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Foreword

Frangois Diederich

For almost a century after the first preparation of elemental F, by Moissan
in 1886, synthetic fluorine chemistry was pursued and developed by a
small community of experts capable of handling the aggressive gas using
special laboratory equipment. Important technological developments
resulted from this work, such as the bulk-scale preparation of fluorinated
hydrocarbons for refrigerators and other cooling devices, which, however,
later became banned due to their atmospheric greenhouse effects and the
depletion of the ozone layer. Nonetheless, lasting successful applications
resulted, for example, from the development of fluorinated polymers such
as Teflon®, of volatile gases for anesthesia, and of the separation of
uranium isotopes using UF, centrifuges, for the production of nuclear fuel
for use in powerplants.

The development of fluorine-containing drugs started in 1957 and
was in the following years strongly aided by the increasing availability of
commercial fluorinating agents allowing the safe and selective introduc-
tion of organofluorine, i.e. C-F bonds, using common laboratory
equipment. This has resulted in the introduction of over 150 fluorinated
drugs to the market, and currently nearly 20% of all pharmaceuticals and
40% of all agrochemicals in development contain organofluorine.

The reasons for this explosive growth in interest in the introduction of
organofluorine are multiple. While beneficial effects on ADME (absorp-
tion, distribution, metabolism, and excretion) and safety were recognized
earlier on, the interest in organofluorine has lately focused on more
atom-based properties, such as distinct conformational and stereo-
electronic properties, modulation of the pK,-value of neighboring
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Bronstedt acid/base centers, polarity, and the influence on lipophilicity as
expressed by the distribution coefficient logD and the partition coefficient
logP (both for the octanol/water system). Additionally, attention has shifted
on intermolecular interactions of organofluorine, such as H-bonding and
dipolar interactions, and it has been shown that selective organofluorine
interactions with protein residues can be used to substantially enhance
protein—ligand binding affinity and selectivity. New fluorinated building
blocks are emerging at an increasing speed and are introduced into inno-
vative drugs and agrochemicals. Substituting C—H by C-F bonds clearly
benefits from the fact that the size of organofluorine is only slightly larger
than the size and volume of the hydrogen substituent and that conse-
quently no particular steric hindrance is encountered in most H/F
replacements. All of this is extensively documented in the various chapters
of this timely monograph, which prepares the chemists in modern drug
discovery research and in crop protection sciences in great depth for using
organofluorine in an appropriate way to tune and improve the properties
of their actives and leads.

Another contemporary area in pharmaceutical and biomedical
research involving organofluorine is the development of new fluorinated
probes for use in solid-state '°F NMR investigations and in non-invasive
clinical and molecular imaging. Furthermore, the introduction of 8F-
radiolabels is increasingly competing with 'C-radiolabels for the
preparation of probes for positron emission tomography (PET) imaging.
These biomedical applications are also covered in great depth in this
monograph.

The twelve chapters in the monograph are written by leaders in the
field and are grouped into three sections. The first section describes the
synthesis of fluorinated biomolecules and how the introduction of
organofluorine alters and enhances physicochemical and molecular recog-
nition properties. The first chapter Synthesis and Properties of Fluorinated
Nucleobases in DNA and RNA by H. Gohlke, J. Bozilovic, and J. W. Engels
starts with an overview on organofluorine in molecular recognition,
which focuses on C-F~H-N interactions in the context of fluorinated
nucleobase analogs. The incorporation of the corresponding nucleotides
into oligonucleotides and their interactions with complementary native
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nucleobases in RNA, ribozymes, and siRNA are subsequently reviewed.
Analysis of these interactions is based on a multi-dimensional approach
combining X-ray data, results from thermodynamic studies, and computer
simulations. Additionally, the synthesis of selected fluorinated nucleoside
analogs is covered. The nature and polarity of molecular environments is
critical for organofluorine interactions in proteins, as described in the sec-
ond chapter Molecular Interactions of Fluorinated Amino Acids within the
Hydrophobic Core of a Coiled Coil Peptide by T. Vagt, M. Salwiczek, and
B. Koksch. a-Helical coiled coils are investigated as model systems to deci-
pher the interactions of organofluorine within a native protein
environment. This is achieved by introducing amino acids with hydro-
phobic fluorinated side chains of different volume and polarity into the
folding peptides. The studies reveal that the effect of fluorinated amino
acids strongly depends on the immediate microenvironment: the helical
peptide model systems are selectively stabilized by interactions of
organofluorine, in particular of CF; groups, with the lipophilic amino
acids Leu, Ile, and Val. The CF; group is at the center of the chapter Probing
the Binding Affinity and Proteolytic Stability of Trifluoromethyl Peptide
Mimics as Protease Inhibitors by M. Zanda, A. Volonterio, M. Sani, and
S. Dall’Angelo. o,a-Difluoro- and o,@,o-trifluorocarbonyl residues are
fully hydrated in aqueous solution and these hydrates, as part of pep-
tidomimetic ligands, are good entities to bind to the catalytic Asp dyad in
aspartic proteases. In the meanwhile, o,c, a-trifluoroacetyl groups have
been recognized as general binding elements for biological targets with
polar active sites and their introduction into ligands for proteolytic
enzymes, such as endopeptidases and matrix metalloproteases, as well
as their specific intermolecular interactions with the proteins are
described. The last chapter in Section 1, entitled Trifluoromethyl-Substituted
o-Amino Acids as Solid-State ’F-NMR Labels for Structural Studies of
Membrane-Bound Peptides, written by V. S. Kubyshkin, I. V. Komarov, S.
Afonin, P. K. Mykhailiuk, S. L. Grage, and A. S. Ulrich presents the synthesis
of trifluoromethyl-substituted natural and unnatural o-amino acids as
YF-NMR labels to study membrane-associated polypeptides in the solid
state. The chapter starts by outlining biostructural applications of solid-
state ’F NMR methods and subsequently focuses on the synthesis of
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the probes and their incorporation into peptides. Challenges in the prepa-
ration of hitherto missing probes, such as F;C—substituted proline, are
identified.

Section 2 deals with the introduction of organofluorine into bio-
medical leads and drugs and their use against various biological targets.
The chapter by S. Swallow on Fluorine-Containing Pharmaceuticals starts
with a general survey of organofluorine in drug discovery and develop-
ment. It subsequently presents several interesting case studies that
highlight the effects of H/F substitutions on the development of com-
mercial drugs. Beneficial organofluorine contributions are established
and confirmed in revealing structure—activity relationships (SARs). The
range of these benefits is indeed quite impressive and extends from
improved potency to more favorable ADME, pharmacokinetic, and
safety properties. A more focused chapter by J. T. Welch describes
Applications of Pentafluorosulfanyl Substitution in Life Sciences Research.
While popular for quite some time in agrochemicals, this “super-
trifluoromethyl” group, with a size slightly smaller than a #-butyl group,
has in recent years also found increasing application in pharmaceuticals
development. As SFs—substituted building blocks become rapidly com-
mercially available, there is usually no need for direct fluorination. The
chapter Strategic Incorporation of Fluorine into Taxoid Anticancer Agents
by A. Pepe, L. Sun, and . Ojima illustrates how the metabolic stability of
taxoid anticancer drugs is improved and their general cytotoxicity
reduced by introduction of organofluorine. It also describes the use of
solid-state '’F NMR spectroscopy to elucidate the bioactive conforma-
tions of taxoids. A comprehensive and useful coverage of Synthesis and
Antiviral, Antitumour Activities of Fluorinated Sugar Nucleosides is
provided by F. Zheng, X.-L. Qiu, and E.-L. Qing. They present the prepa-
ration of a large variety of nucleoside building blocks with fluorinated
ribose moieties and discuss the conformational effects resulting from
organofluorine introduction. M. Winkler and D. O’Hagan in their
chapter on Synthesis of Fluorinated Neurotransmitter Analogues report on
the development of non-peptidic fluorinated small molecules that find
application in biomedical F NMR and '®F PET studies. Fluorinated
adrenaline and dopamine analogs are covered as well as a diversity of
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other compounds binding to central neuroreceptors such as the gluta-
mine, histamine, acetylcholine, and serotonin receptors.

The third and final section deals with the use of '°F probes in NMR
and of '®F-radiolabeled probes in PET imaging applications. An author-
itative survey of '*F-Radionuclide Chemistry is provided by R. Bejot and
V. Gouverneur. The introduction of the radiolabels into probes for PET
studies requires special protocols for synthesis and purification due to
the limited half-life of the radionucleus, and these protocols are covered
in an informative way. !®F-Labelled Tracers for PET Oncology and
Neurology Applications by S. K. Luthra and E. G. Robins describes the
protocols for the preparation of specific PET probes for in vivo imaging
to elucidate disease-based mechanisms in oncology and neurology. The
authors cover the synthesis of !®F-labeled nucleosides, RGD
(Arg—Gly—Asp) sequences, peptides that bind to specific biological tar-
gets (and the application of these probes to in vivo imaging of tumor
angiogenesis), apoptosis, and amyloid plaque formation. The final chap-
ter by V. D. Kodibagkar, R. R. Hallac, D. Zhao, J.-X. Yu, and R. P. Mason
on F NMR: Clinical and Molecular Imaging Applications discusses the
use of fluorinated probes in non-invasive clinical and molecular imaging
to investigate enzyme activities and cell tracking in various diseases. It
connects well to the earlier chapters reporting the synthesis of such
probes.

All chapters are carefully selected and contribute to a unique, well-
rounded monograph. Learning is fully ensured, as I can certify from the
preparation of this foreword. I am not aware of any other monograph
covering organofluorine applications in such depth and diversity. It will be
of great practical use to scientists in industry — both pharmaceutical and
agrochemical — and in academia. Both experts and novice practitioners
will benefit from the reading. The monograph should also find use as a
basis for advanced courses on organofluorine applications in biomedical
research in masters and doctoral degree programs. The chosen format of
individual chapters, namely comprehensive coverage of both modern syn-
thetic methodology and in vitro and in vivo biological applications of the
resulting building blocks and ligands, is highly attractive. It becomes quite
clear that there is lots of room for further developments of innovative
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fluorinated building blocks and investigations of their physicochemical
and biological properties. There is no doubt that this monograph will
stimulate much future research on organofluorine in pharmaceutical and
biomedical chemistry.

Frangois Diederich

Laboratorium fiir Organische Chemie
ETH Zurich, Honggerberg, HCI
CH-8093 Zurich, Switzerland

Zurich, November 1, 2011
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Preface

Véronique Gouverneur and Klaus Miiller

Fluorine has a distinctive place in the periodic table and has absorbed the
attention of numerous scientists over many decades. Fluorine chemistry
today is a well-established branch of modern sciences, which has tremen-
dously benefited various research areas from material to medical sciences.
The synthesis of fluorinated compounds has been extensively explored.
Today, this field of research still stretches to the limit the creativity of
chemists eager to develop new concepts for both selective fluorination and
clever design and manipulation of fluorinated building blocks. The
increased availability of fluorinated compounds has led to insightful stud-
ies aimed at deciphering the effects of fluorine substitution on
physicochemical properties. Aspects of fluorine chemistry have been
competently discussed in numerous books and reviews. This monograph
is intended for a broad readership of professionals and researchers partic-
ularly interested in life sciences and medicine. An effort has been made to
integrate chemistry, biology, drug discovery and medicine in a way that
gives the reader an appreciation of how fluorine has enriched the life sci-
ences in many respects. Molecules substituted with fluorine have
improved our understanding of the molecular mechanisms of disease
states and are continuously contributing to the advancement of drug dis-
covery and diagnostic imaging. These aspects are covered in this book,
which is organised around three sections. The first part provides answers
on the fundamental question of how the introduction of fluorine modulates
the physicochemical and molecular recognition properties of biologically
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relevant molecules. This is followed by an in-depth coverage of the impact
that fluorine has made on drug discovery and development. The last sec-
tion gives the reader informative accounts on the use of ’F-spinlabelled
and '®F-radiolabelled probes for imaging by nuclear magnetic resonance
and positron emission tomography, respectively.

In this multi-authored monograph, industrial and academic experts
in the field bring the reader up to date with twelve chapters discussing all
aspects of their respective research areas from essential background infor-
mation to the most recent developments. In the process of editing this
book, we have come to appreciate the enormous amount of talent of
‘fluorine scientists’ that has enabled spectacular advances in molecular
medicine. We wish to express our most sincere gratitude and thanks to the
authors of this monograph (Holger Gohlke, Jelena Bozilovic, Joachim W.
Engels, Toni Vagt, Mario Salwiczek, Beate Koksch, Matteo Zanda,
Alessandro Volonterio, Monica Sani, Sergio Dall’Angelo, Vladimir S.
Kubyshkin, Igor V. Komarov, Sergii Afonin, Pavel K. Mykhailiuk, Stephan
L. Grage, Anne S. Ulrich, Steve Swallow, John T. Welch, Antonella Pepe,
Liang Sun, Iwao Ojima, Feng Zheng, Xiao-Long Qiu, Feng-Ling Qing,
Margit Winkler, David O’Hagan, Romain Bejot, Véronique Gouverneur,
Sajinder K. Luthra, Edward G. Robins, Vikram D. Kodibagkar, Rami R.
Hallac, Dawen Zhao, Jian-Xin Yu and Ralph P. Mason), to Frangois
Diederich who has kindly agreed to comment on this monograph and to
the countless chemists, biologists, physicists, physicians and clinicians
around the world who have contributed to advancing life sciences and
medicine over the years using fluorine as an enabling element. Heartfelt
thanks to the members of the Gouverneur research group for helping with
the proofreading (Matthew Tredwell, Matthew Hopkinson, Jamie
Wolstenhulme, Charlotte Hollingworth, George Blessley, Ida Sofia
Stenhagen and Guy Giuffredi).

We very much hope that this monograph will inspire many dedicated
scientists and stimulate further developments relying on fluorine, with
even more key discoveries in and for the future.

Véronique Gouverneur and Klaus Miiller
Oxford, 9 November 2011
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Synthesis and Properties
of Fluorinated Nucleobases
in DNA and RNA

Holger Gohlke,* Jelena Bozilovic" and Joachim W, EngelsT

1.1 Introduction

The stability of nucleic acid structures is predominantly governed by hydro-
gen bonding, base stacking, and solvation. To probe these interactions, a
common approach is to replace the native bases adenine (A), uracil
(U)/thymidine (T), guanosine (G) and cytosine (C) with analogues in which
functional groups are added, deleted, blocked or rearranged. The size and
shape of the analogues should be preserved as closely as possible to native
bases. Such ‘non-polar nucleoside isosteres’ (NNIs) then allow detection of
the predominant forces within nucleic acid structures without introducing
steric effects. For DNA, this concept was introduced by Kool and coworkers
in 1994 (Schweitzer and Kool, 1994). Initially, these molecules were intended
to be used as probes of the importance of hydrogen bonding and base stack-
ing in the formation of stable DNA duplex structures (Schweitzer and Kool,
1994; Kool and Sintim, 2006). In the context of DNA replication, it was later

* Institute of Pharmaceutical and Medicinal Chemistry, Heinrich-Heine-Universitit,
Universitatsstr. 1, 40225 Diisseldorf, Germany.

T Institute of Organic Chemistry and Chemical Biology Goethe-University, Max-von-Laue-
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concluded by these authors that steric effects rather than hydrogen bonding
was the chief explanation for replication fidelity (Kool, 1998; Kool and
Sintim, 2006). In 1999, the concept of NNI was introduced into the RNA
world by Engels and coworkers, initially using fluorinated benzenes and
benzimidazoles as pyrimidine and purine base analogues, respectively
(Parsch and Engels, 1999, 2000). Syntheses and crystallographic studies of
these and other NNIs as well as thermodynamic analyses and computer sim-
ulations of model RNAs incorporating them are reviewed here. These
combined studies have proved invaluable for probing the physical forces that
govern the stability of RNA and shedding light on the role of fluorine in
molecular recognition. As a biological application, the incorporation of flu-
orinated NNI into ribozymes and siRNA is finally described.

1.2 Fluorine in Molecular Recognition

Substituting hydrogen by fluorine in organic compounds influences a
variety of the molecule’s properties. In medicinal chemistry, fluorine
substitution has long been known as a means of enhancing metabolic sta-
bility, modifying chemical reactivity and conformational equilibria, and
improving transportation and absorption characteristics of pharmaceuti-
cals (Miller et al., 2007; Bégué and Bonnet-Delpon, 2008; Hagmann,
2008). In contrast, the role of ‘organic fluorine’ in influencing molecular
recognition properties, i.e. specific bonding between two or more mole-
cules through non-covalent interactions, is much less understood. Here we
focus on influences that are particularly important in the context of
fluorinated NNIs.

The properties of the C-F bond provide a starting point for appreci-
ating some of these influences. Replacing F for H is considered the most
conservative substitution for hydrogen on steric grounds, although a fluo-
rine atom is closer in size (and bond length) to oxygen than hydrogen
(O’Hagan, 2008). Hydrogen and fluorine are also quite different regarding
their electronic influences. The high electronegativity of fluorine imparts
a less covalent and more electrostatic character to a highly polarized C-F
bond, allowing interactions between the C-F bond dipole and other
dipoles in close proximity (O’Hagan, 2008). In turn, fluorine’s three lone
pairs are held tightly, as manifested by the atom’s high ionization potential
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and low polarizability, and so are reluctant to get involved in resonance or
act as hydrogen bonding acceptors.

As an immediate consequence, fluorine substitution leads to the seem-
ingly orthogonal effects of increasing local polarity and molecular
hydrophobicity (Guerra and Bickelhaupt, 2003; Biffinger et al, 2004;
DiMagno and Sun, 2006): as electrostatic and, in particular, time-dependent
interactions of C—F bonds are of minimal importance in polar heteroatom
solvents, C—F dipoles and lone pairs are poorly solvated in water. Removing
this group from water is thus energetically favourable. Accordingly, for a
set of 293 pairs of compounds where a single H/F exchange had been per-
formed, an increase of the logD value by on average 0.25 log units upon
fluorine substitution was observed (Bohm et al, 2004). Notably, for a
series of singly and multiply fluoro-substituted benzenes, no impact of the
molecular dipole moment on the partition coefficient was found, suggest-
ing that surface area arguments suffice to explain hydrophobicity trends
(DiMagno and Sun, 2006).

Due to the electron-withdrawing effect of fluorine, fluorination has an
important indirect impact on interactions of an aromatic ring to which
fluorine is attached. On going from benzene to hexafluorobenzene, the
quadrupole moment of the molecules inverts (Hernandeztrujillo and Vela,
1996), favouring eclipsed face-to-face m-stacks in crystallized 1:1 mixtures
(Patrick and Prosser, 1960). Similarly, using the dangling-end method for
determining the energetics of aromatic m-stacking of fluorinated benzene
analogues of DNA bases, a large stabilizing interaction is observed with a
2,3,4,5-tetrafluorophenyl dangling nucleotide. Yet, the overall correlation
between the number of fluorine groups and the stabilization is only weak
(Lai et al., 2003). The o-inductive effect of fluorine also affects neigh-
bouring functionalities. With respect to fluorinated NNIs, the influence on
the acidity of neighbouring C-H groups is of prime importance: the C—-H
group is known to be a hydrogen-bond donor (Desiraju, 1997) and a
C-H X interaction is strengthened by a more positively polarized C-H
group (Thalladi et al., 1998). A particularly strong polarization is expected
for a hydrogen in bis-ortho position to two fluorine atoms, e.g. in 1,3-
difluorobenzene or 1,3,5-trifluorobenzene (Razgulin and Mecozzi, 2006).
Not surprisingly, in the crystal structure of 1,3,5-trifluorobenzene, each H
and F atom is involved in the formation of two C-HF interactions
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(Thalladi et al., 1998), leading to a close similarity to the classical structure
of 1,3,5-triazine (Coppens, 1967). Obviously, the C-H-F interaction is
favoured by multipolar interactions between the C-H / F-C bond dipoles,
as also demonstrated by numerous O=C--F-C contacts found in the
Cambridge Structural Database (Olsen et al., 2003).

In the presence of competing heteroatom acceptors, covalently bound
fluorine hardly ever acts as an acceptor for available Bronsted acidic sites,
owing to its low proton affinity and weak polarizability (Murray-Rust et al.,
1981; Dunitz and Taylor, 1997; Dunitz, 2004; Kool and Sintim, 2006).
Attractive C-F---H—X dipolar interactions have been described, however, for
well-structured molecular environments in which heteroatom acceptors are
excluded, such as the thrombin active site (Olsen et al., 2003; Bohm et al.,
2004) or engineered crystals (Desiraju, 2002; Reichenbacher et al., 2005).

1.3 Synthesis of Fluoro-Substituted Benzenes, Benzimidazoles
and Indoles, and their Incorporation into Model RNA

1.3.1 Chemical syntheses of fluoro-substituted benzenes,
benzimidazoles and indoles

When we started to synthesize fluorobenzene nucleosides 1-4 (Fig. 1.1)
some ten years ago we were able to directly introduce the lithiated fluo-
robenzenes to the protected ribonolactone.

The method is based on a similar procedure introduced by Krohn
et al. (1992), where a bromo-fluorobenzene is added to a benzylated
ribonolactone. The resulting lactol is reduced and yields directly the pure
B-ribonucleoside in high yield.

F F
F
HO HO HO F HO F
] 0] 0 )
HO OH HO OH HO OH HO OH
1 2 3 4

Figure 1.1. Initial set of fluorobenzene ribosides.
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Figure 1.2. Synthesis of a fluorobenzene nucleoside phosphoramidite.

In Fig. 1.2, the synthesis of 2,4-difluorobenzene riboside as phospho-
ramidite building block is shown as an example (Parsch and Engels, 2002).
The unprotected riboside 4 is tritylated with dimethoxytritylchloride in
pyridine with high regioselectivity for the 5’-position, followed by silyla-
tion with tert-butyldimethylsilyl chloride for protecting the 2’- or
3’-positions. After a chromatographic separation, the 2’-silylated nucleoside
10 is coupled with chloro-cyanoethyl-diisopropylphosphoramidite
(CEP-CL). The overall yields for the four nucleobases prepared in an
analogous way range from 10 to 20%.

In Fig. 1.3, as an example, the synthesis of 1’-deoxy-1"-(4-
fluoro-benzimidazol-1-yl)-B-p-ribofuranose 21 is shown, following the
glycosylation procedure of Vorbruggen (Vorbruggen and Hofle, 1981).
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E F
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Figure 1.3.  Synthesis of a fluorobenzimidazole nucleoside phosphoramidite.

Refluxing two equivalents of 4-fluorobenzimidazole 17 with N,O-
bis(trimethylsilyl)acetamide and subsequent reaction of the silylated base
with one equivalent of 1,2,3,5-tetra- O-acetyl-B-p-ribofuranose 18 in the
presence of the Lewis acid trimethylsilyl-trifluoromethanesulfonate
afforded the desired 2’,3’,5"-tri- O-acetyl-1"-deoxy-1"-(4-fluorobenzimida-
zol-1-yl)-B-p-ribofuranose 19 in 56% to 64% yield. Using microwave
reaction conditions we could improve the yields (Nikolaus et al., 2007).
Deprotection of the acetylated nucleoside 19 furnished 1’-deoxy-1’-(4-
fluorobenzimidazol-1-yl)-B-p-ribofuranose 21 in 90% to 96% yield (Bats
et al., 2000; Parsch and Engels, 2000, 2001). The phosphoramidites were
obtained in an analogous way as described above and the yields ranged
from 10 to 15% (Parsch and Engels, 2000, 2002).

Syntheses of the fluorobenzimidazole ribosides 21 and 39-41 started
with the appropriately substituted fluoroacetanilides, followed by nitration,
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Table 1.1. Partition coefficients (logP values) of nucleosides containing fluoro-substituted
nucleobase analogues (for abbreviations, see Fig. 1.4.)

Nucleoside Partition coefficient Nucleoside Partition coefficient
B 1.050 4,6DFBI 4.240
4FB 1.497 4TFM 6.762
2,4DFB 1.695 5TFM 6.757
2,4,6TFB 1.398 6TFM 6.688
2,4,5TFB 1.825 I 0.72
PFB 2.156 4F1 2.781
BI 0.149 5FI 2.252
4FBI 1.789 6FI 4.420
5FBI 1.802 7FI 2.383
6FBI 1.799 4,6DFI 5.540

reduction, and ring closure with formic acid (Parsch and Engels, 2000, 2002)
(see Fig. 1.4 for the structures of all fluorobase analogues). The
trifluoromethyl-benzimidazoles 42—45 were analogously prepared starting
from the trifluoromethyl acetanilides (Moore et al, 2004). The logP values
measured in octanol/water for the mono-substituted benzimidazoles are
identical and the orientation of the fluoro-substituent does not seem to have
a major influence here. The difluorobenzimidazole riboside 4,6DFBI 41 is
significantly more lipophilic (logP=4.2) (Table 1.1).

Since the indole structure is present in a variety of natural com-
pounds, such as amino acids and alkaloids, we decided to synthesize and
evaluate a similar pattern of substitution on fluoroindoles. Furthermore,
the charge distribution and dipole moments between fluoroindole and
fluorobenzimidazole compounds differ significantly, which we also
expected to give rise to differences in stability of RNA oligonucleotides
containing these building blocks.

To the best of our knowledge, ribofluoro-indole compounds had not
been synthesized and evaluated before. We reported the successful synthe-
ses of fluoroindole building blocks and the X-ray crystal structures of all
synthesized fluoroindole ribonucleosides 23-27 (Fig. 1.5) (Bozilovic and
Engels, 2007).

The synthesis of fluoroindoles, which are not commercially available,
was achieved very efficiently in a four-step procedure as shown in Fig. 1.5
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F F F F F
E F F
HO HO F go— F F Ho F HO F
o) 0 o) 0 o
HO OH HO OH HO OH HO OH

HO OH
4FB 2,4DFB 2,4,6TFB 2,4,5TBF 2,3,4,5PFB
1 4 36 37 38

F
SRS G s o HR s o8

N
N F
HO HO HO HO
O O (0} (6]
HO OH HO OH HO OH HO OH
4FBI SFBI 6FBI 4,6DFBI
21 39 40 41
CF3;

O o g, L0
OH

N CF;
HO How How How CFs
0 o 0 0
HO OH HO OH HO OH HO
4TFM STFM 6TFM 7TFM
R 43 44 45

HO OH HO OH HO OH HO OH
4F1 5FI 6FI 7FI 4,6DFI
23 24 25 26 27
F N
Y e 1
N N
HO HO— F F HO HO
o) 0 o) 0
HO OH HO OH HO OH
B PFB BI
46 47 48 49

Figure 1.4. Summary of fluorobase analogues comprising fluorobenzenes, fluorobenz-
imidazoles, fluoroindoles, and trifluoromethyl benzimidazoles.
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Figure 1.5. Synthesis of fluoroindole riboside 27.

for the 4,6-difluoroindol-B-p-ribofuranoside 27. For the 4,6-difluoroindole
30, methyl azidoacetate, an intermediate in indole synthesis, was
synthesized by a literature procedure (Da Rosa et al., 2003). Prolonged
reaction time and lower reaction temperature improved this procedure
(Bozilovic and Engels, 2007). The hydrolysis of the methyl ester is fol-
lowed by a decarboxylation, where the main problem lies in the very high
temperature at which the reaction occurs. Prolonging the reaction time
does not lead to higher yields (Bozilovic and Engels, 2007). Since direct
glycosylation of the indole moiety with the ribose failed, synthesis of the
deoxyriboside and subsequent transformation to the ribose was chosen as
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an alternative. Although this is a longer procedure, the individual steps
could be optimized. Direct Sy2 substitution of the indole anion with the
chlorosugar 31 yielded 32 quantitatively. After deprotection, the 5’-OH is
protected again with tert-butyl dimethylsilyl chloride (TBDMSCI) and
3’-OH with mesylchloride (MsCl). Deprotection of 5-OH and elimina-
tion of mesylate gave 35 in one step, which on dihydroxylation via
osmium tetroxide resulted in the formation of indole riboside 27. For the
RNA building block, the phosphoramidite was prepared as outlined
above (Fig. 1.2). The synthesis of the indole ribosides 23-26 followed the
same procedure. The total set of fluorobase analogues derived from fluoro-
modified benzene, benzimidazoles and indoles is outlined in Fig. 1.4.

1.3.2 Synthesis of 12-mer RNA duplexes that incorporate
fluoronucleosides

The phosphoramidites 11 and 22 (Figs. 1.2 and 1.3) as well as the phos-
phoramidites of all other fluorobenzenes, fluorobenzimidazoles and
fluoroindoles were incorporated into a defined 12-mer RNA duplex to
investigate their influence on RNA stability. We chose the purine rich
sequences 5’-CUUUUCXUUCUU-3’ paired with 3’-GAAAAGYAAGAA-
5’, where the central bases X or Y contained modified fluoronucleosides.
This yielded either mono-modified duplex RNA, where a fluorinated
NNI is paired against a natural base, or double-modified duplex
RNA containing fluorinated NNIs paired against each other. Solid-phase
RNA synthesis followed the Caruthers DNA/RNA cycle (Fig. 1.6)
(Caruthers, 1985).

In short, a starting riboside, attached to controlled-pore glass (CPG)
support on the 3’-end, is stepwise extended via tetrazole activation with an
appropriately protected amidite of A, C, G, or U. In the case of X or Y, the
fluorinated NNT is added and the sequence further extended until the
5-end. After successful additions, which are monitored by the trityl
colour, the full size oligoribonucleotide is liberated from its protecting
groups and the crude product is purified. In most cases high performance
liquid chromatography on ion exchange columns or sometimes reversed-
phase material gives sufficiently pure oligoribonucleotides, which are
characterized by mass spectrometry. Notably, the CD spectra of the RNA
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Figure 1.6. RNA synthesis: Caruthers cycle with which the base analogues B = 1-4, 21,
23-27,39-41 are incorporated. (TCA = trichloroacetic acid.)

duplexes with fluorinated NNI showed the typical curves for an o-type helix
(Fig. 1.7), indicating that the structure of the duplex RNA is not disturbed
by incorporation of the modified nucleosides.

1.3.3 RNA melting studies and thermodynamic data

Thermodynamic stabilities of the modified RNA duplexes were determined
by thermal denaturation as monitored by UV absorbance in a phosphate
buffer (10 mM Na,HPO,, 10 mM NaH,PO,, pH 7) containing NaCl
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Figure 1.7. CD spectra of the model 12mer RNA containing fluoroindole nucleosides at
position X: 23 (blue), 25 (pink), 26 (yellow), 27 (cyan).

(140 mM). Thermodynamic data were extracted from the melting curves by
means of a two-state model for the transition from duplex to single strands.

Melting temperatures ( T,,,) and free energies of duplex stability (AG)
for all fluorobenzenes, -benzimidazoles and -indoles paired against all
four natural bases are summarized in Table 1.2. Thermodynamic
analysis of the T,, furthermore yielded enthalpic (AH) and entropic
(TAS) contributions to the duplex stability (data not shown) (Parsch and
Engels, 2002).

Two results stand out from these studies. First, compared to the natural
UA base pair (T,, = 37.8°C) or the wobble base pair UG (T,, = 38.6°C),
pairing of fluoronucleosides against natural bases in general decreases
RNA duplex stability, as demonstrated by T,, values that are lower by
2-15°C. The lowest T, were measured for 36 2,4,6TFB and 47PFB due to
steric effects resulting from a bis-ortho fluoro substitution. Conversely, pair-
ing 40 6FBI or 25 6FI against A almost restored the duplex stability to that
of the natural U"A base pair, with T, values of 34.0°C and 37.1°C, respec-
tively. Second, and more strikingly, several of these fluoro-benzenes,
-benzimidazoles and -indoles showed a lack of discrimination against the
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Table 1.2. Thermodynamic stabilities of model 12mer RNA containing fluorobenzenes
(FB), fluorobenzimidazoles (FBI), trifluoromethylbenzimidazoles (TFM) and fluoroin-
doles (FI) paired with natural bases A, C, G, and U.

Y=A Y=C Y=G Y=U
X T, [a] AG [b] T, [a] AG [b] T, [a] AG [b] T, [a] AG [b]
4FB 23.8 7.9 24.1 8.0 24.2 8.0 25.6 8.4
2,4ADFB 27.4 9.0 27.3 8.9 27.6 9.0 27.9 9.1
2,4,6TFB 23.3 7.8 20.6 7.1 22.8 7.7 22.9 7.9
2,4,5TFB 25.6 8.4 26.7 8.8 28.7 9.3 27.5 8.9
PFB 22.9 7.7 21.7 7.2 23.0 7.7 23.1 7.5
4FBI 28.0 9.1 27.5 8.9 28.7 9.3 28.5 9.2
5FBI 28.9 9.1 31.0 9.2 31.7 9.3 28.2 8.9
6FBI 34.0 7.5 31.3 10.1 32.4 10.3 28.6 9.3
4,6 DFBI 28.4 9.2 28.7 9.2 29.4 9.5 29.3 9.5
4ATFM 30.1 11.0 27.4 9.9 29.2 9.7 25.1 9.3
5TFM 30.2 9.1 28.1 8.8 29.3 8.7 24.1 8.1
6TFM 30.1 10.9 28.0 8.9 27.1 9.6 24.8 8.2
4F1 25.1 8.3 24.1 8.0 21.4 7.6 21.0 7.2
5FI 32.8 9.7 26.8 8.6 29.3 9.3 25.0 8.2
6FI 37.1 10.6 34.6 15.4 35.5 11.3 31.7 9.7
7F1 34.4 9.9 24.8 8.2 24.6 8.3 29.8 9.5
4,6DFI 33.8 8.4 32.0 9.2 30.2 9.4 29.0 9.7

[a] In °C. [b] In kcal/mol.

natural bases, thus acting as universal bases (Loakes, 2001). In the case of 4
2,4DFB and 41 4,6DFBI, the T, values differ by less than 1°C, yielding these
fluoronucleosides as the best universal bases.

In a second series, the stability of RNA duplexes containing fluoro-
benzene self-pairs at positions X and Y were determined (Table 1.3). Not
unexpectedly (Parsch and Engels, 2002; Lai and Kool, 2004), the measure-
ments demonstrated that the pairing preference of fluorinated NNI is
higher in self-pairs than in pairs with natural bases. Furthermore, the duplex
stability increases incrementally with the number of fluorine substituents in
the NNI. Surprisingly, this leads to RNA duplex stabilities with self-paired
bases 4 2,4DFB, 37 2,4,5TBF and 38 2,3,4,5PFB(T,,, = 35.2, 35.8, 38.0°C) that
are similar to or exceed that of the natural U'A base pair.
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Table 1.3. Thermodynamic stabilities of model 12mer RNA con-
taining self-pairs of benzene- and fluoro-substituted benzenes (FB).

X Y T, @ AG !
Benzene Benzene 26.4 8.5
4FB 4FB 32.5 10.2
2,4ADFB 2,4ADFB 35.2 11.6
2,4,5TFB 2,4,5TFB 35.8 11.8
2,3,4,5TetFB 2,3,4,5TetFB 38.0 12.2

[a] In °C. [b] In kcal/mol.

1.4 Origin of the Molecular Recognition Properties
of Fluorinated Nucleobases

1.4.1 Stacking and desolvation: Insights from
thermodynamic analyses

RNA stability is predominantly governed by base stacking, solvation forces
and hydrogen bonding. The above data provide a rich source for analysing
individual contributions of these forces, in particular, in view of the role
of fluorine in molecular recognition.

The influence of base stacking was determined by comparing stabili-
ties of duplex RNA with a respective base at position X, whereas the
Y position is empty (abasic site) (Parsch and Engels, 2002). Compared to
X =U, incorporation of the NNI 46 increases the duplex stability by 1.3°C
(0.2 kcal/mol), demonstrating, as already found for ‘dangling end’ residues
in the context of DNA (Guckian et al., 2000), that NNIs stack more
strongly than their natural counterparts. Fluorine substitution then leads
to another gain in stability through base stacking in that X = 1 increases
the duplex stability by 2.7°C (0.5 kcal/mol) and X = 4 by 4.4°C (1.1 kcal/
mol). Both an increase in the molecular dipole moment (46: 0.3 D, 1: 2.4
D, 4: 2.2 D) (Lai et al., 2003), resulting in increased van der Waals disper-
sive forces with the neighbouring bases (Lai et al., 2003), and a higher
lipophilicity (46: logP = 1.05, 1: 1.50, 4: 1.70) account for this. Compared
to X = G as a reference, X = 41 even leads to a stabilization by 5.4°C
(1.2 kcal/mol), demonstrating that stacking interactions become more
favourable with increasing size of the NNI, similar to the finding that a
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purine base stacks on a duplex more strongly than a smaller pyrimidine
base (Petersheim and Turner, 1983). In the case of the fluoroindoles this
could be determined by the dangling end method; for 25 a T, increase of
11°C (2.7 kcal/mol) and for 27 of 4°C (0.9 kcal/mol) was measured
(Bozilovic, 2008).

An X =U,Y = U mismatch (T, = 30.1°C) was used as a reference for
investigating the influence of desolvation of the hydrogen bond donors and
acceptors of the natural bases during formation of the base pair with an NNI
(Parsch and Engels, 2002). This desolvation effect was found to destabilize
the RNA duplex in the case of X = 46, Y = U by —8.3°C (2.2 kcal/mol).
Notably, fluorine substitution reduced this effect to about —6.6°C (—1.7 kcal/
mol) for both the X =4 and 41 cases. A similar trend was found when base
pairing between natural nucleobases and universal fluorinated NNIs was
investigated by potential of mean force calculations (Koller et al., 2010),
indicating interaction differences between paired bases, with more attractive
interactions in the case of 4 and 41 than in the case of 46 (see below).

1.4.2 C-H F-C interactions: Crystallographic analysis
of fluoro-substituted NNIs

When paired against natural bases, fluorinated NNIs destabilize DNA and
RNA helices, and can exhibit universal base properties (Table 1.2) (Parsch
and Engels, 2002; Lai and Kool, 2004). These observations make
Watson—Crick base pairing involving hydrogen bonds to fluorine unlikely
(Parsch and Engels, 2002; Somoza et al., 2006). When paired opposite one
another, however, a considerable degree of stability is regained (Table 1.3)
and a selective pairing of fluorinated NNIs in the context of nucleic acids
is observed (Parsch and Engels, 2002; Lai and Kool, 2004; Kopitz et al.,
2008). Weak C-F-~"H-C dipolar interactions have been implicated to act as
stabilizing forces in this case (Lai and Kool, 2004; Kopitz et al., 2008).
These findings relate to the present discussion as to whether ‘organic fluo-
rine’ can act as a hydrogen bond acceptor and, if so, under which
conditions (Dunitz and Taylor, 1997; Evans and Seddon, 1997; Guckian et
al., 2000; Dunitz and Schweizer, 2006).

Following the idea that crystal packing information allows informa-
tion to be deduced about non-bonded interactions (Velec et al., 2005),
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initially crystal structures of fluorobenzene nucleosides 1-4 were deter-
mined. To our surprise the well-known herringbone pattern of benzene
nucleosides was only present in nucleoside 2 (Matulicadamic et al., 1996).
In contrast, for nucleosides 1, 3 and 4, when crystallized from water, the
C-FH-C distance between neighbouring aromatic rings of 1 is 238 pm,
which is significantly shorter than the sum of the van der Waals radii of
255 pm (Rowland and Taylor, 1996). Similarly, when 1 was crystallized
from methanol, a distance of 230 pm was found between the fluorine and
a hydrogen atom in ortho position to F in a neighbouring aromatic ring
(Parsch and Engels, 1999; Bats et al., 2000). The C-F"F-C arrangement
shows a nearly linear configuration with a C-F~'F angle of 158° (Fig. 1.8).
We interpreted these findings in terms of weak attractive C-F"H-C dipo-
lar interactions. The crystal structure of 3 revealed that the shortest
C—F~H-C distance amounts to exactly the sum of the van der Waals radii
of 255 pm of fluorine and hydrogen. This distance is found between the
fluorine and H5” of the sugar. Compared to the aromatic C-H bond adja-
cent to a fluorine-bound carbon in 1, the less polar aliphatic C-H5" bond
apparently provides less attraction for the aromatic fluorine.
Subsequently, we were able to determine the crystal structures of sev-
eral fluorinated NNIs, including difluorobenzimidazoles and mono- and
difluoroindoles (Parsch and Engels, 2002; Zivkovic and Engels, 2002;

Figure 1.8. Crystal packing of 1’-deoxy-1"-(4-fluorophenyl)-B-p-ribofuranose 1.
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Bozilovic et al., 2007b). With respect to the latter, in 23 the distance
between fluorine and a hydrogen in ortho position to F in a neighbouring
molecule was larger than the sum of the van der Waals radii (269 pm). In
turn, the shortest distance between those two atoms was found for 26 at
230 pm with a C-H'~'F angle of 124°. The crystal structures of 24, 25, and
27 showed intermediate distances of 246 pm, 240 pm and 239 pm, respec-
tively (Bozilovic et al., 2007b).

Plotting the H''F distances and C—H"'F angles according to Desiraju and
coworkers (Thalladi et al., 1998) finally revealed that some of the C-H~'F-C
interactions found between fluorinated nucleosides have the shortest H-'F
distances reported so far for sp*-centred H-'F interactions (Fig. 1.9).
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Figure 1.9. F-H distances and C-FF angles of C-F"H-C contacts found in crystal
packings according to Thalladi er al. (1998) (black circles) as well as in crystal packings of
fluorobenzene nucleosides (red crosses) (Parsch and Engels, 1999; Zivkovic and Engels,
2002), difluorobenzimidazole nucleosides (green cross) (Zivkovic and Engels, 2002), and
fluoroindole nucleosides (blue crosses) (Bozilovic et al., 2007a).
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1.4.3 Molecular dynamics simulations and free energy calculations

Additional insights at an atomic level into the stability determinants of RNA
incorporating fluorinated nucleosides are provided by computer simulations.
State-of-the-art molecular dynamics (MD) simulations and binding free
energy calculations together with a structural component analysis were
performed for RNA duplexes containing fluorobenzene self-pairs at positions
X and Y, resulting in deviations between experimental and computed relative
binding free energies of less than 0.4 kcal/mol (Kopitz et al., 2008). Notably,
these calculations revealed different origins for the incremental increase in
duplex stability with increasing number of fluorine substituents in the NNI
(Table 1.3): for the transitions 46—1 and 37—38 the binding free energy
changes are dominated by favourable solvent contributions, resulting in an
indirect effect of fluorine substitution. In contrast, for the transitions 1—4 and
4—37, changes of interactions within the RNA contribute favourably to the
observed stability gain, showing a direct effect of fluorine substitution.

How can one explain these findings? Interestingly, global molecular
properties such as the lipophilicity of the nucleosides or the molecular
dipole moment of the NNI were inappropriate to explain the differences.
Rather, the observed trend parallels differences in surface area regions
contributed by fluorine atoms that are buried upon duplex formation
(Fig. 1.10). This points to a local influence of fluorine substitution and can
be explained by the poor aqueous solvation of C-F dipoles, yielding a
hydrophobic character of these regions (Guerra and Bickelhaupt, 2003).

As for the direct RNA contributions to duplex stability, weak attractive
C-FH-C interactions between the self-pairs were identified as stabilizing
forces, with more short-range interactions present in 4 and 37 than in 1
(Fig. 1.11). This interpretation is corroborated by the analysis of the occu-
pancy of C-F"H—C interactions: C-F"H—C interactions prevail for a larger
fraction of time in the 4 (0.76) and 37 (0.70) cases than in the case of 1 (0.46).

Apparently, the fluorobenzene self-pairs in the context of duplex RNA
constitute a well-structured supramolecular system, which leads to
favourable C-F~H-C interactions between self-pairs of 4 and 37, as was
found for other well-structured molecular environments such as enzyme
active sites (Olsen et al., 2003; Olsen et al., 2004) or crystals (Desiraju,
2002; Reichenbacher et al., 2005).



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/01/13. For personal use only,

Synthesis and Properties of Fluorinated Nucleobases in DNA and RNA 21

© (d)

Figure 1.10. Averaged structures obtained from MD trajectories of model 12mer RNA
containing the self-paired fluorobenzene nucleotides 1 (a), 4 (b), 37 (c), and 38 (d). The
solvent-accessible surfaces of the fluorine atoms are depicted as green meshes.
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Figure 1.11. Averaged structures obtained from MD trajectories of model 12mer RNA
containing the self-paired fluorobenzene nucleotides 1 (a) and 4 (b). (c) Frequency distri-
butions of the distances between the H3 atom of the bases at position X and the F4 atoms
of the bases at position Y for 1 (red), 2 (green), and 3 (blue). The distances computed for
1 and 4 are marked by a yellow dashed line in (a) and (b).
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In another study, the ‘universal base’ character of fluorinated NNI
was investigated by potential of mean force calculations of base pairing
between natural bases and fluorobases (Koller et al., 2010). In agreement
with previous studies (Stofer et al., 1999), Watson—Crick base pairing
was computed to be favourable by about 1.5-2 kcal/mol per hydrogen
bond formed. In contrast, pairing between 4 or 41 and the natural bases
A or C was found to be unfavourable by 0.55-1.01 kcal/mol, in agree-
ment with experiment (Parsch and Engels, 2002) and also in another
MD study (Zacharias and Engels, 2004). Yet, for a given fluorinated NNI,
the differences in the base pairing free energies with either one of the
native bases are between 0.14 and 0.38 kcal/mol, supporting the univer-
sal base pairing properties. Finally, pairing between natural bases and
46 is more unfavourable by 0.6-1.0 kcal/mol than if a fluorinated base is
used instead. Apparently, more attractive pairing interactions prevail in
the case of 4 or 41 compared to 46. They arise from dipole—dipole inter-
actions involving the C-F bond of the fluorobases and the exocyclic
amine group of A or C and weak hydrogen bonds between N1 (N3) of A
(C) and H-C3(5) of 4 (41).

1.5 Incorporation of Fluoro-Substituted NNI into the Hammerhead
Ribozyme and siRNA Constructs and their Acceptance
by Polymerases

1.5.1 Hammerhead ribozyme

RNA, as a central molecule in the chemistry of life, is involved in the cel-
lular process of gene expression and protein biosynthesis (Gesteland et al.,
1999). RNA exhibits a great structural diversity and its secondary as well
as tertiary structure is mainly stabilized by hydrogen bonding and base
stacking. Many efforts have already been undertaken to elucidate struc-
tural changes via incorporation of artificial nucleosides.

Here, we intended to incorporate fluoro-substituted NNI into a ham-
merhead ribozyme (Fig. 1.12) that is directed against the integrase region
of the human immunodeficiency virus (HIV), a system we had introduced
earlier (Klebba et al., 2000; Miiller-Kuller et al., 2009).
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Figure 1.12. Secondary structure of a hammerhead ribozyme where the fluoronucleo-
sides M = 50 and 51 are incorporated. N=A, C, G, U.

Hammerhead ribozymes are catalytically active ribonucleic acids and
interfere with gene expression through hydrolysis of the complementary
mRNA. This makes them potential therapeutic agents for gene therapy
(Lewin and Hauswirth, 2001; Scott, 2007). Recognition of viral mRNA and
catalytic activity is dependant on Watson—Crick base pairing and decreases
dramatically in the presence of point mutations (‘hot spots’) in the target
region, since ribozymes are inactivated by mutating bases in the catalytic
region. We reasoned that incorporation of universal bases in these posi-
tions should allow toleration of escape mutants in HIV (Klopffer and
Engels, 2003, 2004, 2005).

The choice of the universal base was based on our investigations of fluo-
rinated NNTI in a model 12mer RNA, where the disubstituted fluoro-benzene
and -benzimidazole derivatives 4 and 41 appeared to be ideal universal bases
(Loakes, 2001). These NNIs did not differentiate thermodynamically
between the four natural nucleosides A, C, G or U. Furthermore, an enhanced
base stacking ability upon additional fluorination was observed. This sug-
gested choosing analogues 1 and 41 for the biological study. However, a
destabilization of the modified RNA 12mer duplexes was noticed, which is
due to the lack of hydrogen bonding interactions between the modified and
natural bases. In an effort to compensate this reduced duplex stability, we
synthesized the 2’-B-aminoethyl-substituted fluorinated NNI 50 and 51 and
investigated their ability to stabilize RNA duplexes. As the primary amino
group is protonated under physiological conditions, the intermolecular
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electrostatic interaction with the negatively charged RNA backbone of the
second RNA strand increased the stability of the RNA duplexes, as expected,
probably due to charge—charge interactions (Klopffer and Engels, 2004).
The hammerhead ribozyme was then modified with the universal
bases 50 and 51 (Fig. 1.12). In order to investigate the ribozyme’s ability to
tolerate point mutations in the target sequence without losing its catalytic
activity, we analysed the kinetics of cleavage reactions. As expected, no dis-
crimination with respect to the individual base pairing partner was found:
although the overall efficiency was reduced by about one order of magni-
tude, resulting in a cleavage rate of 1 per 5 minutes, the rates towards A, U,
C and G in the cognate mRNA were identical within 30%. The difference
between the fluorobenzene and fluorobenzimidazole ribosides was in
favour of the benzimidazole, probably due to better stacking. Later on it
was found that the hammerhead design can be improved using additional
loop stabilization, but this was not pursued any further due to the identi-
fication of siRNA as potential gene regulators (Canny et al., 2004).

1.5.2 Fluorobenzene and benzimidazoles in RNA interference
and siRNA

Since the recognition of RNA interference (RNAI) in 1998, the process by
which specific mRNAs are targeted and degraded by complementary
short-interfering RNAs (siRNA) became a powerful tool to control gene
function (Fire, 2007; Mello, 2007). The generally accepted mechanism of
RNAI can be divided into two main steps. In the first step, double-stranded
RNA (dsRNA) is cleaved into short 21-24nt siRNAs (Elbashir et al., 2001).
This process is catalysed by Dicer, an endonuclease of the RNase III family.
The resultant siRNA duplexes have 3’-overhangs of 2nt with 3’-hydroxyl
termini and a 5’-phosphate at both ends. In the second step, siRNAs are
incorporated into the RNA-induced silencing complex (RISC). A helicase
in RISC unwinds the duplex siRNA, which then pairs to messenger RNAs
(mRNAs) that bear a high degree of sequence complementarity to the
siRNA. In humans the degradation of the target mRNA is mediated by the
Argonaute 2 protein associated with RISC. The target mRNA is cleaved in
the complementary region at the phosphodiester bond that lies across
from nucleotides 10 and 11 of the 5-end of the siRNA (Fig. 1.13). For
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Figure 1.13. siRNA construct.

RNAi-mediated mRNA cleavage and degradation to be successful, a
5’-phosphate must be present on the antisense strand and the double hel-
ical antisense-target mRNA duplex must be in the A-form. The X-ray
structure of Ago2 and either a single or double stranded oligonucleotide
highlights the structural situation (Wang et al., 2008).

Chemically modified nucleosides have been shown to be of great
importance for antisense strategies and are now being applied for RNA
interference-mediated gene silencing (Bramsen et al., 2009). Since the
incorporation of 2’-amino modified NNIs had been shown to yield active
ribozymes, the analogous constructs were designed for siRNAs. During
our studies several publications appeared showing the use of fluoroben-
zene ribosides in this context. First, Kool and coworkers used compound
4 in a full seed walk (Fig. 1.13) of siRNA against Renilla luciferase
(Somoza et al., 2006). From these data it is obvious that the 3’- and 5”-ends
tolerate the fluorobenzene well. The central position 10 is highly discrim-
inative. Surprisingly, position 7 gave a high activity too, indicating a
possible interaction with the RISC complex (Fig. 1.13). A similar study by
the Alnylam group was in good agreement, even though they incorporated
the ribo-difluorotoluyl nucleotide (Xia et al., 2006). In our hands, the cen-
tral positions from 9 to 11 are also less tolerant for fluorobenzene 4 and
other tested fluorobenzimidazole nucleosides. When incorporating fluo-
robenzimidazole 41 at position 21 of siRNA the activity was still preserved,
which indicates a successful phosphorylation at the 5’-end. This proved to
be particularly interesting because these fluorobenzimidazole ribosides
can be easily derivatized by a sequence of Michael addition with acryloni-
trile followed by Raney-nickel reduction yielding the aminopropyl
derivative (Haas and Engels, 2007).
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1.5.3 Polymerase acceptance of fluorobenzimidazoles

In collaboration with R. Kuchta at Boulder, Colorado, we tested our fluo-
rinated benzimidazole nucleoside analogue of 41 (deoxynucleoside)
against polymerases. These were DNA polymerase o (pol o) and Klenow
fragment (exo-) of DNA polymerase I (Escherichia coli). Both pol o and
Klenow fragment exhibit a remarkable inability to discriminate against
these analogues as compared to their ability to discriminate against incor-
rect natural deoxynucleotide triphosphates (ANTPs). Neither polymerase
shows any distinct electronic or steric preferences for analogue incorpora-
tion (Kincaid et al., 2005).

Another set of analogues was designed to examine human DNA
primase, which synthesizes short RNA primers that DNA polymerase
o further elongates. Primase readily misincorporates the natural nucleotide
triphosphates (NTPs), which generates a wide variety of mismatches. In
contrast, primase exhibited a remarkable resistance to polymerizing NTPs
containing NNI. This is different from other polymerases where the shape
concept, put forward by Kool, is more applicable (Kool and Sintim, 2006).
We tested bases whose shape was almost identical to the natural bases
(4-aminobenzimidazole and 4,6-difluorobenzimidazole) (Klopffer and
Engels, 2005), bases with very different shapes compared to natural bases
(5- and 6-trifluoromethylbenzimidazoles 43 and 44), bases much more
hydrophobic than natural bases (4- and 7-trifluoromethylbenzimidazole
42 and 45), bases with hydrophobicities similar to natural bases but with
the Watson—Crick hydrogen bonding groups in unusual positions (7-3-p-
guanine) and bases capable of forming only one Watson—Crick hydrogen
bond with the template base (purine and 4-aminobenzimidazole). Primase
was found only to polymerize NTP analogues capable of forming
Watson—Crick hydrogen bonds, which explains the failure for the incorpo-
ration of 42—45.

1.6 Conclusion

We have described the syntheses of fluorinated benzene, benzimidazole, and
indole nucleobase analogues and their incorporation into model RNA,
ribozymes and siRNA. The analogues act as NNIs and allow probing of
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the physical forces that govern the stability of RNA. Notably, several of these
NNIs showed a lack of discrimination against natural bases and thus behave
as universal bases. Furthermore, the stability of model RNA incorporating
self-pairs of fluorinated NNIs increased with the number of fluorinated sub-
stituents and reached that of a natural base pair. Combined crystallographic
studies, thermodynamic analyses and computer simulations furthermore
shed light on the role of organic fluorine in molecular recognition. These
studies demonstrated an intricate influence of the molecular environment
in this case. As a consequence, it may generally not be sufficient to discuss
the molecular recognition properties of organic fluorine in terms of global
molecular descriptors. Rather, analyses at an atomic level are required.
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of Fluorinated Amino Acids
within the Hydrophobic Core
of a Coiled Coil Peptide
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2.1 Introduction

The specificity of peptide-mediated interactions, their structural diversity
and their important role in the regulation of essential life functions
increasingly brings peptides into the focus of pharmaceutical research
(Sato et al., 2006; Hiither and Dietrich, 2007). Besides their classical use as
vaccines and hormones for the treatment of metabolic dysfunctions, pep-
tides are also promising pharmaceutical leads suitable for the treatment of
serious diseases such as AIDS, cancer or neurodegenerative diseases
(Permanne et al., 2002; Matthews et al., 2004). In particular, their small
size and high specificity, combined with the fact that peptides are less toxic
and rarely cause an immune response, make them powerful tools for drug
design. On the other hand, the main disadvantages of peptide-based drugs
are their low bioavailability, low membrane permeability and rapid, enzyme-
catalysed cleavage. Therefore, the establishment of efficient methods to
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modify and stabilise peptides is one of the main challenges in the devel-
opment of therapeutically applicable drugs.

The structural mimicry of peptides using non-natural amino acids
has proven to be a useful method to enhance the in vivo stability of pep-
tides. To this end, B-amino acids and p-amino acids have been used for
the construction of proteolytically stable structures (Welch et al., 2007;
David et al., 2008). Another strategy is the application of amino acids
with modified side chains that carry additional side chain functionalities.
These amino acids can be used to artificially expand the repertoire of nat-
urally occurring amino acids, thereby providing greater chemical
diversity (Dougherty, 2000). In this context, the incorporation of fluorine
into peptides, in the form of fluorinated amino acids, is of interest. The
unique properties of the fluorine atom often bring about a significant
increase in bioavailability and create a wide variety of new interaction
patterns. However, despite numerous attempts to elucidate the influence
of fluorination on the interactions of amino acid side chains within a
native protein environment, the basic physical and chemical properties of
fluorinated amino acids within such an environment are not fully under-
stood. In particular, the formation of C-F---H-X type hydrogen bonds,
the steric effects of fluoroalkyl groups, as well as the so-called “fluorous
effect’ are still topics of debate. A detailed understanding of these proper-
ties, however, is essential for the successful application of fluorinated
amino acids to peptide and protein design. Especially comprehensive
information about specific interactions between these building blocks
and the canonical amino acids is needed for the construction of peptides
and proteins that engage in specific types of molecular recognition. In
this respect, model systems that allow sensitive detection of the influence
of fluorinated amino acids on peptide conformation and stability are
required.

One peptide folding motif that provides such a model system is
the o-helical coiled coil (Hakelberg and Koksch, 2007). Over the past
decade, different groups have incorporated various fluorinated amino
acids into different coiled coil systems and investigated their effect
on stability and interaction specificity. Some of the most interesting
results of these studies, from our perspective, are highlighted in this
chapter.
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2.2 The a-Helical Coiled Coil as a Model System
to Investigate Fluorinated Amino Acids within
a Native Protein Environment

Coiled coils, also called ‘leucine zippers), are small helical proteins that are
composed of two to seven «-helices forming left-handed super-coiled
oligomers (Woolfson, 2005). They have a broad range of biological func-
tions (Mason and Arndt, 2004), making them attractive candidates for the
development of peptide-based drugs. As structural components of many
DNA-binding proteins, e.g. JUN, FOS and GCN4, they play an important
role in gene transcription. Long coiled coils may serve as molecular springs
and as scaffolds that make up the cytoskeleton (Rose and Meier, 2004).
Moreover, coiled coil structures are also involved in the membrane fusion
of viruses such as HIV-1 with host cells (Esté and Telenti, 2007). Figure 2.1
shows the X-ray crystal structure of the GCN4 leucine zipper as an exam-
ple of a biologically relevant coiled coil (O’Shea et al., 1991).

The predictable quarternary structure of coiled coils derives from a
rather sophisticated primary structure that consists of a repetitive alignment

(b)

Figure 2.1. (a) Crystal structure of the GCN4 leucine zipper (PDB code 2ZTA), (b) GCN4
backbone viewed from the N- to the C-terminus along the superhelical axis, (c) helical
wheel representation of (b) depicting the heptad repeat pattern (reproduced from
M. Salwiczek 2010 with permission, Copyright © 2011 Mario Salwiczek).
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of seven residues termed (abcdefg),,, where n indicates the number of these
heptad repeats. In dimeric coiled coils the a- and d-positions are mainly
occupied by bulky hydrophobic residues, such as leucine, isoleucine and
valine that provide the driving force for folding and oligomerisation. The
remaining residues are usually hydrophilic, with the e- and g-positions
mostly containing charged amino acids. These form interhelical salt-bridges
that further contribute to stability and, in addition, mediate folding speci-
ficity (parallel vs. antiparallel and homo- vs heterooligomerisation). In
contrast to higher-order oligomers, the b-, c- and f-positions in dimeric
coiled coils are not involved in interhelical interactions. In the unfolded pep-
tides, the hydrophobic a- and d-residues are evenly distributed over the
peptide sequence. However, in the ot-helical conformation, which effectively
comprises 3.5 residues per turn in the case of coiled coils, the a- and d-
positions are localised to one face of the helix. The other mainly hydrophilic
residues make up the other faces of the helix. This spatial separation of
hydrophobic and hydrophilic residues renders the molecules highly
amphiphilic. As the a- and d-residues interact unfavourably with water,
oligomerisation is the consequence of the formation of a hydrophobic core.

The ability to predict coiled coil structures based on their primary
sequence, their facile synthetic accessibility, sufficient sensitivity to substi-
tutions and our knowledge of high-resolution structures (see Moutevelis
and Woolfson (2009) for a periodic table of coiled coil structures) make
them excellent models with which to study the interactions of non-natural
amino acids, including those carrying fluorinated side chains, within a nat-
ural protein environment (Jackel et al., 2004, 2006; Salwiczek et al. 2009).
Accordingly, an important part of our knowledge about the impact of flu-
orinated amino acids on the folding and stability of peptides and proteins
originates from investigations using coiled coils and helix bundles.

In 2001, the laboratories of Kumar and Tirrell incorporated several tri-
fluoromethyl-containing amino acids into different leucine zipper peptides.
Substitution of leucine residues in the d-positions of the peptide GCN4-p1
by 5,5,5-trifluoroleucine (5-TFL) increased the thermal stability of the
coiled coil structure. The leucine zipper also showed greater resistance to
chaotropic denaturants, while retaining its DNA-binding ability (Tang et al.,
2001b). Additionally, substitution of 4,4,4-trifluorovaline (4-TFV) for valine
at three a-positions yielded a coiled coil peptide with a complete fluorous
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core and increased the thermal stability of this structure by 15°C (Bilgicer
et al.,2001a). A similar effect was observed after substitution of six d-positions
within a 74-residue coiled coil peptide by 5-TFL (Tang et al, 2001a).
The increase in thermal stability caused by this modification was enhanced
by an additional 9°C when 5,5,5,5",5,5"-hexafluoroleucine (HFL) was
placed in position d instead of 5-TFL (Tang et al., 2001c). As the exclusion
of hydrophobic leucine side chains from the aqueous environment is the
main driving force for coiled coil formation (Grigoryan et al., 2008), the
replacement of these residues by highly hydrophobic, fluorinated analogues
significantly increases the coiled coil stability, which is consistent with the
more stabilising effect of HFL compared to TFL. Similar effects were
observed for hydrophobic core fluorination of four-helix bundles. Marsh
and coworkers have incrementally incorporated HFL into the hydrophobic
core of an antiparallel four-helix bundle, resulting in a gradual increase in
thermal stability that directly correlates with the content of HFL-residues
within the hydrophobic core (Lee et al., 2004, 2006).

However, denaturation studies on GCN4 variants carrying 5,5,5-tri-
fluoroisoleucine (5-TFI) or 4-TFV residues at four of the a-positions led
to remarkable results (Son et al, 2006). While the melting temperature
increases by 27°C when isoleucine is replaced by 5-TFI, the difference in
melting temperature is only 4°C between peptides containing 4-TFV and
those containing valine. The same trend in stability was observed by chem-
ical denaturation. On the other hand, the affinity and specificity of DNA
binding were essentially similar to the unfluorinated peptides. The authors
attributed the distinct difference observed for 5-TFI and 4-TFV to
entropic as well as packing effects of the amino acid side chains. Because
of its increased steric bulk, the trifluoromethyl group of 4-TFV provokes
steric clashes between the helix backbone and valine’s y-methyl group and
probably compensates the gain in stability which is caused by its enhanced
hydrophobicity. Furthermore, the special side chain packing of isoleucine
in a and a’ positions of parallel coiled coil dimers possibly allows more
complete burial of the trifluoromethyl group of 5-TFI.

In addition to the structural stabilisation imparted by fluorination of
homooligomeric coiled coils, the successful construction of self-sorting
peptides could also demonstrate a unique property of fluorinated amino
acids, often called the ‘fluorous effect’. Related to the phase behaviour of
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perfluorocarbons, their hydrophobicity and lipophobicity drive fluoroalky-
lated side chains to separate in an aqueous as well as a lipid environment.
Such behaviour was shown for HFL, which was incorporated into a de novo
designed 30-AA coiled coil peptide (Bilgiger et al., 2001, 2002). In the pep-
tide denoted H, seven of eight a- and d-positions are occupied by leucine.
These residues were changed to HFL, forming peptide F. Both peptides
were equipped with a Cys-Gly-Gly linker to enable disulfide bond forma-
tion between both helices and disulfide bridged HF heteromers were
formed. Incubation under appropriate redox conditions decreased the con-
centration of HF-heteromers while an increase in the formation of HH and
FF homomers was observed. The formation of homomers was also
preferred when reduced H and F monomers were mixed in redox buffer

(Fig. 2.2(a)). Besides the preferred formation of homomers, a significant
increase in the melting point of FF dimers (82°C) compared to the HH
homomers (34°C) and HF heteromers (36°C) was observed.

SH

Figure 2.2. (a) Self-sorting of fluorinated coiled coil peptides. HFL in position a and d is
highlighted in grey; lysine is highlighted in dark grey, glutamic acid in light grey (accord-
ing to Bilgicer et al., 2001b). (b) Self-sorting of fluorinated transmembrane helices. HFL is
highlighted in grey (according to Bilgicer et al., 2004).
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The directed self-assembly of highly fluorinated helical peptides was
also demonstrated in a membrane environment by the same group
(Bilgicer et al., 2004). Incorporation of HFL into the a- and d-positions of
the unpolar transmembrane region of a 29-AA peptide resulted in dimeri-
sation of the previously monomeric helices within a membrane-like
environment (Fig. 2.2(b)).

Both experiments not only impressively show the possibility to induce
self-aggregation of peptides by the incorporation of fluorinated amino acids,
but also demonstrate that an increase in hydrophobicity is not the sole driv-
ing force for stabilisation of coiled coil structures. Although other studies did
not provide any evidence for specific interactions between fluorinated amino
acids (Lee et al., 2004, 2006), there is proof that the fluorous effect plays an
important role in structurally stabilising fluorinated coiled coils.

However, the approaches described so far were focused on the effects that
a spacious fluorination has on coiled coil structures. Because specific interac-
tions between fluoroalkyl groups and their tendency to self-assemble seem to
significantly affect the properties of highly fluorinated peptides, such studies
yield limited insight into the effects fluorinated amino acids show when
embedded in a native protein environment. While the extended fluorination
of coiled coil structures is generally associated with a remarkable increase in
stability, the incorporation of a single fluoroalkylated amino acid often shows
different effects (Jackel et al., 2004). Investigations of non-natural amino acids
within a defined protein structure provide useful information about their bio-
physical properties, such as size or polarity. Such an investigation, in which
single fluoroamino acid substitutions within the hydrophobic core of a coiled
coil structure were studied, is described in detail in the following section.

2.3 Single Fluoroamino Acid Substitutions within a Heterodimeric
Coiled Coil

2.3.1 The o-helical coiled coil as a model for a natural protein
environment

The coiled coil shown in Fig. 2.3 serves as a model system for the study of
the effects of single fluoroamino acid substitutions at two different posi-
tions within the hydrophobic core. It has been designed to form parallel
heterodimers where peptide VPE is an exclusively native interaction
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Figure 2.3. Helical wheel and sequence representation of the parental VPE-VPK dimer.
The substitution positions a;s and d,¢ in VPK are highlighted with a grey square and a grey
circle, respectively.

partner for different analogues of VPK, which carries fluorinated substitu-
tions either at position a4 or djo within the hydrophobic core. VPK
peptides with leucine at the substitution position serve as references.

Although the calculated van der Waals (VdW) volumes of the isopropyl
and the trifluoromethyl group (56.2 A% vs39.8 A, according to Zhao et al.
(2003)) clearly disprove isosterism, their steric effects were shown to be
nearly identical (Bott et al., 1980; de Riggi et al., 1995). Thus, leucine at the
respective substitution position was replaced by (§)-2-aminobutanoic acid
(Abu) and its fluorinated analogues MfeGly, DfeGly and TfeGly, with the
latter carrying a trifluoromethyl group instead of an isopropyl group at the
B-carbon (Fig. 2.4). A further increase in spatial demand was achieved by
substituting DfpGly for Leu.
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COOH COOH COOH H,N™ "COOH COOH COOH

Abu MfeGly DfeGly TfeGly DfpGly Leu

Figure 2.4. Chemical structures of (S)-2-aminobutanoic acid (Abu), its fluorinated
analogues (S)-2-amino-4-fluorobutanoic acid (MfeGly), (S)-2-amino-4,4-difluorobutanoic
acid (DfeGly) and (S)-2-amino-4,4,4-trifluorobutanoic acid (TfeGly) as well as (S)-2-amino-
4,4-difluoropentanoic acid (DfpGly) and leucine (Leu). The abbreviations of the fluorinated
amino acids derive from regarding them as ethyl and propyl substituted glycines, respectively.

2.4 Biophysical Characterisation of the Interactions
2.4.1 Hydrophobicity of the fluorinated amino acids

The impact of fluorination of organic molecules on their hydrophobicity
generally depends on the molecular structures under investigation (Smart,
2001). Although aromatic and olefinic fluorination as well as the perfluo-
rination of alkyl side chains increases hydrophobicity, a contrary effect is
often observed when alkyl side chains are partially fluorinated and still
carry hydrogen atoms in close proximity to the fluorine substitutions.

An RP-HPLC assay combined with theoretical calculations reveals that,
in comparison to their hydrocarbon analogues, the partitioning into aque-
ous environment of the fluorinated amino acids used here is more favoured
(Samsonov et al., 2009). Table 2.1 summarises the retention times of Fmoc-
protected analogues of the canonical aliphatic amino acids Gly, Ala, Val, Ile,
Leu and Abu as well as of all the fluorinated amino acids. As shown in
Fig. 2.5, the retention times for amino acids carrying hydrocarbon side chains
correlate very well with the VAW volume of their side chains. The data for
the fluorinated analogues of Abu (MfeGly, DfeGly and TfeGly) as well as
DfpGly do not fit into the plot shown in Fig. 2.5. Fluorination clearly
increases the volume of the side chain. However, due to the strong polarisa-
tion of the adjacent hydrogen atoms and the strong dipole moment of the
C-F bond, the fluorinated amino acids exhibit unique electronic properties.
If side chain volume was the sole factor in determining hydrophobicity, one
would expect MfeGly, DfeGly and DfpGly to be less polar than they are;
TfeGly could be considered slightly hyper-hydrophobic. Nevertheless, a
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Table 2.1. Retention times of the Fmoc-protected native
aliphatic amino acids, Abu and its fluorinated analogues.

Amino acid VAW volume? (A3) rt® (min)

Hydrocarbon side chains

Gly 7.2 8.6
Ala 24.5 9.8
Abu 41.8 11.4
Ile 76.4 15.3
Leu 76.4 15.6

Fluorinated side chains

MfeGly 47.6 10.7
DfeGly 53.9 12.1
TfeGly 60.1 13.6
DfpGly 71.3 12.8

2The VAW volume corresponds to the (fluoro)alkyl groups
attached to the B-carbon of the amino acid and is based on cal-
culations according to literature procedures (Zhao et al., 2003).

b Retention time on a Capcell-PAK C;g column (5 pm) applying a
linear gradient from 40% to 70% acetonitrile in water containing
0.1% TFA with a flow rate of 1 mL/min at room temperature.

closer look at the Abu analogues reveals that the retention time of fluori-
nated amino acids increases more by stepwise fluorination than it does by
simply increasing the volume via elongation or branching of the side chains.

Thus, two effects must be considered: (1) fluorination polarises the side
chain and renders the amino acids more polar and (2) this effect becomes
progressively less pronounced with increasing fluorine content. These find-
ings are also reflected by the theoretically calculated differences in hydration
energies (AAE™) between the fluorinated amino acids and structurally
equivalent non-fluorinated counterparts (Table 2.2). Negative values for
AAEM indicate a more favourable interaction of the fluorinated amino acids
with water. In agreement with the retention times, this difference decreases as
the fluorine content increases. This observation can be explained by fluorine
being a weak hydrogen bond acceptor (Dunitz et al., 2006) and by the impact
of fluorination on the overall polarisability of the molecules. Because fluorine
is itself a very weakly polarisable atom and very electronegative, it also lowers
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Figure 2.5. Retention times of the Fmoc-protected amino acids plotted against the VAW
volume of the side chains. Non-fluorinated amino acids are represented by closed circles
and the correlation between side chain volume and retention time is shown as a solid black
curve that can be described as an exponential equation (rt = §.¢%009VdW volumey The fly;o-
rinated amino acids are represented by open circles.

Table 2.2.

20 40

VdW volume (A%)

Hydration energy differences between fluorinated and non-

fluorinated amino acids.

Fluorinated residue

Non-fluorinated residue

AABYY (kcal mol™)?

MfeGly
DfeGly
TfeGly
DfpGly

Abu
Abu
Abu
Propyl glycine

-2.5
-0.9
-0.5
-0.9

 Difference between hydration energies of the fluorinated and the non-fluorinated

residues in TIP3 water (Samsonov et al., 2009).

the polarisability of adjacent C—C and C-H bonds (Biffinger et al., 2004). As
a consequence, hydrogen bond, dipole—dipole as well as London dispersion
interactions of the side chains with water become progressively weaker as the

number of fluorine atoms increases.
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The hydrophobic effect and, accordingly, the hydrophobic residues
within a polypeptide chain, strongly affect its folding and stability. Having
summarised the general properties of the fluorinated amino acids in this
respect, the next two sections will provide detailed insight into the conse-
quences of the stereoelectronic effects of fluorination on the interactions
of fluorinated amino acids with native residues in the hydrophobic envi-
ronment of the above described heterodimeric coiled coil.

2.4.2 The impact of fluorine substitutions on coiled coil structure

The effects of single amino acid substitutions on the structure of a protein
can be easily probed by applying CD spectroscopy. Helical proteins show
characteristic CD spectra with two distinct minima, at 208 nm and 222 nm
(Venyaminov and Yang, 1996), the latter of which is used to calculate the hel-
ical fraction (fi;) given as a percentage according to Eq. 2.1 (Chen et al,, 1974).

[6]-100

—39,500-(1—2'57)
n

(2.1)

fu=

Here, [6] is the experimentally determined mean residue ellipticity at 222
nm and # the number of residues. Figure 2.6 shows the CD spectra of all
the VPE-VPK dimers (Fig. 2.3) substituted at either position a;¢ or posi-
tion d,q (Salwiczek et al., 2009).

The CD spectra are similar regarding their characteristic shape, but the
differences in intensity indicate that the substitutions do have an impact on
the structure of the VPE-VPK dimer that is quantified by the helical frac-
tions given in Table 2.3. The helical content of the different dimers ranges
from 49% to 83% for substitutions at position a;¢ and 59% to 72% for
those at position d;o. With the exception of MfeGly, which generally yields
the most helical dimer, the fluorinated analogues of Abu (DfeGly and
TfeGly) reduce helicity. The helical content of the DfpGly substituted pep-
tides is nearly equal to those carrying leucine in the respective positions.
Nevertheless, there are no clear trends pointing to a correlation of side
chain volume, hydrophobicity or fluorine content and helicity of the coiled
coil. It has been shown that some highly fluorinated amino acids, such as
hexafluoroleucine and TfeGly exhibit lower helix propensities than their
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Figure 2.6. CD spectra of 20 pM solutions of the different VPE-VPK dimers at 20°C, pH
7.4 (100 mM phosphate buffer): (a) substitutions at position a;s and (b) substitutions at

position dg.
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Table 2.3. Helical content of the VPE-VPK dimers.

Amino acid [6]2220m (deg cm? dmol™) fu1 (%)

Position a4

Val —26 274 72
Leu —22937 63
Abu —25 004 68
MfeGly —-30 462 83
DfeGly -18 119 49
TfeGly —18 900 52
DfpGly —-23 100 63
Position d;o

Leu —26 274 72
Abu —21929 60
MfeGly —26 288 72
DfeGly —21 582 59
TfeGly —20 122 55
DfpGly —22 449 61

hydrocarbon analogues, which means that their preference to adopt a con-
formation that is best suited for o-helices is low (Chiu et al., 2006, 2007).

However, the general conclusion that fluorinated amino acids dis-
favour a helical conformation and consequently have a negative impact on
the stability of the coiled coil discussed here is clearly disputable for two
reasons. First, coiled coil folding is mainly driven by the hydrophobic
effect that forces the a- and d-positions of the adjacent monomers to form
the hydrophobic core. Coiled coil helix formation is a consequence of
these interactions rather than an intrinsic property of the monomeric
peptides. Second, if helix propensity as measured in single helices was the
sole property in determining whether an amino acid prefers a helical con-
formation in the context of a coiled coil, then one would expect the same
trend in helicity at both substitution positions. However, a comparison of
the helical content especially for the fluorinated residues reveals different
trends.

While DfeGly yields the least helical dimer at position a4, the trend is
reversed for position d,9 where TfeGly yields the least helical dimer. Also,
according to the literature, Abu exhibits a roughly 0.1 kcal mol™ higher
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helix propensity than leucine (Chiu et al, 2006). Within the coiled coil,
Abu as a substitute for Leu indeed increases helical content at position a;¢
but it decreases it at position d;g. These findings suggest that the effects of
substitutions on the coiled coil structure cannot primarily be explained by
helix propensity. Rather, they depend on the immediate environment of
the substitution and the molecular interactions within the dimer.

As discussed in the next section, helicity does not correlate with the
stability of these coiled coil structures.

2.4.3 The impact of fluorine substitutions on the thermodynamic
stability of the dimer

The CD signal at 222 nm is a quantitative measure of helicity and thus
structural integrity. Recording the temperature dependence of this sig-
nal allows monitoring of the unfolding of the coiled coil structure.
Assuming a two-state equilibrium unfolding, the resulting melting
curves can be mathematically fitted to yield the thermodynamic param-
eters T,,, AH,,,, AG that describe the unfolding process. Here, T}, is the
midpoint of the thermal unfolding transition (melting temperature)
defined as the point where 50% of the coiled coil is unfolded, AH,,, is the
enthalpy change at the melting temperature and AG® is the standard
free energy of unfolding extrapolated from AG and is the direct meas-
ure of stability. The equilibrium for the dimer to monomer transition
can be described as follows:

AG°=AG-RTInK,, (2.2)

where K, is the equilibrium constant at T,,. Applying the Gibbs—Helmholtz
equation to describe AG and specifying K, for a dimer to monomer
transition yields Eq. 2.3:

AG°=AH,, |1- L +AC,{T~T,,~T"In T RTIn2iDy)
T, T, 03)

The fitted melting curves of all the VPE-VPK variants are shown in Fig. 2.7.
To enable qualitative and quantitative comparison of both substitution
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Figure 2.7. Melting curves of the different VPE-VPK dimers fitted to a monomer—dimer
equilibrium at 20 uM overall peptide concentrations (pH 7.4, 100 mM phosphate buffer):
(a) substitutions at position a;4 and (b) substitutions at position d,.
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Table 2.4. Melting temperature and thermody-
namic stability of the VPE-VPK dimers.

Amino acid T,, (°C) AG°(kcal mol™)?

Position a

Leu 77.9 13.8
Abu 65.9 11.5
MfeGly 63.5 10.3
DfeGly 66.9 11.5
TfeGly 69.0 11.5
DfpGly 69.3 12.3
Position d;o

Leu 71.3 11.7
Abu 53.7 9.6
MfeGly 52.0 8.9
DfeGly 56.9 10.0
TfeGly 55.3 9.9
DfpGly 57.9 10.0

2 Standard state: 1 M, 101325 Pa, 298 K at pH 7.4 (100 mM
phosphate buffer).

positions, we use the peptides that carry Leu at the respective substitution
position as references. At both position a;¢ and position d,, the substitu-
tion of Leu by Abu, its mono-, di- and trifluorinated analogues as well as
DfpGly decreases the thermodynamic stability of the coiled coil (Table 2.4).

At position a4, the notable reduction of hydrophobic side chain vol-
ume going from Leu to Abu, although increasing helicity, decreases
stability by more than 2 kcal mol™'. Monofluorination of the Abu-side
chain results in a pronounced increase in helicity. However, because
MfeGly represents the most polar substitution in this series, hydrophobic
interactions within the core are strongly disturbed, which is shown by a
further reduction in stability of approximately 1 kcal mol™. This example
shows that the interactions within the coiled coil are more important for
stability than helix propensity per se. The increasing side chain volumes
and hydrophobicities of DfeGly and TfeGly increase stability, to the level
of the Abu peptide, although they are the least helical variants in this
series. The DfpGly substituted peptide, closest to Leu in helicity and side
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chain volume, though more stable, is still less stable than the Leu peptide
by more than 1 kcal mol~". In this case, the increased volume of the side
chain and the higher helicity of the oligomer seem to outweigh the disad-
vantageous property of DfpGly being markedly more polar than Leu and
TfeGly.

At position d,, the effects of the substitutions are generally less pro-
nounced than at position a;. The replacement of Leu by Abu again, albeit
to a lesser extent, destabilises the coiled coil structure. Comparable to posi-
tion a,, monofluorination of the Abu side chain at position d;q increases
helicity but reduces stability. Some stability is recovered by introducing the
decreasingly polar and bulkier DfeGly and TfeGly residues. In contrast to
position a;¢, the incorporation of DfpGly, in spite of having similar helical
content to that of the Leu peptide, does not lead to stabilisation of the
coiled coil.

The general decrease in stability that is shown for all of the fluorinated
peptides may be explained by various arguments. Helix propensity is a fac-
tor that surely affects the stability of a helical fold. However, if we only take
the example of the MfeGly substituted peptides, the most helical but least
stable, we can conclude that helix propensity is a less important factor
here. The main driving force for oligomerisation and stability of coiled
coils is the hydrophobicity and spatial demand of the residues at the a- and
d-positions (Wagschal et al., 1999; Tripet et al, 2000). The fluorinated
amino acids used here are smaller and less hydrophobic than leucine,
which serves as the reference. This explains the generally observed
decrease in stability. The differences between position a;4 and position d;g,
with regard to stability trends, can only be explained by their significantly
different packing characteristics (Monera et al., 1993). Figure 2.8 demon-
strates an example of the packing of TfeGly at position a;4 and position d;9
that was generated from molecular dynamics simulations (Salwiczek et al.,
2009). In parallel coiled coils, the a-positions pack against the a’-positions
of the opposite strand in a parallel manner, causing the C,—Cg vectors to
point away from each other and out of the hydrophobic core. In contrast,
the parallel packing of the d-positions against d’-positions of the opposite
strand results in these vectors pointing towards each other and into the
hydrophobic core. These dissimilarities in side chain packing result in
unequal stability trends for both substitution positions. There is a slight
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(b)

Figure 2.8. Representation of the different packing of the residues at (a) position a; and
(b) position dq using the example of TfeGly. The grey arrows indicate the C,~Cg vectors
that have a significantly different orientation towards each other at both substitution posi-
tions. (Reproduced from Salwiczek et al., 2009.)

correlation of stability with spatial demand of the fluorinated residues at
position a;¢ because DfpGly, with a side chain rather similar to Leu, yields
the most stable fluorinated coiled coil. At position d;9, however, the
increase in side chain volume has no effect on stability and all the fluori-
nated peptides, except for those carrying the highly polar MfeGly, are
equal. An explanation can be found if we compare the fluorinated amino
acids regarding the position of the fluorine atoms. All of them carry fluo-
rine substitutions at the y-carbon atom, which strongly polarises the
respective [-methylene groups. As explained above, these polarised
[B-methylene groups point away from the B-methylene groups of the inter-
action partner at position a while they point towards them at position d.
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Also, the Cg—Cy distance is roughly 1 A shorter at the d-positions. As a
consequence, the interaction partners of the amino acids at position d;g
may experience a stronger impact of these polar methylene groups than
the interaction partners of position a;q that may in turn outweigh the
advantage of increasing the spatial demand of the side chain.

In summary, investigations using this heteromeric coiled coil dimer
as a model for a natural protein environment suggest that the impact of
fluorine-induced polarity in aliphatic amino acids highly depends on the
immediate microenvironment of the substitutions. In quaternary structures
such as the coiled coil, the predefined backbone conformation determines to
a great extent the orientation of the side chain and therefore the dipoles that
are associated with fluorination. However, the final conformation and thus
the impact of fluorination remain hard to predict and to generalise. An
approach that may help in finding the ideal interaction partners for fluori-
nated amino acids is to screen for fluorophilic residues within the pool of
genetically encoded amino acids by applying phage display technology. A
phage display based screening system that relies on the same coiled coil
model has also been established and will be described in the next section.

2.5 Screening for Native Interaction Partners

Phage display has proven to be a powerful tool for the investigation of molec-
ular recognition (Kehoe and Kay, 2005). Besides the screening of distinct
interactions, such as protein—-DNA, protein—protein and protein—peptide
interactions, this approach has also been successfully applied to determine
specifically interacting coiled coil structures (Lai et al, 2004; Hagemann
et al., 2008). In general, a peptide (or protein) is displayed on the surface
of a bacteriophage (a virus that infects bacteria) particle, while the DNA
which encodes for this peptide is contained within the particle. Saturation
mutagenesis enables randomisation of defined sections of this peptide and
the construction of comprehensive phage-displayed peptide libraries. By
virtue of specific interactions between a ligand of choice and the displayed
peptide, an individual phage can be enriched and selected from the library.
Subsequently, the selected phage can be amplified by infection of bacteria
and the primary structure of the displayed peptide can be determined by
sequencing the DNA.
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Within the scope of investigating the interaction pattern of fluori-
nated amino acids, this technique was applied in our laboratory only
recently. Based on the VPK—VPE model, a screening system for the evalu-
ation of specific interactions within the coiled coil hydrophobic core was
established (Vagt et al., 2009). While VPK carries the non-natural amino
acid, VPE was presented on the surface of bacteriophage M13 and used for
library construction. Non-natural amino acids were investigated at posi-
tion a;¢ within VPK (Vagt et al., 2010). According to this, a VPE library was
constructed in which the interaction partners of the fluorinated amino
acids, which are located in VPE, constitute the randomisation positions for
the library (Fig. 2.9). For construction of the library, the amino acid posi-
tions d’},, @’ and d’;9 in VPE, which represent the direct interaction
partners within the hydrophobic core packing, as well as position g’;5,
which can also interact with the fluoroalkyl substituted amino acid in a;¢
were randomised.

The resulting VPE library was fused to the minor core protein plIl on
the surface of bacteriophage M13. The VPK variants, which are substituted

A, Koo E,, S31 VPE i
st Ezz I-az Vaa K27 A24
A, Kis L V,, = S,
S, Ko foo - E: A o
A, Ko Le V, E; S,
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E K;
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Figure 2.9. Schematic representation of the VPE library used for the selection of preferred
binding partners of fluorinated amino acids in position a,s of VPK. (a) Helical wheel pres-
entation. Substitution position a4 in VPK is marked by a grey circle while the randomised
positions in the corresponding VPE library are highlighted by grey squares. (b) Schematic
side view (according to Vagt et al., 2010).
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in position a4, were elongated by biotin-Gly-Ser-Gly to allow immobilisa-
tion on streptavidin coated surfaces and served as targets in library
screenings. Coiled coil pairing selectivity was used to select for individual
binding partners for the different substituted VPK peptides of the corre-
sponding VPE library. Irrespective of the nature of the fluorinated amino
acid within the hydrophobic core of VPK, very similar interaction partners
were selected. In each case, predominantly hydrophobic amino acids were
found in all of the randomised positions.

The peptide sequences selected by phage display as binding partners
for the a4 modified VPK peptides follow the pattern Leu(12)Leu(15)
Me(16)Tyr(19) or Leu(12)Tyr(15)Ile(16)Leu(19) (Table 2.5), which
match the VPE variants selected as binding partners for the VPE wild
type. The selection of leucine, already present in the d-positions of wild
type VPE, is in agreement with the general preference of this amino acid
in d-positions of the parallel coiled coil dimer. The selection of isoleucine
in position a;¢ can be easily explained by the fact that hydrophobic, -
branched amino acids are the most stabilising amino acids in a-positions
of parallel coiled coil peptides. However, the finding of tyrosine in g;5 and
d;9 was somewhat unexpected. We consider the possibility of cation—n
interactions between tyrosine and lysine in the opposite g-positions of
VPK, which favour selection of this amino acid (Gallivan and Dougherty,
1999).

The three most frequently selected VPE peptides were chemically syn-
thesised and all combinations of coiled coil pairs were investigated by CD
spectroscopy. As expected, thermal denaturation revealed a distinct
increase in thermal stability for the selected VPE variants in combination
with each of the substituted VPK peptides. However, while the frequency

Table 2.5.  Amino acids selected in the randomised positions in VPEj,rary.a16 as preferred
binding partners for DfeGly, DfpGly and TfeGly in position a, of VPK.

Position d’;, Position g’;5 Positiona’;y;  Positiond’;o
Val Leu Tyr or Leu Ile Tyr or Leu
DfeGly Leu Hydrophobic amino acids Ile Tyr or Leu
DfpGly Leu Leu Ile Leu or Tyr

TfeGly Leu Leu or Tyr Ile Tyr or Leu
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Figure 2.10. Comparative illustration of the thermal stability of the different VPK
peptides substituted in position a;s by DfeGly, DfpGly and TfeGly in combination with
the VPE variants selected by phage display. For melting points see Table 2.6 (according to
Vagt et al., 2010).

with which the different peptides were selected as interacting partners for
DfeGly, DfpGly and TfeGly slightly differed, each VPK variant, including
the wild type, formed the most stable coiled coil in combination with
VPE-L;51;¢ (Fig. 2.10). This result demonstrates that, despite the differ-
ences in size and hydrophobicity of these building blocks, DfeGly, DfpGly,
TfeGly and Val prefer the same amino acids as interaction partners within
the hydrophobic core of a parallel coiled coil.

Figure 2.10 illustrates the thermal stability of the VPK variants substi-
tuted in position a;¢ in combination with the selected VPE peptides.
Besides the loss in stability resulting by incorporation of a single fluori-
nated amino acid within the hydrophobic core, the compensation of this
effect by rearrangement of the corresponding amino acid positions in VPE
is conspicuous. The substituted VPK peptides clearly prefer the same VPE
peptide as the wild type.
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Table 2.6. Thermal stability (melting points in °C) of the different VPK
peptides substituted in position a;¢ by DfeGly, DfpGly and TfeGly in combi-
nation with the VPE variants selected by phage display.

VPE-Lsl,s,  VPEY;l,,  VPE-L,lY,, VPE

Val 74.9 74.0 72.1 72.4
TfeGly 74.4 70.3 69.0 69.4
DfpGly 74.2 70.9 70.4 70.1
DfeGly 73.3 67.5 65.3 63.9
Peptide

VPE-L;sl;6 H-EVSALEKEVASLEKLISALEKKVASLKKEVSALE-OH
VPE-Y 5l H-EVSALEKEVASLEKYISALEKKVASLKKEVSALE-OH

VPE-L;sI16Y1 H-EVSALEKEVASLEKLISAYEKKVASLKKEVSALE-OH

As for the three hydrophobic core positions, mostly hydrophobic
amino acids were selected in position g’;5. The resulting extension of the
hydrophobic interface possibly minimises the effect caused by the inves-
tigated fluorinated amino acids by an additional stabilisation of the coiled
coil structure. It could also alter the oligomerisation state of the coiled
coil structure which complicates analysis and comparison of the sta-
bility of the different coiled coil couples. According to this, a second VPE
library was constructed in which exclusively the three amino acid posi-
tions within the hydrophobic core of VPE (d’y,, a’ys d’y9) were
randomised. Screening of this library yielded the same VPE variant as
best binding partner for the substituted VPK peptides and the VPK wild
type respectively. The amino acids in the variable amino acid positions
of this VPE variant follow the pattern Leu(12)Ile(16)Leu(19), which,
aside from position g’;5, in principle match the peptide sequence
selected from the first library. However, the phenotypes selected from
the decreased library for the DfeGly, DfpGly and TfeGly substituted
VPK peptides practically show no variance. Exclusively leucine occurred
in position d’, and d’;¢, while for the extended VPE libraries also tyro-
sine was selected in these positions (Vagt et al., 2010). This observation
confirms the assumption that the selection of aromatic amino acids
in position d’j9, as observed during the panning using the extended
library, only correlates with the extension of the hydrophobic interaction



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/01/13. For personal use only,

Molecular Interactions of Fluorinated Amino Acids 57

surface and is not characteristic for the different fluorinated amino acids
incorporated into VPK.

In summary, substitution of DfeGly, DfpGly or TfeGly in a central a
position of a parallel coiled coil peptide results in the same arrangement
of the corresponding peptide strand as for the naturally occurring amino
acids valine and leucine. Despite differences in steric demand and
hydrophobicity of these building blocks, their preference for interaction
partners seems to be the same as that of canonical aliphatic amino acid
side chains.

2.6 Conclusions and Outlook

In this chapter, the systematic study of the influence of fluorinated amino
acids on peptide secondary structure using an o-helical coiled coil peptide
model system is reviewed. As the hydrophobic recognition domain of this
folding motif reports on even minor alterations with sufficient sensitivity,
it serves as a versatile model for the systematic study of non-natural amino
acids within a native protein environment. Extensive incorporation of tri-
fluoromethyl containing amino acids generally causes structural
stabilisation of the o-helical coiled coil. The higher hydrophobicity of
these amino acids as well as the specific interactions of fluorinated side
chains with each other is responsible for this effect. Thus, fluorinated ana-
logues of naturally occurring amino acids can be used to effectively direct
the nature and stability of peptide folding.

On the other hand, single substitutions of fluorinated amino acids
reveal different properties and often exert a destabilising effect. In com-
parison to canonical aliphatic amino acids, the side chains of their
fluorinated analogues are often characterised by both hydrophobicity and
polarity. Because the impact of each effect can hardly be evaluated sepa-
rately, it is not possible to predict how the incorporation of fluorinated
amino acids will affect peptide and protein stability.

Moreover, the influence of single non-natural amino acids strongly
depends on the peptide and protein environment itself. Mutagenesis studies
using a parallel coiled coil have shown that partially fluorinated amino acids
(not more than three fluorine atoms) prefer the same interaction partners
as canonical aliphatic amino acids. However, as a well defined quarternary
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structure, the o-helical coiled coil motif requires several primary structure
features for its formation, which may limit the range of potential interaction
partners. Besides significant differences in size, hydrophobicity and polarity,
the fluorinated amino acids investigated so far obviously behave similarly to
the canonical aliphatic amino acids like leucine or valine within the
hydrophobic environment of the chosen model system.

Consequently, the rational design of peptides containing fluorinated
amino acids for medicinal use is still challenging. However, the informa-
tion gained from the model studies described in this chapter is useful and,
in combination with the evaluation of further properties such as protease
stability, may enable targeted application of these new building blocks in
peptide and protein design.
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3.1 Introduction

Modification of peptides by the introduction of fluorine-containing func-
tions on the backbone is becoming a very popular and reliable strategy to
improve their binding affinity and metabolic stability (Jackel and Koksch,
2005). The resulting fluorinated peptide mimics often have peculiar bio-
logical, structural and binding properties, largely due to the special
characteristics of fluorine (Kirk, 2006). In this arena, the trifluoromethyl
group has undoubtedly the capacity to bring about the most intriguing
and potentially useful properties, and has therefore been used for several
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conceptually different applications in the field of peptidomimetics (Zanda,
2004). The high chemical stability and the xenobiotic nature of the
trifluoromethyl group are responsible for its outstanding metabolic stabil-
ity. In addition, its strongly electron-withdrawing character is responsible
for the increased electrophilicity of neighbouring functions, such as car-
bonyl groups, as well as for the decreased basicity of proximal amino
groups. More subtle effects, such as the local hydrophobicity, poor hydrogen-
bond acceptor ability, and capacity to undertake multipolar interactions
with positively charged species are responsible for the interesting confor-
mational behaviour of CF;-peptides and the binding to receptor pockets
(Smart, 1994; Mikami et al., 2004; Ma and Cahard, 2008 and references
cited therein). Finally, a rather controversial aspect is represented by the
bioisosterism of the trifluoromethyl group, namely its capacity to act as a
replacement of groups having similar sizes or shapes without substantially
altering key biological properties such as binding affinity. While the success
of this situation seems to vary from case to case, recent evidence (Miiller
et al. 2007) supports the substantial bioisosterism between the CF; and the
ethyl group, while the previously thought isosteric isopropyl group is sug-
gested to be larger (Leroux, 2004; Jagodzinska et al., 2009). This chapter
will discuss several classes of CF;-containing peptide mimics as protease
inhibitors, with an emphasis on the actual effect and role of the trifluo-
romethyl group.

3.2 Peptidyl Trifluoro-Ketones

The peptidyl trifluoro-ketone moiety was introduced by Abeles and
coworkers as a key tool for the inhibition of a number of esterases and
proteases (Gelb et al., 1985). The field has been extensively reviewed and
only the basic concepts and most recent uses of trifluoromethyl ketones
as protease inhibitors will be discussed herein (Sani et al., 2006). In water
trifluoromethyl ketones are known to exist predominantly in their
hydrated form. They are also known to have a strong electrophilic char-
acter. Indeed, they reversibly form rather stable hemiketals with
nucleophiles (Fig. 3.1), including those in the active sites of serine and
cysteine proteases. Thus, trifluoromethyl ketones can behave as tetrahe-
dral transition-state analogues by reacting with a hydroxy or thiol
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Figure 3.1. Trifluoromethyl ketones as protease inhibitors.
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Figure 3.2. Proposed mechanism of inhibition of SARS-CoV 3CL protease trifluoroke-
tone inhibitors.

function of serine and cysteine proteases, respectively, to form in a
reversible manner a tetrahedral hemiacetal intermediate covalently
bound to the enzyme active site.

Among the recent applications of trifluoroketones as protease
inhibitors, the design of severe acute respiratory syndrome-associated
coronavirus (SARS-CoV) 3CL protease inhibitors is of particular
interest (Shao et al., 2008). Several peptidyl trifluoromethyl ketones dis-
played time-dependent inhibition with K; values as low as 0.3 pM after
4 hours of incubation. The proposed mechanism of action of the SARS-
CoV protease (Fig. 3.2), which has a Cys—His catalytic dyad (Cys-145
and His-41), is a covalent attack mechanism peculiar to this class of
inhibitors.

Other structurally related peptidyl trifluoromethyl ketones were also
reported as SARS-CoV 3CL protease inhibitors (Sydnes et al, 2006;
Regnier et al., 2009).

A peptidyl trifluoromethyl ketone was reported to be a submicromo-
lar inhibitor of the Dengue virus NS3 protease (Fig. 3.3) (Yin et al., 2006),
a serine protease, which represents a potential therapeutic target against
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Figure 3.3. Dengue virus NS3 serine protease inhibitor.

the Dengue fever, is a viral disease endemic to most tropical and sub-
tropical regions throughout the world.

3.3 Peptidomimetics Containing the Trifluoroethylamine Function
as Peptide Bond Replacement

Peptide drugs clear faster from the body than non-peptidic small molecule
drugs due to their low bioavailability, which in turn is due to rapid hydrol-
ysis by endogenous proteases, and usually need to be injected rather than
administered orally. Moreover, peptidic drugs are generally more expen-
sive to synthesize and less stable than any small molecule counterparts.
However, they can be much more potent than small molecules, show
higher specificity, and have fewer toxicology problems. They also do not
accumulate in organs or face drug—drug interaction challenges that affect
small molecules (Loffet, 2002).

For the reasons above, the design and synthesis of metabolically stable
peptide analogues that can either mimic or block the bioactivity of natu-
ral peptides or enzymes is an important area of medicinal chemistry and
drug discovery. Replacement of a scissile backbone peptide bond with a
hydrolytically stable replacement constitutes a viable and effective
approach to the rational design of peptide mimics and surrogates. Indeed,
a number of therapeutically useful peptidomimetics incorporating any of
the peptide isosteres that are currently available have been described
(Fletcher and Campbell, 1998).
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Although, many amide replacements are known which retain the
geometry of the amide bond or maintain the hydrogen bond-accepting
properties of the amide, only a few of them are capable of preserving the
hydrogen bond-donating properties of the amide: sulfonamides, anilines,
secondary alcohols, hydrazines and certain heterocycles. The main issue for
identifying a truly effective NH amide replacement can be recast as how to
minimize the basicity of an NH donor so that a NH," moiety is not formed
at physiological pH. In fact, such charged groups are poorly tolerated deep
in the active site of a protein where binding interactions cannot compen-
sate for the energetic cost of desolvation (Black and Percival, 2006).

Some years ago, our group proposed the stereogenic trifluoroethy-
lamine function as a mimic of the peptide bond (Sani et al., 2007). Indeed,
a trifluoroethyl group can replace the carbonyl of an amide and generate
a metabolically stable, essentially non-basic amine that maintains the typ-
ical hydrogen bond donor ability of an amide. The main properties
featured by the trifluoroethylamino group are: (1) low NH basicity, (2) a
CH(CF;)NHCH backbone angle close to 120° (3) a C—CF; bond substan-
tially isopolar with the C=0, (4) structural analogy with the tetrahedral
proteolytic transition state. Furthermore, the sp® hybridization of all the
atoms forming the stereogenic trifluoroethylamine moiety should allow
better adaptation of the atoms to receptors’ active sites, thus optimizing
the energetically favourable interactions (hydrogen bonds, van der Waals,
hydrophobig, etc.).

Our initial work in the field focused on a group of peptidomimetic
structures incorporating a trifluoroethylamine unit replacing the retro-
peptide bond (Volonterio ef al., 2000, 2001, 2002, 2003; Sani et al., 2002).
We then focused on the stereocontrolled synthesis of a new generation
of peptidomimetics, very close to natural peptides, having a fluoroalkyl
backbone modification: W[CH(CF;)NH]Gly-peptides (Fig. 3.4, R=H)
(Molteni et al., 2003, 2009). In this case, the trifluoroethylamine function
replaces a native peptidic amide-bond. These peptidomimetics were
obtained by means of a stereocontrolled aza-Michael reaction involving -
amino acid esters as nucleophiles and activated fluorinated olefins as
Michael acceptors.

More recently this work has been expanded to include novel peptido-
mimetics featuring —CH(Rg)NH- units with different degrees of fluorination
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Figure 3.4. Peptidomimetics incorporating a trifluoroethylamine surrogate of the native
peptide bond.

i R
"CI*H NJ\CO Y YR
X NO 3 2
KX > ON NJ\CO v
F F DIPEA, toluene H 2
X =H, CHs, F, Cl, Br, CFg d.r.upto12:1 when X =F

NO, reduction

F
R F~NX R
. 1 H
then coupling N )\
—— > CbzHN N~ "COY
o H

Figure 3.5. Synthesis and elaboration of fluoroethylamine aza-Michael adducts into the
target peptidomimetics.

(Bigotti et al., 2008a,b). The key step in the synthesis was a stereoselective
aza-Michael addition of chiral oi-amino acid esters to B-fluoroalkyl-o.-
nitroethenes (Fig. 3.5). The diastereoselection of the process was influenced
by the electronegativity, rather than by the steric bulk of the fluorinated
residue Rg in the B-position of the nitroalkene acceptors. Replacement of
a single F atom of Rg by a hydrogen or methyl group resulted in a dramatic
drop of stereocontrol, whereas Br, Cl and CFj, albeit bulkier than F, pro-
vided results only slightly worse in terms of stereocontrol.

Very recently, we found that a trifluoroethylamine surrogate with the
appropriate stereochemistry can be successfully used to replace the native
peptide-bond in opioid peptides (Sinisi et al, 2009). Enkephalins are
endogeneous opioid pentapeptides having the sequence H-Tyr-Gly-Gly-
Phe-Xaa-OH where the C-terminal amino acid Xaa can be Leu
(Leu-enkephalin) or Met (Met-enkephalin) (Hughes et al., 1975). These
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Figure 3.6. Trifluoroethylamine analogues of Leu- and Met-enkephalins.

compounds are regulators of pain and nociception (the perception of
noxious stimuli), in the body. The receptors for enkephalins are the opioid
receptors, which are G-protein-coupled receptors (Dhawan et al., 1996).
Enkephalins preferentially bind to the 8-receptor, with a significant affinity
also for the p-receptor. Notwithstanding their remarkable pain-alleviating
activity, enkephalins are unsuitable as analgesic drugs because of their low
metabolic stability, rapid in vivo degradation and substantial inability to
penetrate the blood—brain barrier (Janecka et al., 2008). With the aim of
identifying more stable enkephaline mimics with good opioid receptor
affinity and improved metabolic stability, we embarked on a study of eight
different enkephalin analogues (Fig. 3.6). All compounds feature a stere-
ogenic trifluoroethylamine function replacing the Gly>~Gly” peptide bond
(LEU-1, LEU-2 epimers for Leu-enkephalin, and MET-1, MET-2 epimers
for Met-enkephalin), as well as the Gly’~Phe* peptide bond (LEU-3,4 and
MET-3,4).

The synthesis of LEU-3 is shown in Fig. 3.7. The key reaction is the
aza-Michael addition of H-Phe-Leu-OftertBu dipeptide to 3,3,3-trifluoro-
1-nitropropene, in line with the general strategy for the synthesis of
trifluoroethylamine peptidomimetics.

Among the resulting peptidomimetics, LEU-3 displayed a binding
affinity in the nanomolar range, with a § versus [ affinity ratio quite sim-
ilar to the ratio of natural Leu-enkephalin. The epimer LEU-4 showed
lower affinity, with a K; in the micromolar range. The corresponding
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Figure 3.7. Synthesis of LEU-3.

Met-enkephalin analogues MET-3 and MET-4 displayed a K; twofold
higher than LEU-3 and LEU-4, respectively. Rather weak affinity for both
the W and O receptors was shown by all of the enkephalin analogues hav-
ing the trifluoroethylamine replacement in the second position, namely
LEU-1,2 and MET-1,2. However, LEU-3 did not display anti-nociceptive
activity in vivo, clearly indicating that the introduction of just one trifluo-
roethylamine peptide-bond replacement, albeit in an appropriate position
of the backbone, is not sufficient to impart drug-like properties to
enkephalin peptidomimetics.

The trifluoroethylamine strategy has recently found the first valida-
tion in drug discovery. Merck developed a trifluoroethylamine
compound, Odanacatib (MK-0822), that is now in phase III clinical
studies for the therapy of osteoporosis (Fig. 3.8) (Gauthier et al., 2008).
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Figure 3.8. Multikilogram synthesis of Odanacatib.
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Odanacatib is a highly potent and metabolically stable inhibitor of
Cathepsin K, a cysteine proteinase thought to be responsible for the
degradation of type I collagen in osteoclastic bone resorption, that repre-
sents a highly promising target for the therapy of osteoporosis.
Encouraging results were also observed for women affected by bone
metastases deriving from breast cancer.

Recently, Merck described a synthetic methodology suitable for
preparing kilogram quantities of Odanacatib (Fig. 3.8) (O’Shea et al.,
2009).

A structurally related family of trifluoroethylhydrazino peptide mim-
ics was also reported to inhibit the rabbit 20S proteasome at micromolar
concentrations (Formicola et al., 2009).

The body of experimental results listed above suggests important con-
siderations for the successful use of the trifluoroethylamine function as a
peptide/retropeptide bond mimic (see Fig. 3.9).

e When the amide or peptide bond to be replaced by the trifluoroethy-
lamine unit is one of the reasons for the low bioavailability of the
parent unfluorinated molecule, the strategy can be highly successful.
Indeed the trifluoroethylamine unit seems to have high metabolic
stability.
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Figure 3.9. Comparison between the peptide (amide) bond and the trifluoroethylamine

function.

The trifluoromethyl group, contrarily to the carbonyl oxygen, is a weak
hydrogen-bond acceptor (Dunitz and Taylor, 1997). The trifluoroethy-
lamine function can therefore only be an effective peptide bond
replacement if the carbonyl group of the original ligand’s amide/peptide-
bond is not involved in essential hydrogen-bonding with the receptor.
The NH of the trifluoroethylamine unit is a good hydrogen-bond
donor, due to the strong electron-withdrawing effect exerted by the CF;
group, and can always be considered a good mimic of a peptidic NH.
The sp> N atom of the trifluoroethylamine function is a poor hydrogen
bond acceptor and has very little Lewis basicity, in close analogy with
the peptide bond.
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e The sp’ tetrahedral configuration of the trifluoroethylamine unit is
conformationally more flexible than the relatively rigid planar
amide/peptide group and thus may allow better adaptation to the
spatial requirements of a target binding site.

Therefore, the trifluoroethylamine function is an increasingly promising
peptide- and amide-bond replacement that is expected to find important
applications in medicinal chemistry and drug discovery.

3.4 Trifluoromethyl-Peptidomimetics as Protease Inhibitors
3.4.1 MMP inhibitors

Matrix metalloproteinases (MMPs) are a family of highly homologous
Zn(II)-endopeptidases which are responsible for the cleavage of many of
the constituents of the extracellular matrix (Whittaker et al., 1999; Bode
and Huber, 2000; Verma and Hansch, 2007). More than 20 human MMPs
are known, among them are the collagenases (such as MMP-1) which can
degrade fibrillar collagens that are the major components of bone and car-
tilage; the gelatinases (MMP-2 and MMP-9) whose main substrates are
denatured collagens (gelatins); the stromelysins (such as MMP-3) which
have a broad spectrum of matrix components as substrates, except for
those of collagenases.

MMPs play a key role in a number of physiological processes, such as
degradation of the extracellular matrix and connective tissue remodelling.
They are also implicated in a number of pathological processes in humans,
such as cancer cell invasion, metastasis (especially MMP-2 and MMP-9),
inflammatory and autoimmune diseases, and arthritis (in particular MMP-1).
Moreover, several MMPs are overexpressed in various cancers, particularly
in early growth and establishment of the tumours. Selective inhibition of
MMPs might, therefore, represent an attractive strategy for therapeutic
intervention. Unfortunately, most rationally designed MMP inhibitors,
such as broad spectrum inhibitors Marimastat and Batimastat, as well as
selective inhibitors such as Trocade (MMP-1), have performed poorly in
clinical trials (Hu et al., 2007; Jacobsen et al., 2007; Nuti et al., 2007). The
failure of these MMP inhibitors has been largely due to toxicity, which in
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Figure 3.10. o-Amino hydroxamic acid MMPs inhibitors.

turn is suspected to arise from insufficient specificity and selectivity
(Coussens et al., 2002).

Our group became interested in studying the ‘fluorine effect’ in selec-
tive fluorinated inhibitors of MMPs (Zanda, 2004), developing several
nanomolar and selective inhibitors incorporating a trifluoromethyl group
as a backbone substituent. In particular, we found that o.-trifluoromethyl-
o-amino-f-sulfone hydroxamates (see Fig. 3.10) represent an interesting
class of MMP inhibitors. The compatibility of an electron-withdrawing
CF; group in a-position to the hydroxamic function, which is the zinc(II)-
binding group, was considered a key point to investigate. The CF; was
therefore incorporated as R' substituent in structures 1-4 (Fig. 3.10)
(Sinisi et al., 2005), analogues of molecules A which have been previously
reported by Becker et al., (2001) as potent inhibitors of MMP-2, MMP-9
and MMP-13.

The synthesis of the racemic hydroxamic acid 1, having a free quater-
nary amino group, is summarized in Fig. 3.11. The key step was the addition
of a metalated methyl-sulfone to an imine obtained from trifluoropyruvate,
and the resulting amino-sulfone was subsequently elaborated into the target
hydroxamate 1 in a satisfactory overall yield.

The N-alkylated analogues 2—4 (Fig. 3.10) were prepared according to
a modified procedure, in reasonable overall yields.

Inhibition tests on racemic compounds 1-4 were performed with
MMP-1, MMP-3, and MMP-9.

The primary oi-amino hydroxamate 1 was the most potent compound
(Table 3.1), but all of the a-CF;-hydroxamic acids 1-4 are nanomolar
inhibitors of MMP-3 and MMP-9. Furthermore, 1 showed excellent selec-
tivity versus MMP-1 (>5000-fold). This demonstrates that a CF; group in
o-position to the Zn(II) chelating function can be successfully used as a
substituent in MMP inhibitors and is very well tolerated by the enzymes.
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Figure 3.11. Synthesis of 1.

Table 3.1. Effect of compounds 1-4 on different MMPs proteolytic activity.
Key: n.a. = not available. (Structures 1-4 in Fig. 3.10)

Compound  ICs/MMP-3 (nM)  IC5(/MMP-9 (nM)  IC5,/MMP-1 (nM)

1 14 1 >5000
2 32 ca. 20 n.a.
3 28 63 n.a.
4 53 59 n.a.

3.4.2 B-Fluoroalkyl B-sulfonyl hydroxamates

We also explored the effect of the unique stereoelectronic features of fluo-
roalkyl functions in an alternative position of an MMP inhibitor. Thus, the
fluoroalkyl group, including CF;, was installed further away from the
zinc(II) binding hydroxamic function (Sani et al, 2005). For this purpose
we selected a structurally very simple class of hydroxamate inhibitors bear-
ing an arylsulfone moiety in the B-position, namely B (Fig. 3.12), which
showed nanomolar inhibitory potency against MMP-2, 3 and 13 (Freskos
et al., 1999; Groneberg et al., 1999; Salvino et al., 2000).
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Figure 3.12. B-Sulfonyl hydroxamic MMP inhibitors.
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Figure 3.13.  Synthesis of 5.

In the reference molecules B, the R side chain was critical both for the
potency and the selectivity profile of enzyme inhibition. More specifically,
large hydrophobic groups R (such as alkyl, cycloalkyl and arylalkyl groups)
showed low nanomolar, and even subnanomolar affinity for MMP-2, 3
and 13, but very low affinity for MMP-1. The synthesis of the CF;-com-
pound 5 was performed as shown in Fig. 3.13. The key reaction was the
Michael addition of p-thioanisol to trifluorocrotonic acid (Jagodzinska
et al., 2007), which took place in a reasonable yield of 64%. The interme-
diate B-trifluoromethyl-f-thio-carboxylic acid 8 was then elaborated to
the target racemic hydroxamic acid 5 in good overall yields.

Analogous reaction sequences from the corresponding fluorocro-
tonic acids were used to furnish the fluoro-hydroxamic derivatives 6 and
7 (Fig. 3.12).
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Table 3.2. IC;, values (nM) for the inhibition of different
MMPs by B-fluoroalkyl-hydroxamates 5-7.

Substrate ~ MMP-1 MMP-2 MMP-3 MMP-9

5 4.0 x 10° 78 8.0 52
6 1.5 x 10* 734 2 6
7 947 32 93 1.7 x 10°

The CF3-compound 5 showed low nanomolar IC5, on MMP-3
(Table 3.2). Modest selectivity was observed versus MMP-9 and MMP-2
(about tenfold), but good selectivity versus MMP-1 (about 1000-fold).
The pure enantiomers of 5 and the racemic compound showed nearly
identical inhibitory profiles. Interestingly, the difluoro compound 6 was
even more potent, showing a rather impressive inhibitory activity on both
MMP-3 and 9, and much better selectivity versus MMP-2 (>100-fold) and
MMP-1 (ca. 10*-fold). Finally, the C,F5-hydroxamate 7 was less selective,
displaying a remarkable loss of activity on MMP-9 (1000-fold) and to
some extent on MMP-3 (50-fold), but bringing about a higher potency on
MMP-2 (200-fold).

These results on fluoroalkyl-hydroxamates 1-4 and 5-7 show that
(a) a fluoroalkyl group can be successfully used as a backbone substituent
in metalloprotease inhibitors and is very well tolerated by the enzymes,
(b) an electron-withdrawing CF; group in o-position to the hydroxamic
function has little effect on the zinc chelating capacity of the latter.

3.4.3 Dual ACE/NEP inhibitors

Angiotensin converting enzyme (ACE) and neutral endopeptidase (NEP)
are zinc metallopeptidases located on the outer membrane of various cell
types (Skidgel and Erdos, 2004). They have an important role in the
metabolism of a number of regulatory peptides of human nervous, car-
diovascular, inflammatory, and immune systems. ACE is a dipeptidyl
carboxypeptidase which converts angiotensin I into angiotensin II and
degrades kinins, while NEP catalyses the degradation of a variety of renal
and CNS-active peptides including substance P, bradykinin, enkephalins
and atrial natriuretic factor.
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Several inhibitors of ACE are known as effective antihypertensive
drugs, such as Captopril (Kubo and Cody, 1985 and references cited
therein) and its variants (Song and White, 2002). On the basis of these
positive results, in a range of cardiovascular diseases, further research
started to focus on the potentially beneficial effects of blocking other
endogenous enzymes involved in peptide activation or degradation. In
various experimental models, combined ACE/NEP inhibition led to more
potent and synergistic haemodynamic and renal effects than selective
inhibitors of the individual enzymes (Jandeleit-Dahm, 2006).

We became interested in pseudodipeptides and tripeptides designed
from the structure of thiorphan, having general formulae HS—CH(R')—
CH(R*)-CONH-CH(R?*)-COOH and HS-CH(R')-CH(R*)-CONH-
CH(R?)-CONH-CH(R*)-COOH, respectively (Inguimbert et al., 2002),
interacting with S1” and S2” subsites of the enzymes and bearing a thiol
group as zinc-chelating moiety. The group in ot-position to the thiol moiety
occupies the S1 binding subsite, and probably accounts for the subnano-
molar inhibitory potencies observed for the ACE enzyme. A hypothetical
model of the ACE and NEP active sites is portrayed in Fig. 3.14 (Bohacek
et al., 1996).

We therefore designed novel thiol-containing pseudodi- and tri-peptide
analogues 8a—e and 9, respectively, in which the isobutyl substituent of
known inhibitors C and D is replaced by a fluoroalkyl group (Fig. 3.15).

The fluoroalkyl groups were incorporated in order to modify
significantly the physicochemical properties of the inhibitors, such as

S

R1 (6] RS O S R1

- (0}
S N N
O R2 H le) R2 (o}
O R®
S3'
, S2'
St st s2'
ACE binding site NEP binding site

Figure 3.14. The ACE/NEP binding sites.
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Figure 3.15. Fluorinated analogues of dual ACE/NEP inhibitors.

local hydrophobicity, acidity and nucleophilicity of the neighbouring
thiol group, and also the preferred conformation, by inducing confor-
mational constrictions due to the sterically demanding fluoroalkyl
groups.

The synthesis of tripeptide inhibitor 9 is shown in Fig. 3.16. The key
reaction was a Michael addition of thiolacetic acid to the trifluoromethyl
acceptor 10.

All of the partially fluorinated pseudopeptides above were assayed for
their capacity to inhibit ACE and NEP (Table 3.3), showing inhibitory
activity in the mid-nanomolar range towards both enzymes. Compound 8b
(see Table 3.3), bearing a tyrosine terminal group, was the most potent,
showing an inhibitory activity towards NEP similar to those of the known
reference compounds C and D.

In general, replacement of the isobutyl group with a trifluoromethyl
group as the R! substituent (see Fig. 3.15) produced a significant increase of
the ACE inhibitor activity of the thiol compounds 8 and 9, as compared with
the previously reported data on the non-fluorinated analogues C and D
(Gomez-Monterrey et al., 1993). This effect was also accompanied by a
clear-cut reduction of selectivity, because these CF;-compounds also
showed a slight decrease of potency towards NEP. Replacement of



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/24/13. For personal use only,

80 M. Zanda et al.

1. phthaloyl dichloride, 180°C, (77%);
COOH 2. H-Phe-OtertBu, Et;N, 0°C (83%) o

Fac/\)J\N O\’<
oo

FaC X

1.20% TFA, CH,Cl, (98%);
2. H-(4-tertBu)Tyr-OMe, HOBt, AcSH, EtOH, 1t

(0]
H . o,
EDC (77%) - F C/\)J\N’ iN\/COOMe w,
s H :
(0]
10 @ e
(6]

1.20% TFA, CHZCI6(98%);
2. degassed 2N NaOH in
CHsCOS O MeOH, (>98%) SH O

N Me —  »
FsC N ~COOMe FsC N

Figure 3.16. Synthesis of pseudo-tripeptide 9.

trifluoromethyl by a pentafluoroethyl group (as in 8e) brought about a
reduction of the inhibitory capacity towards both NEP and ACE.

These results confirm that a trifluoromethyl group can be used as a
replacement of an isobutyl group in protease inhibitors (Binkert et al.,
2006), without affecting the affinity for the active site.

3.4.4 Crystallographic analysis of the role of the CF;-group
in the binding process to enzyme active sites

An interesting aspect of those trifluoromethyl-peptidomimetics having
strong inhibitory potency concerns the actual role of the trifluoromethyl
group in the binding to the protease active site, i.e. whether it is directly
involved in the binding process, making relevant interactions with the
receptor, or has an indirect role, for example contributing to the binding
conformation of the inhibitor. This aspect is particularly intriguing, con-
sidering the xenobiotic nature of the trifluoromethyl group and its other
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Table 3.3. 1Cj;, values for compounds C, D, 8a—e, and 9.

R" O R?
9y S)\)L N Jﬁ(x
(0]
IC5 (nM)
Compounds R! R? X ACE NEP
C isobutyl  benzyl OH >10000 41
D isobutyl  benzyl HN._-COOH 2800 50
oW
8a CF; benzyl OH 830 300
8b CF, OH  OH 160 80
8c CF; F OH 300 230
8d CF; ’ NH OH 400 580
8e CF,CF; benzyl OH 1010 1150
9 CF; benzyl HN._-COOH 280 430

o

OH

peculiar features (see Section 3.1 for a more detailed discussion). For
example, its rare capacity to participate in hydrogen bonds partially com-
pensated by its proclivity to engage in polar interactions with positively
charged residues, and its capacity for hydrophobic contacts.
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Figure 3.17. (R)-1 in the MMP-9 active site. Key: Grey ball = Zn(II), cyan = F, red = O,
blue = N, yellow = §, green = C.

One interesting example comes from the X-ray crystallographic struc-
ture of the complex of the hydroxamate 1 with the truncated catalytic
domain of MMP-9 (2.2 A resolution, PDB code: 20W1) (Tochowicz et al.,
2007). Although the compound was co-crystallized using the inhibitor in
racemic form, the (R)-enantiomer of 1 was found to bind preferentially to
the enzyme. In this case, the CF; group does not make significant interac-
tions with the active site residues of the protease, but is essentially
water-exposed (Fig. 3.17). This might seem surprising given the strongly
hydrophobic nature of the CF;, but apparently the overall binding energy of
(R)-1 to MMP-9 compensates for the low affinity of the CF; group for water.

A similar situation can be found for the trifluoroethylamine com-
pound 11 (Fig. 3.18), a potent and selective inhibitor of the cysteine
protease Cathepsin K, structurally related to Odanacatib (Li et al. 2006).

In this case, too, the trifluoromethyl group does not make any rele-
vant interaction with the enzyme, as demonstrated by an X-ray structure
(2.0 A resolution, PDB code: lvsn) of a complex between 11 and
Cathepsin K (Fig. 3.19), but rather is directed away from the active site,
into water. In this case, the CF; group seems to bias the conformation of
the entire molecule, which can establish optimal interactions with the
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Figure 3.18. MercK’s trifluoroethylamine compound 11.

NH,

Figure 3.19. Trifluoroethylamine inhibitor 11 complexed with Cathepsin K (cyan = F,
red = O, blue = N, green = C).

residues of the active site. Thus, the CF; group contributes indirectly to
the binding process and to the high affinity of the peptidomimetic
inhibitor.

A CF; group placed on the backbone of a peptide mimic can also
directly interact with the protease active site, as demonstrated in the case
of the bis-trifluoromethyl Pepstatin A analogue 12 (Fig. 3.20). Compound
12 was found to be a low nanomolar inhibitor (ICs, = 1 nM) of
Plasmepsin II, an aspartic protease of Plasmodium falciparum, which is the
protozoon that causes the most serious forms of malaria, and showed
nearly the same potency as Pepstatin A (Binkert et al., 2006).
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Figure 3.20. Pepstatin A and its bis-trifluoromethyl analogue 12.

Figure 3.21. Bis-CF; pepstatin analogue 12 complexed with Plasmepsin II (cyan = E

red = O, blue = N, green = C).

Crystallographic analysis of bis-CF;-pepstatin 12 complexed with
Plasmepsin II (2.8 A resolution, PDB code: 1XE6) showed that the CF;
group occupying the P1 position is well accommodated in the S1 pocket
of the active site (Fig. 3.21), and is involved in important hydrophobic
interactions. In contrast, the second CF; group in P3” does not make very

significant interactions with the enzyme.
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Figure 3.22. Structure of the trifluoroketone inhibitor of acetylcholinesterase 13.

Figure 3.23. Trifluoroacetophenone 13 complexed with acetylcholinesterase (cyan = F,
red = O, blue = N, green = C).

Trifluoro-ketone inhibitors are also able to accommodate the CF;
group in an appropriate binding pocket of the target enzyme, as shown in
the case of the trifluoroacetophenone 13 (Fig. 3.22) bound to acetyl-
cholinesterase (Fig. 3.23), a serine esterase (2.8 A resolution, PDB code:
lamn) (Harel et al, 1996). The carbonyl group is hydrated, and the CF;
fits very tightly into a concave acyl binding pocket, interacting with the
hydrophobic residues (three phenylalanines, one glycine and one trypto-
phan) forming this pocket.

Overall, the crystallographic data confirms that a CF; group as a back-
bone substituent has a key role in imparting and modulating
physicochemical and conformational properties of peptidomimetic
inhibitors. In general, these results show that the final outcome of the incor-
poration of a trifluoromethyl group in peptide mimics is strongly dependent
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on the whole structure of the inhibitor, and the effect of the trifluoromethyl
group on the entire structural conformation is a main factor in determining
the biological activity and inhibitory potency of the molecule.
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4.1 Introduction

Among the plethora of native polypeptides, membrane proteins and
membrane-active peptides represent one of the greatest challenges for
structural biology. Despite the fact that they comprise about 30% of the
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human genome, the number of 3D-structures that have been determined
of membrane-associated proteins is still orders of magnitude lower than
for soluble proteins (Raman et al., 2006). The difficulties in structure
analysis, for example in the case of G-protein-coupled receptors, are
related to both the production and handling of the material as well as to
the limited applicability of conventional methods for structure analysis
(Lagerstrom and Schioth, 2008; Scheerer et al., 2008; Kolb et al., 2009;
Rosenbaum et al., 2009). Yet, there is a great demand for efficient ways to
gain insight into the structures of membrane-associated peptides and
proteins (Arora and Tamm, 2001; Torres et al, 2003; Lacapere et al.,
2007). Large transmembrane receptors constitute the most important
targets for modern drug and molecular therapies (Drews, 2000;
Lundstrom, 2006), and small membrane-active peptides are highly prom-
ising candidates for antimicrobial therapy and intracellular drug delivery.
Of special interest in the latter group are numerous antibiotic, cell-
penetrating and fusogenic peptides (Epand, 2003; Sang and Blecha, 2008;
Heitz et al., 2009). For both groups, detailed knowledge of their structures
in the native membrane-associated state is essential for rational drug design,
and — more fundamentally — to understand the architectural principles
and reveal functional mechanisms. In the case of complex membrane pro-
teins, a strategy often pursued is to focus on shorter peptide segments such
as transmembrane helices or peripheral amphipathic loops, for example,
in the hope of gaining insight into the structure and function of the
parent protein. In such an approach size is not a problem, but other dif-
ficulties arise instead — all being related to the impact of molecular
motions. Dynamic interconversions, which are increasingly being
described for short peptides, are evidently relevant to the membrane
activities of naturally occurring and artificially designed peptide
sequences. Such peptides can act specifically at the cell membranes as
hormones, toxins, ionophores, or as modulators of the lipid bilayer cur-
vature or fluidity. Understanding the mechanism of interaction with the
lipid bilayer is therefore a real challenge and has been a major focus of
membrane biophysics over the past two decades. Research into the effects
of solid-state '’F NMR on oriented membranes has been a particularly sen-
sitive and powerful tool in revealing the structural and dynamic behaviour
of such peptides (Salgado et al., 2001; Sachse, 2003; Afonin et al., 2004, 2007,
2008a,b; Glaser et al., 2004, 2005; Kanithasen, 2005; Ulrich, 2005, 2007;
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Grasnick, 2006; Strandberg et al., 2006, 2008; Ulrich et al., 2006; Maisch,
2008; Wadhwani et al., 2008; Ehni, 2009; Maisch et al., 2009; Grage et al.,
2010). Here, this strategy will be reviewed with particular emphasis on
new designs for “F-labelled amino acids.

4.2 Solid-State NMR for Structure Analysis of Membrane-Associated
Polypeptides

Membrane-bound peptides and proteins often impose multiple difficul-
ties for structural studies using conventional techniques, such as NMR in
solution or single-crystal diffraction, for various reasons: (i) these peptides
often possess a high tendency to aggregate — many of them are hydropho-
bic and are therefore difficult to handle in aqueous solution; (ii) since their
structure and function strongly depend on the native membrane environ-
ment, the presence of a model bilayer or at least a membrane-mimetic
environment is essential for proper folding; (iii) due to their small size and
sensitivity to their local environment, many membrane-interacting pep-
tides are endowed with a high degree of conformational plasticity.
Additionally, they often have a tendency to oligomerize functionally or to
aggregate non-productively, which imposes further challenge for function-
ally relevant reconstitution and structure analysis.

Several methodological approaches aimed at gaining structural infor-
mation from membrane-associated polypeptides have been developed in
recent years. These include advanced X-ray and electron diffraction tech-
niques, electron crystallography, liquid-state NMR; as well as circular
dichroism- and infrared-based strategies, various surface analysis tech-
niques such as AFM or TEM, and modern i# silico methods (Wiener, 2004;
Arkin, 2006; Miles and Wallace, 2006; Raman et al., 2006; Schmidt-Krey,
2007; Carpenter et al., 2008; Cowieson et al., 2008; Engel and Gaub, 2008;
Fujiyoshi and Unwin, 2008; Lindahl and Sansom, 2008; Wang, 2008).
A powerful technique for detailed studies of peptides in a membrane envi-
ronment is solid-state NMR. This method is one of the most informative
due to its ability to determine polypeptide structures with quasi-atomic
resolution, its general non-invasive nature, and — most importantly — its
ability to study peptides in genuine lipid membranes, i.e. very close to their
native state (Nielsen et al., 2004; Ulrich, 2005; Gong et al., 2007; Naito and
Kawamura, 2007).
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Figure 4.1. General strategy for structure analysis of membrane-active polypeptides in
oriented lipid bilayers by solid-state '’F NMR (see text for details).

The general strategy for determining the structure, orientation and
mobility of a peptide in the lipid bilayer using solid-state NMR in oriented
membrane samples consists of several steps (Fig. 4.1 outlines the approach
for the case of solid-state 'F NMR using CF;-substituted amino acids as
labels; see Section 4.3). First, a series of differently labelled analogues of the
peptide under study is produced by chemical or recombinant methods.
These analogues typically contain one reporter group that is selectively
labelled by an NMR-active isotope (’H, C, PN, YF), most of which are
characterized by low natural abundance. Next, those analogues that do not
compromise the conformation and biological activity of the parent peptide
have to be identified using qualitative structure analysis (e.g. by circular
dichroism) and functional assays (this step is critical in the case of
!“P-labelled peptides). Then the selected labelled peptides are reconstituted,
one at a time, in macroscopically oriented model membranes, usually on
glass, mica or polymer slides utilizing the property of lamellar lipid bilay-
ers to align spontaneously on a solid support. Mechanically aligned bilayers
in which all peptides are uniformly oriented with respect to the sample
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normal are obtained in this way. Lipid composition, concentration,
temperature, and other factors may have to be varied to ensure proper
reconstitution of the peptide in the closest possible state to the native situ-
ation (Grage et al., 2010). Typically two sets of solid-state NMR spectra are
then measured for each sample. The first one to check the state of the lipids
and verify a proper bilayer alignment (e.g. a *'P NMR spectrum of the
phospholipid headgroups, or alternatively H or *C NMR spectra of the
other moieties in the lipid). The second, truly informative set of spectra is
measured on the nuclei of the corresponding label in the peptide molecule.
The parameters typically obtained from these NMR data — chemical shifts
and dipolar (or quadrupolar) couplings — are anisotropic, i.e. they inti-
mately depend on the local orientation of the labelled reporter group with
respect to the magnetic field. It is due to this anisotropy that solid-state
NMR spectra contain information about the alignment of the molecular
segment to which the NMR label has been attached. As the final step of the
analysis, a structural model for the peptide is assumed (e.g. a regular
o-helix, B-strand, 3;4-helix, ®-helix, etc., in a rigid-body approximation)
and a systematic grid search through all possible orientations in space is
performed. By comparing the calculated segmental spectral parameters at
each peptide orientation with the ones determined experimentally, the sta-
tistical goodness-of-fit (> distribution or root mean square deviation) is
evaluated. Once a self-consistent solution is found, the postulated structure
model is confirmed. Otherwise another structure is assumed and the analy-
sis is repeated. Clearly, the more peptide analogues are used in the analysis,
the more reliable is the output. The final result is then reported as the 3D-
structure of the peptide backbone (i.e. the appropriate conformational
model), its alignment in the lipid bilayer (in terms of a tilt angle T and an
azimuthal rotation angle p), and its mobility (in terms of uniaxial rotation
and rigid-body wobbling, as characterized by an order parameter S, or
more advanced fluctuation models).

The above strategy dictates several obligatory requirements on the NMR
label, which will be outlined in the following sections. First, the reporter
group bearing the isotope label must be rigidly connected to the peptide
backbone in a geometrically well-defined fashion or be part of it (criterion 1).
This criterion is mandatory to be able to translate the measured orientation
of the reporter into the orientation of the whole peptide segment.
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4.3 Choice of the CF; Group as a Label for ’F NMR of Peptides
in Membranes

The general NMR strategy outlined in the previous section can utilize pep-
tides labelled by various isotopes: 2H, 13C, 15N, or . Both N and *C can
be incorporated non-perturbingly in the peptide backbone simply by using
the corresponding isotope labelled natural amino acid. Likewise, methyl-
deuterated Ala-d; is perfectly suited for 2H NMR analysis. In all these cases,
the labels satisfy criterion 1; however, they have several drawbacks. Apart
from the high cost of selectively '>C- and '"N-labelled amino acids (an
important factor when peptide production on the 100 milligram scale is con-
cerned), all three nuclei possess relatively low gyromagnetic ratios (y) and
thus very low NMR sensitivities (especially 1°N). Analysis of >C NMR spec-
tra of a labelled peptide in a membrane additionally suffers from the overlap
with the natural abundance '*C signals from the lipids. Similar complications
occur in the case of *H labelling when peptides are to be observed at low pep-
tide/lipid ratios. An excellent compromise is offered by !°F-labelling of
peptides, since fluorine is absent in natural proteins and lipids and there is no
natural background in the F NMR spectra of the labelled peptides.
Without going into much detail (various aspects of biological ’F NMR
applications have been reviewed before: Gerig, 2004; Lanza et al., 2005; Yu
et al., 2005; Malet-Martino et al., 2006; Ulrich et al., 2006; Murphy, 2007;
Ulrich, 2007; Cobb and Murphy, 2009), in this section we will present the
YF properties relevant to the solid-state NMR studies of membrane-
associated peptides. Since the spin of the '°F nucleus is Y, it gives rise to
simple NMR spectra — only chemical shifts and dipolar interactions deter-
mine the lineshapes. The gyromagnetic ratio of the °F nucleus is high
(Y?F/y*H = 0.94) and the natural abundance of the '°F isotope is 100%. These
two factors ensure an exquisitely high sensitivity of F NMR, which is an
obvious advantage. The strong dipolar couplings of '°F can provide intra- or
intermolecular distances of up to 12 A in solids and large chemical shift
ranges (ca. 500 ppm) with high spectral resolution. The latter fact also reflects
another peculiarity of the °F nucleus: its chemical shift is highly sensitive to
the local environment of the label. The solvent-, concentration-, pH- and
temperature-dependent variations in chemical shift can reach several ppm,
which makes ’F a good sensor of the surrounding conditions. However, this
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high environmental sensitivity makes accurate chemical shift referencing
quite complicated (Ulrich et al., 2003), an essential operation when analysing
the chemical shift anisotropy (CSA) in a macroscopically oriented sample.
Therefore, the CSA is not an optimal parameter to determine the orientation
of a 'F-labelled peptide in a membrane. On the other hand, dipolar '*F-'°F
couplings are absolute values that need no referencing; they depend only on
distance but not on the environment and hence can be readily utilized to
report anisotropic information. The strong intragroup dipolar couplings
between the three magnetically equivalent nuclei of a (rapidly rotating) CF;
group are ideally suited for NMR analysis. This fact, together with the three-
fold intensity of the corresponding "’F NMR signal, makes the CF; group an
optimal reporter group for structure analysis (criterion 2).

Incorporation of a CF; reporter (Smits et al., 2008) into a peptide can be
achieved by replacing certain proteinogenic amino acids with their CF;-
substituted analogues. However, while non-perturbing '*C and N labels (or
substitution of Ala with Ala-d;) do not affect the properties of a peptide,
when replacing a methyl group by a non-natural CF; reporter, the confor-
mational and biological behaviour can be severely altered. These
perturbations can occur due to several factors: the first is steric, as the volume
of a CF; group lays in between the tert-butyl and methyl groups (Leroux,
2004, Miiller et al, 2007, Jagodzinska et al., 2009; Chapters 2 and 4 of this
book). It is, therefore, safest to use a CF; group as a mimic of relatively bulky
hydrocarbon residues, i.e. ethyl groups. The second factor that must be taken
into account when designing '°F-labelled ai-amino acids is the electronega-
tivity of fluorine, as the electron-withdrawing effect of a CF; group is close to
that of an oxygen atom (Huheey, 1965). The CF; group has even been used
as an oxygen mimic, for example, when incorporated into a peptide back-
bone (Zanda, 2004). As a consequence, the acidity of the neighbouring
hydrogen atoms is greatly increased (Smart, 1995). A CF; group will also
increase the acidity and hydrogen-donating ability of neighbouring car-
boxylic groups and respectively decrease the basicity and nucleophilicity of
adjacent amino groups (Abraham et al., 1990; Koppel et al, 1994; Castejon
and Wiberg, 1998). This may explain the fact that all known '“F-labels are
used to mimic amino acids with non-polar side chains. Finally, there is also
evidence of the CF; group participating in the formation of hydrogen bonds
(Koksch et al., 1997; Jackel and Koksch, 2005). Although fluorine is a poor
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acceptor of hydrogen bonds (Caminati et al., 2006), its effect could be signif-
icant in an intramolecular context (Banks ef al., 1994; Smart, 2001).

The considerable risk of potential steric and electronic perturbation
of a peptide imposed by CF; labelling defines two further criteria to the
19F-label when choosing or designing a useful CF;-substituted amino acid.
Most importantly (criterion 3), the conformation and chemical properties
of the labelled peptide should ideally be identical to those of the native
wild-type peptide. Practically, this means that for each °F-labelled peptide
preservation of its global conformation and its functional intactness has to
be verified. The last, pragmatic criterion 4 for '°F-labelling requires that
incorporation of the label in the polypeptide chain should be easily carried
out by conventional chemical or biochemical methods. This means that no
racemization, decomposition or formation of other by-products should
occur during the synthesis of the labelled peptides.

4.4 Suitable CF;-Labelled Amino Acids for 'F NMR Analysis

Although the repertoire of known CF;-substituted amino acids is nowadays
very large (Kukhar and Soloshonok, 1995), only few compounds have been
used as labels in structural solid-state '’F NMR studies, namely, (S) and
(R)-trifluoromethylalanine 1 (TfmAla), (2S)-4"-trifluoromethylphenylglycine
2 (4-TfmPhg), and (25)-3’-(trifluoromethyl)bicyclopent[1.1.1]-1"-ylglycine
3 (TtmBpg). This is not surprising, as the criteria for an amino acid to be
a suitable ’F NMR label are very strict and they rule out most of the CF;-
substituted amino acids synthesized to date.

COzH CO,H CO,H
CH CF CF
S S e
NH, NH, NH,
1 2 3

Many of the potential candidates for °F-labelling, for which the syn-
theses are well developed and documented in the literature, fail to satisfy
some or all of the criteria 1—4 outlined above. For instance, let us consider the
amino acids with an o-CF; group (a-TfmXaa). As mentioned above, the CF;
group may be regarded as a structural analogue of a small aliphatic group,
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like Me, Et, i-Pr or i-Bu (Zanda, 2004). From such a perspective, the sim-
plest representative of the series — trifluoroalanine (trifluoromethylglycine,
TfmGly) — which fulfils criteria 1 and 2, might be a suitable *F-label to sub-
stitute Ala, Val, Leu or Ile in a given peptide. However, TfmGly has never been
used in experimental practice, since it fails to satisfy criterion 4. Due to
increased acidity of the o-proton, TfmGly and its derivatives decompose at
pH = 7 (Burger et al, 1993; Smits et al., 2008); the basic conditions usually
employed in standard solid-phase peptide synthesis (SPPS) cannot be used
because of the elimination of free hydrogen fluoride. The other known
o-TfmXaa also have to be excluded from the list of potential “F-labels,
because the o-CF; group in them causes severe conformational alterations of
the peptide backbone. It is known that the steric effect is not linearly propor-
tional to the size of an added moiety — it abruptly increases when both
o-substituents become larger than a methyl (Toniolo and Benedetti, 1991).
The only exception among o.-TfmXaa is TfmAla. From the point of view of
size, this amino acid may still be an appropriate substituent of the sterically
demanding and B-branched proteinogenic amino acids (Val, Leu, Ile, Thr,
Met, non-protonated His). Additionally, it can be placed in positions where
the intrinsic conformational propensity of the TfmAla is not so critical by
substituting its natural (non-proteinogenic) analogue Aib in cyclic
sequences, or at the termini of a linear peptides. However, fulfilment of
criterion 3 has to be carefully proven experimentally in every case.

As can be seen from the molecular structures 1-3, fulfilment of crite-
rion 1 is achieved here in two different ways: by attaching the CF; reporter
directly to the peptide backbone by the a-substitution (1), or by inserting a
rigid spacer between the CF; group and the backbone (compounds 2 and 3).
In the following sections, we will discuss these classes of 9B labels sepa-
rately, due to certain differences in their synthesis, incorporation in
peptides and applications.

4.5 o-CF;-Substituted Amino Acids: TfmAla

4.5.1 Synthesis

The amino acid TfmAla represents a family of a-substituted quaternary
o-amino acids, the synthesis of which — especially stereoselective — is
usually a challenge (Konno et al., 2005). The very first racemic synthesis of
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1. 60% H,SO,

H O
Na(NH reflux
)OK (NH,)CO;4 N%NH HO,C_ NH,
CF; NaCN O& 2. CuCo, CFy™ .
CF 58%
3 3.H,S
4 23% 1
Scheme 4.1.  Bucherer—Berg synthesis of racemic TfmAla.
| Cco
CFS/gNR "CH,
palladium-catalysed carbonylation
followed by alkylation
) route o} Ph,P=NR
j'L k ’ CFy” “COR -
CF CH - 3 2 CH,
3 3 CO,H <:I
- aza-Wittig reaction
Busctf::;ek;rl?&r)geor CF followed by alkylation
syntheses

O,N

electrophilic trifluoromethylation

Figure 4.2. Retrosynthetic analysis of TfmAla, showing the disconnections (dashed lines)
and corresponding synthons/synthetic equivalents.

this amino acid was reported in 1953 (Lontz and Raasch, 1953; Scheme
4.1). However, decades elapsed before a reliable enantioselective synthesis
was published (Bravo et al., 1994). Extensive research in this area, stimu-
lated by the biological application of TfmAla and its derivatives, resulted
in a number of new approaches, illustrated by the retrosynthetic discon-
nections in Fig. 4.2.

All the initial approaches were elaborated in non-stereoselective ver-
sion and went along the routes a—c. Ten years after the initial procedure
based on the Bucherer—Berg reaction (Scheme 4.1) was patented, the
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1. HCI, A
2. ion-exchange
O KCN  NC_ NH, chromat. HO,C_ NH,
—_— —_—
CF3)J\ NH, CF3 CF;
20%
4 (over two steps)

Scheme 4.2.  Strecker synthesis of racemic TfmAla.

Strecker synthesis of TfmAla was reported (Christensen and Oxender,
1963, Scheme 4.2). Both syntheses were technically difficult due to the
volatility of the starting compound, trifluoroacetone (4). In addition, the
yields were far from being ideal.

Therefore, it is not surprising that other approaches towards TfmAla
were explored. Success was first achieved in synthesis along route b (Fig. 4.2).
It is based on the use of an imine, prepared from trifluoropyruvate (5), which
is sufficiently reactive to be alkylated by organometallic reagents. It
should be noted, however, that in contrast to imines prepared from
alkyl/aryl-substituted aldehydes and ketones that had previously been used
for the synthesis of a wide variety of amino acids, the trifluoromethyl-
substituted imines were notoriously difficult to obtain from CF;-substituted
aldehydes or ketones and amines due to instability of the corresponding
hem-amino alcohols (Fokin et al., 1984; Fustero et al., 2009). Other reactions
leading to the desired imines proved to be more efficient; one of them was the
aza-Wittig (Staudinger) reaction (Soloshonok et al, 1987, Scheme 4.3).
Methyl-trifluoropyruvate 5 was reacted with N-methoxycarbonyltriph-
enylphosphazene to give the aza-Wittig reaction product 6 in high yield. The
C=N double bond in 6 was reactive enough to form 7 upon treatment with
dimethylcadmium (reactions with methylmagnesium halides also proceeded
similarly, but at low temperature, —78°C; the reaction with organocadmium

i PhP=NCO,Me NCO,Me Cd(CH,), ><NHcone conc. HOC NH,
T cone.
CFy” “CO,Me CF;” >CO,Me CFy” ~CO,Me CF;
5 6 7 71%
86% 64%

Scheme 4.3.  Synthesis of racemic TfmAla based on the aza-Wittig (Staudinger) reaction.
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Scheme 4.4. Synthesis of imines, TfmAla precursors, and their alkylation.
Pd,(dba)s CHCl3
CO (1 atm.),
K, BnOH 1. MeLi
HNPMP j:\l acetone J\ K2CO3 COzBn 2.CAN COzH NH,
FaCCOH — S _— S —
S22 b, NEt, F3C N FoC PEIP FC N g H,pac  FoC
CCly PMP PMP 65%
12 10 1
90% quant. 95%

dba - dibenzylideneacetone
CAN - cerium ammonium nitrate
PMP - p-methoxyphenyl

Scheme 4.5. Synthesis of racemic TfmAla through palladium-catalysed imidoyliodide
carbonylation.

reagent was carried out at 4°C). The intermediate 7 was hydrolysed to
TfmAla hydrochloride in high yield.

An alternative route to electrophilic imines (8), precursors to TfmAla,
was recently reported (Skarpos et al., 2006). The imines 8 were alkylated
using MeMgCl; however, the TfmAla derivatives 9 were not converted into
the free amino acid (Scheme 4.4).

Another approach to racemic TfmAla is outlined schematically in
Fig. 4.2 as route c. Carbonylation of trifluoroacetimidoyl iodide 10 pro-
vided imine 11, which was reacted with MeLi to give the protected
TfmAla. Deprotection was performed in two steps, using a CAN oxida-
tion and Pd-catalysed hydrogenolysis (Scheme 4.5, Watanabe et al,
1992).

Finally, route d (Fig. 4.2) was realized only recently, with the discov-
ery of efficient electrophilic trifluoromethylating reagents. The
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FsC. o
NO, TCOZEt | N027(COZE'(
M @( cucl CFs
13 14 15

31%

Scheme 4.6. Trifluoromethylation of an o.-nitroester leading to a TfmAla precursor.

trifluoromethylation of o-nitroester 13 was achieved with the Togni
reagent 14 (Kieltsch ef al., 2007), the preparation of which was described
in the same paper (Scheme 4.6). Although the isolated yield of the TfmAla
precursor 15 was low, this reaction is the first published example of an
electrophilic trifluoromethylation of o-nitroesters.

The challenging problem of stereoselective synthesis of TfmAla was
first solved in 1994 (Bravo et al, 1994). This might be explained by the
same reasons that caused the difficulties in synthesis of racemic TfmAla
above, namely, by the electronic and steric effects of the CF; group.
Classical methods for the synthesis of homochiral amino acids that had
been previously developed were not successful in the case of TfmAla. For
example, stereoselective alkylation of 2,5-diketopiperazine analogues of
trifluoropyruvate turned out to be inapplicable for the synthesis of
TfmAla (Sewald et al, 1994). There was an obvious need for a new
methodology, and it was developed in 1994, based on a stereoselective
variant of route b (Fig. 4.2), where the sulfoxide functional group was used
as a stereocontrolling moiety (Scheme 4.7). The anion, generated from 16,
commercially available in both enantiomeric forms, reacted with the triflu-
oro-N-benzyloxycarbonylimino derivative 17 to give 18 in moderate yield
as an approximately 1:1 diastereomeric mixture. The diastereomers could
then be separated by column chromatography. This allowed the synthesis
of both enantiomers of TfmAla in high optical purity, after deoxygenation,
desulfurization with concomitant hydrogenolysis by Raney-Ni, and
hydrolysis.

A modification of the above methodology was developed later (Bravo
et al., 1998; Asensio et al, 2001). The same chiral auxiliary, a chiral
sulfoxide, was chosen. In this case, the sulfoxide group was present in the
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Scheme 4.7. First stereoselective synthesis of optically pure TfmAla.

('s') 1. CF,COOH/
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Scheme 4.8.  Synthesis of homochiral TfmAla using an optically pure Staudinger reagent.

Staudinger reagent, rather than in the alkylating agent (Scheme 4.8). The
chiral sulfinimine 19 was prepared by an aza-Wittig reaction of ethyl
trifluoropyruvate with the optically pure Staudinger reagent 20. The addi-
tion of methylmagnesium chloride to sulfinimine 19 proceeded with low
diastereoselectivity. However, the diastereomers of 21 could easily be
separated by flash chromatography and both could then be converted into
the optically pure TfmAla by desulfurization, hydrolysis, and purification
using ion-exchange column chromatography.

Finally, the stereoselective Strecker-type syntheses of TfmAla were
sucessfully implemented. In one of them (Huguenot and Brigaud, 2006,
Scheme 4.9), the oxazolidine 22 bearing a chiral auxiliary served as a pre-
cursor of the imine which was formed by treatment of 22 with a Lewis
acid. The Strecker-type reaction proceeded with low diastereoselectivity,
the dr for the aminonitrile 23 was 54:46. Nevertheless, the aminonitriles
could easily be separated by column chromatography. Both diastereomers
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Scheme 4.9.  Strecker-type synthesis of optically pure enantiomers of TfmAla.
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Scheme 4.10. A diastereoselective solvent-controlled Strecker-type reaction leading to
non-racemic TfmAla.

23a and 23b were transformed into their corresponding enantiomers of
TfmAla hydrochlorides using different synthetic sequences.

Another Strecker-type synthesis, again employing a chiral sulfoxide as
the chiral auxiliary and leading to enantiomerically enriched (S)-TfmAla,
was based on a diastereoselective reaction rather than on separation of
diastereomeric derivatives (Wang et al., 2006). Remarkably, the diastereose-
lectivity of the Strecker reaction here was controlled by the solvent —
different diastereomers 24a and 24b were formed in hexane and DMF
respectively (Scheme 4.10).
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4.5.2 Separation of the TfmAla enantiomers

A racemic mixture of TfmAla can be directly separated by chiral HPLC,
either by using columns with chiral stationary phases or by ligand-
exchange chromatography on achiral stationary phases with eluents
containing chiral co-additives (Galushko, 1995). Alternatively, the
stereospecificity of natural enzymes can be employed (Miyazawa,
1995). For instance, kinetic resolution by enzymatic hydrolysis of
racemic N-trifluoroacetyl-TfmAla was reported in 1986 (Keller and
Hamilton, 1986). Only the (R)-isomer of the derivative was hydrolysed
in the presence of hog kidney aminoacylase to give (R)-(+)-TfmAla
(40% vyield); the other enantiomer was obtained in 17% yield by
hydrolysis of the remaining amide by refluxing in 2M HCI. The
racemic TfmAla amide was later resolved using amidase from
Mycobacterium neoaurum (Koksch et al., 2004). The (R)-amino acid
was obtained with high enantioselectivity. Heat-stable amidase from
Klebsiella oxytoca was also successfully used for the chiral resolution of
racemic TfmAla amide; it also showed a preference to catalyse hydrol-
ysis of the (R)-enantiomer (Shaw and Naughton, 2004). Notably, since
TfmAla is a non-natural amino acid, enzymatic reactions may not be
fully selective; thus, for complete separation, chromatography should
be preferred.

Peptide synthesis is usually performed with pure enantiomers of
amino acids. However, in selective '°F-labelling strategies using only a
single non-natural amino acid, the optical purity of the latter is not so
critical. The peptide epimers that arise from the use of a racemic amino
acid mixture can often be separated chromatographically. Various
diastereomers containing TfmAla elute with sufficiently different reten-
tion times under carefully optimized flash-chromatography conditions,
as shown in Schemes 4.8—-4.10. The epimers of di- or tripeptides con-
taining TfmAla are no exception in this respect, and their separation is
usually possible. Assignment of the obtained epimers can be performed
post factum by NMR, chiral HPLC, or by non-chiral HPLC of the
diastereomeric derivatives of the amino acids obtained after peptide
hydrolysis of the separated peptide epimers (see e.g. Afonin et al., 2003;
Glaser et al., 2004; Maisch et al., 2009).
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4.5.3 Incorporation of TfmAla into peptides

Chemical methods of incorporation of o-trifluoromethylated amino acids
into peptides (reviewed by Sewald and Burger 1995; Sewald et al. 1995)
were often explored in parallel with the amino acid synthesis. Incorporation
of o-trifluoromethylated amino acids possessing a quaternary o-carbon
atom, including TfmAla, in peptides was accompanied by a serious problem:
the 0-CF; group deactivates the adjacent amino group towards electrophiles
which, together with the steric hindrance, severely decreases the coupling
rates in solid-phase peptide synthesis (SPPS) (Kobzev et al., 1989). A practi-
cal solution to this problem appears to be liquid-phase peptide synthesis
(LPPS) under carefully optimized conditions (for protocols see Koksch et al.,
1997). A representative example is shown in the Scheme 4.11. Here various
urethane-protected TfmAla were transformed into the activated oxazolidi-
nones 25 or oxazolidinediones 26, which subsequently reacted with amino
acid esters or peptide esters (Schierlinger and Burger, 1992; Burger et al,
1993; Hollweck and Burger; 1995) providing the corresponding protected
peptides in moderate yields. The same LPPS strategy can be used to attach
the TfmAla residue to the C-terminus of a peptide (Burger et al., 1998).

Several original approaches towards peptides containing TfmAla
residues are based on the idea of creating the residue on a preformed peptide
precursor. One example of this kind, which utilized acylimine intermediate
27 as the precursor, is shown in Scheme 4.12 (Hoss et al., 1993).

DCC
or
CIC(O)RINMM or Et;N  CFs O
or R =Bn, tBu
CIP(O)(OPh)o/EtsN N\Yo o PG = Cbz, Boc
PG = Cbz, Boc _ )
CF O-R o R
3 HoN"CO,R” H B
25 N
GRN CO.H — PG N"CO,R”
2 CF. H
H CFs O EtsN 3
SOCl,, A PG < H
| SOCk, A o =
PG = Cbz HN—(
-BnCl o)
26

NMM = N-methylmorpholin

Scheme 4.11. Introduction of urethane-protected TfmAla residue into the N-terminus of
peptides as a basic step in LPPS.
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Scheme 4.12. Incorporation of TfmAla residue at the C-terminus of peptides.
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Scheme 4.13.  Synthesis of dipeptides containing TfmAla by Ugi-multicomponent reaction.

Ugi-multicomponent synthesis of TfmAla-containing dipeptides
(Scheme 4.13) was recently published by Gulevich et al. (2008). This
method allowed the synthesis of protected dipeptides with the TfmAla
residue at the N-terminus in medium yields of 48—56%.

Recent developments in the field of microwave-assisted solid-phase
chemistry and commercialization of the corresponding equipment
opened the way to yet another methodology for incorporating amino
acids with sterically hindered or inactive carboxylic groups into peptides
(Sabatino and Papini, 2008; Santagada ef al., 2009). Details of the
microwave-assisted synthesis of Aib-containing peptides were recently
published (Hjorringgaard et al., 2009). However, the use of this approach
for the synthesis of TfmAla-containing peptides is yet to be tested.

Enzymatic synthesis of peptides with an N-terminally positioned
TfmAla should be briefly mentioned here (see review by Jackel and
Koksch, 2005). With the 4-guanidinophenol ester of racemic TfmAla as a
substrate mimic for trypsin and o-chymotrypsin, the N-terminal incor-
poration of TfmAla in peptides was demonstrated (Thust and Koksch,
2003). Under optimized conditions, when the equilibrium was shifted
towards peptide bond formation, yields of up to 72% were reported. Later,
the same authors reported coupling of Cbz-TfmAla-OMe and Cbz-Phe-
TfmAla-OMe to Leu, Val, Ala, Gly catalysed by carboxypeptidase Y in



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/24/13. For personal use only.

Trifluoromethyl-Substituted o-Amino Acids as Solid-State ’F NMR Labels 109

Cbz-TfmAla-OH ) N-terminus
coupling deprotection
+ activators . CPz-TimAla-Xaa-OtBu ——————— H_TfmAla-Xaa-OtBu

H-Xaa-OtBu - HCI

Fmoc-Yaa-OH

anhydride-mediated coupling

SPPS C-terminus deprotection
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Scheme 4.14. LPPS construction of a tripeptide fragment (containing TfmAla), to be
used as a building block in SPPS.

20-75% vyields. Strong substrate preferences were demonstrated; the con-
figuration of the TfmAla was suggested to be one of the factors influencing
the reaction output (Thust and Koksch, 2004).

Despite the synthetic advances described above, introduction of
TfmAla into long peptide sequences is achieved most economically by a
combination of LPPS and SPPS (Scheme 4.14). For example, Fmoc-
protected di- and tripeptides containing TfmAla can be synthesized by
LPPS. Subsequently, the whole fragment can be coupled as a single build-
ing block to a polypeptide chain using standard SPPS. In this way, TfmAla
was incorporated in the peptaibols harzianin HB I (10-mer) and alame-
thicin (20-mer) (Fanghidnel, 2007; Maisch, 2008; Maisch et al., 2009).

4.5.4 '’F NMR structure analysis of peptides with TfmAla

The fungal peptaibol alamethicin (F30/3, Ac-Aib-Pro-Aib-Ala-Aib-Ala-
Gln-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-Aib-Glu-Gln-Pheol), which
contains numerous native Aib residues, was the first example where
TfmAla was applied for '’F NMR structure analysis (Maisch et al., 2009).
According to the strategy described above (Fig. 4.1), six TfmAla-substituted
analogues were produced by replacing Aib in positions 5, 10, or 16
with (R-) and (S-) TfmAla. Circular dichroism spectra and functional
tests (antimicrobial and haemolytic assays) confirmed that these single
substitutions were essentially non-perturbing. Solid-state 'F NMR
analysis demonstrated that alamethicin has an upright transmembrane
alignment in liquid-crystalline lipid bilayers. The N-terminus was shown
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(a) Alamethicin (TfmAla) (b) PGLa (4-TfmPhg/TfmBpg)
S-state I-state I-state T-state S-state
T ~  y oo R
LB/PB' (gel) L, (lig.cryst) LB/PH' (gel) L, (lig.cryst)
%585'66 - K
(c) Gramicidin S (4-TfmPhg/TfmBpg) (d) SAP (TfmBpg/TfmMePro)
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Figure 4.3. Representative examples where CF;-substituted amino acids have been used
as !%F-labels in membrane-active peptides for solid-state F NMR structure analysis,
revealing their conformation and alignment in the lipid bilayer. The different peptide states
are displayed as they are found below and above the lipid phase transition temperature,
maintaining the proper molecular dimensions. (a) The peptaibol alamethicin has a
helix—kink-helix structure, and it changes its alignment between a surface-bound S-state
and an oligomeric inserted I-state. (b) The antimicrobial peptide PGLa possesses a regular
o-helix, which realigns sequentially from an inserted I-state via a tilted T-state to an S-state
with increasing temperature, when lipid goes from the gel to the liquid-crystalline phase.
(c) The antimicrobial peptide gramicidin S is a cyclic B-sheet, which assumes an S-state on
the bilayer surface in both the gel and liquid-crystalline phase, but it oligomerises and
inserts into the membrane as an I-state when bilayer defects are present. (d) The cell-
penetrating peptide SAP undergoes a transition from an isotropically averaged random
coil (R-state) to a surfacially aligned polyproline IT helix (P-state) upon the lipid phase
transition.

to fold in an o-helical conformation (rather than a 3,,-helix), and the
proline-induced kink was preserved in the membrane-inserted state
(Fig. 4.3(a)).

It should be noted that the recommended exchange of Aib by TfmAla
applies only under rather unique circumstances, as Aib is a rare amino
acid in nature. Its a-disubstituted character strongly promotes o-helical
and 3, -helical secondary structures in peptides (Prasad et al., 1984) due
to the steric effects of the geminal methyl groups on the backbone. The
steric and electronic impact of the '°F-containing TfmAla is expected to be
even stronger (see above).
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4.6 Amino Acids with a Rigid Spacer Between Co and the CF;
Group: 4-TfmPhg and TfmBpg

4.6.1 Synthesis of 4-TfmPhg

Synthetic approaches towards 4-TfmPhg are analogous to those of most
other phenylglycines carrying an electron-withdrawing substituent (for a
review see Williams and Hendrix, 1992). Numerous syntheses published
in the literature can be classified according to the reactions used as the
key step: amination, aminohydroxylation, arylation, carboxylation, imine
reduction or amino- and amido-carbonylation. We describe below the
reported examples of 4-TfmPhg and note that many synthetic routes
described for phenylglycines with electron withdrawing substituents other
than the CF; group may well be applicable to the synthesis of 4-TfmPhg.

Insertion of an NH, group into the corresponding precursors is a widely
used reaction towards arylglycines; it was exploited several times for the syn-
thesis of 4-TfmPhg. Enantioselective approaches are especially valuable for
the synthesis of an amino acid that is to be further incorporated into a pep-
tide. For example, reaction of tert-butylcarbamate or benzylcarbamate with
4-CF;-phenyldiazoacetate 28, catalysed by the chiral ferrocenyl complex
bpy*, gave the corresponding tert-butyl esters of Boc- and Cbz-protected 4-
TfmPhg in good yields and excellent enantioselectivity (Lee and Fu, 2007,
Scheme 4.15).

Another enantioselective approach was used for amination of the
silylketene acetal 29. The reaction was catalysed by a chiral rhodium com-
plex Rh,(S-TCPTTL),. The 4-TfmPhg derivative 30 was obtained in 95%
yield and 97% ee. (Tanaka et al., 2007, Scheme 4.16).

Asymmetric catalytic aminohydroxylation of styrenes has been devel-
oped as a method to synthesize different phenylglycines by Reddy and
Sharpless (1998). This reaction was performed with 1-(trifluoromethyl)-
4-vinylbenzene 31 using K,0sO,(OH), as an oxidizing reagent, and the
Cbz-chloroamine salt formed in situ as an amine source. Two different
enantiomers of the aminoalcohol 32b were obtained using different
cinchona alkaloid catalysts: the (S)-isomer was obtained in the presence of
(DHQ),PHAL, and the (R)-isomer in the presence of (DHQD),PHAL.
Another regioisomer, the aminoalcohol 32a, was also formed in both cases.
The mixture of 32a and 32b was oxidized using sodium hypochlorite
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Scheme 4.15. Enantioselective synthesis of protected 4-TfmPhg via amination of a
catalytically generated carbene.
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Scheme 4.16.  Catalytic enantioselective synthesis of protected 4-TfmPhg using amination
of a silylketene.
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Scheme 4.17. Stereoselective synthesis of protected 4-TfmPhg starting with catalytic

MeO

Sh

aminohydroxylation of the 1-(trifluoromethyl)-4-vinylbenzene (the asterisk here and in
the following schemes denotes that stereoisomers with both (R)- and (S)-configurations at
the corresponding centre were obtained).
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Scheme 4.18.  Arylation of an azomethyne leading to protected 4-TfmPhg.

(catalysed by TEMPO) to give the Cbz-protected 4-TfmPhg in 77% yield
(calculated on pure regioisomer 32b) (Scheme 4.17).

Two methods of catalytic arylation of a precursor bearing a chiral aux-
iliary 33 by arylboronic acid 34 are shown in Scheme 4.18. One of the
synthetic routes used a rhodium-based complex with 1,2-bis(diphenylphos-
phinyl)benzene as the ligand; the 4-TfmPhg derivative 35 was obtained
in 74% yield and 97% ee (Beenen et al., 2006). Another route used a
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Scheme 4.19. An approach to 4-TfmPhg via arylation reaction.

palladium-bipyridine complex to give the substituted 4-TfmPhg 36 in 57%
yield and 91% ee (Dai and Lu, 2007).

An original non-stereoselective approach to 4-TfmPhg based on an
arylation reaction is illustrated in Scheme 4.19. Diethyl acetamidomalonate
was hydrolysed by one equivalent of alkali, and cyclized, in the presence of
trifluoroacetic acid, to form the oxazole 37. Compound 37 was arylated
using 4-CF;CsH4Pb(OAc); in a pyridine—chloroform mixture and the
product 38 was hydrolysed to form a racemic mixture of the arylglycine 39
in 92% yield (Morgan et al., 1997). A similar method of arylation, also
starting from diethyl benzoylamidomalonate, was described by Koen et al.
(1997).

A method of inserting the carboxylic moiety into the azomethyne 40
was described by Nemoto et al. (2007) (Scheme 4.20). The dicyanomethyl
tert-butyldimethylsilyl ether 41 was suggested to be a synthetic equivalent
of the carboxylic group. Dicyanide 41 reacted with the azomethyne in
88% yield to form 42, which was then deprotected and hydrolysed. In
order to measure the optical purity (40%), the amino acid was reacted
with the chiral acid 43 to give the acylated product 44. The authors
argued that such a low de value was caused by partial epimerization
during the final coupling.

Direct reduction of the C=N double bond in N-PMP-protected
o-imino ester 45 by the Hantzsch ester employing chiral phosphoric acid



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/24/13. For personal use only.

Trifluoromethyl-Substituted o-Amino Acids as Solid-State ’F NMR Labels 115

° ;
1\ s
NS tBu OTBDMS TMSOTf HN> " tBu
I TOHON o S A_-OTBDMS
qine  P-CFCgH
p-CF306H4)\H CN 2,6-lutidine 3L 4NCA%N
a0 41 42
o) 88%
: o
A 1. TBAF, MeOH
HN™ 0 2. HCI, dioxane
; 3. PyBop, Et,N
CO,Me 3
HOZC""@O
CF
" 43
70%
de 40%

Scheme 4.20. Carboxylation of azomethyne as a route to 4-TfmPhg.
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Scheme 4.21.  Enantioselective reduction of the C=N double bond in an imino ester leading
to protected 4-TfmPhg. Stereoisomers with both (R)- and (S)-configurations at the
corresponding centre were prepared.

46 as a catalyst (Scheme 4.21) gave PMP-4-TfmPhg-OEt in 98% yield and
96% ee (Li et al., 2007).

The first synthesis of 4-TfmPhg based on aminocarbonylation of the
corresponding carbanion involved the use of chromium—carbonyl complexes
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Scheme 4.22. Asymmetric synthesis of 4-TfmPhg utilizing an aminocarbonylation
reaction.
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Scheme 4.23. Non-stereoselective syntheses of N-acylated 4-TfmPhg.

(Scheme 4.22). 4-CF;C¢H,Li was reacted with chromium hexacarbonyl,
then the oxygen atom in 47 was substituted by the chiral aminoalcohol,
and the resulting complex 48 decomposed by photolysis to form the aryl-
glycine derivative 49. Compound 49 was deprotected under mild acidic
conditions to give 4-TfmPhg in 42% overall yield and 60% ee (Vernier et al.,
1992; Hegedus et al., 1990).

Two non-stereoselective syntheses of 4-TfmPhg using an amido-
carbonylation reaction have also been described (Scheme 4.23). The
palladium-phosphine catalysed reaction gave acylated 4-TfmPhg in 82%
yield under optimized conditions (Beller et al., 1998). The palladium
complex with a polymer ligand was studied as a catalyst for amidocar-
bonylation of a wide range of aldehydes; 4-CF;-benzaldehyde was
included in this survey and gave acylated 4-TfmPhg in 46% vyield
(Akiyama et al., 2004).
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4.6.2 Separation of the 4-TfmPhg enantiomers

As mentioned above, the enantiomeric purity of Tfm-substituted amino
acids is in many cases not critical for peptide synthesis. Nevertheless, as the
yields of the peptide synthesis are much higher when optically pure amino
acids are used, it is worth mentioning here the published practical methods
to resolve the 4-TfmPhg enantiomers and their derivatives. Generally, chi-
ral chromatography (Galushko, 1995) or natural enzymes (Miyazawa,
1995) are applied for this purpose. Two examples of enzymatic resolution
of racemic 4-TfmPhg derivatives are illustrated in Scheme 4.24. The first
was reported by Morgan et al. (1997): only the (S)-enantiomer of com-
pound 39 has been converted into the corresponding (S)-amino acid
(4-Tfm-1-Phg) under direct catalysis by porcine kidney acylase. The second
(Arcuri et al, 2003) described the dynamic kinetic resolution of enan-
tiomeric hydantoins 50 by bp-hydantoinase. This reaction gave the
N-carbamoyl (R)-amino acid 51 in >98% ee. In this example, 100% con-
version was achieved since the non-hydrolysed enantiomer of 50 was
constantly racemized in the course of the enzymatic process due to the
alkaline pH optimal for the catalytic activity of the p-hydantoinase.

NHAc
50%, ee 95%
COH
NHAc  porcine kidney acylase CF;
COH Co?+ NH,

43%, ee 94%

39 /©/\COZH
CF;

racemization o H COH
N D-hydantoinase
‘'NHCONH
>=O B — 2
N pH=9.0 CF;
CF; 51
50 100%, ee>98%

Scheme 4.24. Enzymatic approaches towards enantiomerically pure 4-TfmPhg.
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Scheme 4.25. Chemical resolution of the enantiomers of a 4-TfmPhg derivative.

Non-enzymatic resolution of 4-TfmPhg is also possible (Hang and
Deng, 2002). An example is illustrated in Scheme 4.25. Alcoholysis of the
urethane-protected derivative 52 in the presence of a modified cinchona
alkaloid (DHQD),AQN gave the ester 53 in 95% yield and 90% ee. The allyl
protection was subsequently removed in the presence of a Pd(0) catalyst.

4.6.3 Incorporation of 4-TfmPhg into peptides

Structurally related to 4-TfmPhg, the monofluorinated 4-fluorophenyl-
glycine (4F-Phg) was historically the first amino acid used as a !°F-label for
structural studies of membrane-active peptides by solid-state '’F NMR
(Salgado et al., 2001; Afonin et al., 2003, 2004). The use of 4F-Phg with the
standard Fmoc SPPS protocols was applied to the fusogenic peptide B18
(Leu-Gly-Leu-Leu-Lue-Arg-His-Leu-Arg-His-His-Ser-Asn-Leu-Leu-Ala-
Asn-Ile, nine monosubstituted and one disubstituted analogue were
produced), the antimicrobial peptides gramicidin S (,q,[Pro-Val-Orn-
Leu-p-Phe], two doubly substituted analogues were synthesized), and
PGLa (Gly-Met-Ala-Ser-Lys-Ala-Gly-Ala-Ile-Ala-Gly-Lys-Ile-Ala-Lys-Val-
Ala-Leu-Lys-Ala-Leu-NH,, three monosubstituted analogues were
prepared). We refer to these studies here because all general observations
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about the synthetic behaviour of 4F-Phg, synthetic problems and pro-
posed solutions, turned out to be the same when using 4-TfmPhg in SPPS
(Sachse, 2003; Glaser et al., 2004; Wadhwani et al., 2006). Both amino acids
are compatible with SPPS protocols, and unlike TfmAla they are suffi-
ciently reactive to use the standard Fmoc procedures. However, due to the
increased acidity of the o-proton, the phenylglycine derivatives tend to
racemize completely during the synthesis. The basic conditions employed
during Fmoc cleavage cause racemization. Fortunately, the diastereomers
of the peptides mentioned above could be separated chromatographically
(Afonin et al., 2003; Glaser et al., 2004). More recently it has been shown
that it is possible to suppress the racemization of phenylglycine derivatives
in peptide synthesis (e.g. Dettner et al., 2009). As HPLC purification is
always needed before the peptides can be used in NMR studies, the
epimeric peptides containing different enantiomers of 4-TfmPhg (and 4F-
Phg) could be conveniently separated on a preparative scale (C,3 HPLC
column with 22 mm internal diameter to prepare some tens of milligrams
of the pure peptides). Even disubstituted analogues of the cyclic decapep-
tide gramicidin S, where the use of racemic 4-TfmPhg caused the
formation of three diastereomers, were eluted with significantly different
retention times under optimized chromatographic conditions (Wadhwani
et al., 2006).

Since the pioneering studies reported in 2003 (Sachse, 2003), 4-TfmPhg
has been introduced in a range of membrane-active peptides having
various length and conformational preferences. These include several
antimicrobial peptides such as gramicidin S (Wadhwani et al, 2006),
MSI-103 ([Lys-Ile-Ala-Gly-Lys-Ile-Ala];-NH,: see Kanithasen, 2005;
Strandberg et al., 2008), and temporin A (Phe-Leu-Pro-Leu-Ile-Gly-Arg-
Val-Leu-Ser-Gly-Ile-Leu-NH,: see Tiltak, 2009); several cell-penetrating
peptides such as MAP (Lys-Leu-Ala-Leu-Lys-Leu-Ala-Leu-Lys-Ala-Leu-
Lys-Ala-Ala-Leu-Lys-Leu-Ala-NH,: see Eisele, 2007; Wadhwani et al.,
2008), PEP-1 (Lys-Glu-Thr-Trp-Trp-Glu-The-Trp-Trp-Thr-Glu-Trp-Ser-
Gln-Pro-Lys-Lys-Lys-Arg-Lys-Val: see Eisele, 2007), penetratin (Arg-Gln-
Ile-Lys-Ile-Trp-Phe-GIn-Asn-Arg-Arg-Met-Lys-Trp-Lys-Lys: see Eisele,
2007), and SAP ([Val-Arg-Leu-Pro-Pro-Pro];: see Eisele, 2007), as well as the
fusogenic sequence FP23 (Ala-Val-Gly-Ile-Gly-Ala-Leu-Phe-Leu-Gly-Phe-
Leu-Gly-Ala-Ala-Gly-Ser-Thr-Met-Gly-Ala-Arg-Ser: see Grasnick, 2006;
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Reichert et al., 2007). In all these studies, TfmPhg was utilized to substitute
a proteinogenic amino acid, such as an aliphatic Leu, Ile, Val, Ala, or an aro-
matic Trp, Phe, or even the small Gly. Special attention was paid to ascertain
that the °F-labelling would not disturb the conformation and function of
the corresponding wild-type peptide. These studies revealed that the
membrane-active peptides remained essentially unperturbed when the
4-TfmPhg residue was in place of Leu, Ile or Val. On the other hand, Trp and
Gly could not so readily be substituted by 4-TfmPhg, as the '°F-labelled
analogues often had structures and/or functions significantly different
from those of their unlabelled parents. Phe and Ala seem to represent
intermediate cases, as in some instances the structure and/or functions
were affected by the labelling, while in the others no changes were
observed. These observations can be explained, at least in the case of Gly
and Ala substitutions, by the considerable steric impact that is imposed by
the relatively bulky side chain of 4-TfmPhg. In addition, when replacing
Gly with 4-TfmPhg the local backbone torsion angles @ and y may be
altered upon labelling. It should also be noted that 4-TfmPhg possesses an
aromatic side chain and hence can undergo specific - or cation— inter-
actions. Such interactions could affect the proper folding, and their impact
on the structure may be strong when a sequence is rich in aromatic and
cationic amino acids — not uncommon among membrane-active peptides.

Yet another problem was recently observed when the SAP peptide was
labelled with racemic 4-TfmPhg (Eisele, 2007). The SAP analogues with
the 4-TfmPhg residue in place of Val7 and Leu9 were not separable by
HPLC, which indicates that the resolution of the peptide epimers carrying
4-TfmPhg is sequence dependent. We may thus conclude that, despite
otherwise fulfilling criteria 1-4, a significant disadvantage of 4-TfmPhg as
a "F-label is its propensity to racemize extensively.

4.6.4 Synthesis of TfmBpg

The amino acid TfmBpg (3) was designed to overcome the above men-
tioned problems encountered with the use of 4-TfmPhg and TfmAla for
F NMR (Mikhailiuk et al., 2006, 2010; Mykhailiuk, 2008). The idea
behind the design is the following: the bicyclopentane-derived spacer
between the CF; group and the aminocarboxylate moiety assures the
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Scheme 4.26.  Synthesis of TfmBpg.

rigidity of the side chain (criterion 1); at the same time, this moiety elim-
inates the influence of the electron-withdrawing CF; group on the
o-proton acidity, therefore alleviating the racemization problem of
4-TfmPhg. Furthermore, by possessing an aliphatic side chain, TfmBpg is
better suited for replacing aliphatic amino acids with no additional risk of
interfering with aromatic interactions.

The synthesis of TfmBpg is illustrated in Scheme 4.26. Propellane 54
was transformed to the intermediate iodide 55 by addition of trifluo-
roiodomethane. Aldehyde 56 (together with its hemiacetal) was synthesized
from 55 in good yield. A Strecker reaction with the amine bearing chiral
auxiliary allowed separation of diastereomeric 57 and isolation of both
enantiomers of 3.

4.6.5 Synthesis of peptides containing TfmBpg

Like 4-TfmPhg, the amino acid TfmBpg was fully compatible with stan-
dard Fmoc-based SPPS, and — in contrast to the former — no
racemization was observed, as desired. This was demonstrated by the syn-
thesis of four analogues of the antimicrobial peptide PGLa (see above),
labelled with TfmBpg at the very same positions that had previously been
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substituted by 4-TfmPhg (i.e. Ile9, Alal0, Ile13, or Alal4: see Afonin et al.,
2007; Mykhailiuk, 2008). All these peptide analogues synthesized with the
(S)-enantiomer of the TfmBpg were obtained as single diastereomers, as
shown by HPLC/MS analysis. The labelled peptides gave the same circular
dichroism spectra in membrane-mimicking environments, and they
demonstrated the same levels of biological activity in the functional
antimicrobial assays as PGLa itself and the 4-TfmPhg-substituted ana-
logues. The SAP sequence mentioned above was also labelled with
TfmBpg (substitution of Leu3, Val7, Leu9, Vall3, or Leul5). Here again,
based on circular dichroism analysis, all the TfmBpg-substituted SAP ana-
logues were structurally indistinguishable from the parent peptide
(Mykhailiuk, 2008; Mykhailiuk et al., 2008). Other peptides which have
meanwhile been labelled by TfmBpg are the previously mentioned tem-
porin A (substitution of Leu4, Ile5, Gly6, Val8, or Leu9), FP23
(substitution of Leu7, Phe8, Leu9, Phell, or Leul2) and transportan 10
(Ala-Gly-Tyr-Leu-Leu-Gly-Lys-Ile-Asn-Leu-Lys-Ala-Leu-Ala-Ala-Leu-
Ala-Lys-Lys-Ile-Leu-NH,, substitution of Leu5, Ile8, Leul0 and Leul3: see
Ehni, 2009). In the synthesis of all these peptides the Fmoc-TfmBpg behaved
like the other Fmoc-protected aliphatic amino acids Leu, Ile, or Val.

4.6.6 '°F NMR structure analysis of peptides with 4-TfmPhg
and TfmBpg

Both 4-TfmPhg 2 and TfmBpg 3 have been widely used as '°F-labels in solid-
state NMR studies of peptides. From the perspective of structure analysis,
both compounds have proven to be excellent reporter groups in macroscop-
ically oriented samples. They fulfil criterion 1 as they carry the CF; group in
a well-defined geometry on the peptide backbone: the Co—Cf and C-CF;
vectors are collinear, and the side chain can rotate only around these bonds.
Both side chains in 2 and 3 are effectively non-polar with a medium-sized
steric volume. These properties should make them good substitutes of Phe,
Trp, Tyr, Val, Leu, Ile, Ala, Met and His (uncharged). However, practical expe-
rience (see above) has corrected these expectations and suggests a more
limited applicability to Leu, Ile, Val, and to a lesser extent Phe and Ala.

All the membrane-active peptides mentioned in the previous sec-
tions have been studied or are under current investigation by solid-state
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F NMR as outlined in Fig. 4.1 and had been labelled for this particular
purpose. Without going into details about the functional relevance of the
structural and orientational results found for each peptide (these are
described in the relevant publications), here we will illustrate briefly the
major findings that were made possible using 4-TfmPhg and/or
TfmBpg.

For the functionally similar amphiphilic peptides PGLa, MAP and
MSI-103, preservation of their o-helical conformation in lipid bilayers of
various compositions was confirmed by F NMR (Sachse, 2003; Glaser
et al., 2004, 2005; Kanithasen, 2005; Afonin et al., 2008b; Strandberg et al.,
2008; Wadhwani et al., 2008), as expected from previous studies in other
membrane(-mimicking) environments. Remarkably, these peptides were
found to change their alignment in the lipid bilayer depending on concen-
tration, lipid composition and lipid phase state. Namely, they could switch
between a monomeric surface-bound (S-) state, a dimeric obliquely tilted
(T-) state, and a presumably oligomeric inserted (I-) state (Fig. 4.3(b)).
Very similar realignments were also demonstrated for the P-stranded
gramicidin S, which exists in the S-state above and below the lipid
phase transition, while flipping into an upright oligomeric I-state when
a sufficient number of defects were present in the bilayer (Mykhailiuk,
2008; Afonin et al., 2008a; Fig. 4.3(c)). For FP23, temporin A and trans-
portan 10, some distorted helical conformations were determined, which
again undergo alignment changes as in response to changes in the lipid
composition and peptide concentration (Grasnick, 2006; Ehni, 2009;
Tiltak, 2009).

MAP and MSI-103 were investigated using only 4-TfmPhg, while
gramicidin S, PGLa, temporin A and FP23 were explored utilizing both 4-
TfmPhg and TfmBpg. The mutual exchangeability of the two amino acids
was confirmed in these studies, as both labels showed the spectra with the
same '°F splittings when placed in the corresponding positions along the
peptide sequence (Grasnick, 2006; Afonin et al., 2007; Mykhailiuk, 2008;
Tiltak, 2009). The '°F NMR data on 4-TfmPhg in the PGLa peptide were
also compared with a corresponding “H NMR analysis using Ala-d; as a
reporter group, showing that both labels deliver essentially the same struc-
tural results (Strandberg et al., 2006). Naturally, a substitution of Ala by
Ala-dj is less perturbing than any 4-TfmPhg label. On the other hand, the
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main advantage of the CF; group over the CDj; group is the fact that a '°F
NMR spectrum yields the signed ’F-'°F dipolar coupling (due to the CSA
contribution), in contrast to the absolute value of a °H quadrupolar split-
ting. Hence, only about four separate '°F-labels are required to fully
characterize the alignment and dynamics of a rigid secondary structure
element such as an o-helix, whereas twice as many “H labels are needed to
obtain the same level of information.

The cell-penetrating carrier transportan 10 is the first example of a
peptide of which structure and alignment in lipid membranes have been
determined exclusively with TfmBpg (Ehni, 2009). The SAP peptide,
where racemic 4-TfmPhg turned out to be difficult to use (see above), is
the second example emerging (Mykhailiuk, 2008; Fig. 4.3(d)).

4.7 Conclusions and Perspectives

The majority of membrane-active peptides and transmembrane proteins
contain hydrophobic amino acids which dominate the interactions with
the intrinsically apolar interior of the lipid bilayer. These positions are
highly abundant and very suitable for targeting with apolar '*F-labels. As
demonstrated above, hydrophobic TfmAla, 4-TfmPhg and TfmBpg are
readily available for structural studies by solid-state '°F NMR. Their use
has already contributed to a better understanding of the functional mech-
anisms for several different kinds of membrane-active peptides. However,
polar or even charged amino acids are also important for the specific
functioning of many peptides. Most of the antimicrobial, cell-penetrating
and fusogenic peptides are actually amphiphilic, with part of their surface
in the folded molecule carrying polar amino acid residues. Moreover,
some short homo-oligomeric stretches of cationic and anionic residues
are also known to display significant levels of membrane activity. For
instance, oligo-arginines represent a distinct class of cell-penetrating pep-
tides, while short sequences rich in oligo-aspartate motifs are known to
have antimicrobial function and medium-sized polyglutamines can form
ion channels in lipid bilayers (Brogden et al., 1997; Hirakura et al., 2000;
Monoi et al., 2000; Futaki ef al, 2007). Likewise, many native polypep-
tides (and membrane peptides are no exception in this respect) contain
amino acids known as ‘breakers of a regular secondary structure’, namely



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/24/13. For personal use only.

Trifluoromethyl-Substituted o-Amino Acids as Solid-State ’F NMR Labels 125

glycine and proline. The glycine residue is an extremely flexible backbone
element; proline, by contrast, provides considerable conformational
restriction to the backbone and is not able to act as a hydrogen bond
donor. These different properties may lead to the formation of kinks, or
to the capping of secondary structure elements in the peptides. Glycine
is furthermore known to mediate specific helix-helix contacts in the
G-Xaa-Xaa-Gly motifs of coiled coils, and it contributes to the confor-
mational flexibility of the viral fusion peptides. The proline residue (often
found in those secondary structure elements of peptides which are
responsible for binding to other proteins) is a necessary constituent
in various turns and forms the PPII-structured backbones of many
‘intrinsically unstructured’ proteins and sequences (Choi et al., 1994;
Gunasekaran et al., 1997; Dyson and Wright, 2005). Obviously, limiting
the repertoire of the 'F-labels to only hydrophobic amino acids
would exclude important areas and functionally relevant locations of
many membrane peptides from being directly observable in F NMR
experiments.

The lack of suitable °F NMR reporters that are compatible with fur-
ther types of side chains has prompted the development of new
CF;-substituted amino acids in recent years. Up to now, these efforts have
resulted in the synthesis and application to structural studies of the pro-
line analogue TfmMePro (58) (Mykhailiuk et al., 2008) (Fig. 4.4). Here
the design of the label was initially based on the idea that the already con-
formationally restricted proline molecule may serve as a scaffold to
connect the CF; group to the peptide backbone in a rigid fashion. All
known CF;-substituted prolines (59, 60 and 61: see Del Valle and
Goodman, 2002; Qiu and Qing 2002a, b; Chaume et al., 2006; Nadano
et al., 2006; Caupene et al., 2009) were considered first, but all three were
ruled out according to the F-labelling criteria above. In 59 and 60 the
carbon skeleton of the proline itself would retain some residual flexibil-
ity; therefore, they are still too flexible even if specific puckered
conformations are favoured. The recently published 2-CF;-proline 61,
when incorporated in peptides, would place the CF; group directly on the
Co-position of the peptide backbone. In this case, as in TfmAla, the pres-
ence of the bulky electron-withdrawing CF; moiety would severely alter
the steric and electronic environment around it (Burger et al, 1998).
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Similarly it would also reduce the chemical reactivity of the amino acid
61, thereby making its use in peptide synthesis difficult.

CF CF.
T [gN L
COH
N~ TCOH N~ TCOH N 2
H H
59 60 61

CF; trifluoromethylated proline analogues.

In contrast to 59 and 60, bi- and polycyclic analogues of proline are
sufficiently rigid (Komarov et al., 2004) and the design of a good '*F-label
can exploit this fact. This idea was realized in compound 58, which was
synthesized from the known precursor 62 by reaction with the correspon-
ding catalytically generated carbene (Scheme 4.27). The intermediate 63a
was formed along with other diastereomers 63b and 63c which were sepa-
rated. Compound 58 was obtained in a moderate yield (ca. 20% calculated
from 62) and, compared to the rest of the isomers, was found to be the
most stable in acidic media (though, in principle, all four diastereomers
might have been used for ’F NMR studies).

H
CF,CHN, CF; H H
'}l CO,Me H [}j COo,Me + CF" N cOo,Me + Hﬁ“;FN CO,Me
H |
Boc Boc Boc *Boo

62 63a 63b 63c
. chromat.

separat.
NaOH
HCI
CF,COOH 63a/630/63¢ = 1.0/0.9/0.7
ion-exch.

chromat.

-

70% overall

o rOD
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95%

Scheme 4.27. Synthesis of TfmMePro.
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The amino acid 58 turned out to be compatible with standard Fmoc
SPPS (Mykhailiuk et al., 2008). The proline-rich peptide SAP (see above)
was synthesized with a TfmMePro substitution in place of Prol1. Neither
degradation, low reactivity, nor racemization of Fmoc-58 was observed.
The TfmMePro-containing SAP was studied by '°F NMR in lipid mem-
branes under the same conditions as the TfmBpg labelled analogues (see
above). Though a single label is not sufficient to perform a full structural
analysis, the measured anisotropic dipolar couplings are fully consistent
with the conformational and orientational behaviour of SAP as deter-
mined from the five TfmBpg-substituted analogues.

According to a circular dichroism analysis of the 'F-labelled SAP,
TfmMePro was also found to slightly stabilize the PPII conformation. This
fact is interesting per se, though it could also mean that TfmMePro may
turn out to be a poor '°F-label. The utility of the TfmMePro is currently
under investigation and still leaves much room for improvement in label
design for membrane-active peptides. Starting from some proof-of-concept
experiments towards the full application of trifluoromethyl-substituted
o-amino acids in solid-state '°F NMR (Sachse, 2003; Glaser et al., 2004), the
methodology of structure analysis has been constantly improving. Major
effort has gone into the development of suitable labels, which is especially
critical in the case of °F-labelling. A subtle balance between efficiency of
the label and its non-perturbing nature must be optimized in this case.

Despite the advances already outlined, the repertoire of known ‘good’
YF-labels is still scarce. All the compounds which were used so far have
mimicked amino acids with unpolar side chains. The challenging problem
of the design, synthesis and application of new !°F-labels suitable for
examining polar side chains remains open. However, the experience
gained from the use of unpolar Tfm-substituted amino acids suggests
some basic design principles for the future polar '°F-labels. The CF; group
should be placed on a rigid (poly)cyclic spacer separating it from the pep-
tide backbone. Simultaneously, the proper distance from the functional
group in the side chain has to be maintained. These rules, when imple-
mented, would minimize the danger of peptide properties being modified
after labelling. New insights into the structure and peptide-lipid interac-
tions will thus be accessible by '’F NMR once a suitable chemical route to
such labels has been paved.
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Fluorine-Containing
Pharmaceuticals

Steve Swallow*

5.1 Introduction

The presence of fluorine in drug candidates and marketed drugs is now
commonplace, with the small electronegative fluorine atom being an integral
part of the chemist’s repertoire of substitutions to modulate all aspects of
molecular properties, including drug potency, physical chemistry, and phar-
macokinetics. The impact of fluorine on molecular properties has been well
described in the literature and others have highlighted the common occurrence
of fluorine in marketed pharmaceuticals. There are numerous thorough
reviews that survey the use of fluorine in marketed drugs and development
compounds (Kirk, 2006; Bégué and Bonnet-Delpon, 2008; Hagmann, 2008);
however, one limitation is that frequently there is limited information in the
public domain on the rationale for inclusion of particular fluorine substitu-
tions and a similar dearth of data to indicate what the impact has been.

Rather than describe comprehensively all pharmaceutical examples
for different fluorine substituent patterns, this chapter will therefore aim
at focusing on examples where the influence of fluorine substitution is
clear or unusual and where significant advance to therapeutic intervention
has been observed.

* AstraZeneca, Safety Assessment UK, Mereside, Alderley Park, Macclesfield, Cheshire,
SK10 4TG, UK. E-mail: steve.swallow@astrazeneca.com
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The introduction of fluorine has found great utility in many drug dis-
covery projects that have not progressed to market; for these the reader is
directed to other literature reviews and articles (Isanbor and O’Hagan,
2006; Kirk 2006; Jeschke et al., 2007; Miiller et al, 2007; Shah and
Westwell, 2007; Bégué and Bonnet-Delpon, 2008; Bohm et al., 2008;
Hagmann, 2008; Liu et al., 2008; Purser et al., 2008).

5.1.1 Survey of fluorine-containing pharmaceuticals

A search within the Prous Science Integrity database for launched phar-
maceuticals reveals that more than 200 pharmaceuticals containing at least
one fluorine substituent have been launched since the introduction of
dexamethasone by Merck Sharp and Dohme in 1958. Similar literature
analyses highlight the presence of fluorine in 5-15% of launched drugs in
the 50 years to 2007 (Hagmann, 2008). Fluorine appears in pharmaceuti-
cals in a variety of structural presentations as highlighted in Fig. 5.1 with

Frequency of Substituents in Launched Pharmaceuticals to end 2008
(Data from Search of Prous Integrity®)
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Figure 5.1. Distribution of fluorine substructural types in launched pharmaceuticals in
the Prous Science Integrity database to end of 2008 (now the Thomson Reuters Integrity
database). Note multiple occurrences of the same substructure only count once and are
recorded under that substructure type, e.g. ezetimibe that contains two ArF substituents is
counted once under ArF. Examples discussed in the text are labelled.
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compounds containing between 1 and 21 fluorine atoms having found
broad application in all therapeutic areas. A number of examples will be
discussed in detail below.

It is perhaps not surprising that fluoroaryl, fluoroalkyl and trifluo-
romethylaryl substituents are the most commonly found; however, it is
clear that there are other interesting fluorine containing substitutents in
use. Unfortunately there is limited information on the impacts on proper-
ties for many of these, although one can speculate on them.

By far the most common fluorine substitution in pharmaceuticals is
the aromatic fluorine, most commonly a 4-fluorinated phenyl ring. The
substitution of an unsubstituted phenyl ring for a 4-fluorinated version is
frequently introduced by medicinal chemists to enhance metabolic stabil-
ity by preventing phenyl oxidation, although such substitution can also
have positive impacts on potency through the introduction of additional
specific interactions. Substitution of Ar—H for Ar-F has minimal impact
on the other properties of the molecule and is arguably often incorporated
into discovery project chemistry pre-emptively and in the absence of data
highlighting specific metabolic liability because of this minimal impact on
other properties. It is interesting that a study by Pfizer chemists (Lewis and
Cucurull-Sanchez, 2009) examining the impact of simple substitutions on
the metabolic stability of compounds, through an analysis of ‘matched
pairs’ (Leach et al, 2006), highlighted that a 4-F substituent leads to a
decrease in metabolism in human liver microsomal clearance assays in
only 9.2% of 491 pairs examined, while increasing clearance in 4.5% of
pairs. Arguably, the value in this observation is that 4-F substitution has
minimal impact on other properties when compared with higher per-
forming groups (with respect to metabolic stability) that modulate
physical properties more radically, and perhaps also highlights that maxi-
mum value from this strategy is derived when the metabolic pathway is
known to involve phenyl oxidation. Aromatic fluorine substitution can
also be used to block access to metabolic pathways leading to reactive
metabolites (Wu et al., 2003) that may be of concern from a toxicological
perspective. Indeed there are a number of well-described examples where
metabolism data have indicated the impact of Ar-F substitution on
modulating the metabolism of a phenyl substituent, some of which are
described below.
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5.2 Case Studies

5.2.1 Ezetimibe (Zetia)

OH
OH

metabolism /@/k/ f
F’ le)
metabolism

F

The discovery of ezetimibe (Zetia), a first in class compound that inhibits
the absorption of cholesterol from the intestine, is an excellent example
highlighting the role of fluorine substitution in metabolism-based drug
optimization.

Following the success of the statin class in reducing serum lipoprotein
cholesterol (LDL-C) and total cholesterol through inhibiting cholesterol
biosynthesis, other cholesterol-lowering approaches have been pursued.
Reduction in the absorption of dietary cholesterol was considered an
attractive approach owing to its potential as a stand-alone or additive
combination therapy and pursuit of this objective by Schering Plough led
to the launch in 2002 of ezetimibe, leading to combined sales of $4.6bn in
2008 from ezetimibe monotherapy and a single pill combination of eze-
timibe with simvastatin (Vytorin).

The whole discovery story is fascinating (Rosenblum et al., 1998; Earl
and Kirkpatrick, 2003), but focusing on the early structure—activity rela-
tionship that led to the initial probe compound is instructive, highlighting
the value in this case of a switch from optimization against acyl-CoA cho-
lesteryl acyl transferase (ACAT; the initial molecular target) to a classical
pharmacology-based optimization in a rat disease model, following the
observation of a disconnect between in vitro ACAT inhibitory activity and
in vivo biological effects.

Following identification of the azetidinone 1, initial optimization led to
SCH48461 (Fig. 5.2). Among the structure—activity relationships
described in the literature, it was observed that introduction of the
4-methoxy substituent in the azetidine C-4 phenyl substituent had a
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Figure 5.2. Structures of initial lead and first clinical candidate to show proof-of-concept.

profound impact on enhancing compound activity in vivo and the toler-
ance of other polar substituents in this ring that are of particular
importance to the later metabolism-based optimization.

Completion of phase II clinical trials with SCH48461 provided the initial
proof-of-concept for the inhibition of cholesterol absorption and SCH48461
showed positive effects, reducing serum LDL levels by 15% at 25mg/day dose.
However, the modest activity in humans coupled with a complex metabolite
profile led to a programme of further optimization involving the use of aro-
matic fluorine substitution to minimize the formation of inactive metabolites.

In an elegant approach using metabolite identification, isolation and test-
ing, in combination with metabolite structure hypothesis generation and an
understanding of prior structure—activity relationship, a targeted set of com-
pounds was designed that combined metabolite features expected to have
positive effects on potency with features expected to block metabolism to
inactive structures (Fig. 5.3) (Van Heek et al., 1997; Rosenblum et al., 1998).

Synthesis and testing critically demonstrated that the C-4 aryl
O-demethylated derivative 2 retained activity (consistent with the struc-
ture—activity relationship noted above) while demethylation of the
N-4-methoxyphenyl group 3 was shown to reduce activity as was the para
hydroxylation of the pendant C-2 phenyl group 4 (Fig. 5.4). Retention of
the C-4 phenol group, blocking para hydroxylation through fluorination,
replacing the OMe with fluorine to prevent formation of polar (inactive)
metabolites in this ring, and concomitant introduction of a benzylic alco-
hol led to SCH58235, a compound that had a 50-fold increase in potency
compared with SCH48461 in the in vivo efficacy model. As a consequence,
in addition to the improved in vivo efficacy, a much simplified metabolite
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Figure 5.3. Putative sites of metabolism of SCH48461.
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Figure 5.4. Key compounds and outcomes: blocking metabolism while retaining polar
features in 2 and 5 leads to ezetimibe.



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/24/13. For personal use only.

Fluorine-Containing Pharmaceuticals 147

profile was also obtained in which the phenol glucuronide of SCH48461
was observed as the major metabolite in rats and subsequently in man
(Sweeney and Johnson, 2007). Interestingly this glucuronide has been
shown to be biologically active and is recycled to the site of action in the
intestine via enterohepatic recirculation.

5.2.2 Celecoxib (Celebrex)
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The propensity for aromatic fluorination to lead to high metabolic stabil-
ity can potentially be problematic as exemplified in the discovery of
celecoxib by researchers at Searle (Penning et al, 1997). The early lead
compounds 6 and 7 proved to be metabolically stable leading to a very
long biological half-life (Fig. 5.5). Replacement with metabolically more
labile groups to provide a potential site for metabolism led to compounds
with a much more acceptable half-life from which celecoxib was selected.

5.2.3 Sitagliptin (Januvia)
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The discovery of sitagliptin, an oral dipeptidylpeptidase IV (DPP-1V)
inhibitor for the treatment of type II diabetes, is an excellent example that
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Figure 5.5. Changes to early Cox-2 inhibitors to reduce metabolic stability conferred by
halogen substituents.

highlights the multiple impacts of fluorine on a compound’s pharmaco-
logical and pharmacokinetic profile, although interestingly in this case it is
oral absorption rather than metabolism that is impacted in the pharma-
cokinetic profile.

The search for oral DPP-IV inhibitors was based on the laboratory
observation that DPP-IV inhibitors caused an increase in insulin secre-
tion, a process believed to be mediated primarily by inhibiting the
proteolytic cleavage of incretin hormone glucagon-like peptide-1 (GLP-1),
a DPP-IV substrate, which has a clearly established role in glucose-
dependent insulin biosynthesis and secretion (Drucker and Nauck 2006;
Weber and Thornberry 2007).

Many companies embarked on oral DPP-IV inhibitor programmes
and, while not first to enter this arena, Merck were first to market with
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sitagliptin following a rapid development that was, in part, the result of
an innovative use of biomarkers that led to a faster than average devel-
opment programme. Sitagliptin was approved by the US Food and Drug
Administration (FDA) in 2006 and in 2008 achieved annual sales of
$1.4bn.

5.2.3.1 Impact of fluorine on pharmacology profile

In contrast to many companies, Merck’s DPP-IV drug discovery pro-
gramme concentrated on compounds that did not rely on covalent
binding to a nitrile electrophile because of concerns about potential com-
pound instability associated with prototypic inhibitors at the time (Weber
and Thornberry, 2007). Multiple approaches were pursued, but it was
elaboration of high-throughput screening (HTS) hits that ultimately led to
a successful outcome.

As part of an HTS programme, compound 8 (Fig. 5.6) was identified
as a low micromolar potency hit and early structure—activity relationship
studies and simplification of the structure highlighted thiazolidine 9.

It was at this point that further structure—activity relationships
started to indicate the significant impact of fluorine substitution on com-
pound potency in this series as highlighted in Fig. 5.7: addition of a
2-fluoro substituent giving compound 11 a threefold enhancement of
potency and additional fluorine substitutions enhanced potency a further
eightfold. The third fluorine in the 4-position (compound 13) arguably

Cl

MW =512 MW = 250

@J@"O? "L i
Ng 07 >NH N

; A ;
1900nM 3000nM

Figure 5.6. Initial screening hit and early lead.
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Figure 5.7. Impact of fluorine substitution on DPP-IV potency.

has limited impact on potency in this series; however, this subsequently
became an important entity having significant impact on the off-target
pharmacology despite its small size. It is also noteworthy that compound
13 is a highly efficient ligand compared with the initial lead 8, with more
than tenfold improvement in potency and a concomitant 40% reduction
in molecular weight, and as such represented a highly attractive lead mol-
ecule. Unfortunately pharmacokinetics of 12 and 13 were poor owing to
high clearance and low bioavailability (Xu et al., 2004).

A parallel optimization that started from HTS hit 10 highlighted the
cross-series applicability of this fluorine substitution and is illustrated for
the matched pair 14 and 15 showing similar sevenfold enhancement in
potency for the addition of the second and third fluorine atoms
(Brockunier et al., 2004). In common with the thiazolidines these com-
pounds uniformly showed poor pharmacokinetics with high clearance
and low bioavailability.
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5.2.3.2 Contribution of fluorine to pharmacokinetic profile

In vitro metabolite identification studies implicated piperazine metabo-
lism as problematic in this second, more potent, series and attempts to
address this through appending heterocycles ultimately proved successful
in this respect (Kim et al, 2005). A number of piperazines containing
fused heterocycles were studied; however, it is the triazole fused com-
pounds that are of most interest.

Structure—activity relationships with the 3,4-difluoro-substituted
phenyl series highlighted that activity lost by removal of the piperazine
benzyl-substituent 16 could be partly restored through introduction of
fused 5-membered ring heterocycles such as 17 and 18. Whilst incorpora-
tion of an ethyl substituent 19 had a modest impact on potency and the oral
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Figure 5.8. Impact of fused heterocycles on potency and bioavalability.
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bioavailability remained low, increased metabolic stability appeared to have
been achieved as the hepatic extraction ratio in rats was low (10-20%). In
vitro permeability, intestinal loop, and rat portal vein cannulation studies
also indicated that poor permeability was causing the low bioavailability.

Surprisingly, replacement of the ethyl side chain with a trifluoromethyl
substituent 20 had a profound impact on bioavailability (F = 44%) while
slightly increasing potency relative to 19. An explanation for this
phenomenon has not been put forward; however, the strong electron with-
drawing effect of the trifluoromethyl group will likely reduce the strong
hydrogen bonding potential of the triazole, impacting the desolvation
required for membrane permeation.

Adjusting the fluorine substitution pattern to the more potent 2,4,5-
and 2,5-substitution arrangements increased potency further, providing
sitagliptin and desfluorositagliptin (Fig. 5.9), both with excellent potency
and cross-species pharmacokinetic profiles. The high apparent metabolic
stability and bioavailability of sitagliptin were ultimately demonstrated
in vivo in healthy volunteers (CLp = 416 ml/min, F = 87%) leading to a
100 mg once a day dosing regimen (Bergman and Krishna, 2007).

Follow-up studies on close analogues of sitagliptin further highlighted
the consistent effect of other fluorosubstituted triazoles on oral absorption
as indicated in Fig. 5.10 (Kim et al., 2007).

desfluorositagliptin sitagliptin
F F
F
N N
N =" N .
27nM CF, 18nM CF,

Clp T1/2 F Cl_p T1/2 F
(ml/min/kg)  (h) (%) (ml/min/kg)  (h) (%)
rat 43 1.6 51 rat 60 1.7 76
dog 6 4.9 100

monkey 28 3.7 68

Figure 5.9. Similarity of desfluorositagliptin and sitagliptin.
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Figure 5.10. Fluoroalkyl-substituted triazoles showing the impact on bioavailability
(F%), structure of atorvastatin.

5.2.3.3 Structural aspects

The potency enhancements provided by S-1 aryl group fluorination are
arguably more than one would expect based on lipophilicity arguments;
an analysis of the X-ray structure of sitagliptin and other DPP-IV
inhibitors bound to DPP-IV has suggested that the 2-fluoro substituent
C¥_F%" dipole makes a favourable electrostatic interaction with the posi-
tively charged Argl25 (Fig. 5.11a) (Kuhn et al., 2007). A survey of protein
data bank (PDB) structures has highlighted this as a common favourable
fluorine interaction (Miiller et al., 2007), one other notable example being
in the structure of atorvastatin (Lipitor) (see structure in Fig. 5.10) (Istvan
and Deisenhofer, 2001). Early structure—activity relationships in the devel-
opment of this compound highlighted a fivefold improvement in potency
for the 4-F analogue relative to the unsubstituted ring (Roth et al., 1990),
this benefit being highlighted by the presence of this motif in the other
statins (rosuvastatin, pitavastatin and cerivastatin).

The 4- and 5-F substituents in sitagliptin presumably contribute to
potency owing to other close contacts and optimal fitting of the pocket.
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Figure 5.11.  Sitagliptin bound to DPP-IV (PDB code1X70, selected residues removed for
clarity): (a) showing S1 pocket with Arg125-F interaction highlighted in the foreground;

(b) showing the CF; group which also appears to make favourable interactions with an
arginine residue (here Arg358), though arguably in this case the potency contribution is
limited (see structure—activity relationship above).

5.2.3.4 Contribution of fluorine to safety profile

As a final comment on the discovery of sitagliptin, it is interesting that des-
fluorositagliptin was progressed ahead of sitagliptin and preferential
differentiation of sitagliptin only came following assessment of cardiovas-
cular safety in which sitagliptin was demonstrated to have a much cleaner
profile with a no observable effect level (NOEL) of 10 mg/kg with maxi-
mal plasma concentrations of 59 UM compared to 1 mg/kg and 6.5 UM for
desfluorositagliptin, respectively. The mechanism of the cardiovascular
effect has not been described, but this again serves to highlight the significant
impact that a single fluorine substituent can have on the pharmacological
profile (Weber and Thornberry, 2007).

5.2.4 Fluconazole (Diflucan) and Voriconazole (Vfend)

Before the discovery of the azole antifungals by Pfizer scientists, the treat-
ment of serious fungal infections was limited and the discovery of the
highly successful compounds fluconazole and voriconazole were due, in
part, to the favourable properties imparted by aryl fluorine substitution as
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discussed below. Before its patent expiry in 2004, fluconazole generated
annual sales in excess of $1bn (2008 sales >$300 m). Voriconazole has
become the new standard of care in the treatment of invasive aspergillosis
and generated sales in excess of $700 m in 2008.

5.2.4.1 Fluconazole (Diflucan)

solubility,
safety F

In the early 1970s, a programme was initiated at Pfizer with the objective of
identifying compounds to treat serious systemic fungal infection by exploit-
ing the known propensity of imidazole compounds to possess potent and
selective in vitro activity against a wide range of fungal pathogens. They have
the ability to inhibit the function of 140.-demethylase, a cytochrome P450-
containing enzyme that is essential for the production of the principal
fungal sterol ergosterol that is required to maintain the viability of fungi
through its effects on fungal membrane fluidity.

The evolution of the programme is highlighted below and in Fig. 5.12
(Richardson, 1996). An initial compound of interest, tioconazole, was effec-
tive when administered topically; however, its high lipophilicity rendered it a
poor compound for oral and intravenous administration owing to low oral
bioavailability, high plasma protein binding and high metabolic clearance.
Targeting compounds with lower lipophilicity led to ketoconazole, a com-
pound with improved metabolic stability and good oral bioavailability, but
still with high plasma-protein binding. This was an important advance but
further improvements were sought. Extensive structure—activity relationship
studies eventually traced the poor metabolic stability to the imidazole moi-
ety, and replacement with alternative heterocycles identified UK-46,245
which was twofold more potent in an in vivo model than the corresponding
imidazole despite sixfold lower in vitro activity, suggesting that improved
metabolic stability had been achieved. Further attempts to reduce lipophilic-
ity and metabolic lability led to the replacement of the n-hexyl group with a
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Figure 5.12. Evolution of fluconazole from tioconazole.

second 1,2,4-triazole moiety leading to UK-47,265, a compound with
unprecedented levels of activity being 100-fold more potent than ketocona-
zole by the oral or intravenous route. Pharmacokinetic evaluation showed a
promising profile with excellent bioavailability and half-life; however, pre-
clinical safety studies were disappointing as UK-47,265 proved to be
hepatotoxic in mice and dogs, and teratogenic in rats. A back-up programme
had identified a series of additional promising compounds, among them the
2,4-difluoro analogue, fluconazole, which showed striking improvements
compared to UK-47,265. In particular, it showed good aqueous solubility,
was excreted largely unchanged in urine in animal studies, and it was devoid
of teratogenicity and hepatotoxicity.

metabolism
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5.2.4.2 Voriconazole (Vfend)

Fluconazole became the agent of choice for treatment of infections due
to Candida albicans and Cryptococcus neoformans, however, it is poorly
effective against Aspergillus infections and compounds combining the
favourable profile of fluconazole with a broader spectrum of action were
sought (Dickinson et al., 1996).

Introduction of a methyl group alpha to one of the triazole groups
21 resulted in increased potency against Aspergillus fumigatus and paved
the way for further optimization through replacement of the proximal
triazole with other heterocycles (Fig. 5.13). Replacement of the 1,2,4-
triazole with 4-pyridinyl 22 or 4-pyrimidinyl groups 23 gave improved
in vitro potency; however, introduction of a fluorine atom into the
5-position of the pyrimidine had a profound impact on in vivo potency
despite the slight reduction in in vitro potency. This outcome has been
ascribed to the reduced metabolic clearance imparted to these hetero-
cycles (Dickinson et al., 1996). Comparative pharmacokinetic data have

F

N, OH N N,
¢ N NTY ¢ N
N=/ \=N N=/ |

F F N\¢N

MFC (ug/ml) MFC (ng/mi)
F >50.0 F 0.78
fluconazole voriconazole

N OH
¢ N
N=¢
21
F
MFC (ug/ml) MFC (ug/ml) MFC (ug/ml)
25.0 0.09 0.39

Figure 5.13. Improvements in in vitro potency against Aspergillus fumigatus. (MFC is the
minimum fungicidal concentration giving at least 90% reduction in colony formation
compared with drug free control.)
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not been described, although the fact that voriconazole is extensively
metabolized in multiple species, including man, to major metabolites
derived from oxidation of the heterocycle, suggests that attenuation of
the extent and/or rate of metabolism in this region of the molecule is a
reasonable explanation for the impact of fluorination (Roffey er al,
2003). Voriconazole, while active against Aspergillus, has also increased
potency against Candida spp. compared to fluconazole (Barry and
Brown, 1996).

5.2.5 Fluoroquinolones

potency R O O

NS oM
R7 X7 SN OR2

R1

The fluoroquinolone antibiotics are a large and diverse series of more
than 20 pharmaceuticals that have evolved from the initial discovery
of nalidixic acid (Fig. 5.14), a compound discovered as an impurity
in the manufacture of quinine in the 1960s (Andersson and
MacGowan, 2003). Activity of the early compounds was limited to the
treatment of urinary tract infections (UTIs), but has since grown to
encompass activity across a broad spectrum of Gram positive and
Gram negative bacteria, and clinical utilization in many areas from the
original UTIs to systemic and respiratory infections. Several com-
pounds in this class, for example levofloxacin (Levaquin)/ofloxacin
(Floxin and moxifloxacin (Avelox)), achieved sales in excess of $0.5bn
in 2008.

The structural class can be broadly encompassed by the generic struc-
ture shown in Fig. 5.14 which clearly highlights the requirement for
fluorine in the 6-position. It is interesting to note that since its introduc-
tion into the core structure of this class of molecules, in early drugs such
as pefloxacin (the first quinolone antibiotic with systemic activity), this
fluorine substituent has remained in all but one of the subsequent drugs
to reach the market.



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/24/13. For personal use only.

Fluorine-Containing Pharmaceuticals 159

o o o o
NN (\N N (\N N
N L HN. A

nalidixic acid pefloxacin ciprofloxacin
R5 O O
FAS N
5 XY 4 OH
| 8 _l_1 | 2
R7"7°X I}l R2
R1
generic fluoroquinolone structure

o O o O o O
F | OH F | OH F | OH
(N N R—"N N H NN N
fspediigeno gl e
levofloxacin moxifloxacin sitafloxacin F

Figure 5.14. Generic and specific fluoroquinolone structures.

Despite the early introduction of this feature and extensive work in the
area it took 25 years before a good understanding of the impact of fluori-
nation was established through the careful analysis of the activities of a
range of compounds in which the impact of single changes in molecular
structure, a matched pair analysis, were assessed (Domagala et al., 1986).
For example, comparison of enzyme inhibitory activities and antibacterial
potencies for the two matched pairs — norfloxacin and desfluoronor-
floxacin 25, and enoxacin and desfluoroenoxacin 26 — illustrates the
dramatic impact of this substitution (Fig. 5.15).

The incorporation of a fluorine into the 6-position of 25 to give
norfloxcin led to a 17.5-fold increase in DNA gyrase-inhibitory potency
and a 63-fold increase in potency in the minimum inhibition concentration
(MIC) against Escherichia coli H560, with similar increases in antibacterial
activity being observed in other strains. A similar enhancement was
observed with enoxacin when compared with its desfluoro analogue 26.
Such dramatic effects have been rationalized in terms of combined effects
on compound binding and cellular penetration but are not seen with all
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Figure 5.15. Matched pairs showing the impact of 6-fluorosubstitution on enzyme
inhibition and antibacterial potency.

examples (gyrase-inhibitory potency enhancements range from 2- to 17-
fold and cellular potency enhancements range from 2- to 100-fold), but
appear to be particularly effective when combined with a piperazine at C-7
and may reflect synergistic, but as yet undefined, effects on this substituent,
for example through pK, modulation. The most recently approved fluoro-
quinolone, sitafloxacin (Fig. 5.14), contains an unusual fluorinated
cyclopropane that is unique amongst marketed pharmaceuticals and which
has been described to lower overall lipophilicity and improve selectivity
against mammalian topoisomerase II (Kimura ef al., 2002).

5.2.6 Fluticasone propionate (Flovent, Flixotide)

Fluticasone propionate is a trifluorinated glucocorticoid receptor ligand that
has been extensively used as an inhaled pharmaceutical for the treatment
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of asthma. In combination with salmeterol, a long acting 32-adrenergic
agonist, it has become one of the world’s leading pharmaceuticals (Advair,
Serotide) generating sales in excess of £4bn in 2008, and is widely used in
the treatment of asthma and chronic obstructive pulmonary disease. The
impacts of fluorine on the development of this compound are several-fold
as discussed below and build on many years of research in the steroid field.

The utility of fluorine in the discovery of glucocorticoids has a long his-
tory, with compounds such as dexamethasone, registered in the late 1950s,
being amongst the first fluorine containing pharmaceuticals to be marketed.
The early development of such compounds was based on improving the
properties of the natural steroid cortisol (Fig. 5.16), specifically attempting
to increase its topical potency while removing undesired effects through
improving selectivity. The increase in potency, typically measured in in vivo
systems, was achieved by one of several approaches: (i) by insertion of a
double bond at the 1,2-position in the steroid nucleus, (ii) by the intro-
duction of 6a.-fluoro, 60-methyl or 90i-fluoro substituents, or (iii) through
combinations of these changes (Phillipps, 2009). Although anti-inflammatory
potency was increased through these changes, undesired mineralocorticoid
activity was increased to an even greater extent. However, this latter activity
could be attenuated with substitutions in the 16-position as exemplified in
the structures of dexamethasone (Fig. 5.16). It was subsequently found that
masked alcohols at the 16- and 17-positions were preferred, giving rise to,
for example, fluocinolone 16,17-acetonide. Inhalation provides topical
delivery of such masked compounds, thus minimizing the systemic side
effects for the treatment of airway diseases. This has led to compounds like
beclometasone dipropionate having proven value in the treatment of
bronchial asthma and rhinitis (Fig. 5.16).
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Figure 5.16. Structures of early glucocorticoids showing steroid numbering.
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Figure 5.17. Core structure change leading to fluticasone discovery.

Despite these advances, there was a desire to improve further
on systemic side effects, and workers at Glaxo embarked on a pro-
gramme of research that delivered fluticasone propionate through
exploitation of a novel series of 17B-carboxylates which marked a
departure from the normal core structure containing the two-carbon
17B-side chain found in cortisol and derivatives (Fig. 5.17) (Bain et al.,
1974; Phillipps, 1990). Esterification of the inactive 17[-carboxylic
acid provided both high potency and a pharmocokinetic deactivation
handle that led to excellent selectivity combined with negligible systemic
exposure.
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A wide range of analogues were tested using a combination of assays to
assess their potential relative to fluocinolone acetonide (Phillipps et al.,
1994). A vasoconstriction assay based on topical administration to the skin
of human volunteers was used to assess anti-inflammatory activity and tis-
sue penetration. Anti-inflammatory activity was further assessed in a
topical rat model that allowed simultaneous assessment of systemic expo-
sure on the undesired hypothalamic—pituitary—adrenal (HPA) function.
Some key compounds are highlighted in Fig. 5.18 with potencies referenced
to fluocinolone acetonide: in particular introduction of fluorine in the
thioester 28 has a profound eightfold impact on the vasoconstriction
potency relative to the desfluoro compound 27. Introduction of the 6c-
fluorine and saturation of the 16-exo double bond to give the 160--methyl
group improves the anti-inflammatory potency in rats while maintaining
low HPA inhibitory potency, providing fluticasone proprionate, a com-
pound with improved therapeutic index over fluocinolone acetonide.

The lack of effect on HPA function has been ascribed to the potential for
metabolic inactivation; comparison of HPA effects following oral and sub-
cutaneous dosing seemed to confirm this hypothesis with high first-pass
turnover to the acid being observed in rats and zero bioavailability being
subsequently observed in man (Harding, 1990). The weak glucocorticoid
activity after oral administration is particularly valuable in the treatment of
airway diseases where a high proportion of the inhaled dose is swallowed.

5.2.6.1 Structural aspects

The contribution of 9a-fluorination to glucocorticoid potency has been
highlighted by a number of reports to be in the order of seven- to tenfold
(Phillipps, 1990). A study in which the binding of cortisol and 9o
fluorocortisol to the glucocorticoid receptor were compared, shows a
fourfold difference (Berger et al., 1992), while another report comparing
binding to the mineralocorticoid receptor suggests a difference of more than
tenfold for the introduction of a fluorine (Genard and Palem-Vliers, 1983).

The X-ray structures of several 9o.-fluorinated compounds, including
fluticasone propionate, have now been solved, highlighting the presence
of a hydrogen bond between the 11B-hydroxyl group and an amide
H-bond acceptor in the protein (Bledsoe et al., 2002; Kauppi et al., 2003;
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Figure 5.18. Activities of selected glucorticoid agonists relative to flucinolone acetonide
(100-top) as described by Phillipps et al. (1994), highlighting the impact of fluorine sub-
stitution. V is topical human vasoconstrictor activity, AIT is topical anti-inflammatory
activity and HPA is the undesired hypothalamic—pituitary—adrenal activity assessed by
measuring circulating corticosterone levels following topical administration of compound.

Biggadike et al., 2008). Introduction of the 9c.-fluoro substituent might be
expected to increase the H-bond strength through enhancing the hydroxyl
group acidity (Mock and Zhang, 1990) while also making favourable
interactions with other residues. The structure of dexamethasone-bound

glucocorticoid receptor is highlighted in Fig. 5.19.
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Figure 5.19. Structure of dexamethasone bound to the glutocorticoid receptor (PDB
1IM2Z) (Bledsoe et al., 2002) showing close contacts of 113-OH and 9o.-F.

A structural understanding of the contribution to binding of the flu-
orine in the fluoromethylthio group seems less clear, though favourable
electrostatic interactions with an asparagine residue have been highlighted
(Biggadike et al., 2008) and inductive effects on the polarity of the
thioester should not be ignored.

5.2.7 Aprepitant (Emend)
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Aprepitant was the first NK1 receptor antagonist to be launched and was
approved by the FDA in 2003 for use as an antiemetic for the prevention
of acute and delayed nausea and vomiting associated with cancer treat-
ment using emetogenic chemotherapeutics such as high dose cisplatin. In
2008 this compound generated sales of $264m for Merck & Co.

The discovery of this compound originates from early work on the
NKI receptor and one of its natural substrates, the undecapeptide sub-
stance P, implicating NKI1 in a variety of biological responses including
pain transmission and the emetic response. Early NK1 antagonists were
peptidic in nature and had value only as research tools owing to undesir-
able properties such as poor solubility, pharmacokinetics and selectivity. It
was the discovery of the first selective, non-peptidic NK1 antagonist, CP-
96345 (Fig. 5.20), by workers at Pfizer that provoked a growth in the area
with many groups pursuing this molecular target (Humphrey, 2003).

In an early systematic exploration of this series by workers at Merck, it
was shown that the benzylamine substituent in CP-96345 could be modified
to an ether substituent and potency maintained through the introduction
of 3,5-substituents (Swain et al., 1993). The 3,5-dimethyl analogue 31
proved to be 20- and 100-fold more potent than the methyl-substituted
analogue 30 and the unsubstituted parent compound 29 (Fig. 5.20). In
related work on an acyclic scaffold aimed at minimizing cardiovascular
effects considered to be associated with the quinuclidine scaffold, the 3,5-
bistrifluoromethyl substituent pattern was shown to be at least as potent as
the 3,5-dimethyl (compare, for example, 34 and 32 in Fig. 5.21) (Williams
et al., 1994). Further minimization of the pharmacophore additionally
highlighted the benefit of this group from a potency perspective, with the

Me

CP-96345

Figure 5.20. Early NK1 antagonists.
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Figure 5.21. Showing comparable or improved ICs, values of representative bistri-
fluoromethylphenyl substituted NK1 antagonists relative to dimethylphenyl substituted
analogues.

3,5-bistrifluoromethyl pattern 35 being fourfold more potent than the 3,5-
dimethyl analogue 33 (Owens et al., 1995). It is clear from the literature
that this group was preferred, having been widely adopted in later work by
this and other groups, presumably because of its high potency and meta-
bolic stability compared with other options (Humphrey 2003).

In the absence of crystal structures the nature of the molecular inter-
actions in this region are unclear. However, a number of independent
publications, using for example point mutation studies, suggest a favourable
interaction between His265 of transmembrane region 6 and the bistriflu-
oromethyl benzyl. Increased lipophilicity of the bistrifluoromethyl aryl
group relative to the mesityl group may improve both receptor-binding
and metabolic stability.

Recyclization of 35 (Fig. 5.22) gave among other analogues the piperi-
dine L-733,060 in which activity resided only in the (25,3S) enantiomer
(Harrison et al., 1994). However, this compound was shown to have mod-
est affinity for the L-type Ca®" channel, a cardiovascular ion channel
activity that has been suggested to be responsible for the adverse cardio-
vascular effects of quinuclidine based NK1 antagonsists such as CP-96345.



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/24/13. For personal use only,

168 S. Swallow

CF,

I e —
i @ 13nM N 1nM N 0.09nM
H N\

HN
L-733,060 yNH O L7az,604
(0]
L-Type Ca?* ICy, 0.76uM L-Type Ca?* ICy, 11uM

Figure 5.22. Showing development of NK1 antagonists with reduced cardiovascular risk.
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Figure 5.23. Strategy to minimize metabolic clearance of L-742694 leading to aprepitant.

To remove this activity heterocycles were added via a methylene spacer and
basicity was reduced via conversion of the piperidine to a morpholine,
ultimately providing some improvement in L-type calcium channel activ-
ity along with a significant improvement in potency L-742,694 (Harrison
et al., 1995; Hale et al., 1996).

Aprepitant was finally delivered through efforts to minimize poten-
tial metabolic weaknesses in L-742,694 identified as benzylic cleavage
through oxidation and para hydroxylation of the 3-phenyl substituent.
Introduction of a 4-fluoro subtituent had no impact on receptor binding
while giving a twofold improvement in potency in two in vivo efficacy
models, a peripherally mediated NK-1 inflammation assay and a centrally
mediated NK-1 assay that provides a convenient assessment of central
nervous system (CNS) penetration. In combination with a benzylic
methyl group the in vivo potency improvements are four- and ninefold,
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respectively, and are consistent with potential effects on metabolism (Hale
et al., 1998).

A later publication on the disposition of aprepitant in rats and dogs
highlights the stability of the fluorinated regions of the molecule, with
metabolism occurring on the morpholine ring and nitrogen substituent
(Huskey et al., 2004). The human metabolism is also apparently similar
(Chavez-Eng et al., 2004).

5.3 Summary and Future Outlook

Returning to Fig. 5.1, it is clear that only a small fraction of compounds
which have reached the market have been covered in this review, with the
omission of some interesting substructural classes as well as some impor-
tant pharmaceuticals. For many of these compounds the precise
contribution of fluorine to the story of their development is either less
clear, for example, tafluprost (Matsumura, 2009), or exemplifies further the
principles that have already been described, for example, fluoxetine
(Robertson et al., 1988). The use of fluoroalkylethers, a potentially interest-
ing structural motif which is not covered here, has been reviewed recently
(Jeschke et al., 2007). For additional information on other compounds or
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Figure 5.24. Structures of tafluprost, fluoxetine and fluoroalkylether-containing phar-
maceuticals riluzole, patoprazole, and garenoxacin.
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structural types, the interested reader should consult the reviews cited in
the introduction to this chapter or see the primary literature.

Looking forward it seems likely, as has been suggested previously
(Hagmann, 2008; Muller and Bohm, 2009), that the continued interest in
the development of improved synthetic methods for the introduction of
fluorine, for example Watson et al. (2009), will lead to even more effective
utilization of the opportunities that fluorine substitution can bring and
further increases in the number and structural types of fluorine-containing
pharmaceuticals reaching patients.
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Applications of
Pentafluorosulfanyl Substitution
in Life Sciences Research

John T. Welch*

6.1 Introduction

The organic chemistry of the pentafluorosulfanyl (SF;) group, previously
reviewed (Lentz et al., 1999; Winter et al., 2005; Lal and Syvret, 2008; Gard,
2009) and extensively developed by Gard, has only recently come under
more widespread investigation with the ready availability of building
blocks and reagents previously difficult to access (Kirsch, 2004).
Pentafluorosulfanylarene chemistry is largely based on the development of
modern synthetic reactions which make possible the commercial avail-
ability of arene building blocks. In particular, it was the availability of
kilogram quantities of arylpentafluorosulfanyl compounds, such as
4-nitro-pentafluorosulfanylbenzene, by direct fluorination methods that
facilitated exploration of their utility (Chambers et al., 1996).

However, these building blocks would have had much less impact
without the basic understanding and chemical explorations provided by
Thrasher who revealed the potential of pentafluorosulfanylarene com-
pounds (Sipyagin et al., 2001, 2004). Pentafluorosulfanyl groups are
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both relatively chemically and hydrolytically stable (Kirsch et al., 1999,
2000, 2001; Bowden et al., 2000; Kirsch and Bremer, 2000). Aromatic
pentafluorosulfanyl groups exhibit equal or greater hydrolytic stability
than trifluoromethyl groups; they withstand Brensted acids and bases
and are stable under conditions required for Ni-, Pd- or Pt-catalysed
hydrogenation (Kirsch, 2004). However, the SF5 group may react with
some alkyl lithium reagents, such as n-butyllithium; but reagents such
as tert-butyllithium are compatible (Kirsch, 2004).

The steric demand and symmetry of the SF5 group can be compared
and contrasted with both the tert-butyl and trifluoromethyl groups. The
volume of the SF;5 group is slightly less than that of a tert-butyl group
(Anthony 1984; Lentz et al., 1999) and therefore considerably greater than
that of a trifluoromethyl group (CF;). However, the electrostatic surface
presented by SF; is comparable to CF; in that it presents a highly fluori-
nated surface, a pyramid of electron density as opposed to the inverted
cone of density associated with CF; group. The electron-withdrawing
effects of an SF; and a CF; group appear to be similar in magnitude, as
assessed by ls-photoelectron spectra of corresponding aryl derivatives
(Brant et al., 1981; True et al., 2003). The electronegativity of the SF5 group
has been proposed to be as high as 3.65 in comparison to a value of 3.36
for the CF; group (Saethre et al., 2001). In electrophilic substitution reac-
tions, the Hammet G, value for SF; was determined to be 0.68 in contrast
to a o, value for CF; of 0.54 (Sheppard, 1962). This has been further
refined to a o} value for SFs of 0.55 and a oy value of 0.11 (Sheppard,
1962), in contrast to oy value for CF; of 0.39 and a oy value of 0.12 (Taft
and Lewis, 1959; Taft, 1960). It is important to note the decreased reso-
nance and increased inductive contributions, a trend that is consistent
with the electronic effects observed in the estimation of electronegativity
(Brant et al., 1981; True et al., 2003).

The unique properties of the SF5 group have shown diverse utility in
biological applications. There is ample evidence that SFs is not simply a
more expensive CF; analogue. With the unique octahedral geometry
around sulfur and a square pyramidal array of fluorines, the SF5 group has
a reduced barrier to rotation and as such can optimize receptor interac-
tions efficiently. The potential dehydrofluorination of a CF; group to form
a Michael-type acceptor and hence a site for covalent attachment that
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would be associated with mechanism-based inhibition is not possible with
an SFs group. In environmental degradation studies of SFs-substituted
molecules, degradation was shown to lead to environmentally benign
products (Jackson and Mabury, 2008, 2009). Lastly, the remarkable
hydrophobicity and steric demand of the SF5 group can profoundly influ-
ence molecular conformation in aqueous solutions as indicated in our
heptapeptide studies.

This chapter presents a synopsis of both the chemistry and biological
applications of arene pentafluorosulfanyl compounds. Where available, the
biological data are also presented. It is evident from the number of diverse
reactions that the transformations of arene pentafluorosulfanyl groups are
even more general and predictable than might have been imagined.

6.2 General Preparative Information

As mentioned above, the availability of pentafluorosulfanyl building blocks
has been key to the exploration of the potential of the SF5 group as a sub-
stituent in life sciences research. However, at present the variety of available
pentafluorosulfanylated molecules is still limited to only a handful of arenes.
The first pentafluorosulfanylated arenes, prepared by direct fluorination,
were reported in 1960 (Sheppard, 1960), with processes for improved prepa-
ration by others (Williams and Foster, 1994; Bowden et al., 1997, 2000). The
exciting advance in the preparation of pentafluorosulfanylbenzene (Fig. 6.1)
that avoids the necessity for the use of molecular fluorine promises to dra-
matically lower the cost of these starting materials (Umemoto, 2009).

The further expansion of the utility of SFs-containing arenes was
made possible by Thrasher who developed methods for the preparation of
the previously inaccessible ortho-substituted (Sipyagin et al., 2001) start-
ing materials by recognizing the importance of the nitro-substituent on
fluorination (Fig. 6.2).

©/S\S/© a ©/SF4C| b ©/SF5

Figure 6.1. Preparation of pentafluorosulfanylbenzene: (a) KF, Cl,; (b) ZnF,.
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Figure 6.2. Possible transformations of a substituted nitro-disulfide: (a) AgF,, CFC 113,
60-120°C (18%); (b) EtOH, KOH reflux (49%); (c) NaSMe (46%); (d) NH,OH,
130-135°C (61%).

6.2.1 Synthesis of 1-fluoro-4-nitro-2-(pentafluorosulfanyl)benzene
and derivatives

As an example of the variety of transformations possible, starting from a
substituted nitro-disulfide three reactions are illustrated (Sipyagin et al., 2001)
(Fig. 6.2). While the yield of the fluorination step is modest, direct access to
the substitution pattern as mentioned earlier is especially significant.

6.2.2 Synthesis of 4,5-dihydroisoxazoles with allylic
pentafluorosulfanyl substituents

There are relatively few examples of heterocycles with pentafluorosulfanyl-
containing aliphatic substitutents. One example of this type of molecule
is derived from the addition of SF;Cl to a diene to form 6 (Brel, 2006).
This reaction was made possible by the discovery of Dolbier and
coworkers of the utility of triethylborane on improving the homolytic
addition process at the expense of the undesired ionic fluorobromina-
tion reaction (Aiet-Mohand and Dolbier, 2002; Dolbier and
Ait-Mohand, 2004, Dolbier et al., 2006). Elimination to give the alkenes
8 and 11 and isomerization thence to allylic substituents proceeded
uneventfully (Fig. 6.3).
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Figure 6.3. Preparation of 4,5-dihydroisoxazoles 9 and 12: (a) N-hydroxy-benzenecarbox-
imidoyl chloride Et;N; (b) (NH,),Ce(NO;)s, acetone; (c) K,COs3, DMF; (d) Cs,CO;, MeOH.
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Figure 6.4. Preparation of 4-(pentafluorothio)pyrrole-2-carboxylic acid ester 18: (a) SF5Cl,
Et,B; (b) LiOH, DMSO; (c) xylene, 135°C; (d) DDQ; (e) TfOH; (f) DDQ.

6.2.3 Pentafluorosulfanyl (SF;) pyrrole carboxylic acid esters

The direct substitution of heterocycles with the pentafluorosulfanyl group
is extremely uncommon. Dolbier and Zheng (2009) developed a method
for the synthesis of these useful heterocycles based on a pentafluorosulfanyl-
substituted alkyne 15, easily prepared by the aforementioned addition reac-
tion of pentafluorosulfanyl chloride (Fig. 6.4). These authors have reported
that most of the well known methods for preparing pyrroles, especially
those that involve ring formation utilizing condensation reactions via car-
banionic intermediates, fail with SFs-substituted substrates. To overcome
this shortcoming the cycloaddition of an azomethine ylide derived from 16
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and 15 was used to prepare the corresponding 4-(pentafluorothio)pyrrole-
2-carboxylic acid ester 18 in a 53-78% yield.

6.3 Agrochemical Applications

The first patent describing the utility of pentafluorosulfanylarenes in life
sciences research appeared in 1963 (Raasch, 1963). A number of patents
have subsequently appeared claiming the utility of these compounds
generically as pesticides (Pilato and Wu, 1996; Herman et al., 1998;
Manning and Wu, 1998; Phillips et al., 1998) and more specifically as her-
bicides (Kay et al., 1994; Hayashizaki et al., 1997), fungicides (Alt et al.,
1990), parasiticides (Banks, 1997, 1998a,b, 1999) and insecticides
(Prichard and Stacey, 1975; Salmon, 1994; Salmon et al., 1994, Howard
and Stevenson, 1995; Chern et al., 1999; Huber, 1999).

In addition to the previous examples, the following preparations
were selected as illustrations not only of the reactivity and stability of
pentafluorosulfanylarenes, but also of agrochemical utility.

6.3.1 3-(2-Chloro-4-(pentafluorosulfanyl)phenoxy)benzoic acid

Diphenylether herbicides 23 and 24 were prepared from 4-pentafluorosulfanyl
aniline 20 (Barton and Mitchell, 1994) (Fig. 6.5). The reaction conditions
described are mild and result in acceptable yields of the ethers.

At 125 g/ha post-emergence, 24 gave 90-100% control of several
weeds, including Chenopodium album, Amaranthus retroflexus, Ipomoea
hederacea and Abutilon theophrasti.

CL L CE Q.. T
CO,H o COH
NO,
24

20 X=NH,, Y=H :l b
21 X=NH, Y=ClI :l
22X=ClY=Cl

Figure 6.5. Preparation of diphenylether herbicides 23 and 24: (a) HCI (conc), Fe, i-PrOH
(93%); (b) NCS, CH;CN (84%); (c) CuCl, -BuONO(89%); (d) m-hydroxybenzoic acid,
KOH then K,CO3, DMSO (58%).
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6.3.2 Pentafluorosulfanylphenyl and benzoylisoxazoles

The preparation of pentafluorosulfanylarene-substituted isoxazoles
described by Hawkins (1997) clearly illustrates the stability of pentafluoro-
sulfanylarenes under a variety of reaction conditions (Fig. 6.6). In
particular, transmetalation of 27 with fert-butyllithium proceeded in 36%
yield. The SF; group was also stable in the presence of the magnesium eno-
late of tert-butyl 3-cyclopropyl-3-oxopropanoate.

The products showed selectivity for grassy weeds in the presence of
broadleaf crops such as cotton and soyabeans both pre- and post-emergence.
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OC(CHs)a
a
20 —— F53\©\
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27 X =Br
28 X =COCI :I b
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o
31
o
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35 X = SOCHa
36 X = soch3

Figure 6.6. Preparation of pentafluorosulfanylarene-substituted isoxazoles: (a) CuBr,,
t-BuONO, CH;CN (quantitative); (b) #-BuLi, CO,(36%) then CICOCOCI (quantitative);
(c) Mg, PhCHj; then TsOH, reflux(80%); (d) HC(OEt); (quantitative); (e) NH,OH-HCI,
EtOH, NaOAG; (f) Et;N; (g) MCPBA.
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6.3.3 Trifluralin analogue

Thrasher and coworkers were the first to publish the preparation of a
pentafluorosulfanyl analogue (39) of Treflan (40) (Sipyagin et al., 2004).
However, those authors were not able to publish a comparative study of
the pentafluorosulfanyl analogue with the trifluoromethyl-containing par-
ent, Treflan. A novel synthesis and the biological data were subsequently
reported several years later by others (Lim et al., 2007).

A side-by-side comparison of the spectrum of herbicidal activity of
40 and 39 clearly demonstrates that in post-emergence applications, the
pentafluorosulfanyl replacement of the trifluoromethyl group affords no
apparent advantage (Lim et al., 2007) (Fig. 6.7). In pre-emergence appli-
cations, the herbicidal performance of 39 is greater than the parent
trifluralin 40 as assessed by visual injury estimation. When parent triflu-
ralin was applied at 4 and 1 kg/ha, crop injury for maize in pre-emergence
was 100% (complete death) and 20% damage, respectively. Compared to
the parent trifluralin 40, the crop injury was much less in crops treated
with 39. For example, crop injury for maize on treatment with 40 at
2.68 kg/ha resulted only in 10% growth inhibition. Therefore, the obser-
vation that crops were relatively more tolerant to 39 than trifluralin,
might at least account for the differential selectivity to the parent triflu-
ralin 40. Although trifluralin 40 effectively controlled several weeds at 4
kg/ha application rates, the herbicidal activity of 39 toward grass weeds
was greater than that of parent trifluralin. At 0.67 kg/ha application rate,
the herbicidal activity of 39 afforded the same level of control as triflu-
ralin at 4 kg/ha. Moreover, herbicidal activity in barnyard grass and crabgrass

NO, X Br SNOOSNTNS SN
© a © c Y\©/N02 . OZN@/NOZ OZN@/NOZ
SFs SFs SFs SFs CFs

19 20X=NH2:|b 37Y=H :ld 39 40
27 X =Br 38Y =NO,

Figure 6.7. Synthesis of trifluralin: (a) Fe, HCI, EtOH (86%); (b) HBr, NaNO,, CuBr
(67%); (c) H,50,, HNO; 0°C (99%); (d) H,S0,, HNO; 80°C (73%); (e) 8% NaOH, N, N-
dipropylamine (99%).



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/24/13. For personal use only.

Applications of Pentafluorosulfanyl Substitution in Life Sciences Research 183

at 0.168 kg/ha resulted in over 90% damage. In conclusion, our results
indicate that herbicidal activity of 39 on pre-emergence application, in
terms of crop injury and weed control, is nearly fivefold greater than the
parent trifluralin 40 (Lim et al., 2007).

6.3.4 Insecticidal derivatives of substituted phosphorylated
phenylalkyl iminooxazolines and iminothiazolines

As mentioned in the introduction to this section, insecticidal compounds
based on the incorporation of pentafluorosulfanyl arenes are known. The
class of compounds represented by 41 is an example of the materials
claimed for insectidal applications (Fig. 6.8). Unfortunately, however, as
the class was not further exemplified, no specific data on preparative activ-
ity is available.

Ly

Figure 6.8. Phenylalkyl iminooxazolines and iminothiazolines.

6.3.5 Fungicidal (E)-methyl 2-(2-(3-(pentafluorosulfanyl)
phenoxymethyl) phenyl)-3-methoxyacrylate, 44

3-Pentafluorosulfanylaniline was diazotized and hydrolysed in hot aque-
ous sulfuric acid to give 3-pentafluorophenol in 43% yield (Worthington
and Streeting, 1994). Etherification with (E)-methyl 3-methoxy-2-[2-
(bromomethyl)phenyl]propenoate with potassium carbonate yielded 44
(Fig. 6.9). Conversion of the 4-pentafluorosulfanyl aniline to the phenol
proceeded similarly, albeit requiring the addition of copper nitrate trihy-
drate and copper oxide on dediazoniation.

In tests at 100 ppm (foliar spray), 44 gave complete protection against
several fungi including Septoria nodorum, Venturia inaequalis and
Phytophthora infestans lycopersici.
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Figure 6.9. Preparation of compound 46: (a) H,SO,, NaNO, and then H,SO, and H,0,
120°C (43% for both steps); (b) K,CO; and (E)-methyl 2-(2-(bromomethyl)phenyl)-3-
methoxyacrylate (45%); (c) H,SOy4, Cu(NOs3), and then CuO (61%).

6.3.6 N-(3-Phenylpropyl) and (3-phenylethyl)benzamides

In an usual series of claims, compounds with two pentafluorosulfanyl
groups were claimed as fungicides (Mansfield et al., 2007; Coqueron et al.,
2008) (Fig. 6.10). Both the propyl and ethyl series were described; however,
no preparative or biological data is available.

3 R4 R 3SR+ O  SF
FsS R E FsS RUR 5
N
R'R’RSR® O sF, R'R* R7
47 48

Figure 6.10. N-(3-Phenylpropyl) and (3-phenylethyl)benzamides.

6.4 Medicinal Chemistry

The same features of the pentafluorosulfanyl group that make it an attractive
substituent in agrochemical development also suggest its utility in medicinal
chemistry. The examples published in both the open and patent literature
are much more recent than those describing agrochemical utility. The
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examples discussed are representative of both the biological activity and
the stability and reactivity of pentafluorosulfanyl arenes.

6.4.1 1-(Pentafluorosulfanylphenyl)-3-(1,2,4-triazol-3-ylthioalkyl)-3-
azabicyclo[3.1.0]hexanes, dopamine D3 receptor modulators

Diazotization of 4-pentafluorosulfanylaniline 20 formed the reactive dia-
zonium intermediate that underwent addition to maleimide (Andreotti
et al., 2006) (Fig. 6.11). The pentafluorosulfanyl group was unaffected by
the cyclopropanation with the dimethyloxosulfonium methylide or by
borane reduction.

Compound 53 had pK; values within the range 7.0-10.5 at the dopamine
Dj; receptor with selectivities >30 over the dopamine D, receptor in a
guanosine y-thiophosphate (GTPyS) scintillation proximity assay. The
therapeutic effect of many antipsychotic compounds is a consequence of
indiscriminate binding to the dopamine D receptors. Inhibition of D, has
been identified with the undesirable side effects associated with this class
of inhibitors. These compounds may minimize the undesired side effects
yet retain activity as antipsychotic agents with utility in the treatment of
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Figure 6.11. Preparation of compound 53: (a) maleimide, -BuONO; (b) (CH3);SO™T,
NaH (56% for two steps); (c)BH3-THE, 65°C (51%); (d) Na,COs3, Nal, DMF (43%).



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/24/13. For personal use only.

186 J. T. Welch

diseases such as psychosis, substance abuse, premature ejaculation, cogni-
tion impairment and obsessive—compulsive spectrum disorders.

6.4.2 Pentafluorosulfur piperazinylpiperidines

From the parent pentafluorosulfanyl benzene it was possible to introduce
both a vinyl and an allyl group by palladium-promoted coupling (Cao
et al., 2009) (Fig. 6.12). Furthermore, the SF5 group was unaffected during
Grubbs metathetic ring closure or on epoxidation.

Compound 64 bound to CCR5 chemokine receptors with an ICs, of
less than 500 nM. CCR5 is a member of the B-chemokine receptor family
of integral membrane proteins associated with HIV-1 entry into CD4 cells.

PP —— D0,
54 X = NH,, Y = Br b
55 X = NH,, Y = CH,CH=CH, ]C

56 X =1, Y = CH,CH=CH, .
57 X = CH=CH,, Y = CHZCH:CHz:l

59
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62 X =Boc, Y = Et %||
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Figure 6.12. Preparation of compound 64: (a) NBS, DMF (78%); (b) CsE, (Ph;P),Pd,
2-allyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (70%); (c) NaNO,, HCI then KI (63%);
(d) BusSnH, 2,6-(#-Bu)-4-MePhOH, (Ph;P),Pd (69%); (e) (Cy;P),PhCH,RuCl, CH,Cl,
(78%); (f) MCPBA; (g) i-PrOH (14% for two steps); (h) NaH, EtI (63%); (i) 4.0 M HCl in
dioxane; (j) 4,6-dimethylpyrimidine-5-carboxylic acid, 1-hydroxybenzotriazole, N-(3-
dimethylaminopropyl)-N'-ethyl carbodiimide (35% for two steps).
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6.4.3 Pentafluorosulfanyl arene containing pyrazoles

The pentafluorosulfanyl group was found to be effective in the development
of therapeutic cannabinoid receptor ligands (Carroll et al., 2009) (Fig. 6.13).

The major psychoactive constituent of marijuana interacts with two
receptor subtypes, one highly expressed in the central nervous system
(CB,) and the other abundantly associated with the cells of the immune
system (CB,). The effects associated with CB; inhibition (euphoria, seda-
tion, catalepsy and anxiety) have prevented the development of broad
spectrum inhibitors and thereby obviated the use of CB, inhibition asso-
ciated with reduction in neuropathic pain. Compounds such as 68 bind to
CB, receptors with a K; of less than 1000 nM.

N O
HN \““O 0 N—
FsS COH FsS cocl FeS NN
a 67 N
- \, O
b "

65 66 68

Figure 6.13. Preparation of compound 68: (a) SOCL,, reflux; (b) Et;N, 16 h (56% for two
steps).

6.4.4 N-(phenoxycyanomethylethyl)(pentafluorosulfanyl) benzamide

This preparation is distinguished by the use of an oxidative transforma-
tion to form the necessary benzoic acid 71 from 4-pentafluorosulfanyl
styrene 70 (Comlay et al., 2008) (Fig. 6.14). The styrene was prepared by
Pd-promoted vinylation using vinyl tributyltin.

Haemonchus contortus is a parasitic nematode with a remarkably great
range, but is more prevalent in warm moist regions rather than cold dry
ones. H. contortus frequently inhabits the abomasum (fourth stomach) of
ruminent animals and has been found in humans in Brazil and Australia.
The compounds described in this patent were evaluated in H. contortus L3
(HcL3) assays (in vitro) and 74 demonstrated a minimum effective dose of
3ug/mL.
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Figure 6.14. Preparation of compound 74: (a) HCl, NaNO, then KI (74%); (b)
Bu;SnCH=CH,, (Ph;P),Pd, DMF (quantitative); (c) NalO,, RuCl;, CH;CN, H,0, CCl,
(33%); (d) SOCl,, 65°C (83%); (e) Hiinig’s base (49%).

6.4.5 Preparation of pentafluorosulfanyl-substituted compounds
for use as vanilloid receptor VR1 ligands

The utility of the pentafluorosulfanylated isothiocyanates in formation of
thioureas has been demonstrated (Frank er al, 2006) (Fig. 6.15). These
building blocks were reported in the course of a programme to prepare
pharmaceutically active pentafluorosulfanylarene-containing compounds
including vanilloid receptor inhibitors.
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Figure 6.15. Preparation of compound 81: (a) DMFE Et;N (57%); (b) DMF, Et;N, X=0
(75%), X=S (60%).
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Drugs acting at vanilloid receptors could potentially be used to treat
neuropathic pain associated with multiple sclerosis, chemotherapy or
amputation, as well as pain associated with the inflammatory response
of damaged tissue, such as in osteoarthritis. Closely related benzamide
analogues are claimed in a capsaicin receptor inhibition assay to have K;
values ranging from 11.9 to 69.1nM (Frank et al., 2008). However, no
data on the reported pentafluorosulfanylated compounds has been
reported.

6.4.6 4-Fluoro-N-(4-pentafluorosulfanylphenyl)-4-(3-fluoropyridin-
2-yl)cyclohexanecarboxamide 84

The preparation of compound 84 is noteworthy as a description of the
reactivity of the 4-pentafluorosulfanylaniline in a palladium-mediated
carbonylation and coupling reaction (Gomtsyan et al., 2009) (Fig. 6.16).
While the yield of the reaction was not reported in the patent literature,
several examples utilizing different enol triflates are described.

Nociceptors are primary sensory afferent neurons that are activated by
noxious stimuli. The vanilloid capsaicin activates these neurons by antag-
onism of the transient receptor potential cation channel, subfamily V,
member 1 receptor (TRPV1 receptor). The analgesic component of
TRPV1 activation mediates capsaicin desensitization and thus has
prompted the clinical use of capsaicin analogues as analgesic agents.

The functional activity of the compounds was determined with a Ca**
influx assay and measurement of the intracellular Ca** levels. The inhibitors

F
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Figure 6.16. Synthesis of compound 84: (a) 1,1,1-trifluoro- N-phenyl- N-(trifluoromethyl-
sulfonyl)methane sulfonamide, THF, LIHMDS; (b) Et;N, Pd (OAc),, Cy,P-2"-((CH3),N)
Ph-Ph, CO.
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are effective TRPV1 antagonists with 1C5, values from about 10 pM to
about 10 nM, and exhibited efficacy in relieving pain.

6.4.7 Pentafluorosulfanylarene aminoimidazoles

Preparation of the protected Weinreb amide 88 proceeded in good yields
(Heinelt et al., 2009) (Fig. 6.17). Conversion to the acetyl product 89 in
73% yield illustrated the stability of the pentafluorosulfanyl group during
reactions with Grignard reagents.

Protease-activated receptor 1 is a member of the G-protein-coupled
receptor superfamily. In particular, the effect of a coagulation protein
(thrombin) is mediated by protease-activated receptors (PARs). Thrombin
signalling contributes to clotting. Endothelial PARs participate in the
regulation of vascular tone and permeability, while in vascular smooth
muscle they mediate contraction and proliferation. PARs also con-
tribute to the pro-inflammatory responses observed in atherosclerosis, as
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Figure 6.17. Preparation of compound 92: (a) H,SO,, HNO; 75°C (72%), 5h; (b) SOCI,
then CH;ONHCHj;, Hiinig’s base (92%); (c) RaNi, H,, CH;0H (45%); (d) Ac,0O, Et;N
(96%); (e) LIHMDS, MeMgBr (73%); (f) PhN(CH;);*Br, THF (45%); (g) Hiinig’s
base (69%).
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proteinase-activated receptor (PAR-1) inhibitors. In PAR-1 assays, com-
pounds related to 92 exhibited ICs, values of 0.18 and 0.005 pM.

6.4.8 3-Phenylhydantoins

The synthesis of the pentafluorosulfanyl-containing hydantoin proceeded
uneventfully, however, yield information for the individual transforma-
tions was not provided (Jaehne et al., 2008) (Fig. 6.18).

Cannabinoid receptors are cell membrane receptors of the G-protein-
coupled receptor superfamily. The CB; receptor is expressed mainly in the
central nervous system and in the lungs, liver and kidneys. Cannabinoid
receptor inhibitors have both therapeutically undesirable psychotropic
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Figure 6.18. Synthesis of pentafluorosulfanyl-containing hydantoin: (a) EtOH, Pd-C, H,
then phthalic anhydride, AcOH, reflux; (b) HNO;, 0°C, 2h then RT overnight; (c) MeOH,
Pd-C, H,; (d) 50% H,SO,, NaNO, then KCN, CuCN, 3 h; (¢) NH,NH,-H,O, EtOH;
(f) triphosgene, Et;N then 2-amino-2-methylpropanoic acid.
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effects and clinically desirable effects, such as moderation of haemorrhagic
or endotoxin induced hypotension. In human CB,; receptor inhibition
assays, 99 examples of phenylhydantoins related to 102 exhibited ICs, val-
ues ranging from 0.7 to 208 nM.

6.4.9 Pentafluorosulfanyl benzoylguanidines

Of particular note in the synthesis of 113 is the scale of the transformations
of 19 to 106, starting from approximately a kilogram scale to 50 g scale for
the latter transformations (Kleemann, 2005a) (Fig. 6.19). The palladium-
assisted methylation and cyanation reactions were apparently unaffected by
the SF; substituent.

F5S\©\ a F5S\©iY g F5S:©:CH3
NO X VA CO,H

2

19 20 X =NH,, Y =H :Ib 108 Z = NO, h
103 X = NH,, Y = Br ]C 109 Z = NH,
104 X = NH,, Y = CH; ]d 110 Z = SO,CI :Ij
105 X = Br, Y = CHj ]e 111 Z = SOzH
106 X =CN, Y = CH,
107X=C02H,Y=CH3:| f

k FsSJCECHs [ FsS CH,
NH
H3CSO; CO,CHs HyCSO; N\\( 2
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Figure 6.19. Synthesis of compound 113: (a) SnCl,, conc HCIl, 80-100°C (99%);
(b) dibromohydantoin, CH,Cl, (86%); (c) trimethylborate, PACl, (dppf), 70°C (76%);
(d) +-BuONO, CuBr,, CH3CN (89%); (e) Zn(CN),, Zn powder, PdCl, (dppf), DMA (80%);
(f) ethylene glycol, NaOH, H,O, 130°C (93%); (g) 90% HNO3, 96% H,SO,, RT (92%);
(h) AcOH, 10% Pd-C, H, (1 bar) (98%); (i) AcOH-HCI, NaNO, then CuCl, CuCl,, SO, in
AcOH (quantitative); (j) Na,SO3, H,O 70°C (93%); (k) 2N NaOH then CH;I, DMF (48%);
(1) guanidinium hydrochloride, -BuOK, DMF (40%).
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NHE!I is a Na'/H" antiporter (also known as sodium-hydrogen
antiporter 1, SLC9A1) that is a ubiquitous membrane-bound enzyme
involved in pH regulation of vertebrate cells. In an NHE1 inhibition assay,
benzoylguanidines such as 113 exhibited ICs, values as low as 49 nM.
These compounds are claimed to be useful as antiarrhythmic agents.

6.4.10 Pentafluorosulfanylphenoxy-substituted benzoylguanidines

The Aventis group extended their previously described NHEI inhibitor
investigation to include the ethers 116 and 120 (Kleemann, 2005b) (Fig. 6.20).
It is noteworthy that phenol 43 retained sufficiently nucleophilicity so that it
could be successfully employed in the required aromatic substitution reaction
to form 115.

Compounds such as 116 and 120 are claimed to inhibit processes asso-
ciated with ischemia-induced damage to the heart, in particular ischemia-
induced cardiac arrhythmias and heart failure. Activities as low as IC5, of
3.9nM were reported for inhibition of NHE1 receptors (see Section 6.4.3).

6.4.11 Functionalization of pentafluorosulfanylphenoxy-substituted
benzoylguanidines

This work describes the further transformations of 115 (Kleemann, 2006)
(Fig. 6.21).

Compounds such as 126 are described as being potentially useful as
antiarrhythmic medicaments as they inhibit, even preventively, the
ischemic induced damage, particularly during the cardiac arrhythmias.

6.4.12 Pentafluorosulfanyl-containing diarylamine trypanothione
reductase inhibitors

By analogy to phenol 43 in Section 6.4.10, aniline 20 retained sufficient
nucleophilicity to participate in a nucleophilic aromatic displacement
reaction with 2,6-difluoro-nitrobenzene (Stump et al., 2009) (Fig. 6.22).
Remaining manipulations proceeded in good to excellent yield in a syn-
thesis that readily accommodated reactions of other amines in addition to
dimethylamine. Analysis of crystal structures of the pentafluorosulfanyl
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Figure 6.20. Preparation of pentafluorosulfanylphenoxy-substituted benzoylguanidines:
(a) H,SO4, NaNO, then Cu(NO3),, CuO (70%); (b) Cs,CO3, DMF (21%); (c) guanidinium
hydrochloride; (d) HOAc, 35% H,SO,, NaNO, then Na,S,, 50-60°C then LiAlH, (9%).

analogues bound to trypanothione reductase facilitated comparison of the
SFs, CF; and fert-butyl groups. The steric demand of the SF5 group lies
between those of CF; and C(CHj3)s, but the profound electron withdraw-
ing character of the pentafluorosulfanyl group was found to promote a
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Figure 6.21. Functionalization of pentafluorosulfanylphenoxy-substituted benzoyl-
guanidines: (a) 90% HNO; (quantitative); (b) AcOH, MeOH, Pd-C, H, 6 bar, 24 h (93%);
(¢) AcOH-HCI, NaNO, then CuCl, CuCl,, SO, in AcOH (87%); (d) Na,SO;, H,O 70°C
(87%); (e) 2N NaOH then CH;lI, DMF (17%); (f) guanidinium hydrochloride, Cs,CO;.
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Figure 6.22. Preparation of pentafluorosulfanyl-containing diarylamine trypanothione
reductase inhibitors: (a) H, 5 bar, RaNi, MeOH, 65°C (97%); (b) 2,5-difluoro-nitrobenzene,
t-BuOK, DMSO (25%); (c) Zn, NH,Cl, 3-chloropropionyl chloride CH;0H, 65°C (74%);
(d) Me,NH in H,0, DME 60°C (91%); (e) 3,4-dichlorobenzyl chloride, 50°C (67%).

T-shaped interaction with nearby tryptophan. Relative to the CF; substi-
tuted analogue, the SF5-containing molecules were associated more closely
with Trp21. Interaction of the aniline nitrogen with Glul8 was also con-
siderably closer with the pentafluorosulfanylated compound than with
either the CF;- or C(CHj3);3-substituted compounds, presumably reflecting
a strengthened hydrogen bonding interaction. The efficacy of the penta-
fluorosulfanyl compound was likely derived from the electronic effects of
the pentafluorosulfanyl group that compensated for the greater steric
obstruction of that group to binding.
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Trypanosomatid parasites possess trypanothione [N1,N8-bis(glu-
tathionyl)spermidine] and trypanothione reductase. Trypanothione
reductase, a key enzyme of the trypanothione-based antioxidant defence
systems of parasitic trypanosomes and Leishmania sp., is a promising tar-
get for the new antiparasitic drugs. Trypanosoma brucei is the causative
agent of African sleeping sickness which threatens millions of people.
Trypanosoma cruzi is the pathogen responsible for 14,000 deaths each year
in central and southern America. Leishmaniasis is a disease resulting from
infection with Leishmania parasites: the disease infects millions of people
and leads to nearly 50,000 deaths annually (Stump et al, 2009). While
none of the diarylamines showed a significant effect on the growth of
axenic Leishmania donovani, the non-quaternized dimethylamine 129
moderately inhibited the growth of T. cruzi.

SF5 is a suitable substituent for novel diarylamine-based trypanothione
reductase inhibitors with micromolar affinities. A preference of the
mepacrine-binding site for CF; and SFs substituents over the bulkier ~Bu
residue can be rationalized by molecular modelling. Ligands with SF; sub-
stituents display the lowest cytotoxicity among all compounds tested and
show good membrane permeability (Stump et al., 2009).

6.4.13 A pentafluorosulfanyl-containing quinoline,
a mefloquine analogue

The first report on an SFs—quinoline construction significantly expands the
repertoire of pentafluorosulfanyl chemistry (Wipf et al,, 2009) (Fig. 6.23).
Upon completion of the synthesis, both 141 and 142 were characterized by
single crystal X-ray diffraction studies.

Mefloquine, the CF;-containing parent quinoline, is an orally-
administered antimalarial agent. Unfortunately, mefloquine is associated
with adverse effects, including anxiety, depression, halucinations and seizures
which limit its utility (Wipf et al., 2009).

The antimalarial activities and selectivities of 141 and 142 were com-
pared to mefloquine analogues in which the quinoline ring was
substituted at the 6- and 7-positions with a trifluoromethyl group. The
50% and 90% inhibitory concentrations (ICs, and I1Cy,) against four drug
resistant strains of Plasmodium falciparum, and the 50% lethal concentration
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Figure 6.23. Synthesis of compounds 141 and 142: (a) ethyl 4,4,4-trifluoro-3-oxobutanoate,
PPA (4-SF5 44%, 3-SFs 75%); (b) POCI; (4-SF5 77%, 3-SFs5 78%); (c) 2-(pyridin-2-yl)
acetonitrile, NaH, DMF, PhCHj (4-SF5 86%, 3-SF5 92%); (d) H,0,, AcOH (4-SF5 85%,
3-SF5 92%).

(LCsp) against a mammalian cell line were determined. Compound 141
exhibited generally equivalent or lower ICs, and ICy, and greater selectiv-
ity than its CF;-congener and mefloquine. The IC5, and ICy, of 142 were
generally equivalent to those of the CF;-analogue and mefloquine (Wipf
et al., 2009).

6.4.14 Fluoxetine analogues

Commercially available 1-nitro-4-pentafluorosulfanylbenzene 19 was easily
reduced to 1-amino-4-pentafluorosulfanylbenzene 20 under classic condi-
tions with iron powder and concentrated hydrochloric acid (Welch and Lim,
2007) (Fig. 6.24). Subsequent diazotization and dediazoniation was also
affected in an uneventful manner. In contrast to methods for the preparation
of the fluoxetine 149 (Fig. 6.25), where the 4-chloro-trifluoromethylbenzene
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undergoes a ready nucleophilic aromatic displacement reaction with 20, 27
did not react in our hands. However, following introduction of the sacrificial
auxiliary nitro group, 1-bromo-2-nitro-4-pentafluorosulfanylbenzene 37 did
undergo the desired displacement reaction, albeit in modest yield. It was
found that protection of the methylamine group of 144 was necessary for suc-
cessful reductive dediazoniation of easily prepared aminoarene 146. In the
absence of protection, the reduction was accompanied by the apparent
intramolecular reaction of the reactive amine group. Protection of the methy-
lamino group by benzylation, fert-butoxycarbonylation, benzyloxycarbony-
lation, trimethylsilylation or ter-butyldimethylsilylation all failed to lead to
the desired reduction product. Fortunately benzoylation to form 145 was
effective in suppressing the undesired side reactions. Diazotization and reduc-
tive dediazoniation of 146 with fert-butylnitrite in DMF proceeded smoothly.
Deprotection of the 147 by reduction with diisobutylaluminum hydride led
uneventfully to the desired pentafluorosulfanyl fluoxetine analogue 148.

In secondary screening, the K; values were determined for those recep-
tors where at the original test concentration of 10pM >50% inhibition was
observed. For 148, substitution of the CF; by the SF; group diminished the
affinity for 5-HT,, and 5-HT,. but had no effect on 5-HT,, (Fig. 6.25).

SFs
ONa
NO
? i v Ph)\/\N/
| Y
a 143 7 o
Ph)\/\N/
SFs SFs |
19 z
20X=NH2,Y=H]b 144Y=N02,Z=H]d
27 X=Br,Y=H 145 Y =NO,, Z=Bz
[o] :| e
37 X=Br, Y =NO, 146 Y=NH2,Z=Bz:|f
147 Y=H,Z=Bz

148 Y=Z=H :Ig

Figure 6.24. Preparation of fluoxetine analogues 144-148: (a) Fe, HCI (86%); (b) HBr/
NaNO, (67%), (¢) H,SO,/HNO; (99%); (d) BzClI (36%); (e) Fe, HCI (76%); (f) +-BuONO,
DMF (33%); (g) DIBAL-H (80%).
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Figure 6.25. Replacement of the trifluoromethyl group of 149 by pentafluorosulfanyl
group as in 148. Influence of substitution on receptor binding. Data from the NIMH
Psychoactive Drug Screening Program (Welch and Lim, 2007).

6.4.15 Fenfluramine and norfenfluramine

The pentafluorosulfanyl analogues of fenfluramine and norfenfluramine were
prepared from readily available pentafluorosulfanylbenzene 150 (Welch and
Lim, 2007) (Fig. 6.26). Bromination led to the formation of 1-bromo-3-
pentafluorosulfanylbenzene 151. Metallation with fert-butyllithium was fol-
lowed by quenching of the resultant anion with dimethylformamide, which on
workup afforded the desired aldehyde 152. Condensation with nitroethane
formed the olefin 153 which was subsequently reduced with lithium alu-
minium hydride. The pentafluorosulfanyl analogue of norfenfluramine 154
was reductively alkylated with acetaldehyde and sodium triacetoxyborohydride
to form the fenfluramine analogue 155.

In Fig. 6.27 it is evident that the pentafluorosulfanyl group enhances
the affinity of 154 for 5-HT,;,, 5-HT,. and 5-HTj relative to fenfluramine
157. Of especial note is the increased affinity for 5-HT,, and 5-HTg, with
binding increasing nearly tenfold. Binding to 5-HT,, has been associated
with adverse valvulopathy. Unfortunately the increase in affinity for the
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Figure 6.26. Preparation of pentafluorosulfanyl analogues of fenfluramine and norfen-
fluramine 154 and 155: (a) NBS, H,SO,/TFA (93%); (b) t-BuLi/DMEF, —78 to 0°C (70%);
(c) CH,CH,NO,, NH,OAc (70%); (d) LAH/THF (59%); (¢) CH,CHO, NaBH(OAc); (30%).
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Figure 6.27. Comparison of pK; values of 156 and 154 for a series of 5 HT receptors.

5-HT, receptor is much less, so it is likely that the analogue 154 would not
be as safe as the clinical agent. By contrast, while the affinity for 5-HT,,
receptor of 155 relative to 157 is enhanced (Fig. 6.28), the increase is much
less than in the case of 154 relative to 156 (Fig. 6.27). Perhaps more strik-
ingly, the pentafluorosulfanyl group substitution in the norfenfluramine
structure showed the same general pattern of selectivity observed with the
parent compound. As determined in the primary inhibition assays there
was little affinity for 5-HT,,, 5-HT,,, 5-HT; or 5-HTs,, and this selectivity
was unaffected by substitution.

6.4.16 5-Hydroxytryptamine

Formation of the diazonium salt from 20 was effected by slow addition
of aqueous sodium nitrite to an acidic methanolic solution (Welch and
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Figure 6.28. Comparison of pK; values for 157 and 155 with a series of 5 HT receptors.
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Figure 6.29. Preparation of tryptamine analogue 161: (a) Fe, HCI (96%); (b) HCI/NaNO,
then 2-oxopiperidine-3-carboxylic acid, NaOAc (88%); (c¢) aq.HCO,H, reflux (27%);
(d) KOH, EtOH-H,0, reflux (58%); (e) Cu/quinoline, 190-200°C/1h (21%).

Lim, 2009) (Fig. 6.29). The addition of a solution of 2-oxopiperidine-3-
carboxylic acid followed by buffering of the solution with sodium acetate
produced the desired 3-(2-(4-(pentafluorosulfanyl)phenyl)hydrazono)
piperidin-2-one 158 as a solid. On dissolution in aqueous formic acid
(88%) and heating under reflux for 1.5 hours the cyclized lactam 159 was



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/24/13. For personal use only,

202 J. T. Welch

formed in limited but unoptimized yield. The lactam was saponified to
yield the carboxylic acid 160. Decarboxylation to the desired tryptamine
analogue 161 was affected on heating to 200°C in quinoline in the pres-
ence of copper powder.

6.5 Conclusions and Outlook

The utility of the pentafluorosulfanyl group is just beginning to be demon-
strated. In numerous examples it exhibits significant differences from
trifluoromethyl substitution. With a growing body of experimental practice
accessible in the literature, it is clear that the SF5 group is quite compatible
with the majority of common functional group transformations. None of
these publications considers the important environmental observations of
Jackson and Mabury (2008, 2009) indicate that pentafluorosulfanyl substi-
tution may have environmental benefits not previously appreciated. The
recent report of Umemoto (2009) on the synthesis of the SF5 group with-
out the need for molecular fluorine may be the most significant of all. This
procedure suggests the cost of pentafluorosulfanyl substitution can be dra-
matically reduced, perhaps to a cost similar to that of trifluoromethyl
substituents. It is likely that the coming years will see an ever expanding
number of reports of the utility of pentafluorosulfanylation in biological
chemistry, a suitable memorial to the pioneering work of Bill Sheppard so
long ago.
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Strategic Incorporation of Fluorine
into Taxoid Anticancer Agents

Antonella Pepe,*" Liang Sun' and Iwao Ojima’

7.1 Introduction

Covalently bound fluorine plays a crucial role in bioorganic and medici-
nal chemistry (Bégué and Bonnet-Delpon, 2006; Isanbor and O’Hagan,
2006; Ojima, 2009). A recent estimate accounts for 138 US Food and Drug
Administration (FDA) approved fluorine-containing molecules for
human treatment, of which 23 have been withdrawn from the market, and
33 are currently used for veterinary applications (Pepe et al., 2009a).
Fluorine-containing biologically active compounds, in which a C-H or
C-O bond is replaced by a C-F bond, often exhibit stronger binding to
target molecules, higher metabolic stability, increased lipophilicity and
higher membrane permeability, as compared with the parent compound.
Due to the small atomic radius of the fluorine atom and its high elec-
tronegativity, the C-F bond is short (1.35 A) and highly polarized. The
strong ionic character contributes to its unusual strength, hence the C-F
bond is more resistant to metabolic oxidation. Because of the recognized

* Current address: Laboratory of Synthetic Chemistry, Developmental Therapeutics
Program Support, SAIC-Frederick, Inc.; National Cancer Institute-Frederick, Frederick,
MD 21702, USA.

" Institute of Chemical Biology & Drug Discovery and Department of Chemistry, State
University of New York at Stony Brook, Stony Brook, NY 11794-3400, USA.
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value of fluorine in medicinal chemistry, it is now common practice to
investigate fluoro-analogues of lead compounds under development
(Kirk, 2006; Yamazaki et al., 2009). Recently, increasing numbers of exper-
imental and computational studies have been performed systematically to
better understand and predict how the replacement of H with F affects the
electronic nature and conformation of small molecules in their interac-
tions with proteins and enzymes (Miiller et al., 2007; Yamazaki et al.,
2009). These studies will eventually lead to rational design and develop-
ment of fluoro-organic molecules as new and effective biochemical tools.

The importance of fluorine in medicinal chemistry is further enhanced
by its paramagnetic property. The nuclear spin of %2, the natural abundance,
the high NMR sensitivity along with the large "F-'H coupling constants
and the virtual absence of 'F in living tissues, allow application of ’F NMR
spectroscopy to the investigation of biological processes (Martino et al.,
2000; O’'Hagan et al., 2002). Solid-state I NMR is a particularly powerful
tool for investigation of the protein-bound structures of biologically active
molecules (Ojima, 2009). In addition, in vivo '°F magnetic resonance (MR)
has been applied to monitor fluorine compounds and their metabolites in
preclinical and clinical settings (Schneider and Lin, 2009).

This chapter provides a concise overview of our research on the strategic
incorporation of fluorine into taxoid (‘taxoid’ = Taxol-like compound) anti-
cancer agents through exploitation of the unique properties of this element.

7.2 Paclitaxel, Docetaxel and New-Generation Taxoids

Paclitaxel (Taxol) and its semi-synthetic analogue docetaxel are currently
two of the most widely used anticancer drugs for the treatment of ovarian
cancer, breast cancer, melanoma, non-small-cell lung cancer and Kaposi’s
sarcoma as well as neck, prostate and cervical cancers (Rowinsky, 1997;
FDA, 2004) (see Fig. 7.1).

Paclitaxel (and taxoids) binds to the B-subunit of of3-tubulin het-
erodimer and accelerates the polymerization of the tubulin dimer units by
stabilizing the interaction between these units (Schiff et al., 1979; Jordan
et al., 1993). Thus, microtubules arising from paclitaxel-bound o3-tubulin
dimers are less dynamic with a growth rate higher than the disassembling
rate. The paclitaxel-bound stabilized microtubules do not function normally,
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paclitaxel: R' = Ph, R2= Ac
docetaxel: R' = t-BuO, R2 = H

IDN 5390 C-seco taxoids

Figure 7.1.  Structures of paclitaxel, docetaxel, new-generation taxoids.

leading to the inhibition of depolymerization and interruption of the cell
division cycle. This event activates a cell-signalling cascade, that induces
apoptosis (Schiff et al., 1979; Jordan et al., 1993).

Despite the remarkable success of paclitaxel and docetaxel, chemother-
apy with these drugs is often associated with undesirable side effects, as
well as the occurrence of drug resistance (Dumontet and Sikic, 1999).
Therefore, there is a strong need for developing new taxoid anticancer
drugs and their efficacious drug delivery systems with fewer side effects,
superior pharmacological properties and improved activity against drug-
resistant tumours and various classes of cancers.

Several mechanisms of drug resistance to paclitaxel, docetaxel and
other microtuble-targeting agents have been indicated (Séve and
Dumontet, 2008). In general, the development of drug resistance is a mul-
tifactor phenomenon and likely to be mediated by a combination of events
(Gottesman et al., 2002). The first mechanism of paclitaxel resistance
reported is multidrug resistance (MDR) caused by the overexpression of
ABC transporters, typically P-glycoprotein drug-efflux pumps, which can
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keep the intracellular drug concentration below therapeutic level
(Chevillard et al., 1996). Point mutation of class I B-tubulin has been
reported for one-third of human non-small cell lung cancer, and is in
direct correlation with cell sensitivity to paclitaxel (Seve and Dumontet,
2005). The complexity of the MDR phenotype is demonstrated by the
absence of point mutations in tubulins isolated from the paclitaxel-resist-
ant lung and ovarian tumours of cancer patients (Derry et al., 1997).
Another mechanism of drug resistance, which has received increased
attention in recent years, is the selective overexpression of B-tubulin iso-
types. Different B-tubulin isotypes form tubulin dimers with anomalous
behaviours in vitro with regard to assembly, dynamics, conformation and
ligand binding (Derry et al, 1997). Microtubules with altered -tubulin
isotype composition respond differently to paclitaxel (Sullivan, 1988;
Banerjee et al., 1992; Panda et al., 1994; Derry et al., 1997; Kavallaris et al.,
1997; Hari et al., 2003). Among B-tubulin subtypes, class III B-tubulin is
less sensitive to the action of paclitaxel and other microtubule-stabilizing
anticancer agents, due to higher intrinsic dynamic instability or to differ-
ent binding interaction with those agents. Thus, the overexpression of
class I B-tubulin in microtubules leads to paclitaxel-resistance
(Dumontet et al., 2009).

Our extensive studies on the design, synthesis and structure—activity
relationship (SAR) of taxoid anticancer agents have led to the discovery
and development of new-generation taxoids bearing non-aromatic sub-
stituents at the C3” position and various acyl groups at the C10 position
(Ojima et al., 1996, 2008) as well as meta-substituted benzoyl groups at the
C2 position (Ojima ef al., 1999, 2008) (see Fig. 7.1). These new-generation
taxoids possess two to three orders of magnitude higher potency than
paclitaxel and docetaxel against drug-resistant cancer cell lines, expressing
MDR phenotype (Ojima et al., 1996, 1999, 2008). Further improvement of
the pharmacological properties of these taxoids has been studied through
strategic incorporation of fluorine.

Our recent study on the metabolic stability of C3’-isobutyl- and C3’-
isobutenyl-taxoids has disclosed that the metabolism of new-generation
taxoids (e.g. SB-T-1214 and SB-T-1103) exhibits marked difference from
that of docetaxel and paclitaxel (Gut ef al, 2006). One of the cytochrome
P450 family enzymes in humans, CYP 3A4, metabolizes these taxoids



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/24/13. For personal use only,

Strategic Incorporation of Fluorine into Taxoid Anticancer Agents 213

SB-T-1103 primary SB-T-1103-metabolite

Figure 7.2. Primary sites of hydroxylation on new generation taxoids by a P450 family
enzyme.

through hydroxylation primarily at the two allylic methyl groups of the
C3’-isobutenyl group and the methyne moiety of the C3’-isobutyl group
(Fig. 7.2). The result shows a stark contrast to the fact that the tert-butyl
group of the C3” N-Boc moiety is the single predominant metabolic site
for docetaxel (Vuilhorgne et al., 1995).

To address these unique metabolic profiles of the new-generation tax-
oids, we designed and synthesized a new series of fluorine-containing
taxoids bearing C3’-difluoromethyl-, C3’-trifluoromethyl- and C3’-diflu-
orovinyl-taxoids in order to block the oxidation by CYP 3A4 mentioned
above, which should enhance the metabolic stability and activity in vivo.

7.3 Synthesis and Biological Evaluation of Fluorine-Containing
New-Generation Taxoids

C3’-Trifluoromethyl-, C3’-difluoromethyl- and C3’-difluorovinyl-taxoids
were synthesized through coupling of fluorine-containing 3-lactams with
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Scheme 7.1.  Synthesis of enantiopure 1-Boc-3-TIPSO-4-Rf-f-lactams.

modified baccatins (Ojima et al, 1997b, 2000; Kuznetsova et al., 2004,
2008). Syntheses of enantiopure coupling-ready 4-Rf-B-lactams, 7, 9 and
10, are illustrated in Scheme 7.1.

Enantiopure B-lactams 9 and 10 bearing a CF,H group and a
difluorovinyl group at the C4 position, respectively, were prepared from a
common intermediate, 4-formyl-f-lactam 8. Racemic B-lactam 3a,b was
prepared through [242] ketene-imine cycloaddition of N-PMP-aldimine
1a,b and acetyl chloride 2a,b. A racemic mixture of B-lactams 3a,b was
resolved by enzymatic catalysis, using PS Amano lipase at 0—5°C for 3a and
50°C for 3b (Kuznetsova et al, 2004). Subsequent functional group
manipulations of (+)-4a gave (3R,4S)-1-Boc-3-TIPSO-4-CF;-B-lactam 7.
Enantiopure B-lactam (+)-4b was converted to 4-formyl-f-lactam 8 by
ozonolysis, followed by difluoromethylation with DAST and N-protecting
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group manipulation to yield (3R,4S)-1-Boc-3-TIPSO-4-CF,H-B-lactam 9.
(3R,4S5)-1-Boc-3-TIPSO-4-difluorovinyl-B-lactam 10 was prepared in
three steps from 4-formyl-B-lactam 8 using the Wittig-type reaction of the
formyl moiety with difluoromethylphosphorus ylide generated in situ
from (Me,N);P, CF,Br, and Zn (Pepe et al., 2009a).

The 4-CF;-, 4-CF,H- and 4-difluorovinyl-B-lactams 7, 9 and 10 thus
obtained, were subjected to the Ojima—Holton coupling (Ojima, 1995)
with C10- and/or C2-modified baccatins 11 (Ojima et al., 1999, 2008) in
the presence of LIHMDS at —40°C in THE, followed by removal of silicon
protecting groups to give the corresponding novel C3’-Rf-taxoids, 15, 16
and 17, in good overall yields (Scheme 7.2).

Novel C3’-Rf-taxoids 15 (Rf = CF;) and 16 (Rf = CF,H) were evalu-
ated for their cytotoxic potency in vitro against human breast cancer cell
lines (MCF7-S and LCC6-WT), their corresponding drug-resistant cell
lines (MCF7-R and LCC6-MDR: MCF7-R is now re-designated as
NCI/ADR), as well as human non-small-cell lung cancer cell line (H460)
and colon cancer cell line (H-29). The cytotoxicity of C3’-difluorovinyl-
taxoids 17 were examined against MCF7-S and MCF7-R (NCI/ADR).
Several of them were also assayed against HT-29 and a human pancreatic
cancer cell line (PANC-1). Results are summarized in Table 7.1 (C3’-CF;-
and C3’-CF,H-taxoids) and Table 7.2 (C3’-difluorovinyl-taxoids).

As Table 7.1 shows, all C3’-Rf-taxoids 15 and 16 exhibit substantially
higher potencies than those of paclitaxel and docetaxel, with single-digit

PG, R
RO O 1 RQ O OPG!
OPG J/:,L o
o eoe NI
‘ ‘ 7,9,10 0" 'NH O ‘
HO™ TP ——. Rf/\)J\O“V CN°
H 6 OAc I 3 s " opa2 HO O OAc
o 60-95% o
X 1 X
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R = Ac, EtCO, c-PrCO, MeaNCO, MeOCO HF/pyridine 'P; E’T:I;ESCPZGZ’—TISS CF2
X =H, MeO, F, Cl, Ny pyridiné/CH;CN =TES, =
.019,
57-91% 15: Ry= CF3,16: CF,H, 17: CH=CF,

PG', PGZ = H

Scheme 7.2.  Synthesis of C3’-CF;-, C3’-CF,H- and C3’-difluorovinyl-taxoids.
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Table 7.1.  In vitro cytotoxicity (IC5, nM)? of C3’-CF; and C3’-CF,H-taxoids (15 and 16).
MCF7-8* MCF7-R¢ LCC6-WT?  LCC6-MDR® H460/ HT-29¢
Taxoid Rf R X (breast) (breast) R/S? (breast) (breast) R/S? (lung) (colon)
Paclitaxel Ph Ac H 1.7 300 176 3.1 346 112 4.9 3.6
Docetaxel Ph H H 1.0 215 215 1.0
SB-T-12821-1 CF; Ac MeO 0.32 8.8 28 0.33 3.99 12 0.38 0.69
SB-T-12821-2 CF; Ac F 0.45 5.58 13 0.38 5.93 16 0.49 1.11
SB-T-12821-3 CF; Ac Cl 0.40 5.04 13 0.22 4.96 23 0.5 0.85
SB-T-12821-4 CF; Ac N; 0.47 3.85 8.2 1.18 4.00 34 0.20 0.50
SB-T-12822-1 CF; Et-CO MeO 0.19 2.16 11 0.45 4.24 9 0.41 0.54
SB-T-12822-2 CF; Et-CO F 0.68 3.78 5.6 0.82 4.27 5.2 0.59 1.15
SB-T-12822-3  CF; Et-CO Cl 0.34 3.28 9.6 0.39 2.54 6.5 0.63 1.11
SB-T-12822-4 CF; Et-CO N; 0.38 1.61 4.2 1.09 2.56 2.3 0.20 0.40
SB-T-12823-1 CF; Me,NCO MeO 0.57 1.84 3.2 0.28 4.48 16 0.35 0.68
SB-T-12823-2 CF; Me,NCO F 0.32 2.64 8.3 0.32 5.57 17 0.5 0.76
SB-T-12823-3 CF; Me,NCO Cl 0.12 1.02 8.5 0.27 2.55 9.4 0.42 0.45
SB-T-12823-4 CF; Me,NCO N; 0.47 2.61 5.6 1.27 3.52 2.8 0.30 0.50
SB-T-12824-1 CF; MeOCO MeO 0.17 2.88 17 0.27 3.99 15 0.38 0.53
SB-T-12824-2 CF; MeOCO F 0.31 4.88 16 0.39 5.81 15 0.61 0.85
SB-T-12824-3  CF; MeOCO Cl 0.65 4.72 7.3 0.29 5.08 18 0.43 0.68
SB-T-12824-4 CF; MeOCO N; 0.47 2.92 6.2 1.09 4.00 3.7 0.20 0.40
SB-T-12841-1 CF,H Ac MeO 0.34 4.16 12 0.26 5.57 21 0.38 0.52
SB-T-12841-2 CF,H Ac F 0.44 5.33 13 0.52 10.0 19 0.20 0.35
(Continued)
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Table 7.1. (Continued)

MCF7-S* MCF7-R* LCC6-WT" LCC6-MDR* H460/ HT-29¢
Taxoid Rf R X (breast) (breast) R/S4 (breast) (breast) R/S4 (lung)  (colon)
SB-T-12841-3 CF,H Ac Cl 0.40 6.48 16 0.31 5.80 19 0.49 1.94
SB-T-12841-4 CF,H Ac N; 0.32 1.68 5.3 0.22 1.57 7.1 0.48 0.57
SB-T-12842-1 CF,H Et-CO MeO 1.14 4.05 3.5 0.69 4.92 7.1 0.40 0.59
SB-T-12842-2 CF,H Et-CO F 0.53 7.24 14 0.88 4.63 3.5 0.41 0.86
SB-T-12842-3 CF,H Et-CO Cl 0.44 5.20 12 0.52 4.71 9.1 0.30 0.43
SB-T-12842-4 CF,H Et-CO N; 0.32 0.96 3.0 0.39 1.15 2.9 0.27 0.37
SB-T-12843-1 CF,H Me,N-CO MeO 0.45 4.51 10 0.69 7.06 10 0.40 0.43
SB-T-12843-2 CF,H Me,N-CO F 0.52 8.13 16 0.69 10.6 15 0.20 0.35
SB-T-12843-3 CF,H Me,N-CO CI 0.31 2.96 9.5 0.21 3.87 18 0.36 0.58
SB-T-12843-4 CF,H Me,N-CO N; 0.37 1.44 3.9 0.29 1.69 5.8 0.52 0.40
SB-T-12844-1 CF,H MeO-CO MeO 0.81 6.59 8.1 1.03 10.2 9.9 0.30 0.44
SB-T-12844-2 CF,H MeO-CO F 0.59 11.38 19 0.86 12.6 15 0.30 0.43
SB-T-12844-3 CF,H MeO-CO Cl 0.26 2.08 8.0 0.13 1.82 14 0.25 0.29
SB-T-12844-4 CF,H MeO-CO N; 1.69 2.56 1.5 0.26 2.06 7.9 0.23 0.36

“The concentration of compound which inhibits 50% (ICs;, nM) of the growth of a human tumour cell line after 72 h drug exposure.
b Human breast carcinoma.

“Multidrug-resistant human breast/ovarian cancer cell line (currently renamed to NCI/ADR).

d Drug-resistance factor.

¢ Multidrug-resistant human breast carcinoma.

fHuman non-small cell lung carcinoma.

¢ Human caucasian colon adenocarcinoma.
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Table 7.2.  In vitro cytotoxicity (ICs, nM)? of 3’-difluorovinyl-taxoids (17).

MCF7-8" MCF7-R¢ HT-29¢ PANC-1¢
Entry Taxoid R X (breast) (breast) R/S (colon) (pancreatic)
1 Paclitaxel 1.2 300 250 3.6 25.7
2 SB-T-12851 Ac H 0.099 0.95 9.6 0.41 1.19
3 SB-T-12852 c-Pr-CO H 0.12 6.0 50 0.85 5.85
4 SB-T-12853 Et-CO H 0.12 1.2 10 0.34 0.65
5 SB-T-12854 Me,N-CO H 0.13 4.3 33 0.46 1.58
6 SB-T-12855 MeO-CO H 0.14 1.29 9.2
7 SB-T-12851-1 Ac MeO 0.25 1.5 6.0
8 SB-T-12852-1 c-Pr-CO MeO 0.092 0.48 5.2
9 SB-T-12853-1 Et-CO MeO 0.34 0.57 1.7
10 SB-T-12854-1 Me,N-CO MeO 0.11 0.5 4.5
11 SB-T-12855-1 MeO-CO MeO 0.078 0.50 6.4
12 SB-T-12851-2 Ac F 0.14 1.53 11
13 SB-T-12852-2 c-Pr-CO F 0.071 1.72 24
14 SB-T-12853-2 Et-CO F 0.22 2.54 12
15 SB-T-12854-2 Me,N-CO F 0.17 2.25 13
(Continued)
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Table 7.2. (Continued)

MCF7-8" MCF7-R¢ HT-29¢ PANC-1¢
Entry Taxoid R X (breast) (breast) R/S (colon) (pancreatic)

16 SB-T-12855-2 MeO-CO F 0.12 1.85 15

17 SB-T-12851-3 Ac N; 0.092 0.34 3.7
18 SB-T-12852-3 c-Pr-CO N; 0.092 0.45 4.9
19 SB-T-12853-3 Et-CO N; 0.14 0.38 2.7
20 SB-T-12854-3 Me,N-CO N; 0.14 0.46 3.3
21 SB-T-12855-3 MeO-CO N; 0.078 0.40 5.3
22 SB-T-12851-4 Ac Cl 0.13 0.70 5.4
23 SB-T-12852-4 c-Pr-CO Cl 0.12 0.50 4.2
24 SB-T-12853-4 Et-CO Cl 0.13 0.45 3.5
25 SB-T-12854-4 Me,N-CO Cl 0.93 2.60 2.8
26 SB-T-12855-4 MeO-CO Cl 0.099 1.15 12

- See footnotes to Table 1.

¢ Human pancreatic carcinoma.
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nanomolar 1Cs, values against drug-sensitive MCF7-S, LCC6-WT, H460
and HT-29 cancer cell lines (except for a few cases). The potency of 15 and
16 against MDR cell lines, MCF7-R (NCI/MDR) and LCC6-MDR, is
remarkable, with almost all C3’-Rf-taxoids exhibiting single-digit nanomo-
lar ICs, values, which are two orders of magnitude more potent than
paclitaxel on average. The C3’-Rf-taxoids 15 and 16 exhibit, in general,
comparable cytotoxicity against all cancer cell lines examined. It appears,
however, that the potency of 15 against MCF7-S and LCC6-WT is higher
and less fluctuated as compared to that of 16 (except for two cases). In con-
trast, 15 exhibits more uniform potency against MCF7-R (NCI/ADR) and
LCC6-MDR cell lines than 15. For 16, potency against MDR cell lines is
dependent on the nature of meta substituents of the C2-benzoate moiety,
i.e. the order of potency is F < MeO < Cl < Nj3. By contrast, such a trend is
unclear for 16 against these MDR cell lines. Among these C3’-Rf-taxoids
examined, SB-T-12842-4 (R = n-propanoyl; X = N3) appears to be the most
potent compound, showing a resistance factor (R/S ratio) of only 2.9-3.0
against MCF7-R (NCI/ADR) and LCC6-MDR.

As Table 7.2 indicates, all difluorovinyl-taxoids 17 are remarkably
more potent than paclitaxel. A clear effect of C2-benzoate modification at
the meta position is observed on the potency against drug-sensitive and
drug-resistant MCF7 cell lines. In a manner similar to that observed for
16, the potency of 17 against MCF7-R (NCI/ADR) is dependent on the
nature of meta substituents of the C2-benzoate moiety, and the order of
potency is F < Cl £ MeO < Nj. Some of these taxoids with 2,10-modifica-
tions possess impressive potency, i.e. their IC5, values are below 100 pM
(range 78-92 pM) and in the subnanomolar range (0.34-0.50 nM) against
MCF7-R (NCI/ADR), which is three orders of magnitude more potent
than paclitaxel (entries 8, 11, 17, 18 and 21). The resistance factor for these
taxoids is 3.7—6.4, while that of paclitaxel is 250. SB-T-12852-2 (R = cyclo-
propanecarbonyl; X = F) exhibits extremely high potency (ICs, 71 pM)
against MCF7-S, but the resistance factor is 24. Taxoids 17 with unmodi-
fied C2-benzoate moiety (entries 2—6) also possess substantially enhanced
potency against MCF7-S and MCF7-R (NCI/ADR) as compared to pacli-
taxel. These taxoids exhibit excellent potency against HT-29 (human
colon) and PANC-1 (human pancreatic) cancer cell lines as well. It appears
that SB-T-12853 is particularly promising against these gastrointestinal



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/24/13. For personal use only.

Strategic Incorporation of Fluorine into Taxoid Anticancer Agents 221

(GI) cancer cell lines. Although taxoids 17 with 2,10-modifications have
not been evaluated against HT-29 and PANC-1 cell lines yet, it is more
than reasonable to assume that these taxoids would exhibit exceptional
potency against these GI cancer cell lines.

7.4 Synthesis and Biological Evaluation of Fluorine-Containing
C-Seco-Taxoids

Due to the complexity and multiplicity of drug resistance, a multidirec-
tional approach appears to be needed to discover and develop efficacious
anticancer drugs. As mentioned above, besides MDR caused by the over-
expression of ABC transporters such as P-glycoprotein, another type of
paclitaxel-resistance arising from the overexpression of class III B-tubulin
has recently been identified as a clinically significant drug resistance
mechanism (Dumontet et al., 2009). Recently, a C-seco-taxoid, IDN5390
(see Fig. 7.1), has been shown to be more potent than paclitaxel against
drug-resistant ovarian cancer cell lines overexpressing class III isotype
(Ferlini et al., 2005). Accordingly, we set out to perform a structure—activ-
ity relationship (SAR) study, including fluorine incorporation, of this
C-seco-taxoid.

Microtubules play a crucial role in the mitosis stage of the cell division
cycle, as well as in the locomotion of most cell types, by taking part in
coordinating the direction of cell movement (Liao et al., 1995; Ueda et al.,
1997). Accordingly, paclitaxel and taxoids are likely to possess a certain level
of activity to inhibit cancer metastasis. It has been shown that tumours
develop an extended network of blood vessels in order to grow and spread
to different tissues and organs in the body (Folkman, 1971). The uncon-
trolled tumour cell proliferation generates areas of necrotic tissue, wherein
the lack of oxygen (hypoxia) activates the vascular endothelial growth fac-
tor (VEGF) (Shweiki et al., 1992), which initiates the process of capillary
formation (angiogenesis) (Papetti and Herman, 2002). Many crucial
endothelial cell activities relevant to angiogenesis require a functional
cytoskeleton (Goltlieb et al., 1981; Coan et al., 1993). Thus, microtubule-
targeting agents can inhibit the endothelial cell proliferation and
migration by blocking microtubule dynamics required for the G,—M tran-
sition (Selden et al., 1981; Belotti et al., 1996; Klauber et al., 1997). In fact,
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paclitaxel exhibits some antiangiogenic activity at sub-cytotoxic doses
(Taraboletti et al., 2002). Recently, IDN5390, a C-seco-taxoid just men-
tioned above, has also shown potent antimotility and low cytotoxicity on
endothelial cells, together with the ability to down-regulate the two main
angiogenic factors VEGF and bFGF (Taraboletti et al, 2002). Thus, we
included the evaluation of antiangiogenic activity in the SAR study of
C-seco-taxoids. As a part of this SAR study, we investigated two fluorine-
containing analogues, SB-T-10104 and SB-T-10204.

Two C-seco-fluorotaxoids, SB-CST-10204 and SB-CST-10104, were
synthesized through the Ojima—Holton coupling of protected 2-(3-fluoro-
benzoyl)-C-seco-baccatin 20 with B-lactams 21a and 21b, respectively, in
the presence of LIHMDS in THF at —40°C, followed by deprotection with
HF-pyridine (Scheme 7.3) (Pepe et al., 2009b). C2-fluorinated C-seco-
baccatin 20 was prepared from 2-(3-fluorobenzoyl)baccatin 18 (Ojima et
al., 1997b) following Appendino’s protocol (Appendino et al., 1997, 2003).
C2-fluorinated baccatin 18 was oxidized at C10 with Cu(OAc), and air.
The resulting 10-oxo-baccatin 19 was treated with L-selectride at
—78°C in THE followed by protection of hydroxyl groups at C7 and C9 to

HO O OH O O OH O  OTES

OTES
‘ ‘ i ‘ ek ‘
HO" 7 N0 T hov N0 T o 2 NSO
HO O OAc HO O OAc HO O OAc
F F F
18 19 20
O, TE:!
TIPSO, { OTES Q PH
— OTES
Boc < OH
! A O C —— ! H HO O OAc
v OTIPS o OH o
C F4< ;
a: isobutyl 22 F

b: isobutenyl

SB-T-CST-10104: isobutyl
SB-T-CST-10204: isobutenyl

i: Cu(OAc),, MeOH, 77-86 %; ii: L-selectride, THF, —78°C 50-70%, iii: methyl imidazole, TESCI, DMF, 0°C, 50-80%;
iv: LIHMDS, THF, —40°C, 70-80%; v: HF/pyridine, CH3CN/pyridine, 0°C to RT, 52-92%.

Scheme 7.3.  Synthesis of C2-fluoro-C-seco-taxoids.
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afford 20. Further transformed as described above (Scheme 7.2) then pro-
duced C-seco-fluoro-taxoids, SB-CST-10104 and SB-CST-10204, in good
overall yields.

Novel C-seco-fluoro-taxoids SB-CST-10104, and SB-CST-10204 were
assayed against several human ovarian adenocarcinoma cell lines, includ-
ing A2780wt (drug sensitive, wild type), A2780CIS, A2780ADR,
A2780TOP (resistant to cisplatin, adriamicin and topotecan/doxorubicin,
respectively), A2780TC1 and A2780TC3 (resistant to both paclitaxel and
cyclosporine A) (Table 7.3) (Pepe et al, 2009b). Drug resistance in the
A2780TC1 and A2780TC3 cell lines is caused by the overexpression of
class I1II B-tubulin subunit and other possible mutations (Kavallaris et al.,
1999; Ferlini et al., 2005), whereas that in the A2780ADR cell line is based
on MDR. Accordingly, the activity of SB-CST-10104 and SB-CST-10204
against A2780TC1 and A2780TC3 cell lines is the critical point of interest.

As Table 7.3 shows (Pepe et al., 2009b), these two C-seco-fluoro-tax-
oids, especially, SB-CST-10104, exhibit remarkable potency, as compared
to paclitaxel, against A2780TC3 cell line, i.e. the most drug-resistant cell
line for paclitaxel in this series (24—38 times more potent than paclitaxel
and 3-5 times more potent than IDN5390). The resistance factor for this
cell line, i.e. IC5y (A2780TC3)/1Cs, (A2780wt), is 10 470 for paclitaxel, but

Table 7.3.  In vitro cytotoxicity (ICsy nM)? of C-seco-fluorotaxoids.

C-seco-
Taxoid  A2780wt’? A2780CIS¢ A2780TOP? A2780ADR® A2780TC1/ A2780TC3¢

Paclitaxel ~ 1.7£1.2 2.240.2 7.2£1.5 12391265  10027£3195 17800£5,499

IDN5390 17.4+1.5 16.8%3.1 27.5%5.1 261711028  2060+344 22371471

SB-CST- 11.1+8.4  11.8+1.0 12.843.5 3726£198 1497431 460£128
10104

SB-CST- 6.110.6 4.940.2 6.910.8 2218+588 4454+1391 745+60
10204

“The concentration of compound which inhibits 50% (ICsy, nM) of the growth of a human tumour
cell line after 72 h drug exposure.

»Human ovarian carcinoma wild type.

¢Cisplatin-resistant A2780.

4 Topotecan-resistant A2780.

¢ Adriamycin-resistant A2780.

2 Clones derived from chronic exposition of A2780 to paclitaxel and cyclosporine.



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/24/13. For personal use only.

224 A. Pepe, L. Sun and I. Ojima

only 41 for SB-CST-10104. For comparison, IDN5390 exhibits 8.0 times
higher potency than paclitaxel with a resistance factor of 129 against the
same cell line. This result is intriguing considering the fact that the only
structural difference between IDN5390 and SB-CST-10104 is one fluorine
incorporation at the meta position of the C2-benzoate moiety of the
C-seco-taxoid molecule. These C-seco-fluorotaxoids also possess 2.3—6.7
times higher potency than paclitaxel against the A2780TCI cell line. The
potency of these two C-seco-fluoro-taxoids, especially SB-CST-10204,
against A2780CIS, A2780TOP and A2780ADR is consistently lower than
paclitaxel, but higher than that of the parent IDN5390. The C3’-substitu-
tents of C-seco-fluoro-taxoids, i.e. a 3’-isobutyl or 3’-isobutenyl group,
show subtle effects on potency, which appears to be directly related to their
interactions with the class III B-tubulin. SB-CST-10204 (C3’ = isobutenyl)
exhibits higher potency than SB-CST-10104 (C3" = isobutyl) against
A2780wt, A2780CIS, A2780TOP and A2780ADR. However, the reversal of
this SAR is observed against A2780TC1 and A2780TC3 in which the class
III B-tubulin is overexpressed.

The antiangiogenic activity of SB-CST-10204 and SB-CST-10104 was
evaluated based on their ability to inhibit the microcapillary tubule for-
mation in human umbilical vein endothelial cells (HUVEC) supported in
Matrigel. Microscopy images were quantified by the Bioquant Image
Analysis System. The results are illustrated in Fig. 7.3 and typical phase-
controlled microscopy images of the microcapillary tubules formed at
drug concentrations of 10 nM and 100 nM are shown in Fig. 7.4. The
length of the tubules formed (Graph A) or the number of junctions
(Graph B), normalized to the control experiment, are a measure of the
antiangiogenic activity (Hollingshead et al, 2004).

As Fig. 7.3 shows, at the lowest concentration tested (0.1 nM), SB-
CST-10204 and SB-CST-10104 show 20-30% inhibition, i.e. microcapillary
tubules formed in HUVEC cells treated with these C-seco-fluoro-taxoids
are 20% shorter and the number of junctions is 30% smaller than in the
control experiments. IDN5390 does not show any inhibition at this con-
centration and even an increase in the number of junctions is observed. At
1 nM concentration, SB-CST-10204 shows substantially better activity
than IDN5390. At 10 nM concentration, SB-CST-10104 starts exhibiting
superior activity to those of IDN5390 and SB-CST-10204, controlling the
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Figure 7.3. Inhibition of microcapillary tubule formation by C-seco-taxoids. Graph A:
% control tubule length; Graph B: % control junction formation.

tubule growth to less than 50% and the junction formation to 22%. At
100 nM concentration, SB-CST-10104 inhibits the growth of tubules by 78%,
while the growth inhibition by SB-SCT-10204 and IDN5390 is 62%. At this
concentration, all C-seco-taxoids inhibit the junction formation by 90%.
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Control SB-CST-10204 1.0 nM SB-CST-10104 1.0 nM

IDN 5390 10 nM SB-CST-10204 10 nM SB-CST-10104 10 nM

IDN 5390 100 nM SB-CST-10204 100 nM SB-CST-10104 100 nM

Figure7.4. Microscopy images of microcapillary tubules in the presence of C-seco-taxoids.

These results confirm that the meta fluoro-substituent of the C2 ben-
zoyl group as well as the C3” moiety have critical effects on the inhibitory
activity of microcapillary formation, with an isobutyl group being a better
C3’ group than an isobutenyl group. This new class of taxoids may hold
unique prospect with their dual activities against two distinct functions,
i.e. cytotoxicity and antiangiogenic activity.

7.5 Use of Solid-State '’F NMR and Computational Analysis
for the Determination of Bioactive Conformation
of Paclitaxel and Fluorinated Taxoids

Paclitaxel binds to the B-tubulin component of the o,B-tubulin dimer,
promotes the polymerization of tubulins, stabilizes microtubules and
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blocks microtubular dynamics, which eventually leads to apoptosis (Schiff
et al., 1979; Jordan and Wilson, 2004). Although its mechanism of action
as a microtubule-stabilizing agent was discovered almost 30 years ago, the
structure of paclitaxel bound to B-tubulin has not been fully elucidated.
Investigation into the bioactive conformation of paclitaxel could lead to
the design and development of novel drugs with much simpler structures
than paclitaxel (Geney et al., 2005; Kingston et al., 2005). The structural
biology study of paclitaxel did not start until the first cryo-electron
microscopy (cryo-EM) (or ‘electron crystallography’) structure of a
microtubule model, i.e. Zn**-stabilized o,B-tubulin dimer with a pacli-
taxel molecule, was reported in 1998 at 3.7 A resolution (PDB-code: 1TUB
structure) (Nogales et al., 1998). The structure was refined to 3.5 A reso-
lution (PDB-code: 1JFF structure) in 2001 (Lowe et al., 2001), but the
resolution was still not high enough to show the exact binding conforma-
tion of paclitaxel.

A combination of '’F NMR and advanced 2D NMR methods provide
very powerful tools to study dynamic conformational equilibria. The wide
dispersion of fluorine chemical shifts simplifies the observation of molec-
ular conformers at low temperature. To study the binding conformation of
paclitaxel and other taxoids, fluorine-containing taxanes were successfully
used as probes for NMR analysis in conjunction with molecular modelling
(Ojima et al., 1997a). The solid-state magic angle-spinning (SSMAS) "F
NMR analysis with the radiofrequency-driven dipolar recoupling (RFDR)
method was also used to measure the F-F distance for the microtubule-
bound conformation of a F,-docetaxel derivative (Fig. 7.5) (Ojima et al.,
1998). The rotational echo double resonance (REDOR) method was used
to investigate the structure of the microtubule-bound paclitaxel by deter-
mining the "F-1°C distances and the ""F—*H distances of fluorinated
paclitaxel derivatives (Fig. 7.5) (Li ef al., 2000; Paik et al., 2007). Since real
microtubules, i.e. not the Zn**-stabilized tubulin dimer model, were used
in this experiment, the results were critically important to confirm the rel-
evance of the cryo-EM structures (1TUB, 1JFFE).

On the basis of the REDOR distances, photoaffinity labelling results
and molecular modelling, a bioactive conformation of paclitaxel, REDOR-
Taxol’, was proposed as the most plausible microtubule-bound paclitaxel
structure in 2005 (Geney et al., 2005). In the REDOR-Taxol structure, the
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T-g?  R'R2=19F or 2H

REDOR ('°F-2H)

Figure 7.5. Solid-state NMR studies on microtubule-bound taxane fluorine-probes.

C2’-OH group interacts with His 229 as the H-bond donor, which is con-
sistent with the well-established SAR studies (Kant et al., 1993; Williams
et al., 1993). The ‘REDOR-Taxol’ was further refined using the 1JFF atomic
coordinate (Fig. 7.6), and it has been shown that the ‘REDOR-Taxol’ is
not only fully consistent with the new REDOR experiments, but also
accommodates highly active macrocyclic paclitaxel analogues (Sun et al.,
2008, 2009).

The molecular modelling of C3’-Rf-taxoids was performed to predict
their bioactive conformations based on the REDOR-Taxol structure. SB-T-
1284, SB-T-1282 and SB-T-12853 (Fig. 7.6) were oriented according to the
REDOR-Taxol conformation and docked into B-tubulin binding pocket by
superimposing the baccatin cores. Energy minimization of the tubulin-bound
structures (InsightIl, CVFF) provided three C3’-Rf-taxoid—f-tubulin
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SB-T-12853 SB-T-1213

Figure 7.6. REDOR-Taxol structure and C3’-Rf-taxoids analysed by molecular modelling.

complexes. The computer-generated binding structures of these fluoro-
taxoids are shown in Fig. 7.7(a—c).

As Fig. 7.7 shows, the baccatin moiety occupies virtually the same space
in all cases, as anticipated. Each taxoid resides comfortably in the pocket
without high-energy contacts with the protein, which indicates that there is
no substantial difference between the REDOR-Taxol structure and those of
C3’-Rf-taxoids. There is a strong hydrogen bond between the C2’-OH of
C3’-Rf-taxoids and His229, similar to that in the REDOR-Taxol structure
(Geney et al., 2005). The molecular modelling analysis indicates that the
CF,H and CF; moieties fill essentially the same space (Fig. 7.7(a), (b)). The
difluorovinyl moiety of SB-T-12853 occupies more extended hydrophobic
space as compared to CF; and CF,H moieties (Fig. 7.7(c)). The overlay of
SB-T-12853 with a representative new-generation taxoid, SB-T-1213,
shows very good fit, but with appreciable difference (Fig. 7.7(d)). The result
may indicate that the difluorovinyl group mimics isobutenyl group, but
there is a difference in size and electronic nature between these two groups.

The difluorovinyl group is in between vinyl and isobutenyl groups in
size, but two fluorine atoms may mimic two hydroxyl groups rather than
two methyl groups electronically. Accordingly, the difluorovinyl group is a
very unique structural component in medicinal chemistry, which can be
widely explored in drug design, including its anticipated metabolic stability
against P-450 family enzymes.
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©) (d)

Figure 7.7. Computer-generated binding structures of fluorinated taxoids to B-tubulin:
(a) SB-T-1284 (C3’-CF,H); (b) SB-T-1282 (C3’-CF;); (c) SB-T-12853 (C3’-CF,=CH);
(d) Overlay of SB-T-12853 and SB-T-1213 (C3’-isobutenyl).

Next, we performed the computational analysis of tubulin-bound
C-seco-fluoro-taxoid structures with class I and III B-tubulins (Pepe et al.,
2009b). Following up on recent molecular modelling studies of paclitaxel
and IDN5390 in human class I and III B-tubulins (Ferlini et al, 2005;
Magnani et al., 2006; Pepe et al., 2009b), molecular dynamics (MD) simu-
lation was employed to predict the binding conformation of C-seco-taxoids
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in class I and III B-tubulins. A cryo-EM crystal structure of bovine brain
tubulin (1JFF) (Lowe et al., 2001) was used as the template to create 3D
models of class I and IIT B-tubulin models, TubB1 and TubB3, respectively.
The protein sequences were obtained from SwissProt and a standard com-
parative modelling procedure was used by replacing the side chains of
the template, followed by energy minimization (Pepe et al., 2009b). The
C-seco-fluoro-taxoid (SB-CST-10204) molecule was manually docked
into TubB1 and TubB3 (Pepe et al., 2009b), based on the conformation of
REDOR-Taxol in 1JFF (Sun et al., 2008). A 600 ps simulation of the com-
plexes was performed with a weak restraint on the protein backbones in a
8 A truncated octahedron of TIP3P explicit water (AMBERY, ff03) (Case
et al., 2005). Snapshots of the binding conformation of SB-CST-10204 in
TubB1 and TubB3 at the end of the simulations are shown in Fig. 7.8. The
overall protein structures of TubB1 and TubB3 are similar, and the two
mutations (Cys241Ser and Ser277Ala) in the binding site do not have
direct interaction with SB-CST-10204.

The M-loop (from Thr276 to Arg284) of TubB3 (cyan) has higher
flexibility than that of TubB1 (magenta), which is very likely to be caused
by the loss of an H-bonding between Ser277 and Ser280 in TubB1 with the

Figure 7.8. Snapshots of SB-CST-10204 in TubB1 (magenta) and TubB3 (cyan).
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mutation of Ser277 to Ala277 in TubB3 (Lowe et al., 2001). The flexible
C7-OH of SB-CST-10204 can form an H-bond with GIn282 or Arg284,
which would not be affected by the increased flexibility of the M-loop in
the class III B-tubulin, allowing C-seco-taxoids to keep high affinity to
class III B-tubulin. In contrast, the H-bond between the C7-OH of pacli-
taxel with Arg284 would be substantially weakened by increased flexibility
of the M-loop in TubB3. Thus, the binding of paclitaxel to the class III
B-tubulin should be less favourable than that to class I B-tubulin. The
H-bond between C2’-OH and His229 is very stable throughout the MD
simulation. There is also a favorable interaction between His229 and the
meta-substituent of the C2-benzoate moiety in both TubB1 and TubB3.
Consequently, the molecular modelling study on the tubulin-bound
conformations of paclitaxel, and SB-CST-10204 in TubB1 and TubB3
revealed considerable difference in the conformations between the two
B-tubulin subclasses. This study also demonstrates the importance of the
hydrophobic interaction between the C2-benzoyl moiety and His229.

7.6 Use of Fluorine in Tumour-Targeting Anticancer Agents

The development of highly specific anticancer agents that can target can-
cer cells without affecting normal cells is of critical importance in
chemotherapy. Such drugs would eliminate the often severe side effects
associated with current cancer chemotherapy. As anticancer drugs dis-
rupt the cell division cycle at different stages, rapidly proliferating tumour
cells should be more affected by anticancer drugs than normal cells.
Unfortunately, this is not true for fast regenerating non-malignant cells,
such as those of the gastrointestinal tract and bone marrow, and thus these
cells cannot escape the attack of cytotoxic drugs. This causes undesirable
side effects on patients. Therefore, it is very important to develop new
chemotherapeutic agents with improved tumour specificity.

To reduce side effects of chemotherapeutic agents, tumour-targeting
anticancer drug conjugates have been developed by connecting a potent
cytotoxic drug to a tumour-targeting molecule through a mechanism-based
cleavable linker. The tumour-targeting molecule has high affinity to cancer-
specific biomarkers, which are often receptors necessary for cell growth,
overexpressed on the tumour cell surface, and promote the internalization
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of the drug conjugate into tumour cells. Once inside the tumour cell, the
linker should be cleaved by intracellular substances and the cytotoxic agent
released. It is important that the conjugate is stable while in the blood cir-
culation, but readily cleavable inside the tumour.

Most commonly used tumour-targeting molecules are monoclonal
antibodies (mAbs), their derivatives and fragments, hyaluronic acid, folic
acid, biotin, somatostatin peptide mimic and aptamers (Chen et al., 2005;
Jaracz et al., 2005; Ojima, 2008). mAbs and their fragments are the most
widely used tumour-targeting functionalities. They specifically bind to
antigens that are overexpressed on the surface of tumour tissues or cells,
and are much less abundant on normal tissues. Therefore, in principle,
mAb—cytotoxic drug conjugates can be specifically delivered to the
tumour, internalized via receptor-mediated endocytosis and release the
parent drug intracellularly (Liu ef al., 1996; Chari, 1998; Chen et al., 2005).
Mylotarg (gemtuzumab-ozogamicin) (Hamann et al, 2002) is the first
mAb-drug immunoconjugate approved by the FDA for the treatment of
acute myelogenous leukemia (AML). Several other mAb—drug conjugates
have advanced to human clinical trials (Liu et al., 1996; Saleh et al., 1998;
Gillespie et al., 2000; Chan et al., 2003; Lam et al., 2003; Widdison et al.,
2006). We have developed novel mAb—taxoid conjugates as tumour-tar-
geting anticancer agents, which exhibited extremely promising results in
human cancer xenografts in SCID mice. These conjugates clearly demon-
strated tumour-specific delivery of a taxoid anticancer agent without any
noticeable toxicity to the animals and cured all animals tested (Ojima
et al., 2002). For these mAb—taxoid conjugates, we used a disulfide linker,
stable in blood circulation, but efficiently cleaved by glutathione or other
thiols in the tumour. In fact, it has been shown that the glutathione level
is 1000 times higher in tumour tissues than blood plasma (Kigawa et al.,
1998). However, in this first-generation mAb—taxoid conjugates, the orig-
inal taxoid molecule was not released because of the compromising
modification of the taxoid molecule to attach the disulfide linker. Thus,
the cytotoxicity of the taxoid released in these conjugates was 8—10 times
weaker than the parent taxoid.

Accordingly, we have devised second-generation self-immolative
disulfide linkers (Ojima, 2008). Once the conjugate is internalized into the
tumour cells, endogenous glutathione triggers a cascade reaction that
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Scheme 7.4. Glutathione-triggered cascade drug release using self-immolative linker.

cleaves the linker through thiolactonization to release the parent unmodi-
fied drug molecule (Scheme 7.4). The strategic incorporation of fluorine
allows us to monitor the cleavage of the linker and the release of the drug by
F NMR spectroscopy (Ojima, 2004). In addition, the presence of a fluorine
substituent at the para position to the disulfide linkage would direct the
cleavage of this linkage by a thiol to generate the desirable thiophenolate or
sulthydrylphenyl species for thiolactonization. This type of self-immolative
linker is highly versatile and readily applicable to any tumour-targeting drug
conjugates, including the conjugates with highly potent C3’-Rf-taxoids.

Moreover, a combination of a fluorine-containing linker and a C3’-Rf-
taxoid may serve as fluorine-probes for monitoring the internalization and
drug release of these conjugates in the tumour cells and tissues by ’F NMR
spectroscopy as an alternative method to confocal fluorescence microscopy
using fluorescence labelled probes (Ojima, 2008). Further applications of
the strategic incorporation of fluorine(s) into medically active substances
to enhance potency and metabolic stability as well as to provide useful tools
for biomedical research are actively underway in these laboratories.
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Synthesis and Antiviral,
Antitumour Activities of
Fluorinated Sugar Nucleosides

Feng Zheng,* Xiao-Long Qiu* and Feng-Ling Qing*

8.1 Introduction

Known subunits of deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA), nucleosides play key roles in neurotransmission (Baldwin et al.,
1999), regulation of cardiovascular activity (Shryock et al., 1997), and as
signalling molecules (Schachter et al., 1995), in addition to their roles as
intermediates for many essential cellular biosynthetic pathways. In addition,
nucleosides and their analogues play an important role in medicinal chem-
istry as a structural basis for the development of antiviral and antitumour
agents (De Clercq, 2004). Numerous modifications to the sugar ring as
well as the heterocyclic nucleobase moieties have been utilized in recent
years to increase chemotherapeutic activity (Agrawal et al., 1998; Li et al.,
2008). Fluorinated nucleosides have drawn great attention due to their
bioactivity profile (Pankiewicz, 2000; Meng et al., 2006; Liu et al., 2008).
Fluorine has been considered as a suitable bioisostere for hydrogen
due to its small size and high compactness. Its electronegativity along with
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its capability to engage in dipolar interactions make fluorine a close ‘iso-
electronic’ replacement for the hydroxyl group. The replacement of a
hydroxyl group or a hydrogen by a fluorine atom causes only a minor
change in the steric effect of the functionality, however, such a substitution
has profound effects on the chemical-physical as well as biological prop-
erties: (i) the glycosyl bond is strengthened, resisting enzymatic hydrolysis
by phosphorylases (Tsuchiya, 1990). (ii) The polar hydrophobic aspect of
the short C—F bond reduces the polarizability of molecules and increases
their hydrophobicity (Biffinger et al., 2004; DiMagno et al., 2006). (iii) The
strong gauche and antiperiplanar effects of the fluorine substituent caused
by its high electronegativity, have profound stereoelectronic effects on the
neighbouring groups; thereby the fluorine substituent governs the overall
conformation of the sugar ring (Guschlbauer et al., 1980; Cheng et al.,
1983; Uesugi et al., 1983; Van der Boogaart et al., 1994). In fact, virtually
every hydrogen atom or hydroxyl group from the known endogenous
nucleosides has been replaced with fluorine via either single- or multiple-
atom substitutions. Many of these novel agents exhibit modified biological
potency compared with their corresponding parent compound (Meng
et al., 2006; Liu et al., 2008).

In view of the interesting discovery of carbocyclic nucleosides
(Schneller, 2002; Rodriguez et al., 2003), thionucleosides (Yokoyama,
2000), phosphanucleosides (Yamashita et al., 1998) and azanucleosides
(Yokoyama et al., 1999), fluorinated analogues were prepared and used
to explore the effect of the fluorine on structure—activity relationships in
attempts to improve the antiviral and antitumour efficacy of these
modified molecules. This chapter concentrates on the synthesis of
fluorinated sugar nucleosides and their antiviral and antitumor
activities, but does not cover a large group of nucleosides fluorinated at
the nucleobase.

8.2 Nucleosides Fluorinated at C2’

The unique role of the substituent (hydrogen or hydroxyl) on the C2” atom
in nucleotides, as the distinguishing feature between DNA and RNA,
prompted the investigation of the biological properties of nucleosides
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Figure 8.1. 2’-Fluoronucleosides with potent antiviral activity.

containing substituents other than hydrogen or hydroxyl at this position.
Accordingly, it was interesting to study the biological properties of C2” flu-
orinated nucleosides which could mimic both their hydrogenated and
hydroxylated parent compounds. So far, a number of 2’-fluorinated nucleo-
sides have been synthesized and biologically evaluated, some of which
showed broad and potent biological activities (Fig. 8.1). For example,
2’-deoxy-2’-fluorocytidine (FdC) is a potent inhibitor of the hepatitis C
virus (HCV) RNA replication in cell cultures and thus exhibited high anti-
HCV activity (Stuyver et al., 2004). 2’-Deoxy-2’-fluoro-5-methyl-1-B-p-
arabinosyluracil (FMAU) (Watanabe et al, 1979; Chu et al., 1995) and
2’-deoxy-2’-fluoro-5-iodo-1-f-p-arabinosylcytosine (FIAC) (Watanabe
et al., 1979) showed not only potent activities against the herpes simplex
virus (HSV), but also excellent activities against the hepatitis B virus (HBV)
and other viruses such as varicella zoster virus (VZV), cytomegalovirus
(CMV), and Epstein—Barr virus (EBV). Furthermore, Gemcitabine (2’-
deoxy-2’,2’-difluorocytidine) has been approved by the US Food and
Drug Administration (FDA) for the treatment of pancreatic cancer (Noble
et al., 1997). It has also shown antitumour activity against a wide spectrum
of human solid tumours (Hertel et al, 1990). These impressive results
motivated organic chemists and pharmaceutical scientists to investigate
various types of 2’-monofluorinated nucleosides bearing different func-
tional groups.

8.2.1 2”-¢a-Fluoro nucleosides

Fox and coworkers (Codington et al., 1961, 1964) synthesized a series of
2’-deoxy-2"-fluororibosyl nucleosides 4 by treatment of 2,2’-anhydro
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nucleoside 3 with hydrogen fluoride (Scheme 8.1). Subsequently, via base
transformation procedure, they also prepared 2’-deoxy-2’-fluorocytidine
(Doerr et al., 1967). Later, 2’-deoxy-2"-fluoroadenosine and 2’-deoxy-
2’-fluoroguanosine were synthesized in the Ranganathan’s group
(Ranganathan, 1977) and the Kawasaki’s group (Kawasaki et al., 1993),
respectively. Both of them introduced the fluorine atom into the 2’-position
via nucleophilic substitution of the corresponding triflate using tetra-
butylammonium fluoride (TBAF).

o o o
R R
NH NH
X LK ) L L
H /\O, 01) Trcl, Py Tro—\_ O SN~ ~ONPhCONa_ (5 WN_HF HO/\@,N 0
Y B SIS G A O
HO ©OH HO OTs HO' HO  F
1 (R=H, CHg, F) 2 3 4 (R=H,CHj,, F)
Scheme 8.1.

Fluorination using DAST (Et,NSF;) is one of the most important
methods in nucleoside chemistry for a one-step exchange of a hydroxyl
group by fluorine. Shi et al. (2005) found that the direct fluorination of
2,2’-anhydro-5-fluorouridine 5 with KF or Py-nHF failed. Thus they turned
to a DAST fluorination approach to accomplish the synthesis. Compound
5 was hydrolysed under basic conditions and then fluorinated with DAST
to deliver 2’,5-difluorouridine 7 in excellent yield (Scheme 8.2).

o o} NH,
I)k FfLN“ RS R
%NaOH H,0 A A l /l%o

THPO MeOH _THPO O___N” ~0DAST THpO O __N""0___Ho O_ N
pyridine - /\Q/
THPG THPG oM THPG  F HO
5 6 7 8
Scheme 8.2.

DAST fluorination of tertiary hydroxyl groups also proved to be success-
ful. Using this strategy, Watanabe and coworkers designed and synthesized a
series of D-2’-a-fluoro-2’-methylnucleosides (Clark et al, 2005)
(Scheme 8.3). Treatment of 2’-ketone 9 with methyllithium gave compound
10. After removal of the silyl group and benzoylation, compound 10 was
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converted to precursor 11, which was subsequently fluorinated with DAST
and deprotected with NH3;/MeOH to furnish the target p-2"-o.-fluoro-2’-
methycytosine 12. It is noteworthy that p-2’-o-fluoro-2’-methycytosine
12 demonstrated potent and selective inhibition of HCV replication with
an ECy, value of 5.4 UM, with no apparent toxicity up to 100 uM (Clark et
al., 2005, 2006; Murakami et al., 2007).

Besides the nucleophilic fluorination methods described above, Liotta
and coworkers (1998) reported a novel fluorination method using
electrophilic N-fluorobenzenesulfonimide (NFSI) to prepare p-2’-o.-fluoro-
lactone 14 (and its L-isomer) diastereoselectively. Fluoride 14 was used to
synthesize a number of 2’,3’-dideoxy-2"-fluoro nucleosides 15 (McAtee
et al., 1998) (Scheme 8.4).

NHBz NHBz NHBz NH,
</ \: </ \:N

N HO N
e —< 0784, AcoR ‘ﬁozm. aY
TIPDS TIPDS Deciey — ) NHs / MeOrt :
B0 =M HO
1 12

Scheme 8.3.

R2
R/

TBDPSO o__0o 1)NF3| TBDPSO
Q.o
2) LIHMDS. \ﬂ/

. O Ry=H,CHs,F
F Ry=OH, Nilp, NHAC
13 14 15

Scheme 8.4.

For the synthesis of 2’-deoxy- and 2’,3"-dideoxy-2"-o.-fluorothio-carbo-
cyclic nucleosides, nucleophilic fluorination agents, such as HF, Py:-nHE,
KHF,, DAST and TBAF, were also widely utilized to replace the corre-
sponding hydroxyl group with fluorine. Interestingly, during the synthesis
of 2/,3’-deoxy-2’-fluorothionucleosides, Marquez and coworkers found
that the stereochemical outcome of the DAST-mediated fluorination was
largely dependent on the oxidation state of the sulfur atom (Scheme 8.5)
(Jeong et al., 1994a,b, 1995b).
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Scheme 8.5.

8.2.2 2’--Fluoro nucleosides

The first synthesis of 2’-B-fluoronucleosides, 2’-deoxy-2’-fluoro--p-
arabinosyl-adenine (F-ara-A) and -cytosine (F-ara-C), was accomplished
in the Fox group (Wright et al, 1969, 1970) (Scheme 8.6). Treatment of
the methyl 2’,3’-anhydro-5"-O-benzyl-o.-p-riboside 22 with KHF,
afforded a mixture of fluoro sugars 23 (as the major product) and its 3-f3-F
isomer. Compound 23 was converted to the corresponding glycosyl bro-
mide 24, which was used for coupling with adenine and cytosine to
give F-ara-A and F-ara-C. 1’-(2’-Deoxy-2’-fluoro-B-p-arabinosyl)cytosine
(F-ara-C) (Wright et al., 1970) showed potent inhibitory activity against
L1210 leukaemia and is now a clinically used anticancer agent, 1-(B-p-
arabinosyl)cytosine.

Due to the low yield of 2-B-fluorosugar 23, Watanabe’s group
(Reichman et al., 1975) subsequently developed a practical synthetic approach
to 2-deoxy-2-fluoro-p-arabinose 29 from a readily available p-glucose

O__..OMe
0. OMe BnO * o_ Br o. LB
Bno/\Q~‘ KHF, \ 1) BzCl, Py BnO HO
B HG , F  2)HBr AcOH 2 ) + o isomer
© 3-B-F isomer BzO F HO F
22 23 24 F-ara-A B=adenine

F-ara-C B=cytosine

Scheme 8.6.
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derivative 25 (Scheme 8.7). The key step of the synthesis is an oxidation of
the 3-deoxy-3-fluoro-p-glucose 27 with NalO,, delivering exclusively the
desired 2-deoxy-2-fluoro-f3-p-arabinose 28. After bromination of 28 a series
of pyrimidine and purine nucleosides, including the highly bioactive FMAU,
FIAC and FEAU were prepared from glycosylbromide 19.

The potent antiviral activities of FIAC and FMAU motivated Tann et al.
(1985) to develop an even more efficient method for the construction of
the 2-B-F-arabino configuration (Scheme 8.8). The exclusively formed
1-o-glycosyl bromide 33 was used as a key building block for the prepara-
tion of 2’-deoxy-2’-B-fluoroarabinonucleosides, in particular for pyrimidine
nucleosides. Similarly, Chu’s group (Ma et al., 1996; Du et al., 1999) pre-
pared the L-enantiomer of 1-0.-glycosyl bromide 33 starting from L-ribose,
which was used to synthesize L-FMAU and its derivates. They discovered
that 1.-FMAU is a potent antiviral agent against HBV as well as EBV.

__How
NaIO4
25 26

OHCO

FMAU X=Me,Y=0OH
28 2 FEAU X=Et,Y=0OH
FIAC X=1,Y=NH
Scheme 8.7.

O. O_ OB OB
/\QWOAC /\Qﬂ“ z _KHF, ¢ BzO Z — FMAU
< HOAC FIAU

BzO  0SO,lm
30 31 32 33

Scheme 8.8.
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2’,3’-Dideoxy nucleosides (ddNs), such as 2’,3"-dideoxyinosine (ddI) and
2’,3’-dideoxyadenosine (ddA), exhibited potent anti-HIV activity. However,
the toxicity and instability of these compounds limited their application. Thus,
the fluorine atom was introduced into this class of nucleosides at the position
C2’ to improve their acidic and enzymatic stability. Both 2’,3"-dideoxy-2’-B3-
fluoro-inosine (F-ara-ddI) and -adenosine (F-ara-ddA, 37) were found to be as
potent as their parent drugs (Chu et al., 1989; Marquez et al., 1990) with indef-
inite stability in acidic media that would decompose ddI and ddA within
minutes. A convenient route to F-ara-ddA was developed by Marquez and
coworkers (Scheme 8.9) (Siddiqui et al., 1998). Their synthesis started with the
facile introduction of fluorine at C2” from the o-side of the protected 9-(-p-
arabinofuranosyl)adenine to afford 2’-a-fluoroadenosine 35. Inversion of the
stereochemistry at C2” was accomplished via a stable olefinic intermediate 36,
which underwent stereoselective reduction of the double bond to give the
desired F-ara-ddA with the opposite B-fluoro stereochemistry.

NH, NHBz NH, NH,

S vy

N N

N\ N\ \ \

Y /N Y e < <
1) MsCl, Py,NE!

HOW 4>_>DMTO/\C7/ ) MeCl Py NELa NQ/ Pd’o PdC.Ha | /\q
2) NaOH, EtOH

> < ’/F

HO OH HO
34 ara-A 35 37 F-ara-ddA

Scheme 8.9.

Starting from the commercially available 1-ct-glycosyl bromide 33, a
number of 2’-deoxy-2’-B-fluoroarabinonucleosides 38 were synthesized.
They were further converted to the corresponding 2’,3’-dideoxy-2’-B-flu-
oroarabinonucleosides 41 via Barton deoxygenation and then additionally
to some interesting 2’-fluoro-2",3’-unsaturated- and 2’,3’-dideoxy-2"-B3-
fluoro-3’-substituted nucleosides (Scheme 8.10) (Marquez et al., 1990;
Martin et al., 1990; Sterzycki et al., 1990; Watanabe et al., 1990; Barchi
et al., 1991; Siddiqui et al., 1992; Ford et al., 1994; Bhattacharya et al., 1995;
Jeong et al., 1995a; Shortnacy-Fowler et al, 2001; Izawa et al, 2003;
Moukha-Chafiq et al., 2005).

4’-Thionucleosides have been recognized as a novel and important
class of antiviral agents ever since Secrist et al. (1991) and Walker and
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Scheme 8.10.

coworkers (Dyson et al., 1991) independently reported the syntheses and
antiviral activities of pyrimidine 2’-deoxy-4’-thionucleosides. Extensive
studies on this class of nucleosides demonstrated that 4’-thionucleosides
not only retain their potential biological activity, but also exhibited improved
metabolic stability (Yokoyama, 2000). Thus a number of fluorinated
thionucleosides were synthesized and evaluated. Several 2’-deoxy-2’-B-
fluoro-4’-thionucleosides were found to exhibit potent antitumour and
antiviral activities (Machida et al., 1998; Zajchowski et al., 2005). 2’-Deoxy-
2’-fluoro-4’-thio-B-p-arabinofuranosyl-cytosine (4’-thioFAC) (Miura et al.,
1998, 2002; Zajchowski et al., 2005) was highly active against various
human solid tumour cell lines in vitro, especially the colon carcinoma
SW48 (ICsy 0.018 mg/mL) and the gastric carcinoma MKN-45 (ICj,
0.057 mg/mL) and showed strong antitumour acitivity in vivo, even by
oral administration. A series of pyrimidine and purine analogues of 4’-
thioFAC were synthesized and tested as antiviral and antitumour agents
by Yoshimura et al. (1997, 1999, 2000) (Scheme 8.11). The bicyclic com-
pound 46 was prepared from p-glucose in eight steps, then transformed
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Scheme 8.11.

to the thiosugar 47. Treatment of 47 with DAST introduced a fluorine
atom with retention of the 2’-stereochemistry, yielding 48. Acetate 49
was obtained via Pummerer reaction, which, after glycosylation with
various nucleobases and deprotection, gave the target 2’-deoxy-2"-f3-
fluoro-4’-thionucleoside 50 together with its oi-anomer. All nucleosides
were tested for their antiviral and antitumour activities. Whereas the o-
anomers were inactive, the B-anomers showed potent and selective
anti-HSV-1 and HSV-2 activities in vitro.

8.2.3 2/, 2"-Difluoronucleosides

The introduction of a gem-difluoromethylene group into the sugar moiety
of a nucleoside is of interest, as the fluorine could mimic both a hydrogen
atom and hydroxyl group to some extent. This suggests that a gem-difluo-
romethylene-containing nucleoside, besides its own special qualities,
might combine the characteristics of B-fluoro and o-fluoro nucleosides.
Gemcitabine (2’-deoxy-2’,2’-difluorocytidine), a clinically effective
anticancer agent for the treatment of pancreatic cancer, was prepared from
the key 2-deoxy-2,2-difluoro-ribonic acid 53, which is available by reac-
tion of Reformatsky reagent Zn/BrCF,CO,Et with 2,3-O-isopropylidene
glyceraldehyde 51 (Hertel et al., 1990; Noble et al., 1997) (Scheme 8.12).
Removal of the isopropylidene group resulted in spontaneous cyclization.
The resultant lactone 54 was silylated to afford compound 55a. After
conversion of compound 55a to mesylate 56a, condensation with the
persilylated cytosine provided gemcitabine 57 and its o0 anomer 58. In
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view of the fact that the above synthetic route needed separation of the
isomers 52/53 and 57/58 (1:1) by HPLC, the synthetic method was
improved by selecting Bz over TBDMS as the protecting group. The ratio
of B-anomer 57 against its oi-anomer increased to 4:1, and crystallization
of the desired ribonolactone 55b and gemcitabine 57 from their respective
diastereomeric mixtures was also realized.

cHO OH 1) Hy, Pd/C E’,”
Ho > OO tBOMSO T Brer,conEt oo O/\/H<002Et 2)aq TFA__BnO )
NH NBn : 3) NaH, BnBr B F
2 2 NBn,F F BnO ¢
59 60 61 62
TBDMIS OMe
N BuLi then 62 BnO N
\ J SN——— —
Br N’J S

63

Scheme 8.13.

In 2003, Tyler and coworkers first reported the synthesis of 2’-
deoxy-2’,2’-difluoro-aza-C-nucleoside (Evans et al, 2003), an analogue
of Immucillin-H (Kicska et al., 2001) that inhibits the proliferation of human
T lymphocytes. Starting with p-serine 59 and BrCF,CO,Et as gem-
difluoromethylene source, the lactam 62 was obtained in a straightforward
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fashion (Scheme 8.13). Lithiation of 9-bromo-9-deazahypoxanthine deriva-
tive 63, by bromine-lithium exchange and subsequent addition of the
lactam 62 to the reaction mixture provided the alcohol 64. Reduction of
compound 64 with NaBH;CN followed by hydrogenolysis and acidic
hydrolysis afforded the nucleoside 65 and its oi-anomer. Compared to the
parent Immucillin-H, compound 65 and its oi-anomer were poorer
inhibitors.

8.2.4 2’-Fluoro-2',3"-didehydro-2’,3"-dideoxynucleosides

The fluorinated 2’,3’-didehydro-2’,3’-dideoxynucleosides (Fd4Ns) have
attracted considerable attention since Chu’s group (Lee et al., 1999, 2002;
Choi et al., 2002; Chong et al., 2002; Choo et al., 2003; Wang et al., 2005)
demonstrated that a series of 2’-fluoro-2’,3’-unsaturated nucleosides had
interesting biological properties; 1-2"F-d4C, 1-2"F-d4FC are among the most
potent HBV agents, without significant cytotoxicity. The L-2"F-d4Ns 70 was
synthesized starting from (S)-glyceraldehyde acetonide 66 (Lee et al., 1999)
(Scheme 8.14). Aldehyde 66 was subjected to Horner—-Emmons reaction
with (EtO),P(O)CHFCO,Et to give 2-fluoro-o,B-unsaturated carboxylate
67 (E/Z = 9:1). Under acidic conditions for the removal of the isopropyli-
dene group, ester 67 simultaneously cyclized to the corresponding
2-fluorobutenolide, which was transformed to the key intermediate, acetate
69. Condensation of the fluorosugar 69 with various silylated nucleobases
was performed to furnish 1-2"F-d4Ns. Similarly, Chu and coworkers also
accomplished the synthesis of D-2’F-d4Ns from compound 71 (Lee et al.,
2002).

CHO
&/ﬁ/ (Et0)2P(O)CHFCOZEtOWF 1) HCI/EtOH OWOTBS

—0 NaHMDS -0  CO,Et2) TBSCI
z z F
66 67 E/Z=9:1 68
AcO. O Base, O O .OAc
1) DIBALH oTBS OH TRsO
2) Ac,0 — = — —
F F F
69 70 L-2"-d4Ns 71

Scheme 8.14.
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Chu’s group extended their work to the synthesis of a series of p- and
-2’,3’-didehydro-2’,3’-dideoxy-2"-fluoro-4’-thionucleosides (p- and t-S-
2’F-d4Ns) (Chong et al., 2002; Choo et al., 2003). The (S)-2-fluorobutenolide
72 was hydrogenated to give 2-fluoro-y-butyrolactone 73 as a single
stereoisomer, which was transformed to iodo esters 74 as an epimeric mix-
ture in a ratio of 6:1 (Scheme 8.15). The iodo esters 74 were then converted
to their corresponding thiolactone with 76 being formed as the major
epimer. Then, after several manipulations, the key acetyl phenylselenyl 4-
thio-P-p-ribofuranoside 78 was obtained. Glycosylation of the thiosugar
78 with various pyrimidine or purine bases followed by mCPBA-mediated
elimination and deprotection affored the target thionucleosides 79.

H2 RO NNaoH :’\—|':/ ksAc RO~y sacF
21, PPy | CO-Me CO,Me

72 R TBDPS 74 (6:1)
Base
1) DIBALH RO s OLiHMDS RO 01) DIBALH RO OAC
2)Swern PhSeBr S 2) Ac,0O
oxidation E PhSe
76 (major) 77
Scheme 8.15.

Chu'’s group also developed practical synthetic access routes to p- and
-2",3’-didehydro-2,3’-dideoxy-2’-fluorocarbocyclic nucleosides (p- and
L-2"F-C-d4Ns) (Wang et al., 2005). The ketone 80, prepared from p-ribose
in 17 steps, was fluorinated with DAST to give a difluorinated carbasugar,
which underwent elimination to afford the allylic ether 81 (Scheme 8.16).
After changing the protecting group and debenzylation, the key interme-
diate 82 was obtained and coupled with purines and pyrimidines under
Mitsunobu conditions.

o OTBDPS
OH . OH Base
o= @ e “@ =N
2) KOBut
) KOBU! E
D-ribose 82 83

Scheme 8.16.
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8.3 Nucleosides Fluorinated at C3’
8.3.1 3"-o-Fluoro nucleosides

A number of 3’-a-fluoro nucleosides display potent antiviral activities.
p-B-2’,3’-dideoxy-3"-0o-fluoro-thymidine (FLT) was found to be very active
against human immunodeficiency virus (HIV) (Koshida et al, 1989).
The corresponding deoxyuridine, deoxycytidine, deoxyadenosine and
deoxyguanosine (FLG) derivatives were prepared and were found to be
less active than FLT (Herdewijn et al., 1987a,b; Balzarini et al,, 1988). FLG
has also been shown to inhibit HBV. All these compounds are potential
inhibitors of the viral reverse transcriptase (RT) and chain terminators.
Unfortunately, they were found to be highly cytotoxic. However, p--2",3"-
dideoxy-3’-a-fluoro-4-chlorouridine (FddClU) exhibited significant
anti-HIV activity with low cytotoxity in human leukaemic cells, as well as
in bone marrow progenitor cells. The L-counterparts of the above p-3’-a.-
fluoro nucleosides were also synthesized and evaluated (Sugimura et al.,
1991; von Janta-Lipinski et al., 1998; Chun et al., 2000); the 5'-triphosphates
of several L-B-3"-o-fluoronucleosides (L-B-FNTPs) emerged as effective
inhibitors of HBV/DHBV DNA polymerases. Nevertheless, all L-3-FANTPs
were inactive against HIV-RT, a result which contrasted sharply with the
high efficiency of the p-B-FANTPs against this polymerase.

De Clercq and coworkers pioneered the synthesis of 3’-deoxy-3’-a-
fluoro-p-ribofuranosides 88 in 1989. Starting from the methyl glycoside 84,
epoxide 85 was provided in a straightforward manner over four steps
(Scheme 8.17). Treatment of the epoxide 85 with KHF,/NaF gave fluoro-
sugar 86, which was converted to 87 after several operations protecting
groups including the inversion of configuration of C2 position via a nucle-
ophilic substitution. The condensation between 87 and various silylated
bases followed by deprotection afforded the desired nucleosides 88.

OBn OBn OBz
O ,.OMe1) TsCl, Py 0O, OMe, 0. OMe O ,OAc HO o._B
2) AcOH, H,0 —
v\ 3) NaOMe, MeOH S
t OH  4)NaH, BnBr F OH

88

Scheme 8.17.



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/01/13. For personal use only,

Synthesis and Antiviral, Antitumour Activities of Fluorinated Sugar Nucleosides 255

Komatsu and Araki (2003), described the first application of a
chemoenzymatic strategy to synthesize 2’,3’-dideoxy-3’-a-fluoro-B-p-
guanosine 91 (Scheme 8.18). The key intermediate, phosphate potassium
salt 90, was stereoselectively prepared from the methyl furanoside 89 in
four steps. Then, in the presence of bacterial purine nucleoside phospho-
rylase (PNPase) and guanine, nucleoside 91 was obtained in 71% yield
with the B-anomer as the only product.

(0]
RO™\_Ox_..OMe1) Ac;0, ACOH, H,S0. o 2 (ij\‘\'-’
o 2% » 2 4
\Q 2) 4N HCI, 1,4-dioxane HO/\Q"‘OPos guanine(0.84eq.)HO/\C7/N N NH,
£ 3) HgPO,, n-BugN 2 2K " GaCl,, PNPase. \
4) ag. KOH, 50 °C F 71% F
89 (R = 4-PhBz) 90 91
Scheme 8.18.
OH OH
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Scheme 8.19.

Robins and coworkers (Timoshchuk et al., 2004; Robins et al., 2007)
developed a facile sequence including a deoxygenative [1,2]-H shift
rearrangement as the key step to prepare 2’-deoxy-xylosyl-nucleosides 94
(Scheme 8.19), which could be easily transformed to 2,3’-dideoxy-3"-o.-
fluoro-nucleosides 95 (3’-0a-F-ddNs) (Liu et al., 2008). Conversion of the
ribonucleoside 93 to 2’-deoxy-xylonucleoside 94 consists of a [1,2]-hydride
shift with the departure of a leaving group from the opposite face. Transient
formation of a C=0 group is followed by a rapid transfer of a hydride-
equivalent from the triethylborohydride intermediate, which leads to an
inversion of the stereochemistry at the C-3 position and triggers the [1,2]-
hydride shift from C-3 to C-2 and the departure of the leaving group.

Takamatsu and coworkers (Takamatsu et al., 2003; Torii et al., 2005;
Katayama et al., 2006) reported an efficient method for the synthesis of
2’,3’-dideoxy-3’-a-fluoro-adenosine 99 (Scheme 8.20). Fluorination of
both 3’-B-bromo-3’-deoxyadenosine 96 and 2’-f3-bromo-2’-deoxyadenosine
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Scheme 8.20.

97 with R, NSF; fluorinating agent, gave compound 98 as a major prod-
uct. Radical reduction of the 2’-bromide followed by deprotection
afforded the desired 3’-fluoronucleoside 99 in good yield.

8.3.2 3’-B-Fluoro nucleosides

Just like the synthesis of 3’-o-fluoro nucleosides, 3’-B-fluoro nucleosides
were prepared using standard methods. Recently, an efficient synthesis of 3’
fluoro-5’-thioxyl-furanosyl-nucleosides 105 was described by Komiotis and
coworkers (Tsoukala et al., 2007). 3’-B-Fluorine was introduced by treat-
ment of the tosylate 100 with KF/acetamide (Scheme 8.21). The resulting
fluoride 101 was subjected to periodate oxidation, borohydride reduction
and sulfonylation to afford intermediate 102. After thioacylation of the
compound 102 and acetolysis, the resulting acetate 104 was condensed with
silylated pyrimidine bases to give the target nucleosides 105. These nucleo-
sides were good candidates for the development of potential antiviral agents.
In contrast to 3’-azido-3’-deoxythymidine (AZT), significantly lower con-
centrations of these agents were required to neutralise rotavirus infectivity.
The most promising antitumour activity of these compounds was observed
in the case of colon carcinoma treatment, where growth inhibition and cyto-
toxic effect were achieved at low concentration in comparison to

R 0]
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A0, O OAc sHyIated
1) KF, acetamide AcOH cS __base 0. N—ﬁ
02) 70% AcOH H2804 », “Tmsorr A o
F OAc
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Scheme 8.21.
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5-fluorouracil. However, the antitumour activity was found to be cell-type
dependent.

In 2002, Fuentes et al. demonstrated that the nucleophilic opening of
nucleoside-derived cyclic sulfates could be used as a regio- and stereo-
selective method for the preparation 3’-B-fluoro nucleoside derivatives.
The nucleoside derivative 106 was treated with SO,Cl,/Et;N to provide the
cyclic sulfate 107 as the sole product (Scheme 8.22). Ring opening of com-
pound 107 with tetraethylammonium fluoride dihydrate followed by
acidic hydrolysis gave the two regioisomers 108 and 109 in a ratio of 11:1.
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Scheme 8.23.

Zhao et al. (2008) accomplished the synthesis of 3’-deoxy-3’-fluoro-
2’-0,3’-C-vinylidene-linked bicyclic purine nucleoside 114 (Scheme 8.23).
Their synthesis commenced with p-xylose, which was converted to 3-B-C-
ethynyl sugar 110 in five steps. Benzoylation of 110 and subsequent
methanolysis with concentrated HCl gave the intermediate 111.
Fluorination of 111 with DAST produced the 3’-fluoro-3’-deoxy-3"-a- C-
ethynyl sugar 112 by neighbouring-group participation. Acetolysis of
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112 followed by condensation with persilylated 6-chloropurine furnished
the purine derivative 113. Treatment of compound 113 with K,COj; in
MeOH at 65°C finalized the synthesis of fluorinated bicyclic nucleoside
114 in 55% yield. They proposed that the formation of the bicyclic ring
involved an intramolecular cycloaddition, facilitated by the highly elec-
tronegative fluorine.

8.3.3 3%,3"-Difluoro nucleosides

There are two general methods to introduce a CF, group into nucleosides:
(i) direct difluorination of a carbonyl group (C=0) in the position with
less steric hindrance; (ii) construction of appropriate sugar moieties with
suitable CF, containing building blocks. Using the former strategy, Chu
and coworkers (Gumina et al., 2001; Chong et al., 2003; Zhou et al., 2004b)
developed a general synthetic route to both p-and 1-2",3’-dideoxy-3’,3’-
difluoro nucleosides and their analogues (Scheme 8.24). Difluorination of
the readily available ketones, 115 and 121, gave the key CF,-containing
sugar intermediates 117 and 122, which were subsequently coupled with
bases to afford the corresponding 3’,3’-difluoronucleosides 118 and 123,
respectively. Similarly, Chu and coworkers accomplished the synthesis of
4’—thiofuranosyl (Zhu et al., 2004) as well as carbocyclic (Wang et al.,
2007) analogues of 2,3’-dideoxy-3’,3’-difluoronucleosides.

For the preparation of 3’,3’-difluoronucleosides bearing a vicinal 2’-
OH, Qing and coworkers (Zhang et al., 2003; Xu et al., 2006) developed a

Base

o
1)[ >_CH2MgBr o/w DAST BzO OAc BZO/XJ’
\_( 2) DMSO, (COC|)2\—S/_)’ \_S_)’oa
CHO

115 116 118

O.
WQ "o MeOHQ/\OBz SwernMeOm, O DAST Base
Oxidation Aczo
HyS04

120

Scheme 8.24.
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stereoselective procedure using a versatile CF,-containing building block
(Scheme 8.25). Their synthesis featured the indium-mediated coupling
reaction of 1’-(R)-glyceraldehyde acetonide 51 and 3-bromo-3,3-difluoro-
propene 124 to afford the key difluorohomoallyl alcohol 125 in 90% yield
with 77% de. Protection of the hydroxyl group in 125 followed by osmium-
catalysed dihydroxylation gave the separable diols 126 and 127. Diol 126 was
then converted to furanose 128, which was coupled with silylated bases to
give the 3’,3’-difluoroarabinosyl nucleosides 132. Alternatively, starting
from 128, the 3’-deoxy-3’,3’-difluoro-ribosyl nucleosides 131 was also syn-
thesized via sequential debenzylation, deoxo-fluoro-mediated reversion of
the configuration of 2’-hydroxyl and condensation with silylated bases. The
enantiomer of 131 was prepared efficiently from diol 127.

Starting from the building block 126, Qing’s group (Zheng
et al., 2006) accomplished the synthesis of 1--3"-deoxy-3’,3’-difluoro-4"-
thionucleosides 136 (Scheme 8.26). This synthesis highlighted the
installation of the thioacetyl group in high efficiency via CsF/DMEF-
mediated nucleophilic inversion of the secondary triflate.

OBn SAc
OH 1) T1,0, Py 1)5’:'3302“ HO. S OBz B S OH
2) AcSH, CsFo 3) 1'5\1/' H4(:I
BnO F F HO F F
BzCl, pylzggg‘BHz)) 134 135 136 B=U,C, T

Scheme 8.26.
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8.3.4 3’-Fluoro-2’, 3’-didehydro-2’, 3’-dideoxy nucleosides

A number of 3’-fluoro-2",3’-unsaturated nucleosides (3’F-d4Ns), their 4’-
thiofuranosyl and carbocyclic analogues were synthesized in Chu’s group,
(Gumina et al., 2001; Chong et al., 2003; Zhou et al., 2004b; Zhu et al., 2004;
Wang et al., 2007) via an elimination reaction of 3’, 3’-difluoronucleosides
in the presence of ‘BuOK, like in the synthesis of 2’F-d4Ns (Scheme 8.27).

Ba X Ba_ X
, gHz F E F
39 140

A G
Scheme 8.27.

The comprehensive structure—activity relationship study of 2’F-d4Ns
and 3’F-d4Ns showed that several compounds possess potent antiviral
activity (Fig. 8.2) (Liu et al., 2008). 1-2'F-d4C and 1-2’F-d4FC are among
the most potent anti-HBV agents. 1-3"F-d4C and 1-3’F-d4FC their 4’-thio
analogues 1-S-3"F-d4C and 1-S-3"F-d4FC exhibit potent anti-HIV activity
without significant toxicity. Carbocyclic p-C-3"F-d4G also exhibits potent
anti-HIV activity. In addition, p-C-3"F-d4G and 1-3’F-d4C show signifi-
cant activity against lamivudine-resistant viruses in peripheral blood
mononuclear (PBM) cells. The additional hydrophobicity derived from
the 2’,3’-double bond and the fluoro group may contribute to the
enhanced antiviral activity of these nucleosides.

Ohrui et al. (2000) demonstrated that some 4’-ethynyl-2’-deoxy
nucleosides are highly active against HIV by blocking the replication of
a wide spectrum of laboratory and clinical HIV-1 strains. Inspired
by these findings, Chu and coworkers (Chen et al., 2004) synthesized

2 S

D-C-3'F-d4G

OO-”

L-S-3'F-d4
L-S-3'F-d4

FC

Figure 8.2. 2’F-d4Ns and 3'F-d4Ns possessing potent antiviral activity.
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p- and 1-4"-ethynyl-3’-fluoro 2’,3’-unsaturated nucleosides (Scheme 8.28).
Fluorolactol 141 was transformed to the o,B-unsaturated ketone 145 in
several steps. Ketone 145 was then subjected to the Grignard reaction with
ethynylmagnesium bromide to afford the key intermediates 146 and 147.
After deprotection, oxidation and acetylation, compound 147 was con-
verted to 2, 3’-unsaturated 4’-ethynylfuranose 148. Condensation of 148
with various silylated bases followed by deprotection gave the desired
nucleoside 149. The 1-4’-ethynyl-3’-fluoro-2’,3’-unsaturated nucleosides
were prepared from compounds 146, using the same procedure. All the
synthesized 4’-substituted nucleosides were tested for their activities
against HIV. The p-adenine derivative showed moderate anti-HIV activity
without significant cytotoxicity.

8.4 Nucleosides Fluorinated at C4’

Nucleosides with substituents at the 4’-position have been considered as
good candidates for antiviral agents. For example, 4’-azidothymidine
demonstrated very potent anti-HIV activity, but its high toxicity rendered
it ineffective as an antiviral (Maag et al., 1992). Other 4’-substitutions, such
as fluoro (Guillerm et al, 1995), cyano (O-Yang et al., 1992) and ethynyl
(Ohrui et al., 2000) also afforded nucleosides with strong activity, including
anti-HIV activity. Their biological activities may be due to the rigid North
conformation of their sugar rings due to the 4’-substituents.

The natural nucleocidin 153, an antitrypanosomal antibiotic, was first
isolated in 1957. Almost 20 years later Jenkins et al. (1976) first accom-
plished the synthesis of nucleocidin (Scheme 8.29). The key step of their



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/01/13. For personal use only,

262 E Zheng, X.-L. Qiu and E.-L. Qing

NH NBz, NBz, NH,
2 N SN N N N N
MY o S A it A
< ] J 0N N | ) HN-§-0 N" N
NPT e MOy
- 5 % CHCl, S
Rt 0.0 HO  ©OH
HO  OH < <
150 151 152 153 Nucleocidin
Scheme 8.29.

synthesis was the unselective electrophilic addition of the iodine fluoride,
generated in situ from AgF/IL,, to the 4’,5"-olefin of the intermediate 151.
The desired 4’-fluoro-5"-iodo nucleoside 152 was then converted to the
desired nucleocidin 153 in several steps.

Chu and coworkers published an interesting work on an asymmetric
fluorination of tertiary carbon for the synthesis of 4’-fluorinated apionucle-
osides 157 (Hong et al., 1998) and carbocyclic 2°,3’-dideoxy nucleosides 160
(Gumina et al., 2000). They used a [3,3]-sigmatropic Claisen rearrangement
reaction as the key step to introduce the required quaternary fluorinated
carbon (Scheme 8.30).

o OBn
07 OH MeC(OEt)3 t02C S—0BN1) OyMe,S OH
—=Bno — B“Ow
N 2) DIBALH FLd

]55 1.’]6
MsO l
\Q/\ o~ EtOZC‘O/\OBn —OBn BnOWB
F EtO,C F—=o
160 159 157
Scheme 8.30.

The Verdine group (Lee et al., 2007) described a concise synthesis of
4’-fluoro nucleosides 164 in two to three steps by sequential bromination
and fluorination of ribofuranoses and nucleosides (Scheme 8.31).
Treatment of 1’-O-acetyl-2’,3",5"-tri- O-benzoyl- B-p-ribose 161 with NBS
under a sun lamp followed by direct fluorination of the resulting crude reac-
tion mixture 4’-bromosugars using silver tetrafluoroborate, generated in situ
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from BF;Et,0 and AgF, afforded the desired 4-fluoro-B-p-ribofuranose
162, together with an almost equal amount of 4-fluoro-o.-L-lyxofuranose.

8.5 Nucleosides Fluorinated at C6’

Carbocyclic nucleosides have emerged as a particularly interesting class of
antiviral agents and several derivatives with potent antiviral activity have
been discovered (Marquez et al., 1986). Using the nucleoside scaffold for
medicinal agents and biochemical mechanistic investigations, the C6’ site
of the carbocyclic nucleoside framework offers a centre for modification,
not available in the normal ribofuranosyl-based nucleoside. Because of
the promising properties displayed by the fluorinated carbocyclic nucle-
osides, several methods were developed to synthesize C6” fluorinated
nucleosides.

In 1987, Borthwick and coworkers (Biggadike et al., 1987) described
the preparation and anti-herpes activity of two carbocyclic 2’-deoxy-6'-
fluoro-uridines 170 and 172 (Scheme 8.32). The epoxide 166 was opened
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Scheme 8.32.



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/01/13. For personal use only,

264 E Zheng, X.-L. Qiu and E.-L. Qing

regioselectively using azide ions to give the alcohol 167, which was sub-
jected to DAST fluorination to give compound 168, with retention of
configuration, and its regioisomer 169. Treatment of the corresponding
triflate of compound 167 with Bu,NF afforded the epimeric key interme-
diate 171. Interestingly, the 6’-a-fluoro-compound 170 was highly active
against herpes simplex virus type 1 (HSV-1)-infected cells in the
microtitre assay, whereas the 6’-B-fluorocompound 172 was at least two
orders of magnitude less active.

Roberts and coworkers reported a novel synthesis of 2’-deoxy-
6’-fluoro-carbocyclic nucleosides 179 starting from the bicyclic ketone
173 (Payne et al., 1992). Their synthesis featured the introduction of the
fluorine atom via ring-opening of the strained tricyclic ketone 175
using triethylamine trihydrofluoride (NEt;-3HF) (Scheme 8.33).

o) 0 E
O
H H_NBS, H H muok /~ EtaN-3HF ©
U, e e | oo
OAc OAc
174 175 176
E
_m-CPBA, \( _NHg HO CONH, HO/@/B&’%
NaHCO3 <
HO
177 179
Scheme 8.33.

Samuelsson and coworkers (Wachtmeister et al, 1997) described an
asymmetric synthesis of 6’-0- and 6’-B-monofluorinated carbanucleosides
185 and 186 using an electrophilic Selectfluor-mediated o-fluorination of the
cyclopentanone derivative 181 as the key step (Scheme 8.34). Thus, silylenol
ether, 181 which had been prepared from cyclopentanone 180, was treated
with Selectfluor in DMF to give a 1:1 inseparable diastereomeric mixture of
the fluoroketone 182. Selective reduction of the ketone gave two diastereo-
meric alcohols, the key intermediates 183 and 184.

The naturally occurring neplanocin A 187 is a potent inhibitor of
S-adenosyl-L-homocysteine hydrolase (SAH) and vaccinia virus
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multiplication (Borchardt et al., 1984). Thus fluoroneplanocin A 193
was designed as a novel mechanism-based inhibitor of SAH and effi-
ciently synthesized via an electrophilic vinyl fluorination reaction
(Jeong et al., 2003). Treatment of the iodide 189, obtained from
cyclopentenone derivative 188 by iodination and subsequent Luche
reduction, with Selectfluor/n-BuLi afforded the key intermediate 190
(Scheme 8.35). Fluoroneplanocin A 193 exhibited a twofold more
potent SAH-inhibitory activity than its parent neplanocin A. Unlike
neplanocin A showing reversible inhibition of SAH, fluoroneplanocin
A exhibited a new type of irreversible inhibition. Furthermore, using
fluoroneplanocin A as a template for the design of a new antiviral agent
operating via SAH inhibition, fluoro-DHCeA 194 (Kim et al., 2004)
and 5’-substituted fluoroneplanocin A analogues 195 (Moon et al.,
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2004) were also prepared and biologically evaluated in this group.
Fluoro-DHCeA 194 was found to be as potent as DHCeA, but exhib-
ited irreversible enzyme inhibition. The inhibitory activity of the
fluoroneplanocin A series (193 and 195) against SAH was in the fol-
lowing order: OH > NH, > SH > F, N3, indicating that a hydrogen bond
donor such as OH, NH, was essential for the inhibitory activity.

OTMS
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OBn
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Scheme 8.36.

Gem-difluoromethylene (CF,) as a replacement for the endocyclic
oxygen is a neutral change as an electronegative group replaces an elec-
tronegative atom with only little difference in shape. Such a replacement
has been proved successful in difluorophosphonates that mimic phos-
phate both geometrically and electronically (Blackburn et al., 1981).
Qing and coworkers (Yang et al., 2004) introduced the CF, group into
the carbocyclic ring to simulate the ring oxygen of furanose sugars
based on this bioisosteric rationale and accomplished the synthesis of
2’,3’-dideoxy-6",6"-difluorocarbocyclic nucleosides 201 (Scheme 8.36).
Highlighted features of their synthesis are the construction of the
carbocyclic ring via ring-closing metathesis (RCM) and the introduc-
tion of CF, group by means of silicon-induced Reformatsky—Claisen
reaction of chlorodifluoroacetic ester 197.

After the successful synthesis of the racemic 2’,3’-dideoxy-6",6'-
difluorocarbocyclic nucleosides, Yang et al. (2007) prepared the chiral
difluorocarbocyclic nucleosides 209 (Scheme 8.37). The key fluorinated
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building block was obtained via silicon-induced Reformastsky—Claisen
reaction of the chiral ester 202. The rearrangement product 203 was then
converted to the separable RCM precursors 204 and 205, which were sub-
jected to RCM reaction conditions to give the carbocyclic alcohol 206 and
207 together with their anti isomers. Exposure of intermediate 207 to
MeOCOCl/pyridine produced the corresponding allylic carbonate which
reacted with 3’-benzoyl thymine(uracil) in the presence of Pd(PPh;), to
yield 7y-substituted compound product 208 exclusively. Interestingly,
the outcome of the regioselectivity was totally different to that of non-
fluorinated substrates, which is probably due to the strong electron-
withdrawing inductive effect of the CF, group.

The success of (—)-2’,3’-deoxy-3"-thiacytidine (3TC) (Doong et al.,
1991; Chang et al., 1992) and (+)-2",3’-deoxy-3’-oxacytidine (L-OddC)
(Grove et al., 1995) stimulated Qing and coworkers to synthesize a series
of 2’,3’-dideoxy-6",6"-difluoro 3’-thia- (Wu et al., 2004), 3"-aza- (Yue et al.,
2008) and 2’-thia (Zheng et al., 2009) nucleosides based on the bioisosteric
rationale. Several versatile difluorinated building blocks were efficiently
constructed for this purpose. During the synthesis of compounds 217
(Scheme 8.38) and 222 (Scheme 8.39), the basic azide group (N;) was
introduced into the neighbouring position of the CF, group without any
dehydrofluorination, which was further reduced to amine to construct the
nucleobase or to form the azasugar moiety. For the synthesis of 2’-thianu-
cleosides, an improved Reformatsky—Claisen rearragement of secondary
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allyl chlorodifluoroacetate 223 was developed, which gave the key building
block 224 stereoselectively (Scheme 8.40). From the same intermediate
224, 2’-thianucleosides 226 and their enantiomer 229, were prepared via
similar routes.
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8.6 5’-Fluorinated and Phosphonodifluoromethylenated Nucleosides

Nucleosides bearing fluorine(s) at C5" were designed and synthesized
mainly for eliminating the possibility of phosphorylation of these nucleo-
sides to the corresponding mono-, di- and triphosphates in cells. Next these
5’-deoxy-5’-fluoro compounds were investigated to explore if any would
show activity that would not be dependent on their conversion into the
corresponding nucleotides. Usually, these compounds were prepared either
by condensation of suitable 5-fluoro sugar moiety with an appropriate
nucleobase (Sharma et al., 1995) or by direct fluorination of nucleosides at
C5’. A variety of methods were applied, such as nucleophilic displacement
of mesylates (tosylates) with KF or tetrabutylammonium fluoride, as well
as direct displacement with DAST (Herdewijn et al., 1989).

Based on the enzymatic pathway for the conversion of SAH to adeno-
sine, McCarthy et al. (1989) designed, synthesized and biologically
evaluated a novel class of mechanism-based inhibitors of SAH hydrolase,
4’ 5’-unsaturated-5’-fluoroadenosine nucleosides 234 and 235 (Scheme
8.41). The reaction of sulfoxide 231 with DAST provided the correspon-
ding o-fluoro thioether via Pummerer rearrangement, which was further
oxidized to the a-fluoro sulfoxide 232. The intermediate 232 was trans-
formed to the terminal vinyl fluoride 233 by thermolysis. Both 234 and
235 were effective inhibitors of the replication of the Moloney leukaemia
virus in vitro.

More challenging was a replacement of the oxygen of the 5’-hydroxyl
function with an isopolar and isosteric CF, group in order to synthesize
difluoromethylene phosphonate nucleotides, e.g. to make the -CH,—CF,—P—
linkage a good mimic of the -CH,—~O-P— moiety of natural nucleotides.
Groups such as CHF and CF, have previously been incorporated in place

O A
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Scheme 8.41.
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of 3’- or 5"-oxygens of nucleosides or as replacement for bridging oxygens
in the corresponding di- and triphosphates. Fluorinated phosphonates
play an important role as antiviral agents, biomedical agents, potential
enzyme inhibitors and are useful probes for elucidation of biochemical
processes (Romanenko et al., 2006).

A general method for the synthesis of 5’-difluoromethylenephospho-
nates was developed by Matulic-Adamicetal et al. (1995). Treatment of the
5’-aldehyde 237 with LiCF,P(O)(OEt), followed by radical deoxygenation
or conversion of the 5’-aldehyde 237 to the corresponding triflate deriva-
tive followed by reaction with LiCF,P(O)(OEt), afforded the key
5’-difluoromethylenated intermediate 238 (Scheme 8.42).

1) NaBH,

0 o]
1 1]
>< o 2) Tf,0, Py (EtO),PF,C (HO),PF,C
1) ag. AcOH_ H ., 3) LICFoPO(OEY), o) o. ,Base
B 2) NalOy, H,0 * O or 1) LICF,PO(OE), P

BzO 2) CIC(S)OPh S S

) ~o Rt
Bz O\}\ ﬁ\ 3) BugSnH, AIBN BzO O\)\ HO  OH

237 238 239

Scheme 8.42.

In 1998, Zard’s group (Boivin et al, 1998) utilized an expedient radical
based approach to realize the synthesis of a 5'-difluorophosphonate analogue
of thionucleosides. In their synthesis, the key radical addition took place upon
the heating of olefin 240 and xanthate 241 with lauroyl peroxide as the initia-
tor, and the desired product 242 was afforded in 60% yield (Scheme 8.43).

EtO
F F EtO,C S cyclohexane FF s

reflux
240 241 242 S

(0]
0} [
EtO~
E‘O\,'W . (S\H/OJT ("C11H23C0);0, Etddw
o.

O
1) NH,(C2H4)NH, EtO—1

O

S |
2)TFA, CH,Cl,  Et0’ Wo EtO WN\\(
F F e}

243 244

Scheme 8.43.
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Scheme 8.44.

Bravo and coworkers (Arnone et al., 1999) reported the synthesis of the
enantiomerically pure 2’,3’,5"-trideoxy-5"-phosphono-5",5"-difluoro
thymidines via a building block approach (Scheme 8.44). The key steps
of the synthetic sequence was the condensation of 2’-methyl-5"-(4"-methyl-
phenylsulfinyl)- pent-2-ene 245 and ethyl 2’-(diethoxyphosphoryl)-2",2-
difluoroacetate. Reduction of the resulting ketone to alcohols 246 and 247,
reductive removal of the sulfur moiety to hydroxyl phosphonate 248, and
oxidative cyclization gave furanose derivatives 249.

o PO 0. . O .OA
PO 10 1) LICF,P(S)(OE), $ 1O 1) n-BuLi, CICOCO,Me ACO/\Q‘\O i
[ )<2) Hy0" g EO-N_g~ - )<2) n-BuaSnH, AIBN S
[e) OHO

3 3) Ac,0, AcOH, H,S0, EtO~B_3  "OAc
O™ b EtO” _'L\F
251 P = TBDMS 252 253
silylated bases /\Q’ m-CPBA
TMSOTf EtO\P 5 ”, CH2C|2 EtO II 5 ’b NaO\p OH
EtO” ‘F EtO £ “IF NaO”~ F
254 255 256
Scheme 8.45.

The first synthesis of 3’-difluorophosphonate analogues of nucleo-
sides was described by Piettre and coworkers (Lopin et al., 2002). The key
steps of their synthesis involved the stereoselective addition of the lithium
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salt of difluoromethylphosphonothioate to the readily available ketone
251 and the conversion of the P=S bond of the phosphonothioate 254 to
a P=0 bond through oxidation with m-CPBA (Scheme 8.45). It is note-
worthy that sulfur played a crucial role in the introduction of the
phosphorus-substituted difluoromethylene unit onto the furanose ring.

8.7 Nucleosides Bearing Exocyclic Fluorocarbon Substituents
at C2’,C3’ and C4’

Introduction of trifluoromethyl (CF;), difluoromethyl (CF,H), difluoro-
methylene (CF,) or fluoromethylene (CHF) groups into the sugar moiety
of nucleosides is another plausible strategy to discover new biologically
active nucleoside analogues. These groups are favourite structural features
used to induce both lipophilicity and metabolic stability.

8.7.1 Nucleosides containing a trifluoromethyl group

Nucleophilic addition of a CF; carbanion, generated in situ from
TMSCEF;/TBAE to a suitable keto sugar intermediate is a general method
for introducing a CF; group into nucleosides. For example, Piccirilli’s
group (Li et al, 2001) reported the first synthesis of 2’-C-trifluoromethyl
pyrimidine ribonucleosides 260 (Scheme 8.46). The key intermediate 258
was prepared from ribofuranose 257 in three steps including the trifluo-
romethylation using TMSCF;/TBAF. Because of the cis relationship
between the heterocycle and the large electron-withdrawing CF;
Hilbert-Johnson glycosylation reaction of 258 with pyrimidines failed.
Thus compound 258 was converted to ribofuranosyl bromide 259, which
was coupled with silylated bases in the presence of HgO/HgBr, to afford
exclusively the B-anomers 260.

OBz OBz OBz OH o
O. OB: } 0. 30% HBr 1) persilylated bases B
<<—Z %1) CF4SiMe,, TBAF (cat.)mOBz in ACOH ﬁ\m P, Habrs
R 2) TBAF, rt . 7% - 2) NH3, MeOH R
Bz0 O  3)BzCl,DMAP,EtN g 6BZCF3 820 L5 CF HO (-)HCFs
257 258 259 260

Scheme 8.46.
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Interestingly, the synthesis of the 2’-trifluoromethyl-2’,3’-dideoxyuridines
263 and 264 was accidentally developed by Serafinowski and Brown (2000).
They found that treatment of 2’-deoxy-2’-difluoromethylidene-uridine 261 in
the presence of TBAF in THF gave the 2’,3"-unsaturated-2’-trifluoromethyl-
uridine 262 in moderate yield (Scheme 8.47).

Qing’s group presented another efficient synthetic route to p-2’,3’-
dideoxy-2’-trifluoromethyl nucleosides (Zhang et al., 2000) as well as
1-2,3’-dideoxy-2’-trifluoromethyl-4’-thiocytidines (Zhang et al., 2002).
The key building block, o-trifluoromethyl-o,3-unsaturated ester 266, was
obtained by the treatment of the a-bromo-o,B-unsaturated esters 265
with FSO,CF,CO,Me/Cul in DMF/HMPA (Scheme 8.48).

o_ U
0. U o U DMTrO
DMTrO TBAF DMTrO + MesSiF =
\ THF ; ethylene r CFy

0 CF, ‘o
SEMO  CF, r 0-g—¢/
261 © Me;
"CFS
263 264

DMT=dimethoxytrotyl

Scheme 8.47.
CO,Et CO,Et
1) Hp, Pd/C
/—_/—{Br FSO,CF,CO,Me /—_/—{CF?’ 2) ? PO/\q /\QrBaSe
o_ 0 Cul, DMF/HMPA o 0 3)TBDMSO,
>< imidazole
265 266
NaBH,
1) MsCI,Py
Base., S oP 2)Na289H20 OH CFy
3) m-CPBA
FsC 4) Ac20 OTBS OH
271 269

Scheme 8.48.
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8.7.2 Nucleosides containing a difluoromethylene, fluoromethylene
or difluoromethyl group

Introduction of a difluoromethylene or difluoromethyl group into the sugar
moiety of nucleosides was also accomplished via a nucleophilic addition of
a fluorine-containing reagent to a carbonyl of a suitable sugar derivative.
Using this strategy, McCarthy and coworkers accomplished the synthesis of
2’-deoxy-2’-difluoromethylidene-cytidine 275 (Sabol et al., 1992). They effec-
tively built up the difluoromethylene group at C2’ via nucleophilic addition

OEt OEt NH2 NH2

</ AN </ N <
N )NH CH3OH
1 - ] OH
TIPDS— LHMDS 1yops )Smlz TIPDS\
o) o h

(®) CF SO,P! CF,
272 273 275

Scheme 8.49.

of difluoromethylphenylsulfone to 2’-ketocytidine 272 and subsequent
reductive elimination using Sml, (Scheme 8.49). By choosing a different
reducing agent, Na/Hg/H,, Piccirilli’s group (Ye et al., 2005) converted the
difluoromethylphenylsulfone to a difluoromethyl group and thus developed
an efficient synthetic route to 2’-C-B-difluoromethyl ribonucleosides 279
(Scheme 8.50).

OBz o) B BzO O__,.OBz HO O _Base
BzO (R PhSOZCFzHBzO\QO z 5% Na-Hg,
\ LHMDS NaHPOs, CF,H

< CF,SO,Ph MeOH, H CF;
BzO O BzO OH : B0

HO  on
276 277 278 279

Scheme 8.50.

Besides the above-mentioned nucleophilic addition method, the
Wittig-type olefination is another common method to introduce a fluoro-
methylene group into a sugar that bears a carbonyl group. McCarthy
et al. (1991) reported a stereospecific method to E and Z terminal
fluoro olefins and its application to the synthesis of 2’-deoxy-2’-
fluoromethylidene nucleosides (Scheme 8.51). Using the Horner—Wittig



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/01/13. For personal use only,

Synthesis and Antiviral, Antitumour Activities of Fluorinated Sugar Nucleosides 275

OEt OEt NH,
</ \: </ \:N /{—<\N
N PhSO,CH,F o. N
/\Q _< _LiHMDS _ ? «01) BugSnH, AIBN |, o N—<O
\ )
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0 SO,Ph HO y
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Scheme 8.51

reaction, 2’-ketonucleoside 280 was converted to a mixture of readily
separable E and Z fluorovinyl sulfones 281. Both of the isomers were
transformed to (fluorovinyl)stannanes with retention of configuration
using tributyltin hydride. The desired product 282 and its Z isomer
were obtained directly from the (fluorovinyl)stannanes. Fluoroolefin
nucleoside 282 was shown to be a potent cytotoxic agent against
leukaemia and solid tumours, whereas its Z geometric isomer was sub-
stantially less active.

Using a similar Wittig-type olefination approach, Qiu and Qing (2004,
2005) carried out the synthesis of 2’,3",4’-trideoxy-2’-difluoromethyl-4’-aza-
nucleosides 287 and 3’,4’-dideoxy-3’-difluoromethyl-4’-aza-nucleosides 290
and 291, starting with the same natural amino acid 283 (Scheme 8.52). Using
different sequences, ketones 284 and 288, were prepared and subjected to
Wittig-type olefination conditions with CF,Br,/HMPT/Zn to afford the key
fluorinated intermediates 285 and 289, respectively.

HO, | MeOC Ree MeO,C, MeO,C o Ebz
' 2 CFBr \{ z )PACHy 2 iy HO B
HMPT Zn ) RuO, XH,0,
(:()2 2 2
Na'o" CHF, CHF,
283 286 287
l o
Boc Boc B
PO\ crBr,_ PO
/" "HMPT, Zn 4 .
0 BBz F,C 6 HFZC OH FoH d OH
288 P=TBDPS 291

Scheme 8.52.
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8.8 Other Fluorinated Nucleosides

Since the discovery of naturally occurring oxetanocin A, 292 (Hoshino et al.,
1987; Nishiyama et al., 1988; Sakuma et al, 1991) (Fig. 8.3), which exhibits
high antiviral activity, nucleoside analogues with rigid and small sugar rings
have received a great deal of attention. The carbocyclic analogue of oxe-
tanocin A, cyclobut-G (BHCG, 293) (Nishiyama et al., 1989; Norbeck
et al., 1990; Bisacchi et al., 1991) was demonstrated to be a highly potent
inhibitor of a broad spectrum of the herpes viruses including the herpes sim-
plex virus types 1 and 2 (HSV1, HSV2), VZV and human cytomegalovirus
(HCMV). In addition, the cyclopropane analogue 294 (Sekiyama et al., 1998)
also exhibited extremely potent antiviral activity against HSV1 with good
selectivity. Thus a number of fluorinated cyclopropyl, cyclobutyl and oxe-
tanyl nucleoside analogues have been synthesized and structure—activity
relationship studies of this class of analogues are under active investigation.

NH, NH, 0
N B N S
-y e e
Ho/\<é)’N N Ho/\<>’N N V’N A

HO™ HO™
292 oxetanocin A 293 cyclobut-G 294

Figure 8.3. Some potent antiviral agents with rigid and small sugar ring analogues.

8.8.1 Fluorinated cyclopropyl nucleosides

In 2001, Kim and coworkers (Lee et al., 2001) reported the synthesis and
evaluation of fluorocyclopropanoid nucleosides (+)-298 as potential
antiviral agents. Introduction of a fluorine and the double bond for the
installation of the cyclopropyl group was achieved by HWE reaction of the
aldehyde 295 with triethyl 2-fluoro-2-phosphonoacetate (Scheme 8.53).

P1O\Ao (EtO),(0)PCH(F)CO,Et, P1O—\_<COZEt 1) DIBAL-H P'O OH HO B
n-BuLi, THF, -78°C. — 2) ZnEty, CHal, V Rw
F in situ Znl, H F H F
295 P'=TBDPS 206 E/Z=95:5 297 (£)-298 (B=A,C, T, G)

Scheme 8.53.
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The formed o-fluoro-o,B-unsaturated ester 296 was reduced with
DIBAL-H and the resulting allylic alcohol was subjected to Znl,-cat-
alytic cyclopropanation to provide the key cyclopropane derivative
297.

COZEt | COaEt
protected bases B1 1) LiCI,LDA E B1 — > F B + |:
>r\ cho3 >—' 2) NFSI >—‘

299 304
B*-protectedTCAG B AT C,G
1) LiCl, LDA
2) NFSI

Ac 2-amino-6- ) Hy,0,, THF; OH
CO,Et _1) NBS, Ph,Se, Ph2382 S pp Chioropurine, chloropurlne SePh T}giF2 DMF, A. F G
F—It 2)DIBALH K,CO3 3) K,CO3, MeOH, H,0 —
3) Ac,0, Py

g2 4) HCO,H, 5) NH,OH

305 307 B2=2-amino-6-chloropurine 308
Scheme 8.54.
o HO B
AcQ_ 1) CIF,CCO,Na,180-190°C BnO OH Mitsunobu Reaction
BnO‘\_) 2) K,CO3, M : - >
2! 3 eOH / H20,
— or NaOMe, MeOH deprotection
F F F F
309 310 311

Scheme 8.55.

In 2004, Zemlicka’s group (Zhou et al., 2004a) described a structurally
novel class of nucleoside analogues based on a methylenecyclopropane
template. The purine (Z,E)-methylenecyclopropane carboxylates 301 was
selectively fluorinated using lithium diisopropylamide, LiCl and NFSI to
give (Z,E)-fluoroesters 302. Reduction of 302 with LiBH, or DIBAL-H
followed by a base transformation gave the Z-isomers 303 and E-isomers
304 (Scheme 8.54). A new method for the synthesis of fluoromethylenecy-
clopropanenucleosides, such as 308, by an alkylation-elimination
procedure, was also developed by this group (Zhou et al., 2005). Most of
these nucleosides showed potent antiviral activity in vitro.

In 1998, Csuk et al. reported the first synthesis of the difluorocyclopropyl
homonucleoside analogue 311 via a very efficient way (Scheme 8.55).
Addition of the difluorocarbene generated from sodium chlorodifluoroac-
etate to substrate 309 afforded the key intermediate 310.
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8.8.2 Fluorinated cyclobutyl and oxetanosyl nucleosides

DAST-mediated fluorination is also a common way to introduce fluorine
atoms into a cyclobutyl or oxetanyl derivatives. Fluorinated oxetanocin
analogue 312 (Wang et al., 1991) and fluorinated cyclobut-A analogues
313 and 314 were synthesized using this approach. Unfortunately, neither
of these compounds was found to be active against HIV (Fig. 8.4).

T
/
-
I
Q

312 313 314
Figure 8.4. Fluorinated oxetanocin and cyclobut-A analogues.
In 2007, Liotta and coworkers (Li et al., 2007) reported the synthesis
of 2’-fluoro cyclobutyl nucleoside 318 using fluorination of the silyl enol
ether 315 with Selectfluor as the key step (Scheme 8.56). Unfortunately,

compound 318 showed no significant anti-HIV activity up to 100 uM in
primary human lymphocytes infected with HIV-1.

F

2\(NH2
OB

OBn OBn " on ¢ %
Selectfluor 01) L-selectride ., —_—, N\\(
OTMS 2) MsCl, Py. v "OMs o)
F :
318

315 316 317

T

Scheme 8.56.

8.8.3 Fluorinated pyranosyl nucleosides

Nucleosides with a six-membered carbohydrate moiety have been evaluated
for their potential antiviral and antibiotic properties, and as building blocks
in nucleic acid synthesis. General methods for the introduction of fluorine
into the pyranosyl sugar moiety involve either nucleophilic DAST-mediated
or electrophilic N-F reagent based fluorination. For example, using the for-
mer approach, 4’-deoxy-4"-fluoropyranosylnucleoside 320 (Leclercq et al.,
1989) was prepared from nucleoside derivative 319; the latter strategy was



Fluorine in Pharmaceutical and Medicinal Chemistry Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 03/01/13. For personal use only,

Synthesis and Antiviral, Antitumour Activities of Fluorinated Sugar Nucleosides 279

DAST HO o B
- ., deprotectlon .,
HO ‘O F ‘OH
OH
320

OBz
319 (B = theophylline)

BF4
N*
N+ CHzCI o
_ Selectfluor AcO B silylated thymine AcO
T ChNO, BF4 CH4CN or CHgNO, reflux — AcO o
OAc
323
Scheme 8.57.

applied to the synthesis of 2’-deoxy-2’-fluoro-pyranosyl-thymine derivative
323 (Albert et al, 1998), which highlighted the regioselective addition of
Selectfluor to p-galactal derivative 321 (Scheme 8.57).

In view of the high bioactivities of gemcitabine against cancer cells,
Ferndndez and Castillon (1999) synthesized 2’,3’-dideoxy-3,3’-difluoro-
and 2’,3’-dideoxy-2’,2’-difluoro-pyranosyl-nucleosides, analogues of gem-
citabine (Scheme 8.58). p-Mannose and D-glucose were converted to the
protected ketones 324 and 328, respectively. After gem-difluorination of
the ketones 324 and 328 with DAST, the resulting difluorinated derivatives
325 and 329 were subjected to glycosylation followed by deprotection to
give the desired nucleosides 327 and 330 respectively.

Ph/\\O 0 Ph/v o installation of
D-mannose —=, _DAST_ __bases
CH2C|2 F
O OMe F
324

PO
D-glucose—=r ’%\&/osn DAST Ph/vo,%@/OB_, Ho’%@/

6}
328

Scheme 8.58.

Recently, Qing and coworkers developed a novel synthetic route
to 2/,3’,4’-trideoxy-4",4’-difluoro-B-p-glucopyranosyl adenine 339 and
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340 and their 2,3’-unsatured analogues 337 and 338 (Xu et al,, 2009). The
approach highlighted the highly regio- and stereoselective Pd-catalysed
glycosylation of Boc-protected pyranose 334 prepared by the oxidation—
cyclization of difluorinated diol 332 (Scheme 8.59).

(0]
OH 1) O3, NaBH, OH 1) DIBAL-H
MQTBS 2) Lindlar cat. Hy Bzo\/'}(:\/OH BAIB ) || 2 BzC1, Py
Ph s 3) BzCl, Py e TEmpo BZ0 3) (Boc),0, DMAP
4) TBAF
F F
(R)-331 332 333

OBoc
5% Pd(PPhs), OBZ

(0] ‘ 10% PPhg
BzO 6 -chloropurine ——
THF, 60 °C,4 h F

334 anti:syn = 4:1 336 B=6- chloropurlne 337
BAIB: bisacetoxyiodobenzene

Scheme 8.59.

8.9 Conformational Studies of Fluorinated Nucleosides

The potential biological activity of nucleosides is believed to depend
strongly on the conformation of the sugar and nucleobase moieties. Even
minor changes on sugar and nucleobase moieties can alter conformational
preferences of the nucleosides and thereby profoundly impact their bio-
logical activity. The structural features (Barchi et al., 2008) that may be
altered by the presence of fluorine are those that define the nucleosides
core structure: (i) the conformation of the furanose ring as defined by the
concept of pseudorotation (Altona et al., 1972) (Fig. 8.5, centre) which is
described by the two pseudorotation parameters P (the phase angle of
pseudorotation) and v, (Figure 8.5(B), the maximum out-of-plane
pucker of the ring corresponding to the radius of the circle); (ii) the gly-
cosyl rotamer angle % (Fig. 8.5(A), (C)) and (iii) the C4-C5" bond
rotamer angle y (Fig. 8.5(a), (D)). Altona and coworkers (Haasnoot et al.,
1980), Chattopadhyaya and coworkers (Thibaudeau et al, 1998a),
Marquez and coworkers (Sun et al, 2004) and others have refined and
added additional parameterization to the fundamental approach of Altona
and Sundaralingham (1973) for the analysis of predominant conformer
populations of the nucleosides. For the fluorinated sugar nucleosides, a
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Figure 8.5. Structural parameters for nucleosides. The pseudo-rotational cycle (centre)
describes the ring pucker of the furanose system where the endocyclic torsion angles
(shown as v,—v, in (A)) are varied systematically around a ‘wheel’ of twist and envelope
conformations. The maximum out-of-plane pucker [v,,,, in (B)] indicates the degree to
which a specific atom in the five-membered ring will flex from the plane of the five atoms.
Angles y (C) and vy (D) describe the rotamer distribution about the anomeric and C4"-C5’
bonds, respectively (Barchi et al., 2008).

new complicated seven-parameter Karplus relationship based on Jyg
coupling constants was derived (Thibaudeau et al., 1998b) and later
modified by Mikhailopulo et al. (2003).

Many of the conformational adjustments imparted by substitution of
electronegative atoms (or groups) into the carbohydrate ring have been
rationalized based on arguments relating to the anomeric (Thibaudeau
et al., 1998b) (Fig. 8.6(a)) and the gauche effects (GE) (Amos et al., 1992;
Abraham et al., 1994) (Fig. 8.6(c)). Recent reports studying difluorinated
structures have invoked an alternative theory by Brunck and Weinhold
(1979) which suggests that vicinal electronegative atoms prefer a gauche
arrangement due to an antiperiplanar (app) 6 to 6* conjugative stabilization
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Figure 8.6. The anomeric effect involving n—6*¢ p interaction (a), antiperiplanar effect
involving 6 11—0%* ¢ p interaction (b), and preferred gauche orientation of difluoroethane (c).

o 0 0
(/_/< NH (/_/< NH N NH
Ho/\&"‘_ﬁo Ho/\Q/N_&o HONQ/N_%
Fo% ¢OF ¢OF
341 342 o 43

(o)

v o
o F--H¢  NH F---H N/&o F X NT(NH

N— HO™ \ A / HO /&o

South North North F

F

Figure 8.7. Structural studies of 2’,3’-difluoro uridine nucleosides. All the X-ray crystal-
lography, NMR spectroscopy and ab initio calculations data demonstrated that the sugar
pucker for all optimized structures had a tendency for the fluorine atoms to remain
pseudoaxial with compound 341 in the ‘Southern’ hemisphere and 342 and 343 in the
“Northern” hemisphere. F-H interaction is shown with a dashed line.

(Fig. 8.6(b)) when the donating bond is the least polar one and the accep-
tor orbital is the most polarized bond.

Barchi et al. (2008) reported the comprehensive conformational
studies of three 2’,3’-difluoro uridine nucleosides, 341, 342 and 343
by X-ray crystallography, NMR spectroscopy and ab initio calculations
(Fig. 8.7). They showed that the F-O4” gauche effect along with two strong
H’-04" app effects (H2-O4” and H3"-04") are able to afford sugar puck-
ers that agree with what would be predicted with two trans-disposed
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fluorine atoms, namely the two electronegative fluorines are pseudoaxial.
The weak interaction between the endo fluorine F2” in compound 341
or F3” in compound 342, and H6 may contribute additional stabilization
to the preferred structure and hold the ) angle in a high anti-rotamer
population. The influence of the 6-azauracil base of compound 343 is
evident from the calculated and experimental structures, and the F3'-N6
repulsion gives rise to the remarkable population of the ‘South’ pseudo-
rotamer.

Recently, Qing’s group carried out the conformational analysis of b-
2’-deoxy-2’,2’-difluoro-4’-dihydro-4’-thiouridine 344. Their analysis
suggested that crystal packing forces (hydrogen bond OH--O=C,
dipole—dipole interaction C-F--C=0) allow the thiouridine to adopt the
somewhat less stable ‘Northern’ conformation in the solid state (Fig. 8.8).
In contrast, the antiperiplanar preference of C-H and C-C o-bonds to
6*C-F and 6*C-O seemed to be responsible for the favoured ‘Southern’
conformation in solution, and the weak dipolar attractions between
¥ C2-FB% and ¥H6-C6% may contribute further stabilization to the pre-
ferred structure and keep the base moiety in a high anti-rotamer
population in solution (Fig. 8.9).

As deduced from X-ray crystallography, compound 344 exists in the
solid state as a ‘Northern’-type thiosugar pucker with anti conformation of
the base, whereas from the NMR data and the high-level calculations it fol-
lows that the predominant conformer in methanol solution is of ‘Southern’
type with anti conformation of the base. The potential antiperiplanar

Figure 8.8. Packing patterns of 344, which exhibits important intermolecular hydrogen
bonding and F---C=0 interaction.
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Figure 8.9. Conformational analysis of p-2’-deoxy-2",2"-difluoro-4’-dihydro-4’-thionu-
cleoside 344.

effects and through-space F--H interaction are depicted by arrows and
dashed lines respectively.

8.10 Conclusion

Fluorinated nucleosides make up an important part of the extensively
studied field of nucleoside analogues, which are an important class of can-
didates for antiviral and antitumour agents. With the development of even
more efficient fluorination methodologies and further enhancement of
knowledge about structure—activity relationships, fluorinated nucleosides
will continue to be explored, holding great promises for novel antiviral
and antitumour agents.
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