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Since the beginning of pharmaceutical industry, synthetic
drugs are often designed considering the presence of hetero-
cyclic rings in natural products (alkaloids, vitamins, antibiotics,
peptides, etc.) [1]. Therefore, heterocycles are considered fun-
damental platforms for the synthesis of future drugs, thus
heterocyclic moieties are present in about 85% of bioactive
compounds [2].

From the second half of the twentieth century, another
fundamental tool for drug development was the introduction
of fluorine atoms into molecular structures [3,4].

Fludrocortisone was the first fluorinated drug approved in
1954 representing the first fluorocorticosteroid [5]. Since this
innovation, the presence for fluorinated drugs into the market
growth exponentially, with more than 300 fluorinated drugs
approved [3], reaching the 20% of drugs on the market with
a considerable 30% of fluorinated blockbusters such as Lipitor,
fluoxetine, linezolid, or fluticasone [4].

Introduction of the C-F bond into new drug gave the
advantage of unique physicochemical properties like high
bond strength and polarity with a minimal steric hindrance
[6]. Furthermore, due the absence of this bond in nature,
a good metabolic stability was obtained, thus improving
drug’s half-life [7].

Other common foreseen advantages are modulation of the
acid/basic properties of neighboring functionalities, improving
bioavailability and affinity, as well as, reduction of the lipophi-
licity, often associated to increased membrane’s permeabil-
ity [8,9].

The introduction of fluorinated groups into heterocycles
represented a key step in modern medicinal chemistry, lead-
ing to the born of fluorinated heterocycles as important scaf-
folds able to combine and improve their properties.

This subclass of pharmaceuticals includes some of the FDA-
approved drugs representing breakthrough innovations in
recent decades, such as fluorouracil, the class of fluoroquino-
lones, sitagliptin, mefloquine, celecoxib, and fluorodeoxyglu-
cose just to name few [10].

Considering those molecules where fluorinated group is
directly linked to the heterocyclic ring, a total of 41 small
molecules were approved by the FDA from 2016 to 2024.
Notably, biological targets and therapeutic indications are
widely covered, such as oncology, infectious diseases, rare

diseases, and also diagnostics. This feature clearly demon-
strates the versatility and general importance of such
compounds.

Despite this tremendous importance and growing interest,
the introduction of fluorinated moieties into organic com-
pounds is perceived as challenging and requires further
improvement to reach desired applicability [11]. Among all
strategies, late-fluorination [12], catalyzed reactions [13], and
the use of hypervalent iodine reagent [14] seem the most
promising.

Despite late-fluorination is described as the most effective
strategy for practical and industrial uses, the current main
strategy is the use of fluorinated building blocks since the
beginning of the synthetic plan, as outlined for the synthesis
of many FDA-approved drugs [10].

Thus, this synthetic pathway requires the abundant use of
fluorinated starting materials such as trifluoroacetic acid (TFA),
trifluoroacetate, trifluoroacetic anhydride, trifluoroethylamine,
and ethyl triflate, commonly employed for the introduction of
the trifluoromethyl group. In addition, fluorinated (hetero)aro-
matic starting materials such as (poly)fluorobenzoic acid,
fluoro-, or trifluoromethylpyridines are widely used.

Some of the main mechanisms used for the introduction of
F atoms are the nucleophilic fluorination of electrophiles
[11,15]. Fluorination of (hetero)arenes includes nucleophilic
substitution and metal-catalyzed nucleophilic fluorination or
deoxofluorination [11]. Trifluoromethylation occurs through
electrophilic compounds such as Togni reagents [16] and
S-(trifluoromethyl)dibenzothiophenium salts [17], or with
cheaper derivatives such as CFsl, preferred for industrial pro-
cesses. The use of solid and stable reagents such as NaSO,CF;
in radical trifluoromethylations of electron-rich arenes is also
increasing [11].

Despite the growing interest on fluorinated heterocycles,
a great shadow is growing behind, due the raising concerns
about “Forever Chemicals,” such as perfluorinated alkylated
substances (PFAS), that led to their partial ban in Europe
and US.

The major concerns regard the use of long chain (especially
alkyl chain >Cg) PFAS, but under the definition of Persistent
Organic Pollutants (POPs) are also comprised smallest PFAS
containing a single trifluoromethyl group such as TFA or many
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fluorinated pharmaceuticals. The presence of these com-
pounds was recently monitored efficiently into municipal was-
tewater in US, revealing that the greater number of fluorinated
pollutants in drinking water are prescribed drugs or their
metabolites [18]. These finding rise many questions about
the fate of fluorinated drugs into the environment and how
these persistent compounds will affect the environment in the
next years.

Under these circumstances, two essential needs seem
proceeding into opposite directions, the need of effective
drugs for different diseases, against the need of pure drink-
ing water and a safe environment. Obviously these two
universal rights must not be in conflict but should be
pursued in a strictly connection. Thus, a full research
focused on a comprehensive and deep knowledge of the
potential fate of fluorinated drugs into the environment is
needed, as well as the development of effective analytical
methods and the optimization of fluorinated compounds
removal from industrial water, preferably before they
reach the environment.

All these issues could represent the key developments for
the future sustainability of the industry of fluorinated hetero-
cyclic drugs.

Acknowledgments

C.R. thanks PNR,
B79J21038330001.

Next-Generation EU, DM737/2021, CUP

Funding

This paper was not funded.

Declaration of Interest

The authors have no relevant affiliations or financial involvement with
any organization or entity with a financial interest in or financial
conflict with the subject matter or materials discussed in the manu-
script. This includes employment, consultancies, honoraria, stock own-
ership or options, expert testimony, grants or patents received or
pending, or royalties.

References

1. Kerru N, Gummidi L, Maddila S, et al. A review on recent advances
in nitrogen-containing molecules and their biological applications.
Molecules. 2020;25(8):1909. doi: 10.3390/molecules25081909

. Heravi MM, Zadsirjan V. Prescribed drugs containing nitrogen het-

erocycles: an overview. RSC Adv. 2020;10(72):44247-44311. doi: 10.
1039/DORA09198G

. Inoue M, Sumii Y, Shibata N. Contribution of organofluorine com-

pounds to pharmaceuticals. ACS Omega. 2020;5(19):10633-10640.
doi: 10.1021/acsomega.0c00830

. O'Hagan D. Fluorine in health care: organofluorine containing

blockbuster drugs. J Fluorine Chem. 2010;131(11):1071-1081. doi:
10.1016/j.jfluchem.2010.03.003

. Fried J, Sabo EF. 90-FLUORO DERIVATIVES OF CORTISONE AND

HYDROCORTISONE. J Am Chem Soc. 1954;76(5):1455-1456. doi:
10.1021/ja01634a101

. Purser S, Moore PR, Swallow S, et al. Fluorine in medicinal chem-

istry. Chem Soc Rev. 2008;37(2):320-330. doi: 10.1039/B610213C

. Johnson BM, Shu Y-Z, Zhuo X, et al. Metabolic and pharmaceutical

aspects of fluorinated compounds. J Med Chem. 2020;63
(12):6315-6386. doi: 10.1021/acs.jmedchem.9b01877

. Mei H, Han J, Fustero S, et al. Fluorine-containing drugs approved

by the FDA in 2018. Chem Eur J. 2019;25(51):11797-11819. doi: 10.
1002/chem.201901840

. Shah P, Westwell AD. The role of fluorine in medicinal chemistry.

J Enzyme Inhib Med Chem. 2007;22(5):527-540. doi: 10.1080/
14756360701425014

. Rizzo C, Amata S, Pibiri I, et al. FDA-Approved fluorinated hetero-

cyclic drugs from 2016 to 2022. Int J Mol Sci. 2023;24(9):7728. doi:
10.3390/ijms24097728

. Liang T, Neumann CN, Ritter T. Introduction of fluorine and

fluorine-containing functional groups. Angew Chem Int Ed.

2013;52(32):8214-8264. doi: 10.1002/anie.201206566

. Yerien DE, Bonesi S, Postigo A. Fluorination methods in drug dis-

covery. Org Biomol Chem. 2016;14(36):8398-8427. doi: 10.1039/
C60B00764C

. Furuya T, Kamlet AS, Ritter T. Catalysis for fluorination and

trifluoromethylation. Nature. 2011;473(7348):470-477. doi: 10.

1038/nature10108

. Han Z-Z, Zhang C-P. Fluorination and fluoroalkylation reactions

mediated by hypervalent iodine reagents. Adv Synth Catal.
2020;362(20):4256-4292. doi: 10.1002/adsc.202000750

. Ivasyshyn V, Smit H, Chiechi RC. Synthesis of a hominal bis-

(difluoromethyl) fragment. ACS Omega. 2019;4(9):14140-14150.
doi: 10.1021/acsomega.9b02131

. Eisenberger P, Gischig S, Togni A. Novel 10-I-3 hypervalent

iodine-based compounds for electrophilic trifluoromethylation.
Chem Eur J. 2006;12(9):2579-2586. doi: 10.1002/chem.
200501052

. Magnier E, Blazejewski J-C, Tordeux M, et al. Straightforward

one-pot synthesis of trifluoromethyl sulfonium salts. Angew
Chem Int Ed. 2006;45(8):1279-1282. doi: 10.1002/anie.
200503776

. Ruyle BJ, Pennoyer EH, Vojta S, et al. High organofluorine concen-

trations in municipal wastewater affect downstream drinking water
supplies for millions of Americans. Proc Natl Acad Sci. 2025;122(3):
€2417156122. doi: 10.1073/pnas.2417156122


https://doi.org/10.3390/molecules25081909
https://doi.org/10.1039/D0RA09198G
https://doi.org/10.1039/D0RA09198G
https://doi.org/10.1021/acsomega.0c00830
https://doi.org/10.1016/j.jfluchem.2010.03.003
https://doi.org/10.1016/j.jfluchem.2010.03.003
https://doi.org/10.1021/ja01634a101
https://doi.org/10.1021/ja01634a101
https://doi.org/10.1039/B610213C
https://doi.org/10.1021/acs.jmedchem.9b01877
https://doi.org/10.1002/chem.201901840
https://doi.org/10.1002/chem.201901840
https://doi.org/10.1080/14756360701425014
https://doi.org/10.1080/14756360701425014
https://doi.org/10.3390/ijms24097728
https://doi.org/10.3390/ijms24097728
https://doi.org/10.1002/anie.201206566
https://doi.org/10.1039/C6OB00764C
https://doi.org/10.1039/C6OB00764C
https://doi.org/10.1038/nature10108
https://doi.org/10.1038/nature10108
https://doi.org/10.1002/adsc.202000750
https://doi.org/10.1021/acsomega.9b02131
https://doi.org/10.1002/chem.200501052
https://doi.org/10.1002/chem.200501052
https://doi.org/10.1002/anie.200503776
https://doi.org/10.1002/anie.200503776
https://doi.org/10.1073/pnas.2417156122

	Acknowledgments
	Funding
	Declaration of Interest
	References

