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us on aromaticity: fuzzier than ever before?

Henrik Ottosson

The field of aromaticity has grown five-fold in the last two decades as revealed by Merino et al. in their

Perspective “Aromaticity: Quo Vadis” where they ask where the field is heading (Chem. Sci., 2023,

https://doi.org/10.1039/D2SC04998H). Numerous computational tools for aromaticity analysis have

been introduced and novel classes of molecules that exhibit aromatic (or antiaromatic) features have

been explored experimentally. Hence, the aromaticity concept is broader and possibly fuzzier than ever.

Yet, earlier it also triggered vigorous debates after periods when new analysis tools emerged, and it

survived. Today's debate reveals that the field is vital and that new knowledge is produced. Yet, as much

as we ask where the field is moving, we should ask “Aromaticity: Cui Bono?”; who utilizes the aromaticity

concept and who benefits from it? Especially, who benefits from it being overly fuzzy and who does the

opposite? It is an exciting debate. We should get out of it with a better understanding of the chemical-

bonding phenomenon labelled aromaticity.
Aromaticity is a concept used within
chemistry since the 19th century, even
though its meaning and the methods
used to explore this phenomenon have
changed over time. The history of the
aromatic archetype compound, benzene,
goes back to its discovery by Michael
Faraday in 1825.1 In 1865, August Kekulé
described his well-known daydream of
a snake biting its tail leading him to
postulate that benzene has a hexagonal
structure.2 Some six decades later, in
1929, Kathleen Lonsdale revealed
through X-ray crystallography that hex-
amethylbenzene is indeed a hexagon,3

and in 1931 Erich Hückel presented the
foundations of his molecular orbital
(MO) theory of p-conjugated hydrocar-
bons providing the basis for the 4n + 2
rule of aromaticity.4

However, Hückel's MO theory laid
dormant until the 1950s when it was
discovered en masse by the chemistry
community. This becomes clear by
a comparison of two books from,
respectively, 1949 and 1961, in which the
properties of aromatic compounds are
discussed extensively. Dewar's “Elec-
tronic Theory of Organic Chemistry”
, Uppsala

en. E-mail:

544
contains essentially no mention of
Hückel's MO theory,5 while it has a very
prominent position in Streitwieser's
“Molecular Orbital Theory for Organic
Chemists”.6 On the experimental side,
NMR spectroscopy, which gave Bloch and
Purcell the Nobel prize in Physics in 1952,
was introduced and rapidly utilized to
explore magnetically induced ring
currents in aromatic molecules. In 1965,
Breslow launched the counter-concept,
antiaromaticity, to represent the oppo-
site of aromaticity and to classify cyclic p-
conjugated molecules such as cyclo-
butadiene and oxirene with 4n p-elec-
trons and exceptionally high reactivity.7,8

Yet, the aromaticity and anti-
aromaticity concepts are controversial
and the scientic debate has swayed back
and forth for decades. In 1970, Heil-
bronner stated aer the opening paper at
the Jerusalem Symposium on Aroma-
ticity, Pseudoaromaticity and Anti-
aromaticity that they had all gathered “in
a symposium on a non-existing subject”.9

And the debate continued. For example,
the topic of through-space aromaticity
(homoaromaticity) was controversial up
until the 1990s,10–12 and in recent years,
the discussion has partly centered on
which methods and criteria should be
used for aromaticity assessments (there
© 2023 The Author(s
are geometric, energetic, magnetic and
electronic criteria). Clearly, aromaticity
and antiaromaticity are concepts that
generate very many questions, and
consequently, disputes.

As revealed in a Perspective article on
this issue, the aromaticity research area,
based on the number of published
papers, has grown ve-fold in the last two
decades,13 possibly resembling the
growth of the eld in the 1950s and
1960s. In the Perspective, Gabriel Merino,
together with twelve highly established
colleagues in the (anti)aromaticity
research area, pinpoints a number of
issues that need to be dealt with in order
to bring more clarity into the eld, and
they ask where it is moving. A pressing
issue is the IUPAC Gold Book description
of the aromaticity concept, which is from
1999.

So why do aromaticity and anti-
aromaticity trigger so much debate?
Chemistry has a number of fuzzy
concepts,14 i.e., concepts that cannot be
dened precisely but where the corre-
sponding properties (attributes) are still
gradable in some way. Several such
concepts exist within the domain of
chemical bonding, two being aromaticity
and antiaromaticity, while other exam-
ples are electronegativity, atomic charges
). Published by the Royal Society of Chemistry
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Fig. 1 Drawings generated by Shutterstock's AI image generator on the tasks/themes “make a drawing of an aromaticmolecule” (all three images
in the top row), “molecular aromaticity: fuzzier than ever before?” (bottom row, left), “show aromaticity in somemolecules” (bottom row,middle),
and “show the chemical concept of aromaticity in four differentmolecules” (bottom row, right). Reproduced with the permission of Shutterstock.
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and even the chemical bond itself.14

These are all concepts that have no
associated quantum-mechanical oper-
ator. However, fuzzy concepts are not
unique to chemistry, and become more
common with the complexity of the
object. Going to an extreme, the complex
societal concept of a city has no unique
denition in urban science.15

The vast majority of aromatic
compounds are regular Hückel-
aromatics, but as described by Merino
et al., numerous new forms of aromaticity
have seen the light-of-day during the last
few decades,13,16 challenging the tradi-
tional description. When asked to illus-
trate the concept, an AI image generator
does not always come up with regular
Hückel-aromatic cycles (Fig. 1). Two
issues should be of prime concern. First,
the constant discovery of new forms of
aromaticity leads to the question of what
exactly is aromaticity? Are these “new
forms of aromaticity” always new or can
© 2023 The Author(s). Published by the Royal So
they be related to already established
forms? Or do the molecular features re-
ported represent something other than
aromaticity? Instead of discovering “new
forms of aromaticity”, it is likely desirable
to try to seek unifying patterns that
enable a generalization. A second issue of
concern is if computational studies
carried out in the eld of aromaticity are
performed with sufficient rigor? This
leads to another critical issue: the
potential overuse, and sometimes incor-
rect use, of certain computational tools
for aromaticity assessments. Merino and
co-authors pinpoint these and similar
issues.

Yet, the revision of the IUPAC Gold
Book denition/description is delicate.
Aromatic molecules are found more or
less everywhere, from the lignin biopoly-
mers in tree trunks to the heme unit in
hemoglobin, the H3

+ ion in the upper
atmospheres of Jupiter and Saturn,17 and
the many pharmaceuticals and their
ciety of Chemistry
transformation products in our water
systems.18 Hence, the concept has an
exceptionally large number of stake-
holders, including the high-school
chemistry teacher, the synthetic organic
chemist in Big Pharma and the theoret-
ical chemist in academia computing
exotic molecules. At the same time, the
general IUPAC description of aromaticity
should not be at odds with the new and
broadly accepted knowledge acquired
during the last few decades.

Accordingly, an additional question to
the one posed by the Merino and co-
authors is: Aromaticity: Cui Bono? Who
benets from today's (potentially
outdated) IUPAC description, and who
does the opposite? Who are the stake-
holders of the aromaticity concept today,
and who may be so in the future? How to
identify the stakeholders, and what are
the power relationships between them?
Should the revised description be worked
out exclusively by experts, or in another
Chem. Sci., 2023, 14, 5542–5544 | 5543
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way? Can one reach consensus on a new
aromaticity description, or are the stakes
so high that this will not be possible? Can
the present dispute be settled in what
may be labelled as a regular public dia-
logue, or will this just lead to the largest
cohort and/or the strongest voices getting
their views through?

Today, similar to the previous large
shi in the 1950s/60s where both new
theory (Hückel MO theory and related
models) as well as a new experimental
technique (NMR spectroscopy) made
entries into the eld of aromaticity, we
see the introduction of numerous new
molecules to which the traditional
understanding is not applicable.
Furthermore, a number of new quantum
chemical methods for (anti)aromaticity
assessments provide us with numbers,
but if not used properly, they may not
provide us with insights but rather the
opposite. Thus, the concept might be
fuzzier than ever, and it is certainly valid
to ask Aromaticity: Quo Vadis?

The Perspective article by Merino and
co-authors is an excellent starting point
for the journey the concepts of aroma-
ticity and antiaromaticity will take us on
in the next decade(s). At this point one
may ask, is (anti)aromaticity really just
one phenomenon or two (or several)
related phenomena? There is much that
needs to be discovered. With future
improved knowledge, we should also be
able to utilize these concepts for
a number of applications more effi-
ciently, and we will be better able to
understand a range of molecular
processes. It will be an exciting journey!
5544 | Chem. Sci., 2023, 14, 5542–5544
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2 A. Kekulé, Bull. Soc. Chim. Paris, 1865,
98–108.

3 K. Lonsdale, Proc. R. Soc. London, Ser. A,
1929, 123, 494–515.

4 E. Hückel, Z. Phys., 1931, 70, 204–286.
5 M. J. S. Dewar, Electronic Theory of
Organic Chemistry, Oxford University
Press, 1949.
© 2023 The Author(s
6 A. Streitwieser Jr, Molecular Orbital
Theory for Organic Chemists, John
Wiley & Sons, Inc., New York, 1961.

7 R. Breslow, Chem. Eng. News, 1965, 43,
90.

8 R. Breslow, Acc. Chem. Res., 1973, 6,
393–398.

9 E. Heilbronner, in Aromaticity, Pseudo-
Aromaticity, Anti-Aromaticity, ed.
Bergman, E. D. and Pullman B., Israel
Academy of Sciences and Humanities,
Jerusalem, 1971, pp. 21–22.

10 R. F. Childs, Acc. Chem. Res., 1984, 17,
347–352.

11 R. C. Haddon, J. Am. Chem. Soc., 1988,
110, 1108–1112.

12 D. Cremer, F. Reichel and E. Kraka, J.
Am. Chem. Soc., 1991, 113, 9459–9466.

13 G. Merino, M. Solà, I. Fernández,
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