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How Much Chirality is Enough?
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Abstract: Chirality is often discussed in chemistry as if it were a matter of degree: molecules are described as 
‘more’ or ‘less’ chiral depending on the number of stereogenic elements, the magnitude of helical twist, or the 
extent of structural distortion. From a mathematical perspective, however, chirality is strictly binary—a structure 
is either superimposable on its mirror image or it is not. This apparent contradiction reflects a deeper issue: the 
classifications commonly used in chemistry obscure a more fundamental distinction. In this Perspective, we revisit 
molecular chirality through the lens of geometry and topology. We demonstrate that the vast majority of familiar 
stereochemical motifs—classified as central, axial, planar, or helical chirality—are topologically trivial and belong 
to a single class in which enantiomers are interconvertible by continuous deformation of the molecular geometry, 
without bond breaking. But there exists a fundamentally distinct class: topologically chiral molecules, such as cer-
tain interlocked and knotted architectures, whose enantiomers cannot be interconverted by any continuous defor-
mation, even under the assumption of complete conformational flexibility. Viewed from this perspective, while 
some classification remains useful, extensive classification risks adding unnecessary complexity without improv-
ing our understanding of how chirality functions in practice. What ultimately matters to chemists is identifying the 
conditions under which chirality can be observed, preserved, and used. This Perspective does not aim to provide 
a comprehensive, mathematically rigorous unification of stereochemical classes, but rather to illustrate, through 
selected model systems, the relationship between topological chirality and classical, rigidly chiral frameworks.
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1. Does Language Matter?
Chemistry fundamentally relies on pragmatic, transferable 

models that are approximate. Consequently, chemists tend to de-
velop a surplus of models to explain or categorize arguably subtle 
differences observed in the experiments. Chirality is not an ex-
ception. Molecules are often described as being ‘more’ or ‘less’ 
chiral.[1] We may count tetrahedral stereogenic centers, assign a 
pitch to a helix, and interpret increasingly elaborate structures as 
representing different models with higher or lower ‘degrees’ of 
chirality. This allures to drawing comparisons among experimen-
tal outcomes, which may lead to conclusions with little use. For 
example, the Cotton effect observed in a series of helicene nano-
ribbons increases with their length,[2] suggesting ‘strengthening’ 
of chirality. However, the growing signal intensity merely reflects 
the number of individual chromophores in the nanoribbon. From 
a mathematical standpoint, such language is inaccurate, mislead-
ing, and not very useful: chirality is not a quantity but a property 
of space. An object is either superimposable on its mirror image, 
or it is not. It may be important, however, to distinguish between 
an observable, ‘useful’, and variable outcome like the strength of 
a signal in, for example, a circular dichroism spectrum (i.e., the 
expressed consequence of a chiral system) and chirality itself (i.e., 
the spatial configuration of a molecule).

This tension between the tendency of chemists to quantify 
something based on approximate models vs. the axiomatic ap-
proach of mathematics points to a deeper issue in how chirality 
is classified on a daily basis. The familiar categories of stereo-
chemistry[3] that we regularly teach to students as given—central, 
axial, planar, and helical chirality—may suggest that there exist 
fundamentally different types of chirality. However, when viewed 
through the lens of continuous deformations as a mathematician 
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Note[6] for a more detailed discussion and clarification). 
Consequently, their practical use demands careful design to en-
sure that this barrier is sufficiently large under operating condi-
tions, such that interconversion is effectively frozen on the rel-
evant timescale. This is even true for systems that in reality almost 
never invert, like the archetypal stereogenic carbon center.[6] The 
question is not if they would, but whether they could, in prin-
ciple. Rigid chirality means just that—chiral, provided the system 
is rigid enough. 

In contrast, topologically chiral systems offer a fundamentally 
different kind of robustness. Because their enantiomers are not 
connected by any continuous deformation—under transforma-
tions that preserve connectivity and do not allow bonds or atoms 
to pass through one another—racemization necessarily requires 
bond cleavage and reformation.[6] As long as the molecular frame-
work remains intact, its handedness is intrinsically preserved, 
placing the burden not on tuning barriers for deformations, but on 
maintaining structural integrity.

2. Are Classic Cases Fundamentally Different?
We begin with what is arguably the cornerstone of the organic 

chemist’s concept of chirality: the tetrahedral stereogenic center. 
Although it is typically treated as configurationally stable, its 
two enantiomeric forms are, in principle, interconvertible with-
out bond breaking. One can envision a continuous deformation 
pathway in which two pairs of opposing bonds expand from the 
ideal tetrahedral angle (109.5°) toward 180°, passing through a 
square planar arrangement (Fig. 1). In methane, this distortion 
is associated with a substantial energetic penalty (in the order of 
~150 kcal/mol), such that C–H bond cleavage would occur long 
before enantiomerization becomes accessible. Yet, this example 
illustrates a key point: the ‘impossibility’ is practical, not funda-
mental—it is a matter of energy, not topology.

If we design systems in which the tetrahedral geometry is al-
ready strained—raising the enantiomer energy—this barrier can 
be notably reduced. In highly constrained frameworks such as 
fenestranes, significant distortion of the central sp3 center towards 

would, these distinctions collapse. In all cases, the two enantio-
meric forms can, in principle, be interconverted without breaking 
any bonds, simply by traversing a path through conformational 
space, that is, via continuous deformation, including arbitrarily 
large extensions of bond lengths (Fig. 1). From a mathemati-
cal perspective, they belong to the same class of rigidly chiral  
systems.[4]

A genuinely distinct situation arises only when such a path 
does not exist, not when it is simply not energetically accessible. 
In topologically chiral molecules, including interlocked and knot-
ted architectures, the two mirror images cannot be interconverted 
without bond cleavage, regardless of molecular flexibility. This 
divide—between chirality that can be undone by deformation and 
chirality that is protected by topology—provides a more funda-
mental basis for classification and, as we argue, aligns more close-
ly with how chirality functions in chemical practice.

What ultimately matters in most chemical applications is not 
how chirality is labelled, but whether it persists under the condi-
tions in which the molecule is required to fulfil its function. In 
asymmetric catalysis, for example, a chiral ligand can only impart 
stereoselectivity if its handedness is maintained on the timescale 
of substrate binding and turnover; rapid interconversion between 
enantiomeric forms effectively erases stereochemical informa-
tion. The same consideration applies to chiroptical materials, the 
topic of this special issue, where the interaction with polarized 
light depends on a stable, well-defined sense of chirality. From 
this perspective, the decisive parameter is not the formal classifi-
cation of chirality, nor the number or type of stereogenic elements, 
but the barrier to enantiomerization under operating conditions, 
most often around room temperature. This shifts the focus from 
structural descriptors to dynamic stability: a sample functionally 
displays chirality only insofar as its enantiomers do not intercon-
vert on the relevant timescale.[5]

In this view, rigidly chiral molecules are, in principle, always 
capable of enantiomerization: their mirror images are connect-
ed by a continuous pathway in conformational space, and the 
question is merely the one of the barrier height (please refer to  
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chirality. This is achieved by introducing two distinct substituents 
(black and white, B/W) at each end, even when the substitution 
pattern is identical on both termini. In this sense, the concept of a 
stereogenic axis is not tied to a specific structural motif, but rather 
reflects how symmetry is broken in space.

What, then, distinguishes a stereogenic center? To address 
this, it is instructive to consider a chiral allene as a model system, 
where only two distinct substituents (B and W) are sufficient to 
render the molecule chiral. Now consider a limiting transforma-
tion in which the two terminal carbon atoms of the allene are 
brought progressively closer together until they merge, formally 
yielding a tetrahedral center (Fig. 3). At this limit, the symmetry 
of the system increases: instead of two mirror planes, multiple 
symmetry elements, including six planes of symmetry, emerge. 
They must all be removed to obtain a chiral object. Consequently, 
four different substituents are required to generate chirality. From 
this perspective, a tetrahedral stereogenic center can be viewed 
as a limiting case of an axially chiral system in which the axis has 
collapsed into a point.

While such a connection may at first appear artificial, it high-
lights a deeper continuity between stereogenic elements that are 
usually treated as distinct. This viewpoint, in which centers and 
axes emerge as related symmetry-breaking patterns, will prove 
useful as we extend the discussion beyond rigid chirality toward 
the topological domain.

4. From Rigid to Topological Chirality
We now turn to topology as the decisive distinction between 

what we have so far treated as a single class of rigidly chiral sys-
tems. To illustrate this transition, we consider an allene in which 
the substituent groups are internally connected: two groups on one 
terminus are linked to each other, and likewise on the opposite 
terminus, forming two independent loops (highlighted in Fig. 3 in 

a planar configuration is enforced,[7] and enantiomerization with-
out bond scission becomes, at least in principle, accessible. In 
systems where the stereogenic center is not a carbon atom, such 
as chiral amines, the barrier is, in fact, on the order of several  
kcal/mol and the racemization is already rapid at room tempera-
ture. While such cases lie at the extreme edge of what one might 
comfortably classify as ‘rigid’ chirality, they serve to emphasize 
the central argument: even the archetypal stereogenic center be-
longs, from the mathematical standpoint, to a class of objects 
whose enantiomers are connected by continuous deformation.[6]

At the opposite end of the spectrum lie the limiting cases of bu-
tane or hydrogen peroxide. Their gauche conformations are chiral 
when viewed as a rigid object, yet rapid rotation about the central 
C–C or O–O bond, respectively, leads to immediate interconver-
sion of the two mirror-related forms (Fig. 1). Under virtually all 
practical conditions, these enantiomers cannot be isolated or even 
observed as distinct species.

Between these extremes lies the familiar landscape of classi-
cal stereochemistry (Fig. 1). Biaryls undergo enantiomerization 
through rotation about a single bond, with the barrier tunable 
by steric congestion, for example, through ortho-substitution. 
Allenes, in turn, can similarly interconvert through bond rotation, 
formally involving π-bond scission and reformation while pre-
serving overall connectivity, and thus remain accessible without 
cleaving the σ-bond framework.[6]

From conformational chirality to atropisomerism, from axi-
al systems to tetrahedral stereogenic centers, all these cases can 
therefore be understood within a single conceptual framework. 
Their enantiomers are connected by continuous deformation path-
ways, and their configurational stability is governed solely by the 
height of the associated energy barriers. In this sense, the distinc-
tions we routinely draw between these classes are practical, but 
not fundamental.[6]

3. Stereogenic Centers as Collapsed Axes
We now turn to how these classical cases relate when viewed 

through the lens of symmetry. The familiar distinctions between 
stereogenic centers and stereogenic axes suggest different origins 
of chirality. Yet, upon closer inspection, these categories largely 
reflect different manifestations of the same underlying principle, 
removal of relevant elements of symmetry: inversion centers, mir-
ror planes, and improper rotations (see Note[8]).

Axially chiral molecules can all be understood as possessing 
a stereogenic axis, with two pairs of substituents arranged in a 
non-planar fashion about this axis, typically defined by a bond 
whose rotation is restricted. If the two substituent planes are not 
perpendicular to one another, as in gauche butane, gauche hydro-
gen peroxide, and atropisomeric biaryls, the molecule is chiral 
when treated as a rigid object (Fig. 1). If, however, the planes are 
orthogonal, as in allenes, the situation is different (Fig. 2). In the 
fully symmetric case, identical substitution preserves two orthog-
onal mirror planes, both of which must be removed to generate 
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extending this point-like element ‘back’ into an axis that connects 
the axle now passing through the macrocycle. Removing the axis 
provides a rotaxane; in catenanes, the axle is a curved, closed loop 
representing the second interlocked ring.

However, the resulting interlocked structure, although chi-
ral, does not possess topological chirality in the same sense as a 
catenane or a knot. Crucially, enantiomerization does not require 
cleavage of a covalent bond (to break the macrocycle), but can, for 
example, proceed via translational dethreading of the macrocycle 
from the axle followed by rethreading, enabled by deformative 
expansion of the ring and its passage over the stopper, provided 
the energy landscape allows it.

In this sense, rotaxanes belong to the class of rigidly chiral sys-
tems with mechanical constraint similar to systems with helical 
chirality[10,11] (see below), and not topologically chiral ones. Their 
configuration is stabilized by kinetic barriers, not by topological 
invariance. The mechanical interlocking[9] provides a scaffold for 
chirality, but does not, in itself, enforce topological protection 
against interconversion of mirror images.

6. Helical and Planar Chirality
Finally, we consider systems typically described as exhibiting 

helical chirality, as exemplified by helicenes,[10] and planar chi-
rality, as exemplified by substituted cyclophanes[12] and related 
constrained frameworks (Fig. 5). At first glance, these systems 
appear qualitatively distinct from both axial and central chirality; 
however, a clear connection to axial chirality can be made.

Helicenes can be understood as a manifestation of axial chi-
rality in which the stereogenic axis is embedded within a contin-
uously fused aromatic framework. Conceptually, they can be de-
composed into a series of ortho-fused biaryl subunits (highlighted 
in Fig. 5 in red), each of which locally resembles an axially chiral 
motif. In this sense, helicity may be viewed as the cumulative 
result of axial chirality propagated along a constrained π-system. 
Despite their conjugated three-dimensional shape, helicenes do 
not constitute a topologically distinct class: their enantiomeri-
zation proceeds through a continuous deformation pathway that 
passes through an achiral transition state. Thus, helicenes belong 
to the class of rigidly chiral systems, where chirality is preserved 
only as long as the energetic barrier to this deformation remains 
sufficiently high under the conditions of interest. Helical chirality 
is useful to describe the observed configuration, but the classifi-
cation is entirely arbitrary.

Planar chiral systems are distinct in the manner in which their 
symmetry elements are removed. For example, the parent achiral 
skeleton of [2.2]paracyclophane possesses three mirror planes: 

red). The resulting system remains achiral, since the underlying 
allene still possesses two orthogonal mirror planes. Importantly, 
this step constrains the substitution pattern in a way that will later 
become crucial.

Now imagine gradually bringing the terminal carbon atoms 
of the allene closer together until they coincide. In this limit, the 
allene skeleton collapses into a tetrahedral center (see above). The 
resulting structure is a spirocyclic compound in which the original 
substituents now belong to two distinct macrocycles. The symme-
try with two mirror planes is preserved despite the loss of the axis, 
and chirality can emerge by using two types of substituents (B and 
W) as in the case of allene. However, in the spiro framework, each 
macrocycle must contain one B and one W substituent to generate 
chirality. A homosubstituted system (B–B in one ring / W–W in 
the other), in contrast, remains achiral. Thus, the same structural 
scaffold can be either chiral or achiral depending solely on the 
symmetry of substitution, in full analogy with the allene case from 
which it originates.

We may now continue to move from the allene structure be-
yond the spirocyclic structure with one central atom (Fig. 3). 
Thereby, we conceptually ‘split’ the central carbon atom again and 
continue along the original pathway creating a new axis, an im-
aginary bond. This is still the result of a deformation. Only upon 
‘cleavage’ of this imaginary bond connecting the termini, the spiro 
system evolves into an interlocked structure: a catenane composed 
of two mechanically linked rings. An achiral spiro system formal-
ly transforms into a catenane consisting of two identical rings, 
which is itself achiral due to preservation of the symmetry planes. 
However, a chiral spiro system turns into a catenane composed of 
two equivalent heterodisubstituted rings (B–W and W–B), which 
is now topologically chiral. Its two enantiomeric forms are not 
superimposable and, crucially, cannot be interconverted by any 
continuous deformation of the structure.

Unlike all previous cases, there exists no deformation path-
way connecting the two mirror images. Enantiomerization is only 
possible through bond cleavage: opening one of the rings, passing 
one chain through the other, and re-closing it. In the absence of 
such bond breaking that alters the molecular graph (see Note[6]), 
the topology is invariant, and chirality is absolutely preserved.

We thus arrive at a fundamentally different class of chirality: 
topological chirality. It inherits its origin from the same symme-
try-breaking principles that govern stereogenic centers and axial 
systems, yet its configurational stability is not governed by an 
energetic barrier for a deformation. Instead, it is protected by con-
nectivity itself. In this sense, a chiral catenane can be viewed as 
the topological endpoint of a conceptual progression beginning 
with axial chirality, passing through stereogenic center, and cul-
minating in mechanically interlocked molecular architecture. Its 
chirality arises entirely from achiral components.

5. Mechanical but not Topological
The distinction between rigidly and topologically chiral sys-

tems becomes particularly instructive when considering struc-
tures that appear, at first sight, to belong to the topological class 
but, upon closer inspection, they do not.

A good example are rotaxanes (Fig. 4a). These systems are 
mechanically interlocked, yet differ fundamentally from cat-
enanes.[9] As in topologically chiral catenanes, chirality in rotax-
anes can arise entirely from achiral components, for example, a 
directional macrocycle threaded onto a directional axle. This can 
be related to an allene in which one side is replaced by a single 
cyclic component, while the other represents the axle (Fig. 4b). 
As in the previous case, one may conceptually collapse the stere-
ogenic axis into a point. Unless the two mirror planes are broken, 
the structure remains achiral; upon symmetry breaking, this leads 
to a chiral object with a stereogenic center. A rotaxane can then 
be achieved similarly to what we did in the case of catenane, by 
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one in the midplane between the two aromatic rings and two per-
pendicular to it. Introduction of a single substituent on one of the 
rings (highlighted in Fig. 5 in black) is sufficient to remove all 
mirror planes and generate chirality. In this sense, the situation 
is directly analogous to axial chirality, where substitution pat-
terns rather than the nature of the stereogenic element determine 
symmetry breaking. Planar chirality can thus be understood as a 
particular manifestation of axial chirality. Within the present dis-
cussion of rigid versus topological chirality, planar chiral systems, 
like axially chiral ones, possess enantiomeric forms that are, in 
principle, connected by continuous deformation pathways pass-
ing through achiral, albeit sometimes high-energy, conformations 
in which the substituent arrangement becomes symmetric with 
respect to a mirror plane. In [2.2]paracyclophane systems, the rel-
evant dynamic element can be viewed as a para-xylylene subunit 
(highlighted in Fig. 5 in red). Enantiomerization proceeds through 
a concerted rotation about two σ-bonds, allowing the monosub-
stituted para-phenylene ring to invert relative to the rest of the 
framework (Fig. 5).

Thus, both helical and planar chiral systems also belong to 
the class of rigidly chiral molecules: their enantiomers are inter-
convertible without bond breaking, and their configurational sta-
bility is determined solely by the height of the associated energy 
barrier.[6]

7. So What Kind of Chirality Matters?
Taken together, the discussed cases highlight the central or-

ganizing principle of the present classification. Systems tradition-
ally described as having central, axial, planar, or helical chirality 
all share the same topological characteristics: their enantiomers 
are mutually deformable objects, a process that is governed solely 
by energetic barriers in chemistry. Mechanical interlocking, while 
introducing additional structural complexity, does not automati-
cally imply topological chirality unless it enforces a fundamen-
tal obstruction to continuous deformation between enantiomers. 
Only when such a deformation pathway is absent altogether—as 
in true knots and catenanes—does chirality become topological 
in the strict sense.

From this perspective, the practical relevance of chirality is 
determined not by its structural label, but by its dynamical conse-
quence: whether enantiomerization occurs on a timescale relevant 
to the intended function of the system. Chirality, in this operation-
al sense, is defined by persistence rather than origin.

Finally, we wish to mention that a third category lurks beyond 
both rigid and topological chirality. One in which handedness is 
intrinsically encoded at a more fundamental level. This type of 
chirality is labelled intrinsic chirality,[4] and stems from the pos-
sible embeddings of a molecular graph in the three-dimensional 
space. Such systems, however, lie outside the present framework 
and will be discussed another time—in a future episode of this 
story :-)

We hope to have offered a different way of looking at chirality 
than the one we are commonly used to. From our experience, 
whenever we take this kind of step back, we tend to learn some-
thing new along the way, and we hope the same may be true here 
for the researchers, undergraduate and graduate students, entering 
the field of chiral molecules and chiroptical materials.
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