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Contributed comment to the special Issue of Medicinal
Chemistry Research marking the retirement of Dr Nicholas
Meanwell from Bristol Myers Squibb.

The increasing incorporation of fluorine into bioactive
molecules is attributable to the profound effects this substitu-
tion has on their activity and disposition. Nick Meanwell is an
avid proponent of the “enchanted atom” and contributed much
to furthering our understanding of its impacts in drug discovery
through authoritative and highly cited reviews on applications
[1], isosterism [2, 3] and metabolic/pharmaceutical [4] aspects
of fluorination. The reviews were received widely by the
community in no small part reflecting the importance that
fluorine has assumed in medicinal chemistry. Figure 1 taken
from one of these reviews [4] illustrates the increasing pre-
valence of fluorinated drugs in approvals since the steroidal
anti-inflammatory fludrocortisone was licenced in 1955 [5].
Drugs such as 5-fluorouracil and atorvastatin have saved lives
on a global scale whilst over 300 others, in the purported 20%
of recent molecules [5], contributed much to reductions in
disease prevalence and improvements in well-being.

The unique properties of fluorine in terms of its steric
compactness and its ability to form stable bonds to carbon
contribute to its versatility, whilst its high electronegativity
inductively tunes the electronic profile of a molecule thus
modulating basicity/acidity and other physical character-
istics. Contrary to these profound intramolecular effects, its
poor propensity to hydrogen bonding means that it does not
generally promote strong intermolecular interactions,
although di- or multipolar interactions in the desolvated
binding sites of proteins can improve molecular affinities. In
pharmaceuticals, fluorine is often strategically placed on a
molecule to supress metabolism, modulate physical

properties, and consequently increase in vivo half-lives.
Aryl-fluorinations and higher levels of fluorine such as the
introduction of the CF3 group can have these effects too and
can increase lipophilicity without metabolic vulnerability.
An appreciation of subtle stereoelectronic effects control-
ling intramolecular interactions has been exploited to bias
conformations and rigidify structures [1, 2]. Taken together,
fluorine has proven to be remarkably successful, and most
drug development programmes will at least explore fluorine
during optimisation of a lead compound, increasingly
enabled by developments in synthesis methods and tech-
nologies that now facilitate fluorination through nucleo-
philic, electrophilic, and deoxyfluorination protocols [6].

The impact of natural recognition is a subject of increasing
interest in drug discovery [7], and it follows that the selective
introduction of fluorine into natural products or accessing
fluorinated’pseudo’ natural products (defined by their con-
nectivity/scaffolds being unknown to nature) is an attractive
prospect in pharmaceutical innovation [7]. Although only a
limited number of fluorinated natural products are currently
characterised [8], the genes and enzymes that produce them
are being prospected for new biotechnologies enabling the
synthesis of fluorinated natural product analogues [9]. In the
medium- to long-term, synthetic and biosynthetic prospects in
selective fluorination should address unsolved synthesis
challenges, thereby enabling introduction of fluorine into drug
scaffolds at will. Furthermore, judicious fluorination holds
promise in the era of artificial intelligence when the notion of
making desired, not just easily synthesisable, molecules is
again coming to the fore.

In reviewing metabolic and pharmaceutical aspects of
fluorinated compounds, Nick et al. reflected on the “poten-
tially problematic outcomes with some fluorinated motifs and
[how they] are enhancing our understanding of how fluorine
should be deployed” [4]. This referred to in vivo toxicity
rather than environmental concerns. The comment focussed
on metabolism and warned that despite the strength of the C-F
bond it is often readily liberated in metabolic processes,
generating reactive intermediates that can have undesirable
consequences (Fig. 2). In recent conversations, Nick
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considered the repercussions of “good fluorine and bad
fluorine,” topics of profound importance to drug hunters [10].
In their extensive review of the metabolism of fluorinated
compounds a plethora of degradation pathways are evident;
the peculiar and chameleonic properties often contributing to
complex and unexpected outcomes.

The toxicity of fluoroacetate is the most prominent
example of adverse metabolism and this occurs via an
indirect mechanism through inhibition of the Krebs cycle.
This acute toxicity is a perennial risk known to Medicinal
Chemists, whether it be fluoroacetates themselves or an
origin via metabolism of terminal fluoro- aliphatic lipids,
ethers or amines. In the context of unexpected metabolites,
Scheme 1 illustrates the ultimate production of 4-hydroxy-
trans-aconiate, a potent and tight-binding inhibitor of aco-
nitase, the ultimate toxicant from fluoroacetate metabolism.
Despite the strength of the C-F bond, such reactivity in
biological systems is well-characterised [10].

The Paracelsus edict “dosis sola facit venenum”—or the
dose makes the poison is a central facet of drug discovery, but
in the “toxicophoric” [11] age of medicinal chemistry further
research into lability and understanding of these mechanisms
would be useful in guiding the choice of fluorinated motifs.
But, like all Janus-faced phenomena, the flip side has resulted
in fluorine-facilitated selective toxins, such as fluoro-ornithines
and 4-fluorothreonine, potentially useful as anti-cancer, anti-
biotic or anti-trypanosomal agents [4, 8].

Catabolic processes in the breakdown of drug molecules
involved in returning fluoride or fluorinated by-products are
not so well-characterised. It can take 30 years for micro
bacteria to evolve in response to environmental challenges
[12], so the colloquial analogy of “Teflon®-coating” phar-
maceuticals with multiple fluorinations could be a recipe for
extending half-lives at the expense of environmental per-
sistence or inadvertent/indirect release of toxicants. Fig. 3
illustrates just how much impact fluorinations can have on
the half-lives of bioactive molecules, which may also con-
tribute to their persistence.

It is understood that the fate of many trifluoromethylated
drugs, such as fluoxetine [13], is ultimately to release tri-
fluoroacetic acid (TFA) into the environment, a molecule of
increasing environmental concern [14]. TFA is a highly
persistent compound in water courses and has no apparent
degradation pathways. There was a discussion that TFA may
have a natural source in the deep oceans suggesting a geo-
thermal origin, however recent revisions have challenged
this assessment and conclude that it is most likely that TFA
in the environment is entirely of anthropogenic origin. The
refrigerants industry has progressed to its third generation of

Fig. 1 Fluorine-containing drugs approved by the U.S. Food and Drug
Administration through the end of 2019, Reprinted with permission
from ref [4]. Copyright 2020 American Chemical Society

Fig. 2 The conflicting behaviours of fluorine, reprinted with permis-
sion from ref [4]. Copyright 2020 American Chemical Society

Scheme 1 The indirect toxicity of fluoroacetate is manifested through
its acetyl-CoA derivative 1 that undergoes a stereospecific Claisen
condensation to give erythro-(2 R,3 R)-2-fluorocitric acid 2 that
dehydrates through the action of aconitase, yielding 3 which flips in
the active site prior to the addition of water to yield 4-hydroxy-trans-
aconitate 4, a potent, tight-binding inhibitor of aconitase
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fluorocarbon products, after ozone depleting chloro-
fluorocarbons (CFCs) and then high global warming
potential (GWP) hydrofluorocarbons (HFCs). The current
low GWP product 1234yf, a hydrofluoro-olefin (HFO), is
now a major source of anthropogenic TFA. 1234yf is
removed rapidly from the upper atmosphere by photo-
oxidation and is converted to TFA, which, in global rain-
water monitoring, has been observed above acceptable
guidelines during some events. Concerns around TFA
accumulation in the environment are accelerating unease in
agrochemicals and pharmaceuticals regarding a future for
fluorine and particularly substituents such as ubiquitous -CF3
containing products. Aryl-CF3 compounds are widely
represented in bioactives and their production as well as the
intermediates used to prepare them on scale, present addi-
tional, although relatively minor environmental sources of
TFA. This is compounded by the perfluoroalkyl sulfonate
(PFAS) crisis which recognises that this persistent class of
molecules are accumulating in environmental water sinks
and surreptitiously appearing in the blood of the human
population and mammals on all continents at ppb levels. The
developing regulation around perfluoro-organics may extend
to CF3 containing compounds, with TFA the shortest chain
PFAS, although it is a reasonable assumption that many
configurations such as N-CF3 and O-CF3 compounds will
ultimately degrade to fluoride. The deployment of certain
classes of fluorine-containing motifs in the search for new
drugs may be expected to decline in popularity in the face
these challenges, however it is anticipated that ‘Essential
use’ regulations [15] will offset a significant decline in the
bioactives arena, and the judicious incorporation of non-
persistent fluorine remains a powerful approach for devel-
oping new products for enhanced societal benefits.

Conclusion

The selective introduction of fluorine into bioactive
molecules has had an impressive impact in medicines and

global food production in products associated with agro-
chemicals. However, the presence of fluorine in all pro-
ducts is receiving critical scrutiny due to environmental
concerns regarding persistence chemicals. Despite the
self-evident positives of ‘good fluorine,’ if it is to continue
as a design tool then relevant motifs will have to be
compatible with evolving environmental legislation. In
particular, products that degrade to TFA or other persis-
tent end products will likely feel regulatory pressures,
whereas products that biodegrade to fluoride will have
more satisfactory prospects. Such awareness and change
present new challenges and we anticipate a surge in
fluorination innovation around next generation approa-
ches aimed at exploiting the exquisite properties of this
unique element.
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