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Due to the importance of the fluorinated heterocycles as main components of marketed drugs where 20%

of the anticancer and antibiotic drugs contain fluorine atoms, this review describes the reported five-

membered heterocycles and their benzo-fused systems having directly connected fluorine atom(s). The

in vivo and in vitro anticancer and antimicrobial activities of these fluorinated heterocycles are well

reported. Some fluorinated heterocycles were found to be lead structures for drug design developments

where their activities were almost equal to or exceeded the potency of the reference drugs. In most

cases, the fluorine-containing heterocycles showed promising safety index via their reduced cytotoxicity

in non-cancerous cell lines. SAR study assigned that fluorinated heterocycles having various electron-

donating or electron-withdrawing substituents significantly affected the anticancer and antimicrobial

activities.
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1. Introduction

The spread of various types of cancers and microbes worldwide,
which frequently leads to death, is regarded one of the world's
greatest challenges in eliminating them. Multidrug resistance
(MDR) is one of the primary causes of the failure of cancer
chemotherapy, where cancer cells can survive several chemo-
therapy treatments with various structures and mechanisms of
action. Multidrug-resistant bacteria (MDR bacteria) are bacteria
that resist some antimicrobial drugs.1–3 Researchers are devoted
to nding effective drugs with minimum toxicity to avoid
serious side effects of cancer drugs. One of the research
methods is to introduce a new active moiety or atoms on the
heterocyclic compounds that enhance their effectiveness.
Researchers have discovered that ring-uorinated ve- and six-
membered nitrogen heterocyclic compounds have promising
antibacterial and anticancer potencies.4,5 Due to the high elec-
tronegativity and small size of the uorine atom, the introduc-
tion of uorine atom(s) into biologically active heterocyclic
compounds can remarkably improve chemical and physical
properties of entire molecules. These properties are acidity,
basicity, solubility, lipophilicity, stability and hydrogen bonding
interactions and may greatly enhance their biological
potencies.6–9 In addition, direct uorination via replacing
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hydrogen with uorine on heteroaromatic rings was very
effective for the metabolic stability of the new uorinated het-
eroaromatics.10 About 20% of the marketed pharmaceutical
drugs contain uorine atom(s).11,12 One of the oldest uorinated
anticancer drugs was 5-uorouracil (Fig. 1), which was approved
in 1957.13 Some directly uorinated heterocycles such as suni-
tinib (Fig. 1) was the rst anticancer drug approved by the FDA
in 2006 for the treatment of renal cell carcinoma (RCC).14

Sunitinib was able to inhibit VEGF(R)-2 (vascular endothelial
growth factor receptor), a tyrosine receptor kinase, which is
important for the direct regulation of tumor angiogenesis.15–17

Abemaciclibwas approved in 2017 for the treatment of advanced
or metastatic breast cancers18 and pralsetinib (Fig. 1) was
approved in 2020 for the treatment of metastatic fusion-positive
non-small-cell lung cancer.19 In addition, cedazuridine,20 bini-
metinib,21 selumetinib22 and gemcitabine23 (Fig. 1) were also
approved as anticancer drugs in the market. Moreover, uori-
nated heterocycles were reported as the core component of
some antibiotic drugs that were approved in the market, such as
cephalosporins (b-lactam-based uorinated thiazine deriva-
tives), delaoxacin, levooxacin and ciprooxacin, as shown in
Fig. 2.24–26 The importance of uorine-based small molecules in
drug discovery forced chemists and drug developers to over-
come challenges associated with the insertion of uorine
atom(s) into small organic molecules. Several synthetic routes
to uorinated heterocycles were described in the literature,
particularly chemical and electrochemical tools or employing
readily available uorinated reagents. Chemical uorination of
heterocyclic systems was achieved using either electrophilic or
nucleophilic uorinating agents such as F2, SF4, XeF2, Et2NSF3
(DAST), or N-uoropyridinium triates, or using the uorinated
building blocks such as CF3COCH3, CF3CO2Et, or CF2Br2.27–31

Electrochemical uorination protocol employed the use of
stable uoride ion sources such as alkyl ammonium uoride
ionic liquids (Et3N$nHF, or Et4NF$nHF (n = 3, 4, 5)) under
constant current or constant potential conditions.32–37 The late-
stage uorination was reported as exceptional, effective access
for the synthesis of complex small molecules involving metal-
catalysed procedures to facilitate the C–F bond formation of
such molecules with potential industrial applications.38 The
above facts attracted our attention to collect all reports about
the anticancer and antibacterial activities of the directly uo-
rinated ve-membered and their fused heterocyclic compounds
during the last two decades, from 2003 till the end of 2023. We
highly expect that this review article will help a wide range of
researchers interested in pharmaceutical drugs to discover
effective derivatives for the treatment of various cancers and
widespread bacterial diseases.
2. Anticancer activity of fluorinated
heterocycles
2.1. Anticancer activity of uorobenzofuran derivatives

Ayoub et al. screened the anticancer activity of the uorinated
benzofuran derivatives 1–9 (Fig. 3) against the human colorectal
adenocarcinoma cell line HCT116 using a WST-1 assay.39 Only
RSC Adv., 2024, 14, 19752–19779 | 19753
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Fig. 1 Ring-fluorinated heterocycles as commercial anticancer drugs.

Fig. 2 Ring-fluorinated heterocycles as commercial antibiotic drugs.
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compounds 1 and 2 inhibited the proliferation by approxi-
mately 70% with IC50 values of 19.5 and 24.8 mM. Both
compounds 1 and 2 were reported to exhibit inhibition of the
expression of the antiapoptotic protein Bcl-2 and concentration-
dependent cleavage of PARP-1, as well as DNA fragmentation by
approximately 80%.
2.2. Anticancer activity of uoroindole derivatives

Pidugu et al. tested indole-2-carboxylic acids 10 (Fig. 4) as
inhibitors of the human apurinic/apyrimidinic endonuclease 1
(APE1).40 The result indicated that compound 10 formed
aggregates and was a weak inhibitor of APE1 under conditions
19754 | RSC Adv., 2024, 14, 19752–19779
that disrupted compound aggregation. 5-Fluoroindole-2-
carboxylic acid (10) was found to inhibit APE1 with an IC50 of
10 mM. APE1 was elevated in cancers and was correlated with
increased tumor progression, decreased survival and reduced
sensitivity to chemotherapy.

Two series of 6-uoroindole derivatives 11 and 12 (Fig. 5)
were synthesized and screened for their in vivo cytotoxicity
against HCT-116 CRC in a low nanomolar range.41 Among them,
compound 12 could induce G2/M phase arrest via regulating
cyclin B1 expression, produce excess reactive oxygen species
(ROS), and target tubulin in CRC cells. Compound 12 signi-
cantly increased the G2/M phase population in HCT-116 cells,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structures of fluorinated benzofurans 1–9.

Fig. 4 Structure of 5-fluoroindole-2-carboxylic acid 10.
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indicating an anti-microtubule mechanism. Cyclin B1, a G2/M
marker protein, was up- and down-regulated aer 12 and 48
hours of treatment, indicating its high cytotoxicity and cell
death aer 48 hours. Compound 12 treatment signicantly
reduced b-tubulin proteolysis at a 1 : 300 pronase ratio. Molec-
ular docking conrmed the binding mode and activity of 12
with tubulin, with the 5-methoxyl and 1-amino functional
groups interacting through hydrogen bonds. The additional
aminoethyl group formed hydrogen bonds with Y202, con-
rming the direct binding target of 12. In vivo, compound 12
signicantly suppressed tumor growth, achieving 65.3% and
73.4% at doses of 5 and 10 mg kg−1 d−1 (i.v. 21 d), much better
than 54.1% of Taxol at 7 mg kg−1. In addition, compound 12
showed better in vivo tolerance compared to that of 11 (R =Me)
(only 3 mg kg−1 tolerance, intraperitoneal, i.p.) and no major
organ-related toxicity. 4-Aminoethoxyphenyl indole-chalcone 12
Fig. 5 Structure of 6-fluoroindole derivatives 11 and 12.

© 2024 The Author(s). Published by the Royal Society of Chemistry
represents the lead compound in the chemotherapy of CRC for
further drug development.

Fluoroindole-tethered chromene derivatives 13a,b (Fig. 6)
were synthesized and evaluated for anticancer properties
against A549, PC-3, and MCF-7 cancer cell lines. The derivatives
13a and 13b displayed promising cytotoxic activity with IC50

values ranging between 7.9–9.1 mM. Molecular docking revealed
that 13a and 13b had a good binding affinity towards tubulin
protein, better than the positive control (crolibulin), and the
molecular dynamic simulations further demonstrated the
stability of ligand–receptor interactions.42

Yang and his colleagues designed and synthesized a series of
phenylfuran-bisamide derivatives 14a–c (Fig. 7) as P-
glycoprotein (P-gp) inhibitors based on target-based drug
design and screened on MCF-7/ADR cells. The results revealed
that the introduction of electron-withdrawing uorine substit-
uent (6-F, 5-F, 4,6-di-F) at position 2 of indole was benecial to
the reversal activity. The reversal activity could be ordered as:
14b (5-F) > 14c (4,6-di-F) > 14a (6-F), which demonstrated that
uorine with stronger electron-drawing ability at 5-position of
indole might be more favourable to the reversal activity of target
skeleton.43 The uorinated derivative 14b exhibited low cyto-
toxicity and promising MDR reversal activity (IC50 = 0.0320 mM,
reversal fold = 1163.0), 3.64-fold better than third-generation P-
gp inhibitor tariquidar (IC50= 0.1165 mM, reversal fold= 319.3).
The results of western blot and rhodamine 123 accumulation
RSC Adv., 2024, 14, 19752–19779 | 19755
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Fig. 6 Structure of fluoroindole-tethered chromene derivatives 13a,b.

Fig. 7 Structure of phenylfuran-bisamide derivatives 14a–c.
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veried that compound 14b exhibited excellent MDR (multi-
drug reversal) activity by inhibiting the efflux function of P-gp
but not expression. Furthermore, molecular docking showed
that compound 14b bound to target P-gp by forming the double
H-bond interactions with residue Gln 725. These results suggest
that compound 14b might be a potential MDR reveal agent
acting as a P-gp inhibitor in clinical therapeutics and provide
Fig. 9 Structure of fluorinated indolinone derivatives 16a–c and its IC50

Fig. 8 Structure of fluorinated indolone derivative 15.

19756 | RSC Adv., 2024, 14, 19752–19779
insight into design strategy and skeleton optimization for the
development of P-gp inhibitors.43

The uorinated indolone derivative 15 (Fig. 8) was reported
by London et al. as a good candidate for the treatment of canine
mast cell tumors (MCT) in dogs. Compound 15 had signicant
biological activity against canine MCTs and was administered
on a continuous schedule. The objective response rate (ORR) for
145 dogs that received 15 was 42.8% (21 complete responses, 41
partial responses), and the duration of tumor progression was
18.1 weeks. Clinical trials of this compound showed that
spontaneous tumors in dogs were good for the evaluation of
therapeutics in a clinical stage.44

Three uorinated indolinone derivatives 16a–c (Fig. 9) were
synthesized and examined as multi-targeted kinase inhibitors
against the hepatocellular carcinoma (HCC) cell lines HuH7
and HepG2. Compound 16c showed the best activity against
both cell lines HuH7 and HepG2 with IC50 values 1.1 and 0.4 mM
more potent than the sunitinib reference drug with IC50 values
4.7 and 4.5 mM in HuH7 and HepG2, respectively. Compound
16c demonstrated a good safety prole via its reduced cytotox-
icity in the non-cancerous THLE2 liver cell line (IC50 > 10 mM)
compared with sunitinib IC50 = 4.5 mM. The selectivity ratios
(SR) of the tested compound 16c against HuH7/THLE2 and
HepG2/THLE2 were SR = 6.4 and 17.2, respectively, indicating
increased anti-proliferative activity in tumor versus normal cells.
Thus, compound 16c showed a promising safety index with
comparable efficacy with sunitinib (SR = 10.8 and 20.4).45 The
study investigated the biochemical mechanism of anti-
proliferative effects of the target indolinone derivatives. It
showed a dose-dependent inhibition of Erk and Akt phos-
phorylation in HuH7 cells, while HepG2 cells showed reduced
Akt phosphorylation but not Erk phosphorylation. The study
also demonstrated a reduction in cell cycle marker cyclin-D1.

Chen et al. described the synthesis of the 5(6)-mono-
uorinated indolin-2-one, series 16 and 17 bearing the amino-
sulfonyl moiety, and screened their growth inhibitory activities
on HCC (HuH7 and Hep3B) cells (Fig. 10). It was reported that
they showed large variations of activities with IC50 values 0.09
mM to >30 mM (HuH7) and 0.36–13.6 mM (Hep3B). The 6-mon-
ouorinated indolin-2-one 16l was found to be the most potent
compound in this series, where IC50 values were 0.09 mM
(HuH7) and 0.36 mM (Hep3B), superior to both sunitinib and
sorafenib. The IC50 values of sunitinib and sorafenib were 5.6
and 5.4 (HuH7) and 5.2 and 5.4 (Hep3B). Thus, structure 16lwas
considered as a lead structure for drug design investigations.46
values.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Structure of fluorinated indolinone derivatives 16a–k and 17a–l.
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All uorinated indolin-2-one derivatives inhibited the phos-
phorylation of RTKs in HuH7, notably FGFR4 and HER3, and
decreased tumor load in a mouse model.

Inhibition of the VEGFR-2 signaling pathway has already
become one of the most promising approaches for the treat-
ment of cancer. Gao et al. designed and synthesized a series of
Fig. 11 Structure of 4-fluoroindole derivatives 18 and 19.

© 2024 The Author(s). Published by the Royal Society of Chemistry
4-uoroindole derivatives 18 and 19 and evaluated their inhib-
itory activity of VEGF(R)-2 kinase inhibition (Fig. 11). Most of
these compounds demonstrated high anti-angiogenesis activi-
ties via VEGFR-2 in enzymatic proliferation assays on a nano-
molar scale. In particular, compound 19g showed signicant
activity with an IC50 value of 3.8 nM. SAR was reported to study
RSC Adv., 2024, 14, 19752–19779 | 19757
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the effect of substitutions at the aniline ring linked to the
pyridine motif on the activity. The SAR result declared that the
removal of the p-methyl group led to a higher potency against
VEGFR-2. The presence of the p-sulfonamide group dramati-
cally decreased the potency by 3.4-fold (IC50 = 31 nM) than the
m-sulfonamide group (IC50 = 9 nM). Thus, the effect of the
position of substituent was crucial. Compound 18c showed
similar potency with compound 18b (IC50 = 31 nM). Further-
more, 4,6-disubstituted compounds showed an improved
VEGFR-2 inhibitory potency than those having 3,4-disubstituted
or trimethoxy groups on the ring. SAR was also reported to
investigate the effect of substitutions at the aniline ring linked
to the pyrimidine motif on the activity. Compounds (19f–19o)
Fig. 12 Structure of 5-fluoroindole derivatives 20a–i.

Fig. 13 Structure of aminotriazine derivatives 21 and 22.

19758 | RSC Adv., 2024, 14, 19752–19779
with an electron-withdrawing group at the aniline ring exhibi-
ted high VEGFR-2 inhibitory activities; particularly, compound
19g displayed a potent inhibitory activity with an IC50 value of
3.8 nM. The selectivity of derivative 19g was evaluated on
a panel of tyrosine kinases, where it showed good potency
against VEGFR-1, PDGFR-a, and PDGFR-b, with high selectivity
over VEGFR-3 and excellent selectivity over ErbB2, ErbB4, EGFR,
ABL, EPH-A2, FGFR-1, FGFR-2, and IGF-1R. The described
results conrmed that such compounds could act as lead
structures for the development of more selective anticancer
medication.47

Gokhale et al. described the synthesis of a series of
quinazolinone-based 5-uoroindole hybrids 20a–i (Fig. 12) and
studied their in vitro cytotoxic activity using a sulphorhodamine
B (SRB) bioassay method. The bioassay was carried out against
MCF-7 (human breast adenocarcinoma), HepG2 (human liver
hepatocellular) and the non-tumorigenic Vero cell lines. Among
the synthesized compounds, 20a, 20f, and 20i provided signif-
icant activities against the tested cell lines. It was also reported
that HepG2 cells were more sensitive to all the synthesized
hybrids than MCF-7 cells. Compound 20f presented the highest
potency against MCF-7, HepG2 and Vero cell lines with IC50

values of 42.4, 15.8 and 50.5 mM compared with 23.7, 18.8 and
45 mM for the standard reference 5-uorouracil. The presence of
three uorine atoms in 20f might be responsible for its higher
activity in all the cell lines. Thus, compound 20f showed
substantial anticancer activity and could be used as a lead for
further investigations where it had very low toxicity against the
non-cancerous Vero cell line.48

Pecoraro and co-workers49 synthesized two series of the
amino-triazine derivatives 21 and 22 (Fig. 13) to test their ability
to lock into the nucleotide-binding pocket, occupying the space
of the ATP and hampering the kinase enzymatic activity. The
modulatory effect of the amino-triazine derivatives on the
pyruvate dehydrogenase kinases (PDKs) was tested, where many
derivatives were found to modulate the PDKs enzymatic activity
with a marked selectivity against the PDK1 and PDK4 isoforms.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Considering the high degree of similarity between PDK1 and
HSP90 (heat shock protein 90), compounds 21c and 22c were
tested for their ability to inhibit its enzymatic activity (Fig. 13).
Interestingly, the two uorinated derivatives, 21c and 22c, were
extremely active against HSP90. These results were also vali-
dated by molecular modelling, which demonstrated the ability
of the newly synthesized triazine derivatives to t into the
nucleotide-binding pocket of PDK1. The newly developed
molecules of types 21 and 22 also exhibited very promising anti-
proliferative activities against KRAS (mutated pancreatic
cancer) wild-type and mutant PDAC cells, namely BxPC-3 and
PSN-1, respectively, with IC50 values ranging from low-
micromolar to sub-nanomolar level. These ndings supported
further development of new classes of PDK inhibitors relevant
to PDAC treatment.

A series of chalcone-based 5(6)-uoroindole derivatives 23
and 11 (Fig. 14) were designed, and their inhibitory activity
against colorectal cancer (CRC) was explored. Compound 11
exhibited signicant inhibitory activity toward HCT116 cells
(IC50 = 4.52 nM), CT26 cells (IC50 = 18.69 nM), CRC organoids
(IC50 = 1.8–2.5 nM), HCT116-xenogra mice (TGI value of
65.96% at the dose of 3 mg kg−1), and APCmin/+ mice (adenoma
number inhibition rate of 76.25% at the dose of 3 mg kg−1).
Meanwhile, the related mechanisms mediated by 11 for CRC
Fig. 14 Structure of 5(6)-fluoroindole derivatives 23 and 11.

Fig. 15 Structure of 4-fluoroindoline derivatives 24a,b, 25, 26a–c and 2

© 2024 The Author(s). Published by the Royal Society of Chemistry
were also studied in detail. This study supported that indole-
chalcone compounds were a class of promising lead
microtubule-targeting drugs (MTAs) and highlighted the
potential of 11 to combat CRC.50

Synthesis and anticancer activity of the 4-uoroindoline
derivatives 24a,b and 25 were studied (Fig. 15). The anticancer
activity was measured via selective inhibition of endoplasmic
reticulum kinase (PERK) enzyme assay. All the synthesized 4-
uoroindoline derivatives displayed PERK inhibitory activity
with IC50 ranging between 0.5 and 2.5 nM. The derivative 24a
showed a 3-fold increase in the PERK inhibitory activity (IC50 =

0.8 nM) compared with its non-uorinated analogue (IC50 = 2.5
nM). Thus, the effect of uorine substitution was substantial for
the inhibition of PERK. Owing to the potent activity of 24a, it
was selected for advancement to preclinical development. In
addition, all the uorinated compounds 26a–c and 27 (Fig. 15)
were tested for activity against Endoplasmic Reticulum Kinase
(PERK) enzyme and exhibited a pIC50 value > 6.9 against PERK
[where pIC50 = −log(IC50)].51,52

The biological study of compound 24c (Fig. 16) was exten-
sively reported.53 It was found that treatment of mice with
compound 24c led to inhibition of tumor growth in multiple
human tumor xenogras. This compound was chosen as
a candidate for preclinical studies. It was found to be an ATP-
7.
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Fig. 16 Structure of 4-fluoroindoline derivative 24c.
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competitive inhibitor of PERK enzyme activity with an IC50 of
0.9 nM. It was very selective for PERK against a panel of 300
kinases with IC50 in the range of 10–30 nM. When compound
24c was orally administered to mice, it showed a time and dose-
dependent pharmacodynamic response in the pancreas as
measured by PERK autophosphorylation. Dose-dependent
inhibition of multiple human tumor xenogra growth in mice
was reported for twice daily dosing of compound 24c. Thus,
compound 24c was assigned as a lead for the development of
any PERK inhibitor in human subjects.53

Some 5(6)-uoroindole-carboxamide derivatives, 28, 29 and
30 (Fig. 17), were designed and described as inhibitors of
androgen receptor binding function-3 (AR-BF3) using an
enhanced green uorescent protein (eGFP) AR transcriptional
bioassay. Most of the synthesized compounds were noticed as
promising selective AR-BF3 inhibitors and exhibited substantial
activity against wild-type and drug-resistant prostate cancer
cells. From the tested series, three compounds, 29c, 28d, and
Fig. 17 Structure of 5(6)-fluoroindole-carboxamide derivatives 28, 29 a

19760 | RSC Adv., 2024, 14, 19752–19779
29d, were the most potent BF3 inhibitors with eGFP IC50 values
of 0.7, 0.6, and 0.43 mM, respectively. Compounds 29c, 28d, and
29d also had the ability to reduce the levels of prostate-specic
antigen (PSA), which is a serine protease, and showed IC50

values of 0.84, 0.5, and 0.53 mM, respectively. Compound 29c
had more solubility than compounds 28d and 29d at high
concentrations; thus, compound 29c, having IC50 values of 0.70
and 0.84 mM in eGFP and PSA, respectively, was assigned as
a possible candidate for future clinical applications.54,55

Tantak et al. described the synthesis of the thiazole-based 5-
uoroindole derivatives 31a,b (Fig. 18) and investigated their in
vitro anticancer activities in human cervical (HeLa), breast
(MDA-MB- 231), embryonic kidney 293 (HEK293T), prostate (PC-
3, LNCaP and castration-resistant prostate cancer cell line C4-2)
cancer cell lines. The MTT bioassay was conducted in the
presence and absence of FBS (fetal bovine serum) using doxo-
rubicin as a reference drug. Compound 31a exhibited selective
cytotoxicity towards HEK293T and HeLa cells with IC50 values of
12.10 and 3.41 mM, compared with doxorubicin IC50 = 0.84 and
0.45 mM, respectively, without FBS; however, the analogue 31b
was inactive. In addition, compound 31a showed lower potency
against HeLa cell lines with IC50 = 32.48 mM and was inactive
towards HEK293T, in the presence of FBS. The mechanism of
action disclosed that the cytotoxicity against HeLa cells
employed the induction of cell death by apoptosis.56

The glyoxylamide-based 5(6)-uoroindole derivatives 32a–c
(Fig. 19) were synthesized and assigned for their in vitro cyto-
toxicity against a panel of human cancer cell lines; HEK293T,
MDA-MB-231, HeLa, PC-3, C4-2, and pancreatic BxPC-3 using
doxorubicin as a reference drug. The bioassay experiments
nd 30.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Structure of thiazole-based 5-fluoroindole derivatives 31a,b.

Fig. 19 Structure of 5(6)-fluoroindole derivatives 32a–c.
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disclosed that 6-uoroindole 32b demonstrated the best cyto-
toxicity with IC50 values 22.34 mM (HeLa), 24.05 mM (PC-3), 21.13
mM (MDA-MB-231) and 29.94 mM (BxPC-3). Treatment of 32b
with PC-3 cells led to enhancing the levels of cleaved PARP1,
Fig. 20 Structure of fluorinated bis-indole derivatives 33a–k.

© 2024 The Author(s). Published by the Royal Society of Chemistry
indicating that compound 32b induced apoptosis in PC-3 cells.
Interestingly, compound 32b displayed no toxicity in mamma-
lian cells. Compounds 32a, and 32c were completely inactive
towards all the tested cell lines.57

The directly uorinated bis-indole derivatives 33a–k (Fig. 20)
were synthesized by Mahboobi et al. and examined their
inhibitory activity against Fms-like tyrosine kinase 3 (FLT3),
which is active in many cases of acute myeloid leukemia (AML),
and the platelet-derived growth factor receptor tyrosine kinase
(PDGFR). Most of the derivatives exhibited selectivity towards
both FLT3 and PDGFR kinases; in particular, compounds 33g
and 33h were the best active FLT3 inhibitors with IC50 values of
0.34 and 0.17 mM, respectively. Compounds 33c and 33k showed
the highest PDGFR inhibitory activity with IC50 = 0.4 and 0.5
mM, respectively. SAR study showed that the 5-F substitution
(33a) reduces activity at both kinases, where uorine atom
might interact with the inner pocket as indicated by the results
of the 5-methoxy, 5-benzyloxy, and 5-piperidinylethoxy deriva-
tives 33c, 33f, and 33k, respectively. The larger substituents with
polar termini were superior to the more hydrophobic groups,
where a 10-fold decrease of PDGFR inhibition from 5-piper-
idinylethoxy 33k to 5-benzyloxy 33f compounds was reported. It
was mentioned that the more lipophilic group was preferen-
tially transferred into the interior via hydrophobic patches.58

Kumar et al. reported the synthesis and anticancer activity of
the uorinated-indole derivatives 34a–d (Fig. 21). The bioassay
experiment was carried out against three human cancer cell
lines: prostate (PC3), lung (A549), and pancreas (PaCa2),
following the WST-8 protocol. The synthesized compounds
RSC Adv., 2024, 14, 19752–19779 | 19761
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Fig. 21 Structure of fluorinated-indole derivatives 34a–d.
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showed moderate to high anticancer activities, and in partic-
ular, compound 34b was found to be the most potent inhibitor
and selective against A549 cells with an IC50 value of 0.8 mM. The
designed hybrids were found to increase tubulin polymeriza-
tion, giving these hybrids a chance to act as microtubule-
stabilizing agents. SAR study assigned that compound 34b,
having uoro and methoxy groups at the C-6 position of the two
indole rings, exhibited the best anticancer activity against A549
cells.59

The 3-uoroindole derivative 35 was designed and synthe-
sized byWu et al. and evaluated for its inhibitory activity against
Fig. 22 Structure of 3-fluoroindole derivative 35.

Fig. 23 Structures of fluorinated 2,3-dimethylindoles 36 and tetrahydro

19762 | RSC Adv., 2024, 14, 19752–19779
the HepG2 cell line and B-Raf kinase (Fig. 22). Compounds 35
displayed substantial inhibitory potency in HepG2 cells and B-
Raf with an IC50 value of 2.50 and 1.36 mM, compared with
the reference drug sorafenib (IC50 values of 14.95 and 0.032
mM), respectively. Compound 35, which showed better inhibi-
tory activity in HepG2 with 6-fold improvement than sorafenib,
provided the potential for further research as a lead
compound.60

The anticancer activities of the uorinated 2,3-dimethy-
lindole 36 and tetrahydrocarbazole 37a–c derivatives (Fig. 23)
were performed against human pancreas carcinoma (Panc1),
carbazoles 37a–c.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 24 The structure of 4-fluoropyrazole derivatives 38a and 38b.

Fig. 25 Structure of fluoropyrazole derivatives 39 and 40.

Fig. 26 Structure of fluorinated indazole derivatives 41–46.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lung carcinoma (GIII) (Calu1), kidney adenocarcinoma (ACHN),
colon cancer cell (HCT116), non-small cell lung carcinoma
(H460), and normal breast epithelium (MCF10A) cell lines. The
bioassay results, sing propidium iodide (PI) staining method,
conrmed that compound 36 exhibited signicant activity
against both GIII-Calu1 and Panc1 cell lines with IC50 values 3.1
and 3.2 mM, respectively. The uorinated tetrahydrocarbazoles
37a–c presented good activity against all the tested cell lines
with IC50 ranging between 4.9–7.4 mM. Noteworthy, all the
derivatives 36 and 37a–c were inactive against the normal cell
line MCF10A.61
RSC Adv., 2024, 14, 19752–19779 | 19763
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Fig. 27 Structure of fluoroindazole derivatives 47 and 48.

Fig. 28 Structure of fluorinated pyrimido[1,2-b]indazole 49.

Fig. 29 Structure of 6-fluoroindazole derivatives 50a–c.

Fig. 30 Structure of 4-fluoroindazole derivative 51.
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2.3. Anticancer activity of uorinated pyrazoles and
indazoles

The 4-uoropyrazole derivatives, 38a and 38b, were patented by
Glick et al. as inhibitory agents for hydrolytic activity of mito-
chondrial F1F0-ATP-ase (Fig. 24). It is known that transport ATP-
ases carry out the hydrolysis of ATP, leading to the transport of
ions for the treatment of tumors. The inhibitory activity of 4-
uoropyrazole derivatives 38a and 38b against F1F0-ATPase was
conducted by testing their ability to inhibit ATP synthesis, and
the IC50 values were <10 mM. Furthermore, assessment of
compounds 38a and 38b for their cytotoxicity in human Ramos
cells was reported, and the bioassay results declared the EC50

values < 10 mM.62

Yasuma et al. patented the synthesis and the acetyl-CoA
carboxylase 2 (ACC2) inhibitory activity of uoropyrazole
derivatives 39 and 40 (Fig. 25).63 ACC2 inhibitory action is useful
for the treatment of obesity, diabetes and cancer. The inhibitory
rates (%) against ACC2 of compounds 39 and 40 were 89% and
99%, respectively, at 10 mM.

The anticancer activity of the uorinated indazole derivatives
41–46 (Fig. 26) via inhibition of phosphoinositide-30-OH kinase
(PI3-kinases) was investigated by Baldwin et al.64–67 The
prepared examples 41–46 were tested in one or more of the
PI3Kd, PI3Ka, PI3Kb and/or PI3Kg assays and were found to
have mean pIC50 values $5. Certain compounds were also
tested in the T-cells using ow cytometry and were reported to
have mean pIC50 values $5.

The uoroindazole derivatives 47 and 48 were estimated by
Boys et al. as inhibitors of PDGFR, a type III receptor tyrosine
kinase, for the treatment of cancer (Fig. 27). The synthesized
compounds 47 and 48 were evaluated for their inhibitory action
of PDGFR-b phosphorylation in the human broblast cell line
(HS27) with IC50 values of 21.9 and 17.6 nM, respectively.68

Rehwinkel et al. patented the anticancer activity of the
uorinated pyrimido[1,2-b]indazole 49 (Fig. 28) via its inhibi-
tion of PI3 K/Akt. Compound 49 exhibited potent PI3 K/Akt
inhibitory activity with an IC50 value of 0.093 mM.69

6-Fluoroindazole derivatives 50a–c (Fig. 29), having dihy-
dropyridine moiety in position 5, were synthesized by Michels
et al. and evaluated their c-Met tyrosine kinase inhibitory
activity through in vitro, ex vivo, and in vivo assays for the
treatment of cancer diseases. These compounds were found to
have a potent in vitro c-Met tyrosine kinase inhibitory activity
with IC50 values of 14–20 nM.70,71
19764 | RSC Adv., 2024, 14, 19752–19779
4-Fluoroindazole derivative 51 was tested for its inhibition
activity against heat-shock protein (Hsp90) (Fig. 30). This
compound showed potent Hsp90 inhibition and represented
a good candidate for the treatment of proliferation diseases.72
2.4. Anticancer activity of uorinated pyrrolo[2,1-c][1,4]
benzodiazepines

Kamal et al. described the synthesis of some uorinated-pyrrolo
[2,1-c][1,4]benzodiazepines 52–54 (Fig. 31) and studied their
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 31 Structure of fluorinated-pyrrolo[2,1-c][1,4]benzodiazepines 52–54.
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anticancer activity derived from nine cancer types (leukemia, non-
small cell lung, colon, CNS, melanoma, ovarian, renal, prostate,
and breast cancers) using SBR (sulforhodamine B) protein assay
to estimate cell viability or growth. Most of the tested substrates
demonstrated promising anticancer activity with GI50 values in
the nanomolar to micromolar concentration range. The GI50
values (concentration causing 50% inhibition of cell growth) of
compounds 52a and 54a, particularly, exhibited excellent inhibi-
tion against most of the cancer cell lines with GI50 < 10 nM, but
compound 53a showed moderate cytotoxic activity with GI50 < 10
mM. Therefore, the presence of a piperazine ring in the alkylene
spacer was responsible for increasing the cytotoxic activity.73
2.5. Anticancer activity of uorinated benzimidazoles

The uorinated pyrazolylbenzimidazole hybrid molecules 55a–
d (Fig. 32) were reported by Reddy et al. and were tested for their
Fig. 32 Structure of fluorinated pyrazolylbenzimidazole hybrids 55a–d.

© 2024 The Author(s). Published by the Royal Society of Chemistry
anticancer activity against three human tumor cell lines: lung
(A549), breast (MCF-7), cervical (HeLa) and against normal
keratinocyte (HaCaT) cells using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) growth inhibition
assay protocol. All compounds showed potent growth inhibition
against all the cell lines A549, MCF-7, and HeLa; particularly,
compound 55b was the most potent with IC50 values in the
range of 0.95–1.57 mM. Flow-cytometry revealed that all
compounds arrested MCF-7 cells in the G1 phase of the cell
cycle via the down-regulation of cyclin D2 and CDK2. Fluores-
cent staining and DNA fragmentation studies showed that cell
proliferation was inhibited by induction of apoptosis. More-
over, the compounds led to the collapse of mitochondrial
membrane potential (DJm), and increased levels of reactive
oxygen species (ROS) were noted. The remarkable biological
RSC Adv., 2024, 14, 19752–19779 | 19765
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Fig. 33 Structure of pyrazolyl-based fluorobenzimidazole hybrids 56–58.
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activity made compound 55b a promising new candidate for the
development of cancer therapeutics.74

The pyrazolyl-based uorobenzimidazole hybrids 56–58
(Fig. 33) were assigned as inhibitors of PDK1 and cell proliferation/
cell vitality. The inhibitions of PDK1 (Pyruvate Dehydrogenase
Kinase 1), which is a protein-coding gene, and the interleukin-1
receptor-associated IRAK-1 and IRAK-4 were evaluated.
Compounds 56b, 57a and 57c demonstrated the highest inhibition
of PDK1 with IC50 values ranging between 0.1 mM to 1.0 nM; in
particular, compound 56b had a powerful inhibition of all PDK1,
IRAK-1 and IRAK-4 with IC50 values of 0.1 mM to 1.0 nM.75
Fig. 35 Structure of 6-fluorobenzothiazole derivatives 60a,b.
2.6. Anticancer activity of uorinated benzothiazoles and
benzoxazoles

Lion et al. examined the in vitro anticancer activity of the uori-
nated benzothiazole derivatives 59a–c (Fig. 34) against the
human breast cancer cell lines: MCF-7 (oestrogen receptor posi-
tive) and MDA MB 468 (oestrogen receptor negative), and the
human colon carcinoma cell lines HCT-116 and HT-29. Inter-
estingly, the 5-uoro derivative 59a displayed the most potent
antiproliferative activity against all the tested cell lines: MCF-7,
MDA MB 468, HCT-116 and HT 29 with GI50 values 0.37, 0.41,
0.08 and 0.41 mM, respectively. In addition, the ability of the
Fig. 34 Structure of fluorinated benzothiazole derivatives 59a–c.

19766 | RSC Adv., 2024, 14, 19752–19779
uorinated benzothiazoles 59a,b to inhibit human thioredoxin
signalling was measured using a modied protocol of the insulin
reduction assay. The uorinated derivatives 59a,b inhibited thi-
oredoxin signalling at micromolar concentrations.76

The cytotoxicity of the 6-uorobenzothiazole derivatives 60a,b
(Fig. 35) was evaluated in vitro against four human cancer cell lines:
prostate (PC-3), lung (A-549), leukemia (THP-1), and colon (Caco-2).
Compounds 60a,b were highly active against leukemia (THP-1)
cancer cells and exhibited IC50 values of 1 and 0.9 mM,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 36 Structures of the fluorinated derivatives 61a–c, 62a–i and 63a–i.

Fig. 37 Structure of 6-fluorobenzoxazole 64.
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respectively. A docking study of the synthesized ligands was done
on epidermal growth factor receptors using Argus Lab exible
docking to determine their observed activity. Compounds 60a,b
served as a useful ‘‘lead’’ for further anticancer drug development.77

Aiello et al.78 synthesized two series of uorinated heterocy-
cles, namely the uorinated benzothiazole 61a–c and benzox-
azole 62–63a–i derivatives, and evaluated their anticancer
potency against MCF-7 and MDA 468 breast cancer cell lines.
The uorinated benzothiazoles 61a–c were more active against
the ER −ve human breast cancer cell line MDA 468, giving GI50
values 0.20–0.5 mM. In the MCF-7 (ER +ve) human breast cancer
cell line, the most active compounds were found to be the
uorinated benzothiazole derivatives 61a and 61b (GI50 of 0.57
and 0.40 mM, respectively) (Fig. 36). In addition, the 5-uo-
robenzoxazole 62a exhibited high potency against both cell
lines MCF-7 and MDA-468 with GI50 values of 0.36 and 0.27 mM,
respectively. Overall, the uorinated benzoxazole series 62a–j
(Fig. 36) was more active against the MDA 468 cell line with IC50

varying between the range of 0.017–98.6 mM. Against the
generally less sensitive MCF-7 cell line, benzoxazoles displayed
activity with GI50 values ranging between 0.36 and 90.7 mM. The
6-uorobenzoxazole compounds 63d and 63h (bearing 3,4-
dimethoxy and 3,4,5-trimethoxy substituents on the phenyl
ring) were found to be potently active on the MDA 468 cell lines,
giving GI50 values of 17 and 37 nM, respectively.

Jauhari et al. synthesized 6-uorobenzoxazole 64 and examined
its anticancer activity against four human cancer cell lines: HEPG-2,
HeLa, MCF-7 and the human colon carcinoma (WiDr). Interest-
ingly, compound 64 showed promising inhibitory activity against
all the tested cell lines with IC50 values of 11.40, 11.70, 11.24, and
11.42 mM, compared with the control (culture medium only) IC50

values of 15.26, 14.72, 20.12, and 10.22 mM, respectively (Fig. 37).79
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.7. Anticancer activity of uorinated thiazoles and
isoxazoles

The uorinated pyrazolylthiazoles 65a,b were profoundly re-
ported as positive allosteric modulators of metabotropic gluta-
mate receptors (mGluRA) (Fig. 38). The activity was tested on
recombinant human mGluR4a receptors by disclosing the
alteration in intracellular Ca2+ concentration, employing Fluo4-
(AM) (the uorescent Ca2+-sensitive dye) and FLIPR (Fluoro-
metric Imaging Plate Reader). The mean EC50 resulted from at
least three separate experiments of the uorinated compounds
in duplicate. The bioassay results conrmed that the reported
compounds were positive allosteric modulators of human
mGluR4 receptors with EC50 values <100 nM.80
Fig. 38 Structure of fluorinated pyrazolylthiazoles 65a,b.
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Fig. 39 Structure of fluorinated spiro-isoxazoline hybrids 66 and 67.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
ke

sä
ku

ut
a 

20
24

. D
ow

nl
oa

de
d 

on
 3

1.
7.

20
24

 1
8.

24
.3

4.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Das et al. synthesized a series of uorinated spiro-isoxazoline
hybrids 66 and 67 (Fig. 39) and probed their cytotoxicity against
human glioblastomas (GBM6) and triple-negative breast cancer
(MDA MB 231). The bioassay protocol was carried out using the
MTTmethod with concentrations ranging between 0.8 mM to 100
mM for 72 hours. Two uorinated derivatives, 66l and 67f,
exhibited robust anti-proliferative effects against both GBM6 and
MDA MB 231 cells with IC50 values 36.08 and 43.21 mM (GBM6)
Fig. 40 Structure of fluorinated purine nucleosides 68 and 69.

19768 | RSC Adv., 2024, 14, 19752–19779
and 68.18 and 79.80 mM (MDA MB 231), respectively. Thus,
compound 66l displayed better inhibition than 67f against both
GBM6 and MDA MB 231 cells, giving a superior effect for the
spiro-ether than the corresponding spiro-lactone in cytotoxicity.81
2.8. Anticancer activity of uorinated furans

A series of purine nucleosides uorinated at the 30-position of
the sugar moiety 68 and 69 (Fig. 40) were synthesized by Ren
© 2024 The Author(s). Published by the Royal Society of Chemistry
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et al. and their anticancer activity was probed. The assigned
uorinated nucleosides were examined against HT116 (colon
cancer) and 143B (osteosarcoma cancer) cell lines. Most of these
compounds demonstrated inhibition of the growth activity of
HT116 and 143B cancer cells at sub- or low-micromolar
concentration. The uorinated sugars 68a, 69b, 69c, 69f, 69m
and 69n showed the highest inhibition of cancer cell growth
with IC50 values 0.5–1.0 mM against both HT116 and 143B. From
the SAR study, it was concluded that the protected uorinated
purine riboside 69c and 69d demonstrated 10-fold higher
anticancer activity than their deprotected analogues 68d and
Fig. 41 Structure of fluorinated pyrazolopyrimidines 70a,b.

Fig. 42 Structure of fluorinated pyrazolo[3,4-d]pyrimidinone deriva-
tives 71a,b.

© 2024 The Author(s). Published by the Royal Society of Chemistry
68e. In addition, the 30-uorinated purine nucleosides 68b, 68c,
68d, 68l and 69d showed moderate potency, but the other
derivatives did not show detectable activity against the evalu-
ated cancer cell lines.82
2.9. Anticancer activity of uorinated pyrazolopyrimidines

The uorinated pyrazolopyrimidines 70a,b (Fig. 41) were re-
ported to be useful for the treatment of cancer via the regulation
of mTOR (mammalian target of rapamycin), which regulates
cell proliferation, autophagy and apoptosis. The IC50 values
were determined by dose–response curves in duplicate, and
both uorinated compounds showed mTOR with IC50 values on
a nanomolar scale between 0.5–2 nM.83

Fraley et al. designed the uorinated pyrazolo[3,4-d]pyr-
imidinone derivatives 71a,b (Fig. 42) and assigned them as
inhibitors of the mitotic kinesin KSP for the treatment of cellular
proliferative diseases, such as breast cancer. Measuring the
mitotic arrest and apoptosis was done using FACS (Fluorescence-
Activated Cell Sorting) analysis by measuring DNA content in
a treated population of cells. The tested compounds 71a,b were
reported to inhibit KSP with IC50 values #50 mM. The EC50 for
mitotic arrest and apoptosis was derived by plotting compound
concentration on the x-axis and the percentage of cells in the G2/
M phase of the cell cycle. The cytotoxic EC50 was determined by
plotting% inhibition of cell growth for each titration point on the
y-axis and compound concentration on the x-axis.84
3. Antimicrobial activity of fluorinated
heterocycles
3.1. Antimicrobial activity of uorinated indoles

The in vitro antibacterial activity of the thiazole-based 5-uo-
roindolemolecular hybrids 31a,b (Fig. 18 above) was described by
Tantak and his group against two Gram-positive Bacillus subtilis
(B. subtilis), and Staphylococcus aureus (S. aureus) and two Gram-
negative Escherichia coli (E. coli) and Pseudomonas putida (P.
putida) bacterial strains using ciprooxacin as a reference drug.
The tested compounds showed moderate activity towards the
bacterial strains, wherein compound 31b showed selective inhi-
bition of the Gram-negative bacteria (E. coli and P. putida), better
than the Gram-positive ones (S. aureus and B. subtilis).56
RSC Adv., 2024, 14, 19752–19779 | 19769
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Fig. 43 Structure of benzofuran-based 5-fluoroindole 72a–b.

Fig. 45 Structure of 5-fluoroisatin derivatives 75a–g.
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Two hybrids of benzofuran-based 5-uoroindole 72a,b
(Fig. 43) were synthesized and tested for their in vitro antimi-
crobial activities against three Gram-positive bacteria (B. subtilis,
S. aureus, and Staphylococcus epidermis (S. epidermis)), four Gram-
negative bacteria (Salmonella typhi (S. typhi), E. coli, Klebsiella
pneumoniae (K. pneumoniae) and Pseudomonas aeruginosa (P.
aeruginosa)) as well as four fungi (Candida albicans (C. albicans),
Aspergillus niger (A. niger), Aspergillus avus (A. avus), and
Aspergillus fumigates (A. fumigates)) strains using Cup plate
method at 100 mg mL−1 using ciprooxacin and miconazole as
positive controls. Both the tested compounds showed signicant
activity towards the bacterial strains but low activity against the
antifungal agents. Compound 72b showed promising antibacte-
rial activity against S. aureus, P. aeruginosa and S. typhi, almost
similar or better than the standard ciprooxacin. Compound 71a
showed good activity against S. aureus and B. subtilis and
compound 72b possessed good activity against S. epidermis.85

Zhang et al. designed and synthesized some uorinated
indol-2-one molecular hybrids 73a–e and 74 (Fig. 44) and eval-
uated their in vitro inhibitory activity against the growth of
clinically isolated MRSA strain (MRSA = methicillin-resistant S.
aureus) and VRE (vancomycin-resistant Enterococcus). The
prepared molecular hybrids showed promising activity against
the Gram-positive pathogen. Interestingly, compound 73a
signicantly inhibited the MRSA (Chaoyang) strain, with a MIC
Fig. 44 Structure of fluorinated indol-2-one molecular hybrids 73a–e a

19770 | RSC Adv., 2024, 14, 19752–19779
value of 1.56 mg L−1, comparable to vancomycin (MIC =

1.0 mg L−1). The MIC values of compounds 73b, 73c, and 73d
were 0.39 mg L−1 against the MRSA (Chaoyang) strain.
Compounds 73c and 73d presented anti-MRSA activities much
better than their activities against S. aureus, where their MIC
value was 0.78 mg L−1. Compounds 73c and 73d also showed
promising inhibition of VRE with a MIC value of 1.56 mg L−1.
Thus, compounds 73c and 73d displayed distinguished inhi-
bition of MRSA and VRE as Gram-positive bacteria. The pres-
ence of uorine atom at the 7-position led to enhancement of
the anti-MRSA activity. Such compounds were considered
potential leads in discovering antibacterial inhibitors to combat
drug resistance.86

Synthesis of 5-uoroisatin derivatives 75 was reported and
their anti-tubercular activity was evaluated (Fig. 45). The anti-
tubercular activity was measured using the Almar blue assay
against the strain of Mycobacterium tuberculosis (MTB H37Rv).
All compounds showed varied (from weak to good) inhibitory
activity against MTB H37Rv, particularly compound 75d, having
N-phenylpiperazine group, was themost active one against MTB
H37Rv (ATCC-27294) with MIC = 6.25 mg mL−1 as compared to
the standard drug isoniazid (with MIC = 1.6 mg mL−1).87

The glyoxylamide-based 5(6)-uoroindole derivatives 32a–c
(Fig. 19 above) were synthesized and evaluated for their in vitro
antibacterial activity against two Gram-positive (B. subtilis and
S. aureus) and three Gram-negative (E. coli, P. putida, and K.
pneumoniae) bacterial strains. Compound 32a displayed the
best antibacterial activity against the Gram-negative strain.
Compound 32a displayed high antibacterial activity (MIC= 12.5
mg mL−1) against all the tested three Gram-negative bacterial
strains, and MIC = 25 mg mL−1 for the tested Gram-positive
nd 74.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ones, compared with chloramphenicol reference drug (MIC =

16 mg mL−1) for all bacterial strains. Moving the uorine atom
from position C-5 to C-6 in the indole moiety or arylation of
indole N-1 led to the inactive derivatives 32b and 32c. The
killing kinetics of compound 32a showed 95% bactericidal
activity against the Gram-negative bacteria within the rst 2 h,
indicating its fast-bactericidal action through quick inhibition
of bacterial proliferation. Compound 32a also showed good
bactericidal activity against the Gram-positive bacteria, B. sub-
tilis (>80%) and S. aureus (>65%), within the initial 2 h of
incubation. In addition, compound 32a showed no toxicity in
any of the human cell lines; therefore, this compound appeared
to target bacterial-specic pathways and was identied as
a promising antibacterial agent.57
Fig. 46 Structure of 4-fluoroindole derivatives 76–80.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Yang and his research group designed some 4-uoroindole
derivatives 76–80 (Fig. 46) containing geranyl or n-octyl moieties
at N-1 and determined their antimycobacterial activity against
Mycobacterium bovis (M. bovis) BCG and M. tuberculosis H37Rv
using the broth dilution method. The reported uorinated
derivatives showed variable potencies againstM. bovis BCG and
M. tuberculosis H37Rv. The turbidity method was employed to
determine the MIC values required to minimize the bacterial
growth by 50% (MIC50). The mycobacterial activity of 76a
demonstrated good potencies against M. bovis BCG (MIC50 = 5
mM) and M. tuberculosis H37Rv (MIC50 = 3.5 mM), and
compound 76a was found to be soluble at 25 mM, 25 °C and pH
7.4. The SAR study revealed that the 4-uoro analogues of 77a,
79a and 80a (all hadMIC50= 2 mM) were twice more potent than
the other uorinated regioisomers 77b–d, 79b–d and 80b–d (all
had MIC50 = 4 mM) againstM. bovis BCG. However, compounds
77a, 78a, 78c, 79a, and 80a were found to be highly effective
against M. tuberculosis H37Rv, where all of them presented
potent activities with MIC50 values 2–3 mM on the virulent
tubercle bacillus.88

The tetralone-based 5-uoroindole molecular hybrid 81
(Fig. 47) was synthesized and its antibacterial and antituber-
cular activities were screened. Compound 81 displayed
reasonable inhibitory activity against E. coli and S. aureus with
MIC values of 12.5 and 25 mg mL−1, respectively, compared with
the ciprooxacin drug (MIC = 2.5 mg mL−1). It also showed the
same potency against both S. typhi andM. tuberculosis with MIC
= 50 mg mL−1, compared with the ciprooxacin drug with MIC
= 2.5 and 5.0 mg mL−1, respectively.89

Deswal and co-workers reported the synthesis of uori-
nated indolin-2,3-dione derivatives 82 and 83 (Fig. 48) and
RSC Adv., 2024, 14, 19752–19779 | 19771
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Fig. 47 Structure of tetralone-based 5-fluoroindole derivative 81.

Fig. 48 Structure of fluorinated indolin-2,3-dione derivatives 82, 83.

Fig. 49 Structure of 1H-1,2,3-triazole-based 5-fluoroisatin hybrids
84a–c.
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examined their in vitro antibacterial efficiency against two
Gram-positive: B. subtilis, and Staphylococcus epidermidis (S.
epidermidis) and two Gram-negative: P. aeruginosa and E. coli
bacterial strains. Using ciprooxacin as reference drug, the
serial dilution method was employed. The minimum inhibi-
tory concentration (MIC) results revealed that most of the
uorinated hybrids (82a–e, 83a–e) provided variable activity
against tested bacterial strains with MIC ranging between
0.016–0.038 mmol mL−1. Compound 82b displayed high anti-
bacterial activity against S. epidermidis and B. subtilis and both
had MIC of 0.0075 mmol mL−1, respectively, and 82c also
showed high activity against S. epidermidis with a MIC of
0.0082 mmol mL−1 compared to ciprooxacin (MIC =

0.0047 mmol mL−1). The other uorinated hybrids 82 and 83
showed variable activities against the tested bacterial strains
with MIC ranging between 0.015–0.038 mmol mL−1. It was
found that compounds with electron-withdrawing groups had
better antibacterial activity than those having electron-
donating groups. The in vitro antifungal activity of 82a–e and
83a–e against two fungal strains (A. niger and C. albicans)
revealed moderate to excellent activity; specically, hybrids
82a, 82d and 83c displayed promising activity for A. niger with
MIC values of 0.0075, 0.0082 and 0.0092 mmol mL−1, respec-
tively, better than the antifungal drug uconazole (MIC,
0.0102 mmol mL−1). For C. albicans, however, the hybrids 82a,
82d and 82e showed good activity (MIC = 0.0090–0.0075 mmol
mL−1) comparable to uconazole (MIC, 0.0051 mmol mL−1).90

Some 1H-1,2,3-triazole-based 5-uoroisatin hybrids 84a–c
were synthesized and examined for their in vitro anti-
mycobacterial activities against multi-drug-resistant tubercu-
losis (MDR-TB) and M. tuberculosis H37Rv. The tested
compounds showed signicant inhibitory activity against MDR-
TB and MTB H37Rv with MIC values ranging between 0.25–1 mg
19772 | RSC Adv., 2024, 14, 19752–19779
mL−1 and 0.20–0.78 mg mL−1, respectively, better than the
ciprooxacin drug withMIC= 4.0 and 3.12 mgmL−1, respectively.
The hybrid structure 84b (MIC: 0.20 mg mL−1) displayed the best
activity with 16-fold inhibitory action against MTB H37Rv better
than the reference ciprooxacin drug. Compound 84c showed
extraordinary potency against MDR-TB (MIC = 0.25 mg mL−1), 16
times more active than the reference drug ciprooxacin. Thus,
the reported 5-uoroisatins 84 were worthy of further develop-
ment for possible anti-tuberculous drug therapy (Fig. 49).91

3.2. Antimicrobial activity of uorinated pyrazoles and
indazoles

The carboxamide-based 4-uoropyrazole derivatives 85a–f
(Fig. 50) were invented and patented as antifungal agents via
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01387e


Fig. 50 Structure of 4-fluoropyrazole derivatives 85a–f.

Fig. 51 Structure of oxadiazole containing 4-fluoroindazoles 86a–d.
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measuring their inhibition activity on Sclerotinia sclerotiorum
(S. sclerotiorum), Rhizoctonia cerealis (R. cerealis), Gaeumanno-
myces graminis (G. graminis), and Valsa mali (V. mali). The in
vitro inhibition activity of the invented 4-uoropyrazoles was
examined on plant pathogenic fungi at a concentration of
50 mg L−1 using a hypha linear growth rate method. All
compounds showed varied antifungal activity ranging between
Fig. 52 Structure of fluorinated indazole derivatives 87a–e.

© 2024 The Author(s). Published by the Royal Society of Chemistry
moderate to excellent activity. In particular, compound 85b
exhibited excellent inhibitory activity against G. graminis and
V. mali with inhibition rates of 100% and 86.9%, respectively,
and compound 85e showed an inhibition rate of 92.8% against
Rhizoctonia solani.92

Some oxadiazole containing 4-uoroindazoles 86a–
d (Fig. 51) were tested for their antibacterial activity against B.
subtilis and E. coli and antifungal activity against A. niger
employing cup-plate bioassay at a concentration of 1000 mg
mL−1. Compound 86a presented inhibition with 72.2% against
both B. subtilis and E. coli and 50% against A. niger. The
unsubstituted oxadiazole compound 86c presented the most
potent inhibitory activity (94.4%) against B. subtilis and E. coli
with almost equal potency as ciprooxacin and showed 50%
inhibition against A. niger. Moreover, the amino derivative 86d
showed 94.4% inhibition against A. niger compared with gris-
eofulvin 93.

Park et al. described the in vitro antifungal activities of
some chiral uorinated indazole hybrids 87a–e (Fig. 52)
against eleven fungi (Candida spp. and Aspergillus spp.); C.
albicans, Candida krusei, Candida glabrata, Candida lusita-
niae, Cryptococcus neoformans (C. neoformans), Candida tro-
picalis (C. tropicalis), Candida parapsilosis, Aspergillus
fumigatus, A. niger, A. avus and Aspergillus terreus. The
antifungal potencies were determined by in vitro broth
microdilution assay. The synthesized compounds displayed
variable inhibition potencies against most of the tested
fungal pathogens and their MIC80's were determined. The 5-
uoroindazole derivatives 87a and 87b were reported as
promising lead candidates for antifungal therapy, where they
showed the most potent antifungal activity with a broad
spectrum.94
RSC Adv., 2024, 14, 19752–19779 | 19773
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Fig. 53 Structure of fluorobenzimidazole derivatives 88 and 89.

Fig. 54 Structure of 5-fluoro-benzothiazole derivatives 90a–h.
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3.3. Antimicrobial activity of uorinated benzazoles

The in vitro anti-mycobacterial activities of the uo-
robenzimidazole derivatives 88 and 89 (Fig. 53) against M.
tuberculosis H37Rv strain by the MABA method were reported.
The tested compounds presented moderate activity.
Compounds 88 and 89 displayed antitubercular activity with
MIC lower than that determined for the naturally occurring
sesamin against the pathogenicMTB H37Rv strain. Compounds
88 and 89 presented better activity againstMTBH37Rv both with
MIC = 25 mg mL−1, compared to sesamin, the antitubercular
natural product (MIC = 50 mg mL−1).95

Al-Harthy et al. prepared a series of 5-uoro-benzothiazole
derivatives 90a–h (Fig. 54) and screened their antimicrobial
activity against a number of bacterial and fungi strains: E. coli,
K. pneumoniae, Acinetobacter baumannii (A. baumannii), P. aeru-
ginosa, and S. aureus. The same compounds were screened
against two fungal strains, C. albicans and C. neoformans, at
a concentration of 32 mg mL−1. Overall, all compounds pre-
sented antibacterial activity against all tested strains, especially
S. aureus, and also showed more activity towards Gram-positive
bacteria than Gram-negative ones. Compounds 90a and 90b,
particularly, displayed the best inhibitory potency against S.
aureus, with 92.34% and 81.42% growth inhibition, respectively.
Both compounds 90a and 90b hadMIC 32 mgmL−1 compared to
the tamoxifen reference standard with MIC 10 mg mL−1. More-
over, only compound 90b showed the best inhibitory potency
against the fungal strain C. neoformans with 103.06% growth
inhibition.96

Jauhari et al. described the 6-uorobenzoxazole derivative 64
(Fig. 37 above) as an antimicrobial agent using the disc diffu-
sion method at a concentration of 10 mg mL−1. Interestingly,
compound 64 exhibited signicant antifungal activity against
both A. avus and A. niger with 90% and 95% growth inhibition,
respectively. On the other hand, the antibacterial screening
against P. aeruginosa, S. aureus, and K. pneumoniae, showed
remarkable activity with inhibition zone diameters of 20–25
mm.80
19774 | RSC Adv., 2024, 14, 19752–19779
3.4. Antimicrobial activity of uorinated benzosiloxaboroles

Krajewska et al. synthesized the benzosiloxaborole derivatives
91a–d (Fig. 55) and investigated their antimicrobial activity
against the Gram-positive cocci, methicillin-sensitive S. aureus
(MSSA) and methicillin-resistant S. aureus (MRSA) as well as the
MRSA clinical strains. The tested compounds 91a–d exhibited
high activity withMIC ranging between 3.12–6.25mg L−1. These
compounds also presented moderate activity against Entero-
coccus faecalis and Enterococcus faecium (with MIC values 25–
50 mg L−1). The studies conrmed that compound 91d, having
sulfonamide moiety, demonstrated the best inhibitory activity
(MIC 3.12 mg L−1) and was not cytotoxic at the concentration
close to its MIC value for S. aureus and was considered
a potential antibacterial agent against S. aureus MRSA.97

The uorine-containing benzosiloxaborole derivatives 92a–f
(Fig. 56) were designed by Brzozowska et al. and screened for
their antimicrobial potency. The bioassay data was based on
using 14 bacterial and 7 yeast standard strains in the study, and
the MIC and MBC (minimal bactericidal concentration) were
calculated following CLSI (Clinical and Laboratory Standards
Institute) and EUCAST (European Committee for Antimicrobial
Susceptibility Testing) methodology. The uorinated
compounds were more active against yeast strains than against
bacteria. Compounds 92b and 92c were the most active, and
both demonstrated promising antifungal activity against C.
tropicalis with MIC values of 0.78 and 1.56 mg L−1, respectively.
Compound 92b showed signicant antifungal activity against
Candida guilliermondii IBA-155, C. tropicalis IBA-171, Saccharo-
myces cerevisiae ATCC-9763, Saccharomyces cerevisiae IBA-198
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 55 Structure of fluorinated benzosiloxaborole derivatives 91a–d.

Fig. 56 Structure of the fluorine-containing benzosiloxaborole derivatives 92a–d.
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with MIC values ranging between 0.78–6.25 mg L−1,
respectively.98
4. Conclusions

It was reported that 20% of the anticancer and antibiotic drugs
approved by the FDA contain uorine atom(s). The current
review article outlines numerous directly ring-uorinated
heterocycles (ve-membered and their benzo-fused systems)
of potent in vivo and in vitro anticancer and antimicrobial
activities. Thereby, many compounds were considered as lead
structures for drug design developments. Some uorinated
heterocycles were found to be promising inhibitors and selec-
tive against a wide array of human cancer cell lines on a nano-
molar scale. Some uorinated heterocycles were also
established as highly potent bactericidal and fungicidal activi-
ties via strong inhibition of various bacterial and fungal strains
with almost equal or better potency with the appropriate
reference drugs. In most cases, the reported uorine-containing
heterocycles demonstrated promising safety index via their
reduced cytotoxicity in non-cancerous cell lines, and such
derivatives are interesting candidates for anticancer or antibi-
otic drug discovery. In addition, several uorinated heterocycles
© 2024 The Author(s). Published by the Royal Society of Chemistry
were found to be useful for the regulation of cell proliferation,
autophagy and apoptosis. SAR study assigned that the position
of a uorine atom at the ring uorinated heterocycles greatly
affected the anticancer activity to be much better than some of
the corresponding reference drugs. Furthermore, uorinated
heterocycles having various electron-donating or electron-
withdrawing substituents signicantly inuenced the anti-
cancer and antimicrobial activities. The mechanism of action
disclosed that the cytotoxicity against the cancer cells employed
the induction of cell death by apoptosis. This review is expected
to open a new avenue for the development of anticancer and
antimicrobial therapeutics. Charts 1 and 2 demonstrate the
leading structures that showed higher inhibitory activities than
reference drugs.
Data availability
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Chart 1 Examples of compounds having anticancer activity better than reference drugs.

Chart 2 Examples of compounds having antimicrobial activity better than reference drugs.
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