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Abstract The increasing utilization of fluorine in drug design parallels advances in
understanding the physicochemical attributes of this element and an enhanced
appreciation of how these unique properties can be exploited to address the numer-
ous challenges encountered in pharmaceutical candidate optimization. Judicious
placement of fluorine in a candidate compound can markedly affect potency,
increase metabolic stability and enhance membrane permeability. The powerful
electron-withdrawing nature of fluorine serves to modulate the pK, of proximal
functionality, particularly basic amines, and can be an important tool for controlling
physical properties. Fluorine also exerts a conformation bias that is significant and
can be utilized strategically. The ®F isotope is of particular importance in positron
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emitting tomography (PET), an imaging technique of increasing importance for
assessing drug-target engagement in both preclinical and clinical settings. This
chapter provides a synopsis of some of the prominent and emerging applications of
fluorine in the design and optimization of biologically active molecules.

Keywords Gauche interaction * Fluorine and basicity ® Fluorine and conformation
* Fluorine and hydrogen-bonding ¢ Fluorine and membrane permeability ¢ Fluorine
and metabolic stability ¢ Positron emitting tomography imaging

1 Introduction

Fluorine is a remarkable and unique atom capable of imparting a myriad of advanta-
geous properties to small molecules, particularly in the context of medicinal chemistry.
Over the last five decades the knowledge and understanding of this almost “magical”
substituent has been enhanced substantially. Ever improving technologies for the
installation of fluorine into novel small molecules facilitate attempts to utilize fluorine
to address numerous challenges encountered in drug design: conformational control;
modulating pK,; improving metabolic stability, solubility, permeability and potency; or
tracking the distribution of a compound in vivo using positron emission tomography
(PET) imaging. Recently, fluorine has found utility in fragment-based drug design by
taking advantage of the '°’F NMR signal to both identify fragments that bind to targeted
sites and to probe the presence of fluorophilic environments in proteins [1-3]. The
applications of fluorine in medicinal chemistry continue to increase and its strategic
deployment is considerably less empirical than it once was. However, there remains
much to be understood regarding this privileged atom and its ability to aid in the fine
tuning of pharmacodynamic (PD) and pharmacokinetic (PK) properties.

Fluorine is the most abundant halogen in the earth’s crust (and ranks 13th in
abundance of all elements), but this has not translated into a proportional prevalence
among naturally occurring organic compounds. There are only a handful of natural
products known to contain fluorine, attributed to the fact that fluorine is found
naturally in insoluble forms that are not readily available [4].

For example, seawater concentrations of fluoride have been measured at 1.3 ppm
compared to ubiquitous chloride concentrations which are 1,900 ppm. Another
factor contributing to the dearth of fluorine in organic molecules is the extremely high
heat of hydration of fluoride [5]. Fluoride is heavily hydrated in water rendering it
weakly nucleophilic and thus limiting its role in direct displacement chemistry. The
high heat of hydration of fluoride relative to other halides is principally responsible
for the inordinately high energy needed to generate F* from aqueous F[6]. This key
difference from other halides precludes incorporation of fluorine into natural products
via the haloperoxidase reaction that is a common pathway for the incorporation of
chlorine, bromine and iodine [7, 8].

Despite the low concentrations of fluorine available on land and in the sea, some
marine and terrestrial organisms can accumulate significant quantities of inorganic
fluorine. However, the presence of organo-bound fluorine has only been identified in a
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handful of tropical and sub-tropical terrestrial plants and in only two microorganisms.
A great deal of effort has gone into the elucidation of the biosynthesis of fluorine-con-
taining natural products [8—11]. The most prominent example is the synthesis of highly
toxic fluoroacetic acid by the bacterium Streptomyces cattleya from S-adenosyl-L-
methionine and fluoride mediated by the enzyme 5’-fluoro-5'-deoxy adenosine synthe-
tase [9-11]. However, to date there is no evidence to support the de novo synthesis of
the C-F bond in the animal or insect kingdoms [4]. Indeed, caterpillars of the moth
Sindus albimaculatus acquire trifluoroacetate from their host plant, Dichapetalum
cymosum, in concentrations that render them toxic to predators [12]. It is interesting
that despite the scarcity of fluorine-containing compounds found in the natural world,
fluorine plays a prominent and ever increasing role in contemporary drug design.

One of the earliest synthetic fluorinated drugs is 5-fluorouracil, an antimetabolite
synthesized for the first time in 1957 (Fig. 1) [13]. Since that discovery, the
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Fig. 1 (a, b) Examples of fluorine-containing drugs
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deployment of fluorine in small molecule drug candidates has grown, as have the
technologies to install this atom. Today, 20-25 % of marketed drugs contain fluo-
rine, including blockbusters such as fluoxetine (Prozac®, depression), celecoxib
(Celebrex®, arthritis), efavirenz (Sustiva®, human immunodeficiency virus (HIV)),
sitagliptin (Januvia®, diabetes), atorvastatin (Lipitor®, dyslipidemia), rosuvastatin
(Crestor®, dyslipidemia), cinacalcet (Sensipar®, hyperparathyroidism) and the
nucleosides emtricitabine (Emtriva®, HIV). Other prominent fluorinated drugs
include sofosbuvir (Solvadi®), capecitabine (Xeloda®, breast and colorectal
cancer), the HIV integrase inhibitors raltegravir (Isentress®, HIV), elvitegravir
(HIV) and dolutergavir (Tivicay®), ciprofloxacin, the prototypical fluoroquinolone
antibiotic, linezolid (Zyvox®, antibiotic) and paroxetine (Paxil®, antidepressant).
The objective of this chapter is to provide an overview of the impactful nature of
fluorine on drug discovery as it is currently understood.

2 Fluorine and Conformation in Drug Design

The high electronegativity of fluorine is responsible for the strong polarization of
the C-F bond, manifested as the highest measured dipole in organic molecules at
1.85 D for CH;F. This phenomenon can strongly influence the interaction of C-F
with a range of proximal functionality [14-22].

Depending on the nature of the functionality, these effects can be of sufficient
magnitude to significantly affect conformational preferences, and can be exploited
in the design of both drugs and organocatalysts [21, 22]. The basis for these intra-
molecular effects include dipole-dipole interactions, attractive electrostatic
effects, repulsive effects between F and another electronegative atom, p-orbital
repulsion, and a hyperconjugative effect in which the C-H bond of an adjacent
atom interacts with the low lying 6* orbital of the C-F bond [21-23]. An under-
standing of the interactive relationship between F and a range of organic func-
tional groups has been developed using density functional theory (DFT)
calculations that provide some instruction on potential utility and applications
[23]. Table 1 captures the predicted energy of an individual interaction and offers
a possible explanation for the preferred conformation based on the underlying
physical chemistry [23]. Whilst several of these specific structural elements are of
limited interest in drug design and the inherent energy of some interactions are too
low to be of significance in the absence of additional reinforcing effects, the
underlying physical organic chemistry principles offer considerable insight into
the role that fluorine plays in influencing conformation. The most prominent
functionality for which the energy of interaction with fluorine is such that the
effect might be gainfully exploited in drug design are the amine, alcohol and
amide moieties [21, 22].
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Table 1 Calculated energy differences between the gauche and anti conformers of substituted
fluoroethanes

F F
gauchegﬁ :@: anti
R
Difference in
A energy A energy dipole between
gauche-anti  gauche-anti the gauche and  Interaction
(kcal mol™")  (kcal mol™') Preferred anti conformers underlying the
R B3LYP MO05-2X conformer (D) predicted effect
-NH,* —-6.65 -7.37 Strongly NA Electrostatic F&~
gauche and NH;* &*
-NO, -1.22 -1.12 Strongly 4.42 Anti-parallel 5 FC-H
gauche and N §*-0 &7
F&~ and N
-NCHO -1.00 -1.12 Strongly 4.53 Electrostatic C-F
gauche 6~ and N-H &*
-F —0.82 —-0.66 Strongly 3.02 oC(F)-H to 6*C-F
gauche
-N; -0.76 -1.21 Strongly 342 Electrostatic C-F
gauche O~ and central
N &*
-N=C=0 -0.74 -1.06 Strongly 3.97 Electrostatic C-F
gauche 6~ and C=0 C &*
-CH=NH -0.25 —0.65 Strongly 3.62
gauche
-CH; -0.18 -0.35 Weakly 2.11
gauche
-CH=CH, -0.01 -0.17 Weakly 1.95
gauche
-C=N 0.64 -0.64 Strongly anti  4.68 p orbital repulsion
-CHO 0.84 -1.20 Strongly anti  3.82 p orbital repulsion
and anti-parallel
dipole: C=08"
6*HCF &~
-C=CH 0.98 -1.03 Strongly anti  2.18 p orbital repulsion

2.1 Fluorine-Fluorine Interactions

The conformation of fluoroalkane derivatives is of considerable contemporary
interest. The influence of fluorine on the conformation of vicinally substituted
compounds is based on a stabilizing gauche interaction that relies upon hyper-
conjugation between a C-H bond and the low lying ¢* orbital of the C-F bond.
The energy of this interaction is estimated to be 0.8 kcal mol™', modest but



6 N.A. Meanwell et al.

a b
F, F H H H H
M R M _— H\‘)H/H
H ™H H F I S
CF s F H F F
gauche favored by unfavorable
favored by 0.8 kcal/mole™ 3.3 kcal/mole™! dipole-dipole interaction

Fig. 2 (a) Conformation of 1,2-difluoroalkane, (b) conformational preference of 1,3-difluoropropane
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Fig. 3 erythro- and threo-9,10-difluorostearic acid 1 and 2 and Newman projections capturing
their preferred conformations

nevertheless sufficient to exert an influence on conformation [21, 24] (Fig. 2a).
In addition, there is a destabilizing repulsion between fluorine atoms in a 1,3-rela-
tionship that is of higher energy and which minimizes unfavorable dipole-dipole
interactions [21, 24, 25]. The preferred conformation of 1,3-difluoropropane
shown in Fig. 2b is estimated to be 3.3 kcal/mol~! more stable than the alternative
[21, 24, 25].

An interesting example of the effect of the preference for a gauche arrangement
of vicinal fluorine atoms on physical properties is provided by the two diastereo-
mers of 9,10-difluorostearic acid, 1 (erythro) and 2 (threo), which were carefully
synthesized in a fashion that ensured stereochemical integrity (Fig. 3) [24, 26].
These molecules differ only by the stereogenicity of the fluorine atom at C-10 yet
their melting points differ by 20 °C, with the erythro isomer 1 melting at 67-69 °C
while for threo isomer 2, the melting point is 86—-88 °C. The threo isomer 2 was
anticipated to be the more stable isomer, with the fully extended form favored by the
conformational preference exerted by the gauche interaction between the two F
atoms, a conformation similar to that adopted by the native fatty acid. Langmuir
isotherm measurements confirmed the similarity between 2 and stearic acid whilst
the erythro isomer 1 displayed significant disorder, consistent with the lower melt-
ing point [24, 26]. In the Newman projections about the C9-C10 bond of 1, the
stabilizing effect of the gauche-disposed F atoms is offset by unfavorable
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interactions between the two carbon chains such that none of the conformations are
preferred although all are accessible.

Derivatives in which the vicinal difluoromethylene motif is extended to
include 3, 4, 5 and 6 fluorine atoms have been examined to determine conforma-
tional preferences [24]. The most sophisticated study focused on the hexafluo-
romethylene motif, carefully assembled in the diastereomers 3 and 4, that
extended earlier studies on tetra- and pentafluoro alkanes [24, 27]. The confor-
mation of these compounds, both in the solid state and in solution, indicates that
in order to avoid unfavorable 1,3-dipolar interactions between F atoms, 3 adopts
a helical topography that simultaneously allows the vicinal fluorine atoms to
adopt the preferred gauche arrangement. The same effect favors an extended
anti conformation for 4 that presents no unfavorable 1,3-dipolar interactions
and facilitates 3 out 5 possible gauche arrangements of the vicinal fluorine
atoms [24, 27].
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2.2 Fluorine-Amide Interactions

The conformation of a-fluoro-substituted amides is dominated by dipole-dipole
interactions between the C-F and C=0 bonds, with additional support from a pro-
ductive electrostatic interaction between the fluorine atom and the amide NH if the
molecule is configured appropriately [20, 28—33]. The synthesis and analysis of the
enantiomers of a-fluoro capsaicin (6) as vanilloid receptor agonists is illustrative of
the potential to take advantage of this kind of effect in drug design. Ab initio calcu-
lations of the rotational energy profile of 2-fluoro-N-methylpropanamide indicated
that the frans conformer was the most stable with a 6 kcal mol™' advantage over the
gauche conformer which was 2 kcal mol™' more stable than the cis conformer
(Fig. 4) [28, 29, 33]. The stability of the trans conformation is attributed to a favor-
able alignment of the C-F and C=0 bond dipoles supported by a productive electro-
static interaction between the F and amide H atoms. In the case of 6, the (R) and
(S)-enantiomers would be expected to adopt conformations that stereo-differentiated
the side chain projection vectors, potentially providing insight into the bound con-
formation of the natural 5 [33].
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However, both the (R) and (S)-enantiomers of 6 performed similarly as TRPVI
receptor agonists, leading to the conclusion that the conformation captured by 5 in
Fig. 4 in which the alkyl side chains project in vectors parallel to each other and in
the plane defined by the amide moiety represents that of the natural product rather
than that in which the alkyl chains project orthogonally to the plane of the amide, as
depicted in (R)-6 and (5)-6 in Fig. 4 [33].

A study examining the effect of fluorination on the conformational preferences
of B-peptide derivatives installed the fluorine atom a- to the amide carbonyl, a
topology that simultaneously placed the F f- to the amine moiety. This struc-
tural arrangement allowed an analysis of the roles of the dipole-dipole effect
between F and C=0 and the gauche interaction between vicinally-deployed F
and amide moieties [34]. X-ray crystallographic structures of the synthesized
compounds revealed that the C-F and C=0 bonds aligned in an anti-periplanar
conformation to satisfy the dipole interactions whilst the F and amide moieties
adopted the anticipated gauche arrangement [34, 35]. In the representative com-
pound 7, the torsion angle associated with the fluoropropionamide moiety in the
solid state was —172.46° whilst that for the other a-fluoroamide was —179.7°.
For the internal F-CH,-CH,-NHCO element, a torsion angle of —73.7° satisfied
a gauche arrangement; however, in this particular example the F atom of the
terminal NH-CH,-CH,-F moiety was disordered, interpreted as an effect of
packing forces overcoming a gauche preference calculated to be 1.8 kcal mol™!
[34, 35]. In the ester 8, the torsion angle between the F atom and the ester
C=0 moiety was 154.5°, reflecting a reduced preference that is based on the
weaker dipole associated with an ester that manifests as a calculated stabiliza-
tion energy for the anti-periplanar form of 4.5 kcal mol™!, which compares to
7.5 kcal mol™! for an a-fluoro amide and 2.2 kcal mol™! for an a-fluoro ketone
[20, 28, 29, 35, 36].



Tactical Applications of Fluorine in Drug Design and Development 9

B 3
HsC : CH
TN BocHN /\;)J\o/ 3
F F g
7  Ph
L, F O /[Ph o H H o
RO,C NWL W
j/ N” "COR RN 7 N-R
Ph ° F H H
9: R =H, threo
10: R = CHj3, threo H H
F o (™" HH A F Hos F
RO,C H /[ N o)
2 R F F
T N° COR H . H
o F " 007N R—=N o7 >N-
Ph B Ho &
11:R =H, erythro R': ester R': acid

12: R = CHj3, erythro

The difluoro succinamide esters 9 (threo) and 11 (erythro) and the corre-
sponding acids 10 (threo) and 12 (erythro) were prepared and the solid state
structures determined which revealed conformational differences that were
reflected in the preservation of a vicinal F-F gauche interaction in all 4 mole-
cules [31, 32]. In the case of 11, one of the fluorine-carbonyl pairs adopted a
higher energy conformation that sacrificed the dipole-preferred anti-periplanar
arrangement whilst in 9, 10, and 12 all arrangements between F and the C=0
moieties were in, or very close, to the preferred anti-periplanar topography [31,
32]. NMR studies that analyzed 3Jyr and *Jyy coupling constants revealed that
these conformations were also prevalent in solution, underscoring the influence
of the F-gauche effect.

o (0]
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N H
F 13 O,N 14

The preference for a gauche relationship between fluorine and the N-CO
moiety observed in 7 and 8 is of broader significance as a conformational tool.
In the solid state, the conformation of 2-fluoro-N-(2-fluoroethyl)-propionamide
(13) reflects a gauche relationship between the fluorine and NH-CO moieties,
torsion angle =—-69.9°, whilst the F atom «a- to the amide carbonyl is aligned in
a fashion consistent with the preferred dipole interactions in which the two are
anti-periplanar, torsion angle=2° [29]. A similar phenomenon is observed
with 14 [35].
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A particularly striking example of the gauche effect in p-fluoroamides is
provided by the two 4-F proline diastereomers 15 and 16. Here the fluorine atom
exerts a significant influence on the conformational mobility of this unique amino
acid, providing insight into the stabilizing influences of 4-hydroxyproline (17,
Hyp), prevalent in the natural protein collagen [22]. Collagen is comprised of
repeat units of Xaa-Yaa-Gly in which Xaa and Yaa are frequently proline or 4-(R)-
Hyp. The polypeptide associates into a tightly-wound triple helix fibril, the thermal
stability of which is enhanced by the presence of the hydroxyl substituent [37—42].
Although this phenomenon was initially attributed to the H-bonding properties of
the hydroxyl moiety, a triple helix assembled from (Pro-4-(R)-F-Pro-Gly),, exhib-
its a CD spectrum identical to (Pro-Hyp-Gly),, or (Pro-Pro-Gly),, with all spectral
data consistent with triple helix formation [37]. These observations support the
conclusion that the stabilizing effect of Hyp (17) is based on an inductive effect
rather than H-bonding. Following this observation, additional studies have evalu-
ated the consequence of substituting the Xaa and Yaa positions with 15 and 16
rather than proline and Hyp (17), with the results leading to a deeper understanding
of collagen conformation [38—43]. Proline has an inherent preference for the C'-
endo conformation, calculated as 0.41 kcal mol™!, which favors this conformer by
2:1 at room temperature (Fig. 5) [44]. The introduction of a 4-(S)-F substituent
(16) augments this preference, increasing the stability to a difference of 0.61 kcal
mol, stabilized by the gauche effect between the F and amide moieties that facili-
tates a conformation in which the F atom adopts an axial disposition (Fig. 5) [43,
44]. This effect is manifested in the single crystal X-ray of Boc-4-(S)-fluoroproline
[43]. However, in 4-(R)-fluoroproline (15) the C-exo conformation is favored by
0.85 kcal mol™!, stabilized by the gauche effect between the F and amide moieties
that also disposes the F atom axially [44]. This phenomenon is mimicked by Hyp
(17) where the C'-exo conformer is calculated to be 0.48 kcal mol~' more stable
than the C'-endo conformer [45]. These insights provide an explanation for the
structural similarity of (Pro-4-(R)-F-Pro-Gly),,, (Pro-Hyp-Gly),, and (Pro-Pro-
Gly)yo. Additionally, in 15-17 the E,,; isomer of the peptide bond is calculated to
be more stable than the E.; isomer regardless of the ring pucker, with the energy
differences providing a stability hierarchy of 4-(R)-Pro>Pro>4-(S)-Pro (Fig. 5)
[38, 44]. The preference for an E,,,; geometry has been attributed to this conforma-
tion allowing a favorable n-n* interaction between the O atom of the C=0 moiety
bound to the ring N atom and the C=0 carbon of the exocyclic amide, as depicted
in Fig. 5 [38, 46-48].

Molecular modeling studies have suggested that when proline is in the Xaa
position of a (Pro-Pro-Gly), helical strand, it adopts a C’-endo pucker but when in
the Yaa position a C'-exo conformation is preferred, consistent with the observa-
tions noted above that (Pro-4-(R)-F-Pro-Gly);o, (Pro-Hyp-Gly),, and (Pro-Pro-
Gly),o form stable helical complexes [39, 49]. When a substituted proline is
installed at the Xaa position, the conformational preference for the C’-endo con-
formation would suggest that 4-(S)-F-Pro would function to form a collagen-like
helix structure but the 4-(R)-F-Pro diastereomer would not based on their con-
formational bias [39, 43]. This has been observed experimentally with both
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Fig. 5 Conformational preferences for proline, 4-(S)- and 4-(R)-fluoroproline. Preferred equilibrium
for cis-trans amide isomerism in proline derivatives and stabilization of the trans isomer by a n to
m* interaction

(4-(S)-F-Pro-Pro-Gly),, and 4-(S)-F-Pro-Pro-Gly); forming stable triple helices
while (4-(R)-F-Pro-Pro-Gly),, and (4-(R)-F-Pro-Pro-Gly); do not [39, 43].
Similarly, 4,4-difluoroproline (18), which offers no conformational bias, does not
substitute effectively for Hyp (17) to form stable triple helices in collagen-related
peptides [42].

Incorporation of fluorine at the 3-postion of proline also introduces a conforma-
tional bias, a phenomenon initially explored with the diastereomeric esters 19 and
20 [50]. These molecules crystallized with the trans configuration between the
amide and ester moieties, as depicted in 19 and 20, but the conformation of the pro-
line rings differed, each stabilized by a gauche interaction between the F and amide
moieties that deployed the halogen in an axial orientation. In 19, the pyrrolidine ring
adopted the C'-exo conformation, which contrasts with 20 where the C'-endo
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arrangement prevailed [50]. The stereoelectronic effects of the 3-F-prolines 19 and
20 are complementary to those of the 4-F isomers 15 and 16. Thus, an anti orienta-
tion of the fluorine atom with respect to the ester moiety results in the C'-endo
conformation for 20 but a C?-exo for 15 with the opposite effect for the syn epimers
[50]. The C*-endo conformation of 20 was found to be present in solution as assessed
by the coupling constant between the a- and p-protons in the 'H NMR spectrum.
This coupling constant was <1 Hz and the calculated thermodynamic parameters
suggested that this would be populated to the extent of 97 %. In contrast, the C'-exo
conformation of 19 was predicted to amount to 69 % of the population, attributed to
repulsion between the F atom and adjacent ester moiety as a consequence of unfa-
vorable steric and electronic interactions [41, 50]. The conformational preferences
of 19 and 20 were preserved when these proline derivatives were incorporated into
short peptide sequences [41, 50, 51].

19: 3(R) 20: 3-(S)

2.3 Fluorine-Amine Interactions

Protonated B-amino fluoroalkanes show a strong preference to adopt a gauche
conformation based on a favorable electrostatic interaction between the ammonium
moiety and the electronegative F atom, the energetics of which are estimated to be
5.8 kcal/mol [20, 23, 52]. In the unprotonated form, 2-fluoroethylamine experiences
only a weakly stabilizing intramolecular interaction between the NH, and F that has
been viewed as a bridging H-bond estimated at ~1 kcal mol™! in favor of the gauche
conformation, although the precise nature of fluorine-hydrogen interactions is con-
troversial (vide infra).

In cyclic amines, such as the protonated form of 3-fluoro-N-methyl-piperidine
(21), these interactions provide significant conformational bias [53-55]. In 21, the
ring F atom strongly prefers an axial disposition despite experiencing steric com-
pression, with the calculated conformer populations provided in Fig. 6 [55]. As the
global minimum, conformer A dominates to the extent of 95-96 %, stabilized by an
electrostatic interaction between the F and NH* moieties, whilst conformer D con-
tributes 4-5 % at equilibrium with the unfavorable diaxial interactions compensated
by a productive electrostatic effect.

Trans-4-fluoro-L-proline (15) and its cis- isomer 16 both adopt a defined confor-
mation in aqueous solution in which the favored conformations project the F atom
in an axial orientation that is gauche with respect to the amino moiety [56].
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Fig. 6 Conformational
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Fig. 7 GABA (22), the enantiomeric fluorinated derivatives 23 and 24 and their preferred
conformations

The two fluorinated enantiomers 23 and 24 of the neurotransmitter y-aminobutyric
acid (GABA, 22) represent an interesting example where the preferred gauche dis-
position between a protonated amine and a fluorine atom was used to glean insight
into aspects of biologically-relevant conformations (Fig. 7) [57, 58]. The introduc-
tion of fluorine to GABA (22) reduces the basicity and increases the acidity of the
natural amino acid in a fashion that preserves the zwitterionic nature at neutral pH.
In solution, an extended conformation was observed for all molecules based on
NMR analysis, stabilized in the case of 23 and 24 by the gauche interaction between
the F and NH;* moieties [57]. The range of conformations for each enantiomer are
captured in Fig. 7 which also notes those that would be disfavored based on the
absence of a gauche effect [57]. Both 23 and 24 were found to activate the cloned
human GABA, receptor with similar potency but were markedly less potent than
GABA (22) itself [57, 58].

This observation suggested that the bound form of the neurotransmitter was the
extended form accessible to both 23 and 24 in a fashion that preserves the gauche
relationship between F and NH;*, represented by conformation B in Fig. 7 [57, 58].
However, GABA aminotransferase caused elimination of HF from the (R)-isomer
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24 with 20-fold higher efficiency than for the (S)-isomer 23. This suggested that the
conformation recognized by the enzyme placed the NH;* and CH,CO,™ moieties in
a gauche arrangement that would be destabilized, consistent with conformation C
being preferred [57, 58] (Fig. 7). This conformation was also deduced to be that
preferably recognized by the GABA( receptor [59]. Both 23 and 24 were found
to act as agonists rather than antagonists at pl and p2 GABA( receptors, with the
(R)-isomer 24 the more potent but still ten-fold weaker than GABA (22), whilst the
(S)-isomer 23 was 20-fold weaker than the natural ligand, attributed to weaker
electrostatic interactions as a consequence of the reduced basicity. These observa-
tions suggested that GABA (22) adopted a folded binding orientation represented
by conformation C at the GABA( receptor [59].

An analogous strategy was adopted to probe the bound conformation of
N-methyl-D-aspartate (26), an agonist of the neurotransmitter glutamic acid (25), at
recombinant GIuN2A and GIuN2B receptors expressed in Xenopus laevis oocytes
(Fig. 8) [60]. (25,35)-3F-NMDA (27) was prepared in an enantiospecific fashion
whilst (25,3R)-3F-NMDA (28) was obtained along with the (2R,3S)- stereoisomer
after separation of diastereomeric a-methylbenzylamine precursors. Analysis of
'H- and F NMR spectra indicated distinct chemical shifts and coupling constants
for the individual compounds that were consistent with (25,35)-3F-NMDA (27) in
solution adopting conformation A, shown in Fig. 8, whilst (25,3R)-3F-NMDA (28)
avoided conformer C and was concluded based on DFT calculations to prefer con-
former B, the conformer observed in the single crystal X-ray structure. In the bio-
logical assays, (25,35)-3F-NMDA (27) evoked currents in oocytes expressing either
GluN2A or GluN2B receptors, although the responses were less than that observed
with NMDA (26), whilst (25,3R)-3F-NMDA (28) and its enantiomer were essen-
tially inactive [60]. These results suggested that only (25,35)-3F-NMDA (27) was
able to adopt a conformation similar to that of bound NMDA (26), designated as A
in Fig. 8. This result is consistent with X-ray crystallographic data of NMDA (26)
bound to the GIuN2D receptor which is highly homologous to the GluN2A and
GIluN2B receptors.

The effect of a fluorine atom f- to a protonated amine on conformational prefer-
ence and its potential impact on biological recognition has further been documented
in 8-membered rings and in fluorinated pyrrolidine elements incorporated to replace
the peripheral pyrrolidines of G-quadruplex binding ligands based on an acridine
scaffold [61, 62].

2.4 Fluorine-Hydroxyl and Fluorine-Alkoxy Interactions

The gauche conformation of p-fluoroethanol derivatives has been estimated to be
favored by ~2 kcal mol™' when the F and OH moieties can engage in an intramo-
lecular H-bonding-like interaction [52, 63, 64]. In the absence of this interaction,
the preference for the gauche relationship is essentially absent, with an energy
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Fig. 8 Structures of glutamic acid (25) NMDA (26), the enantiomeric fluorinated derivatives 27
and 28 and their preferred conformations

estimated at only 0.1-0.2 kcal mol~!. However, protonation of the alcohol significantly
enhances the stability of the gauche conformer, estimated at ~7 kcal mol™ and
attributed to a combination of both a stereoelectronic effect and an intramolecular
HO-F interaction [52, 63, 64]. Several drug design studies have attempted to
exploit the effects of deploying F and OH moieties in a vicinal arrangement that
either take advantage of the gauche conformational preference or the effect of F on
the H-bonding potential of the hydroxyl. An early example explored the effect of
replacing the C-9 a-H atom of hydrocortisone acetate (29) with F to afford 30,
which demonstrated ten-fold greater glucocorticoid activity in restoring liver glyco-
gen deposition in the adrenalectomized rat and four- to nine-fold higher activity at
increasing the survival time of adrenalectomized dogs with a concomitant reduction
in sodium retention [65, 66]. Fludrocortisone (32) is an anti-inflammatory agent that
improved on the therapeutic index of the progenitor hydrocortisone (31) and was
the first marketed fluorinated pharmaceutical product [67]. The origin of the
improved biological properties of fluorinated steroids remains enigmatic and may
be a function of the combination of several effects that includes the increased acidity
of the 11p-hydroxyl moiety, a distortion of the A ring due to non-bonded interac-
tions between the F atom and proximal axial substituents and reduced metabolism
in vivo [14, 68-70].

29: X = H, R = COCH;4
30: X =F, R = COCH,
31:X=H,R=H
32:X=F,R=H
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The judicious introduction of a fluorine atom into the HIV-1 protease inhibitor
indinavir (33) and epi-indinavir (34) provided an opportunity to assess the effect of
F-OH interactions on biological properties related to conformational disposition
[71]. The four fluorinated derivatives 35-38 were prepared with the anticipation of
complex effects due to the F atom which was expected to affect the acidity of the
OH and influence the population of conformers in addition to affecting steric inter-
actions and solvation. The K; data for the inhibition of HIV-1 protease are
summarized in Table 2 and reveal interesting profiles.
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The syn, syn fluorinated derivative 35 fully retained the activity of the parent
drug 33 while the anti,anti isomer 37 was an order of magnitude weaker. For the
epi-indinavir derivatives 36 and 38, the syn,anti analogue 38 improved potency by
eight-fold over 34 whilst the anti,syn diastereomer exhibited a 36-fold weaker Ki
[71]. An analysis of the 'H-'H and 'H-"°F coupling constants indicated that the
syn,syn (35) and syn,anti (38) diastereomers adopted the fully extended conforma-
tion that characterizes indinavir (33) when bound to HIV-1 protease, attributed to

Table 2 K data of 33—-38 for the inhibition of HIV-1 protease

Compound Ki (nM) Log P Compound Ki (nM) Log P
33 1.9 3.03 36 5,900 3.31
34 160 3.02 37 27 3.01

35 2.0 3.23 38 20 3.12
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the preference of F and OH to adopt a gauche relationship. In contrast, the other
2 diastereomers 36 and 37 populated additional conformers to a significant extent,
providing an explanation for the observed reductions in potency. The lipophilicity
of each of the diastereomers was determined from the measured 1-octanol/water
partition coefficient and all were marginally increased compared to indinavir (33),
with the exception of the anti,anti analogue 37.

Fluorination also impinges on the conformation of ethers, most prominently in
anisoles [15, 72-74]. Arylmethyl ethers without ortho substituents adopt a confor-
mation in which the methoxy moiety is close to coplanar with the aryl ring, a con-
sequence of rehybridization of the substituent that maximizes electronic overlap of
the oxygen atom with the & system and overcomes the inherent allylic 1,3-strain,
with bond angles summarized in Fig. 9 [75-79]. In contrast, the trifluoromethoxy
substituent is typically orthogonal to the plane of the benzene ring, favored by
0.5 kcal mol-!, inverting the calculated 3 kcal mol~! preference for planarity observed
with anisole [15, 80]. Difluoralkoxyaryl moieties behave similarly, indicating that
these structural elements should not be considered as simple isosteres of alkoxy
substituents but as moieties capable of exploring a broader range of conformational
space [15, 74].

The arylethyl ether 39 is an inhibitor of cholesterol ester transfer protein,
IC5p0=1.6 pM, but the fluorinated homologue 40 is eight-fold more potent,
IC5,=0.2 pM, attributed to a combination of steric effects and drug-protein interac-
tions that are more favorable in 40 [73].

FSC FSC

Q

O

R 30:R= CHZCH3
40: R = CF,CHF,

Ab initio calculations indicated that while the ethoxy moiety preferred a confor-
mation coplanar with the aryl ring, the fluorinated ether projected in a vector that
was more perpendicular. Interestingly, a 2-furyl substituent provided the optimal
OCF,CHF, mimetic, IC5y=0.48 pM, attributed to the preferred conformation of the
furan ring also being orthogonal to the plane of the phenyl moiety [73].
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3 Modulation of pK, with Fluorine

Fluorine is the most electronegative element (Pauling electronegativity of 3.98)
[84]. Due to the significant electron-withdrawing influence that fluorine exerts
inductively through o-bonds, fluorine substituents typically lower the pK, of
neighboring functionality (although exceptions exist [§1]): protic groups become
more acidic as measured by a decrease in the pK, of the functional group itself,
and basic groups become less basic as measured by a decrease in the pK, of the
conjugate acid. The ionization state of basic and acidic functionality not only
affects potency and the absorption, distribution, metabolism, and excretion
(ADME) properties of a molecule, but may also play a role in reducing the poten-
tial for a compound to exhibit toxicity [82]. Specifically, molecules incorporating
basic nitrogen atoms are known to be more promiscuous and may show increased
potential for cardiovascular toxicity via promoting interference with the hERG
potassium ion channel and may increase the occurrence of phospholipidosis
[83-86]. The significant influence of fluorine on the pK, of adjacent functionality,
in combination with other desirable properties including a small steric volume
(similar in volume to oxygen) and high metabolic stability of the C-F bond,
provides a powerful tool by which to modulate pK, during drug candidate opti-
mization [14].

3.1 pK, Trends with Fluorine Substitution

An understanding of the correlation between fluorine substitution and pK, enables a
rational approach to drug candidate optimization. For acyclic aliphatic amines, the
observed pK, often represents the contribution of a conformational average of sub-
stituents and, as a consequence, the decrease in pK, due to fluorine substitution is
generally additive [87]. As shown in Fig. 10, the shift in pK, of aliphatic amines due
to fluorine substitution can be accurately predicted based on this additive property.
The significance of the effect decreases with increased o-transmission distance:
each fluorine substituent at the f-carbon reduces the pK, by 1.7 units, at the y-carbon
by 0.7, and at the 6-carbon by 0.3. As a point of reference for the calculation, the pK,
of alkyl amines can be generally approximated as primary amine=10.7; secondary
amine=11.1; and tertiary amine =10.9 [87, 88]. The chain length of the alkyl groups
does not generally shift the pK, of the amine; however, N-methyl substitution is an
exception (Fig. 11) [87].

For unstrained cyclic amines in saturated systems the change in pK, upon substi-
tution can be approximated by summing the contribution of both c-transmission
pathways [87, 88]. Figure 12 demonstrates the application of this approach towards
a series of substituted piperidines. For example, in 3-fluoropiperidine there are
two o-transmission pathways from the fluorine atom to the nitrogen atom: “path



Tactical Applications of Fluorine in Drug Design and Development 19

Prediction Experimental pK;,
n| apK, | y=0 y=t y=2 ye3
H 1 1.7 107 90 73 57
N Oy 2| 07 9.9 8.7
n 3 0.3 10.7 9.7
4 -0.1

Fig. 10 For aliphatic amines, the change in pK, due to fluorine substitution is generally additive
in nature [88]
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Fig. 11 pK, values of acyclic and cyclic alkyl amines [88, 89]
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APK, 1.4 2.0 2.8 -4.0
bserved Py | 1141 9.4 9.3 8.5 7.4
observe APK, 1.7 -1.8 -2.6 -3.7

Fig. 12 Predicted and observed pK, of fluoro-substituted piperidines [88]

1”=F-C-C-C-C-NH and “path 2”=F-C-C-NH. The pK, of 3-fluoropiperidine can
therefore be predicted using the values of the linear system provided in Fig. 10:
pK,=11.1 (piperidine) — 0.3 (“path 1) — 1.7 (“path 2)=9.1. This predicted value
is in close agreement with the experimental pK, of 9.3.



20 N.A. Meanwell et al.
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Fig. 14 The syn-B-fluoro effect can be used to refine pK, predictions for amines containing
f-fluoro substitution [88]

That the observed pK, of 3-fluoropiperidine is slightly less acidic than predicted
may be explained by stabilization of the ammonium species via dipole minimiza-
tion, as depicted in Fig. 13a [88]. In fact, NMR studies with 3-fluoropiperidine have
revealed that the 3-fluoro substituent inverts from a completely equatorial orienta-
tion to a completely axial orientation upon protonation of the amine [53]. Similarly,
the fluoro substituent of cis-3-fluoro-4-benzylpiperidine adopts a completely axial
orientation in the protonated species leading to stabilization and a pK, of 9.3
(Fig. 13b). Upon protonation of trans-3-fluoro-4-benzylpiperidine, the 3-fluoro sub-
stituent occupies both the axial and equatorial orientation equally, leading to reduced
stabilization and a pK, of 8.8 [88].

The stabilization of ammonium species via syn-p-fluoro substituents
appears to be a general phenomenon. The ApK, shift due to B-fluoro substitution
can be refined to accommodate for this influence: ApK,=-1.4 for a full 1,3-syn
CF-*NH interaction and ApK,=-2.0 in the complete absence of a 1,3-syn CF-*NH
interaction [88]. This refinement enables the accurate prediction of pK, values
for primary, secondary and tertiary amines with p-fluoro substituents (Fig. 14).
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Table 3 Experimental pK, measurements from a series of methanesulfonamides demonstrate an
additive change in pK, upon fluorine substitution [90]

n R=H R=Ph R=3-C4H,COPh
Q\,O 614
R. S_ 0 10.8 8.85 8.192
N"*CH(3_ F, ] ) )
N 1 9.32 7.57 6.77
ApK, =n(-1.47) 2 8.062 6.192 5.442
3 6.33 4.45 3.702

daqueous pK;, values were calculated from experimental
measurements obtained with solvent = 67% DMF-H,O

Fig. 15 (a) Fluorine is b
inductively electron- Substituent  Ginguctive Gresonance
withdrawing but is electron- a
donating through resonance. o S F 0.45 -0.39
(b) The discrete inductive @ OH cl 0.42 -0.19
contribution and resonance
- s - Br 0.45 -0.22
contribution to Hammet’s F S
Gpara CONstants [14] e CF; 0.38 0.16
I CF;0 0.39 -0.04
o° CHj 0.01 -0.15
CH30 0.26 -0.56
= OH 3
NO, 0.65 0.13
®
F CN 0.51 0.15

Additionally, the syn-p-fluoro effect may, in part, account for the difficulty in
predicting the pK, of imperfectly staggered heterocycles such as fluoro-substi-
tuted pyrrolidines [88].

Fluorine substitution of methanesulfonamides also leads to an additive decrease
in the pK, of the NH proton. As shown in Table 3, the decrease in pK, is approxi-
mately 1.47 units per fluorine substituent and is independent of the R-group bound
to nitrogen [90]. The linearity observed in this trend is postulated to be due to the
small steric changes associated with replacing hydrogen by fluorine and the fact that
fluorine substitution is somewhat remote (two atoms away from the acidic site) [90].
In the case of fluoroacetic acids, the decrease in pK, due to fluorine substitution is
not additive: the pK, of acetic acid=4.76; fluoroacetic acid=2.59; difluoroacetic
acid=1.33; and trifluoroacetic acid=0.50 [91].

Although fluorine exerts a strong electron-withdrawing influence through
o-bonds, fluorine is electron-donating through resonance (Fig. 15a). Due to the
excellent 2p orbital overlap between fluorine and carbon, this influence can be quite
strong and the significance of this effect is not matched by the other halogens
(Fig. 15b) [14, 92]. Due to these opposing forces, the effect of fluorine on pK, in
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Table 4 pK, values of benzoic acids and phenols [91, 94]

O
OH
X OH
R —: R—: =
Z =
Substituent pKaortho pKameta pKapara pKaortho pKameta pKapara
H 4.02 4.02 4.02 9.99 9.99 9.99
F 3.27 3.87 4.14 8.73 9.29 9.89
Cl 2.88 3.83 3.99 8.55 9.10 9.43
Br 2.85 3.81 3.99 8.45 9.03 9.34
F3C 4.0 3.6 3.6 8.3 9.0 8.7
HsC 3.90 4.27 4.36 10.3 10.0 10.3
H3;CO 4.09 4.08 4.49 9.99 9.65 10.2
NO, 2.18 3.46 3.44 7.22 8.35 7.15
3.83 6.47 3.68
(j 2.97 X 2.84 X 491 4.00 X\ 2.36
7 04a S\ 049 N 3.06 4.04 "
| | | 3.10 |
H H H H

Fig. 16 pK, values of mono-substituted fluoro pyridines and quinolines (pK, pyridine=5.17;
pK, quinoline=4.85). pK, values of analogous chloro and methoxy pyridines are provided for
comparison [17]

aromatic systems is strongly dependent on the through-resonance relationship of the
fluorine substituent and the functional group of interest. Fluorine acts as an electron-
withdrawing group in positions ortho- or meta- to functionality. Fluorine in a para-
relationship to a functional group behaves as a neutral substituent because the
through-resonance electron-donating character of fluorine essentially cancels out its
inductive electron-withdrawing influence [92]. As shown in Table 4, this trend is
observed with benzoic acids and phenols, archetypical systems of cross-conjugated
and directly-bound functionality, respectively. Similarly, the changes in pK,
of aniline (pK,=4.62) upon fluorine substitution is: 2-fluoroaniline=-1.40,
3-fluoroaniline=-1.04 and 4-fluoroaniline=+0.03 [17]. Basic heterocycles such as
pyridine also follow this trend (Fig. 16). Although the aqueous pK, of 4-fluoropyridine
has not been reported, gas phase measurements indicate that 4-fluoro substitution
leads to a small decrease in the pK, in the gas phase and a predicted aqueous pK,
similar to that of pyridine [93]. It should be noted that the CF; group is electron-
withdrawing both inductively and through-resonance, and thus always reduces the
pK., of adjacent functionality [93, 94].
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4 The Effect of Fluorine Atoms on Drug Potency

Appropriate modulation of pK,, conformational preference, hydrophobic interaction,
hydrogen bonding, lipophilicity, solubility or a combination of these properties
exerted by the deployment of fluorine atoms can improve potency/binding affinity
and sometimes even selectivity of drug molecules. This phenomenon is manifested
in many examples taken from a wide range of areas of medicinal chemistry.

In keeping with the theme from the previous section, the influence of fluorine on
the pK, of basic functionality was systematically studied in the context of optimiz-
ing the pharmaceutical properties of a thrombin inhibitor [95]. All permutations of
single and double fluorine substitution of the amidinium-bearing arene were synthe-
sized and the pK, of the amino group of the tricyclic skeleton (pK,;) and the pK, of
the amidinium residue (pK,,) were experimentally determined (Fig. 17). The change
in pK, upon introduction of fluorine followed the expected trends, with the excep-
tion of double fluorine substitution meta- to the amidinium group, compound 45. In
this case, the pK, unexpectedly increased to 4.21 from 4.10 measured for the mono-
fluoro analog 44 and insight into this phenomenon was sought through DFT calcu-
lations (RB3LYP, 6-31G**). For the mono-fluorinated arene, the exo-conformer,
which minimizes allylic-1,3-like strain between the nitrogen lone pair and fluorine,
is calculated to be 3.4 kcal mol~! more stable than the endo-conformer (Fig. 18a). In
the difluorinated arene, unfavorable allylic strain is unavoidable, as illustrated in
Fig. 18b. Upon protonation, both the mono- and di-fluorinated arenes adopt confor-
mations in which there is a favorable C-F-~H-N* interaction. However, because this
favorable interaction is present in both analogs, the increased basicity of the difluoro
analog is best explained by the differences observed in the unprotonated state,

(=) Rg NH - HCI
R; R, R; R; pK,; pK,, logD K;(uM) Selectivity

42 H H H H 447 1114 -1.16 0.057 67
43 H F H H 421 1069 -1.08 0.63 22
4 F H H H 410 10.83 0.61 11
45 F H H F 421 10.36 1.7 7.6
46 F F H H 3.73 10.28 5.0 4.6
47 H F F H 3.73 10.06 -0.35 9.0 7.6

Fig. 17 Properties of a series of thrombin inhibitors: the pK, of the amino group of the tricyclic
skeleton (pK,), the pK, of the amidinium residue (pK,,), log D, binding affinity (K;), and selectivity
for thrombin compared to trypsin as a function of fluorine substitution [95]
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favored CN disfavored CN

Fig. 18 (a) Allylic 1,3-like strain between the fluorine and the nitrogen lone pair disfavors the
endo-conformation of the mono-fluorinated arene. (b) For the di-fluorinated arene, proximation of
the nitrogen and fluorine atoms is unavoidable

HsC
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oy
X
Ag/*OH CF,

o GW-501516: X =H 48
(+)-fluoro-analog: X = F 49
Compound ECj, (hM) PPARa ECso (nM) PPARYyEC5o (nM) PPARS ECgq (nM)
48 0.03 >1000 912 2.9
49 3.7 560 >1000 55

Fig. 19 Activation of oleic acid oxidation (ECs) and agonism of individual PPAR subtypes by
acids 48 and 49 [97]

i.e., the electrostatic interaction between the C-F dipole and the nitrogen lone pair
[91]. In all cases the decrease in pK, corresponded to a decrease in binding affinity
(Kj). Although the change in binding affinity is likely complex in origin, linear free
energy relationships correlating pK, and binding free enthalpies (—AG) calculated
for inhibition of thrombin and trypsin demonstrated a relationship between affinity
and pK,. Specifically, this analysis found that inhibition of thrombin is 2.5 times
more sensitive to the pK, of the amidine functionality than is inhibition of trypsin,
providing a possible means towards increasing thrombin selectivity [95].
Peroxisome proliferator-activated receptors o, & and y (PPARx, PPARS and
PPARY) are implicated in regulating transcription of genes responsible for lipid and
carbohydrate metabolism [96]. A series of fluorine-substituted analogs of the
PPARS modulator GW-501516 (48) was synthesized and studied based on the
hypothesis that fluorine substitution at the a-carbon (49) would reduce the pK, of
the adjacent carboxylic acid moiety and lead to stronger binding affinity (Fig. 19)
[97]. In practice, the fluoro-substituted analog 49 was a less potent activator of oleic
acid oxidation than the progenitor GW-501516 (48). However, when the affinity of
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COLH

F3C

solubility  calculated dihedral PPAR3
Parent R, R, (mg/mL)? angle (deg) ECs5 (nM)

A H H 0.375 43.5 170
A Me H 0.985 52.5 1

A F H 3.22 36.9 53
B H H 1.35 36.9 29
B Me H 9.95 57.5 1.6
B F F 10.4 46.2 57

aSolubility in equal volumes of EtOH and aq. 1/15 M phosphate buffer (pH 7.4)

Fig. 20 The solubility, calculated dihedral angle, and ECs, values for a series of PPARS agonists [98]

each compound towards the PPAR subtypes was assayed, it was found that the
fluoro-analog demonstrated a modestly positive effect on PPAR« activation, essen-
tially behaving as a modest dual PPARa/6 agonist. Computational modeling pre-
dicted that both enantiomers of the fluoro-analog bound similarly, and that the dual
agonism is due to interactions remote from the fluorine atom.

Judicious fluorine substitution can provide a means of improving the solubility of
drug molecules. The solubility of several classes of pharmaceutical compounds can be
improved by disrupting molecular planarity and, in turn, potentially reduce crystal
packing density [98]. Although this argument explains, in part, the observed improve-
ments in solubility, fluorine substitution leading to increased solubility is explained
“not only by disrupting molecular planarity but also via other mechanism(s)” [98]. In
these cases, the trends observed in Fig. 20 can be understood as a manifestation of the
inductively withdrawing/resonance-donating electronic effects of fluorine that under-
lie its influence on pK,. For example, fluorine substitution ortho and meta to a carbox-
ylic acids leads to an increase in acidity which can consequently increase solubility.
Fluorine is a strong through-resonance donor (vide supra) which can impart partial
n-bond character to biphenyl systems, leading to a decrease in dihedral angle, but this
effect is reduced if there is a strong resonance-accepting group such as a carboxylic
acid ortho or para to a fluorine atom.

This through-resonance effect of a fluorine atom is also manifested in the
properties observed with the series of fluorine-substituted aryl hydrocarbon
receptor (AhR) agonists depicted in Fig. 21 [98]. The decrease in dihedral angle is
most dramatic for the mono-fluoro analog 51 where solubility is increased. Both of
these changes are likely due to an increase in polarization resulting from strong
through-resonance communication between the fluorine substituent and the ketone
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solubility  calculated dihedral EROD

R, R, (mg/mL)? angle (deg) ECso (LM)°
‘ 50 H H 84.6 17.8 14
O 51 F H 153 9.1 0.33
© 52 F F 248 40.5 0.20
OF 5 H Me 262 37.9 >10

Ro O Ri 54 Me Me 1270 70.0 >10
aSolubility in equal volumes of EtOH and ag. 1/15M phosphate buffer (pH 7.4).
b7-ethoxyresorufin O-deethylase (EROD) activity in MCF-7 breast cancer cells.

Fig. 21 The solubility, calculated dihedral angle, and ECs, values for a series of AhR agonists [98]
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Fig. 22 Cathepsin K inhibitors

functionality. In the case of the difluoro derivative 52, both the dihedral angle and
solubility are similar to the mono-methyl substituted compound 53, suggesting that
disrupting planarity may be the underlying influence. Fortuitously, fluorine substitu-
tion also led to an increase in potency as well as solubility.

An example of fluorine substitution in the context of the cysteine protease
cathepsin K highlights not only the advantageous impact of fluorine on potency but
also the isosteric relationship between a trifluoroethylamine moiety and an amide
[99]. The replacement of amide bonds with isosteric functionality has been exten-
sively explored within the field of medicinal chemistry and there are many well-
established isosteres of the amide moiety. However, there are only a few isosteres
that conserve the hydrogen-bond donating properties of the amide. Reduction of an
amide to the corresponding amine not only removes a hydrogen-bond acceptor but
also introduces a basic amine, typically providing poor mimetic properties.
Addressing this deficiency, the strategic introduction of a trifluoromethyl moiety led
to reduced basicity whilst preserving the near 120° backbone angle and conferring
isopolarity with the carbonyl moiety, as illustrated by 55 in Fig. 22 [99, 100]. In
addition to providing an acceptable isostere for the bis-amide 56, trifluoroethyl-
amine 55 also exhibited improved potency and selectivity compared to 56. The
trifluoroethylamine derivative 55 was the most potent compound identified, demon-
strating an ICs, of less than 0.005 nM toward inhibition of cathepsin K. Modeling



Tactical Applications of Fluorine in Drug Design and Development 27

O %65

/@ 57 CI 58

K, = 26 nM cl K,=11.2 nM

Fig. 23 Cannabinoid CB, receptor ligands

and SAR were used to rationalize the stark difference in potency between 55 and 56 [99].
Specifically, in 55 the sp? nature of the amide leads to an interaction with the adjacent
aromatic ring which enforces a suboptimal geometry for both the aromatic ring and
for the hydrogen-bonding interaction to the protease. In the case of 55, the newly
introduced sp* center allows for a perpendicular arrangement of the aromatic ring
thus stabilizing it in what is presumed to be the active conformation while simulta-
neously allowing for a more optimal hydrogen bond interaction with a residue in the
active site. In addition to improved potency and selectivity with 55, the metabolic
stability was also increased significantly: 55 demonstrated no susceptibility toward
hydrolysis, a significant liability observed with dipeptide compounds.

The SF;s substituent has not been extensively exploited in drug design despite that
this group has been referred to as a “super trifluoromethyl group” due to the fact that
these two functionalities share many features (although this designation is probably
imprecise) [101-104]. The shared features between SFs and CF; include high elec-
tronegativity, good thermal and chemical stability and high lipophilicity, with the
SF; group exhibiting each of these features to a greater extent than the CF; group.
Both of these substituents are xenobiotic and have remarkable stability under physi-
ological conditions, lending to their usefulness in drug discovery. While there is
some consensus on CF; being similar in size (van der Waals volume) to the ethyl
group, comparative comments on the relative size of an SFs moiety are more specu-
lative [16]. However, it has been suggested that the volume of the SFs group is
slightly less than that of a fert-butyl group but larger than the CF; group [102].
In addition to differences in size, the geometries of these two groups are quite dif-
ferent. The SF;s group displays a pyramid of electron density whereas the CF; group
is associated with a cone shape of electron density [103]. The subtle differences in
properties between these two groups provides opportunity for deployment of the
SF; group in a fashion that allows optimization of many of the PK and PD properties
discussed in this chapter, including potency. An interesting example where an SFs
moiety provided an advantageous impact on potency is in the context of cannabi-
noid CB, receptor ligands [104]. In two different pyrazole series illustrated by the
prototype meta-CF;-aniline 57 and its SFs analogue 58 (Fig. 23), the SF5 compounds
consistently exhibited a lower K; for the CB, receptor than the CF;-analogs. The
increased potency was attributed to a potential “better fit” of the SFs; group in a
pocket of the CB, receptor relative to the CF; group, indicating that in this setting
the two groups are not biologically equivalent.
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Table 5 SAR associated with a series of PADHODH inhibitors

IC50 (uM) R
R R' PfDHODH PbDHODH
HN R'

59 SF; H 0.13 0.38 N
g N\
60 CF; H 0.28 0.28 LY

N
61 CFy F 0.19 0.11 HeCo N

Another example where SFs and CF; substitution has been examined in a matched
pairs-type of analysis was disclosed in the context of a P. falciparum dihydroorotate
dehydrogenase (PfDHODH) inhibitor program [105]. The C-4 SF; analogue 59
(Table 5) provided a two- to three-fold potency improvement over the CF; analogue
60 as an inhibitor of PADHODH. It was suggested that the enhanced potency may be
due to the increased hydrophobicity of the SFs substituent. In addition to increased
potency, the SFs analogue 59 exhibited good metabolic stability, promising PK
parameters in vivo and no apparent liabilities. The 3,5-di-F-analog 61 also provided
an interesting illustration of the effect of fluorine substitution. This compound com-
pared well with 60 in many respects but showed significantly improved efficacy in
vivo. These data illustrate again that the SFs group can be a suitable substitute for
CF; with advantage in an optimization effort.

5 Effects of Fluorine on Metabolic Stability

Metabolic stability is a perpetual concern in drug discovery and there are many factors
that govern the metabolism of a given compound. Perturbation of properties such as
lipophilicity, polarity, sterics, and conformation can often reduce metabolic liabilities.
When modifying a compound, changes must be carefully balanced such that the solu-
tion to one problem does not introduce another. One strategy to solving a metabolic
stability issue is to identify the metabolic “soft spot”, i.e. the site of oxidation, and
then block that site with a substituent resistant to metabolism. One way to accomplish
this is to replace a labile/susceptible carbon-bound hydrogen with a fluorine atom.
This type of substitution infrequently impairs drug-target interactions and is a strategy
that has been employed successfully in many contexts [106-110].

One notable example is the discovery of ezetimibe (63) (Fig. 24), a marketed
B-lactam derivative that lowers systemic cholesterol levels by blocking intestinal
absorption of cholesterol [108, 109]. A key experiment led to the identification of
active metabolites of the prototype compound 62 after dosing to rats [108], which in
turn led to the discovery that metabolites were more efficiently localized to the puta-
tive site of action of the drug than 62 itself. Additional studies elucidated the
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Fig. 24 The structure of ezetimibe (63) and its progenitor 62

structure of several metabolites, some of which offered advantageous localization to
the intestine while others did not [111]. Armed with this knowledge, a second gen-
eration compound was designed in which sites of detrimental metabolism were
blocked via strategic incorporation of substituents. The result was ezetimibe (63), a
compound which contains hydroxyl functionality crucial to activity and selectivity,
as well as fluorine atoms in two key locations which serve to blocked detrimental
metabolic pathways without adversely affecting cholesterol absorption inhibitory
activity significantly.

The metabolism of heterocycles which leads to reduced potency, poor PK prop-
erties or bioactivation into chemically reactive species is a particular concern in
drug design, and strategies to mitigate these pathways have been reviewed and sum-
marized [112]. As demonstrated by the discovery of ezetimibe (63), if the site of
metabolism is known or even presumed, a useful and common strategy is to simply
block that position with a fluorine atom. In a thorough effort towards improving
metabolic stability in a series of piperidine-based 11f-hydroxysteroid dehydroge-
nase type I (11B-HSD1) inhibitors, it was discovered that introducing fluorine or
polar substituents led to an increase in metabolic stability [113]. It can be reasoned
that polar groups lowered the lipophilicity and log D, likely contributing to the
increase in metabolic stability. Moreover, in a modification that presumably blocked
a metabolic soft spot present in 64 (Fig. 25), installation of a para-fluoro substituent
(65) had a positive effect on metabolic stability in mouse liver microsomes (MLM);
a MLM T, of >30 min was demonstrated which compared favorably with the
unsubstituted piperidine analogue 64, which exhibited a T, of just 6 min.

As suggested above, high lipophilicity can have an adverse impact on metabolic
stability. In an effort to improve the metabolic stability of the lead histamine 3
receptor (H;R) inverse agonist 66 (Fig. 26), ring contraction of the azepine ring
coupled with the introduction of fluorine substitution was explored [114]. While
there was some confidence that this strategy would lead to increased metabolic
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Fig. 25 Mouse liver microsome (MLM) half-life data for piperidine-based 11p-hydroxysteroid
dehydrogenase type I (11B-HSD1) inhibitors
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Fig. 26 Rat liver microsome (RLM) clearance values for several histamine 3 receptor (H;R)
inverse agonists

stability, there was concern that the structural changes would adversely affect solu-
bility. In the event, the smaller ring size associated with piperidines 67 and 68
resulted in more stable molecules with rat liver microsome (RLM) clearance values
of 17 and 9 pL/min/mg, respectively, as compared to an RLM clearance of 55 pL/
min/mg for 66. However, the structural changes were accompanied by some adverse
affects, with 68 inhibiting the hERG channel by 73 % at a concentration of 10 pM.
Attention was thus shifted toward the morpholine analogue 69 which had reason-
able metabolic stability and did not share the hERG liability.

While these examples demonstrate the beneficial effect of blocking metabolism
by taking advantage of the inherent strength of a carbon-fluorine bond, in extreme
cases this property may be disadvantageous. An example of such a situation was
observed in the discovery of SC-58635 (70), a cyclooxygenase 2 (COX 2) inhibitor
known generically as celecoxib (Fig. 27). The early lead molecule 71 possessed a
4-fluorophenyl moiety that rendered the molecule extremely metabolically stable in
vivo, represented by the greater than 220 h half life measured in rats [115].
Interestingly, a similar high level of metabolic stability was observed with the chloro
analog 72 which had a measured half life of 117 h in rats. In an effort to bring this
value into a more acceptable range, the introduction of functionality with greater
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Fig. 27 Rat in vivo half life data for celecoxib and related analogues

susceptibility to metabolism was examined. As such, the methoxy analog 73 and the
methyl derivative 70 were prepared with both compounds exhibiting a shorter half
life in the rat: 5.6 and 3.5 h, respectively.

There are several interesting cases where the introduction of a fluorine atom does
not prevent metabolic oxidation at the site of deployment [15]. A specific example
is observed in phenyl rings that incorporate a nitrogen substituent para to the fluo-
rine atom. In this arrangement, P450-catalyzed oxidation can facilitate fluorine rear-
rangement to the adjacent carbon atom resulting in a hydroxyl moiety being installed
on the carbon atom vacated by the fluorine [116-118].

6 The Effect of Fluorine Substitution on Membrane
Permeability

Absorption of an orally administered drug is governed primarily by one of two pro-
cesses: passive transport, or active transport which requires energy that is typically
supplied by ATP. The majority of drugs permeate membranes passively, the ease of
which depends on the properties of both the membrane and the diffusing molecule.
Membranes are a highly organized, anisotropic system with sufficient fluidity to allow
translational and rotational movements of the constituent lipid and protein molecules;
the packing density of the constituent elements influences binding to and permeation of
drugs [119-121]. Lipophilicity and the cross sectional area of a drug are the two most
influential properties governing membrane binding [121]. While the ability of fluorine
to influence permeability may diminish with the size of a molecule, it is well suited for
use in modulating lipophilicity in the context of small molecule drug discovery.

Lipophilicity is often expressed as log P, the logarithm of the partition coefficient
of a compound between octanol and water. A distribution coefficient (log D) is also
used to quantify lipophilicity in the event that charge states need to be taken into con-
sideration. A log D value is the logarithm of the coefficient of the distribution of a
molecule between water and octanol at a particular pH, typically 7.4 because of physi-
ological relevance. Based on an analysis of the physical properties of orally bioavailable
drugs, the optimal log P for an orally administered drug is between 1 and 5 [122].

It is a misconception to assume that fluorination of a molecule always increases
lipophilicity. Monofluorination or trifluorination of saturated alkyl groups often
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Table 6 log P (octanol-H,0) measurements for fluoroalkanes and fluoroalcohols

Fluoroalkane log P Fluoroalcohol log P Fluoroalcohol log P
CH;CH; 1.81 CH;CH,0OH -0.32 CF;(CH,);OH 0.90
CH;CHF, 0.75 CF;CH,OH 0.36 CF;(CF,),CH,0OH 1.94
CH;(CH,);CH; 3.11 CH;(CH,),OH 0.34 CH;(CH,),OH 1.19
CH;(CH,);CH,F 2.33 CF;(CH,),OH 0.39 CF;(CH,),OH 1.15

CH;(CH,);OH 0.88
Fig. 28 In vivo efficacy X
and log P of leukotriene
receptor antagonists _
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decreases lipophilicity due to the relatively polar character of the monfluoro- and
trifluoro-methyl alkanes which possess highly polar C-F and C-CF; bonds. The
same is true for difluorination when fluorine is introduced at the terminal carbon
atom of an alkane (Table 6) [123]. In contrast to the data shown in Table 6, lipophi-
licity is typically increased upon aromatic fluorination, perfluorination, and fluori-
nation adjacent to atoms with m-bonds, with the notable exception of some
a-fluorinated carbonyl compounds [123]. Presumably, in these cases the lipophilic-
ity is increased due to the excellent overlap between the F-C 2p orbitals which
results in significant resonance electron-donation from fluorine to carbon that off-
sets the inductive electron-withdrawing influence of fluorine.

The situation becomes far less predictable when a heteroatom is proximal to the
site of fluorine substitution. As indicated in Table 6, fluorination has little effect on
lipophilicity when the site of fluorination is less than 3C-C bonds away, at least in
the case in the case of terminal trifluoromethylated alcohols [123].

The impact of fluorine substitution on lipophilicity (as measured by log P) has
been studied in the context of leukotriene (LT) receptor antagonists [124].
Leukotrienes are signalling molecules responsible for triggering constriction of
smooth muscle, and the overproduction of leukotrienes is implicated in contributing
to asthma in humans. The development of LT receptor antagonists is one approach
towards moderating the bronchoconstrictive properties of leukotrienes. For a series
of indole carboxamide-based LT antagonists represented by 74 (Fig. 28), an increase
in lipophilicity via the careful installation of a trifluoromethyl group led to an
increase in efficacy and oral availability. Extending the length of the alkyl chain of
the indole amide led to increased lipophilicity but was also associated with a loss in
affinity for the LT receptor. Fluorine substitution increased lipophilicity and, in
comparison to non-fluorinated analogs, increased in vivo potency ten-fold. In a
head-to-head comparison, the fluorinated analogs consistently exhibited greater
lipophilicity than the non-fluorinated analog as measured by log P (Fig. 28).
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Fig. 29 Caco-2 permeability for a series of pyrazole-based factor Xa inhibitors
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Fig. 30 In vitro potency, log D and permeability of a series of imidazolo[1,2-b]pyridazine-based
IKKp inhibitors

The influence of fluorine substitution on permeability, as measured across a
Caco-2 bilayer, has been studied in a series of factor Xa (fXa) inhibitors [125, 126].
It was observed during the optimization of the series of pyrazole-based fXa inhibi-
tors 75-78 shown in Fig. 29 that the substitution of the aromatic ring with fluorine
afforded a greater than two-fold increase in Caco-2 permeability (75 vs. 76).
Similarly, the exhaustive introduction of fluoro to the methyl substituent bound to
the aromatic ring (CHj; to CF;) resulted in a similar improvement in Caco-2 perme-
ability (77 vs 75). Further, when both the aromatic ring and the methyl substituent
were substituted with fluorine (78) the Caco-2 measured permeability increased to
4.86x10° cm/s, a >four-fold improvement over that non-fluoro analog 75.
Furthermore, the increased permeability of 78 was complemented by the best in
vivo potency within the series and 78 also exhibited a high selectivity ratio for fXa
versus thrombin (1,000-fold) and fXa versus trypsin (300-fold).

The advantageous impact of fluorine on permeability has been explored in the
discovery of a family of imidazolo[1,2-b]pyridazine-based IKK inhibitors where it
was assumed that the central benzamide played a key role in pharmacokinetic prop-
erties [127]. As shown in Fig. 30, modifications to the benzamide region (C-3) of
the imidazo[1,2-b]pyridazine had a dramatic affect on permeability: the measured
PAMPA values for 79 and 80 were 0.84x 10-° cr/s and 19% 1076 cm/s, respectively [128].
Although 79 and 80 differ by only a single F-for-H substitution, the observed
improvement in permeability is presumed to arise from a combination of factors. These
factors include the enhancement of hydrophobicity and the formation of a weak inter-
action between the fluorine atom and the NH moiety, possibly a dipolar interaction.
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While the inhibitory activity and log D of 79 and 80 remained essentially identical,
the installation of a second fluorine on the pyrrolidine moiety (81) resulted in an
increase in both the measured log D and PAMPA values. In the case of 81, the added
lipophilicity coupled with the small difference in size between H and F also afforded
a two-fold increase in potency compared to 79 and 80.

6.1 Inter- and Intra-molecular H-Bonding of Fluorine

Numerous X-ray crystallographic structures of fluorine-containing compounds
demonstrate close inter- and intra-molecular C-F---H contacts and the strong
hydrogen-bonding capacity of hydrofluoric acid has long been recognized [30, 129
—132]. The intriguing possibility that optimization of C-F---H contacts might lead to
an increase in the potency of pharmaceutical agents has, in part, contributed to a
significant interest in determining the capacity of fluorine to act as a hydrogen-bond
acceptor. Even though the nature of this interaction remains a topic of considerable
debate, it is recognized that the C-F---H interaction is much weaker than that of
O---H hydrogen-bonding, and that interpretation of possible C-F---H interactions
requires care and attention to multiple factors [20, 129, 133-138].

Due to the strong electronegativity of fluorine, the three lone pairs of electrons
are tightly held, resulting in fluorine being a poorly polarizable atom [16, 20].
However, the substantial ionic nature of the C-F bond gives rise to a large dipole
moment (p). For example, in fluoromethane the dipole moment is 1.85 D while in
difluoromethane it is 1.97 D [20]. In systems such as 3-fluoropiperidinium, dipole
minimization rather than C-F---H bonding has been suggested to best explain the
observed conformational bias [55]. The C-F---H interaction is variously described
as a hydrogen-bonding or a dipolar interaction. The distinction is that a hydrogen-
bonding interaction has a covalent component which is anisotropic, while a dipolar
interaction is entirely electrostatic and not dependent on directionality. A recent
analysis of C-F---H contacts documented in the Cambridge Structural Database
(CSD) supports the absence of an anisotropic component in the C-F---H interaction.
Specifically, in a survey of 100 compounds with C-F---H bond distances between
1.85 A and 2.35 A, the C-F---H bond angle was found to vary significantly between
95° and 165°, while demonstrating no dependence on F---H distance [30]. The
absence of a directional dependence of C-F---H interactions is in agreement with an
earlier analysis of the Protein Data Bank (PDB) [129]. The C-F---H interaction is
therefore best described as a dipolar interaction.

The presence of inter- and intra-molecular C-F---H contacts is mostly supported
by crystallographic data. Often a F---H distance shorter than the sum of the F and H
van der Waals radii (~2.65 A) is used as evidence for a C-F---H interaction [129].
A review of the PDB in 2004 using this distance criterion as well as directional
constraints found that “...there is an 18% chance that a generic PDB entry with a
co-crystallized fluorine-containing ligand presents a hydrogen-bond occurring at
the fluorine” and that “10% of the overall amount of fluorine atoms from the PDB
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Fig. 31 C-F---H interaction in (a) 2'-fluoroflavonol; (b) O-alkyl 9-dehydro-9-trifluoromethyl-9-
epiquinidines; (c¢) 8-fluoro-N,N-dimethylnaphthalen-1-amine

are involved in hydrogen bonding contacts” [129]. The mean F---H distances calcu-
lated for aliphatic, aromatic, and geminal fluorines (CF,H, CF;) are 2.113 10\,
2.698 A, and 2.350 10\, respectively. When standard deviation values are considered,
the differences between the three types of C-F bond are not statistically significant.
Instead, a calculated mean F---H distance of 2.313 A is more appropriate [129].
As a comparison, almost all H---O and H---N contacts observed crystallographically
are less than 2.2 A in length [138]. It is therefore suggested that a bond distance
much shorter than 2.65 A is often needed for a productive F---H interaction, and that
this distance criterion is not a reliable indicator of F---H interactions [137].

Many studies have attempted to provide non-crystallographic evidence for a C-F---H
interaction. For example, the magnitude of a "Jiy 0, NMR coupling constant has been
used as evidence for a C-F---H interaction in 2’-fluoroflavonol (Fig. 31a) [139].
However, this analysis targets a minor conformer of 2’-fluoroflavonol and relies upon
several assumptions regarding electronics. The same authors report that the gy,
coupling constants found for 2-fluorophenol and 4-bromo-2-fluorophenol arise from
overlap of the electronic clouds surrounding both coupling nuclei (owing to their spa-
tial proximity) rather than from transmission through a hydrogen bond [140].

In another study, the nature of intramolecular C-F---H-C bonding was interrogated
using O-alkyl 9-dehydro-9-trifluoromethyl-9-epiquinidines as model systems
(Fig. 31b) [134]. These compounds demonstrate many phenomena consistent with
C-F---H-C bonding: X-ray crystal structures contain close F---H contacts, as low as
2.19 A when R=Me; F NMR spectra contain three distinct resonances with first
order 2Ji coupling indicating that the rotation of the CF; group is greatly restricted;
and noticeable deshielding is observed in 'H NMR for the proton most proximal to the
CF; group. A combination of crystallographic and NMR observations with Erying
analysis and extensive computational analysis were used to probe the nature of this
C-F---H-C interaction [134]. Despite the strong appearance of a C-F---H-C bonding
interaction, it was concluded that steric crowding is responsible for the short F---H
distances and restricted rotation; even the strongest C-F---H-C bonding interactions in
the system contribute minimally to the ground state geometry or hinder rotation [134].

In contrast to C-F---H-C bonding, the C-F---H-N*R; interaction is considered
one of the strongest C-F---H bonding interactions. As a tool to further study the
C-F---H-N*R; interaction, 8-fluoro-N,N-dimethylnapthalen-1-amine, the fluoro
analog of 1,8-bis(dimethylamino)naphthalene (‘“Proton Sponge™), was prepared and
studied (Fig. 31c) [133]. The basicity of this compound is slightly greater (<1 pK,
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unit) than that of the parent compound N,N-dimethylnaphthalen-1-amine. Crystal
structures of the protonated molecule with either a TfO~ or B(C¢Fs),” counterion
indicate an intramolecular C-F---H-N*R; bonding interaction, with F---H distances
of 2.131 A and 2.027 A, respectively. In both cases, hydrogen-bonding is observed
between the proton and the counterion with significance equal to that of the C-F---H-
N*R; contact. Unlike Proton Sponge, the H-N*R; proton is observed crystallograph-
ically to lie outside of the naphthalene plane, with deviations from planarity of 39.5°
and 29.5° for TfO~ and B(C¢Fs),~ counter ions, respectively. Observation in °F
NMR of a large Jgy coupling constant is cited as further support of the C-F---H-N*R;
bonding interaction. Interestingly, the Jry coupling observed with a B(CgFs),~ coun-
terion is suppressed if TfO~ or Cl~ are instead used as the counterion, or if the sol-
vent for the B(C¢Fs),~ counterion is switched from CH,CI, to acetonitrile. Taken
together, the evidence points towards the existence of a weak C-F---H-N*R; interac-
tion which, in terms of significance, is of approximately equal in magnitude to that
of the TfO™---H interaction.

The large number of C-F---H contacts observed in crystallographic databases
may mislead into an overly optimistic assessment of the importance of this interac-
tion. Care must be taken in attributing the interaction to C-F---H bonding rather than
to other conformational or intramolecular influences. Where the strongest isolated
C-F---H interaction, C-F---H-N*R;, is in fact relatively weak, less significant
C-F---H interactions become negligible. However, even weak interactions can play
a supporting role in drug-target interactions and, as the prevalence of C-F:--H con-
tacts observed crystallographically suggests, the significance of the C-F---H interac-
tion may be amplified in specific environments such as within the cavity of a protein.
That the potency of a compound can be increased via fluorine substitution is clear,
but the contributing factors are likely complex in origin.

7 Fluorine in Positron Emitting Tomography (PET) Imaging

PET imaging has emerged as a useful in vivo imaging technique that is non-invasive
in nature and is useful in both a pre-clinical and clinical setting. Positrons are anti-
matter to electrons and encounters between the two particles lead to annihilation and
the release of energy in the form of two photons of light. These photons are of high
energy (511 keV), travel in opposing directions, and are readily detected simultane-
ously by PET cameras surrounding the subject [141, 142]. Of particular utility, the
coupling of a PET camera with a computed tomography (CT) scanner allows both
anatomy and metabolism data to be combined into a unique image [141, 142].
Molecules containing PET atoms are proving to be useful for probing biochemical
aspects of disease in vivo and drug target engagement [141-146]. The utility of the
18F isotope in PET imaging relies upon its 110 min decay half life, the longest of all
of the short-lived positron-emitting radionuclides with applicability in small mole-
cule imaging (Table 7), and the facility with which drug molecules will accommo-
date fluorine as a substitute for a hydrogen atom whilst preserving fundamental
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biological properties [141-146]. However, this aspect of biochemistry must be
determined by careful experimentation, particularly in the context of allosteric mod-
ulators where structure-activity relationships can be subtle and small structural
changes can invert pharmacological properties [147-150]. In addition, the energy of
the positron emitted by ®F is such that it travels only short distances before the anni-
hilation event, effectively localizing the signal within a specific tissue. The utility of
18F in PET imaging is further amplified by the frequency with which fluorine atoms
are being incorporated into contemporary drug candidates and marketed drugs as
medicinal chemists seek to take advantage of the unique and sometimes enigmatic
properties that can be conferred by this atom [15-19, 67]. Recent estimates suggest
that 20 % of the drugs in the current pharmacopeia and 9 of the 30 best selling small
molecule drugs (vida supra) in 2009 contain fluorine, providing an opportunity to
introduce the ®F isotope in a fashion that would be expected to exert no demon-
strable effect on the biological profile of a prototype molecule [17, 67].

Against this backdrop, ®F derivatives have emerged as important tools in
biomedical imaging, with broad application essentially limited only by the method-
ology to introduce this isotope into molecules in a convenient fashion at the very last
stages of compound synthesis and under mild conditions that preserve molecular
integrity [151-158]. Production of 8F requires a cyclotron in which, most com-
monly, #O-enriched water is bombarded with accelerated protons to produce ['3F]
fluoride ions (['®F]F-) which are trapped on an ion exchange resin for the purpose of
separation and released by using a carbonate or bicarbonate solution containing the
appropriate metal counter ion. However, fluoride ion is poorly nucleophilic but
quite basic, a problem solved by elution with a solution of 2,2,2-cryptand and
K,CO; in CH;CN which, after drying, provides a complex of [(crypt-222)K]*8F- in
which chelation of the potassium ion increases fluoride reactivity [141]. The highly
electrophilic ['®F]-fluorine gas ([**F]F,) can also be prepared in a cyclotron by bom-
barding natural neon with high energy deuterons or, preferably, *O, with protons to
provide alternative reactivity pathways with which to introduce *F.

2-['8F]-Fluoro-2-deoxy-D-glucose (['*F]-FDG, 82) has found widespread appli-
cation for assessing the metabolic status of heart, lungs and brain and, particularly,
for imaging tumor cells, which accumulate the molecule based on their high meta-
bolic demands (Fig. 32) [159]. [*®F]-FDG (82) is recognized as glucose and taken
up by cells via the glucose transporter and phosphorylated by hexokinase to
[*®F]-FDG-6-phosphate, which cannot be metabolized further due to the presence of
the 2-fluorine substituent [142, 143]. This maximizes the value of ['*F]-FDG (82) as
a PET agent by localizing the molecule and preventing its metabolic conversion into
a myriad of degradation products. Moreover, decomposition of ['*F]-FDG (82)
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ultimately affords 2-'30 glucose, a heavy atom analogue that is innocuously
metabolized by normal pathways. '3[F]-FDG (82) is used to diagnose a range of
cancers including lung and intestinal cancer, lymphomas and melanomas and meta-
static tumors but is not without its limitations as a diagnostic tool since its utility is
dependent on tumor location and homogeneity [142].

The radiolabeling of ligands for specific receptors, transporters or enzymes with
18F provides reagents of particular value for the development and assessment of cen-
tral nervous system (CNS) function in vivo in a non-invasive fashion that has both
preclinical and clinical utility [142]. In addition to providing insights into brain
metabolism and neurotransmission, '8F-labeled ligands can be used to provide evi-
dence of brain distribution and target engagement by an exploratory drug candidate
for which a homologue incorporating a positron emitting element has been identified.
However, the development of PET ligands to label specific receptors in the brain is not
always straightforward and success depends on several factors including the intrinsic
affinity of a ligand for the protein target of interest, specific radioactivity of the probe
molecule, susceptibility to metabolic degradation that leads to loss of the radiolabel,
blood-brain barrier permeability of the compound which can be a function of
P-glycoprotein-mediated efflux, and the extent of non-specific binding to tissues
which can lead to poor signal contrast [143, 144]. The latter is often a function of
molecules that are highly lipophilic and which are attracted with facility to fatty acid
elements in cell membranes, providing high background signals that are manifested as
noise. For optimal brain penetration, a log P value of between 1.5 and 3 is generally
considered to be optimal although log D measurements that take into account the
charge at the physiological pH of 7.4 are considered to be the more relevant index of
lipophilicity [143]. However, there are exceptions to these guidelines and the develop-
ment of '®F-labeled PET ligands remains an experimental science.

Many useful PET ligands that demonstrate specificity for target receptors,
transporters or enzymes have been developed, and these ligands have proven useful
as probes for imaging receptor occupancy, monitoring changes in target density, and
measuring in vivo drug distribution and kinetics after local administration, particu-
larly to the CNS and the lung (Fig. 33) [144, 160-163]. A prominent example is
['®F]-fluoro-L-DOPA (83), the first agent developed to image the dopamine system.
83 is used as a metabolic tracer to characterize neuroendocrine tumors which take
up ['8F]-FDG (82) only poorly and to monitor dopamine distribution and metabolism
in the brain where it is converted to ['8F]-fluorodopamine (84) and additional
metabolites useful in the study of Parkinson’s disease [144, 164-167]. ['*F]-2p-
carbomethoxy-3p-(4-chlorophenyl)-8-(2-fluoroethyl)-nortropane  (['8F]-FECNT)
(85) is an analogue of cocaine used to assess the density of presynaptic dopamine
transporters whilst ['8F]-fallypride (86) is a useful ligand for labeling the dopamine
D2 receptor [144, 168—170].
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Fig. 33 PET ligands that have been used to target receptors, transporters or enzymes

WAY-100635 (87) was originally described as a potent and selective SHT,
receptor antagonist, K;=2.2 nM, prompting the development of labeled forms used
to illuminate the pharmacology of these receptors in vivo [144, 171]. A ''C label
was readily introduced at the carbonyl carbon for PET imaging since the absence of
fluorine in the molecule prevented simple replacement, necessitating the develop-
ment and profiling of the analogues 88 and 89 in order to take advantage of the
properties of '8F [172]. However, more recent studies have revealed that 87 binds to
dopamine D, receptors with a K;=16.4 nM where it acts as a full agonist, providing
caution on the use of 87 and its analogues in imaging [171].
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18F-Altanserine (90) is used to label SHT,, receptors while MA-1 (91) offers
enhanced receptor selectivity and lipophilicity [144, 173, 174]. 2-[18F]-F-A85380
(92) and 6-['*F]-F-A85380 (93) have been developed as useful PET ligands for
labeling the nicotinic acetylcholine receptor but take several hours to reach steady
state concentration in the brain and exhibit low binding potentials (B,,./K4), prompt-
ing the development of 94 as a a2p4 antagonist, Ki=240 pM, with improved brain
kinetics [144, 175].

The '8F-labelled styrylpyridine derivative florbetapir (95) was approved by the
FDA on April 6th, 2012 for use as a PET ligand that labels Ap amyloid plaques in
the brain (Fig. 34) [176, 177]. '8F-Florbetapir (95) derives from a series of stilbene
derivatives that labeled amyloid plaques but were too lipophilic to be practically
useful since they afforded high levels of non-specific binding in healthy brain [178-
187]. The replacement of one of the phenyl rings with a pyridine heterocycle cou-
pled with the introduction of a short polyethylene glycol moiety terminating with
fluorine substitution provided 95, a molecule with improved physical properties that
bound to amyloid AP aggregates from post-mortem Alzheimer’s disease brain tissue
with a Ky of 3.72 nM and a B,,,, of 8,811 fmol/mg protein [185]. Licensing of
8F-florbetapir (95) was based on the results of a Phase 3 clinical trial conducted in
29 patients dying of Alzheimer’s disease in which the amyloid AP plaque levels
estimated by the tracer were compared with post-mortem samples, an analysis that
revealed excellent concordance [187]. Three additional amyloid plaque labeling
agents in clinical trials are '®F-florbetaben (96), a close analogue of *F-florbetapir
(95), '8F-flutemetamol (97) and 'SF-AZD4694 (98) [188-196].

The introduction of ®F into potential PET ligands requires synthetic methodol-
ogy that allows late stage installation of the radiolabel under conditions that are
compatible with inherent and potentially labile functionality [141-145, 197]. The
most common method of introducing ®F into an alkyl chain relies upon ®F fluoride
displacement of a leaving group, typically a sulfonate, with cryptands used to
sequester the counter ion and enhance the reactivity of the weakly nucleophilic
anion [141-145, 197]. However, preparative procedures for a number of prosthetic
moieties that incorporate alkyl fluorides have been developed that offer some advan-
tage should this element be a part of the candidate molecule [144]. The application
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of microwave heating techniques has markedly facilitated some of these procedures,
improving both yields and speed of synthesis. The ®F-fluoroethyl moiety is quite
prominent in '8F PET ligands, with the label readily introduced by treating the cor-
responding tosylate or trifluoromethyl sulfonate derivative with *F-fluoride [141
—145, 168, 169, 197]. 8F-Labeled 2,2,2-trifluoroethyl 4-methylbenzenesulfonate
(18F-99) is a prosthetic group that offers a useful approach to prepare potential PET
ligands and is accessible from the unlabeled material which is sequentially sub-
jected to nBuLi-mediated elimination of HF to afford the divinyl fluoride 100 which
adds F quickly and efficiently under mild and carefully optimized conditions
(Fig. 35) [198]. '8F-99 was prepared with good specific radioactivity and readily
alkylated 4-cyanophenol, diphenylmethanethiol, 4-chlorobenzoic acid and diben-
zylamine rapidly under mild conditions mediated by Cs,COj; as the base in DMF as
solvent [198].

Aryl fluorides are a much more common structural motif, ubiquitously explored
in lead optimization campaigns where a phenyl ring is part of the pharmacophore.
Whilst these moieties offer the potential to prepare an '*F-labeled analogue of a
highly optimized ligand, the introduction of fluorine to these rings late in a synthetic
scheme can present a considerable challenge and both nucleophilic and electro-
philic processes have been developed [141-145, 197].

Aryl or heteroaryl ring fluorination can be accomplished using ®F- to displace a
range of leaving groups, including F, Cl, Br, and I in addition to NO,, NMe;* and
ArI*, a reaction facilitated by the presence of an electron withdrawing moiety on the
ring [151-158, 197, 199]. Electrophilic aromatic fluorination processes are more
difficult and have typically relied upon the use of '8F, gas, which is highly reactive
and must be used under controlled conditions, with regiochemistry influenced by
using trialkyl tin or mercury substituents to direct incorporation [197]. A promising
new approach to electrophilic fluorination that exhibits greater compatibility with
the kind of functionality found in drug molecules takes advantage of palladium
catalysis with the palladium fluoride complex 102 prepared efficiently from 101 by
exposure to fluoride for 5 min (Fig. 36) [200]. The palladium fluoride complex 102
functions as an electrophilic fluorinating agent and reacts with Pd-aryl complexes to
afford aryl fluorides in good yield when heated in acetone at 85 °C for 10 min [200].
In a representative example, Pd complex 105 afforded the aryl fluoride 106 in 72 %
yield under these conditions. Practical considerations relating this chemistry to *F
labeling applications include the stability of the Pd complexes 101 and 102, with the
former stable at room temperature and to brief air exposure, whilst the palladium
fluoride complex 102 is stable at 100 °C for 24 h and in 10 % aqueous CH;CN for
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3 h at 23 °C. However, stoichiometric quantities of the catalyst 102 are required and
care must be taken to purify the organic products to remove residual Pd. Complex
101 was shown to react with solutions of '®F-prepared under conventional condi-
tions to afford '®F-labelled 102 which provided '3F-labelled 106 in an average 18 %
radiochemical yield in two steps from "®F- [200].

A particularly interesting fluorination process that relies upon fluoride ion as the
source and is radical-based in nature takes advantage of the manganese porphyrin
catalyst Mn(TMP)CI (107) to promote an oxidative fluorination that is applicable
to aliphatic C-H moieties, potentially offering wide substrate versatility (Fig. 37)
[201]. The experimental protocol exposes substrate to three equivalents of AgF,
6-8 equivalents of iodosylbenzene, 0.3 equivalents of tetrabutylammonium fluo-
ride trihydrate and 6—8 mole % of catalyst 107 in mixture of CH;CN and CH,Cl,
at 50 °C under an inert atmosphere. The active catalyst in this process is believed
to be trans-difluoroMn'V(TMP) (108) which transfers a fluorine atom to a carbon
radical generated by a Mn" oxo species produced by iodosylbenzene oxidation, as
depicted in the catalytic cycle shown in Fig. 37. The procedure provides products in
modest yields, typically just below 50 %, and with generally poor stereoselectivity
at sites that are electronically unactivated. Nevertheless, the procedure is compatible
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with a wide range of functional groups and provides access to compounds that
would otherwise require significant synthetic manipulation to access by a de
novo approach.

8 Conclusion

Fluorine is a unique atom that has found widespread application in drug design to
address problems associated with controlling conformation, enhancing potency, inter-
fering with metabolism, increasing membrane permeability and modulating the pK, of
proximal functionality. Although the physical chemistry underlying many of these
effects is reasonably well understood, there remains much to learn about the influence of
fluorine on drug properties and how fluorine can be exploited to full advantage. With
continuing advances in the development of mild and efficient methods to introduce fluo-
rine into organic molecules, it can be anticipated that applications of this remarkable
element in drug discovery and development will grow in both sophistication and under-
standing. The promise of new and deeper insights into the properties and utility of fluo-
rine should provide additional creative stimulus for improved synthetic methods,
broadening and enhancing productive applications.
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