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ABSTRACT: Over the last 100—120 years, due to the ever-increasing importance of
fluorine-containing compounds in modern technology and daily life, the explosive
development of the fluorochemical industry led to an enormous increase of emission of
fluoride ions into the biosphere. This made it more and more important to understand the
biological activities, metabolism, degradation, and possible environmental hazards of such s
substances. This comprehensive and critical review focuses on the effects of fluoride ions : r\
and organofluorine compounds (mainly pharmaceuticals and agrochemicals) on human B o073 ’!
health and the environment. To give a better overview, various connected topics are also
discussed: reasons and trends of the advance of fluorine-containing pharmaceuticals and ‘ R ==
agrochemicals, metabolism of fluorinated drugs, withdrawn fluorinated drugs, natural “a
sources of organic and inorganic fluorine compounds in the environment (including the

biosphere), sources of fluoride intake, and finally biomarkers of fluoride exposure.
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1. INTRODUCTION

The aim of the current review is to give a comprehensive,
authoritative, critical, and highly appealing account of general
interest to the chemistry community. Namely, it deals with the
emerging issues of a high socioeconomic impact—the rapidly
growing number of fluorine-containing pharmaceuticals and
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agrochemicals and their effects on human health and the
environment.

The fluorochemical industry has greatly expanded in the last
100—150 years because numerous fluorinated products have
shown their decisive importance in many areas linked to our
daily life.'~* Hydrogen fluoride, the key intermediate, is
prepared from fluorospar (CaF,) via treatment with sulfuric
acid, and it is mainly used to synthesize cryolite (for aluminum
production) and fluorocarbons (mainly used as refrigerants).
Within fluorocarbons, initially, production of chlorofluorocar-
bons (CFCs) was the most prominent. However, the discovery
of the detrimental effect of CFCs on the ozone layer led to their
phase out (Montreal Protocol, 1987), and they were replaced
with hydrochlorofluorocarbons (HCFCs) and hydrofluorocar-
bons (HFCs). The former are mainly temporary CFC
replacements, while the latter are seen as long-term alternatives
(although their greenhouse effects also raised concerns)." The
synthesis of fluorinating reagents and fluorinated building blocks
for organic synthesis as well as the production of elemental
fluorine, fluoropolymers (such as Teflon), and perfluorinated
compounds are minor but important applications of HF.'™
Furthermore, elemental fluorine is essential for the nuclear
industry (enrichment of >**U is achieved by gas centrifugation of
uranium hexafluoride, which is obtained via treatment of UF,
with F, gas).”” Based on their exceptional optical properties,
some inorganic fluorides have small scale but important
applications (such as optics for deep ultraviolet photo-
lithography used in the manufacture of microelectronics).”

Fluorine—containing organic compounds not only are useful in
scientific research®™"" but also have high practical importance.
Hydrofluorocarbon refrigerants were already mentioned above.
Fluorinated liquid crystal monomers are widely used in LCD
devices.” Fluoropolymers have many attractive properties
(chemical resistance, thermal and weather stability, flame
resistance, good mechanical properties, and high dielectric
breakdown voltage) which resulted in their widespread use (e.g.,
in the electrical, chemical, automotive, and medicinal industry).4
Fluorine also plays a critical role in the development of modern
pharmaceuticals because introduction of fluorine often enhances
the bioactivity and metabolic stability.'>~"* Currently, fluorine-
containing compounds constitute around 25% of small-
molecule drugs in the clinic, and 25—30% of newly introduced
drugs contain fluorine atom(s).">™"° Among the best selling and
most prescribed drugs, fluorinated preparations are even more
prevalent.'®"” The current trend suggests that in the next 10—15
years fluorinated drugs will dominate the pharmaceutical
market. An even more profound fluorine trend exists in the
agricultural industry since upon “fluorination” different
physicochemical properties of active ingredients like lip-
ophilicity, water solubility, and metabolic stability could be
fine-tuned.'®~*° Fluorination of drugs and agrochemicals is well-
rationalized, and most definitely, it is very beneficial, providing
more potent life-saving medicines and selective crop-protection
agents."”””"™'® This trend is very welcomed and of critical
importance for our aging and overpopulated modern western
society. Synthesis of "*F-containing radiopharmaceuticals is also
an emerging area.”?*

However, our meticulous review of the relevant literature has
pointed to an inherent potential problem. Although fluorine is
the 24th most abundant element in the universe and the 13th
most common element in the earth’s crust (0.059% by
weight),” it is virtually absent from the biosphere.””*> The
underlying obvious reasons are as follows: (i) the minerals
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fluorspar (CaF,), fluorapatite [Cas(PO,);F], and cryolite
(Na,AlF), the three richest natural sources of fluorine, are
practically insoluble in water and, therefore, are out of the
biological realm;”° (ii) the high oxidation potential of fluorine
(—3.06 V, much higher than that of the rest of halogens) makes
it impossible to form the fluorine analogues of hypohalites or
other electrophilic halogen species involved in most of the
known enzymatic halogenation processes; and (iii) finally, the
high hydration energy of the fluoride ion (490 k] mol™") renders
it a very poor nucleophile in the aqueous/biological environ-
ment, and therefore, it is unsuitable to form organic C—F bonds
via typical nucleophilic substitutions.”***

Thus, fluoride is xenobiotic, and the effects of fluoride and
fluoroorganic compounds on the biosphere and on processes
essential to human life and health were not thoroughly studied in
the past. However, as a consequence of the growth of the
fluorochemical industry and the increasing role of fluorine in the
development of new pharmaceuticals and agrochemicals, the
emission of fluoride and organofluorine compounds greatly
increased, and efforts to understand the physiological effects of
these substances have been renewed.

Approximately half of the fluoride intake is quickly deposited
in calcified tissues like bones and teeth. Its release is a much
slower process; that is, fluoride can accumulate in the body.”” It
has long been known that excess fluoride intake can result in
dental fluorosis in children or skeletal fluorosis in children and
adults alike.”” More recent studies uncovered that fluoride can
cause numerous other health problems, such as impaired thyroid
and endocrine system function or developmental neuro-
toxicity.28 It is quite unnerving that aluminum(III) fluorocom-
plexes can activate G-protein-coupled receptors at much lower
concentrations than either AP* or F~ acting alone.”” Important
sources of fluoride pollution are the aluminum industry and
phosphate fertilizers."”" The latter often have considerable
fluoride content (1—3% in the case of superphosphate), which is
released directly into the soil. Although fluoride is strongly
bound in soils, it can still endanger grazing livestock.*
Community water fluoridation, which has a high influence on
fluoride intake, is one of the most controversial topics in
medicine.”®

The increased usage of polyfluoroalkyl substances, fluorine-
containing drugs, and fluorinated agrochemicals generated new
dangers. On one hand, metabolism of fluorinated compounds
may produce toxic fluorine-containing metabolites (e.g., fluoride
or fluoroacetate), leading to increased concentrations of fluoride
in body fluids and tissues. It is a major concern, in particular,
because fluorinated drugs are in the most prescribed
medications, and an average patient may take several fluorine-
containing drugs at the same time. There are documented cases
of fluorinated drugs whose side effects are at least partially based
on such toxic fluoro-metabolites (for example, a-fluoro-f-
alanine and fluoroacetate in the case of the anticancer drug S-
fluorouracil).”” Sometimes, these problems resulted in with-
drawal or restriction (a good example is the heavily fluorinated
anesthetic agent methoxyflurane).”” On the other hand, many
fluorinated entities, especially perfluorinated ones, are highly
resistant to degradation, leading to their accumulation in the
environment.” Currently, residues of various fluorinated
organic compounds (polyfluoroalkyl substances, drugs, and
agrochemicals) can be detected in surface waters and biological
samples.”*™*® The history of various polychlorinated com-
pounds (DDT, y-hexachlorocyclohexane, polychlorinated bi-
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phenyls, etc.) clearly illustrates the dangers of such persistent
organic pollutants.””

Until now, environmental and healthcare policies concerning
fluorine-containing compounds mainly focused on limiting
emissions from the aluminum industry, the ban of ozone-
depleting CFCs, and keeping the fluoride content in drinking
water below the accepted thresholds."””” However, with the
emergence of organofluorine compounds, efforts should be
taken to carefully study the metabolism of various fluorine-
containing groups and substances in order to identify derivatives
of better biological tolerance (posing no risk to human health
and the environment) and those which are problematic. The first
steps are already in progress (perfluorooctanesulfonic acid and
perfluorooctanoic acid were phased out because of their harmful
effects), but there is much work to be done.*?

The goal of this review is to raise these issues and provide a
comprehensive discussion of all relevant data available in the
literature. Section 2 covers the occurrence and available
biosynthetic data of fluorine-containing natural products.
Section 3 describes the beneficial effects of fluorine incorpo-
ration into drugs and agrochemicals in detail, and it includes a
statistical analysis of recent fluorination trends of these
compound families. Section 4 focuses on environmental sources
of fluorine-containing compounds and their daily intake. Section
S reviews available data on the metabolism of organofluorine
compounds and environmental concerns related to these
substances. In Section 6, dangers of fluorine-containing
compounds are illustrated using withdrawn fluorinated drugs
as examples. Section 7 summarizes the reasons behind the
poisonous nature of fluoride and the most common con-
sequences of acute and chronic fluoride toxicity. Finally, Section
8 discusses biomarkers of recent and historic fluoride exposure.

2. FLUORINE IN BIOSPHERE

2.1. General Properties of Fluorine and Its Xenobiotic
Nature

Fluorine, the 13th most common element in the earth’s crust
(0.059% by weight), is the most abundant halogen on Earth.
Chlorine is the 19th; bromine is the 49th; and iodine is the 62th
on the list.”* Because of its extreme electronegativity, fluorine is
highly reactive and occurs in nature almost exclusively as
fluoride salts.*>*”

Despite its abundance, fluorine is rarely incorporated into
natural products. Among the more than 5000 known naturally
produced halogen-substituted compounds, only a handful
contain fluorine.”*** Various reasons are responsible for this
phenomenon. For example, the amount of bioavailable fluoride
is greatly limited (e.g., seawater contains only 1.3 mg L™' of F~ in
contrast to 19 g L™" of CI”) because the most common fluoride
sources, fluorite (CaF,), fluoroapatite [Cay(PO,);F], and
cryolite (Na,AlF), are insoluble in water.”® It is also important
to note that the high electronegativity of fluorine prohibits
oxidation of fluoride ions under biological conditions, excluding
radical or electrophilic fluorination pathways. The only
remaining possibility, nucleophilic fluorination, is hindered by
the very str0n§ hydration of F~, which greatly reduces its
nucleophilicity.”*’

Despite the above difficulties, some organisms still found ways
to produce fluorinated molecules. This section will discuss these
compounds, their biological activity, and information available
about their biosynthesis.

https://dx.doi.org/10.1021/acs.chemrev.0c01263
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Scheme 1. Biosynthesis of Fluoroacetate in Streptomyces cattleya
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2.2. Fluoroacetate

Fluoroacetate (6, Scheme 1) was first isolated in 1943 from
Dichapetalum cymosum, a poisonous plant found in South Africa.
Its leaves contain up to 250 mg kg™" of fluoroacetate, which is
the main component responsible for its toxicity. Since that time,
more than 40 plant species were found with high fluoroacetate
content. These include numerous Dichapetalum species, several
Amorima species, Palicourea marcgravii and P. aeneofusca,
Gastrolobium grandiflorum and G. parviflorum, Arrabidaea
bilabiata, Spondianthus preussii, and Cyamopsis tetragonolobus.
The record is held by D. braunii seeds (8000 mg kg™ of
fluoroacetate). These plants grow in tropical and semitropical
areas of Africa, Australia, and South America. Their
fluoroacetate accumulation is possibly related to a defense
strategy against herbivores. Interestingly, nontoxic levels (trace
amounts) of fluoroacetate (and the related (2R,3R)-fluoroci-
trate, see below) can be found in some edible plants too (for
example, tea leaves, soya bean, oatmeal). This suggests that the
ability to produce fluoroacetate is widespread among plants, and
a limited number of species were capable of greatly amplifying
this ability. It is worth mentioning that the mechanism of
fluoroacetate production in plants is still unknown.”**’

Furthermore, some microorganisms also produce fluoroace-
tate. An important example is Streptomyces cattleya. Its ability to
produce fluoroacetate and (2S,3S)-4-fluorothreonine was
discovered in 1986. The whole biosynthetic pathway was
uncovered, supported by full genomic sequenation. The first
step in the fluorometabolite synthesis by S. cattleya is the
reaction of the F~ ion with S—adenosylmethionine 1 to produce
§'-fluoro-5'-deoxyadenosine 2.**° This reaction is catalyzed by
the fluorinase enzyme, which was isolated, and its crystal
structure was determined. Three monomeric units form a
trimer, and two trimers then form the final hexameric structure
(Scheme 2). The monomeric unit represented a new protein
fold different from any previously solved analogues. Fluorinase
increases the nucleophilicity of fluoride by its desolvation
(hydrogen bond donor groups of the enz zyme replace water
molecules around fluoride; see Scheme 2).*" Isotopic labeling
confirmed that the catalyzed nucleophilic fluorination reaction
follows an Sy2 mechanism with configurational inversion.** 5'-
Fluoro-5'-deoxyadenosine 2 is then converted to S-fluoro-5-
deoxy-p-ribose-1-phosphate 3 by a purine nucleoside phosphor-
ylase. Subsequent enzymatic isomerization produces (3R,4S)-5-
fluoro-5-deoxy-p-ribulose-1-phosphate 4, which is then cleaved
by an aldolase to produce fluoroacetaldehyde S and followed by
oxidation with a NAD"-dependent aldehyde dehydrogenase to

https://dx.doi.org/10.1021/acs.chemrev.0c01263
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Scheme 3. Transformation of Fluoroacetate in the Citrate Cycle
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fluoroacetate 6 (Scheme 1). Later, genetic sequencing utilizing fluoroacetyl-CoA hydrolase, but this microorganism has an
S. cattleya fluorinase enabled the discovery of five similar additional defense mechanism: it only starts synthesizing
fluorinases via genome mining,”**>* fluorinated metabolites after it stopped its growth, that is,
The high toxicity of fluoroacetate is caused by its metabolism when the citrate cycle is inactive.”**

(Scheme 3). Fluoroacetate is transformed into fluoroacetyl-CoA Herbivores, living in areas where plants synthesizing
7, which reacts with oxaloacetate in the presence of citrate fluoroacetate occur, also developed increased resistance to
synthase to form (2R,3R)-fluorocitrate 8, the only toxic 2- fluoroacetate. It seems that they have a glutathione-dependent
fluorocitrate stereoisomer. This compound inhibits citrate fluoroacetate-specific defluorinase enzyme (mostly in their
transport. In addition, the aconitase enzyme transforms livers), which converts fluoroacetate into S-carboxymethylcys-
(2R,3R)-fluorocitrate 8 into (R)-4-hydroxy-trans-aconitate 10, teine and a fluoride ion. Various soil microbes are also capable of
which then inhibits aconitase. Through these actions, decomposing fluoroacetate into glycolate and F~ utilizing a
fluoroacetate and (2R,3R)-fluorocitrate block the citric acid fluoroacetate dehalogenase enzyme.”***

cycle, impairing oxidative metabolism and causing citrate

2.3. (2R,3R)-Fluorocitrate
accumulation in several tissues. The reduction of ionized ( )

serum calcium concentrations also contributes to toxic- (2R,3R)-Fluorocitrate (8, Scheme 3) is formed when
ity > 2404 fluoroacetate enters the citric acid cycle. Since a large number
Organisms producing fluoroacetate have to defend them- of plants are capable of synthesizing low amounts of
selves against self-poisoning. D. cymosum achieves this by a fluoroacetate, they also contain traces of its metabolite
fluoroacetyl-CoA hydrolase. Of acetyl-CoA and fluoroacetyl- (2R,3R)-fluorocitrate (e.g, commercial tea can contain up to
CoA, this enzyme selectively hydrolyzes the latter one, 30 mg kg™' on a dry weight basis). As explained in Section 2.2,
preventing (2R,3R)-fluorocitrate formation. It is also worth- (2R,3R)-fluorocitrate is the only toxic stereoisomer among 2-
while to mention that plants producing fluoroacetate seem to be fluorocitrates, and it exerts its toxicity via a number of effects
capable of catabolizing fluoroacetate. S. cattleya also has a (inhibition of citrate transport, reduction of ionized serum
4682 https://dx.doi.org/10.1021/acs.chemrev.0c01263
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Scheme S. Plausible Biosynthetic Pathway toward w-Fluorinated Fatty Acids (ACP = Acyl Carrier Protein)

o) Q R
S malonyl-CoA:ACP transacylase g Cj)j\
0,C 2 _
22 H
23
(0] (0]
X - : X
\)J\S—COA acetyl-CoA:ACP transacylase \)ES—ACP
7a: X =F 24a: X =F
7b: X =H 24b: X =H _/
3-ketoacyl-ACP reductase Q Q 3-ketoacyl-ACP synthetase
NADP ~ X\)J\/U\S/AC
® 25a: X=F / /
NADPH+H 25b: X = H CO, ACP-SH
OH © 3-hydroxyacyl 0
X ACP dehydrase X
MS—ACP 4 \/\)J\S—ACP
26a: X = F A 27a: X =F
Ly = S = ®
26b: X = H H20 27b: X = H NADPH+H
enoil-ACP reductase
NADP
Q o)
xM n malonyl-ACP
—_ X
- S—ACP \/\)J\S—ACP
29a: X =F 28a: X =F
29b: X =H 28b: X =H
Scheme 6. Final Step of (28,3S)-4-Fluorothreonine Biosynthesis®”
OH
o] OH PLP dependent
COH F CO,H 0
F\)J\H + Me/kr 2 transaldolase r + )]\
fluoroacetalde- NH, 2 Me” H
) . (2S,3S)-4-fluorothreonine acetaldehyde
hyde (5) L-threonine (30) 31) (32)
OH
COH o) o
Me i < co? I co?
e NH Me)b( 2 N
) Syl ® ) ®
! N 4) HNZ H HN
:eo . -H0 % N %
NG | 0PO5%°! 7 | oPO,2® 7 0P042°
| ¢} i N¢)
Me N ' Me” &N Me N
' H ' H H
PLP .
SmmoeTieeeoees - +FCH,CHO
-CH3CHO
OH H (0]
o
F COH °
F\/'\‘/co2 N
NH, HO ® o F
Ox 2 HN +H
o AN -
o S
= | OP042° oA | 0P042°
NE)
Me” N Me” SN
H H

“See Scheme 1 for previous steps and their detailed mechanism. “PLP = pyridoxal phosphate.
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Scheme 7. Major Steps of Salinosporamide-A Biosynthesis
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calcium concentration, and inhibition of the citric acid cycle via
its metabolite (R)-4-hydroxy-trans-aconitate).*’

2.4. w-Fluorinated Fatty Acids

w-Fluorinated fatty acids were discovered in the seed oil of the
West African plant Dichapetalum toxicarium, and their
production seems to be restricted to this single species.”"*>*’
According to a GC/MS study, 12.9% of the total fatty acid
content in the seed oil is comprised of w-fluorinated
compounds. The same study showed that 74% of the w-
fluorinated fatty acids is 18-fluorooleic acid 11; 16% is 18-
fluorostearic acid 12; 6% is 18-fluorolinoleic acid 13; and 4% is
16-fluoropalmitic acid 14. Other @-fluorinated fatty acids (20-
fluoroicosanoic acid 15, (Z)-20-fluoroicos-11-enoic acid 16,
(Z)-20-fluoroicos-9-enoic acid 17, (Z)-16-fluorohexadec-7-
enoic acid 18, and (Z)-16-fluorohexadec-9-enoic acid 19)
were detected in lower amounts.*> Other studies found threo-18-
fluoro-9,10-dihydroxystearic acid 20 and evidence for the
presence of 18-fluoro-9,10-epoxyoleic acid (+)-21.***" Scheme
4 summarizes these compounds. In 1964, w-fluorocapric acid
and w-fluoromyristic acid were tentatively identified in the oil on
the basis of GC retention time; however, newer studies did not
confirm this information.*®

These compounds, all of them with an even number of carbon
atoms, are very toxic because their in vitro metabolism leads to
fluoroacetate. In stark contrast with fluoroacetate, they are
lipophilic and can also be toxic by direct absorption through the
skip 242540

Ratios of the w-fluorinated fatty acids are similar to those of
their nonfluorinated counterparts (which are present in S to 10
times higher amounts).”*>*%4¢ This suggests a common origin.
The most plausible explanation is that in this plant the first step
of fatty acid synthesis, namely, condensation of acetyl-CoA with
a malonyl acyl carrier protein or malonyl-ACP, works with
fluoroacetyl-CoA too. In contrast, fluoromalonyl-ACP either is
not formed or cannot be incorporated to fatty acids in the same
manner as malonyl-ACP (Scheme 5).%*>*
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2.5. (25,35)-4-Fluorothreonine

The ability of Streptomyces cattleya to produce fluoroacetate 6
and (2S,3S)-4-fluorothreonine 31 was discovered in 1986.
(25,3S)-4-Fluorothreonine was noticed because of its mild
antibiotic activity. As mentioned in Section 2.2, the S. cattleya
genome is now fully sequenated, and fluorometabolite biosyn-
thesis of this microorganism is completely understood.
Production of (2S,3S)-4-fluorothreonine 31 follows largely the
same pathway as that of fluoroacetate synthesis. The only
difference is the final step: fluoroacetaldehyde $ is subjected to a
pyridoxal phosphate (PLP) dependent transaldolase together
with L-threonine 30 to produce acetaldehyde 32 and (25,35)-4-
fluorothreonine 31 (Scheme 6).**°

2.6. (2R,35,45)-5-Fluoro-2,3,4-trihydroxypentanoic Acid

After a fluorinase gene was discovered in the sequenced genome
of Streptomyces sp. MA37, studies of its fluorometabolite
production showed that, apart from fluoroacetate and (25,35)-
4-fluorothreonine (which were the main organofluorine
products), a range of unidentified fluorinated metabolites were
also present. Inspired by the salinosporamide-A synthesis of
Salinispora tropica (see a simplified version in Scheme 7), where
S-chloro-5-deoxy-p-ribose 35 is an intermediate, S-fluoro-S-
deoxy-p-ribose 37 was added to a cell-free extract of Streptomyces
sp. MA37. This caused some of the fluorometabolites
unidentified previously to become the dominant products,
suggesting that they are formed via S-fluoro-5-deoxy-p-ribose. A
homologue search of the Streptomyces sp. MA37 showed the
presence of genes similar to the ones involved in salinospor-
amide-A production. One of them, fdrC, seemed to code a short-
chain dehydrogenase analogous to SalM. It oxidizes S-chloro-5-
deoxy-p-ribose 35 into S-chloro-5-deoxy-p-ribonolactone 36
and possibly catalyzes subsequent lactone hydrolysis during
salinosporamide-A production. Indeed, S5-fluoro-5-deoxy-p-
ribose 39 was transformed to (2R,3S,4S)-5-fluoro-2,3,4-
trihydroxypentanoic acid 41 in vitro in the presence of FdrC
and NAD" involving oxidation followed by hydrolysis. '°F NMR

https://dx.doi.org/10.1021/acs.chemrev.0c01263
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Scheme 8. Fluorinase Pathway: Production of Fluoroacetate (6), (25,3S)-4-Fluorothreonine (31), and (2R,3S,4S)-5-Fluoro-

2,3,4-trihydroxypentanoic Acid (41)
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confirmed that this compound is one of the previously
unidentified fluorometabolites of Streptomyces sp. MA37.

To sum up, the production of (2R,3S,4S)-5-fluoro-2,3,4-
trihydroxypentanoic acid is branching from the fluorinase
pathway, with S-fluoro-5-deoxy-p-ribose-1-phosphate 3 being
the last common intermediate. Scheme 8 shows the full
fluorinase pathway, including the biosyntheses of (2R,35,4S)-
S-fluoro-2,3,4-trihydroxypentanoic acid 41, (25,3S)-4-fluoro-
threonine 31, and fluoroacetate (6).”**>**

Scheme 9. Structure of Nucleocidin and Structurally Related
Ascamycin
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2.7. Nucleocidin and Related Fluoroorganic Compounds
until 2015, attempts to reisolate nucleocidin from S. calvus

cultures failed, which seriously hindered the research of its
biosynthesis.”»*>*

In Streptomyces species, disruption of the regulatory genes
results in an unusual “bald” phenotype (no sporulation) and
deficiencies in secondary metabolite production. The S. calvus
ATCC 13382 strain exhibits this bald phenotype, and it was
discovered in 2013 that its bldA gene (which encodes the tRNA

Nucleocidin (4'-fluoro-5’-O-sulfamoyladenosine, 42, Scheme
9) was isolated in 1957 from Streptomyces calvus ATCC 13382,
but its fluorinated nature was discovered only in 1969. This
compound is a broad-spectrum antibiotic, although it is too toxic
for clinical use. The position of the fluorine atom (at C-4 of the
ribose moiety) is remarkable because it suggests that nucleocidin
is not synthesized from a fluoroacyl molecule. Unfortunately,

4685 https://dx.doi.org/10.1021/acs.chemrev.0c01263
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Scheme 10. Putative Steps of Nucleocidin Production®”
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“Fluorinated compounds 42 and 47a,b were isolated from the fermentation broth. “Reaction of 47a with recombinant NucGS in vitro yielded

known compound 48.

for the rare TTA codon) is mutated and nonfunctional. The
TTA codon usually concentrates in regulatory and structural
biosynthetic genes of Streptomyces species; that is, their
translation requires a workin§ bldA. This explains the loss of
nucleocidin production.”*>*

It was shown in 2015 that providing a functional bldA copy to
this strain restored both sporulation and nucleocidin synthesis.
At that time, the 23-membered gene cluster responsible for the
synthesis of ascamycin 43 (which has structural similarities to
nucleocidin; see Scheme 9) was already known, and a search in
the S. calvus ATCC 13382 genome found 16 homologous genes,
divided between 2 gene clusters. Supported by gene disruption
experiments, these were identified as the nucleocidin bio-
synthetic cluster.*” This identification was confirmed further,
when a highly similar gene cluster was revealed in Streptomyces
asterosporus DSM 41452. This microorganism also had a bald
phenotype but for a different reason, namely, because of the
presence of the nonfunctional pleiotropic regulator gene adpA.
Complementation with a working adpA sequence restored
sporulation and promoted the production of nucleocidin,
doubgiong the number of known nucleocidin-producing organ-
isms.

Armed with the knowledge above, some details of the
nucleocidin biosynthesis were already uncovered. Importantly,
first S. calvus produces two unknown fluorometabolites, which
then disappear in parallel with the emergence of nucleocidin.
These new metabolites were found to be 3’-O-f-glucosylated-4'-
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fluoroadenosine 47a and 3'-O-f-glucosylated nucleocidin 47b.
This directed attention to a glycosyltransferase gene (nucGT)
and a f-glucosidase gene (nucGS) within the biosynthetic
cluster. It turned out that NucGS performs the last step of
nucleocidin production (deglycosylation of 47b into nucleoci-
din), while NucGT is involved in an earlier step (its knockout
completely disabled fluorometabolite production). Since 5’-O-
sulfamoyl-adenosine 44b is a better substrate of NucGT than
adenosine 44a, it can be assumed that the formation of the
sulfamoyl moiety precedes glycosylation. Scheme 10 summa-
rizes related pieces of information.’’ A purine nucleoside
phosphorylase, encoded by the ORF206 gene of S. calvus, was
also necessary for fluorometabolite production.”” According to
isotope-labeling experiments, both CS’ hydrogens of the ribose
ring are derived intact from the pro-R CH,OH group of glycerol.
Deuterium labels of the pro-S CH,OH group of glycerol, in turn,
are lost, and the secondary carbon of glycerol becomes the C4’
of nucleocidin (Scheme 11).°**® This shows that the pro-R
CH,OH carbon is not oxidized as glycerol, and it is progressed
along the pentose phosphate pathway, incorporating into the
ribose moiety of nucleocidin.’®> Note that the enzyme
responsible for fluorine incorporation is still unknown.”"

2.8. Miscellaneous Information
When homogenates of Acacia georginae (a known fluoroacetate

accumulator) are incubated at 30 °C in the presence of 1 mM
fluoride, ATP, and pyruvate, some of the fluoride seemingly

https://dx.doi.org/10.1021/acs.chemrev.0c01263
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Scheme 11. Results of Isotope-Labeling Experiments®
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“Glycerol at the left has a virtual labeling pattern, which is a
composite of experimentally administered glycerols.

disappeared, suggesting the formation of volatile organofluorine
compounds. Passing the volatiles through acidic 2,4-dinitrophe-
nylhydrazine solution resulted in the formation of a fluorine-
containing 2,4-dinitrophenylhydrazone. It was originally iden-
tified as fluoroacetone-2,4-dinitrophenylhydrazone based on its
retention time on paper chromatography. However, this method
cannot differentiate between 2,4-dinitrophenylhydrazones of
fluoroacetone fluoroacetaldehyde.”*** Taking into account that
FCH,CHO is an intermediate toward FCH,COO™ in S. cattleya,
the presence of fluoroacetaldehyde is more plausible than that of
fluoroacetone.

In 1960, in an organofluorine-containing oil extracted from D.
cymosum, a long-chain fatty acid was found with the GC
characteristics of w-fluorooleic acid but without its in vivo
toxicity. Possibly, reinvestigation of fluoroacetate-accumulating
plants with modern analytical methods would be fruitful.*’

In the marine sponge Phakellia fusca, obtained from the South
China Sea, five S-fluorouracil alkaloids were found. However,
their natural product nature was debated. Currently, it seems

more plausible that they originate from industrial contami-
24,25

3. CURRENT TRENDS IN FLUORINE-CONTAINING
PHARMACEUTICALS AND AGROCHEMICALS

As mentioned in Section 2, fluorine-containing organic
compounds are rare in nature. In contrast, organofluorine
compounds are quite common among pharmaceuticals and
agrochemicals. For example, among the drugs accepted by the
FDA in 20109, the ratio of the fluorine-containing ones was 31%.
The current section will start with a summary of the main
properties and changes associated with fluorination, which are
the reasons behind the high abundance of fluorine within man-
made bioactive molecules. This part will be illustrated by case
studies of drugs. (Note: some compounds benefit more than one
effect of fluorine.) Then, fluorinated agrochemicals will be
discussed briefly. Finally, current trends in fluorine-containing
pharmaceuticals will be studied through statistical analysis of
FDA-approved drugs in the 2007—2019 time period.

3.1. Advantages of Fluorinated Drug Molecules

3.1.1. Fluorination and Metabolism. Highlighted:
Ezetimibe, Celecoxib, and Alpelisib. After taking a drug,

the body tries to remove it via deactivation and excretion.
Although it is possible to eliminate a drug unchanged, drug
molecules are usually subjected to metabolism before
elimination. These transformations often result in detoxification
(although many exceptions are known) and usually decrease
lipophilicity to facilitate clearance. The most important enzymes
involved in drug metabolism are cytochrome P450 mono-
oxygenases which are present mainly in the liver, and increasing
the stability to oxidation processes mediated by these enzymes is
required frequently during drug development.'” A well-
established way to achieve this goal is the replacement of
metabolically labile hydrogens with fluorines.'

The success of this strategy originates from the unique
properties of fluorine and its bond with carbon. First, because of
the higher bonding energy of the C—F bond (~441 kJ mol™")
compared to the C—H bond (~414 kJ mol™"), hydroxylation of
C—H bonds can be blocked by fluorination.'>*° Also, the
strongly electron-withdrawing nature of fluorine (its Pauling
electronegativity is 4, the highest value among the elements on
this scale) deactivates fluorinated aromatic rings toward
oxidative metabolism."'* Hydroxyl and amino groups nearby to
fluorine are also more resistant to oxidation (the electron
withdrawal of F decreases their Lewis basicity).”® The bad
leaving group ability of fluoride is also important. Thanks to this,
fluorinated compounds rarely behave as alkylating agents.'>"*
(As an exception, electron-deficient (hetero)aryl fluorides can
undergo nucleophilic aromatic substitution reactions through
the addition—elimination pathway. Elcb elimination reactions
of fluoride can lead to reactive intermediates too; see the case of
trifluridine in Section 3.1.6.) Finally, the size (van der Waals
radius) of a fluorine atom (1.47 A) is between the sizes of
hydrogen (1.20 A) and oxygen (1.57 A). As a result, exchanging
a H with F often retains the shape of the molecule (for
exceptions, see Section 3.1.5), and improvement of metabolic
stability can be achieved without compromising binding to the
target protein.12

A good example is the cholesterol absorption inhibitor
ezetimibe, a blockbuster drug. (Vytorine, a combination of
ezetimibe and simvastatin, was the 18th best selling drug of 2008
in the USA. Zetia, which contains only ezetimibe, was the 30th
on the same list.)'® During drug development, studying the
metabolism of the lead molecule SCH-48461 (49) showed that
benzylic hydroxylation and demethylation of the 4-methox-
yphenyl group attached to the C-4 atom of the azetidinone ring
increase potency, while para hydroxylation of the phenyl group
and demethylation of the 4-methoxyphenyl group attached to
the azetidinone nitrogen were nonproductive. The incorpo-
ration of beneficial changes and blocking unwanted metabolism
by fluorination resulted in ezetimibe (50), which was 400 times
more potent (Scheme 12)."?

The extent of metabolic stability which can be achieved is
illustrated well by the development of celecoxib, a COX-2-
selective nonsteroidal anti-inflammatory drug. This compound

Scheme 12. Fluorination Prevents Unwanted Metabolic Changes in the Case of Ezetimibe (50)
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was a blockbuster (it was the 20th best selling drug of 2008 in the
USA).'® Here, the lead molecule 51 had a very long plasma half-
life. Replacement of the methylsulfone part with a sulfonamide
moiety helped somewhat, but to achieve an acceptable half-life,

replacement of a fluorine with a methyl group was necessary
(Scheme 13).57%®

Scheme 13. Reducing Excessive Half-Life by Fluorine
Removal during the Development of Celecoxib

F. H3C
N/ CFg T N‘N/ CF3
CHSO5] HoNSO;
COX-2 inhibitor lead molecule (51) Celecoxib (52)
t12 =221 h (rat) t12= 3.5 h (rat)

A recent example is alpelisib (54, Scheme 14). This
compound, an a-selective phosphatidylinositol-3-kinase inhib-
itor, was approved by the FDA in 2019 for treating HR+, HER2-
negative, PIK3CA-mutated advanced, or metastatic breast
cancer. During its development, compound 53 (Scheme 14)
was synthesized. This molecule was an effective and selective
inhibitor of p110a, the catalytic subunit of phosphatidylinositol-
3-kinase @ (in biochemical assays, IC¢,(p110a) = 0.014 uM,
IC(p1108) = 4.4 uM, IC(pl105) = 0.33 uM, and
ICso(pl10y) = 0.43 uM), but it had high clearance (77 uL
min~" mg™" in rat liver microsomes) because of its metabolism
(hydrolysis of the CONH, moiety and aliphatic hydroxylation of
either the tert-butyl group or the methyl substituent of the
thiazole ring). Replacement of the tBu group with the 1,1,1-
trifluoro-2-methylpropan-2-yl substituent to block unwanted
aliphatic hydroxylation yielded alpelisib (54). Clearance was
significantly reduced (29 pL min™' mg™ in rat liver micro-
somes), while efficacy and selectivity were not compromised
(IC4o(p110a) = 0.005 uM, IC4,(p110f3) = 1.2 uM, IC4,(p1105)
=0.29 uM, and IC4,(p110y) = 0.25 uM in biochemical assays).
In fact, potency toward p110a increased (see Section 3.1.2 for
details).”

Finally, in fluticasone propionate (55, Scheme 15), the
fluorine at the 9 position increases the acidity of the hydroxzrl
group at the 11 position, inhibiting undesirable oxidation here.”®
This compound is a steroidal anti-inflammatory drug which is
mainly used to treat asthma. Advair Diskus, which contains
fluticasone propionate and salmeterol, was the fourth best selling
drug of 2008 in the USA, making compound 55 another
blockbuster drug.16

3.1.2. Fluorination and Potency. Highlighted: Type 2
Statins, Sitagliptin and Alpelisib. In contrast with the apolar
C—H bond, the C—F bond is highly polarized thanks to the very

Scheme 15. Structure of Fluticasone Propionate

fluticasone propionate (55)

high electronegativity of fluorine. However, further polarization
of C—F bonds is difficult, making the C—F moiety a poor
hydrogen bond acceptor. This blocks solvation by water, in
contrast to the good hydrogen bond acceptor nature of the
fluoride ion. As an overall result, fluorinated organic compounds
show polar hydrophobicity and a clear preference for orthogonal
multipolar interactions (e.g, C—F--C=0 and C—F--H-N)
over hydrogen bonding.'>*>*

Since such attractive multipolar interactions are absent when
fluorine is replaced with a hydrogen, fluorination often increases
potency.'>***7° Statins (Scheme 16) illustrate this well. These
compounds are cholesterol-lowering drugs which inhibit 3-
hydroxy-3-methylglutaryl-coenzyme A reductase (or HMG-
CoA reductase), a key enzyme in cholesterol biosynthesis. Every
statin contains a 3-hydroxy-3-methylglutaryl-like moiety. Type 2
statins also contain a 4-fluorophenyl group, which is absent in
Type 1 statins.®!

The partially negatively charged fluorine of this 4-
fluorophenyl group forms an energetically favorable electrostatic
interaction with the positively charged guanidinium nitrogen of
the Arg590 residue within HMG-CoA reductase, thereby
improving binding. Scheme 17 shows this for atorvastatin.®’ It
is worth noting that both atorvastatin (the first best selling drug
0f 2008 in the USA) and rosuvastatin (the 17th best selling drug
of 2008 in the USA) were blockbusters.'®

In Section 3.1.1, it was already mentioned that in fluticasone
propionate (55, Scheme 15) the fluorine at the 9 position
increases the acidity of the hydroxyl group at the 11 position.
This also improves its binding to the glucocorticoid receptor.*®

Another possibility for enhancing potency via fluorination is
when the slightly bigger fluorinated group fits better to a
hydrophobic cavity. A good example is sitagliptin (62, Scheme
18). This compound inhibits dipeptidyl peptidase IV (DPP-IV),
which would rapidly degrade glucagon-like peptide 1 (GLP-1).
GLP-1 is released upon food intake, promotes insulin biosyn-
thesis and secretion, and inhibits glucagon release. Increasing its
concentration via blocking DPP-IV enables treatment of
diabetes with little or no risk of hypoglycemia. As a result,
sitagliptin became a blockbuster drug: in 2019, worldwide
revenues from Januvia (sitagliptin only) and Janumet (combi-

Scheme 14. Reducing Clearance by Blocking Aliphatic Hydroxylation During the Development of Alpelisib
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Scheme 16. Structure of 3-Hydroxy-3-methylglutaryl-coenzyme A (56) and Different Statins™
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“The conserved 3-hydroxy-3-methylglutaryl-like moieties are highlighted with dashed round rectangles. The 4-fluorophenyl croups (the
trademarks of type 2 statins) are highlighted with bold dashed round rectangles.

Scheme 17. Electrostatic F~+N%* Interaction between
Atorvastatin and the Arg590 Residue of HMG-CoA
Reductase”

“The average fluorine—nitrogen distance is 2.9 A, lower than the sum
of the van der Waals radius of these two atoms.

nation of sitagliptin and metformin) were more than 5.5 billion
UsD.

Evaluation of sitagliptin and its analogues containing different
fluorinated phenyl groups showed that the 2,4,5-trifluorophenyl
group provides the best ICs, value (Scheme 18). This was
explained by the X-ray crystal structure of sitagliptin bound to
DPP-1V, which showed that the 2,4,5-trifluorophenyl moiety
fully occupies the S1 hydrophobic pocket of the enzyme.
Notably, the pocket that accommodates the CF; moiety is also
quite tight.”>**

Another example where fluorination induces better fitting to a
hydrophobic cavity is alpelisib (54, Scheme 14), which was
already discussed in Section 3.1.1. Compared to its analogue 53
(Scheme 14), fluorination not only reduced clearance but also
improved inhibitory activity (IC, values against p110a: 0.014
UM for compound 53 and 0.005 yM for compound 54). This
was explained with a docking model which showed that that the
tBu moiety in compound 53 does not fully occupy a small cavity
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because there is still some space around one of its methyl
groups.”’

3.1.3. Fluorination and Bioavailability. Highlighted:
Sitagliptin. Fluorination influences bioavailability via modu-
lation of pK, values and lipophilicity, a key parameter in
pharmaceutical chemistry. The first effect is based on the strong
inductive electron withdrawal of fluorine, which makes nearby
acidic groups (for example, alcoholic or phenolic OH groups)
more acidic and decreases the basicity of nearby basic groups
(mostly amino groups). This pK, lowering effect shifts the ratio
of charged and neutral drug species, affecting binding affinity,
bioavailability (for neutral molecules, passive transport through
membranes is easier), and lipophilicity (see below).'>*%*7%

Lipophilicity is quantified by measuring the partition
coefficient (log P) of the molecule between octanol (apolar
layer) and water (polar layer). When charge states need to be
considered, log D (the logarithmic coefficient of the distribution
of a molecule between octanol and water at a given pH, typically
7.4) is also used.'” Usually, proteins are less polar than the
surrounding aqueous solution, so some lipophilicity of the
ligand is often required for efficient binding. However,