⟭; 

      pv2 = coord⟬Z⟭ - coord⟬Y⟭; 

      plane = Normalize[Cross[pv1,pv2]]; 

      d = -Total[plane(coord⟬Y⟭)]; 

      #-((#-coord⟬Y⟭plane).plane&/@{Ex,Ez}] 

VectAngs[coord_,{X_,Y_,Z_,Exs_,Ezs_}]:=  

   Module[{Ex,Ez},  

      {Ex, Ez} = ProjectedElist[coord,{X,Y,Z,Exs,Ezs}]; 

      {VectorAngle[coord⟬X⟭-Ex,Ez-Ex]/Degree,VectorAngle[coord⟬Z⟭-Ez,Ex-Ez]/Degree}] 

AssignPA[n_,cut_]:= “parvo”/;n<=cut; 

AssignPA[n_,cut_]:= “amplo”/;n>=1/cut; 

AssignPA[n_,cut_]:= Null/;cut<n<1/cut; 

AssignPA[n_]:= AssignPA[n,2/3] 

ParvoAmplo[filename1_,{X1_,Y1_,Z1_,E1xs_,E1zs_},filename2_,{X2_,Y2_,Z2_,E2xs_,E2zs_},cut_]:=  

   Module[{co1,co2,angs1,angs2}, 

      co1 = Import[filename1,{"VertexCoordinates"}]; 

      co2 = Import[filename2,{"VertexCoordinates"}]; 

      angs1 = VectAngs[co1,{X1,Y1,Z1,E1xs,E1zs}]; 

      angs2 = VectAngs[co2,{X2,Y2,Z2,E2xs,E2zs}]; 

      {Table[Round[angs1⟬i⟭/angs2⟬i⟭,0.01],{i,2}],Table[AssignPA[angs1⟬i⟭/angs2⟬i⟭,cut],{i,2}] }// 

      TableForm] 

ParvoAmplo[filename1_,{X1_,Y1_,Z1_,E1xs_,E1zs_},filename2_,{X2_,Y2_,Z2_,E2xs_,E2zs_}]:= 

   ParvoAmplo[filename1,{X1,Y1,Z1,E1xs,E1zs},filename2,{X2,Y2,Z2,E2xs,E2zs},2/3] 

ParvoAmplo[filename_,{X_,Y_,Z_,Exs_,Ezs_}]:= 

   ParvoAmplo[filename,{X,Y,Z,Exs,Ezs},filename,{X,Y,Z,Exs,Ezs},2/3] 

ParvoAmplo[filename_,{X_,Y_,Z_,Exs_,Ezs_},cut_]:= 

   ParvoAmplo[filename,{X,Y,Z,Exs,Ezs},filename,{X,Y,Z,Exs,Ezs,cut] 

 

Example 

              

           mol                                 ak_mol 

 

In[1]=   ParvoAmplo[“mol.xyz”,{1,2,3,{5,6},{8,9}},“ak_mol.xyz”,{1,2,3,{5,6},{8,9}},2/3] 

 ParvoAmplo[“ak_mol.xyz”,{1,2,3,{5,6},{8,9}},“mol.xyz”,{1,2,3,{5,6},{8,9}},2/3] 

Out[1]=   10.23 1. 

 amplo Null 

   

Out[2]=   0.10 0.97 

 parvo Null 
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Appendix D: Reproduced NMR data 

Experimental NMR data from “A new fundamental type of conformational 

isomerism”, Peter J. Canfield, Iain M. Blake, Zheng-Li Cai, Ian J. Luck, Elmars Krausz, Rika 

Kobayashi, Jeffrey R. Reimers & Maxwell J. Crossley, Nature Chemistry volume 10, pages 

615–624 (2018).7 

Table D.1 Experimental 1H chemical shift assignments for racemates (Fr1 + Fr2) and (Fr3 + Fr4) at 

the temperatures indicated.  “Note” indicates the number of H atoms and the signal description.   

(Fr1 + Fr2) at 260 K  (Fr3 + Fr4) at 240 K 
1H δ / ppm Assignment Note a  1H δ / ppm Assignment Note a 

1.252 t-Bu (Ar15) 3, broad  1.373 t-Bu (Ar20) 3 

1.351 t-Bu (Ar20) 3  1.491 t-Bu (Ar15) 3, broad 

1.458 t-Bu (Ar15) 3, broad  1.530 t-Bu (Ar5) 3 

1.506 t-Bu (Ar5) 3  1.539 t-Bu (Ar10) 3 

1.551 t-Bu (Ar10) 3  1.593 t-Bu (Ar5) 3 

1.554 t-Bu (Ar10) 3  1.595 t-Bu (Ar10) 3 

1.558 t-Bu (Ar5) 3  1.618 t-Bu (Ar20) 3 

1.650 t-Bu (Ar20) 3  1.652 t-Bu (Ar15) 3, broad 

7.75 o-Ar15 1, very broad  7.795 o-Ar15 1, broad 

7.820 p-Ar5 1  7.818 p-Ar15 1 

7.840 

p-Ar15, H26, 

H27, H28 
4 

 7.883 p-Ar10 1 

7.855  7.889 p-Ar5 1 

7.870  7.910 H26 1, m 

7.875  

7.975 
H27, H28, 

p-Ar20 
3 7.780 p-Ar10 1  

7.950 o-Ar20 1  

8.030 p-Ar20 1  8.036 o-Ar5 1 

8.100 o-Ar5 1  8.068 o-Ar20 1 

8.110 H29 1, m  8.182 o-Ar10 1 

8.180 o-Ar10 1  8.225 o-Ar5 1 

8.195 o-Ar5 1  8.228 o-Ar20 1 

8.270 o-Ar10 1  8.258 H29 1, m 

8.320 o-Ar20 1  8.299 o-Ar10 1 

8.60 o-Ar15 1, very broad  8.636 o-Ar15 1, broad 

8.665 H7 1, d  8.668 H12 1, d 

8.720 H8 1, d  8.724 H17 1, d 

8.925 H12 1, d  8.819 H13 1, d 

9.020 H13 1, d  8.865 H18 1, d 

9.035 H17 1, d  8.891 H7 1, d 

9.215 H18 1, d  9.048 H8 1, d 

a: number of protons, m = multiplet, d = doublet. 
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Table D.2  Experimental 13C chemical shifts and assignments for the 50 aromatic carbons for each of 

racemates (Fr1 + Fr2) and (Fr3 + Fr4) at the temperatures indicated.  “Note” indicates the number of 

C atoms and the signal description.   

(Fr1 + Fr2) at 260 K  (Fr3 + Fr4) at 240 K 
13C δ / ppm Assignment Number of C  13C δ / ppm Assignment Number of C 

120.601 C20 1, sharp  116.317 C5 1, sharp 

120.830 p-Ar20 1  120.484 C20 1, sharp 

121.438 p-Ar10 1  120.914 p-Ar20 1 

121.585 p-Ar15 1  121.360 p-Ar(5/10) 1 

122.086 p-Ar5 1  121.695  1 

123.207 C7 1  122.011 p-Ar15 1 

123.652 C5/C15 1  124.218 C13 1 

123.713 C5/C15 1  124.890 C17 1 

125.716 C13 1  125.514 C7 1 

126.278 C10 1, sharp  126.366 C10 1, sharp 

126.539 C17 1  127.724 o-Ar20 1 

128.497 o-Ar15 1, very broad  129.243 o-Ar5 1 

129.807 o-Ar10 1  129.577 o-Ar15 1, very broad 

129.834 C(26/27/28) 1  129.677 o-Ar10 1 

130.016 o-Ar15 1, very broad  129.756 o-Ar(5/20) 1 

130.056 o-Ar5 1  130.093 C29 1 

130.103 C(26/27/28)/C29 1  130.231  1 

130.254 C(26/27/28)/C29 1  130.415 C27/C28 1 

130.297 o-Ar5 1  130.434 C27/C28 1 

130.614 o-Ar20 1  130.863 C26 1 

130.733 C(26/27/28) 1  131.010 o-Ar(5/10/20) 1 

131.157 o-Ar10 1  131.029 o-Ar15 1, very broad 

132.133 o-Ar20 1  133.866  1 

135.389  1  133.882  1 

136.567  1  133.961  1 

136.704 C8 1  134.448 C18 1 

137.170 C12 1  134.841  1 

137.828 C18 1  135.430 C12 1 

139.169  1  136.275  1 

140.543  1  138.456 C8 1 

140.800  1  140.696  1 

141.130 C16/C19 1  140.714 C9 1 

141.393  1  141.122 C25a/C29a 1 

141.535  1  141.293 C25a/C29a 1 

141.547 C14 1  144.407 C6 1 

141.593  1  145.926  1 

143.366  1  146.028  1 

145.699 C6/C9 1  146.043  1 

146.003 C16/C19 1  146.089 C11/C14 1 

146.017  1  146.506 C16 1 

146.285  1  146.801 C11/C14 1 

146.607  1  147.759  1 

147.919  1  148.083  1 

148.227  1  148.667  1 

148.310  1  149.277  1 

149.355  1  149.298  1 

149.397  1  149.380  1 

149.544  1  149.985 C19 1 

149.996 C6/C9 1  150.555  1 

150.752  1  151.089  1 
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Table D.3  Experimental 19F chemical shift assignments for racemates (Fr1 + Fr2) and (Fr3 + Fr4) at 

the temperatures indicated adopting the parvo and amplo descriptors.  “Note” indicates the number of 

F atoms and the signal description.   

(Fr1 + Fr2) at 270 K  (Fr3 + Fr4) at 240 K 

19F δ / ppm Assignment Note a  19F δ / ppm Assignment Note a 

−141.02 (amplo)-F 1, s  −141.11 (amplo)-F 1, s 

−162.71 (parvo)-F 1, s  −160.83 (parvo)-F 1, s 

a: s = singlet 

 

 

Figure D.1  Atom locants used for the NMR assignments. 
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 Figure. D.2  Experimental 1H NMR spectrum of (Fr1 + Fr2).  Annotations indicate peak assignments. 
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Figure D.3  Experimental 13C NMR spectrum of (Fr1 + Fr2).  Annotations indicate peak assignments. 

 

 

 

Figure D.4  Experimental 19F NMR spectrum of (Fr1 + Fr2).  Annotations indicate peak assignments. 
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Figure D.5  Experimental 1H NMR spectrum of (Fr3 + Fr4).  Annotations indicate peak assignments. 
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Figure D.6 Experimental 13C NMR spectrum of (Fr3 + Fr4).  Annotations indicate peak assignments. 

 

 

 

Figure D.7  Experimental 19F NMR spectrum of (Fr3 + Fr4).  Annotations indicate peak assignments. 
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Appendix E: Distances from the macrocycle ring centre 

O, of the two hydrogen bonders for DFT-optimised 

genera structures 

Table E.1  Distances from the macrocycle ring centre O, of the two hydrogen bonders for distal structures 

genera optimised using B2PLYPD3 (black values) and B3LYP-D3(BJ) (italic red values).  The distances 

support the criterion for distal structures having both r1, r2 > 0.95. 
 

Distal structures 

# Structure 
Distance/ Å 

 # Structure 
Distance/ Å 

O – H1 O – H2 O – H1 O – H2 

1 

 

1.525 

1.485 

1.525 

1.485 
 6 

 

1.182 

1.171 

1.234 

1.097 

2 

 

1.155 

1.146 

1.155 

1.146 
 8 

 

1.422 

1.412 

1.422 

1.412 

3 

 

1.104 

1.097 

1.104 

1.097 
 10 

 

1.213 

1.196 

1.213 

1.196 

4 

 

1.846 

1.763 

1.198 

1.187 
 11 

 

1.275 

1.265 

1.275 

1.265 
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Table E.2  Distances from the macrocycle ring centre O, of the two hydrogen bonders for cross-bonded 

structures genera optimised using B2PLYPD3 (black values) and B3LYP-D3(BJ) (italic red values).  The 

distances support the criterion for cross-bonded structures not satisfying the condition of both r1, r2 > 0.95. 

Cross-bonded structures 

# Structure 
Distance/ Å 

 # Structure 
Distance/ Å 

O – H1 O – H2 O – H1 O – H2 

5 

 

1.530 

1.552 

0.438 

0.434 
 19 

 

0.856 0.685 

7 

 

1.444 

1.516 

0.290 

0.375 
 20 

 

0.700 0.570 

9 

 

1.341 

1.301 

0.466 

0.454 
 21 

 

0.796 0.532 

12 

 

0.556 

0.588 

0.556 

0.588 
 22 

 

0.748 0.748 

13 

 

0.816 

0.826 

0.816 

0.826 
 23 

 

0.596 0.596 

14 

 

1.337 0.480  24 

 

1.721 

1.717 

0.303 

0.336 

15 

 

1.578 0.426  25 

 

1.417 0.484 

16 

 

1.974 0.486  26 

 

0.854 0.522 

17 

 

1.284 0.475  27 

 

0.761 0.601 

18 

 

1.445 0.562  28 

 

0.462 

0.486 

0.462 

0.486 
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Appendix F: Free-Base Porphyrin  

'Distal'-Structure Potential-Energy Surface Explorer 

F.1 Summary 

An interactive app written in Mathematica version 11.3.0.01 by the author of this 

Thesis, Peter Canfield, where any point selected on the distal-structure potential energy 

surface results in the corresponding structure, energy and (1, 2) values are automatically 

generated and displayed.  The app is located in E_File_10. 

F.2 Background and instructions 

The interactive Mathematica app, “Free-Base Porphyrin 'Distal' Structure Potential 

Energy Surface Explorer.cdf”, can be run using the free Wolfram Player available here (for 

Windows, Mac and Linux). 

 

https://www.wolfram.com/player/
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The interactive app shows the potential energy surface for the free-base porphyrin 

“distal” structures along with two views of the corresponding molecular model.  The potential 

energy surface has been generated using the adaptive coordinate system described in Section 

S2. 

The right side of the window shows two different views of the interpolation-

approximated Density-Functional Theory (B3LYP-D3(BJ)/6-31G*) structure of free-base 

porphyrin at the corresponding (1, 2) values. The inner H-atoms and their respective  

values are colour coded green and purple for easy identification.  Moving the locator 

crosshairs on the coloured potential energy surface to a new location will generate a 

corresponding structure and display the (1, 2) numerical values and the  

B3LYP-D3(BJ)/6-31G* energy. 

There is a checkbox option to show the location of all stationary points on the surface.  

Printing is supported within the app. 

The displayed structures are generated by quadratic interpolation between all 64 

stationary points on this potential energy surface.  The interpolation requires a regular grid of 

(1,2)-reference values, whereas the stationary points on this surface are significantly 

irregular.  To handle this, a geometric-transform algorithm was developed whereby any 

arbitrary irregular grid of quadrilaterals can be mapped to a regular square grid.  The 

transform, as shown below, allows for the mapping of the actual (1,2)-coordinates (a) on 

the distal-structure potential energy surface onto a “regularized” surface (c).  Local 

perspective linear transforms based on the transform vector map (b) affect the mapping 

process.  The mapped coordinates are then used to interpolate the structure. 

The mapping is not perfect as it exhibits discontinuities along the grid-cell edges, 

especially where the irregular starting grid strongly deviates from regularity (the mapping is 

inhomeomorphic).  Importantly though, the mapping is exact at all stationary points and 

performs well in their vicinity.  Not surprisingly, structural accuracy is least where the 

surface gradient is highest.  Most significantly, the mapping is computationally relatively fast 

and allows for near-real time execution within the app.  The overall result is that the app is 

fast, displayed energies are accurate at the given coordinates, and the structures are 

qualitatively accurate and appropriate for visualization purposes. 
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⇨ 

 

⇨ 

 

a)  Irregular starting grid  b)  Transform vector map  c)  Regular final grid 

 

The B3LYP/6-31G* energies are qualitatively like the higher quality B2PLYP-

D3(BJ) double hybrid energies with the RMS deviation = 9.3 kJ mol-1.  B3LYP free energies 

are approximately 1.5% greater than the double hybrid, implicit solvation free energies with 

the least-squares linear fit shown as the red dashed line: 

12.4314 + 1.01243 ΔG(B2PLYP-D3) 
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F.3 Mathematica script 

Quiet[ 
  str = Interpolation[interdata]; 
  intf = Interpolation[grvalue,InterpolationOrder→3]; 

  {m1,m2,m3} = Graphics/@{Disk[{0,0},1],Triangle[{{0, 
1−

√3

2

2
},{1, 

1−
√3

2

2
},{

1

2
, 

2+
√3

2

4
}}],Polygon[{ 

    {-0.5,-0.5},{0.5,-0.5},{0.5,0.5},{-0.5,0.5}}]}; 
  panel1 = ListDensityPlot[grvalue,Mesh→None,LabelStyle→Directive[■,26],ColorFunction→"Rainbow", 
    ImageSize→360,PlotLegends→Placed[BarLegend[{"Rainbow",{0,421}},LegendLabel→ 
    Style["ΔE / kJ mol-1",Bold,12,FontFamily→"Helvetica"],LegendMarkerSize→350,LabelStyle→ 
    {Bold ,12}],Left],FrameLabel→{Style["ϕ1 / °",■,16,Bold],Style["ϕ2 / °",■,16,Bold]}, 
    FrameStyle→Directive[Bold,Black,13],FrameTicks→{Range[-180,180,45], 
    Range[-180,180,45]},PlotRange→{{-180,180},{-180,180}},ImagePadding→{{56,Automatic},{Automatic, 
    Automatic}}]; 
  panel2 = ListPlot[{statpoints⟬spts0⟭,statpoints⟬spts1⟭,statpoints⟬spts2⟭},Axes→False,PlotStyle→Black, 
    PlotMarkers→Table[{s,0.02},{s,{m1,m2,m3}}],PlotRange→{{-180,180},{-180,180}}]; 
  NCs = {{1,5},{1,8},{2,10},{2,13},{3,15},{3,18},{4,20},{4,23}}; 
  CCs = {{5,6},{5,24},{6,7},{7,8},{8,9},{9,10},{10,11},{11,12},{12,13},{13,14},{14,15},{15,16}, 
    {16,17},{17,18},{18,19},{19,20},{20,21},{21,22},{22,23},{23,24}}; 
  CHs = {{6,25},{7,26},{9,33},{11,27},{12,28},{14,34},{16,29},{17,30},{19,35},{21,31},{22,32}, 
    {24,36}}; 
 
  CellPrint[Cell[BoxData[ToBoxes[Manipulate[ 
    p = transform[mp]; 
    Row[{If[sp,Show[panel1,panel2],panel1], 
      sNHs = DeleteCases[Flatten[Table[If[EuclideanDistance[str[p⟬1⟭,p⟬2⟭]⟬i⟭,str[p⟬1⟭,p⟬2⟭]⟬j⟭]<=120, 
        {i,j}],{j,1,4},{i,37,38}],1],Null]; 
      pNHs = DeleteCases[Flatten[Table[If[120<EuclideanDistance[str[p⟬1⟭,p⟬2⟭]⟬i⟭,str[p⟬1⟭, 
        p⟬2⟭]⟬j⟭]<=180,{i,j}],{j,1,4},{i,37,38}],1],Null]; 
      model = Join[Table[{■,Specularity[□,100],Opacity[1],Ball[str[p⟬1⟭,p⟬2⟭]⟬i⟭,26]},{i,1,4}], 
        Table[{■,Specularity[□,100],Opacity[1],Ball[str[p⟬1⟭,p⟬2⟭]⟬i⟭,26]},{i,5,24}], 
        Table[{■,Specularity[□,100],Opacity[1],Ball[str[p⟬1⟭,p⟬2⟭]⟬i⟭,26]},{i,25,36}], 
          {■,Specularity[□,100],Opacity[1],Ball[str[p⟬1⟭,p⟬2⟭]⟬37⟭,40]}, 
          {■,Specularity[□,100],Opacity[1],Ball[str[p⟬1⟭,p⟬2⟭]⟬38⟭,40]}, 
          {■,Specularity[□,100],Opacity[1],Tube[{str[p⟬1⟭,p⟬2⟭]⟬#⟬1⟭⟭,Mean[str[p⟬1⟭,p⟬2⟭]⟬#⟭]},26]}&/@NCs, 
          {■,Specularity[□,100],Opacity[1],Tube[{str[p⟬1⟭,p⟬2⟭]⟬#⟬2⟭⟭,Mean[str[p⟬1⟭,p⟬2⟭]⟬#⟭]},26]}&/@NCs, 
          {■,Specularity[□,100],Opacity[1],Tube[{str[p⟬1⟭,p⟬2⟭]⟬#⟬1⟭⟭,Mean[str[p⟬1⟭,p⟬2⟭]⟬#⟭]},26]}&/@CCs, 
          {■,Specularity[□,100],Opacity[1],Tube[{str[p⟬1⟭,p⟬2⟭]⟬#⟬2⟭⟭,Mean[str[p⟬1⟭,p⟬2⟭]⟬#⟭]},26]}&/@CCs, 
          {■,Specularity[□,100],Opacity[1],Tube[{str[p⟬1⟭,p⟬2⟭]⟬#⟬1⟭⟭,Mean[str[p⟬1⟭,p⟬2⟭]⟬#⟭]},26]}&/@CHs, 
          {■,Specularity[□,100],Opacity[1],Tube[{str[p⟬1⟭,p⟬2⟭]⟬#⟬2⟭⟭,Mean[str[p⟬1⟭,p⟬2⟭]⟬#⟭]},26]}&/@CHs, 
          {■,Specularity[□,100],Opacity[1],Tube[{str[p⟬1⟭,p⟬2⟭]⟬#⟬1⟭⟭,Mean[str[p⟬1⟭,p⟬2⟭]⟬#⟭]},26]}&/@sNHs, 
          {■,Specularity[□,100],Opacity[1],Tube[{str[p⟬1⟭,p⟬2⟭]⟬#⟬2⟭⟭,Mean[str[p⟬1⟭,p⟬2⟭]⟬#⟭]},26]}&/@sNHs, 
          {■,Specularity[□,100],Opacity[1],Tube[{str[p⟬1⟭,p⟬2⟭]⟬#⟬1⟭⟭,Mean[str[p⟬1⟭,p⟬2⟭]⟬#⟭]},12]}&/@pNHs, 
          {■,Specularity[□,100],Opacity[1],Tube[{str[p⟬1⟭,p⟬2⟭]⟬#⟬2⟭⟭,Mean[str[p⟬1⟭,p⟬2⟭]⟬#⟭]},12]}&/@pNHs 
        ]; 
        Column[{Style["ϕ1 = "<>ToString[Round[mp⟬1⟭,.1⟭<>"°",■,16,Bold], 
          Style["ϕ2 = "<>ToString[Round[mp⟬2⟭,.1⟭<>"°",■,16,Bold], 
          Style["E = "<>ToString[Round[intf[mp⟬1⟭,mp⟬2⟭],1⟭<>" kJ mol-1",■,16,Bold], 
          Graphics3D[model,Boxed→False,SphericalRegion→False,Lighting→"Neutral",ViewPoint→Above, 
            ImageSize→150], 
          Graphics3D[model,Boxed→False,SphericalRegion→False,Lighting→"Neutral",ViewPoint→ 
            {0,-3,2},ImageSize→150]},Center]}], 
      {{mp,{90,-90}},Locator}, 
      {{sp,False,"Show stationary points"},{True,False},Checkbox,ControlType→Setter}, 
      SaveDefinitions→True, 
      FrameLabel→{Style[ 
       "B3LYP-D3(BJ)/6-31G* gas-phase structures and energies   \nStationary points: ● - local minima, 
         ▲ - 1st order saddle point, ■ - 2nd order saddle point\n Peter J. Canfield - Thesis, 2021", 
        TextAlignment→Left,12],None, 
      Style["Free-Base Porphyrin 'Distal' Structure – Potential Energy Surface Explorer",■,20],None}⟭⟭ 
  ] 

] 
 

With the following initialised definitions: 
 
transform[mp_]:=Module[{i,j,p},For[i=1,i<=10,i++, 
  For[j=1,j<=10,j++, 
    If[RegionMember[Polygon[{statmesh⟬i,j⟭,statmesh⟬i+1,j⟭,statmesh⟬i+1,j+1⟭,statmesh⟬i,j+1⟭}],mp], 
    {error,lft}=FindGeometricTransform[{gridmesh⟬i,j⟭,gridmesh⟬i+1,j⟭,gridmesh⟬i+1,j+1⟭,gridmesh⟬i,j+1⟭}, 
      {statmesh⟬i,j⟭,statmesh⟬i+1,j⟭,statmesh⟬i+1,j+1⟭,statmesh⟬i,j+1⟭}]; 
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      p=lft[mp]; 
      i=10;j=10; 
    ] 
  ] 
];p] 
 
spts0={17,19,21,37,39,41,43,57,59,61,63,65,79,81,83,85,101,103,105,109}; 
spts1={18,20,26,28,30,32,36,38,40,42,48,50,52,54,58,60,62,64,68,70,72,74,80,82,84,86,90,92,94,96,102,1
04}; 
spts2={25,27,29,31,47,49,51,53,69,71,73,75,91,93,95,97}; 
 
statpoints={{-216.92,-216.88},{-170.64,-213.84},{-140.88,-219.1},{-62.89,-216.81},{-36.72,-216.71}, 
{-13.68,-220.},{52.33,-232.33},{88.89,-226.58},{143.08,-216.88},{189.36,-213.89},{219.12,-219.1}, 
    
   {-213.35,-170.64},{-179.89,-179.89},{-146.63,-189.26},{-66.48,-194.16},{-40.,-190.},{-0.15, 
-179.85},{40.01,-166.32},{66.4,-165.87},{146.65,-170.64},{179.35,-179.32},{213.37,-189.26}, 
    
   {-219.1,-140.9},{-189.79,-146.57},{-143.09,-143.13},{-89.04,-133.41},{-51.68,-128.33},{13.68, 
-139.97},{36.75,-143.38},{62.85,-143.18},{140.9,-140.9},{170.21,-146.57},{216.91,-143.13}, 
    
   {-216.81,-62.85},{-194.01,-66.34},{-133.42,-88.93},{-88.,-87.99},{-46.58,-91.07},{14.15,-113.63}, 
{36.8,-117.17},{89.41,-90.6},{143.19,-62.85},{165.99,-66.34},{226.58,-88.93}, 
    
   {-216.63,-36.76},{-194.62,-40.},{-128.32,-51.66},{-91.,-46.6},{-36.92,-36.87},{9.02,-33.34}, 
{39.09,-39.12},{117.13,-36.81},{143.37,-36.76},{165.38,-40.},{232.34,-52.34}, 
    
   {-220.,-15.},{-179.83,-0.13},{-140.,14.39},{-113.64,14.12},{-33.56,8.},{0.,0.},{33.83,-9.4}, 
{113.63,-14.12},{140.,-13.71},{179.93,0.26},{220.,14.12}, 
    
   {-232.35,52.34},{-165.64,40.},{-143.31,36.68},{-117.14,36.81},{-39.09,39.1},{-8.91,33.32}, 
{36.88,36.93},{91.09,46.58},{128.33,51.67},{194.35,40.},{216.69,36.68}, 
    
   {-226.58,88.94},{-165.87,66.38},{-143.19,62.87},{-89.49,90.5},{-36.8,117.11},{-14.07,113.53}, 
{46.58,91.06},{88.,87.88},{133.42,88.94},{194.13,66.38},{216.81,62.87}, 
    
   {-216.92,143.12},{-170.64,146.16},{-140.88,140.9},{-62.89,143.19},{-36.72,143.29},{-15.,140}, 
{51.58,128.33},{88.89,133.42},{143.08,143.12},{189.36,146.16},{216.,143.97}, 
    
   {-213.35,189.36},{-179.89,180.68},{-146.63,170.74},{-66.48,165.84},{-40.,167.14},{-0.15,180.15}, 
{40.5,188.},{66.4,194.13},{146.65,189.36},{180.11,180.11},{213.37,170.74}, 
    
   {-219.1,219.1},{-189.79,213.43},{-143.09,216.87},{-89.04,226.59},{-52.34,232.34},{13.68,220.03}, 
{36.75,216.62},{62.85,216.82},{140.9,219.1},{170.21,213.43},{216.91,216.87}}; 
gridpoints={{-225,-225},{-180,-225},{-135,-225},{-90,-225},{-45,-225},{0,-225},{45,-225},{90,-225}, 
{135,-225},{180,-225},{225,-225},{-225,-180},{-180,-180},{-135,-180},{-90,-180},{-45,-180},{0,-180}, 
{45,-180},{90,-180},{135,-180},{180,-180},{225,-180},{-225,-135},{-180,-135},{-135,-135},{-90,-135}, 
{-45,-135},{0,-135},{45,-135},{90,-135},{135,-135},{180,-135},{225,-135},{-225,-90},{-180,-90}, 
{-135,-90},{-90,-90},{-45,-90},{0,-90},{45,-90},{90,-90},{135,-90},{180,-90},{225,-90},{-225,-45}, 
{-180,-45},{-135,-45},{-90,-45},{-45,-45},{0,-45},{45,-45},{90,-45},{135,-45},{180,-45},{225,-45}, 
{-225,0},{-180,0},{-135,0},{-90,0},{-45,0},{0,0},{45,0},{90,0},{135,0},{180,0},{225,0},{-225,45}, 
{-180,45},{-135,45},{-90,45},{-45,45},{0,45},{45,45},{90,45},{135,45},{180,45},{225,45},{-225,90}, 
{-180,90},{-135,90},{-90,90},{-45,90},{0,90},{45,90},{90,90},{135,90},{180,90},{225,90},{-225,135}, 
{-180,135},{-135,135},{-90,135},{-45,135},{0,135},{45,135},{90,135},{135,135},{180,135},{225,135}, 
{-225,180},{-180,180},{-135,180},{-90,180},{-45,180},{0,180},{45,180},{90,180},{135,180},{180,180}, 
{225,180},{-225,225},{-180,225},{-135,225},{-90,225},{-45,225},{0,225},{45,225},{90,225}, 
{135,225},{180,225},{225,225}}; 
 
statmesh=Table[statpoints[[11j+i]],{j,0, 10},{i,11}]; 
gridmesh=Table[gridpoints[[11j+i]],{j,0, 10},{i,11}]; 

 

interdata = Molecular structure Cartesian coordinates for all stationary points on the potential energy surface 

over the regularised domain 1 and 2 ∈ [-225°,225°] in 45° increments.  Format is 

{…{{1,2,},{{x1,y1,z1},…,{ x38,y38,z38}}}…} 

 

grvalue = List of points defining the B3LYP-D3(BJ)/6-31G* calculated potential energy surface in kJ mol-1 

over the non-regularised domain 1 and 2 ∈ [-200°,200°] in 2° increments.  Format is {…{1,2,E}…} and is a 

2-level list. 

 

1 Wolfram Research, I. Mathematica, 11.3; Wolfram Research, Inc.: Champaign, 

Illinois, 2018.



Appendix G 

308 

 

 

Appendix G: Software for generating families, genera, 

and species for 𝒮𝑚ℬ𝑛 partitioned chemical systems 

G.1 Software to generate families, genera, and species for 𝓢𝒎𝓑𝒏 with m, n ≤ 8 

E_File_11 is a .zip file containing the Fortran source code written by Professor 

Jeffrey R. Reimers, and associated PC executable (for any 32-bit Windows platform), for the 

determination of the number of families, genera (assuming non-dissociating and non-

differentiable binders and 𝐷𝑚ℎ site symmetry), and species for 𝒮𝑚ℬ𝑛 with m, n ≤ 8.  This 

restriction is caused by the 64-bit encoding used to store the structures internally.  When both 

m and n are large, the requisite computer time and disk-space to store the results, increases 

superexponentially.  Basics checks on the program’s accuracy can be made by comparing the 

total number of families and species to the results from Eqns. (3a) and (4a) in Chapter 6.(see 

Table G.1 and Table G.3).  The program has three modes of use: 

genus_direct <m> <n> 

produces two ASCII text files named “genera_Dnh_SmBn.txt” listing the families, genera, 

and number of species per genera, as well as “species_SmBn.txt” containing the families, 

their genera, and the total number of species in each genus. 

genus_direct <m> <n> n 

as above, but only the file “species_SmBn.txt” is produced, saving disk space. 

genus_direct <m> <n> g 

as above but only the file “species_SmBn.txt” is produced, saving disk space, and also the 

number of species per genera is not calculated, saving CPU time. 

Results are also included in E_File_11 for all the values of m and n listed in Table 

G.2.  An abbreviated notation for genera and species is used compared to the IUPAC-

consistent notation described in the main text and SI Section S1.  In this, the  notation is not 

applied as this information is also included in the family specification.  Again, the notation 

lists bonds from the linkers, specified in order and separated by colons, to the numbered sites.  

Also, bond-hole notation flagged by “\” is used when the number of bonds exceeds m/2.  This 

notation can be very compact, e.g., the name for genus 28 is simply “\:\” (there are no bond 

holes as each bonder links to each site, hence no site numbers appear in the name). 
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G.2 Numbers of families for Dmh bonding-site symmetric 𝓢𝒎𝓑𝒏 partitioned 

systems under the constraint of non-dissociation 

The number of families 𝑁𝑓 =  
(𝑚+𝑛−1)!

(𝑚−1)!  𝑛! 
, of Dmh bonding-site symmetric 𝒮𝑚ℬ𝑛 

partitioned systems under the constraint of non-dissociation is shown in Table G.1. 

Table G.1  The number of families Nf, of Dmh bonding-site symmetric 𝒮𝑚ℬ𝑛  partitioned systems under the 

constraint of non-dissociation. 

m \ n  1 2 3 4 5 6 7 8  

  1 1 1 1 1 1 1 1 1  

  2 2 3 4 5 6 7 8 9  

  3 3 6 10 15 21 28 36 45  

  4 4 10 20 35 56 84 120 165  

  5 5 15 35 70 126 210 330 495  

  6 6 21 56 126 252 462 792 1 287  

  7 7 28 84 210 462 924 1 716 3 003  

  8 8 36 120 330 792 1 716 3 432 6 435  

 

G.3 Numbers of genera for Dmh bonding-site symmetric 𝓢𝒎𝓑𝒏 partitioned 

systems under the constraint of non-dissociation 

The number of genera 𝑁𝑔 of Dmh bonding-site symmetric 𝒮𝑚ℬ𝑛 partitioned systems 

under the constraint of non-dissociation, as determined using the software provided in 

E_File_11a is shown in Table G.2. 

Table G.2  The number of genera Ng of Dmh bonding-site symmetric 𝒮𝑚ℬ𝑛 partitioned systems under the 

constraint of non-dissociation, as determined using the software provided. 

m \ n  1 2 3 4 5 6 7 8  

  1 1 1 1 1 1 1 1 1  

  2 2 4 6 9 12 16 20 25  

  3 3 9 23 51 103 196 348 590  

  4 5 28 124 494 1 726 5 476 15 876 42 696  

  5 7 70 630 4 950 33 474 197 778    

  6 12 224 3 969 62 100 814 826     

  7 17 669 25 725 817 037      

  8 29 2 269 177 771       

a: the number of species in each genus (except for those in blue italics), and their names, are also included in the 

E_File_11. 
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G.4 Numbers of species for Dmh bonding-site symmetric 𝓢𝒎𝓑𝒏 partitioned 

systems under the constraint of non-dissociation 

The number of species Ns = (2m – 1)n of Dmh bonding-site symmetric 𝒮𝑚ℬ𝑛 

partitioned systems under the constraint of non-dissociation is shown in Table G.3. 

Table G.3  The number of species Ns of Dmh bonding-site symmetric 𝒮𝑚ℬ𝑛 partitioned systems under the 

constraint of non-dissociation. 

m \ n  1 2 3 4 5 6 7 8  

  1 1 1 1 1 1 1 1 1  

  2 3 9 27 81 243 729 2 187 6 561  

  3 7 49 343 2 401 16 807 117 649 823 543 5 764 801  

  4 15 225 3 375 50 625 759 375 11 390 625 170 859 375 2 562 890 625  

  5 31 961 29 791 923 521 28 629 151 887 503 681     2.8  1010     8.5  1011  

  6 63 3969 250 047 15 752 961 992 436 543     6.3  1010     3.9  1012     2.5  1014  

  7 127 16 129 2 048 383 260 144 641     3.3  1010     4.2  1012     5.3  1014     6.8  1016  

  8 255 65 025 16 581 375 4 228 250 625     1.1  1012     2.7  1014     7.0  1016     1.8  1019  

 

 

G.5 Numbers of families Nf for Dmh bonding-site symmetric 𝓢𝒎𝓑𝒏 partitioned 

systems under the constraint of non-dissociation when the maximum number of 

bonds formed to any site is limited to 2 

Table G.4  The number of families Nf for Dmh bonding-site symmetric 𝒮𝑚ℬ𝑛 partitioned systems under the 

constraint of non-dissociation when the maximum number of bonds formed to any site is limited to 2. 

m \ n  1 2 3 4 5 6 7 8  

  1 1 1 - - - - - -  

  2 2 3 - - - - - -  

  3 3 6 6 - - - - -  

  4 4 10 13 11 - - - -  

  5 5 15 24 24 18 - - -  

  6 6 21 40 46 39 29 - -  

  7 7 28 61 80    -  

  8 8 36 89       
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G.6 Numbers of genera Ng for Dmh bonding-site symmetric 𝓢𝒎𝓑𝒏 partitioned 

systems under the constraint of non-dissociation when the maximum number of 

bonds formed to any site is limited to 2 

Table G.5  The number of genera Ng for Dmh bonding-site symmetric 𝒮𝑚ℬ𝑛 partitioned systems under the 

constraint of non-dissociation when the maximum number of bonds formed to any site is limited to 2.a 

m \ n  1 2 3 4 5 6 7 8  

  1 1 1 - - - - - -  

  2 2 4 - - - - - -  

  3 3 9 10 - - - - -  

  4 5 28 57 64 - - - -  

  5 7 70 281 524 476 - - -  

  6 12 224 1 665 5 160 7 455 5 907 - -  

  7 17 669 9 654 50 468    -  

  8 29 2 269 59 548       

a: the number of species in each genus (except for those in italics owing to size limitations), and their names, are 

also included in E_File_11. 

 

 

G.7 Numbers of species Ns for Dmh bonding-site symmetric 𝓢𝒎𝓑𝒏 partitioned 

systems under the constraint of non-dissociation when the maximum number of 

bonds formed to any site is limited to 2 

Table G.6  The number of species Ns for Dmh bonding-site symmetric 𝒮𝑚ℬ𝑛 partitioned systems under the 

constraint of non-dissociation when the maximum number of bonds formed to any site is limited to 2.a 

m \ n  1 2 3 4 5 6 7 8  

  1 1 1 - - - - - -  

  2 3 9 - - - - - -  

  3 7 49 174 - - - - -  

  4 15 225 1 680 6 510 - - - -  

  5 31 961 13 830 99 840 401 310 - - -  

  6 63 3 969 105 552 1 325 286 9 055 260 369 98 100 - -  

  7 127 16 129 774 774 16 290 792    -  

  8 255 65 025  5 568 960       
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G.8 Numbers of families Nf for Dmh bonding-site symmetric 𝓢𝒎𝓑𝒏 partitioned 

systems under the constraint of non-dissociation when the maximum number of 

bonds formed to any site is limited to 1 

Table G.7  The number of families Nf for Dmh bonding-site symmetric 𝒮𝑚ℬ𝑛 partitioned systems under the 

constraint of non-dissociation when the maximum number of bonds formed to any site is limited to 1. 

m \ n  1 2 3 4 5 6 7 8  

  1 1 - - - - - - -  

  2 2 1 - - - - - -  

  3 3 2 1 - - - - -  

  4 4 4 2 1 - - - -  

  5 5 6 4 2 1 - - -  

  6 6 9 7 4 2 1 - -  

  7 7 12 11 7 4 2 1 -  

  8 8 16 16 12 7 4 2 1  

 

 

G.9 Numbers of genera Ng for Dmh bonding-site symmetric 𝓢𝒎𝓑𝒏 partitioned 

systems under the constraint of non-dissociation when the maximum number of 

bonds formed to any site is limited to 1 

Table G.8  The number of genera Ng for Dmh bonding-site symmetric 𝒮𝑚ℬ𝑛  partitioned systems under the 

constraint of non-dissociation when the maximum number of bonds formed to any site is limited to 1. 

m \ n  1 2 3 4 5 6 7 8  

  1 1 - - - - - - -  

  2 2 1 - - - - - -  

  3 3 2 1 - - - - -  

  4 5 7 3 1 - - - -  

  5 7 14 11 3 1 - - -  

  6 12 39 43 20 4 1 - -  

  7 17 88 148 92 28 4 1 -  

  8 29 236 555 500 199 43 5 1  
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G.10 Numbers of species Ns for Dmh bonding-site symmetric 𝓢𝒎𝓑𝒏 partitioned 

systems under the constraint of non-dissociation when the maximum number of 

bonds formed to any site is limited to 1 

Table G.9  The number of species Ns for Dmh bonding-site symmetric 𝒮𝑚ℬ𝑛 partitioned systems under the 

constraint of non-dissociation when the maximum number of bonds formed to any site is limited to 1. 

m \ n  1 2 3 4 5 6 7 8  

  1 1 - - - - - - -  

  2 3 2 - - - - - -  

  3 7 12 6 - - - - -  

  4 15 50 60 24 - - - -  

  5 31 180 390 360 120 - - -  

  6 63 602 2 100 3 360 2 520 720 - -  

  7 127 1 932 10 206 25 200 31 920 20 160 5 040 -  

  8 255 6 050 46 620 166 824 317 520 332 640 181 440 40 320  
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Appendix H: 𝒮𝑚ℬ𝑛 partitioned Polytope Formalism of 

constitutional isomerism graphing software 

This software, written in Mathematica version 11.3.0.0,1 is found in E_File_12 and is 

named “SmBn partitioned Polytope Formalism of constitutional isomerism graphing.nb”.  It 

reads the species data files written by the software described in Appendix G to construct all 

possible concerted unimolecular interconversion pathways.   The program begins with three 

variables that must be set (highlighted in yellow below): 

 

1. The working-directory path.  If you paste from the clipboard between the 

bounding quote marks a dialog window will pop-up.  Select “Yes”. 

 

 

 
 

If manually entering the path, then use two backslashes “\\” to indicate any 

backslash character found in the path name. 

The “species_SmBn.txt” file generated by the Fortran program E_File_11 

described in Appendix G.  This .txt file must be located in the working directory. 

 

2. Atom locant names for each of the m 𝒮 atoms.  These are used to generate 

application specific and chemically sensible topological-polytope species names. 



Appendix H 

315 

 

 

After these variables are set press <SHIFT> + <ENTER> to execute the block of code 

which will produce an interactive panel as shown below.  The controls allow the user to 

customise and optimise the outputs. 

1. The graph vertex layout options are the 12 most useful ways for arranging 

(“embedding” – in this context this has a different meaning to that given in 2.4.9) 

the graph vertices for display.  “SpringElectricalEmbedding” is generally the most 

useful and set as the default.  It should be noted that the embedding layouts are not 

unique for a given set of genera with the displayed results occasionally differing 

depending upon the order in which the genera are selected.   

 

2. Checkboxes corresponding to the total number of genera found in the 

“species_SmBn.txt” file allow the user to select any set of genera to use in 

constructing the graphs. 

 

3. The graph vertex label font size can be set using the slider or typing directly into 

the box.  Use this to improve the readability of the outputs. 

 

4. The image size sets the width size, in pixels, of the graphs.  Whilst the graph vertex 

label size remains fixed, a graph that has dense and overlapping labels and/or edges 

can be made more readable by increasing the image size.  This setting can be made 

using the slider control or by manually entering any positive integer value in the 

associated field 

 

5. “Root file name for saving” is text that is used as a prefix when saving the 

autogenerated output files. 

 

6. Three “save” buttons for saving each of the first-, second- and combined-order 

motions graphs, respectively.   
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First-order motions correspond to graph edges connecting two graph vertices related 

by a single topological change at a single centre.  The first-order motions graph is shown in 

the first panel.   

Second-order motions correspond to edges connecting two graph vertices related by a 

single topological change at two centres simultaneously.  The second-order motions graph is 

shown in the second panel.   

The third panel shows the graph made by combining both first- and second-order 

motions. 

In each of the panels there appears the details of the graph along with the following 

properties: Whether the graph is Hamiltonian, Eulerian or planar, its radius and diameter, and 

graph density. 

When the “save” control buttons are pressed the contents of the corresponding panel 

is saved to the working directory as a .pdf file along with the graph in the .gxl format, the 

edge and vertex lists as .txt files, and the adjacency and distance matrices as .dat files 

(ordered as per the vertex list file). 
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Example results include: 

  

 

Figure H.1  Distal structures (genera 1, 2, 3, 4, 6, 8, 10, and 11) first-order motions graph.  First order motions 

involve a single bond-topology change at a single centre.  They connect local minima to transition states, 

transition states to 2nd-order saddle points, etc.  
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This distal-structures first-order motions graph can be mapped onto the potential 

energy surface (Chapter 6 main text Figure 6.8 and Figure 6.10) and is shown in (a) below.  

(a)  

  

(b) 

  

 

Every graph vertex represents a structure with each connected by four graph edges 

representing possible reaction paths to/from other structures.  (b) Further, the periodicity of 

both 1 and 2 means this potential energy surface and spanning graph can be mapped onto a 

torus with parametric form given by: 

( 
𝑥
𝑦
𝑧

 ) =  (

(𝑅 +  𝑟 Cos
2

) Cos
1

(𝑅 +  𝑟 Cos
2

) Sin
1

𝑟 Sin
2

) 

 

where R is the “outer” radius of the torus and r the inner-tubular radius, here set to 2 and 1, 

respectively.  Two different views are given in (b) with the graph vertices labelled by their 

corresponding genus number. 
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Figure H.2  Distal structures (genera 1, 2, 3, 4, 6, 8, 10, and 11) first- and second-order motions graph.  Second-

order motions involve the simultaneous bond-topology change at two centres.  Second-order motions will 

connect local minima to a second-order saddle points, etc.  Note the implied toroidal form.  All vertices are of 

degree eight split into four first-order motion edges and four second-order motion edges. 
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Separately graphed first order motions and second-order motions for genera 2, 3 and 6 (cis, trans and linking 

TS). 

 

Figure H.3  Combined graph of first order motions and second-order motions for genera 2, 3 and 6 (cis, trans 

and linking TS). 
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Figure H.4  First-order motions for genera 1, 2, 3, 4 and 6 (gem, cis, trans, first-order distal TS structures only). 
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Output from this software for all 225 species (genera 1 – 28) for the Dmh bonding-site 

symmetric 𝒮4ℬ2 partitioned system under the constraint of non-dissociation and comprised of 

the following 18 files: 

a. “S4B2_genera{1-28}_1.pdf”: a high-resolution pdf file for all first-order motions. 

b. “S4B2_genera{1-28}_1.gxl”: first-order motions graph in .gxl format. 

c. “S4B2_genera{1-28}_Vertex_List_1.txt” first-order motions graph vertex list as a .txt file. 

d. “S4B2_genera{1-28}_edges_1.txt” first-order motions graph vertex list as a .txt file. 

e. “S4B2_genera{1-28}_Distance_Matrix_1.dat” the 225 ⨯ 225 first-order motions graph 

distance matrix as a .dat file.  The column/row order follows the order in the vertex list file 

(c). 

f. “S4B2_genera{1-28}_Adjacency_Matrix_1.dat” the 225 ⨯ 225 adjacency matrix of the 

first-order motions graph as a .dat file.  The column/row order follows the order in the 

vertex list file (c). 

g. “S4B2_genera{1-28}_2.pdf”: a high-resolution pdf file for all second-order motions. 

h. “S4B2_genera{1-28}_2.gxl”: the second-order motions graph in .gxl format. 

i. “S4B2_genera{1-28}_Vertex_List_2.txt” vertex list of the second-order motions graph as 

a .txt file. 

j. “S4B2_genera{1-28}_edges_2.txt” second-order motions graph edge list as a .txt file. 

k. “S4B2_genera{1-28}_Distance_Matrix_2.dat” the 225 ⨯ 225 second-order motions graph 

distance matrix as a .dat file.  The column/row order follows the order in the vertex list file 

(h). 

l. “S4B2_genera{1-28}_Adjacency_Matrix_2.dat” the 225 ⨯ 225 second-order motions 

graph adjacency matrix as a .dat file.  The column/row order follows the order in the 

vertex list file  (i) 

m. “S4B2_genera{1-28}_1_2.pdf”: a high-resolution pdf file for all first- and second-order 

motions. 

n. “S4B2_genera{1-28}_1_2.gxl”: the first- and second-order motions graph in .gxl format. 

o. “S4B2_genera{1-28}_Vertex_List_1_2.txt” first- and second-order motions graph vertex 

list as a .txt file. 

p. “S4B2_genera{1-28}_edges_1_2.txt” first- and second-order motions graph edge list as a 

.txt file. 

q. “S4B2_genera{1-28}_Distance_Matrix_1_2.dat” the 225 ⨯ 225 first- and second-order 

motions graph distance matrix as a .dat file.  The column/row order follows the order in 

the vertex list file (m). 

r. “S4B2_genera{1-28}_Adjacency_Matrix_1_2.dat” the 225 ⨯ 225 first- and second-order 

motions graph adjacency matrix as a .dat file.  The column/row order follows the order in 

the vertex list file (m). 

 

All files are available as the single .zip file E_File_13 

 

 

1. Wolfram Research, I. Mathematica, 11.3; Wolfram Research, Inc.: Champaign, 

Illinois, 2018.
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Appendix I: Adaptive coordinate system for “distal” 

structures and its specification in Gaussian16 

 

The polar coordinate system below was used to describe the positions of the inner H-

atoms of free-base porphyrin when constructing the distal-structure potential energy surface 

shown in Figure 6.8 and Figure 6.10 based upon the 1 and 2 values. 

 

 

 

During a potential energy surface coordinate-scan optimisation, the framework of the 

porphyrin macrocycle distorts in a smooth fashion resulting in the positions of the N atoms 

and the centroid O changing throughout the scan.  As such, this coordinate system is 

inherently adaptive to small changes of 1 and 2 during the coordinate scan. 

Implementation in Gaussian161 was achieved by using the “AddGIC” keyword with 

the following internal coordinates constructed using atoms 1 – 4 as the N atoms and atoms 37 

and 38 being the tautomeric H atoms. The scanned (in radians) coordinates (torH37 and 

torH38) representing 1 and 2, respectively. 
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cx(inactive) = XCntr(1-4) 
cy(inactive) = YCntr(1-4) 
cz(inactive) = ZCntr(1-4) 

Calculate the centroid O of the 4 N atoms 

N1x(inactive) = X(1) - cx 
N1y(inactive) = Y(1) - cy 
N1z(inactive) = Z(1) - cz 
N2x(inactive) = X(2) - cx 
N2y(inactive) = Y(2) - cy 
N2z(inactive) = Z(2) - cz 
H37x(inactive) = X(37) - cx 
H37y(inactive) = Y(37) - cy 
H37z(inactive) = Z(37) - cz 
H38x(inactive) = X(38) - cx 
H38y(inactive) = Y(38) - cy 
H38z(inactive) = Z(38) - cz 

Generate the vectors for the N atoms  
and the tautomeric H atoms using O 

normx(inactive) = 0 - (N1z * N2y) + (N1y * N2z) 
normy(inactive) = (N1z * N2x) - (N1x * N2z) 
normz(inactive) = 0 - (N1y * N2x) + (N1x * N2y) 
sqr(inactive) = normx^2 + normy^2 + normz^2 

Calculate the components of ‖O-N1 ⨯ O-N2‖ to define the 
plane O-N1-N2 

H37dotnorm(inactive) = ((H37x * normx) + (H37y * normy) + (H37z * normz)) / sqr 
H38dotnorm(inactive) = ((H38x * normx) + (H38y * normy) + (H38z * normz)) / sqr 

O-H37 ⦁ ‖O-N1 ⨯ O-N2‖ 
O-H38 ⦁ ‖O-N1 ⨯ O-N2‖ 

projH37x(inactive) = H37x - (H37dotnorm * normx) 
projH37y(inactive) = H37y - (H37dotnorm * normy) 
projH37z(inactive) = H37z - (H37dotnorm * normz) 
projH38x(inactive) = H38x - (H38dotnorm * normx) 
projH38y(inactive) = H38y - (H38dotnorm * normy) 
projH38z(inactive) = H38z - (H38dotnorm * normz) 

Project the vectors O-H37 and O-H38  
onto the plane O-N1-N2  

modN1(inactive) = SQRT(N1x^2 + N1y^2 + N1z^2) 
modH37(inactive) = SQRT(projH37x^2 + projH37y^2 + projH37z^2) 
modH38(inactive) = SQRT(projH38x^2 + projH38y^2 + projH38z^2) 

Calculate the Norm of vectors  
O-N1, proj(O-H37), and proj(O-H38) 

torH37 = ARCCOS(((projH37x * N1x) + (projH37y * N1y) + (projH37z * N1z))/(modN1 * 
modH37)) 
torH38 = ARCCOS(((projH38x * N1x) + (projH38y * N1y) + (projH38z * N1z))/(modN1 * 
modH38)) 

Calculate 1 (torH37) 

and 2 (torH38) 

torH37(StepSize=S,NSteps=N) 
torH38(StepSize=S,NSteps=N) 

Scan 1 (torH37) and 2 (torH38) stepped S radians for N steps 

Bond(1,37) 
Bond(1,38)  
Bond(2,37)  
Bond(2,38)  
Bond(3,37)  
Bond(3,38)  
Bond(4,37)  
Bond(4,38) 

Explicitly add and activate all Ni-H37 and Ni-H38 bond coordinates 

 

 

1. Frisch, M. J., et al. Gaussian 16 Rev. C.01, Wallingford, CT, 2016.
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Appendix J: Ligand-host docking calculations 

Molecule numbers here refer to Chapter 7. 

The ligand-host docking calculations presented in Chapter 7 were performed at The 

University of Sydney, School of Pharmacy by collaborators Prof David Hibbs and Dr 

Jonathan Du. 

J.1 Target protein preparation 

Three crystal structures were used in the molecular docking studies.  The X-ray 

crystal structures of the turkey beta1 adrenergic receptor bound to the antagonist 

cyanopindolol1 (2YCY), and the human Pim-1 kinase in complex with a quinazolinone-

pyrrolodihydropyrrolone inhibitor2 (6MT0), were obtained from the RCSB Protein Data 

Bank (https://www.rcsb.org/)30.  The other structure, MDMB-FUBUNACA, complexed with 

the cannabinoid receptor 1-G protein was graciously supplied by Kumar et al.3 (6N4B); its 

cholesterol ligand retained.   

The protein structures were prepared using preparation and refinement protocols, 

directed by the Protein Preparation Wizard4 embedded in Maestro v11.8.5  This process 

includes assigning bond orders, adding hydrogen atoms, creating zero-order bonds to metals 

and disulphide bonds, deleting water molecules beyond 5 Å from heteroatoms and filling in 

missing side chains using Prime v5.4.6  Missing side chains and atoms were added using 

Prime for the 6N4B system only.  The hydrogen bond network within the protein was also 

optimised with all the groups within the receptor grid bounding box previously removed and 

the protein structure minimised to a root mean square deviation (RMSD) of 0.3 Å using the 

OPLS3 force field.4, 7 

J.2 Ligand preparation 

The initial ligand structures were optimized by LigPrep.8  Mostly, the ligands retained 

their initial configuration after docking.  However, optimisation of the quinazolinone-

pyrrolodihydropyrrolone inhibitor resulted in the amide group deviating quite significantly 

from the expected planar arrangement.  The original ligand 22 had a torsion angle of −14.1°, 

while the O-pontated variants 23 and 24 had torsion angles of −67.2 and 5.3° respectively.  

Hence, in a second step, the quantum mechanical software package Jaguar v10.29 was used to 

https://www.rcsb.org/
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optimise the geometry, with the amide functional group made to adopt a planar conformation; 

the geometries were optimised using the B3LYP-D3 functional with a 6-31G** basis set.  

J.3 Receptor grid generation.   

The Receptor Grid Generation tool in Glide v8.1303 was used to characterise the 

binding site for the docking studies.  Binding sites were defined by a 20  20  20 Å 

bounding box centred at the ligand co-crystallised in the protein.  A Coulomb-van der Waals 

scaling factor of 1.0 for receptor van der Waals radii was applied to protein atoms, with a 

partial charge magnitude of less than 0.25 e. and a similar factor of 0.8 applied to ligand 

atoms with a partial charge magnitude cut-off of less than 0.15 e.  Rotations of hydroxyl and 

thiol groups were not allowed.  

J.4 Docking score.   

The ligands were docked into the receptor grids with Glide v8.1.10  All docking was 

carried out using the Extra Precision (XP) scoring function to refine binding energy 

estimates.  All ligands were docked with flexible states to allow sampling of the effect of 

nitrogen “inversion”, changing ring conformations and non-planar amide functional groups 

were penalised.  The scoring function used was: 

GScore = 0.05*vdW + 0.15*Coul + Lipo + Hbond + Metal + Rewards + RotB + Site, 

Where10 vdW is the van der Waals energy, Coul is the Coulomb energy, Lipo is the 

lipohhilic term, Hbond is the hydrogen-bonding term, Metal, not appropriate here, is the 

metal bonding term, Rewards are a set of defined special features, RotB is a penalty for 

freezing rotatable bonds, and Site depicts polar interactions. 

J.5 Docking free energy.   

PrimeMM-GBSA calculations, combining molecular mechanics (MM) terms with a 

generalised Born and surface area (GBSA) solvent model,11 was utilised to calculate the free 

energy of binding for the ligands.  A water molecule was used as the probe.   The output 

poses from Glide XP docking were used as the geometries for these calculations.  The 

calculations were performed using the variable-dielectric generalised Born (VSGB) solvation 

model and OPLS3 force field.  All residues within 20 Å of the ligand were allowed to relax.  
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J.6 Ligand interaction diagrams.   

Key interactions residues are determined using the 2D ligand interaction function of 

Maestro v11.8,5 with results analogous to Figure 7.2 provided in an associated PowerPoint 

file. 
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