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ABSTRACT  

We contend that the Polytope model utilized by IUPAC to specify stereoisomerism for species MLn 

with n ≥ 4 should be universally applied.  Such application recently led to the synthesis of isolable 

compounds displaying a new fundamental form of isomerism, akamptisomerism, pertinent to ML2 

stereocenters.  We review 443807 molecules that could be classified as akamptisomers.  Some 

akamptisomers are described as being “wrong” by existing IUPAC rules, hindering molecular 

conception.  For many classes of medicinal and technology-related molecules, software packages like 

ChemDraw mostly do not handle akamptisomers correctly, databases such as CAS provide 2D 

representations inconsistent with those presented in the original publications, and often the 

akamptisomeric identity of compounds remains unknown.  These features hinder both human and 
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machine-learning approaches to chemical design.  Further, the existence of previously unrecognized 

isomeric forms has broad implications for patents and pharmaceutical-registration requirements.  Hence, 

the immediate re-examination of stereochemistry is demanded. 

SUMMARY   

Since thalidomide, definitive stereochemical descriptions have been required by pharmaceutical 

regulatory authorities, with enhancements to drug specifications also facilitating follow-on patents. 

Through data-base searching, we reveal serious anomalies in the way chemical software represents 

molecular structures, processes chemical names, and anticipates variant stereochemical isomers, for a 

class of compounds classifiable as “akamptisomers”. This class was recently identified by extending the 

mathematical principles used by IUPAC to classify complex (inorganic) structures to include many 

simple (organic) ones pertaining to natural products, pharmaceuticals, and nanotechnology. Currently, 

only ad hoc phenomenological definitions are used to define the stereochemistry of such compounds. 

We call for these definitions to be superseded using a mathematically rigorous a priori classification 

scheme, stressing how previously ‘cloaked’ stereoisomers may now be revealed. 

 KEYWORDS   

stereoisomerism, akamptisomerism, Polytope formalism, molecular representation, chemical structure 

software, chemical databases, machine learning, active pharmaceutical ingredients, patent specification, 

follow-on patents 

HIGHLIGHTS  

• New stereochemical framework empowers design by human and artificial intelligence 

• The current ad hoc system does not account for all ML2 stereocenter possibilities 

• Modern software is inadequate for many classes of pharmaceutical molecules 

• Implications for drug registration and new opportunities for patent reinvigoration 
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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".1  This principle remains critical to this day, leading to the field of Stereochemistry: 

basic definitions that underpin the scientific and commercial understandings of isomers that could 

possibly be made containing atoms with the same linkages.   Indeed, current definitions, as provided by 

IUPAC, reflect two centuries of fundamental chemical discoveries and efforts made to rationalize them 

into a conceptual framework depicting both chemical structure and chemical reactivity.2-4  Efforts focus 

on the identification of stereogenic units, groups of atoms within a molecule that can support different 

3D structures.  For stereogenic units featuring MLn centers with n ≥ 4, the possibilities available can be 

complex to understand, and the Polytope Formalism5-8 has been developed to identify isomers and 

characteristic conceivable isomerization pathways that interconnect them (see Figure 1 for a detailed 

description with examples).  This provides a mathematical basis for the depiction of both isomerism 

(geometrical structure) and concerted unimolecular isomerization (interconversion pathways), as well as 

the intricate relationship that exists between them.  However, for smaller stereogenic units, IUPAC 

follows historical practice and convention instead, defining many terms that embody selected 

combinations of structural and mechanistic properties (see Table 1 for some pertinent examples).    

In general, application of the Polytope Formalism, based on the properties of the regular 1D, 2D, 

and 3D objects, allows stereoisomerism to be categorized in terms of fundamental forms and composite 

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

combinations of fundamental forms, whilst fundamental forms cannot have all of their aspects described 

in simpler terms.  Composite-isomerism forms are well known, including phenomena such as the 

familiar chair-boat as well as other complex forms that can result in stable, individually synthesizable 

compound atropisomers.9-12 An important general principle is that, if the geometries of isomers can be 
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depicted in terms of changes in the torsional angles involving two or more M–L bonds (e.g., M1–L1 and 

M2–L2) involving different centers, then the isomerism is composite in nature.    

To describe all types of stereoisomerism at a single atomic center, the original Polytope 

formalism5-8 has been extended13 to include differentiable rotations about bonds (Figure 1); further 

extension to include topological isomerism, e.g., rotations not about bonds, may also be required to meet 

current stereochemical needs.14  If we admit the long-established chemical tradition of differentiation 

between single and double bonds, then four well-established isomerism forms can be identified as being 

fundamental13: (1) enantiomerism arising from a tetrahedral or higher-coordination chirality center15 

(ML4 or higher), (2) E/Z isomerism16,17 (ML3 or ML2 involving double bonds), (3) rotamerism including 

atropisomerism18,19 (any single bond M–L), and (4) (hindered) pyramidal or higher inversion20,21 (ML3 

or higher).  These fundamental and historically important forms are all included in existing IUPAC 

definitions, but nevertheless, in 2018, application of the Polytope Formalism revealed a new 

fundamental form, named akamptisomerism, involving non-linear single-bonded ML2 species for which 

all associated properties cannot be described using existing IUPAC definitions.13    

Establishing akamptisomerism as a new fundamental form involved the synthesis and isolation 

of the diastereomeric B(F)–O–B(F) porphyrins 1 (Figure 2) and their enantiomers.  Of particular 

concern was the fundamental geometrical relationships between the isomers and the defining polytopal 

rearrangement that interconverts them (see in particular Ref.13, Supplemental Information Sections S1-

2).  Also of concern was the possibility that aspects of both isomerism (geometry) and concerted 

unimolecular isomerization (interconversion) pertaining to these isomers could be described as a 

composite rotamerism involving combinations of the previously known fundamental isomerism forms.  

With regard to existing IUPAC nomenclature, this composite rotamerism involves structures that can be 

interconverted by a process most closely described as the Hula-twist4 reaction mechanism.  Even though 

the Hula-twist mechanism formally applies to the interconversion of E-Z isomers following 

photoexcitation, the geometrical structures that it interconverts are analogous to those associated with 
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akamptisomerism.  Basically, this mechanism involves a ML2 center within which torsional motions 

around both individual M−L bonds combine to interconvert the isomers.  Structure and mechanism 

considered from the perspective of composite rotamerism have been described in detail for the 

akamptisomers 1 and some other basic model systems.13   

It is clear that a generalized Hula-twist mechanism can, in principle, interconvert akamptisomers.  

The issue of concern is as to whether the embodied geometrical relationships can be used to define 

isomerism in these compounds: the Polytope formalism indicates that it cannot.13  For ML2 stereogenic 

units, the Polytope formalism reveals two polytopes, one a linear structure and the other an equilateral 

triangle (see Figure 1), the properties of which are sufficient to define both the isomerism and an 

essential associated concerted unimolecular isomerization pathways.  The formalism requires that all 

possible isomers must be properly defined and interconnected, and all possible ways by which bonds of 

ML2 to the outside need to be defined.  It identifies bond-angle inversion as a reaction mechanism that, 

in principle, must always provide a possible pathway for the interconversion of akamptisomers; by 

considering isomers in terms of the properties of the ML2 bond angle, all possible structures can be 

described and smoothly interconnected.  Similarly, the possible relationships depicting the connection of 

ML2 to the outside are immediately apparent; these are shown in Figure 3 for structures of the form 

X(A)–Y–Z(B).  A complete description of isomerism possibilities for ML2 stereocentres is therefore 

provided.  The key question of previous interest13 concerned whether or not treating akamptisomers as 

isomers related by compound rotamerism can achieve the same goals?  It does not as it is incapable of 

describing the linear ML2 polytope as for this structure the coupled torsional motions become undefined, 

presenting a mathematical singularity.13,22  It also does not lead to immediate recognition of possible 

isomerism associated with bonds to the ML2 unit.     

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 
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designed by both human and artificial-intelligence (including machine-leaning) means.23  To be 

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 compound 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. 

Our hypothesis, examined herein, is that modern software must be deficient regarding its 

handling of properties associated with akamptisomerism.  Utilizing the Chemical Abstracts Service24 

(CAS) database, we consider 443807 known compounds that could be reclassified as akamptisomers.  

Originally, akamptisomers were presented as an exotic form of conformational isomerism,13 but this 

view now needs to be broadened as most compounds investigated can be considered instead as 

configurational isomers.  Perhaps unsurprisingly, most of the compounds investigated are considered to 

have been amply described within existing IUPAC rules and by modern software as these have been 

developed in order to account for commonly observed features.  Focus, 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 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 discovered systematic software weaknesses to be overcome.  Taking a bigger 

perspective, the whole current ad hoc nomenclature for stereogenic units smaller than ML4 is 

considered, calling for these current IUPAC stereochemical recommendations to be superseded based on 

the rigorous mathematical formalism that is already applied to treat larger units.   
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RESULTS AND DISCUSION 

Some basic definitions 

We name the atoms in a generic ML2 stereogenic unit as X–Y–Z (where Y is O, S, etc.).  The 

name “akamptisomerism”, was derived from Greek akamptos, meaning “without bending” in an 

analogous way to “atropisomerism”, being from Greek atropos, meaning “without turning”.13  

Following the initial identification13 of the porphyrin akamptisomers 1,  related forms 2 and 3a were 

then soon identified25 in porphyrazines; indeed, 1 - 3 all stem from related works on macrocycles.25-28  

In Figure 2, we name distinguishable isomers with geometries related by at least one akamptisomeric 

center as a and b, e.g., the porphyrins 1a and 1b.  Two akamptisomers that are not distinguishable, for 

example owing to high symmetry, are labelled simply by a number, e.g., 2; these we call 

autakamptisomers.  The interconversion of akamptisomers we term akamptisomerization; as previously 

mentioned, the Polytope Formalism indicates that bond-angle inversion, wherein the L–M–L 

stereogenic unit becomes linear, must always provide a conceivable concerted unimolecular reaction 

mechanism for akamptisomerization, though other unimolecular (e.g., Hula-twist4-like), bimolecular, 

and non-concerted mechanisms, that cannot involve L–M–L linearization, may provide much lower 

barriers.  Bond-angle inversion is not uniquely characteristic of akamptisomerization, however, also 

providing a possible mechanism for E/Z isomerization.13,29 

A long time coming 

A search for isomerism distinguished by inversion at oxygen centers, a phenomenon now 

classified under akamptisomerism, was initiated in 1933 by von Bruchhausen et al.,30 leading to the 

1970 NMR-only identification of the oxabicyclo[5.4.1]metacyclophane isomeric pair 4 by Gordon and 

Gallagher,31 compounds that can be taken as models for certain marine natural products and oligomeric 

lignans.32-34  We focus here on such oxabicyclo[m.n.1] species, but alternatives such as 5 have also been 

considered;35 however, in no case were isolable products produced in these earlier works as the isomers 
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rapidly interconverted at room temperature.  Those studies were based on the notion that akamptisomers 

would be purely conformational isomers that, like atropisomers and pyramidal invertomers, required 

special constraints to affect isolability.  The particular 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 studies13,25 

did prove sufficient.  Note that, whilst these porphyrinoid macrocyclic rings embody internal 

oxabicyclo[5.5.1] systems (as emphasized in Figure 2), they have additional, critical, connections. 

   We now recognize that akamptisomers can also be considered from the alternative perspective 

as configurational isomers, i.e., isomers classically requiring bond breakage and reformation to 

interconvert.  This is exemplified by the isomeric pair oxanorcocaine36,37 6a and allo-pseudo-

oxanorcocaine37,38 6b.  These molecules have been described37 as being “endowed with interesting 

cocaine-like activity” and feature an akamptisomeric C(H)–O–C(H) center.  They embody the small, all-

convex, and highly constraining oxabicyclo[3.2.1] ring system, with any physically plausible 

akamptisomerization between these isomers requiring bond breakage and reassembly.  Further, 

akamptisomerization of these all-convex, small-ring isomers necessarily involves inversion of the two 

bridgehead stereocenters in addition to inversion at the O atom; they serve to stress that the 

akamptisomerism phenomenon can be present in molecules in addition to other isomeric phenomena.  

Hence akamptisomers can show wide-ranging properties: some conformational isomers like 4a, 

4b, 5a and 5b have been shown to undergo rapid akamptisomerization at room temperature, some 

isolable molecules like 1a and 1b can undergo laboratory-controllable akamptisomerization, and some 

like 6a and 6b are classical configurational isomers.  Additionally, some shown structures like 3b are 

currently purely conceptualized isomers that may turn out to be energetically infeasible to produce.13  

Such a wide range of structural possibilities parallel those known for cis-trans and E/Z isomerism.  The 

extent of this diversity explains why the recognition of akamptisomerism has been a long time coming, a 
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complete and generally applicable conceptual picture13 being required so as to accommodate such 

diverse specific examples.  

The present akamptisomerism zoo 

To overview the diversity of akamptisomerism, we focus now on compounds with concave ring 

systems of intermediate size that exhibit properties intermediate between configurational and 

conformational isomerism: [5.3.1], [4.4.1], [5.3.1] and [4.3.1] rings systems.  Many basic 

akamptisomeric oxabicyclo[4.4.1] compounds such as 1,6-epoxy[10]annulene39,40 7 and their derivatives 

have been synthesized,39-44 with some such as 9 becoming the topic of patents.45  Also of significance 

are the diastereoisomers 846 containing two akamptisomeric centers that we identify as potential model 

compounds47 for graphene oxide.  We also consider the partially saturated compounds 10 – 19 

possessing widely diverse biological properties; unlike the aromatic compounds 7 – 10, these are not 

particularly acid labile.48  As detailed in Table 2, 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, IKKβ inhibitors, dopaminergic agents, estrogenic agents, 

antibacterial agents, dipolar switches, and basic chemical/biochemical and graphene oxide models. 

The big picture concerning the stereochemistry of akamptisomerism   

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 that we 

have proposed13 that pertain to akamptisomerism described in Supplemental Information Figure S1.  If 

both bridgehead atoms X and Z are three-coordinate, then the established stereodescriptors α and β 

readily apply.  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 akamptisomerization13 and hence is not robust and, additionally, the resulting labels 
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are not particularly human readable.  To have an intuitive and robust nomenclature that is independent 

of coordination and structure, we recently introduced13 the new stereodescriptors amplo and parvo to 

depict the relationship between the bridgehead atoms X and Z with respect to their surroundings (Figure 

3).  This nomenclature captures the critical features and strengths of both the α/β and syn/anti 

nomenclatures and, in addition, making key 3D structural relationships immediately apparent13 from just 

the name.   

Tetrahedral bridgehead atoms may also be describable as either R or S (or by some other 

absolute configuration stereodescriptor),13 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.  Systems with bridgehead substituents A and B we describe in general as X(A)–Y–Z(B).  

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 3, along with 4 more possibilities depicting situations 

in which none or just one 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; treating akamptisomers in terms of composite 

rotamerism does not reveal these intrinsic relationships that underpin their stereochemistry.  

Akamptisomers: identified and otherwise      

 With up to 8 isomeric variants possible for molecules displaying akamptisomerism, knowing 

what isomers constitute some synthesized 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 favor different compositions.  In Figure 2, 36 
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of the distinguishable isomers pertaining to 19 chemical systems are shown.  All distinguishable 

akamptisomers are included, but for brevity, the shown selection is limited to only cisoid/transoid etc. 

variations that have previously been considered as structural possibilities.  

Figure 2 indicates that, of 1 - 19, the observed compound(s) have had the stereochemistry of 

their akamptisomeric center 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.  Initially49 a natural product was identified by NMR as 11, without 

distinguishing between 11a and 11b.  However, recent analysis50 of a sample from a different species 

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, we suggest that 

indeed both the cisoid and transoid isomers 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.   

IUPAC sets the stage 

Complete description of stereochemistry 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 nomenclature rules aim to provides 

this basis.2-4,51-53  That IUPAC rules cannot account for all structures involved in stereoisomerism and 

stereoisomerization for ML2 stereogenic units has already been described, as too for the inability of 

existing stereodescriptors α and β combined with the Klyne-Prelog system to be intuitive and 
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universally descriptive13  Here, we emphasize that the 2D structures that we draw for 1 - 3 and 10 - 19 in 

Figure 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.  Our convention is to view bicyclo systems 

from one “face” and consider the entire X(A)–Y–Z(B) as a single stereogenic unit, so as to make 

obvious the critical information concerning 3D structure.  In Supplemental Information Figure 2, our 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).  

Readers are encouraged to look at the 2D representations and their comparison with 3D images, in some 

detail.  The differences from IUPAC practice are small and may appear familiar, yet these differences 

present profound consequences. 

Indeed, failure of current IUPAC drawing rules is not an isolated issue, with other deviations 

from standard practice now being advocated in web-based undergraduate teaching environments.54  The 

situation for akamptisomers is somewhat analogous to current issues55 concerning Bredt’s rule: by 

considering ring-size dependences, natural products labelled as “wrong” by IUPAC4 are being 

increasingly identified.  Indeed many compounds discussed in that context can now be categorized as 

akamptisomers, with recent work highlighting the difficulties associated with stereochemical aspects of 

oxabicyclo[m.n.1] compounds.56 

As mentioned, Figure 2 summarizes 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 analyzed in Table 2 (with description of all 

relevant information presented in Supplemental Information Table 1).  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.  We find for 1 – 19 that the stereochemical information presented in the original literature 
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accurately represented the raw experimental data.  When the same structures were depicted in chemical 

databases such as CAS,24 they were drawn only in accordance with IUPAC rules, but the chosen rule 

may not have been appropriate or the required rule may not have been available.  In only 6 of the 19 

cases (31%) do we find 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 3 we summarize records of carbocyclic, metal-free, “ring-locked” 

oxabicyclo compounds found in CAS24 that are listed in Supplemental Information Figure 3.  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 Figure 3, with 15% differentiated for [4.4.1], and 0.3% for [4.3.1].  In contrast, 

characterization 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].  We contend that this stark difference in characterization stems 

from shortcomings in the current stereochemistry conceptual framework.  Indeed, this behavior again 

parallels that in the discussion55,56 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.  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 synthesized compounds.  This has resulted in an ad hoc description rather than, in this case, the full 

description (Figure 3) based on the mathematical properties of ML2 stereogenic units that enumerates all 

possibilities. 

Chemical software provides the means   

Chemical software, including drug-discovery platforms, process and manipulate 2D structures 

and chemical names that are perceived as being unique to each isomer.  Such software, in general, deals 
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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 rules.  In Table 2, as detailed in 

Supplemental Information Table 1, we consider the performance of the ChemDraw,57 MarvinSketch,58 

and ChemSketch59 software packages 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 recognizing akamptisomers, see 

Supplemental Information Table 1.  Also, no chemical database currently explicitly recognizes 

akamptisomers, nor chemical contextual identifiers such as SMILES60 and IUPAC’s InChI,61 even 

though they can include stereochemical information.  In addition, we note that the software packages 

considered offer “structure checking” and “structure cleaning” functions that do not recognize critical 

stereochemical aspects and hence can destroy valuable information under the currently deficient IUPAC 

recommendations.  Indeed, of particular note, none of the software package considered currently 

implement the α/β specifications 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 

Supplemental Information Table 1.  One prominent immediate consequence is that modern machine-

learning software with great promise for the optimization of multi-step synthesis for the pharmaceutical 

industry23 is based on SMILES60 specifications and therefore is currently not capable of developing 

explicitly akampt-selective syntheses. 

Revised IUPAC rules are essential 

Software does not just provide 2D representations and chemical names, but also depicts the 

underlying conceptual framework in which modern Chemistry is conducted.  Whilst all IUPAC rules are 

not necessarily represented in current software, some rules reflect a narrower scope of chemistry than is 

now available, e.g., favoring the implicit depiction of isomers with cisoid bridgehead configurations at 

the expense of transoid ones.  The ad hoc rules52 were designed largely with small-ring examples in 
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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 alternate cisoid/transoid isomers 

can be synthesized, including many forms (Figure 3) not explicitly represented in Figure 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 

unrecognized (e.g., 3b, 14b, 15b, 17b, 18b, 19b). 

Of 1 - 19, in only 5 instances (26%), 4 – 8, could the available useful stereochemical space be 

considered to have been fully explored.  Databases and software now provide essential tools for the 

exploration of new chemical space, facilitating both manual and Machine-Learning efforts.  The 2018 

identification of akamptisomerism13 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 an a priori conceptual basis 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”.62 

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.   In patent law, 

the assessment of “obviousness” or “inventiveness” is a fundamental concept, the assessment of which 

can vary across jurisdictions, and stereochemistry can be critical in this assessment.63  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.64,65 
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In Table 2, we consider 7 patent-relevant examples.  To our knowledge, the only existing patent 

in which akamptisomerization is discussed66 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 9,45 the ovarian cancer active 

agent 1067, the internal-seco-steroid model 15, the principle of which may be applied to the many steroid 

patents, and the kinase inhibitor staurosporine 17.68  For example, the original staurosporine patent68 

shows one general molecule that implicitly includes all stereoisomers, yet subsequent specific 

embodiments failed to recognize 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 unrecognized isomeric 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.   

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:  

• Reclassification of all compounds recognizable as akamptisomers. 

• Improved structural rules for 2D representations of akamptisomers. The entire akamptisomeric 

center X(A)–Y–Z(B) needs to be considered as a single stereogenic unit.   

• 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 recognize akamptisomers and their stereochemical implications. 
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• Data mining of compound databases in search of incompletely characterized akamptisomers, 

including: mixtures of akamptisomers reported as single compounds, compounds with incompletely 

described stereochemistry, unrecognized akamptisomeric pairs, and possible unexploited 

cisoid/transoid variations.  More sophisticated search algorithms need to be developed to facilitate 

this. 

• Machine-learning high-throughput virtual-screening studies of all akamptisomeric ligands docked 

to proteins, DNA, sugars, etc., seeking ligands with improved binding.  

• Patent specifications need to recognize 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 isomers 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. 

• Synthesis and testing of targeted akamptisomer pairs and other newly conceivable isomers (e.g., 

transoid structures) for possible medicinal and technological applications.  

 

 Such opportunities are rare for seemingly fully understood chemistry topics, and it remains to 

see how many new compounds can be conceived, synthesized, characterized, 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 endeavors can break free of the conceptual space 

provided by Nature, IUPAC rules, and current frameworks, all Machine Learning design methods are 

strictly limited to work within the internal conceptual space provided.23  The ability to factor in 
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stereochemical nuance, including akamptisomerism, as an additional parameter provides a powerful 

opportunity to further interrogate these datasets.  

 

A broader perspective: full stereochemistry overhaul 

 To this point, our contention has been that the existing IUPAC nomenclature system needs to 

recognize akamptisomers and associated phenomena so as to be able to describe a wider range of 

modern chemistry.  Taking a broader perspective, we now contend that this and all current 

stereochemical definitions need to superseded by an a priori and mathematically based terminology and 

nomenclatural system that would not only be much easier to teach and understand but also provide a 

rigorous basis for modern software.  This involves a shift from terminology being just 

phenomenological responsive to instead being systematic, fully complete, and derived from a unified 

and mathematically rigorous model – nothing short of a “Grand Unified Theory of stereoisomerism”.  

Such an approach would naturally accommodate all possibilities – discovered or otherwise. 

The IUPAC stereochemistry specifications show great variation in its content; some significant 

current definitions pertaining to stereochemistry are listed in Table 1.   Many definitions of isomers refer 

only to the geometrical relationships between molecular structures, e.g., enantiomers, E/Z isomers, cis-

trans isomers, and rotamers, whereas other definitions like that for conformer require the structures to 

be stable at 0 K (“distinct potential-energy minima”) rather than transition states, whereas others like 

atropisomers demand isolability at room temperature under ambient conditions.  “Conformation” has a 

vague definition that can be paraphrased as “possibly everything except enantiomers and E/Z isomers”.  

Notably, expressions such as “conformational isomer” and “configurational isomer” are not defined at 

all; these are commonly taken to mean isomers that can be isolated at room temperature and isomers that 

require bond breakage to interconvert, but what about those that are in between?   
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 The IUPAC definitions for enantiomers (ML4 for single tetrahedral centers), E/Z isomers (double 

bonded ML2 or ML3), pyramidal invertomers (ML3), and rotamers (M−L) clearly exclude 

akamptisomers (single bonded ML2) as possible sub-categories.  Alternatively, all of these isomerism 

forms can be considered13 as sub-classes of polytopal rearrangements.  Akamptisomers can also be 

considered as a subclass of “conformations” when the IUPAC definition is interpreted in its broadest 

sense, along with other fundamental isomerism forms such as atropisomerism and (hindered) pyramidal 

invertomers, as well as composite-isomerism isomerism forms such as Hula-twist and chair-boat 

isomers.  The interrelationships between these and other IUPAC definitions has been discussed in detail 

elsewhere, see Ref.13 SI Section S1. 

The definition of akamptisomer that was originally introduced13 followed traditional IUPAC 

principles and focused on the drive to find compounds isolable under ambient conditions, directly 

paralleling the IUPAC definition of atropisomers by mentioning isolability.  In this light of this current 

work such a definition fails to recognize the breadth of chemistry that requires a consistent name, 

encompassing isomerization processes occurring on all timescales from picoseconds to beyond the age 

of the universe.  Indeed, similar issues arise for the definitions of enantiomers and cis-trans isomers as 

they were constructed focusing on single-center carbon chemistry for which isomerization barriers are 

typically very high, whereas now the labels are widely applied to chemicals showing all ranges of 

properties, just as akamptisomers do. 

The Polytope Formalism provides analysis of chemical structures based on the properties of 

known regular objects, focusing on the mathematical operators that interconvert structures (isomerism) 

and the pathways that they mandate as candidates for interconversion pathways (concerted unimolecular 

isomerization).  In a new classification scheme, all definitions need to be based on these principles 

alone, superseding the ad hoc existing collection of definitions.  New broad-category definitions need to 

be independent of whether a structure is a transition state or a local minimum.  Much of modern 

chemistry now focuses on understanding transition states and their properties, and the universal ability 
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to name and uniquely represent them is essential.  Similarly, the broadest-category definitions need to be 

independent of whether or not a local minimum structure can be isolated under ambient conditions, as 

much of modern chemistry addresses properties observed in wide-ranging environments.  Nevertheless, 

isolability at low temperature, and isolability under ambient conditions, are important properties that 

chemical nomenclature needs to address.  Hence each and every broad isomerism category needs to be 

systematically subdivided or redefined accordingly.   

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, to conformational searching, 

to Machine Learning and data mining, to molecule and materials design, to drug discovery. The 

unexpected and far-reaching consequences concerning akamptisomers exposed herein is only a part of 

the problem- there is no complete systematic nomenclature for any isomerism form.  
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Table 1  Some current IUPAC definitions pertaining to stereoisomerism. 

Term(s) Reference Definition 
Enantiomer and 
enantiomerism:  

Ref.2  page 
1112; 
Ref.3 page 
2207 

One of a pair of molecular entities which are mirror images of each other and 
non-superimposable.  Enantiomerism is the relationship between enantiomers.  

Chirality center Ref.3 page 
2203 

 An atom holding a set of ligands in a spatial arrangement which is not 
superposable on its mirror image. 

E/Z Ref.3 page 
2206 

The approved stereodescriptors of stereoisomeric alkenes R1R2C=CR3R4 (R1 ≠ 
R2, R3 ≠ R4); neither R1 nor R2 need be different from R3 or R4), cumulenes 
R1R2C(=C=C)n=CR3R4 and related systems e.g. R1R2C=NOH, 
HON=C{[CH2]n}2C=NOH. 

Cis-trans isomers Ref.3page 
2204 

Stereoisomeric olefins or cycloalkanes (or hetero-analogues) which differ in 
the positions of atoms (or groups) relative to a reference plane: in the cis-
isomer the atoms are on the same side, in the trans-isomer they are on opposite 
sides. 

Polytopal 
rearrangement 

Ref. 3 page 
2213; 
Refs.9,11,12 
   

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, rearrangements of 
polyhedral boranes. 

Pyramidal 
inversion 

Ref.3 page 
2215 

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. 

Torsional 
stereoisomers 

Ref.3 page 
2221 

Stereoisomers that can be interconverted (actually or conceptually) by torsion 
about a bond axis. This includes E,Z-isomers of alkenes, atropisomers and 
rotamers. 

Rotamer Ref.3 page 
2217 

One of a set of conformers arising from restricted rotation about one single 
bond. 

Atropisomers Ref.3 page 
2200 

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. 

Conformation Ref.2 page 
1099  
Ref.3 page 
2204 

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 centers and other polytopal rearrangements. 

Conformer Ref.3 page 
2204 

One of a set of stereoisomers, each of which is characterized by a 
conformation corresponding to a distinct potential energy minimum. 

 

 

  



 

 

26 

Table 2  Representation of the stereochemistry at the akamptisomeric center  

Results for some example molecules are shown, considering what is actually 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 

113 porphyrin dipole switch known accurate unspecified fail already addressed66 
225 porphyrazines dipole switch known accurate unspecified fail already addressed66 
325 porphyrazines dipole switch known accurate unspecified fail new possibilitiesf 
431 metacyclophane model system known discussed unspecified failb   
535 helicene model system known accurate unspecified failb   

636-38 cocaine derivatives dopaminergic known accurate accurate succeed none 
739,40 epoxy-10-annuene model system known accurate inconsistentc succeed  
846 diepoxy-14-annulene graphene oxide model known accurate inconsistentc failb   
945 an epoxy[4.4.1]annulene estrogenic agent unspecified accurate overspecifiedd failb  new possibilitiesf 

1067 Toona lathyrane ovarian cancer unspecified accurate overspecifiedd failb  new possibilitiesf 
1149 cis badgerin natural product putativee accurate inconsistentc partial  
1250 trans badgerin natural product putativee accurate inconsistentc partial  
1369 austroliolide antibacterial unspecified accurate accurate partial  

1470,71 Santolina germacrane colon cancer known accurate accurate partial  
1572 jereisterol A seco-steroid model known accurate inconsistentc fail new conceptsg 

1632 substituted bicyclo-ether polyether toxin 
synthetic intermediate 

unspecified accurate overspecifiedd partial  

1773 alterbrassicene A IKKβ inhibitor known accurate accurate partial  
1868,74,75 staurosporine kinase inhibitor known accurate accurate partial new possibilitiesh 

1976-78 cyclostreptini acid cytotoxic (as lactone) known accurate accurate partial  
 
a: Using ChemDraw,57 MarvinSketch58 and ChemSketch59 to do an automated [structure]→[name]→[structure] two-step procedure, see 
Supplemental Information Table 1 for details.  In summary: succeed- both akamptisomers correctly cycled, fail- neither akamptisomer 
successful cycled, partial- works for only one akamptisomer.  Note that 4, 7-9, 15 fail as the software does not include existing IUPAC α/β 
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 actually known. 
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. 
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Table 3  Numbers of metal-free oxabicyclo[m.n.1] structures currently listed in CAS 

The numbers listed are either the total,a or those restricted to carbocyclic ring-locked compoundsb and the percentagec of 
them that have the isomeric features shown in Figure 3 fully characterized. 

oxabicyclo 
class 

total carbocyclic, ring locked 
 Nber % characterized 

[5.4.1] 2379 11 0 
[5.3.1] 5633 52 0 
[4.4.1] 3740 84 15 
[4.3.1] 6055 318 0.3 
[4.2.1] 10385 277 83e 
[3.3.1] 15903 944 60e 

[3.2.1]d 101484 43765  
[2.2.1]d 297749 60237  
[2.1.1]d 479 29 69 

total 443807 105717  
a: includes some over-counting for large rings as, e.g., 8 which, as well as categorized 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 Supplemental Information Figure 3 for a listing of all compounds analyzed. 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 characterized.  In contrast, the data may include instances where the 2D structure presented depicts full characterization, 
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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Figure 1 The Polytope Formalism 

 A polytope is simply the 1D, 2D and 3D generalization of a convex polyhedron; those for ML0 to ML4 are illustrated. 
i. for the purposes of this work, we limit our discussion to a “molecule” or, more precisely, a molecular fragment 

composed of n ligand atoms bonded to a single central atom (MLn).
2,3 

ii. the formalism represents all atoms as points, with all bonds treated equivalently, thus producing a convex polytope of 
three or fewer dimensions.3 

iii. for each n there exists a family of different polytopal structures of small finite number, these comprising the full range 
of stereoisomers in each case.3  The stereoisomerism phenomenon is a purely geometric relationship. 

iv. within a family, the conversion between different polytopes (polytopal rearrangements) describes a potential concerted 
unimolecular stereoisomerization process.3  The vertex motions correspond to certain large amplitude (and typically 
low frequency) normal vibrational modes of the real molecule.  As such, this relationship connects the vibrational 
properties of a molecule to a real unimolecular stereoisomerization mechanism (process).  

v. each form of stereoisomerism has associated with it a concerted unimolecular stereoisomerisation mechanism that 
could, in principle, interconvert the stereoisomers;3 other interconversion processes (reaction mechanisms) may also be 
possible. 

For discussion of isomerism, the hashed blue lines denote the actions of geometrical operators; in the case of isomerization 
they denote potential concerted unimolecular pathways.  An extended version13 of the formalism treats each point as an 
orientable zero-dimensional object.   This is required to describe rotation about bonds (as either a geometric operator or real 
motions) and thus describe the axial stereoisomerism phenomenon and unimolecular axial stereoisomerization processes.  
Muetterties’ polytope model was unable to describe this fundamental type of stereoisomerism and was thus incomplete.  The 
inclusion of bond rotation into the formalism allows for a complete description of stereoisomerism elements.  
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Figure 2  Conformational and configurational isomers with akamptisomeric centers  

Bicyclo[m.n.1] systems featuring akamptisomeric centers are emphasized in bold and in color, with atoms above a pseudo-
plane shown in red, with those below shown in blue.  Labelled are transoid and cisoid configurations, as appropriate, of 
bridgehead substituents at akamptisomeric centers.  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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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, 13b 

 

Figure 3  Possible arrangements of substituents A and B at tetrahedral bridgehead atoms  
Configurations are labelled with the new stereodescriptors13 amplo and parvo or else the existing 
descriptors α and β, with surrounding atoms represented as a ring for simplicity.  Example isomers from 
Figure 2 and Table 2 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 in Supplemental Information Figure 1.  
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We advocate the adoption of a unified stereochemical framework.  The current system has arisen in an 

ad hoc fashion that we show fails to reveal all stereoisomeric possibilities.  A unified framework 

guarantees the comprehensive exploration and representation of the chemical space, revealing new 

possibilities for chemistry software, molecular representation, drug design, patent specification and 

protection, as well as providing improved stereochemical descriptions for the regulatory environment. 

 


