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Preface

This book presents the recent developments and future prospects of fluorine in medicinal
chemistry and chemical biology. The extraordinary potential of fluorine-containing bio-
logically relevant molecules in peptide/protein chemistry, medicinal chemistry, chemical
biology, pharmacology, and drug discovery as well as diagnostic and therapeutic applica-
tions, was recognized by researchers who are not in the traditional fluorine chemistry field,
and thus the new wave of fluorine chemistry has been rapidly expanding its biomedical
frontiers. In 1996, I edited a book, Biomedical Frontiers of Fluorine Chemistry (American
Chemical Society’s Symposium Series), together with Dr James R. McCarthy and Dr John
T. Welch, covering the emerging new aspects of fluorine chemistry at the biomedical
interface. Since then, remarkable progress has been made. For example, in 2000, the best-
selling and second-best-selling drugs in the world were Lipitor® (atorvastatin calcium)
(by Pfizer/Astellas; $14.4 billion/year) and Advair®(USA)/seretide®(EU) (a mixture of
fluticasone propionate and salmeterol) (by GlaxoSmithKline; $6.1 billion/year), which
contain one and three fluorine atoms, respectively. Also, risperidone with a fluorine atom,
for schizophrenia (by Janssen; $4.2 billion/year) and lansoprazole, a proton pump inhibi-
tor, with a CF; moiety (by Takeda/Abbott; $3.4 billion/year) were ranked 10th and 17th,
respectively. As such, it is not an exaggeration to say that, at present, every new drug dis-
covery and development, without exception, explores fluorine-containing drug candidates.
Also, applications of '¥F PET (positron emission tomography), a powerful in vivo imaging
technology in oncology, neurology, psychiatry, cardiology, and other medical specialties
have already become an important part of medical care. In addition, "*F PET has emerged
as an important tool in drug development, especially for accurate measurements of phar-
macokinetics and pharmacodynamics.

Accordingly, I believe that it is the right time for us to review the recent advances
and envision the new and exciting developments in the future. This book has a focus on
the unique and significant roles that fluorine plays in medicinal chemistry and chemical
biology, but also covers new and efficient synthetic methods for medicinal chemistry, '*F
PET, and expanding applications of '"F NMR spectroscopy to biomedical research.

The book starts with an introductory chapter, summarizing and discussing the unique
properties of fluorine and their relevance to medicinal chemistry and chemical biology.
Then, several hot topics in medicinal chemistry as well as discovery and development of
fluorine-containing drugs and drug candidates are described, including fluorinated pros-
tanoids (for glaucoma), fluorinated conformationally restricted glutamate analogues (for
CNS disorder), fluorinated MMP inhibitors (e.g. for cancer metastasis intervention),
fluoro-taxoids (for cancer), trifluoro-artemisinin (for malaria), and fluorinated nucleosides
(for viral infections).
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Development of efficient synthetic methods is crucial for medicinal chemistry and
optimization of fluorine-containing drug candidates. Thus, the subsequent section presents
the recent advances in synthetic methodology for gem-difluoromethylene sugar nucleo-
sides, trifluoroalanine oligopeptides, fluoroalkene dipeptide isosteres, fluorinated hetero-
cyclic systems, and oligo-gem-difluorocyclopropanes. In addition, an emerging “fluorous
technology” for the efficient synthesis and purification of biomolecules is discussed.

As mentioned above, there has been a remarkable advance in the biomedical applica-
tions of "*F PET imaging. Thus, the next chapter deals with "*F radiopharmaceuticals. On
the other hand, fluorinated amino acids and peptides have been playing a key role in
structural biology, chemical biology, and biological chemistry. Therefore, the subsequent
section presents the recent advances in this growing field of research, including the struc-
tural and chemical biology of fluorinated amino acids and peptides, protein design using
fluorinated amino acids, and fluorinated methionines as probes in biological chemistry.

“F NMR spectroscopy, both in solution and in the solid state, has been expanding
its utility in chemical biology as well as diagnostic tools. Accordingly, the last two chapters
discuss the structure analysis of membrane-active peptides using fluorinated amino acids
by solid-state "’F NMR and the applications of in vivo '*F-magnetic resonance spectros-
copy to metabolism, biodistribution and neuropharmacology studies.

Although several recent reviews and books claim that a large number of fluorine-
containing drugs have been approved by the Federal Drug and Food Administration (FDA)
of the United States, there has not been an actual list of those drugs with structures.
Accordingly, I organized a team to go through the FDA records to collect all FDA-
approved fluorine-containing drugs, to date, for humans and for animals, and they have
produced a very useful list of those drugs, which is compiled in the Appendix.

I believe that this book is extremely informative for researchers who want to take
advantage of the use of fluorine in biomedical research such as rational drug design, theory
and synthesis, the use of fluorine labels for chemical and structural biology, metabolism
and biodistribution studies, protein engineering, clinical diagnosis, etc. This book will
serve as an excellent reference book for graduate students as well as scientists at all levels
in both academic and industrial laboratories.

I am grateful to Professor Takeo Taguchi, Tokyo University of Pharmacy and Life
Sciences for his valuable advice for the selection of world-leading contributors with
cutting-edge research projects, especially from Asia. I also acknowledge the very helpful
editorial assistance of Dr Qing Huang, Institute of Chemical Biology & Drug Discovery,
State University of New York at Stony Brook. I also would like to thank the Wiley—Black-
well editorial team, Richard Davies, Rebecca Stubbs, Sarah Hall, and Sarahjayne Sierra,
for their productive cooperation.

Iwao Ojima
Editor
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Plate 1.17  Electrostatic potential of the model compounds 30a to 30d (color alteration from
red to blue describes the shift of the electronically rich to deficient circumstance).
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Plate 1.28 Experimental (solid lines) and simulated (dashed lines) spin-echo spectra of 6F-
Trp41-M2TMD at 6.5 kHz MAS at pH 5.3 (a) and pH 8.0 (b). Side-chain conformations
(bottom view) of Trp41 (blue) and His37 (green) in the TM channel structure of the homo-
tetrameric M2 protein are shown to the right side of the spectra. At pH 8.0, the structural
parameters implicate an inactivated state, while at pH 5.3 the tryptophan conformation rep-
resents the activated state.

(Source: Reprinted with permission from Witter, R., Nozirov, F., Sternberg, U., Cross, T. A.,
Ulrich, A. S., and Fu, R. Solid-state T9F NMR spectroscopy reveals that Trp41 participates in
the gating mechanism of the M2 proton channel of influenza A virus, J. Am. Chem. Soc.
(2008) 130, 918-924. Copyright (2008) American Chemical Society.)
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Plate 1.32 ["°FIN-methylspiroperidol images in a normal control and in a cocaine abuser
tested 1 month and 4 months after last cocaine use. The images correspond to the four
sequential planes where the basal ganglia are located. The color scale has been normalized
to the injected dose.

(Source: Reprinted with permission from Volkow, N. D., Fowler, J. S., Wang, C. J., Hitzemann,
R., Logan, J., Schlyer, D. J., Dewey, S. L., and Wolf, A. P. Decreased dopamine D2 receptor
availability is associated with reduced frontal metabolism in cocaine abusers, Synapse (1993)
14, 169-177. Reprinted with permission of Wiley-Liss Inc., a subsidiary of John Wiley & Sons,
Inc. Copyright (1993) Wiley Interscience.)

Plate 4.3 (R)-19a in the MMP-9 active site (purple = Zn(ll), cyan = F, red = O, blue = N,
yellow = §).



Plate 5.5 Computer-generated binding structures of fluoro-taxoids to B-tubulin: (a) SB-T-
1284 (3"-CF,H); (b) SB-T-1282 (3’-CF;); (c) SB-T-12853 (3’-CF,=CH); (d) Overlay of SB-T-
12853 and SB-T-1213 (C3’-isobutenyl).

DNA

Plate 12.11 Working hypothesis for the origin of difference in DNA-cleaving activities
between (S,S)-18 and (R,R)-18. The (R,R)-isomer may bind to DNA more tightly than the
(S,S)-isomer via intercalation or minor-groove binding.



Plate 15.1 Schematic representation of a modelled antiparallel coiled coil homodimer in
both a side view (top) and a view along the superhelical axis (bottom). Hydrophobic side-
chains (Leu) are represented in yellow, complementary salt bridges in red (Glu), and blue
(Lys or Arg).
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Plate 15.7 The rate of rep-
lication depends on the ‘\

association—dissociation
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Plate 16.2 Fluorous small-molecule microarrays. Small-molecule histone deacetylase
(HDAC) binders are noncovalently immobilized onto a glass slide coated with fluorocarbon
compounds. An antibody labeled with a fluorescent dye recognizes HDAC proteins.
(Source: Vegas, A. J., Brander, J. E., Tang, W. et al., Fluorous-based small-molecule microarrays
for the discovery of histone deacetylase inhibitors, Angew. Chem. Int. Ed. (2007), 46, 7960~
7964. Copyright Wiley-VCH Verlag CmbH & Co. KGaA. Reproduced with permission.)




Plate 16.3 The structure of apo-IFABP (PDB code: 1IFB). Eight Phe residues (shown in stick
representation), the D—E and I-J regions, and location of G121 are indicated by labels. The
structure was generated using MacPyMOL (Delano Scientific LLC, Palo Alto, CA, U.S.A.).



AN S-state T-state

Plate 16.4 Illustration of the S-state and T-state of the antimicrobial peptide PGLa in a DMPC
membrane. At low concentrations, PGLa adopts an S-state. At high concentrations, PGla
assumes a tilted T-state. PGLa forms a dimer in the T-state (shown in purple).

(Source: Glaser, R. W., Sachse, C., Durr, U. H. N. et al., Concentration-dependent realignment
of the antimicrobial peptide PGla in lipid membranes observed by solid-state F-19-NMR,
Biophys. J. (2005) 88, 3392-3397. Reproduced with permission from the Biophysical
Society.)



Plate 16.5 The dimer structure of PG-1 (PDB code: 1ZY6) in POPC bilayers as determined
by solid-state NMR. Isotopically labeled amino acids are shown in stick format; Phel2 was
labeled with "°F, Cys12 with "N and”C, and Val16 with C. Inter- and intramolecular dis-
tances were used to determine the relative position of the two monomers.
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Plate 16.7 Fluorinated prolines in collagen. (a) The trans/cis isomerization of amide bonds
and main-chain angles of proline residues. The n — m* interaction, depicted by a dashed line,
helps stabilize backbone dihedral angles. (b) Electron-withdrawing groups at Cy influence the
ring conformation of proline residues through the “gauche effect.” The Cy-endo pucker is
favored when R' = H and R? = F, OH, or H. The Cy-exo pucker is favored when R' = OH or
F, and R* = H. Preorganization of the pyrrolidine ring contributes to the thermal stability of
collagen and mimics. Flp: R'=H and R’=F; flp: R'=F and R*=H; Hyp: R'=H and
R* = OH; hyp: R"=OH and R’ = H. (c) Model structure of collagen (PDB code: 1CAG).
Three hydroxyprolines at Yaa positions from each peptide chain are shown in ball-and-stick
representation. Carbon = gray, Nitrogen = blue; Oxygen = red.
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Plate 16.9 (a) Sequences of transmembrane peptides TH1, TF1, TH2, and TF2. Asn (N)
residues are assumed form interhelical hydrogen bonds in the core. L (green): hexafluoroleu-
cine. (b) Structures of B-alanine, NBD (donor fluorophore), and TAMRA (acceptor
fluorophore).

Plate 16.12  Front and back views of the CAT trimer. The three stabilizing mutations in L2-A1
are S87N, M1421 in orange, and K46M in pink. Trifluorolecuines/leucines are colored blue
and chloramphenicol red.

(Source: Montclare, J. K., Tirrell, D. A., Evolving proteins of novel composition. Angew. Chem.
Int. Ed. (2006) 45, 4518-4521. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Repro-
duced with permission.)

Plate 17.3 Cartoon stereo diagram of the x-ray structure of wild-type bacteriophage lambda
lysozyme as solved for the (GIcNAc)s complex and showing the position of the three methio-
nine residues in the enzyme (PDB 1d9u) [32].



Plate 17.4 Close-up of the detailed interactions between Met14 and adjacent residues and
the location of Met107 (PDB 1d9u) [32].

Plate 17.7 Crystal structure of the methionine-PtCl, complex (coordinates from Wilson
et al. [37]).



Plate 17.8 Ribbon diagram of the P. aeruginosa alkaline protease showing the active site
Zn** and the invariant methionine residue (PDB Tkap. [38]).



Met214

Plate 17.9 Close-up of the active-site region of P. aeruginosa alkaline protease showing Zn**
and protein ligands and the position of the thiomethyl group in close proximity to these side-
chains (PDB Tkap. [38]).

(a)
Cys112
Gly45 Zn2*
() o

(b)

Plate 17.10 (a) Stereo view of the active-site structure of P. aeruginosa azurin (PDB 4azu)
[46]. (b) Tube diagram of the P. aeruginosa azurin showing the section of protein that was
contributed by intein ligation.



(a)

(b)

Plate 17.11 X-ray structures of (a) DFM (PDB 1pfv) [48] and (b) TFM (PDB 1pfw) [48]
complexes with Met-tRNA synthetase from E. coli.

Plate 17.12 Stereo view of the active-site interactions of TFM with E. coli methionine ami-
nopeptidase (PDB 1c22) [49].
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Plate 19.7 Distribution of capecitabine and its metabolite FBAL in the liver of a patient
treated with oral capecitabine at 3T. (a) Spatially localized '°F MR CSI spectra overlaid on
the axial proton image of the liver acquired using the same surface coil. (b) and (c) Color
depiction of distribution of FBAL in the axial plane and capecitabine in the coronal plane,
respectively. (d) and (e) Distribution of FBAL in the coronal and axial planes, respectively,
depicted by CSI spectra. (f) Distribution of water signal in the axial plane.

(Source: Klomp D, van Laarhoven H, Scheenen T, Kamm Y, Heerschap A., Quantitative '°F
MR spectroscopy at 3T to detect heterogeneous capecitabine metabolism in human liver,
NMR in Biomedicine (2007) 20, 485-492. Copyright (2007) John Wiley & Sons. Reprinted
with permission.)
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Unique Properties of Fluorine and Their
Relevance to Medicinal Chemistry and
Chemical Biology

Takashi Yamazaki, Takeo Taguchi, and Iwao Ojima

1.1 Fluorine-Substituent Effects on the Chemical, Physical and
Pharmacological Properties of Biologically Active Compounds

The natural abundance of fluorine as fluorite, fluoroapatite, and cryolite is considered to
be at the same level as that of nitrogen on the basis of the Clarke number of 0.03. However,
only 12 organic compounds possessing this special atom have been found in nature to date
(see Figure 1.1) [1]. Moreover, this number goes down to just five different types of com-
pounds when taking into account that eight m-fluorinated fatty acids are from the same
plant [1]. [Note: Although it was claimed that naturally occurring fluoroacetone was
trapped as its 2,4-dinitrohydrazone, it is very likely that this compound was fluoroacetal-
dehyde derived from fluoroacetic acid [1]. Thus, fluoroacetone is not included here.]

In spite of such scarcity, enormous numbers of synthetic fluorine-containing com-
pounds have been widely used in a variety of fields because the incorporation of fluorine
atom(s) or fluorinated group(s) often furnishes molecules with quite unique properties that
cannot be attained using any other element. Two of the most notable examples in the field
of medicinal chemistry are 9a-fluorohydrocortisone (an anti-inflammatory drug) [2] and
5-fluorouracil (an anticancer drug) [3], discovered and developed in 1950s, in which the
introduction of just a single fluorine atom to the corresponding natural products brought
about remarkable pharmacological properties. Since then, more than half a century has
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©2009 Blackwell Publishing, Ltd. ISBN: 978-1-405-16720-8
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Figure 1.1 Naturally occurring fluorine-containing compounds.

C(O)SCH,F
| .OC(0)CHs

Atorvastatin calcium Fluticasone propionate
(hypercholesterolaemia) (Asthma)

Figure 1.2 Two fluorine-containing drugs.

passed, and the incorporation of fluorine into pharmaceutical and veterinary drugs to
enhance their pharmacological properties has become almost standard practice. In 2006,
the best- and the second-best-selling drugs in the world were Lipitor® (atorvastatin
calcium) by Pfizer/Astellas ($14.4 billion/year) and Advair®(U.S.A.)/Seretide®(E.U.) (a
mixture of fluticasone propionate and salmeterol; only the former contains fluorine) by
GlaxoSmithKline ($6.1 billion/year) which contain one and three fluorine atoms, respec-
tively (see Figure 1.2) [4]. These fluorine-containing drugs are followed by risperidone
(rank 10th, with one fluorine and $4.2 billion/year) for schizophrenia by Janssen, and
lansoprazole (rank 17th, with a CF; moiety and $3.4 billion/year), a proton pump inhibitor,
by Takeda/Abbott [4].

These huge successes of fluorine-containing drugs continue to stimulate research on
fluorine in medicinal chemistry for drug discovery. It would not be an exaggeration to say
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Figure 1.3 Examples of fluorine-containing drugs and drug candidates.

that currently every new drug discovery and development program without exception
explores fluorine-containing drug candidates. Accordingly, a wide variety of fluorine-
containing compounds based either on known natural products or on new skeletons have
been synthesized and subjected to biological evaluation. In most cases, 1-3 fluorines are
incorporated in place of hydroxyl groups or hydrogen atoms. Representative examples
include efavirenz (CF;) (HIV antiviral) [5], fluorinated shikimic acids (CHF or CF,)
(antibacterial) [6], and epothilone B analogue (CF;) (anticancer) [7] (see Figure 1.3).
In addition to these fluorine-containing drugs or drug candidates, a smaller number of
fluorine-containing drugs include 6-9 fluorines in a molecule. For example, torcetrapib
(a potent inhibitor of cholesterol ester transfer protein) possesses three CF; groups (Pfizer)
[8], and sitagliptin (an antidiabetic for type 2 diabetes) has three fluorine atoms and one
CF; group (Merck) [9] (see Figure 1.3).

In order to synthesize a variety of fluorine-containing biologically active compounds,
development of efficient synthetic methods applicable to fluorine-containing organic com-
pounds is necessary [10-19]. There is a strong demand for expansion of the availability
of versatile fluorine-containing synthetic building blocks and intermediates to promote
target-oriented synthesis as well as diversity-oriented synthesis. The limited availability
of fluorochemicals for bioorganic and medicinal chemistry as well as pharmaceutical and
agrochemical applications is mainly due to the exceptional properties and hazardous nature
of fluorine and fluorochemical sources. Also, in many cases, synthetic methods developed
for ordinary organic molecules do not work well for fluorochemicals because of their
unique reactivity [10-19].

In this chapter, characteristic properties associated with the incorporation of fluorines
or fluorine-containing groups to organic molecules are described in detail based on the
most updated literature sources [20-32].
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1.1.1 Mimic Effect and Block Effect

Table 1.1 summarizes representative physical properties of fluorine in comparison with
other selected elements. As Table 1.1 clearly shows, the van der Waals (vdW) radius of
fluorine is 1.47 A [33] which is only 20% larger than that of hydrogen and much smaller
than those of other halogens (Cl and Br are 46% and 54% larger than hydrogen, respec-
tively). The C—F bond length in CHF is 1.382 A, which is 0.295 A longer than the meth-
ane’s C—H bond, but 0.403 and 0.551 A shorter than the C—Cl and C—Br bonds, respectively.
Because of this similarity in size to hydrogen, it has been shown that microorganisms or
enzymes often do not recognize the difference between a natural substrate and its analogue
wherein a C—H bond of the substrate is replaced with a C—F bond. This observation is the
basis of what is regarded as the “mimic effect” of fluorine for hydrogen.

One of the best-known examples is the behavior of fluoroacetic acid (CH,FCO,H) in
the TCA (citrate acid or Krebs) cycle (see Scheme 1.1) [36]. As Scheme 1.1 illustrates,
fluoroacetic acid is converted to fluoroacetyl-CoA (1b), following the same enzymatic
transformation to the original substrate, acetic acid. Then, fluoroacetic acid is converted
to (2R,3R)-fluorocitric acid (2b) by citrate synthase since this enzyme does not distinguish
1b from acetyl-CoA (1a). In the next step, 2b is dehydrated by aconitase to give (R)-
fluoro-cis-aconitic acid (3b) in the same manner as that for the natural substrate 2a to
afford cis-aconitic acid (3a). In the normal TCA cycle, 3a is hydroxylated to give isocitric
acid (4), while 3b undergoes hydroxylation-defluorination in an Sy2’ manner to give
(R)-hydroxy-trans-aconitic acid (5). It has been shown that the high affinity of Sb for
aconitase shuts down the TCA cycle, which makes Sb as well as its precursors, fluoroacetic
acid and 2b, significantly toxic [36].

A number of protein structures determined by X-ray crystallography have been
reported to date for the complexes of various enzymes with fluorine-containing substrate
mimics or inhibitors bearing multiple fluorines. This strongly suggests that not only single
fluorine displacement but also various fluorine-substitution patterns in substrate analogues

Table 1.1 Representative physical data of selected elements [33-35]

Element (X)
H C (@) F Cl Br
Electronegativity* 2.20 2.55 3.44 3.98 3.16 2.96
van der Waals radius” ()~ 1.20 1.70 1.52 1.47 1.75 1.85
H;C-X bond length* (A) 1.087 1.5359 1.425¢ 1.382 1.785 1.933
H;C-X dissociation 103.1 88.0¢ 90.2¢ 108.1 81.1 67.9
energy“ (kcal/mol)
lonization potential® 313.9 259.9 3143 402.2 299.3 272.7
(kcal/mol)
Electron affinity” 17.42 29.16 3.73 78.52 83.40 77.63
(kcal/mol)
“Ref. [34].
bRef. [33].
“Ref. [35].
IX = CH,
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Scheme 1.1 Conversion of acetyl-CoA and fluoroacetyl-CoA in the TCA cycle.

or inhibitors could be adapted to biological systems in a molecular-recognition mode
similar to that of the natural substrates [22, 37, 38].

Since the H;C—F bond is stronger than that of H;C—H by 5.0kcal/mol (see Table 1.1),
the replacement of a specific C—H bond with a C—F bond can effectively block metabolic
processes via hydroxylation of C—H bonds, predominantly by the cytochrome P-450
family of enzymes. This function is referred to as the “block effect,” and the strategic
incorporation of fluorine(s) into metabolism site(s) has been widely used to prevent deac-
tivation of biologically active substances in vivo. For example, it was found that the
hydroxylation of the methylene moiety at the 24-position in the side-chain of vitamin D;
(6a) was a critical deactivation step prior to excretion [39]. To block this undesirable
metabolism, a strategic fluorine substitution was used; that is, a difluoromethylene group
was introduced to the 24-position of 6b [40], which indeed effectively blocked the hydrox-
ylation at this site. The resultant 6¢ was then hydroxylated enzymatically at the 1 position
to give 7b. 24,24-Difluoro-25-hydroxyvitamin D; (6¢) was found to be slightly more
potent than 6b, and 24,24-difluoro-1,25-dihydroxyvitamin D; (7b) exhibited 5-10 times
higher potency than 7a [41] (see Scheme 1.2).
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RlRl
OH
HO™ OH
6a (R'=R?=H; Vitamin D3) 7a (Rl=H)
6b (R1=H, R2=0H) 7b (R1=F)
6c (R1=F, R?=OH)

Scheme 1.2 24,24-Difluoro-25-OH-vitamin D; (6¢) and 24,24-dlifluoro-1,25-dihydroxyvitamin
D; (7b).

In addition to the “mimic effect” and “block effect,” introduction of just one fluorine
substituent can induce electronic effects on its neighbors by affecting the electron density
of functional groups such as hydroxyl and amino groups. This electronic effect decreases
the pK, value and Lewis basicity of these functional groups and retards their oxidation.
For example, fluticasone propionate (see Figure 1.2) and related anti-inflammatory steroids
contain fluorine at the 9. position. The role of the 9c-fluorine is to increase the acidity
of the hydroxyl group at the 11 position, which promotes better binding to the enzyme
active site and inhibits undesirable oxidation [42, 43].

1.1.2 Steric Effect of Fluorine and Fluorine-containing Groups

As Table 1.1 shows, fluorine is the second smallest element, with size approximately 20%
larger than the smallest element, hydrogen. Table 1.2 summarizes four steric parameters
for various elements and groups: (i) Taft steric parameters E [44], (ii) revised Taft steric
parameters E; [45], (iii) Charton steric parameters v [46], and (iv) A values [47]. The
steric parameters, E,, E;, and v are determined on the basis of relative acid-catalyzed
esterification rates, while the A values are derived from the Gibbs free energy difference
calculated from the ratios of axial and equatorial conformers of monosubstituted cyclo-
hexanes by NMR.

As Table 1.2 shows, a stepwise substitution of a methyl group with fluorine gradually
increases its bulkiness. For the bulkiness of CH,F compared to CHj, E,, E;, and v values
all show about 20% increase in size. For the bulkiness of CHF, and CF;, however, the E,
values indicate 50% increase for CHF, and 90% increase for CF; in size as compared
to CHs, while the E/ and v values indicate only 30% and 70% increase in size,
respectively.

In the case of A values, it is interesting to note that the first introduction of a fluorine
atom into a methyl group leads to higher axial preference than that of a methyl group
(i.e., CH,F is regarded as smaller than CHj;), and the second fluorine substitution (i.e.,
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Table 1.2 Selected steric parameters of various elements and groups [44, 46—49]

-E& —E° v° A€ (kcal/mol)
H 0.00 0.00 0.00 0.00
F 0.46 0.55 0.27 0.15
CH; 1.24 1.12 0.52 1.70
Cl 0.97 1.14 0.55 0.43
CH;CH, 1.31 1.20 0.56 1.75
CH,F 1.48 (1.19)¢ 1.32 (1.18)¢ 0.62 (1.19)¢ 1.59¢ (0.94)¢
Br 1.16 1.34 0.65 0.38
CHF, 1.91 (1.54)¢ 1.47 (1.31)4 0.68 (1.31)¢ 1.85¢ (1.09)¢
(CH;),CH 1.71 1.60 0.76 2.15
CF, 2.40 (1.94)¢ 1.90 (1.70)¢ 0.91 (1.75)? 2.377(1.39)7
(CH;),CHCH, 2.17 2.05 0.98 -
(CH3);C 2.78 2.55 1.24 4.89°¢
“Ref. [44].
bRef. [46].
“Ref. [47].
IThe ratio on the basis of the value of a CH; groups is shown in parentheses.
°Ref. [49].
"Ref. [48].

H H H ' H
R=F 1.59 1.85 2.37 n 1.70
CHs 1.75 2.15 4.89 "

Figure 1.4 Correlation of A values (kcal/mol) with 1,3-diaxial strains.

CHF,) causes a rather small increase in the A value. The A values of CH,F and CHF, can
be explained by taking into account a specific conformation of the axial conformers of
monosubstituted cyclohexanes bearing these two substituents. As Figure 1.4 illustrates,
the C-H of CH,F and CHF, substituents occupies the endo position and bulkier fluorine(s)
take(s) exo position(s) to minimize 1,3-diaxial strain. However, in the case of a spherical
CF; substituent, a C—F inevitably takes the endo position, which increases the 1,3-diaxial
strain. This would be the reason why the difference in A values between CF; and CHF, is
considerably larger than that between CHF, and CH,F. The same trend is observed for
CHj;, CH,CH;, CH(CHj3),, and C(CHs;); (see Figure 1.4) [50]. A values for other substitu-
ents have recently been reported: C,Fs (2.67), CF;S (1.18), CF;0 (0.79), and CH;0 (0.49)
[49].

The bulkiness of a CF; group has been estimated on the basis of comparison of rota-
tional barriers along the biphenyl axis of 1,1’-disubstituted biphenyls 8a to 8¢ [51] as well
as 9a and 9b [52]. These data clearly indicate that the bulkiness of a CF; group is similar
to that of a (CH;),CH group (see Figure 1.5) [51-53].
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R I R
H3C FsC
8a: R=CHg, 338.2 kcal/mol 9a: R=(CH3),CH, 456.5 kcal/mol

8b: R=(CH3),CH, 388.7 kcal/mol 9b: R=CF3, 459.0 kcal/mol
8c: R=CF3, 384.6 kcal/mol

Figure 1.5 Rotational barriers for 8 and 9.

Table 1.3 Hansch hydrophobicity parameters for monosubstituted benzenes [54, 55]

Xin C6H5—X TCXa Xin C6H5-X Tlx Xin C6H5-X Tl

F 0.14 OCH;, -0.02 CH;C(O)NH- -1.63
Cl 0.71 OCF, 1.04 CF;,C(O)NH- 0.55
OH -0.67 CH;C(O)- -1.27 CH;50,- -1.63
CH; 0.56 CF;C(O)- 0.08 CF;SO,- 0.55
CF, 0.88

“my: log Px— log Py (octanol-water).

1.1.3 Lipophilicity of Fluorine and Fluorine-containing Groups

The absorption and distribution of a drug molecule in vivo are controlled by its balance
of lipophilicity and hydrophilicity as well as ionization. Enhanced lipophilicity together
with change in amine pK, often leads to increase in blood—brain barrier (BBB) permeabil-
ity or binding free energy through favorable partition between the polar aqueous solution
and the less-polar binding site. It is generally conceived that incorporation of fluorine or
fluorinated groups increases the lipophilicity of organic compounds, especially aromatic
compounds. Table 1.3 shows selected Hansch mty parameters [54, 55] for monosubstituted
benzenes.

As Table 1.3 shows, fluorobenzene is slightly more lipophilic than benzene, but
chlorobenzene is much more lipophilic. In a similar manner, CF;-Ph is 57% more lipo-
philic than CH;-Ph. The comparison of CF;-Y-Ph and CH;-Y-Ph (Y = O, CO, CONH, SO,)
reveals that CFs;-Y-Ph is substantially more lipophilic than CH;-Y-Ph. In these CFs;-
containing compounds, a strongly electron-withdrawing CF; group significantly lowers
the electron density of the adjacent polar functional groups Y, which compromises the
hydrogen-bonding capability of these functional groups with water molecules, and hence
decreases hydrophilicity. Along the same lines, CF;-benzenes with Lewis basic function-
alities such as amine, alcohol, ether, carbonyl, and amide at the ortho or para position,
decreases the hydrogen-bond accepting capability of these functionalities in an aqueous
phase, which leads to increase in hydrophobicity and thus lipophilicity.

In contrast, the introduction of fluorine into aliphatic compounds results in
decrease in lipophilicity. For example, pentane (logP =3.11) is more lipophilic than
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Table 1.4 logP values of straight-chain alkanols [57]

Alcohols X=H X=F Alog Pr — log Py
log Py, log Pr

CX;CH,OH -0.32 0.36 0.68

CX;(CH,),OH 0.34 0.39 0.05

CX;5(CH,);OH 0.88 0.90 0.02

CX;(CH,),OH 1.40 1.15 -0.25

CX;(CH,)sOH 2.03 1.14 -0.89

I-fluoropentane (logP =2.33). Likewise, (3-fluoropropyl)benzene (AlogP =—0.7) and
(3,3,3-trifluoropropyl)benzene (Alog P =—0.4) are considerably less lipophilic than pro-
pylbenzene [34]. In fact, the Hansch parameters ©t for CF; and CH; are 0.54 and 0.06,
respectively, in aliphatic systems [56].

Table 1.4 shows selected log P values of straight-chain alkanols bearing a terminal
CF; groups and comparisons with those of the corresponding nonfluorinated counterparts
[57]. Trifluoroethanol is more lipophilic than ethanol (AlogP =-0.68), which can be
ascribed to the significant decrease in the basicity of the hydroxyl group by the strong
electron-withdrawing effect of the CF; moiety. This strong through-bond G-inductive
effect of the CF; moiety extends up to three methylene inserts but diminishes beyond four.
When the inductive effect of the CF; moiety does not affect the basicity of the hydroxyl
group, reversal of relative lipophilicity is observed for 4-CF;-butanol (Alog P = —0.25) and
5-CF;-pentanol (Alog P = —0.89) as compared with butanol and pentanol, respectively. In
the case of amines, a large enhancement of lipophilicity is observed, in general, when
fluorine is introduced near to an amino group. This is attributed to the decrease in the
amine basicity through the 6-inductive effect of fluorine, resulting in increase in the neutral
amine component as opposed to the ammonium ion in equilibrium [58].

1.1.4 Inductive Effect of Fluorine and Fluorine-containing Groups

Since fluorine is the most electronegative element, it is natural that groups containing fluo-
rine have unique inductive effects on the physicochemical properties of the molecules
bearing them. For example, substantial changes in pK, values of carboxylic acids, alcohols,
or protonated amines are observed upon incorporation of fluorine into these molecules.
Thus, when fluorine(s) and/or fluorine-containing group(s) are incorporated into bioactive
compounds, these substituents will exert strong effects on the binding affinity for the
receptors or target enzymes, biological activities, and pharmacokinetics.

Halogen substitution at the 2-position of acetic acid decreases the pK, values in the
order Br > CI > F, which is qualitatively parallel to electronegativity (see Table 1.5). Thus,
fluorine exerts the strongest effect (ApK, = —2.17 compared to 4.76 for acetic acid). Further
substitutions with two fluorines (ApK, = —3.43) and three fluorines (ApK, = —4.26) at this
position increase the acidity.

Since a CF; group withdraws electrons only in an inductive manner, insertion of a
methylene group between CF; and CO,H moieties naturally diminishes its inductive effect.
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Table 1.5 Selected pK, values of various fluorinated compounds [35, 59]

Compound pK, Compound pK, Compound pK,

CH;CO,H 4.76 CH;CH,CO,H 4.87 (CH;),CHOH 17.1°
CH,FCO,H 2.59 CF;CH,CO,H 3.06 (CF;),CHOH 9.3°
CH,CICO,H 2.87 CeHsCO,H 4.271° (CH;);COH 19.0°
CH,BrCO,H 2.90 CoFsCO,H 1.7¢ (CF;);COH 5.4
CHF,CO,H 1.33 CH;CH,OH 15.937 CeHsOH 9.99
CF,CO,H 0.50 CF,CH,OH 12.39° CoFsOH 5.5
“Ref. [59].

Nevertheless, the pK, of 3,3,3-trifluoropropanoic acids is 3.06, which is still substantially
more acidic than propanoic acid (pK, = 4.87) (ApK, =—1.81). Introduction of CF; groups
to methanol dramatically increases the acidity of the resulting alcohols. Thus, pK, values
of CF;CH,OH, (CF;),CHOH and (CF;);COH are 12.39, 9.3 and 5.4, respectively. The pK,
value of (CF;);COH is only 0.7 larger than that of acetic acid.

As discussed above, the introduction of fluorine(s) to alkyl amines decreases their
amine basicity, which results in higher bioavailability, in some cases, due to the increase
in lipophilicity [60]. For example, the pK, values of ethylamines decrease linearly upon
successive fluorine introductions: CH;CH,NH, (10.7), FCH,CH,NH, (9.0), F,CHCH,NH,
(7.3), and F;CCH,NH, (5.8) [58]. Based on experimental data, a practical method has been
developed for the prediction of pK, values of alkyl amines through the “c-transmission
effect” (i.e., inductive effect) of fluorine [58]. The inductive effects of fluorine and
fluorine-containing groups confer favorable properties on some enzyme inhibitors. For
example, a significant difference in potency was observed between CF;SO,NH, (pK, = 5.8;
K;=2x10°M) and CH;SO,NH, (pK, =10.5; K; in 10™*M range) for the inhibition of
carbonic anhydrase II (a zinc metalloenzyme) [61, 62]. This can be attributed to the sub-
stantial increase in the acidity of the sulfonamide functionality by the introduction of a
trifluoromethyl group, which facilitates deprotonation and better binding to the Zn(II) ion
in the catalytic domain of the enzyme [61, 62].

Perfluorination of benzoic acid and phenol increases their acidity by 2.5 and 4.5 pK,
units, respectively (see Table 1.5). In these compounds, the m-electrons are localized at
the center of the perfluorobenzene ring because of strong electronic repulsion between the
lone pairs of five fluorines on the ring. When fluorine is bonded to an sp*-hybridized
carbon, a significant cationic charge distribution is observed at the carbon with fluorine
(C"), while a substantial negative charge develops at C* (see 10b and 10c), as shown in
Figure 1.6 [Note: DFT computation was performed using Gaussian 03 (Revision B.03) by
one of the authors (T.Y.)]. This remarkable polarization of a carbon—carbon double bond
is attributed to the strong electronic repulsion between the m-electrons of the carbon—
carbon double bond and the lone pairs of fluorine.

This phenomenon is unique to fluoroethenes (10b and 10c¢) and the corresponding
dichloroethene (10d) shows much weaker “p—m repulsion.” This can be ascribed to the
facts that (i) chlorine is a third-row element and its 3p lone pairs do not effectively interact
with the 2p, olefinic m-electrons, and (ii) the C—Cl bond is considerably longer than the
C-F bond (1.744 A for 10d vs. 1.326 A for 10c, see also Table 1.1). Another unique struc-
tural feature of 10c is its unusually small F-C'-F bond angle (109.5°), which is 10.5°
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Figure 1.6 Estimated charges on carbons in ethylenes, 10a-d, by ab initio calculations.

smaller than the angle expected for the ideal sp* hybridization [63, 64]. This might suggest
a substantial contribution of an F¥=C(F)-"CH, resonance structure and an attractive
electronic interaction between F®¥ and F: [64].

1.1.5 Gauche Effect

The strong electronegativity of fluorine renders its related molecular orbitals relatively
lower-lying. For example, a C—F bond can readily accept electrons to its vacant G¥c g
orbital from a vicinal electron-donating orbital, while the electron-occupied G  orbital is
reluctant to donate electrons. Such characteristics often influence the three-dimensional
shape of a molecule in a distinct manner. Figure 1.7 illustrates basic examples.

Two conformations, gauche and anti, are possible for 1,2-difluoroethane [14]. Based
on the fact that fluorine is about 20% larger and much more electronegative than hydrogen,
it is quite reasonable to assume that anti-14 should be more stable than gauche-14 from
both steric and electrostatic points of view. However, this is not the case, and analyses by
infrared spectroscopy [65], Raman spectroscopy [65], NMR [66] and electron diffraction
[67, 68] have led to the unanimous conclusion that the latter conformation is preferred by
approximately 1.0kcal/mol, which was also confirmed by ab initio calculations [69, 70].
This phenomenon, termed the “gauche effect,” is rationalized by taking into account sta-
bilization through the critical donation of electrons from the neighboring 6¢ g orbital to
the lower-lying vacant 6*¢ ¢ orbital as shown in Figure 1.7, which is not possible in the
corresponding anti isomer. In the case of vicinal 1,2-dihaloethanes, this preference is
observed specifically for 1,2-difluoroethane (14), because the increasing steric hindrance
caused by two other halogens in the gauche geometry exceeds the energy gain by the
orbital interaction using the energetically lowered 6% yoeen [69, 70]. For example, an
exchange of one fluorine in 1,2-difluoroethane (14) with chlorine (i.e., 1-fluoro-2-
chloroethane) prefers the anti conformation on the basis of computational analysis as well
as experimental results [71].

2-Fluoroethanol (15) also takes the gauche conformation predominantly [72-74].
Initially this preference was attributed to its possible formation of intramolecular F---H-O
hydrogen bonding in addition to the gauche effect [72-74]. However, it was later found
that 1-fluoro-2-methoxyethane, which could not form a hydrogen bond, also took the
gauche conformation as its predominant structure [75, 76]. This finding clearly eliminated
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Figure 1.7 Orbital interaction of 1,2-difluoroethane (14) and conformation of 2-fluoroetha-
nol (15).

the contribution of the F---H-O hydrogen bonding as the major reason for the dominant
gauche conformation of 15 wherein the O-H is in parallel to the C—F bond. Thus, it is
most likely that 15 takes this particular conformation to minimize unfavorable electronic
repulsion between the lone pairs of the oxygen and fluorine [75]. The absence of F---H-O
and F---H-N hydrogen bonding was also confirmed for o-fluorocarboxamides [77] and 2-
fluoroethyl trichloroacetate [78].

It has been shown that the gauche effect plays a key role in controlling the conforma-
tion of various acyclic compounds [79]. For example, the x-ray crystallographic analysis
of difluorinated succinamides, syn-16 and anti-16 shows unambiguously that these com-
pounds take gauche conformation with F—~C—C—F dihedral angles of 49.0° and 75.2°,
respectively (see Figure 1.8). Syn-16 and anti-16 possess respectively two and one
Ccy-O*cr interactions which are reflected in the lengths of their (F)C—C(F) bonds:
1.495A and 1.538 A, respectively, the former being 0.043 A shorter than the latter (see
Figure 1.7). Although the conformation of syn-16 might look reasonable by taking into
account the antiperiplanar placement of two bulky amide moieties, it is not the case for
anti-16, indicating the importance of the gauche effect. In the latter case, however,
a 7-membered ring hydrogen bond between two amide groups might also make some
contribution. Similar gauche effects have been reported in other systems [80-84].

The gauche effect is also clearly observed in the conformational preference of
4-fluoroprolines (17b and 17¢) determined by 'H NMR analysis [85]. As Table 1.6 shows,
(4R)-fluoroproline (17b: R'=F, R*=H) strongly prefers the C'exo conformation in
which an electron-releasing C'-H bond should occupy the antiperiplanar position to
the electron-accepting C—F group to maximize the gauche effect. On the other hand, its
epimer (45)-fluoroproline (17¢: R' = H, R? =F) takes the C'-endo conformation almost
exclusively to optimize the Gcy-G*c_p interaction for the gauche effect. It should be
noted that the observed preferences are independent of the trans or cis amide linkage by
calculation [85].
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Figure 1.8 Conformation of diastereomeric 16 by X-ray crystallographic analysis.

Table 1.6 Conformational preference of Ac-Xaa-OMe (Xaa = proline and its derivative) [85]

Rl R?
R 5 A RIX R?
H H B R? , 3\ B _ H@H
cNRZ NS NS T RN B
N v""{, o) v""{, o) N
CY-endo CY¥-exo
Xaa in Ac-Xaa-OMe R! R? AL endo = Eexo
Conformation (kcal/mol)
endo exo trans cis
Proline (17a) H H 66 34 -0.41 -0.60
(4R)-4-Fluoroproline (17b) F H 14 86 0.85 1.18
(45)-4-Fluoroproline (17¢c) H F 95 5 —-0.61 -1.99

1.1.5.1 Unique Electronic Effects of Fluorine Related to the Origin of

the Gauche Effect

The interaction of the ¢ orbital with the lone pairs of fluorine in fluorinated methanes
is substantial [83]. In these compounds, the C—H bond length is almost constant regardless
of the number of fluorines in a molecule. In sharp contrast, the C—F bond length decreases
as the number of fluorines increases due to substantial n—G*. p interaction mentioned
above [83]. Alternatively, a significantly strong positive charge developed on carbon may
play a key role in strengthening C—F bonds in an electrostatic manner [82].
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Figure 1.9 Compound 18 and negative hyperconjugation in CF;~O~ anion.

“Negative hyperconjugation” of fluorine [86—89], essentially the same electron dona-
tion pattern as that of the gauche effect, that is, interaction of an electron-rich bond with
the lower-lying vacant orbital of a polarized neighboring C-F bond (6*c_g), has been
clearly observed in the X-ray structure of [(CH;),N];S*CF;0™ (18) (see Figure 1.9) [90].
The counter-anion, CF;07, of 18 possesses a significantly short C—O bond (1.227 A) and
long C—F bonds (1.390 and 1.397 A). For comparison, the gas-phase structures of elec-
tronically neutral counterparts, CF;0R (R =F, Cl, CF;), show 1.365-1.395A and 1.319—
1.327A for the C-O and C-F distances, respectively [90]. It is worthy of note that the
C-O single bond length in CF;0™ (1.227 A) is close to that of a C=0 bond length (e.g.,
1.171A for F,C=0) and the F—-C-F bond angle is extraordinarily small (101.7° and
102.2°) compared with the ideal sp® bond angle (109.5°). This phenomenon strongly
indicates the effective orbital interaction of the electron rich ng orbital with lower-lying
o*c_p orbital, i.e., negative hyperconjugation.

1.1.6 Hydrogen Bonding

Fluorine can share three sets of lone-pair electrons with electron-deficient atoms intramo-
lecularly or intermolecularly, in particular with a relatively acidic hydrogen bound to a
heteroatom. In addition, as described in section 1.4, strongly electron-withdrawing per-
fluoroalkyl groups increase the acidity of proximate functional groups such as alcohol,
amine, amide, and carboxylic acid.

It is readily anticipated that the acidity of CF;-containing benzylic alcohol 19 is as
high as or higher than that of phenol (see Table 1.5 for hexafluoro-2-propanol). Moreover,
a fluorine atom of the CF; groups at the 3- and 5-positions should increase its anionic
character by negative hyperconjugation (see above). Thus, it is reasonable to assume that
the benzylic hydroxyl group would form a hydrogen bond with a proximate CF; group
[91, 92]. In fact, the X-ray crystallographic analysis of 19 shows that 19 forms a unique
dimer structure in the solid state through two strong intermolecular hydrogen bonds (H---F
distance is 2.01 A), as illustrated in Figure 1.10 [91]. The strength of this hydrogen bond
is obvious by comparing the sum of the van der Waals radii of H and F (2.67 A) with the
observed H---F bond length (2.01 A). On the other hand, 19 appears to form an intramo-
lecular hydrogen bonding between the same benzylic hydroxyl CF; groups in a hexane
solution on the basis of low-temperature *C NMR analysis, as illustrated in Figure 1.10.
Although the CF; carbon appeared as a normal quartet (Jc_r =274 Hz) at 24 °C, the cou-
pling pattern was changed to the doublet of triplet (Jcr =261, 279 Hz, respectively) at
—96°C. The result appears to indicate the nonequivalence of three fluorine atoms in the
CF; groups, and only one of the three fluorine atoms participates in the hydrogen bonding.
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Figure 1.10 Intermolecular and intramolecular H---F hydrogen bonding patterns of 19.
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Figure 1.11 Representative intramolecular NH---F hydrogen-bonding interactions.

However, very recently, a counterargument on this hydrogen bonding suggested that the
nonequivalence of three fluorine atoms of the CF; groups should be attributed to steric
crowding and not H-F hydrogen bonding [93]. Accordingly, the interpretation of the NMR
data is still unsettled.

Similar hydrogen bonding has been observed between fluorine and amine or amide
hydrogen. The NH---F hydrogen bond is especially favorable with an amide hydrogen
because of its acidity compared with that of an amine. Figure 1.11 illustrates three repre-
sentative compounds, 20, 21, and 22 whose structures were determined by X-ray crystal-
lography. The H.--F distance of 20 is 2.08 A, which is 0.59 A shorter than the sum of the
van der Waals radii [94]. Compound 21 includes two hydrogen bonds with six- and five-
membered ring systems, bearing NH---F distances 1.97 A and 2.18 A, respectively [95].
The NH moiety of N-fluoroacetylphenylalanine (22) also formed a bifurcated intramolecu-
lar hydrogen bonds with F and O with practically the same bond lengths: 2.27 A and
2.29A, respectively [96].

Fluorinated benzenes, in general, have been shown to form intermolecular hydrogen
bonds in the solid state. Among those fluorobenzenes, the X-ray crystal structure of
1,2,4,5-tetrafluorobenzene (24) exhibited the shortest intermolecular H---F distance of
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Figure 1.12 Other hydrogen-bonding patterns.

2.36 A [97] (see Figure 1.12). Although it is not H---F bonding, a related hydrogen bonding
pattern has been reported. As Figure 1.12 illustrates, the X-ray crystallographic analysis
of chromone 23 shows the O---H-CF, distance of 2.31 A (the sum of the van der Waals
radii of H and O is 2.721&) [98, 99]. Other C=0---H-CF, bonding examples have been
reported [100].

1.1.7 Orthogonal multipolar C-F Bond-Protein Interactions

It has recently been shown that polar C-F bond—protein interactions play a critical role in
the stabilization of fluorine-containing drugs and their target proteins [101]. These polar
interactions are found in the X-ray crystal structures of drug-protein complexes compiled
in the Cambridge Structural Database (CSD) and the Protein Data Bank (PDB) [20-32,
101]. A large number of examples for the polar C—F bond—protein interactions, found in
the CSD and PDB through database mining, include those between a C—F bond and polar
functional groups such as carbonyl and guanidinium ion moieties in the protein side chains,
that is, C—F---C=0 and C-F---C(NH,)(=NH). The majority of examples from the protein
crystallographic database indicate that a C—F bond unit serves as a poor hydrogen-bond
acceptor. Instead of hydrogen bonding, however, a C—F bond forms polar interactions
with a large number of polarizable bonds in the manner as C—F---X(H) (X = O, N, S) and
C-F---C,—H (C, = a-carbon of the oi-amino acid), in which the F---H-X separation is well
beyond hydrogen-bonded contact distance [101].

For example, a thrombin inhibitor 25 (K; = 0.25 uM) is more potent than the nonfluo-
rinated counterpart (K; = 1.6 uM) and the X-ray crystal structure of the inhibitor-enzyme
complexes showed remarkable conformational differences between the two inhibitors.
This conformational change is caused by the dipolar C—F---N(H)(Gly216) interaction with
a F-N distance of 3.5A, as illustrated in Figure 1.13a [25].

A large number of examples for the orthogonal dipolar C-F---C=0 interactions have
been found in the CSD and PDB [101]. For example, Figure 1.13b illustrates a rather
unique double interaction, that is, C—F--<(C=0),, in the inhibitor-enzyme complex of 26
with p38 MAP kinase, wherein the fluorine atom of the 4-fluorophenyl moiety of 26
interacts with the amide carbonyl carbons of Leul04 and Vall105 with equal distance of
3.1A [102].

Table 1.7 summarizes systematic SAR studies of tricyclic thrombin inhibitors, rac-27
and rac-28, through “fluorine scan” to map the effects of fluorine introduction on



Unique Properties of Fluorine and Their Relevance 19

Ki=0.26 uM
d(F-+N)=35A

(a) (b)

Leul04

26
ICs0= 19 NM

Figure 1.13

(a) Interaction of C—F---N(H)(Gly216) in the thrombin-inhibitor 25 complex.

(b) C—F---C=0 multipolar interactions of p38 MAP kinase inhibitor 26 with the kinase.

Table 1.7 Enzyme inhibitory activity of tricyclic thrombin inhibitors [105]

F
RnQ QH j
N
(0]
rac-27 rac-28
HoN H,oN
“Hel ZHel

Inhibitor Substituent?® KP (mM) Selectivity log D
27a - 0.31 15 -1.24
27b 2-F 0.50 9.8 <-1.00
27¢ 3-F 0.36 26 -1.24
27d 4-F 0.057 67 -1.08
27e 2,3-F, 0.49 18 —d
27f 2,6-F, 0.61 9.0 d
27g 3,4-F, 0.26 29 —d
27h 3,5-F, 0.59 25 -1.25
27i 2,3,4,5,6-F; 0.27 44 -1.14
27j 4-Cl 0.19 30 —d
28 4-F 0.005 413 —d

*Substituents on the benzene ring of the benzylimide moiety.
PWith +20% uncertainty.

“K; (trypsin)/K; (thrombin).

“Not determined.
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inhibitory activity, change of amine basicity, and favorable interactions of C—F bonds with
the protein [103-106].

Inhibitory activity, selectivity between thrombin and trypsin and lipophilicity (log D)
of rac-27 are shown in Table 1.7, which indicates that 4-monofluorinated analog rac-27d
is the most potent inhibitor in this group (K; = 0.057 mM; K(trypsin)/K;(thrombin) selectiv-
ity = 67) [105]. The inhibitory activity K; is further optimized to 5nM by changing the
imide ring of rac-27 to a lactam bearing an isopropyl group, rac-28, wherein the isopropyl
group fits better in the P-pocket (see Figure 1.14). The trypsin/thrombin selectivity of
rac-28 is also dramatically improved to 413 [105].

The X-ray crystallographic analysis of the enantiopure 27d—thrombin complex indi-
cates that the H-C,—C=0 fragment of the Asn98 residue possesses significant “fluoro-
philicity” [105]. As Figure 1.14 illustrates, the C—F residue of enantiopure 27d has strong
multipolar C—F---Co—H [d(F-C,) =3.1A] and C-F--C=0 [d(F-C=0) =3.5A] interac-
tions with the Asn98 residue in the distal hydrophobic pocket (“D pocket”) of thrombin.
It is worthy of note that the C—F bond and the electrophilic carbonyl group are positioned
in a nearly orthogonal manner along the pseudotrigonal axis of the carbonyl group [105].
This preferred geometry for the C—F---C=0 interactions is further corroborated by the
X-ray crystal structure analyses of fluorine-containing small molecules [103-106] and
the database mining of PDB and CSD [107-110]. The latter furnished numerous cases
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Figure 1.14 Binding mode of tricyclic thrombin inhibitor 27d on the basis of X-ray crystal-
lographic analysis of its protein complex.
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of C-F--C=0 contacts with the F---C distance below the sum of the van der Waals radii
and the C-F---C=0 torsion angle toward 90°. A similar but intramolecular orthogonal
polar interaction between a CF; groups and a spatially close amide C=0O group, which
plays a role in the folding of an extended indole molecule, has recently been reported
[111].

Figure 1.15 illustrates an example of the polar interaction of a C—F bond with the
guanidinium carbon of the Arg residue in an enzyme, revealed by the X-ray crystal struc-
ture of atorvastatin-HMG-CoA reductase (HMG-CoA = 3-hydroxy-3-methylglutaryl-
coenzyme A; the rate-determining enzyme in the biosynthesis of cholesterol). As mentioned
above (see section 1.1), atorvastatin is the best-selling cholesterol-lowering drug, which
binds to HMG-CoA reductase tightly (ICs, = 8nM). In the early stage of the drug discov-
ery, a series of phenylpyrrole-hydroxylactones were evaluated for their inhibitory activity
against HMG-CoA reductase, as shown in Figure 1.15a. Then, the SAR study on the
4-substituted phenyl analogues identified that the 4-fluorophenyl analogue (R =F) was
the most active; that is, fluorine was better than hydrogen, hydroxyl or methoxy group
at this position [112]. This finding eventually led to the discovery of atorvastatin. The
X-ray crystal structure of atorvastatin—-HMG-CoA reductase [113] shows a strong
C-F---C(NH,)(=NH) polar interaction between the 4-fluorophenyl moiety and the
Arg590 residue of the enzyme with a very short F---C distance (2.9A), as illustrated in
Figure 1.15b [101].

Several other examples of similar polar interactions between a C—F bond in a ligand
and the guanidinium ion moiety of an Arg residue in protein have been found in PDB.
However, no linear C-F---H-N interactions are identified, reflecting the poor hydrogen-
bond accepting ability of a C—F bond. Instead of hydrogen bonding, a C—F bond is found
to orient either parallel or orthogonal to the plane of the guanidinium ion moiety, bearing
a delocalized positive charge. These examples confirm the fluorophilic character of the
guanidinyl side-chain of an Arg residue.
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Figure 1.15 (a) In vitro activity of HMG-CoA reductase inhibitors. (b) Orthogonal polar
interaction of the fluorine substituent of atorvastatin with Arg590 in HMG-CoA reductase.
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1.1.8 Isostere

A variety of natural and synthetic peptides exhibit biological activities, which can be
developed as pharmaceutical drugs or biochemical agents. However, those peptides con-
sisting of amide linkages are, in most cases, easily deactivated through cleavage of key
amide bonds by hydrolytic enzymes. Accordingly, it is very useful if a key amide bond is
replaced with noncleavable bond, keeping the characteristics of the amide functionality.

An amide linkage in a peptide such as 29a has an imidate-like zwitterioninc resonance
structure 29b. Since the contribution of this resonance structure is significant, free rotation
around the C-N bond is partially restricted because of the substantial double-bond char-
acter of the C—N bond (see Figure 1.16). Accordingly, it might be possible to replace an
amide linkage with its isostere (i.e., a molecule having the same number of atoms as well
as valence electrons [114]), regarded as a “peptide isostere.”

The first and simplest attempt at the “peptide isostere” was made by replacing an amide
bond of enkephalin with a trans-olefin unit [115], but it did not give a desirable effect.
However, computational analysis of a model amide, N-methylacetamide (30b) and its iso-
steres, by semiempirical molecular orbital calculation revealed that fluoroolefin 30c resem-
bled 30a much more closely than 30b [116]. To confirm this finding based on a semiempirical
method, the ab initio analysis of 30a, (E)-2-butene (30b), (2)-2-fluoro-2-butene (30c¢) and
(Z2)-1,1,1-trifluoro- 2-methyl-2-butene (30d) was carried out using the Gaussian 03 program
(B3LYP/6-311++G**) [117] by one of the authors (T. Y.), which gave electrostatic poten-
tials of these compounds. The results are illustrated in Figure 1.17.

As readily anticipated, 30a has a very negative oxygen, a highly positive carbonyl
carbon, a highly negative nitrogen, and a very positive NH hydrogen. In sharp contrast,
30b has a nonpolarized negative C=C bond and only weakly positive CH hydrogen. Thus,
it is apparent that 30b does not mimic 30a electronically. In contrast, 30¢ has an appro-
priately polarized C=C double bond, a negative fluorine atom in place of the oxygen atom
of amide 30a, and a positive CH in place of the NH moiety of amide 30a. Thus, 30b
indeed mimics 30a electronically. Finally, 30d has a nonpolarized C=C bond, a modestly
positive CH hydrogen, and three negative fluorine atoms. Thus, 30d mimics 30a electroni-
cally to some extent, although sterically the CF; group is much bulkier than an oxygen
atom.
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Figure 1.16 Resonance structures of amide 29, amide 30a, and its isosteres 30b—d.
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30a 30b

Figure 1.17 Electrostatic potential of the model compounds 30a to 30d (color alteration
from red to blue describes the shift of the electronically rich to deficient circumstance). See
color plate 1.17.

A fluoroolefin isostere was successfully introduced to a physiologically important
neuropeptide, Substance P (31) [118]. As Figure 1.18 shows, the (E)-fluoroethene isostere
replaced the peptide linkage between the Phe®-Gly” residues of 31 to give Substance P
analogue 32a and its epimer 32b [119]. The neurokinin-1 receptor binding assay of 32a
disclosed that 32a was almost as potent as the original peptide 31. On the other hand, its
epimer 32b was 10 times less potent than 32a, as anticipated.

Another fluoroolefin isostere, (E)-trifluoromethylethene, was also introduced to
antibiotic Gramicidin S (33a), replacing the peptide linkage between Leu and Phe (two
sites) to give an analogue 33b, as illustrated in Figure 1.19 [120]. Variable-temperature
NMR measurements of 33a and 33b indicated that the NH(Leu) and NH(Val) protons were
forming intramolecular hydrogen bonds. In addition, NOESY experiments of 33a and 33b
showed interstrand NOEs between NH(Leu) and NH(Val) as well as NH(Leu) and H,(Orn)
in both compounds. Moreover, X-ray crystallographic analysis of 33c confirmed the pres-
ence of a pair of intramolecular hydrogen bonds between NH(Leu) and C=0(Val) (1.96 A
and 2.00 A). However, the replacement of the Leu-Phe amide linkage with the bulky (E)-
trifluoromethylethene isostere caused a 70° twist in the plane of the C=C double bond
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Figure 1.18 Substance P (31) and its fluoroolefin dipeptide isosteres (32a, b).
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Figure 1.19 Gramicidin S (33a) and its CF;-containing isostere (33b).

compared with the amide moiety in the original B-turn structure of 33a. This is very likely
attributable to the bulkiness of the CF; groups, which are difficult to be accommodated
inside the B-turn hairpin structure. In spite of some conformational difference, 33b was
found to possess high antibiotic activity against Bacillus subtilis equivalent to that of 33a
[120]. The use of the (E)-trifluoromethylethene peptide isostere as P-turn promoter
and peptide mimetics in general has also been studied [121]. A fairly large dipole moment
of this isostere (L =2.3 D) appears to play a key role in the improved mimicry of the
electrostatic potential surface of the amide linkage (dipole moment of the amide unit:
n=3.6 D) [120].

Although fluoroethene and trifluoroethene peptide isosteres were successfully
employed as nonhydrolyzable amide substitutes, more recently trifluoroethylamines have
emerged as highly promising peptide isosteres. The trifluoroethylamine isostere has been
studied for partially modified retro- and retro-inverso WY[NHCH(CF;)]Gly peptides [122,
123]. Furthermore, it has been demonstrated that the CF; group of the trifluoroethylamine



Unique Properties of Fluorine and Their Relevance 25

R H
/©)\N o /‘/‘)‘\
H oo
Br
34a (R = CF3: 0.9 nM) 35 (0.015 nM) /‘/‘/‘\

34b (R = CH3: 988 nM)
34c (R = CF3CF,: 2.4 nM) 35a (~0.005 nM)
34d (R = p-CHg-CGH4SOZZ 25 HM)

Figure 1.20 Cathepsin K inhibitors 34 and 35, bearing trifluoroethylamine isosteres. Numbers
in parentheses are ICs, values.
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Figure 1.21 Difluorotoluene (36), difluorotoluene deoxyriboside (38), thymine (37), thymi-
dine (39) and adenine (40).

isostere can function as the carbonyl group of an amide to provide a metabolically stable,
nonbasic amine that has excellent hydrogen-bonding capability due to the strong inductive
effect of the CF; group [124, 125]. These unique characteristics of the trifluoroethylamine
isostere have been exploited and quite successfully applied to the optimization of cathepsin
K inhibitors, which are promising antiresorptive agents for treatment of osteoporosis [124].
As Figure 1.20 shows, trifluoroethylamine analogue 34a exhibits 1000 time better potency
than the corresponding ethylamine analogue 34b. Pentafluoroethylamine analogue 34c¢
possesses a somewhat reduced activity, but still in a comparable level to 34a. Tosylmethyl-
amine analogue 34d shows virtually the same activity as that of 34¢. The docking study
using the cathepsin K crystal structure has revealed that 34a forms a critical hydrogen
bond with the carbonyl oxygen of Gly66, as anticipated. The fact that the CF; group of
this isostere is attached to an sp® carbon provides flexibility in the orientation of the NH
bond to form hydrogen bonding in the most favorable manner [124]. Optimization of the
aromatic group of 34a led to the discovery of the exceptionally potent inhibitor 35a,
exhibiting an ICs, of 5pM or less. The corresponding amide 35 is also extremely potent
(ICso=0.015nM) but is metabolically labile. Thus, 35a has been identified as the most
potent and promising drug candidate in this study [124].

It has been shown that 2,3-difluorotoluene (36) serves as a nonpolar shape mimic of
thymine (37) and difluorotoluene deoxyriboside (38) is, surprisingly, an excellent nonpolar
nucleoside isostere of thymidine (39) (see Fig. 1.21) [126, 127]. Thus, the nucleotide of
36 was incorporated into DNA by several high-fidelity DNA polymerases [126, 128],
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forming a positional pair with adenine (40) in place of 37 without perturbing the double
helix structure, which was confirmed by X-ray crystallography (see Fig. 1.21) [127]. It
has also been shown that difluorotoluene does not form appreciable hydrogen bonds with
adenine, and hence it is nonselective in base pairing and destabilizing DNA in the absence
of DNA polymerases [128]. The probability of thymidine triphosphate choosing a wrong
partner is less than 0.1% and that of the triphosphate of 38 is less than 0.3% [126]. Thus,
the results clearly indicate that 36 is virtually a perfect shape mimic of 37 for DNA
polymerases.

Since these surprising findings, first made in 1997, challenge the Watson—Click base-
pairing principle in DNA (although the difluorotoluene isostere is only a minor part of
DNA), there has been a debate on the interpretation of the results, including the polarity
of 36 and possible F---HN as well as CH---N hydrogen bonding interactions [129]. However,
the X-ray crystallographic data [127] as well as extensive computational analysis [130]
unambiguously confirmed that 36 is indeed a nonpolar thymine isostere. Thus, these
findings have opened a new avenue of research on a variety of nonpolar nucleoside
isosteres [128].

1.1.9 Difluoromethylene as Isopolar Mimic of the Oxygen Component of
P-O-C Linkage

Difluoromethylene has been recognized as an isopolar mimic of the oxygen component
of P-O-C or P-O-P linkage in phosphates, which can be used to generate nonhydrolyz-
able phosphate analogues of nucleotides, enzyme substrates, and enzyme inhibitors [131-
137]. For example, a difluoromethylene linkage was successfully introduced to a
protein-tyrosine phosphatase (PTP) inhibitor of insulin receptor dephosphorylation [132]
(see Figure 1.22). A comparison of a hexamer peptide inhibitor bearing a phosphonometh-
ylphenylalanine (Pmp) residue (41a) with that having a phosphonodifluoromethylphenyl-
alanine (F,Pmp) residue (41b) revealed that 41b was 1000 times more potent than 41a,
retaining high affinity for the SH2 domain of PTP [132]. The marked difference in potency
observed for 41a and 41b can be ascribed to the fact that the difluoromethylene group
increases the acidity of the phosphonic acid moiety and maintains appropriate polarity.

x. OH
COLH ii~OH
CO,H o)
PRI A B g
N N N pKa 6.4 (X = O)
ACHN JLM JLH JJ\ i 7.6 (X = CHy)
o ° o - o = R.y-R7OH 6.5 (X = CHF)
Y OH 5.4 (X = CFp)
CO,H
41a (X = CHy: 100 pM)
41b (X = CFy: 0.10 uM)

Figure 1.22 Nonhydrolyzable phosphate mimics 41 and their estimated pKa values. Numbers
within the parentheses are ICs, values.
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Figure 1.23 SMase inhibitors (42) and FKBP 12 rotamase inhibitors (43). Numbers within
the parentheses are ICs, values.

A similar incorporation of a P—CF, unit as a P-O bond surrogate to sphingomyelin
was reported [134] for the development of nonhydrolyzable inhibitors of sphingomyelin-
ase (SMase), which cleaves sphingomyelin to release ceramide. As Figure 1.23 shows,
difluoromethylene analogue 42b is twice as potent as methylene analogue 42a in the
inhibition of SMase from B. cereus [134].

Norcarbovir triphosphate (43d) is a potent inhibitor of HIV reverse transcriptase,
comparable to AZT and carvovir, but is amenable to enzymatic hydrolysis in vivo [135].
Thus, methylenediphosphonate, fluoromethylenediphosphonate, and difluoromethylenedi-
phosphonate analogues of 43d were synthesized to block the enzymatic hydrolysis and
evaluated for their potency and stability in human fetal blood serum [135]. As Figure 1.23
shows, the methylenediphosphonate analogue (43a) is inactive, and the fluoromethylene-
diphosphonate analogue (43b) shows only a moderate potency. Difluoromethylenediphos-
phonate analogue 43c is the most active among these nonhydrolyzable analogues with ICs,
of 5.8 uM, which is 10 times weaker than that of 43d. Nevertheless, 43¢ possesses >40
times longer half-life (45h) than the natural enantiomer of 43d (65 min) and >500 times
more stable than AZT triphosphate (5min) [135].

The fluoromethylene and difluoromethylene linkages have also been incorporated
into an aspartyl phosphate, providing the first synthetic inhibitors of aspartate semialde-
hyde dehydrogenase [136] as well as lysophosphatidic acid analogues, which increased
the half-lives of analogues in cell culture [137].

The use of a difluoromethylene unit as a surrogate of a carbonyl group is another
logical extension. In fact, difluoromethylene analogues of the inhibitors of the rotamase
activity of FK506 binding protein 12 (FKBP12), which catalyzes cis—trans isomerization
of a peptidyl-prolyl bond, have been investigated [138]. As Table 1.8 shows, the K; values
of difluoromethylene analogues, 44a and 44d, for the FKBP12 inhibition (rotamase activ-
ity) are comparable to or better than those of the carbonyl counterparts, 44b and 44e. It
should be noted that the corresponding simple methylene analogues, 44¢ and 44f do not
show any appreciable activity, which suggests that the gem-difluoromethylene group par-
ticipates in some specific interactions with the protein. After optimization of the proline
and its ester moieties, the most potent inhibitor 45 (K; 19nM) was developed. The X-ray
crystal structure of the 45-FKBP12 complex strongly suggests that the two fluorine atoms
participate in the moderate-to-weak hydrogen bonding interactions with the Phe36 phenyl
ring as well as Tyr26 hydroxyl group.
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Table 1.8 FKBP12 rotamase inhibition [138]

7
Y
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H5CO OCH, H3CO OCHg
OCHg OCHjy
44 45
Compound X Y K (UM)
44a F, N 0.872
44b O N 4.00
44c H, N -
44d F, CH 1.30
44e O CH 2.20
44f H, CH _a
45 0.019

“No appreciable inhibition at TOuM.

1.1.10 High Electrophilicity of Fluoroalkyl Carbonyl Moieties

Successive substitution of hydrogen atoms in acetone with fluorine atoms clearly lowers
the frontier orbital energy levels by 0.2-0.6eV on the basis of ab initio computation (see
Table 1.9). It is worthy of note that the positive charge at the carbonyl carbon and the
negative charge at the oxygen atoms in these ketones, decrease as the number of fluorine
atoms increases. The validity of the computational analysis is confirmed experimentally
by the *C NMR chemical shifts of these carbons, which decrease from 206.58 ppm for
acetone to 172.83 ppm for hexafluoroacetone, in good agreement with the carbonyl carbon
charges, as shown in Table 1.9.

The substantial decrease in the HOMO (highest occupied molecular orbital) energy
level of trifluoroacetophenone (46b), compared with acetophenone (46a) was observed
[139] by *C NMR when a 1:1 mixture of 46a and 46b was treated with BF;-OEt,. Thus,
a 16.7 ppm downfield shift took place only for the carbonyl carbon atom of 46a, showing
the coordination of the carbonyl group to the Lewis acid, while no change in the “C
chemical shift was observed for 46b (see Scheme 1.3). This marked difference in reactivity
is attributed to the substantially decreased basicity of the carbonyl oxygen in 46b caused
by the strong inductive effect of the trifluoromethyl moiety. This selectivity was demon-
strated in the highly chemoselective reduction of 46a and 46b under two different reaction
conditions, as illustrated in Scheme 1.3. Thus, the reduction of a 1:1 mixture of 46a and
46b with tributyltin hydride gave 1-phenyl-2,2,2-trifluoroethanol (48b) as the sole product
in 40% yield, while the same reaction in the presence of one equivalent of BF;- OEt, at
—78°C afforded 1-phenylethanol (48a) exclusively in 82% yield.
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Table 1.9 Calculated HOMO and LUMO levels of fluorinated acetones®

Compound Energy Level (eV) Charges BC NMR chemical
shift of C=O

HOMO LUMO c=0 C=0

CH;C(O)CH; -7.054 -0.784 0.573 -0.553 206.58°

CH,FC(O)CH,; -7.507 -1.247 0.544 -0.547 205.62¢

CHF,C(O)CH;4 -7.911 -1.873 0.518 -0.513 197.38¢

CF;C(O)CH;, -8.278 -2.098 0.505 —0.486 189.33¢

CF;C(O)CF; -9.384 -3.476 0.421 -0.419 172.83°

“Computation was carried out by one of the authors (T.Y.) using the Gaussian 03W at the B3LYP/6-311++G** level.

PRef. [132].

“Ref. [140].
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Scheme 1.3 Reactions of 46a and 46b with BF;- OFEt, and n-Bu;SnH.

1.1.11 Use of Difluoromethyl and Trifluoromethyl Ketones as Transition State
Analogues in Enzyme Inhibition

Tetrahedral transition state analogues of ester and amide substrates are known to function
as efficient enzyme inhibitors of hydrolytic enzymes such as serine and aspartyl proteases
as well as metalloproteinases (see Fig. 1.24) [141-144]. Although ketals of alkyl or aryl
ketones are usually not stable, those of difluroalkyl or trifluoromethyl ketones have con-
siderable stability, as exemplified by their facile formations of the corresponding stable
hydrates [145, 146]. Therefore, substrate analogues, containing difluoroalkyl or trifluoro-
methyl ketone moiety in appropriate positions, have been studied as effective transition
state inhibitors of hydrolytic enzymes [141, 147-150].
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Figure 1.24 Mechanism of peptide hydrolysis by a serine protease and enzyme inhibition
by forming stable tetrahedral intermediate.
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Figure 1.25 Transition state inhibitors of AchE based on difluoroalkyl and trifluoromethyl
ketone substrate analogues.

For example, the rather simple difluoroalkyl ketone 49¢ and trifluoromethyl ketone
49b were designed as inhibitors of acetylcholinesterase (AchE), a serine esterase [151].
As Figure 1.25 shows, these fluoroketones exhibit excellent AchE inhibitory activities with
nanomolar level K; values, and 49¢ possesses 200,000 times higher potency (K; = 1.6nM)
than the corresponding alkyl ketone 49a [151]. This remarkable result can be readily
rationalized by taking into account the strong electrophilicity of the carbonyl group of
difluoroalkyl and trifluoromethyl ketones, described in the preceding section.

In a similar manner, a variety of transition state analogues bearing a trifluoroacetyl
moiety as the key functional group have been designed and synthesized as the inhibitors
of human neutrophil elastase [152, 153], human cytomegalovirus protease [154, 155],
human leukocyte elastase [156, 157], and other enzymes. Some of these inhibitors exhibit
extremely high potency. For example, 51 has a K; of 3.7pM against AchE [158] and 50
has an ICs, of 0.88nM against insect juvenile hormone esterase [159] (see Figure 1.26).

Difluoroalkyl ketones have also been successfully employed as the key structure of
renin inhibitors. Renin is an aspartyl protease and transforms angiotensinogen (452 amino
acid residues for human) to angiotensin I, which is further cleaved by angiotensin-
converting enzyme (ACE) to angiotensin II, which exerts a vasoconstricting effect [160].
Accordingly, renin inhibitors have been extensively studied for their use in controlling
hypertension. Although human angiotensinogen has 452 amino acid residues, the first
dodecapeptide sequence is the most important for its activity (see Figure 1.27) [160].
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Figure 1.26 Highly active transition state inhibitors bearing a trifluoroacetyl moiety.
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Figure 1.27 Renin inhibitors containing difluorostatine and difluorostatone residues.

Renin cleaves the Leu'’-Val'' linkage of angiotensinogen to generate angiotensin 1. Thus,
the tetrahedral transition state analogues of this peptide sequence should act as excellent
renin inhibitors. In addition, the naturally occurring aspartyl peptidase inhibitor pepstatin
[161], active against renin, contains a unique non-proteinogenic amino acid residue,
“statine,” which mimics the tetradedral transition state (see Figure 1.27) [162]. Accord-
ingly, peptidomimetics, containing difluorostatine residue and its oxidized form, difluo-
rostatone residue, have been synthesized and their activities evaluated. For example,
difluorostatine-containing 52b and difluorostatone-containing 53b represent this class
of renin inhibitors (see Figure 1.27) [163, 164]. In comparison with the corresponding
hydrocarbon counterparts 52a and 53a, 52b shows several times reduced potency, while
53b exhibits 65 times enhanced potency [163]. Apparently, the difluoromethylene group
of 52b reduces the basicity of the hydroxyl group, which would be counterproductive if
this hydroxyl group acts as a hydrogen-bond acceptor, which explains the reduced potency
of 52b as compared to 52a. In contrast, the difluorostatone moiety of 53b should form a
stable ketal with a water molecule, which mimics the tetrahedral transition state very
well, which is the most likely reason for the two orders of magnitude enhancement in
potency as compared to 53a.
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1.2 The Use of “F and "F Probes in Biophysical and Analytical Methods
Relevant to Bioorganic and Medicinal Chemistry

1.2.1 “F NMR Spectroscopy

Fluorine-19 is an attractive probe nucleus for NMR because of its relatively small size, a
nuclear spin of 1/2, natural abundance, high NMR sensitivity, and pronounced long-range
effects. Solid-state '’F NMR is an excellent tool for studying membrane-active peptides in
their lipid-bound environment. The prerequisite of '’F NMR experiments is the inclusion
of a specific ""F-reporter group into peptides and proteins. In structural studies, the most
preferable labeling is with CF;-groups that are rigidly attached to the peptide backbone.
Problems of '’F-labeled amino acid incorporation, including HF-elimination, racemization,
and slow coupling, can easily be overcome. '’F NMR data analysis will provide information
about conformational changes, the structure and orientation of peptides, or the kinetics of
ligand binding, properties that are intimately related to the function of the peptide. For
example, solid-state "’"F NMR spectroscopy revealed that Trp41 participates in the gating
mechanism of the M2 proton channel of influenza A virus [165] (see Figure 1.28). The
integral membrane protein M2 of influenza A virus assembles as a tetrameric bundle to form
a proton-conducting channel that is activated by low pH. A synthetic 25-residue peptide
containing the M2 transmembrane (TM) domain was labeled with 6F-Trp41 and studied in
lipid membranes by solid-state '’F NMR. Through this solid-state '’F NMR analysis in
combination with computational energy calculations, it was demonstrated that the side-
chain conformation and position of Trp41 differs significantly in the two pH-dependent
states of the proton channel of the TM domain of the M2 protein, suggesting that the four
tryptophan residues actively participate in activating the channel mechanically.

In another application, "F NMR studies have provided critical information on the
bioactive conformation of taxoids. Fluorine-containing taxoids have been used as probes
for NMR analysis of the conformational dynamics of paclitaxel in conjunction with
molecular modeling [166]. The dependence of the YF chemical shifts and the Jy;»_ 3 values
of these fluorinated analogues is examined through "’F and 'H variable-temperature (VT)
NMR measurements. The experiments clearly indicate highly dynamic behavior of these
molecules and the existence of equilibrium between conformers. The analysis of the VT
NMR data in combination with molecular modeling, including restrained molecular
dynamics (RMD), has identified three key conformers, which were further confirmed by
the ""F-'H heteronuclear NOE measurements.

Fluorine-probe protocol has been applied to solid-state magic-angle spinning
(SSMAS) "F NMR analysis with the radiofrequency-driven dipolar recoupling (RFDR)
method to measure the F-F distance in the microtubule-bound conformation of F,-10-Ac-
docetaxel (see Figure 1.29a) [167]. Moreover, five intramolecular distances of the key
atoms in the microtubule-bound ""F/*H/"C-labeled paclitaxel were determined by the
rotational echo double resonance (REDOR) method (see Figure 1.29b and ¢) [168, 169].

1.2.2 In vivo “F Magnetic Resonance Spectroscopy

Magnetic resonance (MR) spectroscopy is used to measure the levels of different
metabolites in body tissues. With the increasing popularity of fluorinated compounds in
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Figure 1.28 Experimental (solid lines) and simulated (dashed lines) spin-echo spectra of
6F-Trp41-M2TMD at 6.5 kHz MAS at pH 5.3 (a) and pH 8.0 (b). Side-chain conformations
(bottom view) of Trp41 (blue) and His37 (green) in the TM channel structure of the homo-
tetrameric M2 protein are shown to the right side of the spectra. At pH 8.0, the structural
parameters implicate an inactivated state, while at pH 5.3 the tryptophan conformation rep-
resents the activated state. See color plate 1.28.

(Source: Reprinted with permission from Witter, R., Nozirov, F., Sternberg, U., Cross, T. A.,
Ulrich, A. S., and Fu, R. Solid-state '"’F NMR spectroscopy reveals that Trp41 participates in
the gating mechanism of the M2 proton channel of influenza A virus, J. Am. Chem. Soc.
(2008) 130, 918-924. Copyright (2008) American Chemical Society.)
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Figure 1.29 Solid-state NMR studies on the microtubule-bound conformation of taxoids
using fluoro-taxoid probes.
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pharmaceutical research, in vivo '’F MR spectroscopy has become a valuable tool for
identifying and monitoring fluorinated compounds and metabolites. Although almost all
“F MR examinations are limited by the relatively low signal-noise ratio (SNR) of the
spectra, ’F MR spectroscopy has a unique role in clinical research applications and is
complementary to other structural and functional imaging tools. It is able to identify and
measure fluorine-containing drugs and their metabolites in biofluids due in part to the lack
of naturally occurring MR-visible fluorine metabolites. In addition, it is noninvasive and
therefore provides options for investigating the long-term disposition of pharmaceuticals.
A wide range of fluorine-containing pharmaceuticals and metabolites have been evaluated
in patients using in vivo '°F MR spectroscopy. The most frequently examined organs have
been the brain and the liver, although heart and extremity muscle, as well as bone marrow,
have also been evaluated. Assessment of fluorine-containing drugs using human in vivo
fluorine (*’F) MR spectroscopy has proved to be an important technique in drug design
and preclinical studies. One good example is seen in the application of F NMR to
metabolic studies of capecitabine, the recently developed oral prodrug of 5-fluorouracil
[170].

The degradation pathway of capecitabine, incorporating the new fluorinated metabo-
lites found in urine using 'F NMR, is depicted in Figure 1.30, and a typical ’F NMR
spectrum of urine is presented in Figure 1.31. The mean percentage of dose excreted in
urine as parent drug and its fluorinated metabolites up to 48 h post dosing, measured by
F NMR, was 84.2%, close to 92.3% of the radioactivity recovered at that time. This dif-
ference of less than 10% demonstrates that '’F NMR spectroscopy is a suitable technique
for quantitative studies. "’F NMR was also able to measure the relevant level of each fluo-
rinated metabolite.

1.2.3 Positron Emission Tomography

Positron emission tomography (PET) is a powerful in vivo imaging technique that pro-
duces three-dimensional images or maps of functional processes in the body. It is used
heavily in clinical research and diagnosis, as well as in drug development. Figure 1.32
shows an example of assessing dopamine D, receptor availability in cocaine abusers
by the use of PET [171]. When compared with normal controls, cocaine abusers showed
significant decreases in dopamine D, receptor availability that persisted 3—4 months
after detoxification, as indicated by the marked reduction in the binding of ['*F]N-
methylspiroperidol in PET scans.

Since PET works by detecting pairs of y-rays emitted directly by a positron-emitting
radioisotope introduced into the body on a metabolically active molecule, the use of PET
is driven by the characteristics and availability of appropriately labeled radiopharmaceu-
ticals that are specifically designed for measurement of targeted biochemical processes.
Fluorine-18 has particularly appealing properties as positron-emitting radionuclide for
PET imaging: (i) addition of a fluorine atom to a large molecule can often (but not always)
be accomplished without significant changes to the physiochemical or biological properties
of the compound; (ii) fluorine-18 has a relatively long half-life, which permits longer
synthesis times, thus opening up possibilities for multistep radiolabeling procedures, as
well as the option for commercial manufacture at an offsite location.
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Figure 1.30 Catabolic pathway of capecitabine from '"F NMR analysis of patients’ urine.
All the compounds are represented in neutral form. CAP, capecitabine; 5'dFCR, 5’-deoxy-
5-fluorocytidine; FC, 5-fluorocytosine; OHFC, 6-hydroxy-5-fluorocytosine; 5’dFUR, 5'-
deoxy-5-fluorouridine; ~ FU,  5-fluorouracil;  FUH,,  5,6-dihydro-5-fluorouracil;  FUPA,
o-fluoro-B-ureidopropionic acid; FBAL, o-fluoro-B-alanine; F, fluoride ion; FHPA, 2-fluoro-3-
hydroxypropanoic acid; FAC, fluoroacetic acid. Metabolites identified for the first time in urine
of patients with "’F NMR are represented in ellipses.

(Source: Reprinted with permission from Malet-Martino, M., Gilard, V., Desmoulin, F., and
Martino, R. Fluorine nuclear magnetic resonance spectroscopy of human biofluids in the field
of metabolic studies of anticancer and antifungal fluoropyrimidine drugs, Clin. Chim. Acta
(2006) 366, 61-73. Copyright (2006) Elsevier.)
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Figure 1.31 '°F NMR spectrum at 282 MHz with proton decoupling of a urine sample from
a patient receiving oral capecitabine at a dose of 3800 mg/day, administered twice daily at
12-hour interval, as a second treatment 3 months after the first one. Urine fraction 0-12h
collected after the first dose of 1900mg and 10-fold concentrated, pH of the sample: 5.45.
The chemical shifts are expressed relative to the resonance peak of TFA (5% w/v aqueous
solution) used as external reference.

(Source: Reprinted with permission from Malet-Martino, M., Gilard, V., Desmoulin, F., and
Martino, R. Fluorine nuclear magnetic resonance spectroscopy of human biofluids in the field
of metabolic studies of anticancer and antifungal fluoropyrimidine drugs, Clin Chim. Acta
(2006) 366, 61-73. Copyright (2006) Elsevier.)

Development of methods for fluorine-18 labeling has been actively pursued in the
last two decades (see Figure 1.33) [172, 173]. Nucleophilic and electrophilic fluorinations
have been successfully applied to generate an increasingly diverse assortment of chemical
structures. Recent application of “click” chemistry and the use of protic solvents in nucleo-
philic fluorinations will significantly impact both the types of compounds labeled and the
yields obtained.

1.3 Summary

This introductory chapter concisely summarizes the unique properties of fluorine and
fluorine-containing substituents and functional groups from a physical organic chemistry
point of view and then the applications of those characteristics to organic, bioorganic, and
medicinal chemistry as well as chemical biology and biomedical research. The following
chapters will further elaborate and discuss a wide range of topics in the rapidly expanding
scope of fluorine in medicinal chemistry and chemical biology.



Unique Properties of Fluorine and Their Relevance 37

[*8F]N-methylspiroperidol

Normal control

N\ N

Cocaine abuser
1 month

£N N

Cocaine abuser

4 months ST

Figure 1.32 ['°FIN-methylspiroperidol images in a normal control and in a cocaine abuser
tested 1 month and 4 months after last cocaine use. The images correspond to the four
sequential planes where the basal ganglia are located. The color scale has been normalized
to the injected dose. See color plate 1.32.

(Source: Volkow, N. D., Fowler, J. S., Wang, C. J., Hitzemann, R., Logan, J., Schlyer, D. J.,
Dewey, S. L., and Wolf, A. P. Decreased dopamine D2 receptor availability is associated with
reduced frontal metabolism in cocaine abusers, Synapse (1993) 14, 169-177. Reprinted with
permission of Wiley-Liss Inc., a subsidiary of John Wiley & Sons, Inc. Copyright (1993) Wiley
Interscience.)
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Figure 1.33 Examples of '°F-radiopharmaceuticals.
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Fluorinated Prostanoids:
Development of Tafluprost,
a New Anti-glaucoma Agent

Yasushi Matsumura

2.1 Introduction
2.1.1 Background

Prostanoids, consisting of prostaglandins (PGs) and thromboxanes (TXs), are members
of the lipid mediators derived enzymatically from fatty acids. Arachidonic acid, a C,,
essential fatty acid for most mammalians, is freed from the phospholipid molecule by
phospholipase A,, which cleaves off the fatty acid precursor. Prostanoids are produced in
a wide variety of cells throughout the body from the sequential oxidation of arachidonic
acid by cyclooxygenase, PG hydroperoxidase, and a series of prostaglandin synthases
(Figure 2.1).

Prostanoids have extensive pharmacological actions in various tissues in order to
maintain homeostasis [1]. They play an important role as local hormones that mediate
inflammation, pain, fever, vasoconstriction or vasodilation, coagulation, calcium regula-
tion, cell growth, and so on. The prostanoids have been thought to exert their multiple
physiological actions via specific protein receptors on the surface of target cells. The
prostanoid receptors were pharmacologically identified from the functional data and clas-
sified into DP, EP, FP, IP and TP receptors, which are specific for PGD,, PGE,, PGF,,,
PGIL, (prostacyclin), and TXA,, respectively [2]. The recent molecular cloning of cDNAs
that encode the prostanoid receptors has identified the receptor structures and confirmed
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Figure 2.1 Biosynthesis of prostanoids.

the receptor classification including further subdivision for the EP receptor subtypes,
EP1-EP4 [3, 4].

The prostanoid receptors belong to the G-protein-coupled rhodopsin-type receptors
with seven transmembrane domains. They include an extracellular amino group terminus,
an intracellular carboxyl group terminus, three extracellular loops, and three intracellular
loops (Figure 2.2) [3]. The overall homology among the receptors is not high, though these
receptors conserve important amino acid sequences in several regions, especially in the
seventh transmembrane domain. It is proposed that the conserved arginine residue in the
domain serves as the binding site for the terminal carboxyl group of the prostanoid mole-
cules. Information obtained from studies on the receptor structures and properties has been
utilized recently for computer-aided molecular modeling and structure-based drug design.
The use of expressed receptors aids in screening of compounds for the specific receptor
agonists or antagonists.

The properties of the prostanoid receptors, such as second messengers in signal
transduction pathways, and localization in the eye are summarized in Table 2.1. Prostanoid
receptors are widely distributed in the monkey and human eyes [5]. The expression and
localization of the FP and EP receptor subtypes in the tissues was studied intensely by in-
situ hybridization and immunohistochemistry to gain a better understanding of the ocular
effects of the prostanoids and their analogues. This work suggests a wide distribution but
differential expression of FP and EP receptor subtypes in human ocular tissues. The highest
expression of FP receptor mRNA and protein was found in the corneal epithelium, ciliary
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Figure 2.2 Prostanoid receptor.

Table 2.1 Properties of prostanoid receptors

PGs Receptor  Signal transduction Localization in the human eye
PGD, DP cAMP T Retina
PGE, EP, Ca> T Ciliary body, trabecular meshwork, retina, iris,
lens, cornea, conjunctiva
EP, cAMP T Trabecular meshwork, cornea, choroid
EP, cAMP | Ciliary body, trabecular meshwork, retina, iris,
cornea, conjunctiva
EP, cAMP T Ciliary body, trabecular meshwork, retina, iris,
cornea, conjunctiva
PGF,, FP Pl response Ciliary body, trabecular meshwork, iris, cornea
PGl, IP cAMP T, Pl response  Trabecular meshwork
TXA, TP Pl response Trabecular meshwork, corneal epithelium,

ciliary processes, retina

Pl response: phosphatidylinositol response.

epithelium, ciliary muscle, and iris muscles by immunohistochemistry [6]. In the trabecu-
lar meshwork, the gene expression of the EP2 receptor is more abundant than that of other
receptors [7].

2.1.2 Fluorinated Prostanoids Research

It is well known that introduction of fluorine atoms into biologically active substances
may lead to improvements in pharmacological properties and an increase in therapeutic
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efficacy [8]. These advantageous pharmacological effects of fluorinated molecules are
mainly derived from the following physicochemical characters of fluorine: (1) relatively
small atomic size, (2) high carbon—fluorine bond energy, (3) high electronegativity, and
(4) enhancement of lipophilicity.

The main problems with the use of natural prostanoids utilized as drugs have been
perceived to be both chemical and metabolic instability, and separation of side-effects from
the multiple physiological actions. In order to overcome these difficulties, chemical modi-
fications of natural prostanoids have been studied extensively along with the development
of new synthetic methodologies since the 1970s [9]. Taking advantage of the unique
characteristics of fluorine, a large number of fluorinated prostanoids have also been
reported (Figure 2.3) [10]. For example, fluprostenol, with a m-trifluoromethylphenoxy
group in the ®-chain, emerged in 1974 was one of the first successfully marketed analogues
with application as a potent luteolytic agent in veterinary medicine [11]. The compound
is known as a selective FP receptor agonist and is widely used as a pharmacological tool.
The strong inductive effect and enhancement in lipophilicity caused by the CF; group
should contribute to improvement of the biological profile. The 16,16-difluoro-PGE, was
reported in 1975 to be metabolically stabilized by 15-dehydrogenase inhibition of the
degradation pathways in vitro [12]. The inhibition of enzymatic oxidation is explained by
the destabilization effects of electron-withdrawing fluorine atoms causing a shift to the
reduced form between the allyl alcohol and the enone in equilibrium. Fried et al. reported
that 10,10-difluoro-13,14-dehydro-PGI, [13] and 10,10-difluoro-TXA, [14] showed an
increase in the stability against hydrolysis in comparison with PGI, and TXA,, respec-
tively. Our group studied a 7,7-difluoro-PGI, derivative (AFP-07) for modification of the
physical and physiological properties of natural PGI, by the inductive effects of fluorine
atoms [15]. AFP-07 showed not only higher stability in aqueous media of at least 10000
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CO.H CO,Na
J J
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Figure 2.3  Fluorinated prostanoids.
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times that of the natural compound, but also potent and selective affinity for the IP receptor
[16]. These instances demonstrate the high potential of chemical modification of pros-
tanoids with fluorine for lead discovery and optimization in drug development, if fluorine
atoms can be introduced into the right positions of the prostanoid structure on the basis
of rational drug design.

2.2 Therapy of Glaucoma
2.2.1 Glaucoma

Glaucoma is one of the most common but serious eye diseases and that can damage the
optic nerve and result in loss of vision and blindness. There may be no symptoms in the
early stages of the disease. A recent epidemiological survey of glaucoma conducted in
Japan (the Tajimi study) showed that the prevalence of glaucoma in residents aged 40
years and older is about 5.0%, which is higher than that of previous surveys and demon-
strates that the number of patients with glaucoma has been increasing in Japan [17].
Worldwide, it is the second leading cause of blindness, according to the World Health
Organization.

It is thought that high pressure within the eye (intraocular OP) is the main cause of
the optic nerve damage. Although elevated IOP is clearly a risk factor, other factors must
also be involved because even people with normal levels of pressure can experience vision
loss from glaucoma. The Tajimi study in Japan revealed that a substantial number of
glaucoma patients are diagnosed as suffering normal tension glaucoma (NTG). The evi-
dence suggests that in patients with NTG a 30% reduction in IOP can slow the rate of
progressive visual field loss [18]. IOP can be lowered with medication, usually eye drops.
There are several classes of drugs for treating glaucoma, with several medications in each
class. The first-line therapy of glaucoma treatment is currently prostanoids, which will
allow better flow of fluid within the eye. IOP-lowering eye drops, by acting on their
respective receptors to decrease the secretion of aqueous humor such as -blockers or o,
agonists, also might be considered, although these may not be used in people with heart
conditions, because they can affect cardiovascular and pulmonary functions.

2.2.2 Prostanoids in the Therapy of Glaucoma

Since the discovery in 1980s that PGF,, reduces IOP in an animal model [19], extensive
efforts have been devoted to developing FP receptor agonists as promising new anti-
glaucoma agents [20]. Most reported analogues are esters used as prodrugs that are rapidly
hydrolyzed by corneal enzymes to the free acids to account for the ocular hypotensive
effects by activation of the FP prostanoid receptor (Figure 2.4).

Unoprostone [21], a docosanoid, a structural analogue of an inactive biosynthetic
metabolite of PGF,,,was developed by Ueno et al. and first marketed in Japan for the
treatment of glaucoma in 1994. Clinical studies showed that in patients with mean baseline
IOP of 23 mmHg, it lowered IOP by approximately 3—4 mmHg throughout the day. The
recommended dosage is one drop in the affected eyes twice daily.
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Figure 2.4 Anti-glaucoma prostanoids.

Stjernschantz et al. later developed latanoprost [22], which has potent IOP-reducing
effects with topical administration once daily in the evening. Compared with a representa-
tive B-blocker, timolol, it demonstrated superior efficacy in clinical studies in reducing
IOP by approximately 27-34% from baseline. Latanoprost is the FP receptor agonist most
widely used worldwide as an anti-glaucoma drug.

Bimatoprost and travoprost are recently approved prostanoids with high efficacy in
reducing IOP. The chemical structure of bimatoprost differs from that of latanoprost only
in a double bond of the w-chain and an ethylamide in the C-1 position. Although the clas-
sification of bimatoprost is still subject of controversy, it has been demonstrated as a
“prostamide,” a class of drugs distinct from PGs [23]. Travoprost is an isopropyl ester of
a single enantiomer of fluprostenol, which was already known as a potent and selective
FP receptor agonist [24]. A new synthetic route of travoprost from a tricyclic ketone with
ring cleavage by the attack of a vinyl cuprate has recently been reported [25].

The aqueous humor flows out the eye mainly via the conventional route of the tra-
becular meshwork and Schlemm’s canal. However, about 10-20% of outflow is via the
uveoscleral (nonconventional) route whereby the aqueous humor passes between the
ciliary muscle bundles and into the episcleral tissues, where it is reabsorbed into orbital
blood vessels and drained via the conjunctival vessels. The IOP-lowering effect of these
prostanoid drugs occurs predominantly through enhancement of uveoscleral outflow [26],
although unoprostone and bimatoprost also increase flow via the trabecular meshwork to
a lesser extent.

The prostanoids have been widely used for the treatment of ocular hypertension in
many countries because they have good IOP-reducing effects without causing serious
systemic side-effects. However, the drugs cause local adverse effects, such as hyperemia
and iris/skin pigmentation [27]. Moreover, the existing ocular hypotensive drugs, even
latanoprost, do not produce satisfactory IOP control in all patients. It is therefore hoped
that a new-generation prostanoid having powerful and prolonged IOP-reducing efficacy
together with improvement in ocular circulation, and causing fewer side-effects, will
become available for patients with glaucoma.
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2.3 Development of Tafluprost

2.3.1 Screening and Discovery

Prostanoids are generally flexible molecules that change their conformation in response
to changes in their environment through the intramolecular hydrogen bonding between the
terminal carboxylic acid and the hydroxyl group at C-9, C-11, or C-15 [28]. In the drug—
receptor complex, the prostanoids can adopt a preferred conformation through the forces
involved ionic interactions and dipole—dipole interactions, including hydrogen bonding,
between these functional groups and the corresponding amino acid residues of receptors
[29]. If a specific position of the prostanoids is substituted by fluorine, it should affect not
only the molecular conformation but also the drug—receptor complex through possible
participation of the fluorine in the interactions.

The substitution of the hydroxyl group at C-15 of PGF,,, with fluorine atoms and the
biological effects of the molecule has not been well-studied [30] because the 15-hydroxyl
group is believed to be essential for pharmacological activity of PGs [31]. The carbon—
fluorine bond (van der Waals radius = 1.47 A) is nearly isosteric with the carbon—oxygen
bond (van der Waals radius = 1.52 A). Compared to the hydroxylated carbon, the fluori-
nated atom should be much more electronegative because of the strong electron-withdraw-
ing effect of fluorine. In contrast to the hydroxyl group, the fluorine cannot be a donor in
hydrogen bonding; it can be a weak acceptor for hydrogen bonding, although this is still
a matter of controversy [32]. In addition, the enhancement of lipophilicity on introducing
fluorine atoms in a position close to a rigid pharmacophore such as an aromatic functional-
ity in the ®-chain may be an effective way to increase the specific affinity for a hydro-
phobic pocket of the receptors.

Our research group at Asahi Glass Co., Ltd. has collaborated with Santen Pharma-
ceutical Co., Ltd. to find a new FP receptor agonist having more potent IOP-reducing
activity and weaker side-effects. We have recently discovered a 15-deoxy-15,15-difluoro-
17,18,19,20-tetranor-16-phenoxy-PGF,, isopropyl ester, tafluprost (AFP-168), which
shows highly potent and selective affinity for the FP receptor [33]. We have synthesized
newly designed PGF,, derivatives and investigated their prostanoid FP receptor-mediated
functional activities both in vitro and in vivo. A functional prostanoid FP-receptor-affinity
assay was performed using iris sphincter muscle isolated from cat eyes, which predomi-
nantly expresses the prostanoid FP receptor. The results on constrictions induced by
PG-derivatives are shown in Table 2.2. A carboxylic acid of latanoprost induced constric-
tion with an ECs, value of 13.6nM. In the functional FP receptor affinity assay, we found
that 15-deoxy-15-fluoro-16-aryloxy-tetranor-PGF,, derivatives (AFPs-159 and 120)
caused strong constriction of the isolated cat iris sphincter [34]. This suggested that
exchanging the 15-hydroxy group for fluorine preserved agonistic activities on FP recep-
tor. In contrast, the diastereomers of these derivatives with the fluorine atom attached at
C-15 showed much weaker binding affinities (data not shown). Interestingly, 15,15-
difluorinated analogues — AFPs-164, 157, 162, and 172 — demonstrated much more potent
agonistic activities than the monofluorinated derivatives. The introduction of a chlorine
atom into the meta-position of the benzene ring of these difluorinated derivatives reduced
the prostanoid FP-receptor functional activities. The 13,14-dihydro analogues AFP-164
and AFP-162 had a weaker affinities than the unsaturated ones, AFPs-157 and 172.
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Table 2.2 Functional assay of PG derivatives on FP receptor®
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AFP-159 Single bond (@) H F H H 6.6
AFP-120 Double bond O H F Cl Cl 37.9
AFP-164 Single bond (@) F F H Cl 9.4
AFP-157 Double bond O F F H Cl 1.9
AFP-162 Single bond O F F H H 2.4
AFP-172 Double bond (@] F F H H 0.6

“Constriction effects of PG derivatives on cat iris sphincters.

Overall, AFP-172, the active carboxylic acid form of tafluprost, displayed the most potent
activity.

2.3.2 Synthesis of Tafluprost

A synthetic route for tafluprost is shown in Scheme 2.1 [33]. The synthesis was started
from the Corey aldehyde 1, which was converted to enone 2 by Horner—Emmons reaction.
Since a general method to prepare allyl difluorides from enones had not been reported, we
studied the fluorination reaction. It was found that the reaction of the enone 2 with mor-
pholinosulfur trifluoride 3 and successive deprotection gave the desired geminal difluoride
4 in good yield. Reduction of the lactone 4 with diisobutylaluminum hydride in THF—
toluene at —78 °C afforded the lactol 5. The Wittig reactions of the lactol § with the ylide
prepared from 4-carboxybutyltriphenylphosphonium bromide with various bases yielded
the 15-deoxy-15,15-difluoro-PGF,, derivative as a mixture of 5Z and SE isomers. The
Wittig reaction using sodium bis(trimethylsilyl)amide as base gave the best result for ste-
reoselectivity (5Z/SE = 99/1). The esterification of the crude acid treated with isopropyl
iodide and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) afforded the desired 15-deoxy-
15,15-difluoro-PGF,,, derivative (tafluprost).

2.3.3 Pharmacology of Tafluprost

2.3.3.1 Prostanoid Receptor Affinities

The affinity of the corresponding carboxylic acid of tafluprost for the recombinant human
FP receptor expressed in clonal cells was 0.4nM, which was 12 times and 1700 times
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Scheme 2.1 Synthesis of tafluprost.

Table 2.3  Affinities of prostanoids for the human prostanoid FP receptor

Compound (acid form) K; (nM) Ratio (tafluprost = 1)
Tafluprost 0.40 1
Latanoprost 4.7 12
Unoprostone 680 1700

higher than those of latanoprost and isopropyl unoprostone, respectively (Table 2.3) [35].
It should be noted that substitution of difluoro-moiety for the hydroxyl group at C-15 of
PGF,,, derivatives increases binding to the FP receptor to such a large extent because the
hydroxyl group was thought to be indispensable to exhibit biological activity [31].

Since the acid form of tafluprost did not show significant affinities for other pros-
tanoid receptors, the drug proved to be a highly selective compound [35]. Compared with
the other prostanoids [26b, 36], tafluprost is regarded as one of the most selective pros-
tanoid FP receptor agonists.
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2.3.3.2 IOP-Reducing Effects

Tafluprost has a potent IOP-reducing effect in animal models. For example, the maximal
IOP reduction achieved with tafluprost at 0.0025% was greater than with latanoprost at
0.005% in both laser-induced glaucomatous and ocular normotensive monkeys [35]. The
effects of tafluprost and latanoprost on IOP reduction in conscious ocular normotensive
monkeys are indicated in Figure 2.5. The peak time for the IOP reduction induced by taf-
luprost was 6-8h after its application, similar to that of latanoprost. The duration of the
IOP reduction seen with tafluprost was greater than that seen with latanoprost. Once-daily
applications of tafluprost led to progressive increases in the daily maximal IOP reduction
and in the IOP reduction at the trough time-point (just before the next application), while
these effects at the trough time-point were not observed with latanoprost in the monkey
study. These results indicate that the IOP-lowering effect of tafluprost is stronger and more
continuous than that of latanoprost.

The mechanism underlying the IOP-lowering effect of tafluprost was investigated in
ocular normotensive monkeys (Table 2.4) [35]. The methods used in this study were vali-
dated by their ability to reveal the effects of positive controls, such as timolol, PGF,,-iso-
propyl ester, and pilocarpine. Tafluprost decreased the flow to blood (FTB, conventional
outflow) and increased the uveoscleral outflow. The effect of tafluprost on aqueous humor
formation (AHF) was similar by the different methods, increases of 10% by fluoropho-
tometry (not significant) and 14% by isotope perfusion (p < 0.05). Compared with the
increase in uveoscleral outflow, this increase in AHF is relatively small. Thus, tafluprost
may affect AHF slightly, as do the other PGF,,, analogues. Tafluprost also decreased FTB
and the mechanism may due to rerouting of flow to the uveoscleral pathway. Thus, the
primary mechanism underlying the IOP-reducing effect of tafluprost is via an increase in
uveoscleral outflow, as with other PG derivatives [26, 37].
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Figure 2.5 Effects of tafluprost and latanoprost on maximal reduction of intraocular pressure
(IOP) in conscious ocular normotensive monkeys.

(Source: Reprinted from Takagi, Y., Nakajima, T., Shimazaki, A., et al. Pharmacological char-
acteristics of AFP-168 (tafluprost), a new prostanoid FP receptor agonist, as an ocular hypo-
tensive drug. Exp. Eye Res., (2004) 78, 767-776, with permission from Elsevier)
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Table 2.4 Effects of tafluprost on aqueous humor dynamics in anesthetized ocular
normotensive monkeys

Experiments/treatments (n) Control Treayed eye Ratio of
(contralateral eye) treated/control

Fluorophotometry for aqueous humor formation (AHF, ul/min)

Baseline (8) 1.49+£0.14 1.43+£0.12 0.97 £0.03

Tafluprost (8) 1.73+£0.13 1.88+£0.12 1.10£0.04

Baseline (8) 1.55+£0.14 1.64+0.17 1.06 £ 0.05

Timolol-gel (8) 1.39+£0.15 1.06 £0.10 0.77 £0.02**

Isotope perfusion for AHF (ul/min), flow to blood (FTB, ul/min), and uveoscleral
outflow (Fu, ul/min)

AHF tafluprost (12) 1.54+£0.12 1.73 £0.15 1.14 £0.06*
FTB tafluprost (12) 0.78£0.16 0.61£0.14 0.78 £ 0.06**
Fu tafluprost (10) 0.92+£0.17 1.22£0.14 1.65 +£0.24*
AHF PGF,,-ie (8) 1.45%£0.17 1.54+£0.19 1.11£0.14
FTB PGF,,-ie (8) 0.43+0.12 0.14£0.03 0.41 £0.08**
Fu PGFy4-ie (8) 1.01 £0.22 1.40£0.20 2.31+£0.99
Two-level constant-pressure perfusion for total outflow facility (ul/min/mmHg)

Tafluprost (12) 0.45+0.08 0.57 £0.11 1.33 £0.13*
PGF,-ie (8) 0.60£0.10 0.58 +0.09 1.15+0.23
Pilocarpine (8) 0.83£0.16 2.23£0.40 2.84 +£0.33**

PGF,-ie: prostaglandin F,-isopropyl ester.

Data represent the mean + SEM. For ratio values, *p < 0.05,

**p < 0.01 for difference from 1.0 (two-tailed paired t-test).

Source: Reprinted from Ref. 35, Copyright (2004) with permission from Elsevier Limited.

2.3.3.3 1OP-Lowering Effects in Prostanoid Receptor-Deficient Mice

Ota et al. reported the IOP-lowering effects of tafluprost in wild-type mice [38] and pros-
tanoid receptor-deficient mice [39], topically administered by a microneedle method. The
IOP-lowering effect of tafluprost was compared with that of latanoprost in ddY mice over
a 24 h period. By area-under-the-curve analysis, tafluprost was more effective in reducing
mouse IOP, and its ocular hypotensive effect lasted longer than that of latanoprost [38].
In B6 mice, both tafluprost and latanoprost lowered IOP in a dose-dependent manner from
1 to 6 h after administration, but the magnitude of IOP reduction induced by tafluprost was
significantly greater than that induced by latanoprost. The more effective IOP reduction
of tafluprost may be the result of its higher affinity for FP receptor. In EP1KO and EP2KO
mice, there was no significant difference in IOP reduction induced by tafluprost and
latanoprost as compared with B6 mice. Although tafluprost and latanoprost significantly
lowered IOP in EP3KO mice, the magnitude of IOP reduction was significantly less than
the effect in B6 mice. The EP3 receptor may play a role in IOP reduction induced by
tafluprost and latanoprost. In FPKO mice, tafluprost and latanoprost had no obvious IOP
reduction. These results suggest that tafluprost lowers IOP and produces endogenous PG
via mainly prostanoid FP receptor, and the endogenous PG may lower IOP via prostanoid
EP3 receptor, similarly to the findings with travoprost, bimatoprost, and unoprostone in a
previous study [40].



60 Fluorine in Medicinal Chemistry and Chemical Biology

2.3.3.4 Increase of Ocular Blood Flow

Tafluprost significantly increases retinal blood flow and blood velocity in animal models.
The improvement of ocular blood flow is thought to be relevant in glaucoma therapy,
especially for normal-tension glaucoma patients since it is assumed that optic nerve
damage is involved not only in mechanical compression caused by IOP but also in impair-
ment of ocular blood flow.

The effects of tafluprost on IOP and retinal blood flow (RBF) were studied in adult
cats [41]. A single drop of tafluprost was placed in one eye and IOP, vessel diameter, blood
velocity, and RBF were measured simultaneously by laser Doppler velocimetry. Measure-
ments carried out at 30 and 60 min after dosing showed 16.1% and 21.0% IOP reduction,
respectively, as well as 1% and 2.4% reduction in mean vessel diameter, respectively. The
mean blood velocity increases were 17.4% and 13.7%, respectively, and the mean RBF
increases were 20.7% and 18.8%, respectively, 30 and 60 min after dosing.

Another study aimed to evaluate and compare the effect of tafluprost, latanoprost, and
travoprost on optic nerve head (ONH) blood flow in rabbits [42]. A quantitative index of
blood flow, squared blur rate (SBR), was determined with the laser speckle method, when
50ul of 0.0015% tafluprost, 0.005% latanoprost, or 0.004% travoprost were topically
administrated once a daily for 28 days. After 28 days’ administration of tafluprost, latano-
prost, and travoprost, the trough SBR values became 111.9 £3.9%, 107.2 £ 4.3% and
106.7 £ 3.5%, respectively, compared with the value before administration. Sixty minutes
after final administration on day 28, the SBR value with tafluprost, latanoprost, and travo-
prost become 116.1 £ 3.5%, 106.1 + 3.0%, and 104.2 + 3.7%, respectively, compared with
the value before administration. These results indicate that topical administrations of these
compounds stably increase the ONH blood flow in rabbits. The magnitude of increase in
ONH blood flow produced by tafluprost was greater than that of latanoprost or travoprost.

2.3.3.5 Protective Effect of Tafluprost on Glutamate-Induced Cytotoxicity

The protective effect of tafluprost on the cytotoxicity and intracellular Ca®* increase
induced by 1-glutamate (Glu) using primary cultures obtained from the fetal rat retina has
been reported [43]. Tafluprost acid form significantly prevented Glu-induced cytotoxicity
in a concentration-dependent manner of more than 10nM. However, latanoprost acid form
did not show any effect on Glu-induced cytotoxicity. Tafluprost acid form showed the cell
protective effect on Glu-induced cytotoxicity through the inhibition of intracellular Ca**
increase in retinal cells.

Glaucoma is a progressive neuropathy characterized by loss of the visual field result-
ing from neuronal cell death [44]. These results suggest that tafluprost is an effective
therapy for glaucoma to prevent the retinal cell damage in addition to its effects of lower-
ing IOP and increasing the activity of ocular blood flow.

2.3.3.6  Melanogenesis

In long-term clinical use, prostanoids are known to cause iris pigmentation as a charac-
teristic side-effect; this has been observed in 5-15% of patients treated [27]. In cultured
melanoma cells, a carboxylic acid of latanoprost has been reported to increase melano-
genesis [45]. However, a carboxylic acid of tafluprost did not have the stimulatory effects
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on melanin content in cultured B16-F10 melanoma cells [34, 35]. The melanogenesis-
promoting effects of latanoprost acid and tafluprost acid in vitro are compared in Figure
2.6. This finding implies that the application of tafluprost may cause less iris pigmentation
than that of latanoprost.

2.3.4 Pharmacokinetics and Metabolism

To evaluate the distribution and metabolism of [*H]tafluprost in ocular tissues and to study
the IOP-lowering effects of the major metabolites of tafluprost, single ocular doses of
[*H]tafluprost were administered to male/female cynomolgus monkeys (1 ug/eye for tissue
distribution studies and 10ug/eye for metabolic studies) [46]. Tafluprost was rapidly
absorbed into ocular tissues and subsequently entered the systemic circulation. The highest
concentrations of radioactivity were observed in the bulbar conjunctiva and the palpebral
conjunctiva (323 and 180ng-eq/g, respectively) at 0.083 h after administration, and in the
cornea (784 ng-eq/g) at 0.25h after administration. Nonvolatile radioactivity in plasma
peaked (0.907ng-eq/g) at 0.083h after administration and then declined steadily. Three
major metabolites shown in Figure 2.7, a carboxylic acid of tafluprost (AFP-172), 1,2-
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Figure 2.6 Effects of tafluprost acid and latanoprost acid on melanin contents of cultured
B16-F10 melanoma cells.
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Figure 2.7 Metabolites of tafluprost.
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dinor-AFP-172, and 1,2,3 4-tetranor-AFP-172, accounted for most of the radioactivity in
the aqueous humor and other ocular tissues. AFP-172 was demonstrated to be the most
abundant and the only pharmacologically active metabolite in ocular tissues. A small
amount of tafluprost was detected in the ciliary body, cornea, and iris.

2.4 Conclusion

A novel 15,15-difluorinated prostanoid, tafluprost was discovered as a highly potent and
selective prostanoid FP receptor agonist. Tafluprost demonstrates powerful and prolonged
IOP-lowering effects in animal models. The maximal IOP reduction achieved with taflu-
prost was greater than that with latanoprost in both normotensive and glaucomatous
monkeys. Tafluprost showed significantly increasing efficacy of ocular blood flow and
protective effect on glutamate-induced cytotoxicity. In its pharmacological characteristics,
tafluprost may be superior to latanoprost: potent IOP-reducing efficacy, effective increase
in ocular blood flow, and weak melanogenetic side-effect. Tafluprost has completed clini-
cal trials, and new drug applications for tafluprost have been filed in Japan and the EU.
Tafluprost is expected to become a new-generation prostanoid FP agonist that strongly
reduces IOP and effectively improves ocular circulation in patients with glaucoma.
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Fluorinated Conformationally Restricted
Glutamate Analogues for CNS Drug
Discovery and Development

Atsuro Nakazato

3.1 Introduction

(1S,2R,5R,65)-2-Aminobicyclo[3.1.0]hexane-2,6-dicarboxylic acid (4; see Figure 3.2),
a conformationally restricted glutamate analogue, is a selective group II metabotropic
glutamate receptor (mGIuR2/3) agonist. Orally active mGluR2/3 agonists and antagonists
have been successfully discovered by the introduction of fluorine atoms onto the
bicyclo[3.1.0]hexane ring of 4. (1S5,25,35,5R,65)-2-Amino-3-fluorobicyclo[3.1.0]hexane-
2,6-dicarboxylic acid ((+)-6a, MGS0008), (1R,2S,5R,6R)-2-amino-6-fluorobicyclo[3.1.0]
hexane-2,6-dicarboxylic acid ((-)-7a, MGS0022) and (1R,2S,55,6S)-2-amino-6-fluoro-4-
oxobicyclo[3.1.0]hexane-2,6-dicarboxylic acid monohydrate ((+)-7b, MGS0028) are
typical fluorinated mGluR2/3 agonists. Among these agonists, the orally administered
compounds (+)-6a (MGS0008) and (+)-7b (MGS0028), in particular, show potent anti-
psychotic-like effects in laboratory animals. (1R,2R,3R,5R,6R)-2-Amino-3-(3,4-dichloro-
benzyloxy)-6-fluorobicyclo[3.1.0]hexane-2,6-dicarboxylic acid (14a, MGS0039) is a
typical fluorinated mGluR2/3 antagonist, and its n-heptyl 6-carboxylate 15a, a compound
that was designed by utilizing the chemical characteristics of o-fluoro carboxylic acid, is
the most effective prodrug for 14a (MGS0039).

In this chapter, the design strategy, synthesis, pharmacology, and pharmacokinetics
of fluorinated conformationally restricted glutamate analogues are described in compari-
son with those of the corresponding hydrocarbon-based compounds.

Fluorinein Medicinal Chemistry and Chemical Biology Edited by Iwao Ojima
©2009 Blackwell Publishing, Ltd. ISBN: 978-1-405-16720-8
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3.2 Metabotropic Glutamate Receptors

L-Glutamate (2) acts as a neurotransmitter at the vast majority of excitatory synapses in
the brain. The normal functioning of glutamatergic synapses is required for all major brain
functions [1, 2]. Glutamate receptors are broadly classified into two types: ionotropic
glutamate receptors (iGluRs), in which the receptors have an ion channel structure, and
metabotropic glutamate receptors (mGluRs), which are coupled to G-proteins. mGluRs
are classified into eight subtypes, identified as subtypes 1 through 8, which are further
classified into three groups (I-III) on the basis of sequence homology, signal transduction
mechanisms, and pharmacology [3-9]. Group  mGluRs (mGluR 1/5) are positively coupled
to phospholipase C, and their activation produces phosphoinositide turnover and diacylg-
lycerol within target neurons. In contrast, both group II mGluRs (mGluR2/3) and group
III mGluRs (mGluR4/6/7/8) are located in glutamatergic terminals and are negatively
coupled to the activity of adenyl cyclase (see Figure 3.1) [9-11].

mGluRs have been implicated in the pathology of major psychiatric disorders such
as depression, anxiety, and schizophrenia [12] because of their critical role as modulators
of synaptic transmission, ion channel activity, and synaptic plasticity [7]. Indeed, the effi-
cacy of mGIuR?2/3 agonists in animal models and in clinical trials suggests that, by inhibit-
ing the glutamatergic system, agonists of mGIluR2/3 may be useful for the treatment of
many diseases and conditions including schizophrenia [3—17], anxiety [13, 14, 18-21],
and panic disorder [22].

In contrast, clarification of the efficacy of mGluR2/3 antagonists in animal models
has taken longer than that of mGIluR2/3 agonists. This delay might be due to the lack
of potent and selective mGluR2/3 antagonists capable of penetrating the blood—brain
barrier (BBB). The antidepressant-like and anxiolytic effects of mGluR2/3 antagonists,
14a (MGS0039) [23-31] and (2S)-amino-2-[(1S,25)-2-carboxycycloprop-1-yl]-3-(9-
xanthyl)propionic acid (11, LY341495) [32, 33], have been reported. Compound 14a
(MGSO0039) exerted dose-dependent antidepressant-like effects in the rat forced-swim test

lonotropic glutamate receptors (iGIuRs)

- NMDA

- AMPA

- Kainate

Metabotropic glutamate receptors (mGluRs)

mGiluR1 - .

- Group | { mGIUR5 } - Positively coupled to phospholipase C
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Group Il mGIUR7 yl Cy
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Figure 3.1 Glutamate receptors (GluRs).
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and the mouse tail suspension test, but had no apparent effects on classical models of
anxiety, such as the rat social interaction test and the rat elevated plus-maze (0.3-3 mg/kg,
i.p.). However, compound 14a (MGS0039) showed dose-dependent anxiolytic-like
activities when evaluated using the conditioned fear stress test in rats, the marble-burying
behavior test in mice, and the stress-induced hyperthermia test in single housed mice.
These findings suggest that mGluR2/3 antagonists may be useful for the treatment of
depression and anxiety.

3.3 mGluR2/3 Agonists and Antagonists

Typical mGluR2/3 antagonists that have been derived from the corresponding agonists are
shown in Figure 3.2. The 2-methyl analogue (8, MAP-4) of agonist 1 is a weak but selec-
tive antagonist for group III mGluRs [34]. A potent and relatively selective antagonist for
mGluR2/3, compound 9, was obtained by introducing a 4,4-diphenybutyl group at the C-4
position of glutamic acid (2). Furthermore, the introduction of a phenyl group to the C-2’
position of 3 or a 9-xanthylmethyl group at the C-2 position of 3 yielded moderately potent
and very potent mGluR2/3 antagonists 10 [35] and 11 (LY341495) [32, 33], respectively.
Compound 11 (LY341495) binds to rat brain mGluRs with a very high affinity
(ICs=2.9nM) and is a very potent functional antagonist (ICsy=23nM and 10nM for
human mGluR2 and mGluR3, respectively). Additionally, the intraperitoneal administra-
tion of 11 (LY341495) resulted in good plasma and acceptable brain concentrations, but
the oral bioavailability of 11 (LY341495) was low (<5%) [33]. A selective mGluR2/3
agonist 4 (LY354740) exhibits oral activity [21] and has been chemically modified to dis-
cover better drug candidates. Among these compounds, compound 5 (LY404039) is a
typical agonist for mGlu2/3 receptors with a good pharmacokinetic profile in laboratory
animals [14]. In contrast, the introduction of a hydroxyl group or a methyl group at the
C-3 position of a typical group II mGluR agonist 4 (LY354740) yielded mGluR2/3 antago-
nists 12a (Ro 65-3479) [36] and 12b [37], respectively.

On the basis of the chemical properties of fluorine, the introduction of a fluorine atom
into compound 4 (LY354740) was an interesting endeavor, resulting in compounds 6 and
7. Fluorine is not a sterically demanding substituent, since its small van der Waals radius
resembles that of hydrogen. In molecules where conformational recognition is important,
minimal steric disturbance by a substituent is especially critical. The electronegativity of
fluorine can have pronounced effects on the electron density within molecules, affecting
the basicity or acidity of neighboring groups, dipole moments within molecules, and the
overall reactivity and stability of neighboring functional groups. Once introduced, the high
carbon—fluorine bond energy renders the substituent relatively resistant to metabolic trans-
formation [38]. Given the nature of fluorine, the C-3 or C-6 position of the conformation-
ally restricted glutamate analogue 4 (LY354740) — an orally active, potent, and selective
mGluR2/3 agonist — was selected for the introduction of fluorine, since its introduction
was expected to influence the functional groups (carboxylic acid and the amino group
at the C-2 position or the carboxylic acid at the C-6 position) in a direct manner.
Fluoro-compounds 6a (MGS0008) and 7a (MGS0022) exhibited the best inhibitory effects
on cAMP formation, with the same ECs, values as that of compound 4 (LY354740). In
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addition, 6a (MGS0008) had a higher oral activity in laboratory animals than compound
4 (LY354740) [15]. Moreover, chemical modification based on the replacement of the CH,
group at the C-4 position of compound (—)-7a (MGS0022) with a carbonyl group produced
(+)-7b (MGS0028), which displayed the best mGluR2/3 agonist properties in both in vitro
and in vivo pharmacological profiles [15]. In contrast, the introduction of an alkoxy group
at the C-3 position of (—)-7a (MGS0022) yielded a potent and selective mGluR2/3 anta-
gonist, 14a (MGS0039) [25]. The antagonist 14a (MGS0039) showed acceptable BBB
penetration, and its low oral bioavailability in laboratory animals has been improved by
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the discovery of prodrug 15a (MGS0210), which was designed by applying the charac-
teristics of o-fluoro carboxylic acid [39, 40].

3.4 mGluR2/3 Agonists (+)-6a (MGS0008), (-)-7a (MGS0022),
and (+)-7b (MGS0028)

In this section, the original syntheses and pharmacological profiles of racemic and optically
active compounds 6a, 6b, 6¢, 7a, and 7b are presented [15]. The process chemistry for
(+)-6a (MGSO0008) [41] and (+)-7b (MGS0028) [42—-45] is also described. Structures in
the following schemes illustrate the absolute configurations corresponding to (+)-6a
(MGS0008) and (+)-7b (MGS0028) for simplicity, Thus, only one structure is shown for
racemic compounds and the structures of enantiomers corresponding to (—)-6a and (-)-7b
are not depicted.

3.4.1 Synthesis of (+)-6a (MGS0008)

Racemic compounds (%)-6a, (+)-6b, and (£)-6¢, and optically pure compounds (+)-6a
(MGS0008) and (—)-6a, were originally synthesized via racemic fluorinated intermediates,
(1)-17a-1, ()-17b, and (£)-17¢, respectively, which were synthesized by the fluorination
of the racemic compound (+)-16 (see Scheme 3.1) [15].

Racemic compound (£)-16 was reacted with trimethylsilyl chloride (TMSCI) and
lithium hexamethyldisilazide (LHMDS) to give a silyl enolate, which was electrophilically
fluorinated with N-fluorobenzenesulfonamide (NFSI) [46, 47] to yield a mixture of mono-
fluoro compounds (59% yield), (+)-17a-1 and (£)-17b, as well as the difluoro compound
(1)-17¢ (25% yield)after column chromatography on silica gel. The mixture of (+)-17a-1
and (£)-17b was subjected to the Bucherer—Bergs conditions (ammonium carbamate and
potassium cyanide) to yield B-fluorohydantoin (£)-18a-1 (8% yield) and o-fluorohydan-
toin (£)-18b (6% yield), respectively, after column chromatography on silica gel and
recrystallization. In a similar manner, difluorohydantoin (+)-18c was prepared from com-
pound (£)-17¢ under the Bucherer—Bergs conditions (47% yield). Hydantoins (£)-18a-1,
(£)-18b, and (£)-18¢ were hydrolyzed under acidic or basic conditions to yield the corre-
sponding amino acids, (£)-6a (25% yield), (£)-6b (21% yield), and (£)-6¢ (56% yield),
respectively (see Scheme 3.1).

Optically pure (+)-6a (MGS0008) (64% yield) and its enantiomer (—)-6b (73% yield)
were produced by acidic hydrolysis of carboxylic acids (+)-19 and (—)-19, respectively.
Compounds (+)-19 and (—)-19 were obtained through selective saponification of the ester
moiety of (+)-18 under basic conditions (93% yield), followed by optical resolution of the
resulting (+)-19 with (R)- and (S)-1-phenylethylamine [(+)-19: 39% yield, (—)-19: 36%
yield], respectively (see Scheme 3.1).

Next, the process chemistry for a large-scale synthesis of (+)-6a (MGS0008) is pre-
sented (see Scheme 3.2) [41]. The reaction of racemic (+)-16 with TMSCI and LHMDS,
followed by dehydrosilylation with palladium acetate afforded enone (£)-20 (90% yield),
which was stereoselectively epoxidized using tert-butyl hydroperoxide (TBHP) in the
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Scheme 3.1 Synthesis of (+)-6a (MGS0008) and its congeners (1). Reagents and conditions:
(a) (i) LHMDS, TMSCI, THF, (ii) (PhSO,),NF, CH,Cl,; (b) (NH,),CO;, KCN, EtOH, H,O; (c)
60% aqg. H,SO, 2.5 or 3.0M aq. NaOH; (d) 2M aq. NaOH; (e) (R)-PhCH(NH,)Me,
acetone, H,O and then 1M aq. HCI.

presence of Triton B to yield epoxide (£)-21-1. Ethyl ester (£)-21-1 was transformed to
2,4-dimethyl-3-pentyl ester (£)-21-2 in two steps to avoid hydrolysis and transesterifica-
tion of the ethyl ester under the fluorination conditions. Thus, (£)-21-1 was hydrolyzed
under basic conditions (92% yield), followed by esterification with 2,4-dimethyl-3-
pentanol in the presence of dicyclohexylcarbodiimide (DCC) to give (+)-21-2, which
was used in the next step without purification. The nucleophilic fluorination of epoxide
(£)-21-2 with potassium hydrogen difluoride [48] in ethylene glycol yielded fluoroenone
(£)-22. The hydrogenation of (£)-22 over palladium on carbon proceeded in a highly ste-
reoselective manner to give (+)-17a-2 (48% yield for three steps). Fluoroketone (+)-17a-2
was converted to optically pure (+)-6a in a four-step process: (i) formation of hydantoin
(£)-18a-2 under the Bucherer—Bergs conditions (75% yield); (ii) selective hydrolysis of
the ester moiety with 48% aqueous HBr to give (+)-19a-2 (82% yield); (iii) optical resolu-
tion of (+)-19a-2 with (R)- 1-phenylethylamine afforded optically pure hydantoin (+)-19a-2
(48% yield, >99% ee); and (iv) hydrolysis of (+)-19a-2 under acidic conditions to give
(+)-6a (MGS0008) (74% yield).

3.4.2 Synthesis of (-)-7a (MGS0022)

Racemic (£)-7a and optically pure (+)-7a and (-)-7a (MGS0022) were originally synthe-
sized from fluorobicyclo[3.1.0]cyclohexanecarboxylates (+)-25, (+)-25, and (-)-25,



Fluorinated Conformationally Restricted Glutamate Analogues 73

H A\ﬁOZEt H .CO.Et Ha_ .CO,Et Coch(l P2
\ a H b \H
H wH
@] o) 6

+)-16

® (+)-20 (+)-21-1 (¥»-21-2

CO5CH(i-Pr),

COQCH(l Pr), \COZCH(l Pr),

_Z< \H
S Hoé\ )§o
(+)-22 (+)-17a-2 (+)-18a-2
Ha ~COoH
H Ho_ .CO,H
H H
¢] H
F. N
N NH F. NH>
H_A )§o See Scheme 1 S
0" N H COo.H

(+)-6a (MGS0008)
(-)-6a

Scheme 3.2 Synthesis of (+)-6a (MCS0008) and its congeners (2). Reagents and conditions:
(a) (i) LHMDS, TMSCI, TFA, (ii) Pd(OAc),, MeCN; (b) TBHP, Triton B, PhMe; (c) (i) 2M
aq. NaOH, (ii) (i-Pr),CHOH, DCC, DMAP, CHCl;; (d) KF-HF, ethylene glycol, (e) H, 5%
Pd/C, EtOH; (f) (NH,),CO;, KCN, EtOH, H,O; (g) 48% HBr.

respectively, through (i) hydrolysis of the ethyl ester moieties of (+)-25, (+)-25, and (—)-25,
(ii) formation of hydantoins under Bucherer—Bergs conditions (99%, 88%, and 90% yields
(two steps), respectively), and (iii) hydrolysis of hydantoins (£)-25 (34% yield), (+)-25
(72% yield), and (—)-25 (73% yield), under acidic conditions (see Scheme 3.2) [15]. The
key intermediate (£)-25 was synthesized by Cu(TBS)-catalyzed (TBS = N-fert-butylsali-
cylaldimine) intramolecular cyclopropanation of diazoketo-fluoroalkenoate 24, which was
prepared from 23 through reaction with oxalyl chloride and then diazomethane (27% total
yield from 23 to 25) [49, 50]. Effective optical resolution of (+)-25 was achieved using
chiral HPLC. Enantioselective intramolecular cyclopropanation of 24 was also examined
using chiral copper catalysts. Among the catalysts examined, the Cu(Il) complex with
(8)-(—)-2,2’-isopropylidenebis(4-phenyl-4,5-dihydro-1,3-oxazole) was found to be the
best, yielding (—)-26 with up to 65% ee [42].

3.4.3 Synthesis of (+)-7b (MGS0028)

Racemic (3)-7b as well as optically pure (+)-7b (MGS0028) and (-)-7b were originally
synthesized via hydroxy-keto compounds (£)-29, (+)-29, and (—)-29, respectively (see
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(+)-25 - . NH,
(-)-25 -
CO,H
(+)-26 (+)-7a
(+)-26 (*+)-7a
(-)-26 (-)-7a (MGS0022)

Scheme 3.3  Synthesis of (—)-7 (MGS0022) and its congeners. Reagents and conditions: (a)
(i) (COCI),, hexane, (ii) CH,N,, Et,O; (b) Cu(TBS),, PhH; (c) chiral HPLC; (d) (i) TM aq.
NaOH, (ii) KCN, (NH,),CO;, EtOH, H,O; (e) 60% H,SO.,.

Scheme 3.4) [15]. The key intermediates (+)-29 and (+)-29 were prepared from the corre-
sponding (£)-25 and (+)-25 in three steps: (i) reaction with TMSCI and LHMDS, followed
by dehydrosilylation catalyzed by palladium acetate (89% and 89% yields), (ii) stereose-
lective epoxidation by TBHP in the presence of Triton B (98% and 88% yields), and (iii)
regioselective reduction of o,B-epoxy ketone (+)-28 with benzeneselenol, which was
generated in situ from diphenyl diselenide (PhSe), and sodium borohydride in the presence
of acetic acid (76% and 71% yields). Hydroxyketones (+)-29 and (+)-29 were converted
to their fert-butyldimethylsilyl (TBS) ethers, followed by thioketalization (the TBS-O
bond was cleaved during the work-up) to give (£)-30 (85% yield) and (+)-30 (94% yield),
respectively. Hydroxythioketals (+)-30 and (+)-30 were oxidized with dimethyl sufoxide
(DMSO) and DCC in the presence of pyridine and trifluoroacetic acid to afford the corre-
sponding ketones (85% and 76% yields, respectively). The resulting ketone (£)-31, was
converted to (+)-7b (12% yield from (z)-32), in three steps via (£)-32 (79% yield) using
a protocol similar to that described above for (£)-6 (see Scheme 3.2). Also, optically active
(+)-7b (MGS0028) (45% yield, from highly polar isomer 33) and (—)-7b (28% yield, from
slightly polar isomer 33) were obtained by separating the diastereomers of hydantoin-
amides 33 (highly polar isomer 33: 46% yield and slightly polar isomer 33: 46% yield,
from (%)-32), which were prepared by coupling (+)-32 with (R)-(+)-1-phenylethylamine
(see Scheme 3.4).

Next, process chemistry for the practical synthesis of 7b (MGS0028) is discussed
(Schemes 3.5-3.7) [42-45]. First, the synthesis of key intermediate (+)-29 from racemic
acetoxycyclopentene (34) is shown in Scheme 3.5 [43]. The key reaction in this approach
was Trost’s asymmetric allylic alkylation reaction of ethyl 2-fluoroacetoacetate with 34,
which afforded 35 in high yield and high enantioselectivity, especially when a bulky tetra-
n-hexyl ammonium bromide was used as a phase-transfer reagent (89% yield, 94-96%
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Fa_ ~CO5Et \COQEt Fa_ ~CO5EL
H H H
H o Ho .
0 o
(+)-25 (+)-27 (+)-28
(+)-25 (+)-27 (+)-28
(-)-25 (O)-27 (-)-28

(+)-32
(1R,2S,5R 6R)-32
(15,2R,55,65)-32

COLH
(+)-7b (MGS0028) Highly polar isomer 33 ()-7b
()-7b Slightly polar isomer 33 8)—77: (MGS0028)

Scheme 3.4 Synthesis of (+)-7b (MGS0028) and its congeners. Reagents and conditions:
(a) (i) LHMDS, TMSCI, THF, (ii) Pd(OAc),, MeCN; (b) TBHP, Triton B, PhMe; (c) (PhSe),,
NaBH,, AcOH, EtOH; (d) (i) TBSCI, imidazole, DMF, (ii) HS(CH,),SH, BF;-Et,O, CHCI;; (e)
DMSO, DCC, Py, TFA; (f) (i) 1M aq. NaOH, (ii) KCN, (NH,),CO;, EtOH, H,O; (g) (i) (R)-
(+)-PhCH(NH,)CH,;, EDC-HCI, HOBt, DMF, (ii) chromatography on silica gel. (h) 60%
H,SO.,.

ee). Cleavage of the acetyl group of 35, diastereoselective epoxidation via bromohydrin
(cis:trans = 8:1) and intramolecular epoxide opening, followed by oxidation with 1-
hydroxy-1,2-benziodoxal-3(1H)-one-1-oxide (IBX) gave intermediate (+)-25 [43]. Ketone
(+)-25 was converted to enone (+)-27 in five steps: (i) bromination of (+)-25 (100% yield),
(i1) azeotropic ketalization (92% yield), (iii) dehydrobromination, (iv) deketalization (92%
yield for two steps), and (v) treatment with diazomethane (90% yield). Finally, enone
(+)-27 was transformed to B-hydroxy ketone 29 through epoxidation, followed by reduc-
tion with benzeneselenol generated in situ.
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F o F
OAc a COzEt b c -/
COMe —> CO.Et — CO,Et
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(+)-25 (H)-27

COM
Me H 2Ve

(+)-29

Scheme 3.5 Synthesis of the key intermediate (+)-29 for (+)-7b (MCS0028) (1). Reagents
and conditions: (a) (R,R)-Trost ligand, allylpalladium chloride dimer, (n-hex),NBr, NaH,
AcCHFCO.Et, CH,Cl,; (b) 0.1 M, EtONa, EtOH; (c) (i) NBS, acetone, H,O, (ii) DBU, CH,Cl;
(d) LHMDS, Et;Al, THF; (e) IBX, DMSO, PhMe; (f) (i) Br,, CH,Cl,, (ii) ethy/ene g/yco/, p-
TsOH-H,O, PhMe, (iii) t-BuOK, H,O (1 eq.) THF, (iv) 1M HCI; (v) CH,N,, (g) (i) TBHP,
Triton B, PhMe, (ii) (PhSe),, NaBH,, AcOH, EtOH.

CO,Me H CO2Me 0. H COMe
a ' F b i ! F
“OH OH “OH
39 40 41
Fa_ .COoMe
H COzMe H
C > d HO/,V \H e
B —_— F —_— R
“oTBS “oTBS
42 43 (+)-29

Scheme 3.6 Synthesis of key intermediate (+)-29 for (+)-7b (MGS0028) (2). Reagents and
conditions: (a) LDA, NFSI, THF; (b) TBHP, VO(acac),, PhMe; (c) TBSCl, imidazole, DMF;
(d) Et;Al, LHMDS; (e) (i) NaClO, RuCl; (1mol%), MeCN, (ii) 1M HCI.

Next, the most efficient route to (+)-7b (MGS0028), to date, via monoprotected fluo-
rinated diol 43 and ketal 45 as key intermediates is discussed (see Schemes 3.6 and 3.7)
[45]. Key intermediate 43 was synthesized from hydroxycyclopentenylacetate 39 in four
steps: (i) fluorination of the dianion of 39 (85% yield) to form 40, (ii) vanadium-mediated
epoxidation of 40 to give epoxide 41 (93% yield), (iii) protection of the hydroxyl moiety
of 41 to form TBS-ether 42 (95% yield), and (iv) cyclopropanation of 42 through ring-
opening of the epoxide moiety to afford key intermediate 43 (96% yield). It should be
noted that the epoxidation of 40 proceeded with excellent stereoselectivity to give the
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46 (+)-7Tb (MGS0028)

Scheme 3.7 Synthesis of (+)-7b (MCS0028) from key intermediate (+)-29. Reagents and
conditions: (a) (S,5)-PhCH(OTMS)-CH(OTMS)Ph, TfOH, CH,Cl,; (b) NaClO, RuCl;
(0.5mol%), MeCN, (c) NH3/MeOH, Ti(O-Pr-i),, TMSCN; (d) (i) HCI (8 M), AcOH, (ii) H,O.

desired trans-epoxide 41 by exploiting the efficient directing effect of the free hydroxyl
group. RuCl;-mediated oxidation of 43, followed by desilylation gave (+)-29 in 95% yield
(see Scheme 3.6).

The key intermediate (+)-29 was converted to the second key intermediate 45 through
ketalization with the bis-O-TMS ester of (S,S)-hydrobenzoin to form 44 (quantitative
yield), and the subsequent RuCl;-mediated oxidation (93% yield). Strecker reaction of 45
gave aminonitrile 46 with a very good diastereomer ratio (13.1:1 by HPLC analysis) as
highly crystalline product. Thus, the desirable diastereomer of 46 was isolated as single
product from the reaction mixture in 80-85% yield. Hydrolysis of ketal-aminonitrile 46
proceeded under much milder conditions than those for dithioketal-hydantoin 32 (see
Scheme 4), and (+)-7b was isolated without utilizing ion-exchange column chromatogra-
phy (94% yield) (see Scheme 3.7) [45]. Thus, this optimized process was able to avoid
cumbersome handling, resolution using chiral HPLC and ion-exchange column chroma-
tography, which were included in the original synthesis of (+)-7b (see Scheme 3.5).

3.4.4 Pharmacology and Pharmacokinetics of (+)-6a (MGS0008),
(-)-7a (MGS0022) and (+)-7b (MGS0028)

3.4.4.1 1In vitro Pharmacology of Compounds 6 and 7

The in vitro pharmacological data of fluorine-containing conformationally restricted
glutamate analogues 6 and 7 are summarized in Table 3.1 [15]. Optically active (+)-6a
(MGS0008), bearing a fluorine atom at the C-3 position of 4 (LY354740), is a potent and
selective agonist for mGluR2/3. Compound (+)-6a exhibited a high agonist activity for
mGluR2 (ECsy = 29.4nM) and mGluR3 (ECs, = 45.4nM) as well as a high binding affinity
to mGluR2 (K;=47.7nM) and mGIluR3 (K; = 65.9nM), but did not exhibit significant
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agonist or antagonist activities for mGluR1a, mGluR4, mGIluRS, mGIluR6 or mGluR7,
which was similar to compound 4 (LY354740). The agonist activity of (+)-6a was found
to be highly stereospecific, since its enantiomer (—)-6a showed approximately 90-fold
lower agonist activity (ECsy, =2,640nM) than (+)-6a for mGluR2. Racemic (+)-6b, dia-
stereomer of (1)-6aatthe C-3 position, did notexhibitsignificantagonist (ECs, > 100 000 nM)
or antagonist (ECs, = 17100nM) activities for mGluR2. The conspicuous difference in
activities between ()-6a and (£)-6b does not seem to be ascribable to the steric effect of
fluorine incorporation, because mGIluR2/3 antagonists 12a (Ro 65-3479) or 12b , bearing
a hydroxyl group or a methyl group at the C-30. position of 4, exhibited high or moderate
binding affinities to mGluR2 (K; = 52nM or 983 nM) and mGIuR3 (K; = 89nM or 146 nM)
[36, 37]. These results suggest that the decrease in the activity of (£)-6b for mGIuR?2 is
due to the large electronegativity of the incorporated fluorine atom, which influences the
electron density of the amino and/or carboxyl groups at the C-2 position, depending on
its stereochemistry. Similarly, the difluoro analogue (£)-6¢ did not exhibit appreciable
agonist (ECsy=>100000nM) or antagonist (ECs, =36200nM) activities for mGIuR2.
This lack of activity may be due to the o-fluorine atom of (£)-6¢, since ()-6b with a fluo-
rine atom at the C-3o. position exhibited neither agonist nor antagonist activities for
mGluR2, as mentioned above.

Racemic (*)-7a, bearing a fluorine at the C-6 position of (+)-4, exhibited a strong
mGluR2 agonist activity (ECs, = 34.2nM), which was also found to be highly stereospe-
cific. The optically active (—)-7a (MGS0022) exhibited an approximately 67-fold higher
agonist activity (ECso = 16.6nM) than its enantiomer (+)-7a (ECs, = 1 120nM). Further-
more, compound (—)-7a exhibited a high agonist activity for mGIuR3 (ECs, = 80.9nM),
but did not for mGluR4, mGIuR6, mGluR7, mGluR 1a, or mGluRS5. No significant antago-
nist activity of (—)-7a was observed for mGluR1a and mGluRs2-7. In contrast, (+)-7c,
bearing a methyl group at the C-6 position of ()-4, exhibited neither agonist nor antagonist
activities for mGluR2 (ECs, > 100000nM). The dramatic difference in activity between
(3)-7a and (3)-7¢ may be ascribed to the difference in stereoelectronic properties between
fluorine and a methyl group.

Interestingly, the replacement of the methylene group at the C-4 position of 7a with
a carbonyl group has substantially enhanced the agonist activity, that is, the resulting
(+)-7b (MGS0028) is one of the best known agonists for mGluR2/3 to date. Compound
(+)-7bdemonstrated a potentand stereospecific agonistactivity formGluR2 (ECs, = 0.57 nM)
and mGIluR3 (ECs, =2.07nM), but neither showed agonistic effect on mGluRla or
mGluR4-mGlIuR7 or antagonistic effect on mGIluR1a or mGluR2-mGluR7. The agonist
activity of (+)-7b for mGluR2 was approximately 165-fold higher than that of its enan-
tiomer (—)-7b (ECs, = 94.7nM). The greatly enhanced agonist activity of (+)-7b as com-
pared with (—)-7a may be ascribed to a conformational change caused by the replacement
of the C-4 methylene moiety to a carbonyl group, especially the relative positions of the
three key functional groups (i.e., one amino group and two carboxylic acids), as well as
the stereoelectronic effects of the carbonyl group introduced.

3.4.4.2 Behavioral Pharmacology of (+)-6a (MGS0008) and (+)-7b (MGS0028)

The antipsychotic-like effects of (+)-6a (MGS0008) and (+)-7b (MGS0028) on laboratory
animals are shown in Table 3.2 [15, 51]. It was recently found that phencyclidine
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Table 3.2 Antipsychotic-like effects of (+)-6a (MGS0008) and (+)-7b (MCS50028) on
laboratory animals

Compound XXt Xy PCP-induced ~ PCP-induced  Conditioned
hyperactivity =~ head-weaving  avoidance
behavior
4 (LY354740) H H H CH, >100 3000 >30
(+)-6a (MGS0008) F H H CH, 5.1 260 6.55
(+)-7b (MGS0028) H H F CO 0.30 0.090 1.67

EDso: 50% effective dose.

(PCP)-induced head-weaving behavior in rats was inhibited by the intraperitoneal admin-
istration of 4 (LY354740) [17]. The oral administration of 4 (LY354740) also inhibited
PCP-induced head-weaving behavior (EDs, = 3.0mg/kg), but did not affect PCP-induced
hyperactivity (EDs, > 100mg/kg) or conditioned avoidance responses (EDs, > 30 mg/kg)
in rats. In contrast, the oral administration of (+)-6a (MGS0008) (EDs, = 0.26 mg/kg)
inhibited PCP-induced head-weaving behavior in rats more effectively (11-fold) than 4.
Furthermore, (+)-6a antagonized PCP-induced hyperactivity (EDsy=5.1mg/kg) and
impaired conditioned avoidance responses (EDs, = 6.55 mg/kg) in rats. These results indi-
cate that the PCP-induced head-weaving behavior is a sensitive method for screening
mGluR?2/3 agonists and the introduction of fluorine to 4 has clearly increased the oral activ-
ity. It has been reported that the oral bioavailability of 4 in rats is low (F = 10%), apparently
because of inefficient drug transfer across the intestinal epithelial membrane [52]. The
enhanced oral activity of (+)-6 can be attributed to the increase in oral bioavailability and
BBB penetration as a result of the introduction of fluorine to the drug molecule, which
would enhance lipophilicity as well as bring in unique properties associated with fluorine.

The oral administration of (+)-7b (MGS0028) very strongly inhibited PCP-induced
head-weaving behavior in rats (EDs, = 0.090 pg/kg), that is, (+)-7b was much more effec-
tive than 4 (LY354740) and (+)-6a (MGSO0008). Furthermore, the oral administration of
(+)-7b strongly antagonized PCP-induced hyperactivity in rats (EDs, = 0.30mg/kg) and
impaired the conditioned avoidance responses (EDs, = 1.67 mg/kg) in rats. Excellent anti-
psychotic-like effects of (+)-6a (MGS0008) and (+)-7b (MGS0028) as mGIluR2/3 agonists
are very encouraging for their potential use in the treatment of schizophrenia.

3.4.4.3 Pharmacokinetics of (+)-7b (MGS0028)

The metabolism and disposition of (+)-7b (MGS0028) in three preclinical species (rats,
dogs, and monkeys) are summarized in Table 3.3 [53]. In rats, (+)-7b (MGS0028) was



81

Fluorinated Conformationally Restricted Glutamate Analogues

‘Aijige|reaeolq moj Joy d|qisuodsal Ajjensed aq Aew siy) pue ‘sisowd paduatiadxa skasuow awog,

‘a|qearjdde JoN 4

“A)jigeieAeOIq t ‘UOIINGLISIP JO SWN|OA PA ‘ooueiea|d ewse|d 10 ‘oji[-jiey uoneuIwI[d 9AdRYS :¥1] 9ADRY]
‘SINOY 7 0) () dWI} WOI) DAIND SWI—UOIBAUIIUOD dY) JOPUN BaJe P09y ‘U0Ie)UIIU0D Bwse|d WNWIXew ydoeal 0] awl) > ‘UoNenuaduod anssi) Jo ewse|d wnwixew >,

00 00 00 6°0 €0 €0 70 g0  “ONy/rToNy

69 7'€9 VN ,€°0¢C qVN 1VA 204 qVN (%) 4

qVN qVN LO0OF L0 VN 1'0F90 qVN VN  TOF690 @1 A

qVYN VYN 70+8¢C N 81+08 qVN YN  60+791 @yuwyjw) 1o

qVN VYN 60 VN Ay qVN VYN Ll (4) ¥ 9AnD2y3

€O0FLS 60F L1 'LFT8  O0SF¥OoL 9CTFCOL 8¢ F8S¢ SOFVE 8O0FEVL ywm) roony
00FS0 L'0OF¥0 qVN SLF€C qVN VLF0¢ C0F80 qVN () ™
0LFOY 80F Gl AN S0FO0L AN 6'1F09 COFO0L AN (M) X4

‘od 3yBwep odyBwig A1dyBwep coddyBwg a18yBw coddyBwpp od8yBw A1 8yBwg

sdop a|3eag sAayuow snsayy sjes Aome-angdeids ~o1owWele

s8op aj8eaq pur ‘sAayuow snsayu ‘syes Aoymeg-andeids ur (9Z00SON) qZ-(+) Jo siavwered dnaunjodew.leyy £°€ ajqe]



82  Fluorine in Medicinal Chemistry and Chemical Biology

widely distributed and was primarily excreted in the urine as the parent compound or as
a single reductive metabolite, (1R,25,4R,5S,65)-2-amino-6-fluoro-4-hydroxybicyclo[3.1.0]
hexane-2,6-dicarboxylic acid. Compound (+)-7b showed a low brain-to-plasma ratio at
efficacious doses in rats and was eliminated more slowly in rat brain than in plasma.
Plasma concentration was proportional to the drug dosage (1 mg/kg and 10 mg/kg) in rats,
with good bioavailability (70.7% and 75.3%, respectively). This pharmacokinetic profile
supported the oral antipsychotic-like effects of (+)-7b in rats. In dogs, oral bioavailabilities
of (+)-7b were 63.4% and 69.0% at 0.1 and 0.3 mg/kg dosages, respectively; and no reduc-
tive metabolite was detected. In monkeys, however, the bioavailability was only 20.3%
and a reductive metabolite was found at a relatively high level in the plasma. In vitro
metabolic studies of (+)-7b in liver subcellular fractions (microsomes and cytosol) showed
the presence of the reductive metabolite in specimens from rats, monkeys, and humans,
but not in specimens from dogs. The metabolism of (+)-7b was not detected in liver
microsomes from any of the examined species. Similar to the in vivo result, (+)-7b was
metabolized to the reductive metabolite in the cytosol in a stereospecific manner. The order
of in vitro metabolite formation (monkey >> rat ~ human >> dog) was consistent with the
in vivo results in rats, dogs, and monkeys.

3.5 mGluR2/3 Antagonist 14a (MGS0039) and Its Prodrug
15a (MGS0210)

The original synthesis, pharmacology, and pharmacokinetics of compound 14 and its
prodrug 15 are discussed in this section [25, 34].

3.5.1 Synthesis of 14a (MGS0039), Its Analogue, and Prodrugs of 14a (MGS0039)

The syntheses of mGluR?2/3 antagonists, 13a, 13b, and 14, as well as prodrug 15 (a prodrug
of 14a, MGS0039) from (—)-25 (see Scheme 3.3) via key intermediates, 50 and 52, are
illustrated in Schemes 3.8 3.9 [25, 39].

First, the synthesis of mGluR2/3 antagonists, 13a, 13b, is discussed (see Scheme 3.8)
[25]. Ketone (—)-25 was converted to the corresponding enol triflate by reacting with N-p
henylbis(trifluoromethanesulfonimide) and LHMDS, which was then subjected to the Pd-
catalyzed carboalkoxylation with an alcohol (R'OH) at room temperature and atmospheric
pressure of carbon monoxide to give o,B-unsaturated ester 47 (71% (Et) and 33% (Bn)
yields). Compound 47 was converted to key intermediate 50 using the protocol
reported by Shao [54]. Thus, the stereoselective dihydroxylation of 47 with OsO,4 and N-
methylmorphine-N-oxide (NMO) afforded 48 (91% (Et and Bn) yields) as single product,
wherein OsO, reacted exclusively with the olefin moiety of 47 from the opposite face (exo
face) of the fused cyclopropane ring. Then, 48 was converted to 2,3-cyclic sulfites with
SOCl,, followed by oxidization to cyclic sulfate 49 (93% (Et and Bn) yields). The regio-
and stereoselective nucleophilic ring-opening of 49 with NaNj, followed by hydrolysis
gave key intermediate 50 (91% (Et) and 89% (Bn) yields).
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CO,R3

(-)-25 47:R3=EtorBn  48:R%=EtorBn 49: R% = Etor Bn
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HO CO,R3
50: R3 = Bn
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R3 = Et N3

TIO COEt
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Scheme 3.8 Synthesis of 13a and 13b. Reagents and conditions: (a) (i) LHMDS, TfNPh,
THF, (i) CO, Pd(OAc),, (i-Pr),NEt, PPh;, EtOH or PhACH,OH, DMF; (b) OsO,, NMO, MeCN;
(c) (i) SOCI,, Et;N, CH,Cl,, (i) NalO,, RuCl;, H,O, CCl,, MeCN; (d) (i) NaN;, DMF-H,O,
(ii) 20 % H,SO, (e) (i) 10 % Pd/C, H,, AcOH, H,O, (ii) 10% HCI. (f) Tf,O, pyridine,
CH,Cl,; (g) KNO,, 18-crown-6, DMF, rt; (h) (i) MesP, THF, H,O, rt or 10% Pd/C, H,, AcOH,
H,0O (ii) LiIOH, THF, H,0.

Compound 13a was obtained from key intermediate 50 through reduction (hydroge-
nation) of the azido group to an amino group as well as deprotection (hydrogenolysis) of
the benzyl ester over 10% Pd on carbon as the catalyst, followed by hydrolysis of the ethyl
ester moiety with 10% HCI (79% yield) [25].

Compound 13b was synthesized in four steps via key intermediate 52, in which the
configuration of the hydroxyl group at the C-3 position of 50 was inverted. Compound 50
was reacted with trifluoromethanesulfonyl anhydride and pyridine to give triflate 51 (96%
yield), which was then reacted with KNO, in the presence of 18-Crown-6, followed by
post-treatment of the resulting nitrous ester with water to afford key intermediate 52 (80%
yield) [55, 56]. Reduction of the azide moiety of 52 by trimethylphosphine or hydrogena-
tion on Pd on carbon, followed by hydrolysis of the ester moieties gave 13b (48%
yield).

Etherification of the hydroxyl group at the C-3 position of 50 through benzylation
using benzyl trichloroacetimidate under acidic conditions [57, 58] or an alkyl triflate under
basic conditions gave 53 (42% (Et) and 17-90% (Bn) yields). Azide 53 was reduced to
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Scheme 3.9 Synthesis of 14a (MCS0039) and related compounds. Reagents and conditions:
(a) R"OC(=NH)CCl;, TFOH, CHCl;, cyclohexane or R'OTf, 2,6-tert-butylpyridine; (b) Me;P,
THF, H,O or 10% Pd/C, H,, AcOH, H,O; (c) LiOH, THF, H,O or 10 % HCl; (d) R’OH,
SOCl,.

amine 54 by the Staudinger reaction [59, 60] or catalytic hydrogenation over Pd on carbon
(89% (Et) and 59-81% (Bn) yields). Amino-diester 54 was hydrolyzed under basic (LiOH)
or acidic (HCI) conditions to afford 14 (18-82% yield). Finally, alkyl ester prodrugs 15
were obtained by the esterification of 14a (MGS0039) with an alcohol R*0OH (see Table
3.4 for R?) and thionyl chloride (40-81% yield). The structure of 15a is shown as an
example.

3.5.2 Pharmacology and Pharmacokinetics of 14a (MGS0039) and Its Analogue

mGluR2/3 antagonists bearing a bicyclo[3.1.0]hexane skeleton have been reported [24,
25, 61]. Among them, 3-alkoxy-2-amino-6-fluorobicyclo[3.1.0]hexane-2,6-dicarboxylic
acids 14, especially 14a (MGS0039), is one of the best known mGIuR2/3 antagonists,
based on their pharmacological [23-31] and pharmacokinetic profiles [25].

3.5.2.1 In Vitro Pharmacology of Compound 14a (MGS0039) and Its Derivatives

The in vitro pharmacological profiles of 14a (MGS0039) and its analogue are summarized
in Table 3.3 [24, 25, 61]. Optically active 13a, bearing a hydroxyl group at the C-30 posi-
tion of (—)-7a (MGS0022), exhibits binding affinities for mGluR2 (K; =32.9nM) and
mGluR3 (K;=67.1nM), which are similar to those of (—)-7a (mGluR2, K;=22.5nM;
mGluR3, K; = 41.7nM) as shown in Tables 3.1 and 3.3. Interestingly, however, 13a shows
a moderate antagonist activity (ICs;=476nM), but no significant agonist activity
(ECs0 > 100000nM) for mGluR 2. This makes a sharp contrast with (-)-7a (MGS0022),
which is a strong mGIuR2 agonist (ECsy = 16.6nM) as shown in Table 3.1. The (35)-
isomer (B-OH) 13b, exhibits a 3-fold lower affinity for mGIuR2 than its (3R)- isomer
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(0-OH) 13a. The result indicates that the binding affinity of 13 depends on the stereo-
chemistry of the hydroxyl group at the C-3 position of the bicyclo[3.1.0]hexane ring and
the (3R)-configuration (0-OH) is critical for a high affinity for mGluR2.

The introduction of a methoxy group in place of the hydroxyl group at the C-3 posi-
tion of 13a, which provides 14b, does not change the binding affinity for mGluR2
(K;=39.2nM) or mGIluR3 (K;=88.1nM) or the antagonist activity for mGluR2
(ICso = 229nM). However, the introduction of a larger substituent as R', such as n-propyl
(14¢) and benzyl (14d) groups, resulted in binding affinities for mGluR2 several-fold
higher than that of 14b. 3-Benzyloxy derivative 14d exhibits a moderate antagonist activity
for mGluR2 (ICso = 131 nM).

These findings indicate that the agonist/antagonist activities of 2-amino-6-fluorobicy
clo[3.1.0]hexane-2,6-dicarboxylic acids, 13 and 14, for mGluR2/3 are controlled by the
C-3 substituent in a size-independent manner. This observation is supported by the results
on nonfluorinated congeners, 3-alkoxy-2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylic
acids 14i [61], 12a (Ro 653479) [36], and 12b [37].

Since 14d, bearing a benzyl group at the C-3 position, showed promising binding
affinity and antagonist activity for mGluR2/3, the optimization of 14d by varying the
substituents on the benzene ring and replacing the phenyl group with other aryl groups
has been undertaken to find better mGIluR2/3 antagonists. It has been found, to date, that
3,4-dichlorobenzyl derivative 14a (MGS0039) is the best mGluR2/3 antagonist with
regard to binding affinity, antagonist activity, selectivity, oral bioavailability, and BBB
penetration.

Compound 14a (MGS0039) exhibited a high affinity for mGIuR3 (K; = 4.46nM) as
well as mGIuR2 (K; = 2.38 nM). Furthermore, 14a exhibited a lower affinity (K; = 664 nM)
for mGluR7 than the standard antagonist 11 (LY341495) (K; = 110nM). Compound 14a
exhibited potent antagonist activities for both mGluR2 and mGluR3 (ICs, = 20.0nM and
24.0nM, respectively), and much weaker antagonist activities for mGluR4 (ICs, = 1740nM),
mGluR6 (ICsy = 2060nM), mGluR1 (ICs = 93300nM) and mGluRS (ICs, = 117000 nM).
In addition, 14a did not exhibit significant agonist activities for mGluR2, mGluR3,
mGluR4, mGluR6, mGluR 1, and mGluRS (ECs, > 100000 nM). In contrast, 11 (LY341495)
possesses an affinity for mGluR7 and mGluR8 [62]. Compound 14a exhibited a 300-fold
lower affinity for mGIuR7 than that for mGluR2, while 11 exhibited a 35-fold lower
affinity for mGIuR7 than for mGluR2, as determined by [*H]-11 binding to recombinant
mGluR7. Thus, 14a may possess a greater specificity for mGluR2/3, although its effects
on mGluR8 have yet to be determined. It should be noted that 14a did not interact with
other receptors and transporters, including N-methyl-D-aspartic acid (NMDA), o-amino-
3-hydroxy-5-methylisoxazole-4-propionate (AMPA), and kainite receptors [24]. More-
over, in a preliminary experiment, 14a did not inhibit glutamate transport through glutamate
transporters, such as excitatory amino acid transporter (EAAT) 1, EAAT2, and EAATS3,
even at 10uM concentration [24]. These findings indicate that 14a (MGS0039) is one of
the most potent and selective antagonists for mGluR2/3 developed to date.

3.5.2.2  Behavioral Pharmacology of 14a (MGS0039)

Antidepressant-like and anxiolytic-like activities of 14a (MGS0039) have been studied in
experimental animal models [24, 29, 30]. Compound 14a exhibited an antidepressant-like



Fluorinated Conformationally Restricted Glutamate Analogues 87

effect when evaluated using the forced swimming test in rats (lowest active dose 1 mg/kg,
i.p.), the tail suspension test in mice (lowest active dose 1 mg/kg, i.p., both acutely and
subchronically for 5 days) [24], and the learned helplessness test (escape failure) in rats
(lowest active dose 10mg/kg, i.p. for 7 days) [29]. In addition to these antidepressant-like
effect, 14a also showed anxiolytic-like activities when evaluated using the conditioned
fear stress test in rats (lowest active dose 2mg/kg, i.p.) [29], the marble-burying behavior
test in mice (lowest active dose 3mg/kg, i.p.) [30], and the stress-induced hyperthermia
test in single housed mice (lowest active dose 1 mg/kg, i.p.) [31].

3.5.2.3 Pharmacokinetics of 14a (MGS0039) and its Derivatives

The pharmacokinetic profiles of 14a (MGS0039) and 14e-14h, selected from 3-alkoxy-
2-amino-6-fluorobicyclo[3.1.0]hexane-2,6-dicarboxylic acids 14 as typical mGluR2/3
antagonists, are summarized in Table 3.5 [25]. As Table 3.5 shows, 14a (MGS0039)
exhibits the best pharmacokinetic parameters among these compounds. The oral adminis-
tration of 3, 10, and 30mg/kg of 14a to fasting rats resulted in almost dose-dependent
pharmacokinetic parameters (Cy.x = 214ng/mL at2.0h, 932ng/mL at 2.7 h and 2960 ng/mL
at 33h, f,,=2.15h, 2.76h and 2.77h, AUC;;= 1240ngh/mL, 6260ngh/mL and
19300ngh/mL, respectively). At doses of 3, 10, and 30 mg/kg, the ratios of Cy,,, were 1.0,
4.4, and 13.9, respectively, while the ratios of AUC;,s were 1.0, 5.1, and 15.6, respectively.
The mean maximum plasma level of 14a (MGS0039) was 492.3ng/mL at 6h. After
peaking, the plasma concentrations decreased with an estimated half-life of 2.3h. The
AUC;s was 6813.0ngh/mL [25].

The brain and plasma levels and pharmacokinetics parameters after oral administra-
tion were compared for compounds 14a (MGCO0039) and 14e-14h (see Table 3.4) [25].
Again, 14a exhibited the best BBB penetration among the compounds evaluated. The mean
maximum cerebral level of 14a was 13.22ng/g at 6h. After peaking, the cerebral concen-
trations decreased with an estimated half-life of 10.9h. The cerebrum/plasma ratios of 14a
at 1, 3, 6, and 24h were 0.01, 0.02, 0.03, and 1.99, respectively. The rate of elimination
from the cerebrum was slower than that from the plasma.

Based on these pharmacokinetic data, the ability of 14a to penetrate the BBB appears
to be acceptable or even better than that of other known mGIluR2/3 antagonists, but the
oral bioavailability of 14a might be insufficient for its development as a drug for the treat-
ment of depression and/or anxiety.

3.5.3 Pharmacokinetics of 14a (MGS0039) Prodrugs

Various prodrugs of 14a (MGS0039) have been examined and reported. [39, 40] The
strategy for the development of prodrugs of 14a is summarized in Figure 3.3. The synthe-
sized prodrugs were initially evaluated in human liver S9 fractions. In this study, the pro-
drugs that were efficiently transformed to their active form, 14a, were selected for further
evaluation in monkey S9 and rat S9 fractions. The compounds selected in the S9 studies
were then further evaluated using in vivo pharmacokinetic studies in monkeys and rats,
and preclinical candidates were selected on the basis of the transformation of the prodrug
to the active form of 14a as well as its in vivo pharmacokinetics profile in monkeys.
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Figure 3.3 Summary of strategy for discovering a prodrug of 14a (MGS0039) (X = F).

To prepare the prodrug for 14a, the functional groups in 14a — two carboxylic acids
at the C-2 and C-6 positions and an amino group at the C-2 position — were exploited. It
was found that the C-2 ester was not transformed to the active form 14a in human, monkey,
or rat liver S9 fractions. A dipeptide prodrug of 4 (LY354740) with natural amino acids,
particularly with alanine at the 2-NH, position, has been reported as an effective prodrug
[52]. However, in the case of 14a, dipeptides, formed through coupling of the C-2 car-
boxylic acid with natural amino acids, such as leucine, or coupling of the C-2 amino group
with natural amino acids, such as alanine, were surprisingly stable in human, monkey and
rat liver SO fractions. Thus, these dipeptide derivatives were not effective prodrugs of 14a.
Regarding the formation of prodrugs with modifications at the C-6 carboxylic acid, it was
found that substituted alkyl esters, such as morpholinoethyl ester and alkoxycarbonyloxy-
methyl ester, were too unstable under nonenzymatic conditions to be used as prodrugs.
The transformation of benzyl ester to 14a revealed a large difference between humans and
monkeys, in that transformation in a human liver S9 fraction was lower than that in a
monkey liver S9 fraction. Finally, C-6 alkyl esters showed good to excellent transformation
to 14a in S9 fractions from both human and monkey.

The metabolic stability (transformed percentage to 14a) of typical C-6 alkyl ester
prodrugs of 14a in liver S9 fractions from rats, monkeys, and humans as well as their
pharmacokinetics parameters in rats and monkeys are summarized in Table 3.6. Linear
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alkyl (15a-15i), branched alkyl (15j—150) and cycloalkyl (15p, 15q) esters showed effi-
cient transformation to 14a in rat liver S9 fractions. However, lower linear alkyl (15b—
15d), lower branched alkyl (15j, 15k) and cycloalkyl (15p, 15q) esters were too stable in
human liver S9 fractions to be used as prodrugs. In contrast, long alkyl esters, especially
n-heptyl ester 15a, showed highly efficient transformation to 14a in human liver S9 frac-
tions, and also at an acceptable level in monkey liver S9 fractions.

Orally administered 14a (MGS0039) exhibited a low bioavailability inrats (F = 10.0%)
and monkeys (F =12.6%). In contrast, orally administered n-heptyl ester prodrug 15a
(MGS0210) showed a much higher bioavailability of the active form, 14a, in rats
(F =73.0%) and monkeys (F =38.6%). Thus, prodrug 15a is expected to have a good
bioavailability to transport 14a in humans based on the efficiency of transformation to 14a
in the S9 fractions of rats (98.0%), monkeys (42.6%), and humans (76.9%). Orally admin-
istered 15a exhibited antidepressant-like effects when evaluated using the forced swim-
ming test in rats (lowest active dose 3 mg/kg) and the tail suspension test in mice (lowest
active dose 3mg/kg) (see Table 3.6) [24].

3.6 Comparison of Fluorinated Glutamate Analogues with the
Corresponding Hydrocarbon Analogues

As described above, the introduction of fluorine to conformationally restricted glutamate
analogue 4 (LY354740) at a suitable position with appropriate stereochemistry did not
affect the in vitro efficacy (binding affinity and functional activity). Thus, (+)-6a
(MGSO0008) and (—)-7a (MGS0022) exhibited almost the same binding affinities and
agonist activities as 4 (see Table 3.1). However, oral activity was dramatically changed
by the introduction of fluorine. The oral administration of 4 inhibited the PCP-induced
head-weaving behavior at high doses, but did not significantly affect PCP-induced hyper-
activity or conditioned avoidance responses in rats. In contrast, the oral administration of
(+)-6a strongly (11-fold increase) inhibited PCP-induced head-weaving behavior and sig-
nificantly affected both PCP-induced hyperactivity and conditioned avoidance responses
in rats. No direct comparison of the oral pharmacokinetics between (+)-6a and 4 has been
reported, but it seems reasonable to think that the low oral pharmacokinetic profile of 4
[52] has been significantly improved by the introduction of fluorine.

Concerning mGluR2/3 antagonists, fluorine-containing 14a (MGS0039) and the cor-
responding hydrocarbon congener 14i exhibited the same level affinities (K; = 2.38 nM and
2.51 nM, respectively) and antagonist activities (ICsy = 20.0nM and 34.2nM, respectively)
for mGluR?2 (see Table 3.4). However, orally administered 14a in rats (F = 10.9%) showed
a markedly higher bioavailability than that of 14i (F' = 3.6%) (see Table 3.6). In addition
to the improvement in the pharmacokinetic profile, fluorine incorporation is useful for the
design of prodrugs. Ethyl ester prodrug 15¢, bearing fluorine at the C-6 carbon, exhibited
a much higher transformation rate (95.9%) to carboxylic acid 14a in rat liver S9 fractions
than did the corresponding 15r (17.8% to 14i) (see Table 3.6). This finding suggests that
the enzymatic reactivity of the ester moiety for enzymatic hydrolysis is enhanced by the
introduction of fluorine to the o-carbon of the carboxylic acid moiety. Reflecting the high
metabolic reactivity in rat liver S9 fractions, orally administered ethyl ester 15¢, a prodrug
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of 14a, showed much higher bioavailability (F = 66.6% in the form of 14a) than 15r
(F =20.2% in the form of 14i) (see Table 3.6), and the plasma level of 15¢ was much
lower (Cpax =4.0uM at 0.7h) than that of 14a (C,.x = 20.7uM at 1.0h). In contrast, the
plasma level (Cp, = 4.8 UM at 0.5h) of 15r was as low as that (Cy,,, = 3.7uM at 2.0h) of
14i transformed from 15r. These findings indicated that prodrug 15¢ was more effectively
absorbed and more rapidly transformed to 14a than prodrug 15r of 14i was, in oral
administration.

3.7 Conclusion

The low oral activity of mGluR2/3 agonist 4 (LY354740) with regard to its antipsychotic-
like effects in laboratory animal models was improved by the incorporation of fluorine
into the bicyclo[3.1.0]hexane ring of 4 without changing the potency of the compound’s
affinity and agonist activities for mGluR2/3 as represented by (+)-6a (MGS0008). Fur-
thermore, mGluR2/3 antagonist 14a (MGS0039), derived from mGluR2/3 agonist (—)-7a
(MGSO0022) by the introduction of a 3,4-dichlorobenzyloxy group at the C-3 position,
showed a higher bioavailability than the corresponding hydrocarbon congener 14i, with
no change in the potency of binding affinity and antagonist activity for mGluR2. The low
oral bioavailability of 14a was clearly improved by C-6 alkyl ester prodrug 15a, which
was discovered by exploiting a high enzymatic reactivity of the o-fluorocarboxylic acid
moiety of 14a. Thus, the incorporation of fluorine would provide a useful strategy for
improving oral pharmacokinetic profiles, including those of prodrugs, in drug discovery
and development.
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4.1 Introduction

Matrix metalloproteinases are a family of highly homologous Zn(I)-endopeptidases that
collectively cleave a large number of the constituents of the extracellular matrix [1-8].
More than 20 human MMPs are known such as (i) the collagenases (MMP-1, MMP-8§,
MMP-13), which can degrade fibrillar collagens that are the major components of bone
and cartilage; (ii) the gelatinases (MMP-2 and MMP-9), whose main substrates are dena-
tured collagens (gelatins); and (iii) the stromelysins (MMP-3, MMP-10, MMP-11), which
have a broad spectrum of matrix components as substrates except for those of
collagenases.

MMPs play a pivotal role in a number of physiological processes, such as degradation
of extracellular matrix and connective tissue remodeling. Some of them, e.g., MMP-9, are
required for bone remodeling, wound healing, angiogenic revascularization of ischemic
tissues, and so on, but 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, arthritis (in particular MMP-1). Moreover it has been shown
[5—7a] that several MMPs are overexpressed in various neoplasias, particularly in early
growth and establishment of the tumors. Selective inhibition of MMPs might therefore
represent an attractive strategy for therapeutic intervention. A number of rationally designed
MMP inhibitors have shown some promise in the treatment of pathologies in which
MMPs are involved in (see above). However, most of these, such as broad-spectrum MMP
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inhibitors (e.g., marimastat and batimastat, as well as selective inhibitors such as Trocade
(cipemastat) (MMP-1)) have performed poorly in clinical trials [7b]. The failure of these
MMP inhibitors has been largely due to toxicity (particularly musculoskeletal toxicity in
the case of broad-spectrum inhibitors) and failure to show expected results (in the case of
Trocade, promising results in rabbit arthritis models were not replicated in human trials).
The reasons behind the largely disappointing clinical results of MMP inhibitors are unclear,
especially in light of their activity in animal models. This disappointing situation initially
dampened interest and enthusiasm for MMPs, but it is now becoming increasingly accepted
that the impressive diversity in both substrates and functions of MMPs requires a much
deeper knowledge of the physiological functions of these proteinases, which was not
available at the time that the initial MMP inhibitor clinical trials were designed. This is
expected to lead to a better understanding of the complex roles of these multifunctional
enzymes in human pathology and, hopefully, to the design of improved MMP-inhibition
strategies for therapeutic intervention.

In 2002, our group undertook a research project aimed at studying the “fluorine
effect” in peptides and identifying selective fluorinated inhibitors of MMPs [9]. In fact,
incorporation of fluorine into organic molecules is an effective strategy for improving and
modifying their biological activity [10, 11]. In particular, the trifluoromethyl group occu-
pies a prominent position in medicinal chemistry as a substituent with peculiar properties.
It is highly hydrophobic, electron-rich, and sterically demanding. Moreover, it can provide
high in vivo stability and features good mimicry (in terms of biological results) of several
naturally occurring residues such as methyl, isopropyl, isobutyl, phenyl, and so on.
However, we were also interested in studying the effect of the incorporation of other
fluoroalkyl moieties (CHF,, CH,F, CCIF,, CF,CF;, etc.)having different degrees of
electron-density, polarization, hydrophobicity, and steric demands, to investigate their
effect on the MMP/inhibitor affinity, which depends on the inhibitor conformation as well
as non-covalent ligand—-receptor interactions such as hydrophobic contacts, Van der Waals
interactions, and hydrogen bonding.

4.2 o-CF;-Malic Hydroxamate Inhibitors

Some years ago, a new family of potent peptidomimetic hydroxamate inhibitors (such as
A, see Figure 4.1) of MMP-1, MMP-3, and MMP-9 was described bearing a quaternary
o-methylcarbinol moiety at the P1 position, and several different R' groups at P1” [12,
13]. Interestingly, the other stereoisomers, including the epimers at the quaternary carbinol
function, showed much lower activity, as the hydroxamic binding function was moved
away from the catalytic Zn?* center. The crystal structure of the inhibitor A (R = CHj)
complexed with MMP-3 revealed several interesting features, including the presence of a
hydrogen bond between the quaternary hydroxyl (H-bond donor) of A and the Glu-202
residue of the MMP-3 active site.

We therefore decided to explore the effect of the replacement of the quaternary o-
methyl group in A with a CF; group, in the hope of (i) increasing the affinity of the a- CF;
malic inhibitors with MMPs by reinforcing the o-OH hydrogen bonding with increased
acidity of the carbinol function bearing the electron-withdrawingo-CF; group and (ii)
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Scheme 4.1  Aldol reaction to form the a-CF;-malic framework and cleavage of the oxazolidin-
2-thione auxiliary with K,CO; in moist dioxane.

improving the selectivity in favor of MMP-3 and MMP-9 through the increased stereo-
electronic demands of the CF; group [14, 15].

The TiCl,-catalyzed reaction of N-acyloxazolidin-2-thione 2 (see Scheme 4.1) with
ethyl trifluoropyruvate 3 afforded two diastereomeric adducts 4 and 5, out of four possi-
bilities, in low diastereomeric ratio. The reaction features a favorable scale-up effect,
affording ~70% yield on a hundred-milligram scale, and 90% on a ten-gram scale. Several
alternative conditions were explored, but no improvement in diastereocontrol was
achieved.

Cleavage of the oxazolidin-2-thione auxiliary was found to be considerably more
challenging than expected, mainly due to a-epimerization. After considerable experimen-
tation it was found that solid K,COs; in moist dioxane (rt, 10-12h), was able to produce
directly the key carboxylic acid intermediates 6 and 7 (see Scheme 4.1), from 4 and 5,
respectively, in satisfactory yields and with only minor a-epimerization (2% for 6, 9%
for 7).
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Scheme 4.2 Synthesis of the peptidomimetics 12a-c from the major diastereomer 6.

Coupling of the acid 6 with a-amino acid amides 8a—c using HOAt/HATU occurred
in good yields (see Scheme 4.2) [16]. The resulting peptidomimetic esters 9a—c were
submitted to basic hydrolysis, affording the acids 10a—c in high yields. The subsequent
coupling of 10a-c with O-Bn hydroxylamine proved to be extremely challenging, owing
to the low reactivity and high steric hindrance of the carboxylic group bound to the qua-
ternary o-CF; carbinol center. A number of “conventional” coupling agents for peptides
[17] were tested, but the target O-Bn hydroxamates 11a-c were not obtained. Eventually,
we found that freshly prepared BrPO(OEt), was able to promote the coupling in reasonable
yields (32-61%) [18, 19]. With 11a—c in hand, we carried out the final O-Bn hydrogenoly-
sis, which afforded the hydroxamates 12a—c in good yields.

Since 12a—c do not have the correct stereochemistry with respect to A, we decided
to synthesize at least one exact analogue in order to have a complete set of biological data
on the effect of the introduction of the CF; group. However, a new synthetic protocol had
to be developed ex novo, because the minor diastereomer 7 (see Scheme 4.3) exhibited a
dramatically different reactivity in the key-steps of the synthesis. First of all, the coupling
of 7 and 8a with HOAt/HATU gave rise to the formation of substantial amounts of the [3-
lactone 13, which had to be processed separately, as well as the expected coupling product
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Scheme 4.3 Synthesis of the target peptidomimetic 18 from the minor diastereomer 7.

14. Thus, the intermediate 13 was first prepared (72%), purified by short flash chromatog-
raphy (FC), and then reacted with 8a to afford the desired molecule 14 in high yields
[20].

Saponification of the ester 14 proceeded effectively, but disappointingly a partial
epimerization of the [Ph(CH,);]-stereocenter occurred, affording a 3: 1 mixture of diaste-
reomers 15 and 16 under optimized conditions. Epimers 15 and 16, which are difficult to
separate by FC, were subjected together to coupling with BnONH, and the resulting dia-
stereomeric O-Bn hydroxamates were separated by FC, affording pure 17 (52%), which
was hydrogenated to the target free hydroxamate 18 in 83% yield.

The hydroxamates 12a—c and 18 were tested for their ability to inhibit MMP-2 and
MMP-9 activity using zymographic analysis. The ICs, values (UM) portrayed in Table 4.1
show that diastereomers 12a—c displayed low inhibitory activity in line with the parent
CH; compounds. Disappointingly, 18 showed a much lower activity than the exact CHs-
analogue A that was reported to be a low-nanomolar inhibitor of MMP-9. It is also worth
noting that 12a and 18 showed little selectivity, whereas 12b and 12¢ showed a better
affinity for MMP-9 than for MMP-2.
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Table 4.1 ICs, values (UM) of the target CF;-hydroxamates

Compound 1C50 (UM)

MMP-2 MMP-9
12a 156 121
12b 407 84
12c 722 23
18 23 15

To understand the reasons for this unfavorable “fluorine-effect,” we performed a
molecular modeling study that allowed us to identify two concurrent reasons for the
reduced activity of the fluorinated inhibitors: (i) reduced coordinating strength of the
hydroxamate group close to the CF;, and (i) the need for the fluorinated molecule to adopt,
within the binding site, a conformation that does not coincide with its minimum-energy
conformation in solution. Assuming additivity of these effects, we estimated that the
overall binding energy of the fluorinated inhibitor 18 to the active site is reduced by
approximately 11.3kJ/mol compared with the original one (A). This result, at room tem-
perature, of the decrease in the binding constant by two orders of magnitude is roughly in
line with the experimental observation.

4.3 o-Trifluoromethyl-a-amino-f-sulfone Hydroxamate Inhibitors

In order to further probe the importance of the reduced coordinating strength of the
zinc(IT)-binding hydroxamate group and assess the compatibility of a CF; group in the o
position to the hydroxamic function, we undertook a study to investigate to the effect of
a CF; group positioned as the R' substituent in structures 19 (see Figure 4.2). These were
analogues of molecules B (see Figure 4.2) that were recently reported by Becker et al.
[21] to be potent inhibitors of MMP-2, MMP-9, and MMP-13 [22]. Remarkably, these
molecules exhibited limited inhibition of MMP-1, an enzyme thought to be responsible
for the musculoskeletal side-effect observed clinically with the broad-spectrum MMP
inhibitor marimastat [21, 23]. Although a large number of different alkyl and alkylaryl
residues were well tolerated as nitrogen substituents R, only inhibitors B bearing R' = H,
CH; or Ph were reported.

In the synthesis of hydroxamic acid 19a, having a free quaternary amino group (see
Scheme 4.4), the intermediate sulfone 21 was synthesized by Pd-catalyzed reaction of
phenol with p-bromo derivative 20 [24]. Lithiation of 20, followed by nucleophilic addi-
tion to the N-Cbz imine of trifluoropyruvate 22 [25] afforded the a-CF; o-amino acid
derivative 23 in fair yields. Basic hydrolysis of the ester function gave the carboxylic acid
24, which was submitted to condensation with O-Bn-hydroxylamine, affording hydrox-
amate 25. The subsequent hydrogenolysis of 25 afforded the target molecule 19a.

N-Alkylated analogues 19b—-d (see Scheme 4.5) were prepared using a modified
procedure. To this end, sulfenyl diaryl ether 27 was prepared from phenol and 26 using
an Ullmann-type reaction [26], and was then oxidized to sulfoxide 28. Lithiation and
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Figure 4.2 o-Amino hydroxamic MMP inhibitors.
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Scheme 4.4 Synthesis of 19a.

Mannich-type reaction with 22 afforded a nearly equimolar mixture of sulfoxide diaste-
reomers 29, which were deoxygenated to racemic sulfide 30 using the Oae/Drabowicz
protocol [27]. N-Alkylation occurred in good to excellent yields, affording the correspond-
ing sulfides 31b-d. Because of the presence of the sulfide functionality, which could
interfere with a Pd-catalyzed hydrogenolysis, the Cbz group was cleaved with HBr [28],
affording secondary amines 32b—d in nearly quantitative yields. Ester saponification was
readily performed, affording the carboxylic acids 33b-d in good to excellent yields. Cou-
pling of 33b-d with O-Bn-hydroxylamine afforded the sulfenyl hydroxamates 34b-d,
which were oxidized to sulfones 35b—d. The target hydroxamic acids 19b-d were obtained
in fair yields by hydrogenolysis with the Pearlman catalyst.

Enzyme inhibition assays on 19a-d were performed on the catalytic domains of
MMP-1, MMP-3, and MMP-9. the results are summarized in Table 4.2. As Table 4.2
shows, primary o-amino hydroxamate 19a is the most potent compound, but it is worth
noting that 19a—d are all nanomolar inhibitors of MMP-3 and MMP-9. Even more impor-
tantly, 19a showed excellent selectivity for MMP-9 as compared with that for MMP-1
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Scheme 4.5 Synthesis of 19b—d.

Table 4.2  Effect of the compounds 19a—d on the proteolytic activity of different MMPs

Compound 1C5o/MMP-3 (nM) 1C5o/MMP-9 (nM) 1C5/MMP-1 (nM)
19a 14 1 >5000

19b 32 ~20 n.a.

19c 28 63 n.a.

19d 53 59 n.a.

n.a.: not available.
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|

Figure 4.3 (R)-19a in the MMP-9 active site (purple = Zn(ll), cyan = F, red = O, blue = N,
yellow = S). See color plate 4.3.

(>5000-fold). These results show that a CF; group can be successfully used as a substituent
in MMPs inhibitors, and is very well tolerated by the enzymes. This also suggests that the
weak potency of compound 18 may be mainly due to a conformational change induced
by the CF; group that lowers the affinity for the MMP active site.

Interestingly, the x-ray crystallographic structure of the complex of 19a with the
truncated catalytic domain of MMP-9 showed that the (R)-enantiomer binds preferentially,
whereas the CF; group does not make significant interactions with the active-site residues
of the protease, that is, it is essentially exposed to water (see Figure 3.3) [29]. This finding
is in contrast with a previous crystallographic structure of a bis-CF;-pepstatin complexed
with Plasmepsin II [30], in which one CF; group was well accommodated into a pocket
of the active site and was involved in relevant hydrophobic interactions.

4.4 A Nanomolar CF;-Barbituric acid Inhibitor Selective for MMP-9

Gelatinases A and B (MMP-2 and MMP-9, respectively) play a pivotal role in a number
of physiological processes. Selective inhibition of MMP-9 might represent an attractive
strategy for therapeutic intervention. However, the active sites of MMP-2 and MMP-9 are
closely related from the structural point of view, and hence selective inhibition of the latter
is a challenging endeavor.

Barbiturates are potent and selective inhibitors of MMPs, sparing MMP-1 [31-35].
Compound C [36] (see Figure 4.4), a rather potent inhibitor of MMP-9 (ICs, = 20nM),
was resynthesized in our laboratory and subjected to further enzyme inhibition assays,
which confirmed the previous results as well as poor selectivity against MMP-2
(IC5y=43nM, see Table 4.3), and very good selectivity against MMP-1
(ICso = 3.89 x 10°nM). These results are in line with other barbiturates as MMP-9 inhibi-
tors, which invariably exhibit excellent selectivity against MMP-1 but poor selectivity, if
any, against MMP-2.
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Figure 4.4 The target fluorinated barbiturate (36) and its non-fluorinated analogue (C).

Table 4.3 ICs, values (nM) for the barbiturate inhibition of different MMPs

Substrate ICso (NM)

MMP-1 MMP-2 MMP-3 MMP-9
36 >10° 10.7 74.2 0.179
C 3.89x10° 43.0 n.a. 20.0

A possible strategy to obtain barbiturate inhibitors selective for MMP-9 is represented
by the fine-tuning of the P1” substituent of the inhibitor into the “tunnel-like” hydrophobic
S1’ cavity of the enzymes. Recent findings show that in MMP-2 the S1” subsite is deeper
than that in MMP-9, owing to the presence of the Arg-424 residue instead of smaller
Thr-424 in MMP-2, which seems to partially obstruct S1” [29]. We thought that probing
the bottom part of the S1” cavity of MMP-9 by placing a suitable P1” substituent on the
inhibitor might lead to some selectivity in favor of MMP-9 compared with MMP-2.

We therefore decided to replace the terminal methyl group of the 5-octyl chain of C,
which was identified as the P1” substituent (the 5’-CH,CO,Et group is the P2’ residue),
with a CF; group (see 36, Figure 4.4). In fact, the CF; group is bulkier and more hydro-
phobic than the CHj;, thus possibly leading to a better and deeper fit into the bottom part
of the S1” cavity of MMP-9, with little or no expected effect on the activity for MMP-2.

To synthesize the target barbiturate 36 we identified 1-bromo-8,8,8-trifluorooctane
43 (see Scheme 4.6) as the key building-block. This molecule is known, and was previ-
ously obtained only by fluorination of 8-bromooctanoic acid with SF, [37]. Unfortunately,
the use of such an aggressive fluorinating agent requires specific experimental apparatus
and presents considerable safety hazards, which are difficult to address in an ordinary
synthetic laboratory. We therefore developed several alternative routes to 43 based on
user-friendly protocols as well as the use of a cheap and commercially available source
of fluorine, such as trifluoroacetic esters. One of these novel approaches is shown in
Scheme 4.6.

Commercially available 6-bromohexan-1-ol 37 was O-benzylated to 38 and con-
verted to the corresponding Grignard reagent, which was reacted with 0.25 equivalents of
CF;CO,Et using an old but efficient methodology [38]. The Grignard acts first as a nucleo-
phile and then as a reducing agent, converting the intermediate trifluoroketone into trifluo-
rocarbinol 39. Barton—-McCombie radical deoxygenation of the methyl xanthate 40
occurred effectively, affording Bn-ether 41. Compound 41 was hydrogenolyzed to the
primary alcohol 42, which was easily converted to the target 43.
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Scheme 4.6 Preparation of the key intermediate 43.
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Scheme 4.7 Completion of the synthesis of CF;-barbiturate 36.

The synthesis of barbiturate 36 (see Scheme 4.7) was performed next. The sodium
enolate of diethyl malonate was reacted with 43, providing 44, which was converted to
2,2-disubstituted malonate 45 by reaction with allyl bromide. Reaction of 45 with urea in
the presence of --BuOK as base afforded the barbiturate 46, which was submitted to oxida-
tive one-carbon demolition by the action of KMnO, to give carboxylic acid 47. Compound
47 was esterified with ethanol to give the target 36, but unfortunately in modest yields.

Enzyme inhibition assays conducted on a set of commercially available MMPs (see
Table 4.3) showed that 36 is considerably more potent and more selective than the parent
unfluorinated barbiturate C. More specifically, 36 is 100-fold more potent than C for
MMP-9 inhibition and has an MMP-2/MMP-9 selectivity factor of 60, whereas the selec-
tivity factor for C is only 2.
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Although this strategy clearly needs further validation, fine tuning of the interactions
between key functions of the ligand with the protease active site by introduction of fluo-
roalkyl groups, such as CF;, seems to be a promising strategy to optimize the potency and
increase the selectivity of an inhibitor.

4.5 B-Fluoroalkyl-B-sulfonylhydroxamic Acids

We next decided to study the effect on MMP-inhibitory potency of a fluoroalkyl group
installed in a more distant position from the hydroxamic acid group, in order to better
understand the unique stereoelectronic properties of fluoralkyl groups in a purely aliphatic
position [39]. For this purpose we chose as a model system a structurally simple class of
hydroxamic acid inhibitors bearing an arylsulfone moiety at the (3-position such as D (see
Figure 4.5), which showed nanomolar inhibitory potency for MMP-2, MMP-3, and MMP-
13 [40-42].

In molecules D, the R side-chain was found to be critical for potency, but it could
also dramatically influence the enzyme selectivity profile of the inhibition. Compounds D
bearing large hydrophobic groups R (such as alkyl, cycloalkyl and arylalkyl groups)
showed low-nanomolar, and even subnanomolar affinity for MMP-2, MMP-3, and MMP-
13, and excellent selectivity against MMP-1.

4,4,4-Trifluorocrotonic acid 49 [43] (see Scheme 4.8) was used as the starting material
for the synthesis of 48a. The thia-Michael addition of 50 to 49 occurred in reasonable
yields, affording carboxylic acid 51. Coupling of 51 with O-Bn hydroxylamine gave O-Bn
hydroxamate 52 in satisfactory yield, and the subsequent oxidation to the sulfone 53 took
place in nearly quantitative yield. Hydrogenolysis of 53 with Pearlman’s catalyst afforded
the target racemic hydroxamic acid 48a in good overall yields. An analogous reaction
sequence from 4,4-difluorocrotonic acid afforded difluoro-hydroxamic acid 48b (see
Figure 4.5).

Pentafluoroethylhydroxamic acid 48¢ was obtained through a different procedure (see
Scheme 4.9). B-Hydroxy ester 54 was converted into triflate 55, which was subjected to
S\2 reaction by thioanisol to give sulfide 56. Acid hydrolysis provided the carboxylic acid

o R OCHg
HO\NMS

H 02

R =H, alkyl, cycloalkyl, etc. (D)
R=CF3 (48a)

R=CHF, (48b)

R= C2F5 (48c)

Figure 4.5 B-Sulfonylhydroxamic acid inhibitors of MMPs.
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Tf
OH O T,0 M Hs< y-OMe O CZF5/©/OMe
CZF5)\)J\OEt Pyridine,DCM C3F5 OEt EtOMS

NaH, DCM
54 (84%) 55 an, 82%) 56

HCI (conc.) C2F5/©/0Me BnONH, o) CZF5/<)/OMe
HOzC\)\S EDCHCI J\/ks

Reflux 24-28h BnOHN
(70%) 57 HOBt, TMP (73%) 58
DMF, rt, 24h
OMe o) C.F OMe
mCPBA MFE,/@( H, / Pd(OH), )J\)\z 5/©/
DCM, rt, 1h BnOHN S MeOH 1.2 HOHN 48 g (43%)
then reflux 1-2h (48%) o 59 ¢ 2 °

Scheme 4.9 Synthesis of 48c.

57, which was coupled with O-Bn-hydroxylamine to give the protected hydroxamate 58.
The sulfide group of the latter was then oxidized to sulfone 59. Finally, the Bn group was
hydrogenolyzed to give the target hydroxamic acid 48c.

The chlorodifluoro-analogue of 48¢ (R = CCIF,; see Figure 5.5) was synthesized
through the same methodology, but surprisingly this compound was found to be unstable
at room temperature, thus precluding the enzyme inhibition assay.

The CF;-compound 48a showed a single-digit nanomolar ICs, for MMP-3 (see Table
4.4). Modest selectivity was observed against MMP-9 and MMP-2 (about 10-fold less
potency), while 48a showed very good selectivity against MMP-1 (about 1000-fold less
potency). Interestingly, the pure enantiomers of 48a (synthesized independently) and the
racemic compound showed nearly identical inhibitory potency. This could be ascribed to
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Table 4.4 ICs, values (nM) for the inhibition of different MMPs by
B-fluoroalkylhydroxamaic acids 48a—c

Substrate 1C50 (M)
MMP-1 MMP-2 MMP-3 MMP-9
48a 40x10° 78 8.0 52
48b 1.5x10* 734 2 6
48c 947 32 93 1.7x10°

an easy interchange of the position of the CF; and sulfone moieties in two different enzyme
pockets, most likely S,” and S,’. Alternatively, one could hypothesize that enantiopure 48a
underwent racemization at some stage during the enzyme inhibition assays.

Diifluoro compound 48b was even more potent than 48a, showing a rather impressive
inhibitory activity for both MMP-3 and MMP-9, and much better selectivity against both
MMP-2 (>100-fold less potent) and MMP-1 (~10*-fold less potent). Introduction of a C,Fs
group (48c¢), however, had a surprising effect on the inhibitory activity: this substitution
caused a dramatic drop in activity for MMP-9 (1000-fold less potent) and, to lesser extent,
for MMP-3 (50-fold less potent) but brought about a higher potency for MMP-2 (200-fold
more potent).

In summary, the results on fluoroalkylhydroxamic acids 19 and 48, as well as those
on the CF;-barbiturate 36 show that (i) a fluoroalkyl group can be successfully used as a
substituent in protease inhibitors [44—48] and is very well tolerated by the enzymes, and
(i) an electron-withdrawing CF; group at the a-position to the hydroxamic acid group
brings about little effect on the zinc chelating capability of the latter. On the other hand,
replacement of an o-methyl by a CF; group in malic hydroxamic acid inhibitor 18 (see
Figure 4.1), was responsible for a dramatic loss of inhibitory potency. The final outcome
of incorporation of a fluoroalkyl group is strongly dependent on the whole structure of the
inhibitor, and the effect of the fluoroalkyl group on the conformation is the most critical
factor in determining the biological activity of the molecule.

Abbreviations

Cbz carbobenzyloxy

DCC dicyclohexylcarbodiimide

DCM dichloromethane

DIC diisopropylcarbodiimide

DIPEA diisopropylethylamine

DMAP 4-(N,N-dimethylamino)pyridine

DMF N, N-dimethylformamide

EDC 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
HATU O-(7-azabenzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium

hexafluorophosphate
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HOAt 1-hydroxy-7-azabenzotriazole

HOBt 1-hydroxybenzotriazole

LDA lithium diisopropylamide

PyBroP bromotripyrrolidinophosphonium hexafluorophosphate
TEA triethylamine

TFA trifluoroacetic acid

TMP sym-collidine (2,4,6-trimethylpyridine)
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Fluoro-Taxoid Anticancer Agents

Antonella Pepe, Larisa Kuznetsova, Liang Sun, and Iwao Ojima

5.1 Introduction

The importance of fluorine in bioorganic and medicinal chemistry has been demonstrated
by a large number of fluorinated compounds approved by the FDA for medical use [1, 2].
According to our most up-to-date survey, 138 fluorine-containing drugs have received
FDA approval for human diseases (of which 23 have been discontinued from the market,
however), while 33 are currently in use for veterinary applications (see the Appendix).
These statistics make fluorine the “second-favorite heteroatom” after nitrogen in drug
design [3]. Small atomic radius, high electronegativity, nuclear spin of %2, and low polariz-
ability of the C—F bond are among the special properties that render fluorine so attractive.
Those atomic properties translate widely into equally appealing attributes of fluoroorganic
compounds. Higher metabolic stability, often increased binding to target molecules, and
increased lipophilicity and membrane permeability are some of the properties associated
with the replacement of a C—H or C-O bond with a C-F bond in biologically active
compounds. Because of the recognized value of fluorine, it is now a common practice in
drug discovery to study fluoro-analogues of lead compounds under development [4].
Although medicinal chemists have long introduced fluorine into bioactive molecules on
the basis of experience and intuition, it is only recently that experimental and computa-
tional studies have been conducted to better understand how the introduction of fluorine
into small drug molecules results in higher binding affinities and selectivity [5]. An under-
standing of how the replacement of H with F affects the electronic nature and conformation
of small molecules is crucial for predicting the interaction of fluoroorganic molecules with
proteins and enzymes. As a result, the rational design of fluoroorganic molecules will lead
to the generation of new and effective biochemical tools. In addition, YF NMR has found

Fluorinein Medicinal Chemistry and Chemical Biology Edited by Iwao Ojima
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numerous applications to molecular imaging and promoted the development of molecular
probes for imaging. The sensitivity of "F NMR spectroscopy, along with large “F-'H
coupling constants and the virtual absence of "°F in living tissues, makes incorporation of
fluorine into bioactive compounds a particularly powerful tool for the investigation of
biological processes [6, 7].

This chapter gives an account of our research on the use of fluorine, exploiting the
unique nature of this element, in the medicinal chemistry and chemical biology of taxoid
anticancer agents (i.e., “Taxol-like” compounds).

5.2 Paclitaxel, Taxoids, and Second-generation Taxoids

Paclitaxel (Taxol®) and its semisynthetic analogue docetaxel (see Figure 5.1) are two of
the most important chemotherapeutic drugs, currently used for the treatment of advanced
ovarian cancer, metastatic breast cancer, melanoma, non-small-cell lung cancer, and Kar-
posi’s sarcoma [8, 9]. More recently, these drugs have been used for the treatment of neck,
prostate, and cervical cancers [8, 9].

The mechanism of action of paclitaxel involves its binding to the B-subunit of o,3-
tubulin dimer, accelerating the formation of microtubules. The resulting paclitaxel-bound
microtubules are much more stable and less dynamic than the natural GTP-bound micro-

Paclitaxel: Rl =Bz, R2 = Ac IDN 5390
Docetaxel: R! = t-Boc, R = H

Second-generation taxoids C-seco taxoids

Figure 5.1 Structures of paclitaxel, docetaxel, second-generation taxoids, and
C-seco-taxoids.
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tubules, with a growth rate higher than the disassembly rate. The unnatural growth and
stabilization of microtubules causes the arrest of the cell division cycle, mainly at the Gy/M
stage, activating a cell-signaling cascade that induces apoptosis [10, 11].

Although paclitaxel and docetaxel possess potent antitumor activity, chemotherapy
with these drugs encounters many undesirable side-effects as well as drug resistance [8,
12—14]. It is therefore important to develop new taxoid anticancer drugs as well as effica-
cious drug delivery systems with fewer side-effects, superior pharmacological properties,
and improved activity against various classes of tumors, especially against drug-resistant
cancers.

It has been shown that a primary mechanism of drug resistance is the overexpression
of ABC transporters, for example, P-glycoprotein (Pgp), an integral membrane glycopro-
tein that acts as a drug-efflux pump to maintain the intracellular concentration of drugs
below therapeutically active level [15]. In the course of our extensive studies on the design,
synthesis, and structure—activity relationships (SARs) of taxoid anticancer agents, we
discovered second-generation taxoids that possess one order of magnitude better activity
against drug-sensitive cell lines and more than two orders of magnitude better activity
against drug-resistant cell lines [16]. Several examples are shown in Table 5.1 (see Figure
5.1 for structures).

It was found that meta-substitution of the benzoyl group at the C-2 position dramati-
cally increases the cytotoxicity of taxoids against drug-resistant cell lines [17]. This class
of the second-generation taxoids is three orders of magnitude more potent than paclitaxel
and docetaxel against drug-resistant cancer cell lines expressing multidrug resistance
(MDR) phenotype [17] (see Table 5.1).

Because of the aforementioned advantages of introducing fluorine into biologically
active molecules, we synthesized fluorine-containing paclitaxel and docetaxel analogues
to investigate the effects of fluorine—incorporation on the cytotoxicity and the blockage of
known metabolic pathways. Our earlier studies have been reported in several publications
[18-21]. Thus, in this chapter, we describe the synthesis and biological evaluation of
second-generation fluoro-taxoids bearing a difluoromethyl, trifluoromethyl, or difluorovi-
nyl group at the C-3’ position.

Although the overexpression of Pgp and other ABC transporters is the main cause of
multidrug resistance to paclitaxel and other hydrophobic anticancer drugs, it is not the
only mechanism of drug resistance. Overexpression of specific tubulin isotypes has recently
received substantial attention in terms of paclitaxel resistance and has not yet been suc-
cessfully addressed [22-25]. Different B-tubulin isotypes form microtubules with anoma-
lous behaviors in vitro with regard to assembly, dynamics, conformation, and ligand
binding [23, 24, 26, 27]. Microtubules with altered 3-tubulin isotype compositions respond
differently to paclitaxel [28]. Derry and co-workers reported that affy; microtubules are
more dynamic than the most common of3; or oy [28]; hence, higher concentrations of
paclitaxel are required to interfere with their dynamics. Recently Ferlini has reported that
the C-seco-taxoid IDN 5390 is up to 8-fold more active than paclitaxel against an inher-
ently drug-resistant OVCAR3 ovarian cancer cell line and paclitaxel-resistant human
ovarian adenocarcinoma cell lines A2780TC1 and A2780TC3 (cell lines overexpressing
class II B-tubulin) [29-31]. Following observation of the remarkable effects of meta-
substitution at the C-2 benzoate moiety, mentioned above, we synthesized a series of IDN
5390 analogues with C-2-benzoate modifications, including a 3-fluorobenzoyl group. The
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synthesis and biological evaluation of these novel fluoro-C-seco-taxoids are described
below.

5.3 Second-generation Taxoids and C-seco-Taxoids with Strategic
Incorporation of Fluorine

5.3.1 Synthesis and Biological Evaluation of C-3’-Difluoromethyl- and
C-3'-Trifluoromethyl Taxoids

A series of the second-generation C-3’-CF,H and C-3’-CF; taxoids were synthesized by the
-lactam synthon method [32, 33]. The synthesis of enantiopure B-lactam 8, bearing a CF,H
group at the C-4 position is illustrated in Scheme 5.1. The [2+2] ketene-imine cycloaddition
of acetoxyketene, generated in situ from acetoxyacetyl chloride and triethylamine, with
N-PMP-3-methylbut-2-enaldimine (PMP = p-methoxyphenyl) gave racemic B-lactam I.
Enzymatic optical resolution of 1 by PS Amano lipase at 50 °C gave enantiopure (3R,45)-
3-AcO-4-isobutenyl-f-lactam 2(+) [34]. Protection of the 3-hydroxyl group as TIPS ether
and ozonolysis of the double bond of 2(+) afforded 4-formyl-B-lactam 5. Difluoromethyl-
ation of 5 with diethylaminosulfur trifluoride (DAST) [35], followed by deprotection of
PMP by cerium ammonium nitrate (CAN) and introduction of fert-butoxycabonyl group to
the B-lactam nitrogen yielded enantiopure (3R,4R)-1-t-Boc-3-TIPSO-4-CF,H-B-lactam 8.
In a similar manner, enantiopure 1--Boc-3-TIPSO-4-CF;-f-lactam 14 was synthe-
sized from benzyloxyacetyl chloride/triethylamine and N-PMP-CF;-aldimine through
[2+2] ketene-imine cycloaddition, enzymatic optical resolution (PS Amano lipase at

(e}
A = AcO, = HO, —
Co\)J\CI : ACO,,’ ; L
e e P L N
- e} ‘PMP o] PMP (o] PMP

N= 1(2) 2(+) 3()
PMP - :
47%/50% in theory 47%/50% in theory
K R R
AcO, =< TIPSO, =< TIPSO,  CHO TIPSO, _‘\\\\F TIPSO, _,\\\F TIPSO, _‘}\F
iii, iv v vi vii viii
N\PMP o N\PMP - Neowp Neowp NH T o N‘tB
o o PMP o PMP o -Boc
2(+) 4 5 6 7 8

Scheme 5.1 Synthesis of enantiopure C-4-difluoromethyl-B-lactam 8. (i) Et;N, CH,CI,,
—78°C ~r.t,, 70%; (ii) PS-Amano, buffer pH 7.0, 10% CH;CN, 50°C; (iii) KOH, THF, 0°C,
100%, (iv) TIPSCI, Et;N, DMAP, CH,Cl,, 85%; (v) O; MeOH/CH,Cl,, —=78°C; Me,S, 73%),
(vi) DAST, CH,Cl,, 86%, (vii) CAN, H,O/CH;CN, —15°C, 68%; (viii) t-Boc,0O, Et; N, DMAP,
CH,Cl,, 80%.

(Source: Reprinted with permission from Ojima, I.; Kuznetsova, L. V., and Sun, L. (2007)
Organofluorine Chemistry at the Biomedical Interface: A Case Study on Fluoro-Taxoid
Anticancer Agents. ACS Symposium Series 949, Current Fluoroorganic Chemistry, (2007) pp.
288-304. Copyright (2007) American Chemical Society.)
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CF3
N:/ .....

0., 0, CFs
PMP’ /,/:‘ iy i /l;‘ /,;‘ j;(
N

9(1) 10(+) 10(+) 11(-)
AcO,  CFs TIPSO, C TIPSO, . C TIPSO,  CFy
—" v, vi VIII :
S F FN A,
le} PMP O t-Boc
10(+) 14

Scheme 5.2 Synthesis of enantiopure C-4-trifluoromethyl-B-lactam 14. (i) Et;N, CH,Cl,,
40°C, 83%; (ii) H, Pd, MeOH, 45°C, 98%;, (iii) Ac;O, DMAP, Py, CH,Cl,, 74%; (iv) PS-
Amano, bufter pH 7, 10% CH;CN, 0-5°C; (v) KOH, THF, =5°C, 100%, (vi) TIPSCI, Et;N,
CH,Cl,, 95%; (vii) CAN, CH;CN/H,O, —10°C, 84 %), (viii) t-Boc,O, Et;N, DMAP, CH,Cl,,
87%.

0-5°C), deprotection—protection, and #-Boc carbamoylation as illustrated in Scheme
5.2 [34].

The Ojima—Holton coupling of 4-CF,H- and 4-CF;-B-lactams 8 and 14, thus obtained,
with 2,10-modified baccatins 15 was carried out at —40°C in THF using LiHMDS as a
base followed by deprotection of silicon protecting groups with HF/pyridine to give the
corresponding second-generation 3’-CF,H-taxoids (18) and 3’-CF;-taxoids (19) in moder-
ate to high overall yields (see Scheme 5.3) [20, 34, 36]. 2,10-Modified baccatins 15 were
prepared by methods we have reported previously [17].

The second-generation fluoro-taxoids (18 and 19) were evaluated for their cytotoxic-
ity in vitro against human breast cancer cell lines (MCF7-S and LCC6-WT), their corre-
sponding drug-resistant cell lines (MCF7-R and LCC6-MDR), human non-small-cell lung
(NSCL) cancer cell line (H460), and human colon cancer cell line (HT-29). The ICs, values
were determined through 72 h exposure of the cancer cells to the fluoro-taxoids, following
the procedure developed by Skehan er al. [37]. Results are summarized in Table 5.2
(3’-CF,H-taxoids 18) and Table 5.3 (3’-CF;-taxoids 19).

As Tables 5.2 and 5.3 show, all fluoro-taxoids 18 and 19 possess substantially higher
potencies than those of paclitaxel and docetaxel, with cytotoxicity in single-digit nanomo-
lar ICs, values against drug-sensitive MCF7-S, LCC6-WT, H460, and HT-29 cancer cell
lines (except for a few cases). The cytotoxicity of the fluoro-taxoids 18 and 19 against
multidrug-resistant MCF7-R and LCC6-MDR cell lines is more impressive: all fluoro-
taxoids exhibit single-digit nanomolar ICs, values (except for a couple of cases) and are
two orders of magnitude more potent than paclitaxel in average. These two series of
fluoro-taxoids exhibit, in general, comparable cytotoxicity against all cancer cell lines
examined.

However, the potency of 3’-CF,H-taxoids 18 against MCF7-S and LCC6-WT appears
to be higher and more uniform, with different substitution patterns, than that of 3’-CF;-
taxoids 19, except for two cases (SB-T-12822-1, 0.19nM, MCF7-S; SB-T-12824-1,
0.17nM, MCF7-S). In contrast, compounds 19 exhibit more uniform potency against
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IPSO,  Rf
N t-Boc<
N NH O
(@) Boc-t =
7 8, 14 Rf/\i)j\o\\“
HO Q ogc LIHMDS, THF, -40° C oTIPS
60-95%
X 16: Rf = CF2H X
15 17: Rf = CF3
HF/pyridine,
CH3CN/pyridine
0°C-RT
52-92%
18: Rf = CF,H
19: Rf = CF;

R = MeCO, EtCO, Me,NCO, MeOCO,TES; X = MeO, F, Cl, N3; Rf = CF,H, CF3

Scheme 5.3 Synthesis of C-3"-CF,-taxoids (18) and C-3’-CF;-taxoids (19).

(Source: Reprinted with permission from Ojima, I.; Kuznetsova, L. V., and Sun, L. (2007)
Organofluorine Chemistry at the Biomedical Interface: A Case Study on Fluoro-Taxoid
Anticancer Agents. ACS Symposium Series 949, Current Fluoroorganic Chemistry, (2007) pp.
288-304. Copyright (2007) American Chemical Society.)

multidrug-resistant MCF7-R and LCC6-MDR cell lines than do 18. For fluoro-taxoids 18,
cytotoxicity against multidrug-resistant cell lines, MCF7-R and LCC6-MDR, depends on
the nature of meta substituents of the C-2-benzoate moiety; the potency increases in the
order F <MeO < Cl < N;. In contrast, no clear trend is observed for fluoro-taxoids 19
against these multidrug-resistant cell lines. Among these fluoro-taxoids examined, SB-T-
12842-4 (R = n-propanoyl; X =N3) appears to be the most potent compound with a
resistance factor (R/S ratio) of only 2.9-3.0 against two sets of human breast cancer cell
lines.

5.4 Synthesis and Biological Evaluation of
C-2-(3-Fluorobenzoyl)-C-seco-Taxoids

As mentioned above, paclitaxel and taxoids stabilize microtubules through their binding
to the B-tubulin subunits, thereby blocking the cell mitosis, which leads to apoptosis [10,
11]. There are eight B-tubulin isotypes, of which class I B-tubulin is the major isotype in
all mammalian tissues [38]. It has been shown that the overexpression of class III B-tubulin
isotype causes paclitaxel drug resistance, which constitutes significant drug-resistance
other than MDR [25]. Recently, a C-seco-taxoid, IDN5390 (see Figure 5.1), was reported
to exhibit several times better potency than paclitaxel against drug-resistant ovarian cancer
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22 tBoc-NH O

e
N

R TIPS o
o Boc-t
23a: isobutyl 24a: isobutyl F 25a: isobutyl  F
23b: isobutenyl 24b: isobuteny! 25b: isobutenyl

Scheme 5.4 Synthesis of 2-(3-fluorobenzoyl)-C-seco-taxoids (25). (i) Cu(OAc), MeOH,
86%; (ii) L-selectride, THF, —=78°C 50-70%, (iii) methyl imidazole, TESCI, DMF, 0°C, 52;
(iv) LIHMDS, THF, -40°C, 70-80%; (v) HF/pyridine, CH;CN/pyridine, 0°C-RT,
52%-92%.

cell lines overexpressing class III isotype [29]. Accordingly, we have performed a SAR
study on IDN5390. As a part of this SAR study, we investigated two fluorine-containing
analogues, SB-T-10104 (25a) and SB-T-10204 (25b) (see Scheme 5.4). Two C-seco-
fluorotaxoids 25a and 25b were synthesized through the Ojima—Holton coupling of 7,9-
di-TES-2-(3-fluorobenzoyl)-C-seco-baccatin (22) with B-lactams 23a [39] and 23b [40],
respectively, under standard conditions, followed by deprotection with HF-pyridine (see
Scheme 5.4). Di-TES-C-seco-baccatin 22 was prepared from 2-(3-fluorobenzoyl)-10-
deacetylbaccatin 20 [17] using Appendino’s protocol [41, 42] as follows: Baccatin 20 was
oxidized with Cu(OAc), and air to give the corresponding 10-oxo-baccatin 21, which was
then treated with L-selectride at —78 °C, followed by TES protection to afford di-TES-C-
seco-baccatin 22 (see Scheme 5.4).

Novel C-seco-fluorotaxoids, 25a and 25b, were evaluated for their cytotoxicity
against several human ovarian adenocarcinoma cell lines: A2780wt (drug-sensitive
wild-type), A2780CIS, A2780TOP, A2780ADR (resistant to cisplatin, topotecan, and
adriamycin/doxorubicin, respectively), and A2780TC1 and A2780TC3 (resistant to both
paclitaxel and cyclosporine A). The drug resistance in the A2780ADR cell line is based
on MDR, while that in the A2780TC1 and A2780TC3 cell lines is caused by the overex-
pression of class III B-tubulin subunit and other possible mutations. Thus, the activity of
these two C-seco-fluorotaxoids is of particular interest. Results are shown in Table 5.4.

As Table 5.4 shows, SB-CST-10104 (25a) possesses remarkable potency against
paclitaxel-resistant cell lines A2780TC1 and A2780TC3, especially the latter, that is, the
most drug-resistant cell line for paclitaxel in this series. This C-seco-fluorotaxoid 25a is
39 times more potent than paclitaxel against cell line A2780TC3. The resistance factor
IC5y (A2780TC3)/1C5, (A2780wt) for this cell line is 10470 for paclitaxel, but it is only
41 for 25a. For comparison, IDN5390 exhibits 8.0 times higher potency than paclitaxel
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with a resistance factor of 129 against the same cell line. This result is quite impressive
taking into account the fact that the only structural difference between IDN5390 and 25a
is one fluorine substitution at the meta position of the C-2-benzoate moiety of the C-seco-
taxoid molecule.

The C3’-substituents of C-seco-fluorotaxoids 25a (3’-isobutyl) and 25b (3’-
isobutenyl) also show interesting effects on the potency, which is assumed to be related
directly to their interaction with the class III B-tubulin. As Table 5.4 shows, 25b exhibits
higher potency than 25a 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. Overall, it has been shown that the intro-
duction of one fluorine to the C-2-benzoate moiety of C-seco-taxoid molecule substantially
increases the potency against both paclitaxel-sensitive and paclitaxel-resistant human
ovarian cancer cell lines.

5.5 Synthesis and Biological Evaluation of C-3’-Difluorovinyl-Taxoids

As described above, the introduction of isobutyl, isobutenyl, CF,H, and CF; groups to the
C3’-position of taxoids, replacing the phenyl group of paclitaxel and docetaxel, has led
to the development of highly potent second-generation taxoids, especially against drug-
resistant cancer cell lines expressing MDR phenotype. Our recent metabolism studies
on 3’-isobutyl- and 3’-isobutenyl-taxoids has disclosed that the metabolism of second-
generation taxoids (SB-T-1214, SB-T-1216, and SB-T-1103) is markedly different from
that of docetaxel and paclitaxel [43]. These taxoids are metabolized (via hydroxylation)
by CYP 3A4 of the cytochrome P450 family enzymes, primarily at the two allylic methyl
groups of the C-3’-isobutenyl group and the methyne moiety of the 3’-isobutyl group (see
Figure 5.2). This forms a sharp contrast with the known result that the tert-butyl group of
the C-3” N-t-Boc moiety is the single predominant metabolic site for docetaxel [44]. These
unique metabolic profiles prompted us to design and synthesize 3’-difluorovinyl-taxoids,
in order to block the allylic oxidation by CYP 3A4, which should enhance the metabolic
stability and activity in vivo.

For the synthesis of a series of C-3’-difluorovinyl-taxoids 29, novel (3R,4S)-1-t-Boc-
3-TIPSO-4-difluorovinyl-B-lactam 28(+) is the key component for the coupling with
baccatins 15 (see Scheme 5.5). We prepared this B-lactam 28(+) in three steps from 4-
formyl-B-lactam 5(+) (see Scheme 5.1) using the Wittig reaction of the formyl moiety with
difluoromethylphosphorus ylide generated in situ from (Me,N);P/CF,Br,/Zn (see Scheme
5.5). The Ojima—Holton coupling reaction [45-47] of B-lactam 28(+) with C-2-modified,
C-10-modified or C-2,10-modified baccatins 15 (X = H, MeO, N3) [17] and the subsequent
removal of the silyl protecting groups gave the corresponding C-3’-difluorovinyl-taxoids
29 in good to excellent yields.

The cytotoxicities of the 3’-difluorovinyl-taxoids 29 were evaluated in vifro against
MCF7-S, MCF7-R, HT-29 (human colon carcinoma), and PANC-1 (human pancreatic
carcinoma) cell lines [37]. The results are summarized in Table 5.5.

As Table 5.5 shows, all difluorovinyl-taxoids 29 are exceedingly potent compared
with paclitaxel. A clear effect of C-2-benzoate modification at the meta position (X = H
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Figure 5.2  Primary sites of hydroxylation on the second-generation taxoids by P450 family
enzymes.
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R = Ac, EtCO, ¢-PrCO, Me,NCO, MeOCO; X =H, MeO, N3,

Scheme 5.5 Synthesis of C-3*difluorovinyl-taxoids (28). (i) CBr.,F,, HMPT, Zn, THF, 84%,
(ii) CAN, H,O/CH3CN, —15°C, 92%; (iii) Boc,O, Et;N, DMAP, CH,Cl,, 96 % (iv) LIHMDS,
THF, —40°C; (v) HF/Py, Py/CH;CN, overnight, 0°C—RT, 57-91% (for two steps).

vs. X =MeO or N;) is observed on the increase in potency against drug-sensitive and
drug-resistant MCF7 cell lines (entries 2-5 vs. entries 6—11). Difluorovinyl-taxoids with
2,10-modifications (entries 6-11) have impressive potency, exhibiting ICs, values in the
<100pM range (78-92pM), except for one case against MCF7-S (entry 7), and in the
subnanomolar range (0.34-0.57nM) against MCF7-R, which is 3 orders of magnitude
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more potent than paclitaxel. The resistance factor for these taxoids is 1.7-6.4, while that
for paclitaxel is 250. Difluorovinyl-taxoids with unmodified C-2-benzoate moiety (entries
2-5) also show highly enhanced potency against MCF7-S and MCF7-R as compared to
paclitaxel. These taxoids exhibit impressive potency against HT-29 (human colon) and
PANC-1 (human pancreatic) cancer cell lines as well. SB-T-12853 appears particularly
promising against these gastrointestinal (GI) cancer cell lines. Although difluorovinyl-
taxoids with 2,10-modifications (entries 6-11) have not yet been evaluated against HT-29
and PANC-1 cell lines, it is anticipated that these taxoids will exhibit remarkable potency
against these GI cancer cell lines in a similar manner to that for MCF7-R.

5.6 Possible Bioactive Conformations of Fluoro-Taxoids

F NMR combined with advanced 2D spectroscopic methods provides a powerful tool
for the study of dynamic conformational equilibria of fluorine-containing bioactive mole-
cules. The wide dispersion of fluorine chemical shifts is particularly useful for the observa-
tion of conformers at low temperatures. We have successfully used fluorine-containing
taxoids as probes for NMR analysis of the conformational dynamics of paclitaxel in con-
junction with molecular modeling [48]. We have further applied the fluorine-probe proto-
col to solid-state magic angle spinning (SSMAS) '’F NMR analysis with the radiofrequency
driven dipolar recoupling (RFDR) method to measure the F-F distance in the microtubule-
bound conformation of F,-10-Ac-docetaxel (see Figure 5.3) [47]. Schaefer and co-workers
used rotational echo double-resonance (REDOR) to investigate the structure of the micro-
tubule-bound paclitaxel by determining the ’F-"*C distances of a fluorine probe of pacli-
taxel (see Figure 5.3) [49]. These solid-state NMR studies have provided critical information
on the bioactive conformation of paclitaxel and docetaxel.

Recently, we proposed a new bioactive conformation of paclitaxel, “REDOR-Taxol”
[50], based on (i) the "?F-"*C distances obtained by the REDOR experiment [49], (ii) the
photoaffinity labeling of microtubules [51], (iii) the crystal structure (PDB code: 1TUB)
of the Zn**-stabilized o-tubulin dimer model determined by cryo-electron microscopy
(cryo-EM) [52], and (iv) molecular modeling (Monte Carlo; Macromodel) [50]. In this
computational biology analysis, we first docked a paclitaxel-photoaffinity label molecule
to the position identified by our photoaffinity labeling study and then optimized the

AcQ, O OH AcQ, O OH

oo oo OH O
;;;;;;;;;; o \;o\f
dl—QBA ————————— --CD,
a63A A
4,=103 A pE
d=65A - ds >sA e N\ di=T8A

Tief Tr?  RYRZ=19For2H

RFDR REDOR 19F 13¢) REDOR (*°F-2H)
(Radio Frequency Driven Recoupling) (Rotational Echo Double Resonance)

Figure 5.3 Solid-state NMR studies on microtubule-bound fluoro-taxoid probes.
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Figure 5.4 Structures of fluoro-taxoids analyzed by molecular modeling.

position with a free paclitaxel molecule in the binding space using the REDOR distances
as filters [50].

More recently, three additional intramolecular distances of the key atoms in the
microtubule-bound "’F/?H-labeled paclitaxel were determined by the REDOR method (see
Figure 5.3) [53]. It has also been shown that the optimized cryo-EM crystal structure of
tubulin-bound paclitaxel (PDB code: 1JFF) [54] serves better for the computational struc-
ture analysis. Accordingly, we have optimized our REDOR-Taxol structure, using the 1JFF
coordinates as the starting point, by means of molecular dynamics simulations (Macro-
model, MMFF94) and energy minimization (InsightIl 2000, CVFF) [55].

We applied the same computational protocol to investigate the microtubule-bound
structures of the 3’-CF,H-, 3’-CF;-, and 3’-CF,C=CH-taxoids, using the updated REDOR-
Taxol [55] as the starting structure. Three fluoro-taxoids, SB-T-1284, SB-T-1282, and
SB-T-12853 (see Figure 5.4), were docked into the binding pocket of paclitaxel in the B-
tubulin subunit by superimposing the baccatin moiety with that of the REDOR-Taxol, and
their energies were minimized (InsightII 2000, CVFF). The resulting computer-generated
binding structures of three fluoro-taxoids are shown in Figure 5.5 (a, b, c).

As Figure 5.5 (a, b, ¢) shows, the baccatin moiety occupies virtually the same space
in all cases, as expected. Each fluoro-taxoid fits comfortably in the binding pocket without
any high-energy contacts with the protein. There is a very strong hydrogen bond between
the C-2’-OH of a fluoro-taxoid and His227 of B-tubulin in all cases, which shares the same
key feature with the REDOR-Taxol structure [50]. [Note: Our preliminary study on the
tubulin-bound structures of these three fluoro-taxoids using the 1TUB coordinates [52] led
to different structures in which the C-2’-OH had a hydrogen bond to Arg359 of B-tubulin
[56]. However, the use of the updated REDOR-Taxol structure based on the 1JFF coordi-
nates [54] unambiguously led to fluoro-taxoid structures bearing a strong hydrogen bond
between the C-2’-OH and His227.]

The CF,H and CF; moieties fill essentially the same space, as anticipated. However,
the CF,C=CH moiety occupies more extended hydrophobic space than the CF,H and CF;
moieties. It is likely that this additional hydrophobic interaction contributes substantially
to the exceptional cytotoxicity of difluorovinyl-taxoids 29. The overlay of SB-T-12853
with a representative second-generation taxoid, SB-T-1213 shows excellent fit, which may
demonstrate that the difluorovinyl group mimics the isobutenyl group (see Figure 5.5, d).
However, the difluorovinyl group is in between vinyl and isobutenyl groups in size,
and two fluorine atoms may mimic two hydroxyl groups rather than two methyl groups
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Figure 5.5 Computer-generated binding structures of fluoro-taxoids to B-tubulin: (a) SB-T-
1284 (3'-CF,H); (b) SB-T-1282 (3’-CF;); (c) SB-T-12853 (3"-CF,=CH); (d) Overlay of SB-T-
12853 and SB-T-1213 (C3’-isobutenyl). See color plate 5.5.

electronically. Accordingly, the difluorovinyl group can be regarded as “magic vinyl” in
drug design, similarly to “magic methyl” for the trifluoromethyl group, including its
anticipated metabolic stability against P-450 family enzymes.

5.7 Use of Fluorine in Tumor-Targeting Anticancer Agents

Although current cancer chemotherapy is based on the premise that rapidly proliferating
tumor cells are more likely to be killed by cytotoxic drugs, the difference in activity of
cytotoxic drugs against tumor tissues and against primary tissues is relatively small. Con-
sequently, the amount of an anticancer drug required to achieve clinically effective level
of activity against the targeted tumor cells often causes severe damage to actively propa-
gating non-malignant cells such as cells of the gastrointestinal tract and bone marrow,
resulting in a variety of undesirable side-effects. Accordingly, it is very important to
develop new chemotherapeutic agents with improved tumor specificity.
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To address the tumor specificity issue, various tumor-targeting anticancer drug conju-
gates, consisting of a tumor-targeting molecule, a functional linker, and a highly potent
cytotoxic drug, have been developed. Such a drug conjugate should have a high affinity to
tumor cells through the tumor-targeting module, promoting efficient endocytosis of the
whole conjugate. The functional linker moiety of the conjugate should be intelligently
designed and engineered so that the conjugate is stable in the circulation but the linker is
readily cleaved in tumors to release the potent cytotoxic drug efficiently. Monoclonal anti-
bodies (mAbs), hyaluronic acid, folic acid, biotin, and somatostatin peptide mimic are among
the tumor-targeting molecules most commonly used [57, 58]. For example, mAbs specifi-
cally bind to antigens that are overexpressed on the surface of tumor tissues or cells, distin-
guishable from normal tissues. Therefore, in principle, mAb—cytotoxic drug conjugates can
be specifically delivered to the tumor and internalized via receptor-mediated endocytosis,
releasing the cytotoxic drug [57, 59, 60]. Mylotarg® (gemtuzumab-ozogamicin) [61] was
approved by the US FDA for the treatment of acute myelogenous leukemia (AML), provid-
ing the first mAb—drug immunoconjugate for the treatment of cancer in clinic use. Several
other mAb—drug conjugates have reached human clinical trial stage [60, 62—65].

Our investigation in this area led to the development of novel mAb—taxoid conjugates
as tumor-targeting anticancer agents that exhibited extremely promising results in human
cancer xenografts in SCID (severe combined immunodeficiency) mice. The results clearly
demonstrated tumor-specific delivery of a taxoid anticancer agent without any noticeable
toxicity to the animals, curing all animals tested [66]. As the linker for these mAb—taxoid
conjugates, we used a disulfide linker that was stable in blood circulation but efficiently
cleaved by glutathione or other thiols in the tumor [Nofe: The glutathione level is known
to be 1000 times higher in tumor tissues than in blood plasma [67]. However, in this
first-generation of mAb-taxoid conjugates, the original taxoid molecule was not released
because of the compromised modification of the taxoid molecule for attachment the disul-
fide linker. Accordingly, the cytotoxicity of the taxoid released in these conjugates was
8—10 times weaker than that of the parent taxoid [66].

To address this problem, we have been developing second-generation mechanism-
based disulfide linkers. One of our approaches is the glutathione-triggered cascade drug
release, forming a thiolactone as a side-product as illustrated in Scheme 5.6. This mecha-
nism-based drug release concept has been nicely demonstrated in a model system by
monitoring the reaction with '’F NMR using fluorine-labeled compounds (see Figure 5.6)
[68]. The strategic incorporation of a fluorine substituent at the para position to the disul-
fide linkage would direct the cleavage of this linkage by a thiol to generate the desirable
thiophenolate or sulfhydrylphenyl species for thiolactonization. In addition, the incorpora-
tion of a fluorine substitution may increase the metabolic stability of the conjugate. This
type of linkers is highly versatile and readily applicable to any tumor-targeting drug con-
jugates, including fluoro-taxoids.

Moreover, combination of a fluorine-containing linker and a fluoro-taxoid may
provide fluorine probes for monitoring the internalization and drug release of these con-
jugates in the tumor cells and tissues by 'F NMR as an alternative method to the use of
fluorescence-labeled probes with confocal fluorescence microscopy [69].

Further applications of the strategic incorporation of fluorine into medicinally active
substances as well as compounds useful as tools for biomedical research are actively under
study in these laboratories.
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Scheme 5.6 Glutathione-triggered cascade drug release for tumor-targeting of fluoro-taxoid
conjugates.
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Figure 5.6 A model system for mechanism-based release.

(Source: Reproduced with permission, from Ojima, I. Use of fluorine in the medicinal chemistry
and chemical biology of bioactive compounds — a case study on fluorinated taxane anticancer
agents. ChemBioChem, (2004) 5, 628-635. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA.)
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Antimalarial Fluoroartemisinins:
Increased Metabolic and
Chemical Stability

Jean-Pierre Bégué and Daniele Bonnet-Delpon

6.1 Introduction

Malaria continues to be one of the most important infectious diseases in the world [1]. Of
the four human malaria parasites, Plasmodium falciparum is the one overwhelmingly
responsible for severe clinical malaria and death. A major cause of malaria morbidity and
mortality is the current increasing resistance of malaria parasites, in particular P. falci-
parum, to the most prescribed antimalarial drugs (chloroquine, pyrimethamine, proguanil,
halofantrine, etc.) [2]. Facing this alarming decline in the efficacy of antimalarial drugs,
a broad consensus on the need to develop new antimalarial drugs is now well established
[3]. Artemisinin 1 (see Figure 6.1), which was isolated from a plant, Artemisia annua L.,
and has been used to treat high fever over 2000 years in Chinese traditional medicine [4],
has emerged as a desirable drug. Artemisinin is a sesquiterpene lactone that contains an
endoperoxide bridge, as a part of a 1,2,4-trioxane core. This very unusual functional group
in medicinal chemistry is an absolute requirement for the antimalarial activity. When the
endoperoxide is lacking, as in the reduced desoxoartemisinin, the compound is devoid of
antimalarial activity [5]. Consequently, the peroxide function has become a focus for
experiments aimed at understanding the mode of action of artemisinin and other trioxanes.
Numerous hypotheses have been proposed as possible mechanisms of action for artemis-
inin derivatives (“artemisinins”). They were supported by a large number of studies
seeking an understanding at the molecular level [6]. However, the conclusion of these
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Figure 6.1 First-generation antimalarial artemisinins.

complementary but often contradictory experiments is that the in vivo activity is probably
multifactorial: that is, artemisinins interacts with several targets [7].

The therapeutic value of artemisinin is limited by its low solubility in both oil and
water. However, artemisinin provides a unique key molecular framework from which
medicinal chemists can attempt to prepare more efficacious antimalarial drugs by retaining
the pharmacologically essential 1,2,4-trioxane core [8].

The first-generation semisynthetic analogues, dihydroartemisinin 2, artemether,
arteether (“ethers of artemisinin”) and sodium artesunate, were prepared in the 1980s
(Figure 6.1) [5a, 9]. These artemisinin derivatives have made a substantial impact on the
treatment of malaria [10-12]. They are fast-acting and potent antimalarial drugs against
all Plasmodium parasites, in particular the multidrug-resistant P. falciparum [13]. They act
at the early stages of development of parasites once the parasites have invaded red cells
[14]. Artemisinins are gametocytocidal, but they do not kill the hepatic stages of parasites
[15]. No clinical case of resistance to artemisinins has been reported so far [16].

These derivatives have poor oral bioavailability, but fortunately this is partially coun-
tered by their very high intrinsic activities. Furthermore, they all possess a short half-life
in the body, which can lead to recrudescence of parasitemia [17]. According to Scheme
6.1, the human metabolism of an ether of artemisinin, such as artemether, involves first
an oxidation in the liver by cytochrome P450 enzymes. This produces dihydroartemisinin
(DHA) as the main metabolite, which retains the antimalarial activity [11]. DHA is then
rapidly eliminated through phase II metabolism via generation of water-soluble conjugates
such as o-DHA-B-glucuronides [18]. These two processes are responsible for the short
plasma half-life of ethers of artemisinin [8]. A second important factor is the low stability
of the acetal group under acidic conditions, such as those found in the stomach upon oral
administration.

[Note: In artemisinin series, conventional designation of stereochemistry is used (e.
g., 0 is below the plane, while B is above the plane), but the stereochemistry at C-10 is
opposite to that used for glycosides.]

The use of these artemisinin derivatives in combination with an antimalarial drug
with a longer half-life, as recommended by WHO, can not only delay emergence of resis-
tance but also partially overcome the problem of short plasma half-life [19]. Nevertheless,
chemically and metabolically more stable artemisinins would bring improvement in
malaria therapy and bitherapy (or combination therapy) [20].

In order to improve the oral bioavailability, a huge number of compounds have been
synthesized from artemisinin, which is a readily available naturally occurring compound
[8]. Large-scale isolation and purification of artemisinin from wild or cultivated Artemisia
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Scheme 6.1 Metabolism of artemether in humans.

Figure 6.2 Main structural variations of the artemisinin skeleton for antimalarial drug
discovery.

annua are rather easy (more than 10 tonnes/year is produced in south-east Asia). The two
main objectives of medicinal chemists have been to obtain more stable derivatives and to
increase water solubility by introducing polar or ionizable functional groups.

Numerous chemical modifications of artemisinin have been extensively investigated
and reviewed [8, 20a, 21, 22]. The most effective approaches include the design of
oxidation-resistant ethers of DHA 3 (see Figure 6.2), of 10-aza analogues S [23, 24], and of
10-carba analogues 6 [8, 20a, 21, 22, 25]. From these various “robust” artemisinins, current
efforts are focused on incorporating functional groups in order to increase water solubility
and to decrease log P. Good examples are artemisone S, developed by Bayer and MMV
[26], and the piperazine derivative 6, a potent in vitro and in vivo antimalarial [8, 27].
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All structural modulations described above are concerned with the C-10 site. Arte-
misinin derivatives functionalized at C-16 (7, 8) are more difficult to prepare, and the
natural precursors, artemisitene and artemisinic acid, are less readily available than arte-
misinin [18c, 28, 29].

6.2 Fluoroartemisinins: Control of Metabolism

To prevent oxidative metabolism and/or to increase hydrolytic stability, ten years ago we
initiated our approach to designing a metabolically more stable artemisinin using fluorine
substitution. This approach is now classical in medicinal chemistry and has been validated
by numerous examples [30, 31]. The decreased rate of metabolism as a result of fluorine
substitution is a consequence of the intrinsic properties of the fluorine atom — the electronic
structure and strong electronegativity of fluorine impart great chemical inertia to the C-F
bond, in particular toward oxidation. Furthermore, the electronegativity of fluorine confers
a strong electron-withdrawing character on fluoroalkyl substituents. This disfavors devel-
opment of positive charge on the o-carbon, and hence the generation of cationic species
involved in hydrolytic processes [30, 32].

We present here an overview of our approaches to and results on new potent antima-
larial fluoro-artemisinins. The effects of fluorine substitution on chemical reactivity make
the synthesis of fluoro-artemisinins not always straightforward. These specific synthetic
challenges will be highlighted.

6.2.1 Fluoroalkyl Ethers of Dihydroartemisinin

6.2.1.1 Synthesis

As indicated in Scheme 6.1, in vivo or in liver homogenates, ethers of DHA undergo rapid
hydroxylation by cytochrome P450 enzymes to generate a hemiacetal, which decomposes
to produce DHA 2 and an aldehyde [18c, 33]. A feasible approach to prolonging the half-
life of DHA ethers is to design poorer substrates for cytochrome P450 by introduction
of a fluorinated substituent (Rf) at the o-methylene carbon of the alkoxy group (see
Scheme 6.2). A slower rate of oxidative dealkylation would be expected since it has been

Oxidation slowed down by
the protecting Rf group

Scheme 6.2 Design of fluoroalkyl ethers of artemisinin.
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demonstrated that the protection against oxidative processes provided by a fluoroalkyl
group is often extended to adjacent CH or CH, groups [30, 34-37].

Ethers of DHA are usually prepared by treatment of DHA 2 (ot: 3 ~ 50:50) with an
appropriate alcohol in the presence of BF; and Et,0. The stereochemistry of this reaction
has been intensively investigated and discussed [38], in particular by Haynes ef al. [18c,
24, 39]. This process is less efficient with fluoro-alcohols (R'OH), because they are poor
nucleophiles. For instance, the reaction of trifluoroethanol with DHA [40], in the presence
of BF; and Et,0 in ether, yielded ether 9a (67%), and dehydrodeoxoartemisinin 10 (20%)
resulting from the competing deprotonation of the intermediate oxonium ion 11 (see
Scheme 6.3) [27, 30]. However, a secondary fluoro-alcohol and pentafluorophenol did not
react at all (see Table 6.1).

The Mitsunobu procedure was reported to be efficient in the case of fluoroalkyl
alcohols [42]. Unlike nonfluorinated alcohols, the acidic fluoro-alcohols [43] are
efficiently deprotonated by the PPh;-DEAD adduct. This facilitates the displacement
of the oxyphosphonium leaving group by an alkoxide. With the use of this reaction, a
range of ethers 9 were prepared from fluoro-alcohols in good (from primary alcohols) to
moderate yields (secondary alcohols) with high B-stereoselectivity (see Scheme 6.3 and
Table 6.1).

2 (ovp 50:50) 1
| Rf-OH, DEAD, PPH,

Scheme 6.3  Etherification reaction of dihydroartemisinin [40; T. Van Nhu et al., unpublished
results on “Preclinical development experimental pharmacology of fluorinated artemisinin
derivatives”, 2005]. DEAD: diethyl azodicarboxylate.

Table 6.1 Preparation of DHA fluoroalkyl ethers 9

Alcohol R-OH Method 9 Yields (%) B/o
BF;,Et,O/Et,O 67 94:4
a CF,CH,OH Mitsunobu 74 93:7
b CF,CF,CH,OH BF;, Et,O/Et,O. 43 97:3
Mitsunobu 80 93:3
¢ CF;CHOHCF; BF;,Et,O/Et,O 0
Mitsunobu 60 100:0
d C,F;OH BF;,Et,O/Et,O 0

Mitsunobu 50 94:6
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6.2.1.2 Antimalarial Activity

The ICs, values for the fluoroalkyl ethers 9, evaluated on P. falciparum (W-2 strain)
(27nM < ICsy < 72nM), are higher than that of artemether (ICsy = 6nM), wherein only
a small influence of the structure of fluorinated chains is observed [40]. However, ethers
9 were very active in vivo (Peters test, P. berghei, intraperitoneal administration for 4
days at 35.5 umol/kg), especially ethers 9b and 9c. All animals were cured before day 42
(D-42). Compound 9b has been investigated more in detail [41].! High activity was
also found after subcutaneous administration (EDsy= 1mg/kg, EDy, = 1.5mg/kg; cf.
artesunate: EDs, = 2.8 mg/kg, EDy, = 5.4 mg/kg) or oral administration (EDs, = 2.8 mg/kg,
EDy = 4.3mg/kg; cf. artesunate: EDs, = 10.5mg/kg, EDy, = 15.3 mg/kg). However, its
water solubility is very low (log P = 6.1, water solubility at pH 7.4 < 5ug/mL). Thus, an
appropriate formulation was required.

6.2.2 Fluorinated Analogues of Dihydroartemisinin and Artemether

Substantial effects on both stability and metabolism might be expected from the presence
of a trifluoromethyl substituent at C-10 in DHA and its ethers. The following effects were
anticipated:

* Glucuronidation of CF;-DHA 12 should be greatly slowed relative to DHA, because the
electron-withdrawing character of the trifluoromethyl group can affect the two possible
glucuronidation processes. The nucleophilicity of the hydroxyl in CF;-DHA 12 is
strongly decreased. Consequently, 12 is expected to be a poorer glycosyl acceptor,
regardless of its configuration at C-10. Alternatively, an intermediate oxonium ion 14 at
C-10, which is a potential glycosyl donor, should be generated from 12 only with high
activation energy (see Scheme 6.4).

* In vivo stability of the trifluoromethyl analogue 13a of artemether is anticipated to be
increased in two ways: first, the trifluoromethyl group could decrease the oxidation of
the methoxy group [30, 34-37]; second, the intermediate oxonium ion 14 should be
much more difficult to generate in acidic medium [30].

To validate these hypotheses, the synthesis of the trifluoromethyl analogues of DHA and
artemether was investigated.

6.2.2.1 Chemistry

The hemiketal 12 was easily prepared in high yield (80%) from artemisinin by treatment
with trifluoromethyl trimethylsilane (TMSCF;) in the presence of tetrabutylammonium
fluoride trihydrate (TBAF, 3H,0). Complete desilylation occurred after addition of water
(see Scheme 6.5). The reaction was stereoselective, and the o configuration of the CF;
group was unambiguously determined (3-12) [40, 44]. However, this configuration at C-10
is not the result of an o approach of the CF; but of a thermodynamic equilibrium of the

! For pharmacokinetic studies experiments were performed with an intravenous formulation (0.1 M Captisol™ in water)
(solubility: 4600 ug/mL) and an oral standard suspension vehicle (SSV) formulation (0.5 % w/v CMC, 0.5 % v/v benzyl alcohol,
0.4 % v/v Tween 80 in 0.9 % w/v NaCl) (solubility: 585 png/mL): K. A. MclIntosh, W. N. Charman et al., unpublished results,
2002.
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Scheme 6.4 Expected effect of CFs-substitution on the stability of artemether and DHA.
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Scheme 6.5 Reaction of TMSCF; with artemisinin. TBAF: tributylammonium fluoride.

kinetic (B-CF;, o-hydroxy) product into $-12. The primary product of the reaction, silyloxy
ketal 15, is B-CF;. This indicates that, in the reaction of artemisinin with TMSCF3, there
is a kinetic preference for a 3-addition such as in the reaction of activated DHA involving
an oxonium ion [18c, 24, 39]. The axial CF; group, which is a bulky substituent [45],
probably suffers from a repulsive interaction with both the C-8a—C-8 axial bond and the
methyl substituent, and thus favors the equilitrium towards 3-12 [46], while in DHA 2 the
o.: B equilibrium ratio is about 50: 50.

We then investigated routes to the CF; analogue of artemether. All attempts at etheri-
fication or acylation of the hydroxyl moiety of hemiketal 12 failed. Starting hemiketal 12
was recovered under various conditions generally used for the functionalization of DHA
[47]. This can be ascribed to the poor reactivity of the -epimer of DHA wherein the axial
hydroxyl experiences a 1,3-diaxial interaction with the C-8—C-8a bond [18c]. This steric



148 Fluorine in Medicinal Chemistry and Chemical Biology

i) SOX,/-30°C

i) Pyridine (1.5 equE.)

5\‘ OH —/_\/V\ WA / X
18 (76 %) 12 N é\\g\ 16 X=Cl (74 %)
E C\ 0OSOX 17 X =Br (86 %)

3

Scheme 6.6 Preparation of 10-halogeno-10-deoxoartemisinins.

hindrance, coupled with the low nucleophilicity of a tertiary trifluoromethyl hydroxyl,
raises the activation energy of alkylation or acylation. A substitution reaction involving
displacement of the hydroxyl group of 12 is not an effective alternative. In general, the
substitution of a-trifluoromethyl hydroxyl groups through Sy1 is as difficult as that through
Sx2 processes. The strong electron-withdrawing effect of the CF; group strengthens the
C-0O bond and destabilizes the intermediary carbocation in the Syl process [48]. Despite
the presence of an alkoxy substituent at C-10, the hemiketal 12 remained unreacted when
it was subjected to Sy1-type conditions (BF;,Et;,O/MeOH). In an Sy2 process, the combi-
nation of steric and electronic repulsive effects of fluorine atoms on the incoming nucleo-
phile decreases the reaction rate [48a,b]. Indeed, the Mitsunobu reaction, a typical Sy2
process, failed for the attempted coupling of 12 with benzoic acid [47].

Finally, halogenation was tried and found successful. Thus, chloride 16 and bromide
17 were prepared from 12 in good yields through reaction with thionyl chloride or thionyl
bromide at —30°C, using 1.5 equivalents of pyridine (see Scheme 6.6). These reaction
conditions are very important for obtaining 16 and 17: when the same reactions were
performed using pyridine as solvent at room temperature, pseudo-glycal 18 was obtained
in good yield in place of halogenation products. Halides 16 and 17 were stereoselectively
obtained with B configuration at C-10 as in the starting CF;-DHA. Thus, the substitution
proceeds with retention of configuration through SNi mechanism [49]. These 10-halogeno
compounds 16 and 17 are, a priori, better substrates than the hydroxyl counterpart (CFs-
DHA) for further substitution reactions.

The nucleophilic substitution of bromide 17 with methanol used as solvent was
investigated in the presence of silver salts. The ether 13a was obtained as a mixture of
two diastereoisomers, accompanied by a large amount of glycal 18 (see Scheme 6.7)
[47].

Taking into account the lack of chemoselectivity and stereoselectivity of these silver
ion-mediated reactions, it is reasonable to postulate an Syl-type mechanism for this
process, leading to the formation of oxonium ion 14, despite the electron-withdrawing
effect of the CF; group (see Scheme 6.8). The stereochemical outcome should be ascribed
to the steric or electronic preference of methanol addition to two possible diastereo-faces
of the trifluoromethyl oxonium ion 14, in which the interactions are probably different
from those in nonfluorinated DHA derivatives. In order to disfavor the formation of
oxonium 14, the reaction was performed without silver salt in MeOH. While the reaction
rate did not decrease significantly, only 23% of glycal 18 was obtained. Furthermore, the
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CF" "OMe

o-13a ﬁ-1 3a
Ag,CO,4 43 % 36 % 21 %
AgOTf 29 % 28 % 43 %

Scheme 6.7 Substitution of bromide 17 with MeOH in the presence of silver salt.

Elimination

Addition

14 /O—Me
H

Scheme 6.8 Both activation pathways of substitution reaction of bromide 17.

substitution leading to the formation of 13a occurred with more than 80% retention of
configuration (o/f = 17/83). These results can be rationalized by assuming an activation
of bromide 17 by methanol through a hydrogen bond (0ty.on = 0.98) [50].

An improvement required was to decrease the amount of alcohol used for the substi-
tution. Reaction of bromide 17 in CH,Cl, at room temperature with MeOH (10 equiva-
lents) was slow (72% conversion after 15h), but highly diastereoselective (o/p = 8/92)
and chemoselective (only 3% of glycal 18). For further optimization, 1,1,1,3,3,3-hexafluo-
roisopropanol (HFIP) was used as additive [47]. HFIP possesses low nucleophilicity, high
ionizing power, high hydrogen bond donor ability (ot = 1.96) and a strong ability to solvate
anions [43b, 51, 52]. These properties have been exploited in solvolysis reactions [51] and
various other reactions [43b, 53].

Under optimized experimental conditions (CH,Cl,, MeOH (10 equivalents), HFIP (5
equivalents)) the reaction was complete at room temperature in less than Sh. Moreover,
the reaction was still chemoselective (less than 5% of the elimination product 18), and
completely stereoselective (the o stereoisomer was not detected) (see Scheme 6.9) [47].
The nucleophile is delivered on the same -face as the leaving group. Similar results from
DHA glycosyl donor have been rationalized by the formation of the half-chair oxonium
ion, and a stereoelectronically preferred axial addition with reactive nucleophiles [18c].
Compared to the reaction of 17 with the stronger Ag" electrophilic assistance (see Schemes
6.7 and 6.8), the low ratio of elimination product 16 and the high B-diastereoselectivity
suggest a mechanism different from an addition on the oxonium ion 14. It is also clear
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MeOH (10eq), HFIP (5eq) +
CH,CI,, rt, 5h
MeO I’CF3
13a
80 % <5%

Scheme 6.9 Preparation of 13a.

Table 6.2 Antimalarial activities of compound 12 (CF;-DHA) and 13a (CF;-artemether)
compared to reference artemisinins

In vitro: 1Cso (nM) Subcutaneous  Oral l.p.
(P. berghei) (P. berghei) (P. berghei)
(mg/kg) (mg/kg) (mg/kg)
D6 W2 FCBT1 EDs, EDy, EDs, EDq, EDs, EDq,
12 2.6 0.9 0.7 1.8 4.3 13.0
Na artesunate - 5.4 2.8 10.4 5.4 15.3
Artemether 3.5 2.5 8.5
13a 0.8 1.25 6.4

that in 17 the side opposite to the bromide is hindered: the bulky trifluoromethyl moiety
and the cyclic oxygen lone pairs offer a more repulsive face than C-8—C-8a and C-H-12
bonds.

6.2.2.2 Biological Properties

6.2.2.2.1 Antimarial Activity The 10-R-(trifluoromethyl)dihydroartemisinin 12 is
highly active against D6 and W2 drug-resistant strains of P. falciparum (D6, ICs, = 2.6 nM;
W2, IC5, = 0.9nM), and more potent than artesunate (see Table 6.2). Moreover, it is active
against wild isolates from African patients (with Senegalese isolates, ICsy = 3.3nM) [54].
Compound 12 is also more active in vivo (subcutaneous or oral administration) than
sodium artesunate in mice infected with murine P. berghei [40]. All mice survived until
day 42 in the Peters test.

In vitro activity on P. falciparum (FCBI strain) of the trifluoromethyl analogue 13a
of artemether is higher than that of artemether itself (0.8 nM for CF;-artemether) (see Table
6.2) [55]. In vivo EDs, shows that 13a is about twice as active as artemether. More impor-
tantly, i.p. administration of the 10-CF; analogue of artemether to mice infected with P.
berghei (NK173) completely cleared parasitemia from the end of treatment to day-25. This
clearance has never been observed previously with artemether itself when used at the same
concentration in our experiments (35.5 umol/kg).

6.2.2.2.2 Stability Chemical and metabolic stabilities have been evaluated. A quantita-
tive evaluation of the hydrolytic stability brought to the ketal function by the introduction
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Table 6.3 Half-lives at pH 2 and 37°C and in vivo

Acidic conditions (pH 2, 37°C) t;, (h) Plasma half-life t;,, (min)

DHA 17 23
CF;-DHA 12 760 86
Artemether 11 52
CF;-artemether 13a 660 -

of a trifluoromethyl group at C-10 showed that the trifluoromethyl analogues of DHA and
artemether were dramatically more stable under acid conditions (pH 2) than DHA and
artemether (see Table 6.3) [47, 55]. This confirms the hypothesis about the effect of the
fluorine substitution on the protection toward proteolysis. Presence of CF; disfavors the
formation of the oxocarbenium ion 14 [48, 55]. This higher stability under acidic condi-
tions should increase their half-lives in the stomach and consequently improve oral
bioavailability.

The plasma half-life of CF;-DHA 12 (¢,,, = 86 min), after intravenous (i.v, 10 mg/kg)
or oral (50 mg/kg) administration to rats is also higher than that of DHA (#,, = 23 min.) or
artemether (,, = 52min.) (see Table 6.3) [56]. Compound 12 possesses a high oral bio-
availability (28%) compared with that of artemether (1.4%), probably due to a good
compromise between a convenient log P (4.36) and a fairly good solubility (see footnote
1 earlier).

6.2.2.2.3 Toxicity The toxicity CF;-DHA 12 has been investigated further. It displays
low toxicity in rodents. The LDs, in mice orally treated was 820 mg/kg, while the EDy is
only 13 mg/kg. Subacute toxicity testing was done in rabbits (orally at 20 mg/kg once daily
for 28 days), with no effect on the body weight of animals. The electrocardiographic index
was the same in treated and nontreated groups. Hematological and biochemical (serum
glutamic oxaloacetic transaminase (SGOT) and serum glutamic pyruvic transaminase
(SGPT), etc.) parameters and histopathological examinations showed that liver and kidney
microstructures were normal in the group treated [41, 57]. In vitro neurotoxicity evaluated
on neuroblastoma cultures in the presence of liver microsomes showed that the neurotoxic-
ity of 12 is half that of artemether. In vivo, the speed of establishing reflex, the speed of
extinguishing reflex for searching food in a maze (mice), and conditional reflex (rats) were
only slightly different from those of the nontreated group. Toxicity studies performed on
monkeys did not show undesirable effects [41].

The CF;-dihydroartemisinin 12 is chemically stable and is easily prepared on large
scale, in one reaction step with purification by crystallization [56]. It is therefore consid-
ered to be a good candidate for future development.

6.3 Toward Water-Soluble Fluoroartemisinins

The clear effect on metabolic stability induced by the introduction of a fluoroalkyl substitu-
ent at C-10 of artemisinins has been demonstrated. This provided robust derivatives that
therefore exhibited better antimalarial activity than reference artemisinins. Our further
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NuH (10eq), HFIP/CH,CI,

rt, 5h

HOOCCH,CH,cOO CF;
19 (67 %)

Scheme 6.10 Preparation of the CF; analogue of artesunate.

important objective was to introduce polar or ionizable functions into fluoroartemisinins
to increase the water solubility. Several strategies have been investigated.

6.3.1 CF; Analogue of Artesunate

Conditions set up for the preparation of 10-CF;-artemether 13a by substitution of the
bromide 17 in the presence of HFIP offered the possibility to introduce other nucleophiles.
Various alcohols provided corresponding 10B3-alkoxy-100.-trifluoromethyl deoxoartemisi-
nins in good yields (73—-89%), accompanied by only a small amount of glycal 18 (2-6%).
These efficient conditions were used to prepare the 10-CF; analogue of artesunate. The
carboxylate generated in situ from succinic acid and triethylamine reacted with 17, in the
presence of HFIP as a co-solvent (1:1), giving rise to the trifluoromethyl analogue 19 of
B-artesunate in 67% yield (see Scheme 6.10).

Surprisingly, this trifluoromethyl analogue of artesunate was not highly efficacious
in vivo. While it protected mice against P. berghei until day 7 (3.9% parasitemia), a rapid
increase of parasitemia then appeared, thus exhibiting a profile similar to that of artemether

6.3.2 Reaction of Difluoroenoxysilanes with Artemisinin Derivatives

Another promising approach to combining the effect of fluoroalkyl substituent and water
solubility was the introduction of a difluoroketone motif as a possible precursor of corre-
sponding acids at C-10. For this purpose we investigated the chemistry of difluoroenoxysi-
lanes, reported as a route to difluoro-C-glycosides [58]. Ziffer previously reported that
DHA easily reacted with enoxysilanes under Lewis acid catalysis [59].

Aryl difluoroenoxysilanes 20 were prepared by Mg-promoted defluorination of tri-
fluoromethyl ketones, according to Uneyama’s procedure [60]. Their reaction with DHA
acetate appeared to be much more critical than any other Lewis acid-catalyzed reaction
and the setup was very troublesome. Each difluoroenoxysilane required specific reaction
conditions (e.g., Lewis acid and rate of addition) (see Scheme 6.11 and Table 6.4) [61].
For instance, the best conditions found for the preparation of the difluoroketone 21a
(SnCl,, 0.4 equivalents) provided a completely rearranged artemisinin skeleton when
applied to the enoxysilane 20b. Furthermore, the stereochemical outcome of reactions was
unusual: difluoroketones 21a—c all possess the epi-artemisinin configuration at C-9 (9a-
Me). The mechanism of this epimerization at C-9 is not fully understood, but probably
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z H

20a-c
Lewis acid, - 78°C, CH,Cl, “H
0CO-CH, Ar
DHA-Ac OSiMe; 203 Ar C,H.- O 21ac
F\Z>ar  20b Ar 4-MeO-CgH,-

F 20c Ar 2,4-di-MeO-CiH,-

Scheme 6.11 Reaction of DHA acetate with enoxysilanes 20a—c in the presence of Lewis
acid.

Table 6.4 Reaction of DHA acetate with enoxysilanes 20a—c in presence of Lewis acid

Enoxy silanes Lewis acid (equiv.) Products Isolated yields (B/ov at C-10)
20a SnCl, (0.4) 21a (9o-Me) 66% 100:0
20b BF;,Et,O (0.2) 21b (90-Me) 73% 100:0
20c SnCl, (0.4) 21c¢ (9a-Me)? 33% 70:30

“Accompanied by glycal 18.

involves a deprotonation—reprotonation of glycal 10 and oxonium ions 11 (see Scheme
6.3). Such epimerization has been reported in rare cases for Lewis acid-catalyzed reactions
with DHA or DHA acetate, but always as a minor process [40, 62].

The subtle chemistry of difluoroenoxysilanes has not been fruitful in our search for
new antimalarial drug candidates. All our attempts to convert ketones 21 into acids failed
(Baeyer—Villiger reaction, oxidation of the aryl moiety). Furthermore, the configuration at
C-9 in artemisinins is known to be crucial for the antimalarial activity [5]. Ketones 21 are
much less active in vitro and in vivo than artemether.

6.3.3 Functionalization at C-16 of 10-trifluoromethyl-anhydroartemisinin

Another approach to introduce a polar function into fluoroartemisinins was to exploit the
allylic site in glycal 18. However, the standard methods (P,Os or BF;-Et,0) [38, 63]
reported for the nonfluorinated parent compound 10 from DHA failed for CF;-DHA 12,
because of the great stability of a CF;-substituted hydroxyl under acidic conditions [48,
64]. The glycal 18 could be selectively prepared in good yields by treatment of 12 with
thionyl chloride and pyridine in large excess (see Scheme 6.6) [44].

Before starting any structural modulation, we first evaluated the effect of the C-9-C-
10 unsaturation on antimalarial activity and ascertained that the presence of a CF; group
at C-10 could disfavor the protonation leading to oxonium 14, and hence the further gluc-
uronidation (see Scheme 6.4). The antimalarial activities of glycals 10 and 18 have been
assessed and compared (see Figure 6.3) [58]. Whereas in vitro activities on P. falciparum



154 Fluorine in Medicinal Chemistry and Chemical Biology

100%
80%
60%
40%
20%

0%

—&— % survivals

—&— % parasitemia

Days

100%
80%
60%

—— 9% survivals

—— % parasitemia

40%
20% 4/\-/.
0% : : :
18 0 5 10 15 20
ICg, =20 NnM Days

Figure 6.3 Effect of fluorine substitution at C-10 on antimalarial activity of glycols.

are similar, in vivo activities are remarkably different. With glycal 10, there is no clearance
of parasitemia at the end of the i.p. treatment of mice infected with P. berghei NK 173
(35.5umol/kg according to the Peters test), and no survival at D-10. With 18, all mice
survived until D-20. This is a clear evidence of the protection against hydrolytic processes
conferred by a CF; substituent. Glycal 18 could thus be used as precursor for the prepara-
tion of new antimalarials functionalized at C-16.

6.3.3.1 Allylic Bromination

Surprisingly, the allylic radical bromination of the nonfluorinated glycal 10 had not
been reported, although the allyl bromide could obviously provide a shorter route to 16-
substituted derivatives than the previously described approaches from artemisitene or
artemisinic acid [28, 29, 59a, 65, 66]. Conversely, reactivity of 10 toward electrophilic
brominating agents was well documented. Dibromides [44, 67] and bromohydrins [68, 69]
have been used for the introduction of ionizable functions in artemisinin at C-10 and C-9.

Allylic bromination of glycals 10 and 18 was investigated under the usual Wohl-
Ziegler conditions with N-bromosuccinimide (NBS/CCl,/reflux) in the presence of azobi-
sisobutyronitrile (AIBN) as initiator. Although both bromides were easily formed in this
reaction, the nonfluorinated one appeared to be unstable and could not be isolated [70].
The parent 10-CF;-16-bromo derivative 22 was also obtained in good yield (72%) (see
Scheme 6.12). The compound could be purified by crystallization and stored for several
weeks at 0°C. Clearly, the electron-withdrawing character of the CF; group makes the
allyl bromide less labile.

The presence of an initiator (AIBN) was not necessary in the bromination reaction
of glycal 18 and yield was even improved to 90% when the reaction was performed without
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NBS, AIBN, CCl,, reflux (72 %)

NBS, CCl,, reflux (90 %)
Br,, CH,Cl,, 1 h, 0°C (70 %)

Nu = Amines, alcoholates, malonate, etc...

Scheme 6.13 Reactions of bromide 22 with N-, O-, and C-nucleophiles.

AIBN. The ease of the allylic bromination of 18 has been attributed to the presence of the
endoperoxide, which can initiate the radical reaction [44]. Similar results were obtained
with Br, without initiator, whereas Br, reacts with glycal 10 through an electrophilic addi-
tion on the double bond [44, 67].

6.3.3.2  Reactions of the Allyl Bromide 22 with Nucleophiles

Trifluoromethyl allyl bromide 22 reacted selectively with amines and alcoholates, leading
to 16-substituted compounds 23 (Sx2-type products), with no trace of the allylic rearrange-
ment product (see Scheme 6.13 and Table 6.5) [57]. However, conditions were also found
to provide predominantly the allylic rearrangement [71]. Excellent yields in 23 were
obtained with secondary amines. With primary amines, polyalkylation could be avoided
by using dilute conditions. Since reductive conditions to convert an azide into a primary
amine are not compatible with the endoperoxide bridge [72], the primary amine at C-16
was prepared using NHj; as nucleophile, in a very large excess to avoid polyalkylation.
Sodium alkoxides, generated in situ with sodium hydride, also reacted well to generate
corresponding ethers in good yield, but addition of a catalytic amount of KI was required
(see Table 6.6). Dimethyl sodium malonate reacted with bromide 22, leading to the diester
23q in excellent yield (90%). A large series of new compounds 23a-r were obtained.

6.3.3.3 Biological Activity of Products 23

Most of the 16-functionalized fluoroartemisinins exhibited strong antimalarial activity
in vitro (see Table 6.7) and in vivo (see Table 6.8) [46, 57]. Only the diester 23q and the
diacid 23r were found to be inactive against Plasmodium falciparum. The more promising
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Table 6.5 Reactions of bromide 22 with N-nucleophiles

N-Nucleophile? Equiv. Time (h) 23 Yield
Morpholine 4 6 a 90%
Piperazine ethanol 4 6 b 87%
EtNH, 10 4 C 85%
MeNH, 10 3 d 98%
NH,CH,CH,NH, 10 3 e 95%
NaN," 1.5 1 f 95%
NH;¢ 4 g 7%

“Reactions performed in THF.
PReaction performed in DMSO.
“Large excess of NH; in a mixture NHy/THF 1:1.

Table 6.6 Reactions of bromide 22 with O-and C-nucleophiles

Nucleophile* Equiv. NaH (equiv.) Solvent Time (h) 23 Yield”
EtOH 20 3 THF 18 h 98%
BnOH 1.5 3 THF 18 1 97%
MeOCH,CH,OH 3 2 DMSO 1 J 96%
CH,=CH-CH,OH 3 2.5 DMSO 2 k 81%
HOCH,CH,OH 4 1.5 DMSO 2 | 69%
CH,(COOMe), 1.5 1.8 THF 5 q 90%

“In presence of KI (0.1 equiv.).
Plsolated yield.

Table 6.7 In vitro activities of compounds 23 and artemether on the chloroquine-resistant
Plasmodium falciparum FcB1 and W2 clones and calculated logP values (ClogP)

Nu ICso (NM)? Clog P

Artemether 3.5+1.2¢ 2.92
23a —-Morpholino- 3.1£0.5¢ 3.89
23b —Piperazinoethanol 15.2+6.7¢ 2.43
23c —NHEt 13.4 £4.5¢ 3.40
23d -NHMe 9.242.4° 2.87
23e -NHCH,CH,NH, 1.2+0.7¢ 2.50
23f -N; 10.0£7.6 4.97
23g -NH, 4.440.4¢ 3.13
23h -NHSO,CH; 20.0£6.3¢ 3.07
23i -NHSO,C¢H,CH; 19.1£3.5¢ 5.25
23h —-OFt 25.0+7¢ 3.73
23i -OBn 2045 5.72
23j —OCH,CH,OMe 2.740.4¢ 3.26
23k —-OCH,CH=CH, 6.0+£1.7¢ 4.43
231 —-OCH,CH,0OH 2.440.4¢ 3.09
23m ~OCOCH; 1.7+0.5¢ 3.97
23n -OH 7.5+0.8¢ 3.05
23p -OCH,CHOHCH,OH 3.7+0.5¢ 2.27
23q —-CH(COOMe), >10007 3.79
23r —CH(COOH), >1000¢ 3.00

“Meanzstandard deviation was calculated for n=3 experiments.

"LogP values were calculated using the program available from http://www.daylight.com/cgihyphen;bin/contrib/
pcmodels.cgi.

“FcB1 and ‘W2 clones.
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candidates for oral treatment are the amines 23a—c, which are more active than sodium
artesunate, as shown by EDs, and EDy, values (see Table 6.8).

Pharmacokinetic studies performed on compound 23b exhibited a significantly better
bioavailability in rats than artemether (see Tables 6.9 and 6.10) [56]. C..x and T, values

Table 6.8 In vivo data for amines 23a—c, ether 23h and Na artesunate (P. berghei N.)
subcutaneous (s.c.) and oral (p.o.) administration

Route EDso (mg/kg) EDg, (mg/kg) Reduction of parasitemia
at D-4 at 10mg/kg (%)

Na artesunate s.C. 2.8 10.5 90
Na artesunate p.o. 5.4 153 -
23a s.C. <10 <10 98.1
23a p.o. <10 <10 93.3
23b s.C. <10 <10 100
23b p.o. <10 <10 100
23c s.C. <10 <10 98.1
23c p.o. <10 <10 96
23h s.C. <10 <10 100
23h p.o. >10 nd 15.6

Table 6.9 Log P/D values and equilibrium solubilities of 23b and artemether, after
incubation at 25°C for 72h

Artemether 23b
LogP 3.36 3.52
LogD (pH 7.4) - 3.46
pK, - 6.59
Solubility
l.v. formulation (ug/mL)* >3000 >3000
Oral formulation (ug/mL)? 256 675.9
PBS (pH 7.4) (ug/mL) 63.4 234.5

“I.v. formulation is 0.1M Captisol™ in water for artemether and 10% ethanol-0.1M Captisol™, pH 3 for 23b.

"Oral formulation contains 0.5% w/v carboxymethy! cellulose, 0.5% v/v benzyl alcohol, 0.4% v/v Tween 80 in 0.9%
w/v NaCl for artemether, and 0.5% w/v hydroxypropylmethyl cellulose, 0.5% v/v benzyl alcohol, 0.4% v/v Tween
80 in 0.9% w/v NaCl for 23b.

Table 6.10 Pharmacokinetic data for artemether and 23b

Artemether® 23b
Cinax (ng/mL) 168.4+£50.2 607.9
tmax (Min) 20.4+7.6 60
ti (Min)” 52.2+5.8 55.3
Plasma clearance ([mL/min]/kg) 114.1£20.6 148.7
Volume of distribution (L/kg)” 8.4%1.7 11.8
Oral bioavailability (%) 1.4£0.6 34.6

? Artemether pharmacokinetic parameters from previous studies [57].
b After 10mg/kg (i.v. administration).
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for 23b, determined from the oral dosing studies, were 607.9 ng/mL and 60 min, respec-
tively, compared with 168.4+50.2ng/mL and 20.4 £ 7.6 min, respectively, for artemether.
At a 50mg/kg oral dose, oral bioavailability was 34.6%, a significant improvement over
the 1.4% observed for artemether. However, the piperazine ethanol derivative 23b exhib-
ited a faster metabolic clearance than the hemiketal 12. Current experiments are in progress
to exploit this new series by optimization of the polar substituent at C-16.

6.4 Conclusion

With the increasing resistance of Plasmodium falciparum toward most available antima-
larial drugs, artemisinin derivatives constitute the greatest hope in the fight against malaria.
First-generation artemisinin derivatives feature in all fixed combination therapies clinically
available. Drawbacks stemming from their instability and short plasma half-life prompted
medicinal chemists to design and prepare more efficacious derivatives while retaining
the 1,2,4-trioxane pharmacophore. With this aim, the concept of “fluorine substitution”
appeared to be useful to obtain an improved pharmacological profile. By taking into
account the main sites of oxidative and hydrolytic degradation, various series of fluorinated
derivatives of artemisinin have been designed, synthesized, and evaluated against
Plasmodium.

The uncommon structural artemisinin framework, and the well-known difficulty in
selectively introducing a fluorinated motif into a molecule, faced us with numerous chemi-
cal challenges. The evaluation of the effects of fluorine on physicochemical and antima-
larial properties is reported. These data and preclinical data of lead compounds are
encouraging, with strong and prolonged antimalarial activity of fluoro-artemisinins.
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Synthesis and Biological Activity of
Fluorinated Nucleosides

Tokumi Maruyama, Masahiro Ikejiri, Kunisuke Izawa, and Tomoyuki Onishi

7.1 Introduction

There are several reasons for introduction of fluorine atom(s) into drug-candidate com-
pounds. Most of these involve the unique properties of the fluoro group, such as the simi-
larity of its Van der Waals radius to that of hydrogen, its high electronegativity, and the
stability of the C—F bond. The small size of the fluoro group makes it possible to replace
almost any C—H bond in organic compounds with a corresponding C—F bond. For instance,
fluorinated nucleosides bearing C—F bonds in their sugar moiety would not cause signifi-
cant steric hindrance while penetrating into a pocket of their target enzymes. The fluoro
group is the most electronegative of all elements and has one of the highest ionization
potentials. Therefore, the fluorine substituent in the sugar moiety brings about a strong
electron-withdrawing effect on C—F bonds, which induces intramolecular electrostatic
interactions that can change the conformation of the molecule. Since the C-F bond is
stronger than the corresponding C—H bond, the C—F bond distance becomes short enough
to protect its carbon center from various nucleophilic attacks. Moreover, the carbon center
of the C—F bond resists oxidation due to the strong electronegative nature of fluorine. Thus,
the fluorine substituent makes organic compounds chemically more stable. Because
fluorinated compounds often exhibit potent biological activities, they are attracting
considerable attention in the pharmaceutical field. In addition, the unique properties of the
fluoro group also contribute to improving pharmacokinetic properties, such as ADME
(absorption, distribution, metabolism, and excretion), and reducing undesired effects.

Fluorinein Medicinal Chemistry and Chemical Biology Edited by Iwao Ojima
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Natural products bearing fluorine atoms are so rare that only five compounds have
been discovered. Interestingly, a nucleoside analogue, nucleocidin, is one of these fluori-
nated naturally occurring compounds [1] (see Figure 7.1). Its discovery motivated organic
chemists to synthesize fluorinated nucleosides. Additionally, the practical uses of 5-fluo-
rouracil [2], gemcitabine [3], and clofarabine [4] as anticancer drugs have also attracted
interest (see Figure 7.2). A fluorinated nucleoside, clevudine (L-FMAU, Levovir) [5], is
expected to get FDA approval as an anti-hepatitis B virus agent in the near future. Since
fluoronucleosides have been shown to be useful in clinical studies, novel antiviral fluoro-
nucleosides such as FddA (1, lodenosine) [6], MIV-210 (a prodrug of FddG (2)) [7], and
FLT (alovudine, MIV-310) [8], are currently under development (see Figure 7.3).

There are a number of excellent reviews on the synthesis of nucleoside analogues
bearing fluorine atom(s) in their sugar moieties [9-14]. Therefore, in this chapter, we
describe the syntheses of several fluorinated nucleoside analogues from common ribonu-
cleosides such as adenosine, guanosine, and uridine, focusing on synthetic issues. As
practical applications, possible process-scale syntheses of FddA (9-(2,3-dideoxy-2-fluoro-
B-D-threo-pentofuranosyl)adenine) and FddG (2°,3’-dideoxy-3’-a-fluoroguanosine) are
also described. There are good reviews on the conformational analysis of nucleosides [15],
but in this chapter the relationship between the conformations and biological activities of
fluorinated nucleosides is discussed.
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Figure 7.1 Structure of nucleocidin.
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Figure 7.2 Structures of antitumor fluorinated nucleoside analogues.
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Figure 7.3  Structures of antiviral fluorinated nucleoside analogues.

7.2 Synthesis and Biological Activity of
2’-Deoxy-2’-o-fluororibonucleosides

This section describes the synthesis of 2’-deoxy-2’-o-fluoronucleosides using o-selective
fluorination at C-2" by several types of nucleophilic substitutions.

7.2.1 Synthesis of 2’-Deoxy-2’-o-fluoro Pyrimidine Nucleosides via
Cleavage of Cyclonucleosides

In 1964, Fox and co-workers synthesized 2’-deoxy-2’-o-fluorouridine (4, X = H) via cleav-
age of 2,2’-O-cyclouridine (3) with hydrogen fluoride in 41-46% yield (see Scheme 7.1)
[16a]. Compound 3 was readily prepared from uridine in one step. In general, a condensa-
tion method, in which sugars are subjected to fluorination prior to the introduction of
nucleobases, has been used to prepare fluorinated nucleosides because the direct fluorina-
tion of nucleosides is difficult. There are thus several reasons why Fox’s direct fluorination
is successful. The conversion of the cleaved ether oxygen into the carbonyl group at the
2-position of uracil is one of the most important. The stability of pyrimidine nucleosides
under severe reaction conditions (anhydrous HF, 100 °C) also makes this reaction possible.
Thus, it is advisable to use 2,2’-O-cyclouridine to prepare 2’-ci-substituted analogues of
uridine; in fact, various substitutions (e.g., by other halogen and azide groups) have been
reported [16a]. Interestingly, the cleavage of 2,3’-O-cyclouridine (5) with hydrogen fluo-
ride in the presence of aluminum fluoride afforded the desired 3’-deoxy-3"-a-fluorouridine
(6) in only 31% yield (path A); the major product was 2’-fluoro analogue 4 (X = H) (47%
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yield). In contrast, in the reaction of the 2’,5’-di-O-trityl derivative of 5, the desired 3’-
deoxy-3’-a-fluorouridine analogue 6 was obtained in good yield as a sole product [17].
Based on these results, the formation of 4 from 5 can be explained by the isomerization
of § to 3 through an epoxidation—-recyclization pathway (path B) [16b].

7.2.2 Synthesis of 2’-Deoxy-2’-o-fluoro Purine Nucleosides via Nucleophilic
Substitutions at the Carbon-2’ Position

The synthesis of 2’-deoxy-2’-o-fluoro purine nucleosides via cleavage of purine O-cyclo-
nucleosides (see Scheme 7.2) has not been reported, presumably for the following reasons
[18]: (i) the synthesis of purine O-cyclonucleosides is not so easy as that of pyrimidine
O-cyclonucleosides; (ii) the glycosyl bond of purine nucleosides is rather unstable under
severe reaction conditions such as the use of HF; and (iii) it is not easy to remove the
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resultant 8-oxo group even if the C-2'-0 bond is successfully cleaved by nucleophilic
substitution. Thus, another synthetic strategy for introducing fluorine at C-2’-o; has been
developed to achieve the synthesis of 2’-deoxy-2’-o-fluoro purine nucleosides. In this
strategy, 3’,5'-di-O-protected arabanoside is initially prepared from 8,2’-O-cyclo purine
nucleosides, and its 2’-hydroxyl group is then inverted by a nucleophilic (F") substitution
to give the desired 2’-deoxy-2’-o-fluoronucleoside.

7.2.2.1 Synthesis of 2’-Deoxy-2’-o-fluoroadenosine via an
8,2"-0-Cycloadenosine Derivative

Ikehara and co-workers synthesized 2’-deoxy-2"-o-fluoroadenosine (10b) via 8,2"-anhydro-
8-0x0-9-(B-D-arabinofuranosyl)adenine (8,2’-O-cycloadenosine, 7a), as shown in Scheme
7.3. First, 7a was efficiently prepared from 8-bromoadenosine in three steps using a regi-
oselective 2’-O-tosylation as a key reaction [19, 20]. After both hydroxyl groups of 7a
were protected with a tetrahydro-2-pyranyl (Thp) group, the resultant 7b was successively
treated with H,S and Raney nickel to afford arabinoside 8b as a key intermediate [21].
Compound 8b was converted to triflate 9, which, upon subsequent substitution with tetra-
butylammonium fluoride (TBAF), afforded the Sy2 product 10a in 60% yield. Finally,
removal of the Thp groups in 10a gave 2’-deoxy-2"-o-fluoroadenosine (10b) in good yield
[22]. Notably, its guanosine analogue, 2’-deoxy-2’-o-fluoroguanosine, was also synthe-
sized by almost the same procedure [23], although the yield of the fluorination was
reduced. As an alternative method for the preparation of 8b, Ranganathan reported a syn-
thetic route that started from a sugar derivative [24].

7.2.2.2  Synthesis of 2’-Deoxy-2'-o-fluoroadenosine Using a Protection Strategy with
3’- and 5'-Hydroxyl Groups

Various methods for protecting the hydroxyl groups of the ribofuranosyl moiety have
been reported to date, and 2’,3’-O-isopropylidene and 5’-O-trityl groups have been used
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extensively in nucleoside chemistry [25a]. The synthesis of 3’,5’-di-O-acylnucleosides via
selective deprotection of 2°,3’,5’-tri-O-acylnucleosides has also been reported by Ishido et
al. [25b].

In 1978, Markiewicz and co-workers developed a novel diol-protecting group, that
is, a tetraisopropyldisiloxan-1,3-diyl (TIDS) group, for regioselective protection of the
3’,5’-diol moiety [26]. We applied Markiewicz’s strategy to the synthesis of base-modified
analogues of 2’-deoxy-2’-o-fluoronucleosides, as shown in Scheme 7.4. 3’,5’-O-TIDS-
protected 6-chloropurine riboside derivative 11a was converted to triflate 11b, which was
subsequently transformed to 2’-B-acetate 12a by Sy2 substitution with acetate ion. Since
a TIDS group is unstable against fluoride ion, the TIDS of 12a should be changed prior
to fluorination at C-2’. Thus, 12a was treated with TBAF to afford 12b, whose hydroxyl
groups were, in turn, protected again with Thp groups to provide 12¢. Subsequent hydro-
lysis of the 2’-acetate moiety gave 3’,5’-di-O-Thp arabinoside 13, which is a substrate for
fluorination. Compound 13 was treated with diethylaminosulfur trifluoride (DAST) to give
14a, and further deprotection provided 2’-a-fluoride 14b, which was subsequently treated
with various nucleophiles to give the desired base-modified analogues (i.e., 6-substituted
2’-deoxy-2’-a-fluoroadenosine analogues) [27]. This synthetic method can also be applied
to the synthesis of 2-substituted analogues. Thus, compound 15a, which was prepared
from 2-iodo-6-methoxypurine riboside by almost the same procedure, was converted to
2-iodoadenine analogue 15b; its C-2 position was subjected to various nucleophilic sub-
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stitutions to give a variety of 2-substituted 2’-deoxy-2’-c-fluoroadenosine analogues [28].
Unfortunately, these 2- or 6-substituted compounds did not show any significant anti-HIV
activity [27, 28].

7.2.2.3  Synthesis of Various 2’-Deoxy-2’-a-fluororibosides

7.2.2.3.1 2’-Deoxy-2’-o-fluoropuromycin Puromycin (20a), a broad-spectrum antibi-
otic, inhibits protein biosynthesis at the translation stage by prematurely terminating a
peptide chain (see Scheme 7.5) [29]. It is generally accepted that puromycin can bind to
the A site of a ribosome, where the peptidyl chain of a peptidyl-tRNA is transferred to the
amino group of the p-methoxyphenylalanine moiety of puromycin. However, the role of
the 2’-hydroxyl group in this puromycin reaction is still unclear. Thus, we performed the
synthesis and biological evaluation of 2’-deoxy-2’-c-fluoropuromycin (20b) to gain a
better understanding. The 5’- and 3’-hydroxyl groups of 2’-O-acetate 12b were modified
with trityl and mesyl groups, respectively, to give 16b, which was subsequently reacted
with dimethylamine to afford 3’-O-mesyl arabinoside 17 (see Scheme 7.5). Treatment of
17 with sodium azide gave a mixture of 3’-azido-arabinoside 18 and its 2’-isomer (78%
and 21% yields, respectively) via an epoxide intermediate. The major product 18 was
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treated with DAST to give 19, which was converted to the desired 20b in a three-step
sequence (hydrogenation of the 3’-N; group, aminoacylation of the resultant 3’-NH, group,
and removal of the protective groups) [30]. The biological activity of 20b was evaluated.
Interestingly, 20b showed appreciable antitumor activity in vitro and also exhibited anti-
bacterial potency that was comparable to that of puromycin. These activities are likely
caused by the inhibition of protein biosynthesis.

It has been recognized that the 2’-hydroxyl group of puromycin is indispensable for
its biological potency since 2’-deoxypuromycin showed no significant activity [31].
However, on the basis of our present result, it seems that the hydroxyl group at the 2’-posi-
tion is not essential for the biological potency of puromycin. The coupling constant of 'H
NMR between 1’-H and 2’-H in 20b (J,_») is nearly zero, which means that 20b has the
3’-endo conformation (N-conformation), similar to that of ribonucleosides composing
RNA. Therefore, the biological potency of puromycin does not seem to require the 2’-
hydroxyl group itself, but the 3"-endo conformation of the sugar moiety, which can be
formed by the presence of the hydroxyl or fluoro group at C-2’, is important.

7.2.2.3.2 2'FGpG Since some RNases have gained considerable attention because of
their specific cytotoxicity toward cancer cells and their use as cancer chemotherapy drugs
[32], there have been reported many x-ray crystallographic analyses of complexes of
RNase with dinucleoside monophosphate seeking to better understand the structure—activ-
ity relationship (SAR) of such ribonucleases. Among them, dinucleoside monophosphates
containing a 2’-deoxy-2’-o-fluoronucleoside are expected to be a good substrate for study
because of their enzymatic resistance to RNases [33]. This resistance is likely due to the
lack of the 2’-hydroxyl group, which is essential for the cleavage by RNase. Notably, it
seems that dimer analogues composed by 2’-deoxy-2’-o-fluoronucleosides retain the 3’-
endo conformation (RNA-type conformation). We reported the synthesis of a GpG ana-
logue 24 (2’FGpG) containing 2’-deoxy-2’-a-fluoroguanosine (see Scheme 7.6). In our
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synthesis, 2-amino-6-chloropurine riboside was used as a precursor for guanine, since
previous reports revealed that attempted fluorination of the 2’-hydroxy group in arabino-
furanosylguanine (ara-G) derivatives resulted in low yield [22, 34, 35]. Thus, 2-amino-6-
chloropurine riboside, which was readily prepared from guanosine, was transformed to
2’-0-acetyl arabinoside (12b’, B = 2-amino-6-chloropurine) and further converted to 21
in three steps. Compound 21 was reacted with DAST in the presence of pyridine to afford
2’-a-fluoro compound 22 in 60% yield, which was treated with sodium acetate in a mixture
of acetic acid and acetic anhydride to afford N°,0%,0°-triacetyl-2’-deoxy-2’-o-fluoro-
guanosine (23a). Under these reaction conditions, the following transformations were
performed in one pot: (a) hydrolysis of the 6-chloro moiety to the corresponding 6-oxo
group (via 6-acetoxylation); (b) deprotection of the 3’- and 5-hydroxyl groups; and (c)
acetylation of the resulting hydroxyl groups and the 2-amino group. After the protecting
groups of 23a were changed to those of 23b in two steps, compound 23b was coupled
with a guanosine derivative (3’-component) by a phosphoroamidate method to give the
desired dimer 24 (2’FGpG) [36]. The 2’-deoxy-2’-a-fluoroguanosine moiety in 24 seems
to have the 3’-endo conformation (J,_, = 3.0Hz). Thus, compound 24 is expected to have
a conformation similar to that of GpG.

7.2.2.3.3 N’-Substituted 2’-Deoxy-2’-o-fluorouridine and Its Hypnotic Activity -
Uridine and N*-benzyluridine have been reported to show sleep-promoting activity [37]
and hypnotic activity [38], respectively. We have been very interested in this topic and
have studied the hypnotic activity of N*-substituted 2’-deoxy-2’-o.-fluorouridines to deter-
mine their SAR trends. For the synthesis of the key compound 4 (2’-deoxy-2’-o-fluorou-
ridine), an alternative synthetic route via arabinoside was developed since a previously
reported method [39] involving a ring-cleavage reaction of 2,2’-O-cyclouridine (3, X = H)
required severe reaction conditions, such as exposure to HF (see Scheme 7.1). The new
route is illustrated in Scheme 7.7. The hydroxyl groups of 2,2’-O-cyclouridine (3) were
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protected with Thp groups to afford 25, which was subsequently treated with sodium
hydroxide to yield arabinoside 13. Treatment of 13 with DAST in the presence of pyridine
gave 2’-o-fluoro compound 26 in 57% yield, which was deprotected to afford 2’-deoxy-
2’-a-fluorouridine (4). Compound 4 was reacted with various alkyl halides such as benzyl
bromide and 2-chloro-4’-fluoroacetophenone to give the corresponding N-alkyl deriva-
tives 27a—d [39]. Although these derivatives exhibited hypnotic activity, they were weaker
than the corresponding uridine derivatives. Since these derivatives are considered to have
the 3’-endo conformation (J;_» = 3.5Hz), the 2’-hydroxyl group seems to be important for
the hypnotic activity.

7.3 Syntheses and Antiviral Activities of FddA and FddG
7.3.1 Synthetic Issues Regarding 2’-Deoxy-2'-B-fluoroarabinosides

To introduce a B-fluoro group at the C-2” position of a ribonucleoside, one may first try
an Sy2 reaction of a fluoride ion with a 2”-hydroxyl group activated as a leaving group,
such as triflate. However, in most cases, its nucleobase (both pyrimidine and purine) pre-
vents this reaction because (a) steric hindrance of the nucleobase interrupts the nucleo-
philic (F") attack from the top face, and (b) the nucleobase reacts intramolecularly with
its own sugar moiety. Therefore, 2’-B-fluoro substitution is generally more difficult than
the corresponding o-fluoro substitution.

7.3.1.1 Attempted synthesis of pyrimidine 2’-deoxy-2’-B-fluoroarabinosides

In the case of pyrimidine nucleosides, the Sy2 reaction of 2’-O-activated ribonucleoside
(e.g., 2’-triflate) forms a 2,2’-O-cyclo bond prior to substitution of a nucleophile such as
fluoride ion. Therefore, with the hope of suppressing this intramolecular substitution, the
Sx2 reaction of 2,5’-O-cyclouridine derivative 28, which places a triflate group at C-2’,
was attempted (see Scheme 7.8). However, unexpectedly, a 5’-substituted 2,2’-O-cyclo
derivative 29 was obtained [40]. The reaction mechanism to form 29 can be explained as
follows. The nucleophilic attack at C-5" of 28 forms a 5’-substituted intermediate, which
causes an intramolecular substitution of the 2-oxo group at C-2’ to give 29. In some cases,
the introduction of an electron-withdrawing group at the N-3 position is effective for
reducing the nucleophilicity of the 2-oxo group. Only one successful example has been
reported by Matsuda and co-workers, in which an N*-benzoyl derivative 30 was condensed
with hydrogen azide using a Mitsunobu reaction to give 2’-o-azido analogue 31 [41].
However, no fluorination studies using the Sy2-type reactions like this have been reported.
Therefore, the development of an effective method for suppressing the nucleophilicity of
the 2-oxo group is still a challenging theme in the chemistry of pyrimidine nucleosides
(the details were reviewed by Pankiewicz ef al. [14].).

7.3.1.2  Synthetic Issues Regarding Purine 2’-deoxy-2’-B-fluoroarabinosides

The purine base also disturbs nucleophilic substitution at the sugar moiety, but the degree
of this disruption is controllable. The nucleophilicity of the N-3 atom was reduced by the
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introduction of electronegative group(s) to the purine base. In addition, the choice of the
protective group(s) of sugar-OHs is important to control side-reactions.

7.3.1.2.1 Participation of Purine N-3 Atom In the case of purine ribonucleosides, the
participation of the purine N-3 atom is a critical issue. For instance, the treatment of 32
with DAST furnished the desired 2’-B-analogue 34a in only 30% yield because of an
undesirable side-reaction that formed by-product 33 in 51% yield [42] (see Scheme 7.9).
Compound 33 is probably formed as follows. The reaction of 32 with DAST gives the 2’
O-activated intermediate, which could receive not only the desired nucleophilic attack of
fluoride ion, but also the intramolecular attack of the N-3 atom. The latter forms a new
bond between N-3 and C-2” of the sugar, which leads to an alternative attack of fluoride
ion at the C-1’ position to yield the 1’-o-fluoro product. Therefore, reducing the nucleo-
philicity of the N-3 atom is effective for controlling this side-reaction. Pankiewicz and
co-workers successfully synthesized the desired purine 2’-deoxy-2’-B-fluoroarabinosides
34b in 63% yield by treating N'-benzylinosine derivative 35 with DAST [42] (79% yield
when tris(dimethylamino)sulfur(trimethylsilyl)difluoride (TASF) was used as another fluo-
rinating agent) [43]. We performed this conversion with 6-chloropurine derivative 36,
whose N-3 atom was expected to show weaker nucleophilicity than that of 32, and then
the yield of 34¢ was indeed improved to 87% [44]. Consequently, effective B-fluorination
at C-2” was achieved by the introduction of an electron-withdrawing group onto the base
moiety.

7.3.1.2.2 Elimination Another problem in the synthesis of 2’-deoxy-2’-B-fluoroarabi-
nosides is elimination. This issue seems to be influenced by the conformation of the sugar
moiety. For instance, the reaction of 37 with TASF did not give a 2’-B-fluoro derivative,
but rather two elimination products 38 and 39 [43] (see Scheme 7.10). The undesired
eliminations are probably caused by the 3’-endo conformation of the sugar moiety in 37,
whose 3’-hydrogen and 2’-triflate are arranged in almost a frans-diaxial orientation that
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favors elimination over substitution [42]. Ikehara and co-workers reported that the ratio
of the 3’-endo conformer of 2’-o.-substituted adenosines increased linearly with the elec-
tronegativity of the 2’-substituent [45]. Thus, 37 is thought to have the 3’-endo conforma-
tion because of the presence of electronegative 2’-triflate. To change the conformation to
2’-endo, which is unfavorable for elimination, the introduction of two trityl groups at the
3’- and 5’-hydroxyl groups is a reliable method, since the steric hindrance of the two trityl
groups prevents 3’-endo formation and leads to puckering of the sugar to give the 2’-endo
conformation [42-44]. This control of the conformation contributes to improving the
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product yield of fluorination (e.g., those of 3",5’-di-O-trityl ethers 32, 35, and 36; see
Scheme 7.9).

However, there are some problems in the synthesis of such 3’,5’-di-O-trityl nucleo-
sides, for example, a low yield (~20%) caused by the formation of a by-product 2’,5’-di-
O-trityl derivative. The difficulty of removing the by-product from the desired
3’,5’-di-O-trityl derivative is another serious problem. Interestingly, we found that a 5’-O-
trityl-3’-O-benzoyl derivative was also a good substrate for preparation of the 2’-deoxy-
2’-B-fluoroarabinoside (see Scheme 7.11). Thus, 6-chloropurineriboside was treated with
dibutyltin oxide and benzoyl chloride according to Moffatt’s method to give a 3’-O-benzo-
ate derivative, which was successively converted to 3’-0-benzoyl-5"-O-trityl derivative 40
by a conventional method. Treatment of 40 with DAST gave the 2’-B-fluoro analogue 41
in 78% yield [46]. It is believed that 40 gives the desired product 41 even though it is less
sterically hindered than the corresponding 3’,5’-di-O-trityl derivative (and the leaving
group at C-2’-a leads to puckering to the 3’-endo conformation), because the electron-
withdrawing 3’-O-benzoyl group effectively leads to puckering to the 2’-endo conforma-
tion [15], and hence it reduces the competitive elimination reaction. Another merit of this
protection system (i.e., 3’-OBz, 5’-OTr) is its generality, which enables the regioselective
deprotection of each hydroxyl group. For instance, the regioselective deprotection of 41
with ammonia afforded a 3’-hydroxyl analogue 42, which was used as a precursor of FddA
through a Barton-deoxygenation reaction. Details are described in the Section 7.3.2. (see
Scheme 7.15). This synthetic strategy should also be applicable to the synthesis of clofara-
bine (see Figure 7.2) with 2-chloroadenosine as a starting material.

7.3.1.2.3 FddA from 2’-Deoxy-2’-o-fluoroadenosine Until recently, the introduction
of a fluoro group to the B-side of C-2” has been quite difficult, as described earlier. Accord-
ingly, a novel strategy that involves the inversion of C-2 of 2’-deoxy-2"-a-fluororiboside
to its 2’-B-fluoro epimer was developed by Marquez and co-workers (see Scheme 7.12).
In their synthesis, N°-benzoyl-2’-deoxy-2’-o-fluoroadenosine (43a) was converted to 3’-O-
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mesylate 43b, which was subsequently treated with sodium hydroxide to give 2’,3’-dide-
hydro derivative 44 through elimination of methanesulfonic acid. Finally, hydrogenation
of 44 afforded the desired compound, FddA (1) [47]. Although this synthetic route is quite
elegant, it would not be suitable for a practical synthesis since five steps are required to
prepare the intermediate 43a, using an expensive starting compound, 9-(B-D-
arabinofuranosyl)adenine (ara-A), and four additional steps are required to obtain FddA.

7.3.2 FddA (Lodenosine)

7.3.2.1 Antiviral Effect of FddA

FddA (1, lodenosine) is the 2’-B-fluoro-analogue of ddA, whose triphosphate is the active
substance of didanosine, which is commonly used as an anti-HIV agent [48-51]. Didano-
sine (ddI) is first converted to ddA and then subsequent triphosphorylation gives the active
metabolite ddA-TP. However, the dideoxynucleoside ddI is quite unstable toward acid,
and therefore requires antacid agents to suppress decomposition in the stomach when given
orally. This may cause a compliance issue for patients. On the other hand, the introduction
of a fluorine atom to the 2’-B-position of the sugar moiety helps to improve the stability
of dideoxynucleosides due to its strong electron-withdrawing property. FddA is sufficiently
resistant to acid, and thus is suitable for oral administration without the need for antacid
agents and eventually improves patient compliance. FddA has not exhibited cross-resis-
tance to other dideoxynucleoside anti-HIV drugs such as 3’-azido-3’-deoxythymidine
(AZT), ddI and ddC, and has shown synergistic activity with AZT [52, 53]. In addition,
although certain 2’,3’-dideoxynucleosides penetrate the blood—brain barrier (BBB) rather
poorly, FddA can be a brain-targeted prodrug or drug—carrier conjugate, since FddA is a
good substrate for enzymes present in brain tissue such as adenosine deaminase (ADA)
[54-58].

7.3.2.2  Industrial Synthesis of FddA

In general, industrial synthesis requires a good total yield. There are also several restric-
tions, such as (i) the raw materials and the reagents should be available in large quantities
at reasonable costs; (ii) the reactions involved in the synthesis should be reasonably safe,
without risks, such as explosion and contamination with toxic compounds; (iii) column
chromatography should be avoided in separation and purification for economic reasons;
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and (iv) the raw materials, reagents and solvents should be easy to dispose of. Even if the
synthesis of a certain target compound becomes possible in the laboratory, it cannot be
supplied in large quantities until these issues are resolved.

For example, while there have been many reports [49, 59-67] concerning the syn-
thesis of lodenosine (1) there are drawbacks with each method from the viewpoint of
industrialization. First, with the method via glycosylation, multiple steps are necessary to
synthesize fluorinated sugar derivatives. In addition, the formation of ci-anomer in glyco-
sylation necessitates tedious separation and purification procedures, which generally give
low yields. Therefore, a synthetic method that uses a nucleoside with only B-anomer as
the starting material is desirable. However, as described in the Section 7.3.1, it is well
known that fluorination of the nucleoside derivative directly at the 2’-B position is very
difficult. In addition, tributyltin hydride is usually used as the reagent to convert the 3’-
hydroxyl group into a deoxy compound, but its virulence and cost are problematic. Fur-
thermore, in the case of deoxygenation after fluorination, there is a risk of losing the
precious fluorine derivative produced by the difficult operation of fluorination. Thus, the
development of an efficient deoxygenation method is needed.

In this section, we describe the industrial synthesis of FddA starting with 6-
chloropurine riboside, which is readily available from inosine.

7.3.2.2.1 Method via F-ara-A (Route A) As described above (Section 7.3.1), we found
that the 5’-O-Tr-3"-O-Bz derivative 40 can be fluorinated with DAST to give the desired
2’-B-fluorinated derivative 41 in 78% yield (see Scheme 7.11). Deprotection of the 3’-O-
benzoyl group and displacement of the 6-chloro group of 41 could be achieved by treat-
ment with ammonia in MeOH to afford 42 in 73% yield. Deoxygenation of the 3’-hydroxy
group was achieved by the conventional method (see Scheme 7.13). Compound 42 was
treated with phenyl chlorothionoformate to give 45 in 80% yield. The product was then
treated with tris(trimethylsilyl)silane in the presence of 2,2’-azobis (isobutyronitrile)
(AIBN) in toluene to give the deoxygenated compound 46 in 73% yield. Acid treatment
of 46 gave the desired FddA (1) in 88% yield [46].

In this way, we obtained FddA via F-ara-A (42) in a fairly good overall yield from
6-chloropurine riboside. However, to establish a scalable process, each reaction step must
be improved and further investigations are needed to optimize conditions for fluorination
and deoxygenation on an industrial scale.
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Improvement in fluorination. DAST used for the laboratory-scale synthesis described
above is not desirable for industrial synthesis in terms of availability and safety. Thus, we
examined the fluorination of 2’-activated nucleoside with triethylamine trihydrogenfiuo-
ride. The triflate, which was quantitatively obtained from 40, was reacted with 6 equiva-
lents of Et;N-3HF and 3 equivalents of Et;N in ethyl acetate. Fluorination proceeded very
smoothly to give 41 in 88% yield [68]. To the best of our knowledge, this is the highest
reported yield in the fluorination of a purine riboside at the 2’-position. Next, we treated
compound 41 with ammonia to give 42 in almost quantitative yield by simultaneous 6-
amination and 3’-benzoyl deprotection. (see Scheme 7.14).

Improvement in radical deoxygenation. As shown in Scheme 7.13, we achieved the
effective radical deoxygenation of 45 using tris(trimethylsilyl)silane. However, when we
examined the manufacturing cost in further detail, the silane used in the deoxygenation
step was found to be relatively expensive. We therefore investigated another type of radical
reduction for the xanthate 47 with hypophosphorous acid using the conditions reported by
Barton et al. [69] and this proved to be the most efficient (see Scheme 7.15). The best
yield (93%) was obtained with an excess amount of hypophosphorous acid and Et;N [70].
In summary, we synthesized FddA from 6-chloropurine riboside in eight steps and 32.8%
overall yield via route A.

7.3.2.2.2 Method via 6-Chloropurine 3’-deoxyriboside (Route B)  Although the overall
yield for the reaction sequence in the route A was the best reported thus far, we investigated
other routes in an attempt to reduce the production cost. Thus, we investigated the synthesis
of 6-chloropurine 3’-deoxyriboside.
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The first synthesis of FddA (1) from 3’-deoxyadenosine derivative by Herdewijn
et al. gave the fluorination product in only 10% overall yield after deprotection and puri-
fication [59]. Several years later, we also examined a similar reaction with the 5’-O-acetyl
compound, but the yield was confirmed to be very poor [71]. We hypothesized that one
possible reason for the low fluorination yield in the above reaction might be the nucleo-
philic participation of N-3 of the adenine ring, and that this might be overcome by using
6-chloropurine 3’-deoxyriboside as a starting material (see also Section 7.3.1.2.1).

7.3.2.2.3 Synthesis of 6-Chloropurine 3’-deoxyriboside 'We first investigated the prac-
tical synthesis of 6-chloropurine-3’-deoxyriboside starting with inosine, which was readily
available in suitable quantities (see Scheme 7.16).

We used the acetoxybromination process in this synthesis, which was previously
developed by us for the large-scale synthesis of ddA [72]. The reaction proceeded well
and gave 48 in 80% overall yield from inosine. We then carried out the radical debromina-
tion of 48 using hypophosphorous acid as a reducing agent in the presence of a water-
soluble radical initiator such as V-50 or VA-044 to give 49 in almost quantitative yield.
When we used AIBN as a radical initiator, we observed a lower isolated yield due to a
loss of product during purification to remove residual AIBN. 6-Chlorination and subse-
quent deacetylation of 50a were carried out in a conventional manner, and the product
50b was tritylated for the next fluorination step to give 50c¢ in 85% yield [73b]. This
process for the synthesis of 6-chloro-3’-deoxyriboside gave an overall yield of 73% in five
steps, and was shown to be scalable to 3000-liter vessels. After developing a practical
process for the synthesis of 6-chloro-3’-deoxyriboside, we turned our attention to the fluo-
rination of 50c.

7.3.2.2.4 Fluorination of 6-Chloropurine 3’-deoxyriboside

Fluorination with DAST. To examine our hypothesis, we first attempted the fluorination
of 50c with DAST and obtained the product 51 in 43% yield (see Scheme 7.17) [73a]. In
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comparison with the result reported for 3’-deoxyadenosine by Herdewijn, this result clearly
supports our hypothesis that the electron-withdrawing effect of the 6-chloro group may
prevent rearrangement of the purine moiety and therefore increase the reaction yield (see
above). It is also conceivable that the N-3 nitrogen of the adenine ring may participate in
the abstraction of a hydrogen atom at the 3’-f position. Replacement of an amino group
of adenine with a chlorine atom may lead to decrease in the electron density at the C-2’
position, which would allow facile attack of the nucleophile.

Although we were able to improve the yield of fluorination with DAST, we examined
other fluorination methods to develop a more economic and safer industrial process.

Fluorination with EN-3HF after triflate formation. We applied the same fluorination
method as that used in the synthesis of F-araA in Scheme 7.14. Compound 50c was treated
with Et;N-3HF after triflate formation to give the fluorinated product 51 in 65% yield,
which is much better than that with DAST (see Scheme 7.17). Although the fluorination
yield was improved, the elimination product 52 was also formed in 30% yield, and this
should be removed from the product. A 2’-B-fluorinated nucleoside such as 51 is generally
very stable under acidic conditions. Thus, we were able to quantitatively recover the fluo-
rinated product 51 as a pure form simply by treating the mixture of 51 and 52 with 80%
acetic acid after the complete decomposition of 52 [73]. The fluorinated compound was
then treated with ammonia followed by deprotection with hydrochloric acid to give FddA
(1) in good yield. Thus, we have developed a practical process for the synthesis of FddA
that does not require any chromatographic purification and corrosive reagents.

Fluorination with perfluoroalkanesulfonyl fluorides. ~ Since triflate formation is an expen-
sive procedure, we examined the use of an inexpensive perfluoroalkanesulfonyl fluoride
such as perfluoro-1-butanesulfonyl fluoride (nonafluoro-1-butanesulfonyl fluoride,
C,FySO,F, NfF) or perfluoro-1-octanesulfonyl fluoride (CgF;SO,F, OctF) for fluorination,
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and compared the yields with those using other fluorination agents [74] (see Scheme 7.18).
These fluorination reagents are commercially available in suitable quantities and are
known to be stable and less corrosive. Among the bases we examined, N, N-dimethylcy-
clohexylamine (DMCHA) seems to be a good base for fluorination. With 2 equivalents of
NfF and 2 equivalents of DMCHA as a base, HPLC analysis indicated a 62.4% yield after
aqueous work-up. The yield of 51 from 50c with NfF was much greater than that using
DAST and almost the same as that in the previous two-step method involving trifluoro-
methanesulfonylation and fluorination with Et;N-3HF (see Scheme 7.17).

Remaining issues. We developed a new route to the practical synthesis of FddA from
inosine in nine steps and 36% overall yield. During the course of this study, we greatly
improved the fluorination of 3’-deoxyriboside, which had been very difficult and the bottle-
neck in FddA synthesis. However, even with this process, formation of the elimination
byproduct was inevitable. To further improve the yield, studies are still needed to fix the
3’-deoxyriboside to the 2’-endo conformation, which does not easily give the elimination
product.

7.3.3 FddG

7.3.3.1 Antiviral Effect of FddG

It has been reported that FddG (2), the 3’-o-fluoro analogue of ddG, showed a potent anti-
HIV [75, 76] and anti-HBV [77] activities in vitro, and therefore is a promising antiviral
drug candidate for clinical use. The antiviral activity of FddG was evaluated in the duck
hepatitis-B virus (DHBV) system, and it was found that FddG is a strong inhibitor of
DHBY replication not only in vitro but also in vivo [78]. The mechanism by which FddG
inhibits HBV replication was investigated, and the results suggested that FddG-triphos-
phate was most likely a competitive inhibitor of dGTP incorporation and a DNA chain
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terminator [79]. FddG similarly inhibited the replication of wild-type, lamivudine (3TC)-
resistant, adefovir dipivoxil (PMEA)-resistant, and 3TC-plus-PMEA-resistant HBV
mutants in Huh7 cells that had been transfected with different HBV constructs. This cross-
resistance profile of FddG suggests that this compound could be envisaged as a new
alternative drug for the treatment of chronic HBV carriers who have developed resistance
to currently approved drug regimens, and that FddG may also be valuable for the design
and evaluation of new combination therapies with other polymerase inhibitors for the
treatment of chronic HBV infection to prevent or delay the emergence of drug-resistant
mutants [79]. A phase II clinical trial is now underway with MIV-210, which is a prodrug
of FddG [7].

7.3.3.2  Industrial Synthesis of FddG

Although there have been several reports on the synthesis of FddG via the coupling of a
guanine base with a sugar moiety [80-82], these methods may not be suitable for indus-
trial-scale synthesis due to the formation of o-anomer and rather lengthy reaction steps.
In this section, several approaches to the direct transformation of guanosine into FddG are
described [11]. This approach has the great advantage that fewer reaction steps are needed
and purification is easy because no a-anomer is formed.

7.3.3.2.1 Synthesis of FddG with Inversion of the Configuration at the C-3’ Position
of Guanosine The first synthesis of FddG (2) from guanosine was reported by Herdewijn
et al. [76, 80] After the C-5'-OH group was protected with a benzolyl group using benzoic
anhydride and triethylamine, compound 55 was subjected to fluorination using DAST
followed by deprotection to give FddG (2) (see Scheme 7.19). Fluorination took place
with inversion of configuration at the C-3’-position. Although the fluorination yield was
rather low (35%), this method may be regarded as one of the most convenient and efficient
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approaches to the synthesis of FddG (2). A disadvantage of this method may be the use
of Bu,SnO, LiHB(Et;), and DAST, which are not appropriate for industrial-scale
synthesis.

As mentioned above, we significantly improved the fluorination of 6-chloropurine-
3’-deoxyriboside with DAST during the synthesis of FddA (1). We speculated that the
introduction of a chlorine atom at the 6-position of the purine base might have a beneficial
effect on the synthesis of FddG (2) as well. 2-Amino-6-chloropurine riboside analogues
such as 56 would be readily transformed to FddG (2) by hydrolysis after fluorination of
the sugar moiety, but 56 may also be transformed to 6-substituted FddG derivatives 59
(see Scheme 7.20).

As we expected, we confirmed that the fluorination yield with DAST increased to
60% from 35% in the case of guanine (57—58a) [83]. The fluorination product 58a was
then subjected to deprotection of the trityl group at the C-5"-position followed by treatment
of 58b with 2-mercaptoethanol under basic hydrolysis conditions to give FddG (2) in 67%
yield (see Scheme 7.20).

Since 2-amino-6-chloropurine derivative 58b is used as a synthetic intermediate, this
method can be used not only for the synthesis of guanine nucleoside FddG (2), but also
for the syntheses of 3’-c-fluoronucleosides with nucleic bases other than guanine. In fact,
through conversion of the 6-position of 58b by reduction or reaction with thiols, a series
of 2-amino-6-substituted purine nucleosides 59a—c can be synthesized. The anti-HBV
(hepatitis-B virus) activities of these compounds were evaluated in vitro and 2-amino-6-
chloropurine derivative 58b was shown to have potent anti-HBV activity (ECs, = 10.4 uM),
which is comparable to that of FddG (ECs, = 9uM). In addition, with regard to the struc-
ture—activity relationship, 2-amino-6-arylthiopurine derivative 59¢ showed more potent
anti-HBV activity (ECs, = 3.6uM) than FddG, while PMEA (anti-HBV drug used as a
positive control) was 10-fold more potent than 59¢ [83].
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7.3.3.2.2 Synthesis of FddG with Bromine Rearrangement during Fluorination We
reported that the bromohydrin derivative 60b, which was easily prepared from guanosine
via 60a, gave the C-3’-a-fluorinated compound 61 in 59% yield accompanied by the for-
mation of a regioisomer (21%) under fluorination conditions (see Scheme 7.21) [84]. The
reaction can be explained by considering the rearrangement of the bromine atom from the
C-3’-B- to the C-2’-B-position via a bromonium ion intermediate on which the fluoride
anion attacks from the o-side of the C-3’- or C-2’-position. The C-3"-o-fluorinated product
61 was converted to FddG (2) by radical debromination and deprotection.

We further investigated the fluorination conditions to improve the yield of C-3"-o-
product 61. We then found that the fluorination of compound 60b with SF, furnished the
C-3’-a-product 61 in 79% yield in an 3’-F:2’-F ratio of 7.8:1 [85]. This suggests that
the diethylamino group of DAST may have a negative influence on the regioselectivity
of the reaction. To our surprise, we also found that the reaction of compound 60b with
NfF in the presence of NEt; did not afford fluorination product 61, but produced a 2’,3’-
didehydro-2’,3’-dideoxyguanosine derivative in 62% yield. This method has advantages
with respect to the number of reaction steps and high overall yield. However, one serious
drawback is that this method uses SF;-type reagents which require special equipment for
handling.

7.3.3.2.3 Synthesis of FddG via Retentive Fluorination at the C-3’-0. Position  After
concluding that the fluorination with bromine rearrangement described above might
proceed via a bromonium ion intermediate, we considered that a similar reaction might
take place via a sulfonium ion intermediate. We chose readily available 8,2’-anhydro-8-
mercaptoguanosine as the starting material, anticipating that fluorination might proceed
with the participation of a sulfur atom, which would facilitate the attack of fluoride ion to
the C-3’-a- rather than the C-2’-a-position for steric reasons [86]. 8,2-Anhydro-8-
mercaptoguanosine was first converted to the N?,0”-diacetyl derivative 62 which was
subjected to fluorination with DAST (see Scheme 7.22). As anticipated, we obtained the
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C-3’-o-fluorinated product 63 in 47% yield without any formation of the C-2’-c-fluori-
nated product. In the case of fluorination with NfF, however, we found that elimination
predominated (63:64 = 1:3.5) (see Scheme 7.22).

Encouraged by these results, we further investigated the fluorination of ditrityl pro-
tected compound 65 using several fluorinating reagents (see Scheme 7.23). Although the
reaction with DAST gave a complex mixture, the desired C-3’-c-product 66 was obtained
in 63% yield with NfF/NEt;, along with the elimination product. Next, we optimized the
reaction conditions. When we used diisopropylethylamine (DIPEA) as the base, elimina-
tion was completely suppressed, albeit the yield was not improved. The best yield (91%)
was achieved when we used an excess amount of NfF and DIPEA.
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The fluorination product 66 was then treated with acetic acid followed by reductive
desulfurization with Raney nickel in aqueous NaOH to give defluorination product ddG,
but not FddG (2). Accordingly, we tried the desulfurization of compound 66 in various
solvent systems prior to deprotection with the acid. After several unsuccessful attempts,
we obtained the desired Tr,-FddG 67 in 61% isolated yield when we carried out Raney-
nickel reduction in toluene. This method is advantageous because fluorination can be
achieved using the scalable reagent NfF.

In this section, synthetic approaches to FddG (2) with particular focus on industrially
applicable fluorination methods are described. At the beginning of this study, these
approaches which used a nucleoside as a starting material required SF, reagents such as
DAST and morpholinosulfur trifluoride (MOST) for fluorination because other agents gave
mainly elimination products. However, SF,-type reagents are not desirable for industrial-
scale synthesis because of their poor availability and inherent toxicity. To overcome these
problems, we developed a new nucleoside fluorination method that involved the participa-
tion of neighboring groups. With this methodology, we achieved the fluorination of a
guanosine derivative at the C-3" position in good yield using readily available NfF. This
would provide a useful stereoselective method for introducing a fluorine atom into the
sugar moiety of nucleosides.

7.4 Biological Activity of Fluorinated Nucleosides and Correlations with
Their Conformations

7.4.1 Sugar Ring Conformation of 2’-Deoxy-2’-0-fluoronucleosides

7.4.1.1 Properties of Modified RNA Containing 2’-Deoxy-2’-o-fluoronucleosides

In 1968, four years after the first synthesis of 2’-deoxy-2’-o-fluorouridine (4), Fox and
co-workers reported that 4 adopts the 3’-endo conformation (N-form) more readily than
the 2’-endo conformation (S-form) [87]. In the 1970s, some studies examined the relation-
ships between the conformations of 2’-deoxy-2"-oi-substituted nucleosides and the electro-
negativity of their 2’-substituents, and revealed that an increase in electronegativity led to
a high proportion of the 3’-endo conformation. According to these studies, the proportion
of the 3’-endo conformer of 4 is approximately 85% [88]. With regard to 2’-substituted
purine nucleosides [89], Uesugi and co-workers also reported that 2’-deoxy-2’-o-fluoro-
adenosine (10b) favors the 3’-endo conformation, and this trend remained unchanged even
when 10b was contained in dinucleoside monophosphate [90]. Although ribonucleoside
generally favors the 3’-endo conformation, 2’-deoxy-2’-a-fluoro analogues increase this
tendency more than ribonucleosides. However, despite the difference in sugar puckering,
the torsion angles of the C-4’-C-5" bond and the C-5-O-5" bond in the 2’-deoxy-2’-o-
fluoro analogues are analogous to those of ribonucleosides. Thus, a nucleic acid that con-
tains the 2’-deoxy-2’-c-fluoronucleoside forms a structure similar to RNA, in which the
proportion of the 3’-endo conformation is higher than that in RNA.

This property naturally influences their biological activities. For example, it has been
reported that poly(2’-deoxy-2’-a-fluoroadenylic acid) (69a) is as good a template as
poly(adenylic acid) (68a) for some reverse transcriptases and DNA polymerase [91]
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Figure 7.4 Structures of polynucleotides and their analogues.

(Figure 7.4). Likewise, poly(2’-deoxy-2’-o-fluoroinosinic acid) (69b) and poly(2’-deoxy-
2’-a-fluorocytidylic acid) are effective templates for reverse transcriptases [92]. Notably,
69a also functions as mRNA in protein-synthesizing systems in vitro, in which ["*C]lysine
is incorporated into polypeptides [93]. Moreover, modified mRNA that contains 2’-deoxy-
2’-a-fluoroadenosine (10b) can give rise to the corresponding protein (luciferase). Interest-
ingly, modified RNA that contains 2’-deoxy-2'-a-fluorouridine (4) does not act as mRNA
[94]. A similar trend has been observed in a study on the induction of interferon by double-
helical RNA (poly I - poly C). The complex of poly(2’-deoxy-2’-o-fluoroinosinic acid)
(69b) - poly C shows higher interferon-inducing activity than that of poly I - poly C, while
the complex of poly I - poly(2’-deoxy-2"-a-fluorocytidylic acid) is not an effective inter-
feron inducer [95].

7.4.1.2  Properties of 2’-Deoxy-2’-0-fluoronucleosides

Although the relationship between conformation and biological activity is not well docu-
mented at the nucleoside level, several 2’-deoxy-2’-o-fluoronucleosides are known to have
biological activity, such as antiviral activity. Tuttle and co-workers reported that several
2’-deoxy-2"-a-fluoropurine nucleosides exhibited antiviral potency against influenza A and
B viruses. The 2-amino group of the purine moiety is critical [96a] for this activity, and
the antiviral activity is much better than those of amantadine and ribavirin [96b]. Notably,
2’-deoxy-2"-0a-fluoro-2’-C-methylcytidine shows increased inhibitory activity in the hepa-
titis C virus (HCV) replicon assay compared to 2’-C-methylcytidine, and low cellular
toxicity [97]. Influenza virus and HCV are classified as RNA viruses, which are a major
target of current chemotherapy. However, the development of effective drugs against these
virus infections is still slow; further investigation of 2’-deoxy-2’-o-fluoronucleosides is
expected to accelerate the development of such drugs.

Another interesting biological activity of 2’-deoxy-2’-a-fluoropuromycin has been
observed. Unlike other nucleoside analogues, puromycin inhibits protein biosynthesis
without phosphorylation of the 5’-hydroxyl group. As mentioned above (Section 7.2.2.3.1),
2’-deoxy-a-2'-fluoropuromycin  (20b) showed antitumor and antibacterial activity
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comparable to that of puromycin. Since 2’-deoxypuromycin, which favors the 2’-endo
conformation, showed no biological activity, the 3’-endo conformation is thought to be
essential for its activity.

In general, the 3’-endo conformation of fluoronucleoside is essential for antiviral
activity against RNA viruses although the anti-HIV activity is an exception (the details of
anti-HIV activity are addressed in the next section).

7.4.2 Sugar Ring Conformations of FddA and FddG and
Their Anti-HIV Activities

Mu and co-workers reported that the introduction of a fluoro group to the C-2’-¢. position
of 2’,3’-dideoxyadenosine 5’-triphosphate (ddATP) led to the 3’-endo conformation like a
nucleoside congener, while introduction to its B position led to the 2’-endo conformation
[98]. In contrast, the 2’-endo conformation was predominant when the fluoro group was
introduced to the C-3’-¢ position of 2’,3’-dideoxynucleosides [99]. Further conformational
analysis of alovudine (3’-deoxy-3’-fluorothymidine, FLT) (see Figure 7.3), a potent anti-
HIV agent, has revealed that approximately 90% of FLT is fixed to the 2’-endo conforma-
tion in aqueous solution [100]. Another conformational analysis of four monofluorinated
analogues of 2’,3’-dideoxyuridine (i.e., 2"-o-F, 2’-B-F, 3’-o-F, and 3’-B-F analogues, see
Figure 7.5) also revealed that the 2"-up and 3’-down analogues favor the 2’-endo confor-
mation [101]. This preference can be explained by a gauche effect, in which a more elec-
tronegative substituent favors an axial orientation [15].

We now discuss the relationship between these conformations and anti-HIV activity.
In 1989, Roey and co-workers reported the correlation between the sugar ring conforma-

2"-a-F

3'-endo (North) 3'-endo (North)
"-B-F 3'-a-F
HO
H u
-0
H
H
2'-endo (South) 2'-endo (South)

U = uracil

Figure 7.5 Sugar-puckering of four monofluorinated analogues of 2’,3’-dideoxyuridine.
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tion and the anti-HIV activity of some nucleoside analogues. They discovered that the 2’-
endo conformation is preferable for anti-HIV activity [102]. In the 2’-endo conformation,
the C-5" moiety takes an axial orientation, which directs its 5’-hydroxyl group to an advan-
tageous position for the kinase-mediated phosphorylation process, or to a favorable posi-
tion for its affinity with reverse transcriptase (RT). Mu and co-workers reported a molecular
dynamics simulation of ternary complexes of an HIV-1-RT, a double-strand DNA, and
2’,3’-dideoxy-2’-fluoroadenosine 5’-triphosphate (FAdATP), and discussed the activity of
FddATPs (2’-0- or 2’-B-forms) as inhibitors [98]. Based on the preference of the RT to
bind incoming ANTP (or ddNTP), a 3’-endo conformer (i.e., 0FddATP) is believed to fit
the polymerase site better than BFddATP. Interestingly, however, their study has revealed
that Tyr115 of the RT, which appears to function as a steric gate against the incoming
dNTP, prevents the effective binding of aFddATP, while the 2’-endo conformer, BFddATP,
can pass the gate without hindrance to the RT. Consequently, the 2’-endo conformer,
BFAdATP, shows stronger anti-HIV activity, although this conformation shows a worse fit
to the polymerase site of HIV-RT.

As mentioned above, nucleoside analogues have to clear many hurdles to exhibit
biological activity. For example, those hurdles include phosphorylation by kinase, further
conversion to triphosphate, penetration to the active site of the target enzyme through a
steric gate, and strong affinity to the active site of the enzyme. Several dideoxynucleosides
like ddI and ddC, which have been approved as anti-HIV agents, are flexible enough to
clear all of these hurdles and show good anti-HIV activity. However, the introduction of
a fluoro group to the sugar moiety of nucleoside brings about rigid 2’-endo or 3’-endo
conformation, and such a fixed conformation makes it difficult to clear all of these hurdles
in some cases. If these hurdles can be overcome, the many advantages of fluoronucleoside,
such as chemical and pharmacological stability, could lead to stronger biological
activity.

7.5 Conclusion

Since the discovery of nucleocidin, a large number of fluorinated nucleosides have been
synthesized and have contributed to the development of biologically active agents. The
practical use of gemcitabine as an anticancer agent and also the upcoming use of clevudine
as an anti-HBV agent reflect this development. Early in this chapter, we described the
syntheses and biological activities of 2’-deoxy-2’-o-fluoronucleosides and their oligomers.
Such fundamental studies led to the use of fluorinated nucleosides in other fields, such as
antisense and ribozymes, due to the chemical and biological stability of fluorinated nucleo-
sides. Next, we described the synthesis of a potent antiviral agent, FddA, with special
focus on synthetic issues (e.g., the difficulty of B-side-selective fluorination) and its
process-scale synthesis. The possible process-scale synthesis of FddG was also described.
The relationships between the sugar ring conformations and the biological activities of
several fluorinated nucleosides were also discussed. We hope that this chapter provides a
better understanding of the usefulness of fluorinated nucleosides as well as valuable refer-
ences for their syntheses.
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gem-Difluoromethylene-containing
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8.1 Introduction

Nucleosides have a very important place in medicinal chemistry as the structural basis for
the development of antiviral and antitumor agents. Fluorine-containing nucleosides have
attracted special attention because of their many unique properties [1]. Fluorine has been
suggested to be an isopolar and isosteric substituent for oxygen [2]. Since 1-(2-deoxy-2,2-
difluoro-P-p-arabino-furanosyl)cytosine (gemcitabine, gemzar or dFdC) was approved by
FDA for treatment of inoperable pancreatic cancer and of 5-fluorouracil-resistant pancre-
atic cancer [3], considerable efforts have been focused on the synthesis and biological
evaluation of the nucleosides containing CF, groups at the sugar moiety. The introduction
of a gem-difluoromethylene group on the sugar moiety normally can be achieved by direct
difluorination of keto groups at the sugar moiety or by using gem-difluoromethylene-
containing building blocks. Here we describe recent advances in the development of
gem-difluoromethylene-containing building blocks and their applications to the syntheses
of nucleosides bearing a gem-difluoromethylene group at the sugar moiety in our
laboratory.
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8.2 Synthesis of gem-Difluoromethylenated Nucleosides via gem-
Difluorohomoallyl Alcohols

With inspiration from extensive studies on the synthesis and biological activities of 2’-
deoxy-2’,2’-difluoronucleosides, 3’-deoxy-3’,3’-difluoro-p-arabino-furanosyl nucleosides
were stereoselectively synthesized, featuring a novel and efficient strategy to prepare 3-
deoxy-3,3-difluoro-n-arabino-furanose 7 via chiral gem-difluorohomoallyl alcohol 2 [4].
In the presence of indium powder, the reaction of (R)-glyceraldehyde acetonide 1 with 3-
bromo-3,3-difluoropropene gave difluorohomoallyl alcohol 2 in 90% yield as a mixture
of two diastereoisomers in a ratio of 7.7: 1. Without separation, homoallyl alcohol 2 was
subjected to benzylation. When 1.6 equivalents of NaH were used, benzylated compound
3 was obtained as a 5.7: 1 mixture of anti- and syn-isomers in 93% yield. The C-3 position
was slightly epimerized under such basic conditions. Accordingly, with the use of 0.8
equivalents of NaH, a kinetic resolution benzylation was achieved to give 3 with the anti/
syn ratio of 21.8: 1. The osmium-catalyzed dihydroxylation of compound 3 gave diols 4
and 5 as a 1: 1 mixture in 95% yield. Compound 3 was subjected to Sharpless asymmetric
dihydroxylation using (DHQ),PYR as the ligand to give diol 5 together with diol 4 in a
ratio of 4.4 : 1. These two diols were easily separated by column chromatography. Selective
benzoylation of the primary hydroxyl group of diol 5 gave benzoate 6 in 90% yield, which
was converted to furanose 7 by acidic hydrolysis of the isopropylidene group, followed
by the oxidative scission of the resulting diol with sodium periodate. The stereochemistry
at the C-2 position of furanose 7 was confirmed to have the arabino configuration. Thus,
the stereoselective synthesis of 3-deoxy-3,3-difluoro-D-arabino-furanose 7 was achieved
in five steps from chiral aldehyde 1 (see Scheme 8.1). Furanose 7 was then subjected to
acetylation with acetic anhydride to give acetate 8 practically as the single product in o~
form. The acetate 8 was coupled with silylated N*-benzoylcytosine in refluxing acetonitrile
to give the protected nucleosides 9a and 9b as a 1:1 mixture in 70% yield. These two
isomers were separated by column chromatography. The protecting groups of 9a and 9b
were removed by the standard hydrogenolysis procedures. Thus, the oi-anomer 9a gave
difluoromethylenated nucleoside 10a accompanied by the over-reduction product 11,
while the B-anomer 9b gave the corresponding difluorinated nucleoside 10b smoothly (see
Scheme 8.1).

On the other hand, diol 4 was used to synthesize L-B-3’-deoxy-3",3’-difluoronucleo-
sides (see Scheme 8.2) [5]. Selective benzoylation of the primary hydroxyl group in diol
4 gave benzoate 12, which was converted to furanose 13 through hydrolysis with acetic
acid and oxidation with sodium periodate, followed by cyclization. Furanose 13 isa 1:1
mixture of two diastereoisomers based on the "’F NMR analysis. Without separation of
diastereomers, O-acetylation of furanose 13 by acetic anhydride afforded the B-anomer of
acetate 14 almost exclusively through effective neighboring-group participation. Accord-
ing to the proposed mechanism by Vorbriiggen [6], the glycosylation reaction of a furanose
with an acyloxy group at the C-2’ position should involve an oxonium intermediate, which
would favor the attack of a nucleoside from the opposite face of the C-2” acyloxy group.
Thus, the benzyloxy group at the C-2’ position of 14 was converted to a benzoyloxy group
to promote the formation of the desired f anomer in glycosylation reaction. Acetate 15
was thus obtained through debenzylation of 14 followed by benzoylation of the resulting
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alcohol. Acetate 15 was then coupled with various persilylated pyrimidines and 6-chloro-
purine in refluxing acetonitrile using Vorbriiggen conditions [7] to give L-nucleosides 16.
As expected, the coupling reactions of 16 with pyrimidine bases afforded only B-anomers
through efficient neighboring-group participation. In the case of 6-chloropurine, the reac-
tion afforded a separable mixture of - and ci-anomers in a ratio of 4.4:1 (see Scheme
8.2).

As described above, furanose 8 was used to synthesize D-arabino nucleosides, 10a
and 10b via 9a and 9b in nonstereoselective manner (see Scheme 8.1). In order to syn-
thesize D--3’-deoxy-3’,3’-difluoronucleosides 21, it was necessary to invert the configura-
tion at the C-2’ position (see Scheme 8.3). Thus, furanose 8 was debenzylated with
NaBrOs/Na,S,0, to give furanose 17, which was treated with trifluoromethanesulfonic
anhydride to give the corresponding triflate, followed by reaction with sodium benzoate
to afford benzoate 18. Compound 18 was obtained with inversion of configuration at C-2’,
but the yield was low (30%). Fortunately, however, we serendipitously found that the
reaction of compound 17 with bis(2-methoxyethyl)aminosulfur trifluoride (Deoxo-Fluor)
did not proceed through the expected fluoride substitution of the C-2’-hydroxyl group, but
gave acetate 20, in which the configuration at C-2” was inverted during the reaction, in
high yield. It is very likely that the reaction involves oxonium ion intermediate 19, and
the subsequent nucleophilic attack of fluoride ion from the B-face. The coupling of acetate
20 with various persilylated pyrimidines and 6-chloropurine afforded the B-anomers of
D-B-3’-deoxy-3’,3’-difluoronucleosides 21 (see Scheme 8.3) [5].

Direct difluorination of the keto groups of carbohydrates can yield the corresponding
difluoromethylenated sugar moieties. However, the reaction could be complicated by
neighboring group participation, group migration and elimination reactions [8]. To circum-
vent anticipated complications, we developed an efficient synthetic route to 3-deoxy-3,3-
difluoro-Dp-ribohexose 26 from difluoro-diol 4 (see Scheme 8.4) [9]. The two hydroxyl
groups of 4 were protected as fert-butyldimethylsilyl ether and the acetonide moiety of 4
was removed with SnCl, to give diol 22. Selective benzoylation of the primary hydroxyl
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Scheme 8.4 Reagents and conditions: (a) (i) TBSCl, DMAP, imidazole; (ii) SnCl,; (b) (i)
BzCl, Py; (ii) TsOH, H,O; (c) TCCA, TEMPO; (d) DIBAL-H; (e) (i) 4M HCI; (ii) H,, Pd/C.

group of 22, followed by selective removal of the TBS group on the primary hydroxyl
group gave 1,5-diol 23. The reaction of 23 with 2 equivalents of trichloroisocyanuric acid
in the presence of a catalytic amount of TEMPO afforded lactone 24 as the single product
in 72% yield. The reduction of 24 with DIBAL-H gave lactol 25 as a 4:1 mixture of
anomers. After deprotection of silyl and benzyl groups, difluoro-p-ribohexose 26 was
obtained (4:1 mixture of anomers), which can be used for the synthesis of difluorinated
pyranosyl nucleosides (see Scheme 8.4).

Nucleosides containing sulfur atoms instead of lactol oxygen have attracted special
attentions for their potent biological activities [10]. Difluorofuranose 7 was used to syn-
thesize difluoro-thionucleosides (see Scheme 8.5) [4]. Ring opening of 7 with NaBH,
afforded diol 27 quantitatively, which was converted to thiofuranose 28 in three steps.
Benzoylation of thiofuranose 28 gave 29 in quantitative yield. Oxidation of 29 with m-
CPBA afforded sulfoxide 30. Surprisingly, the coupling of 30 with a silylated cytosine
gave nucleoside 31 (47%), in which the based was attached to the C-1" position, along
with the -elimination product 32 (22%). Thiofuranose 28 was deoxylated to give thiofu-
ranose 34, which was treated in the same manner as that for 29 to give the deoxythionu-
cleoside 35 (38%) accompanied by the elimination product 36. It is apparent that the
regiochemistry of these Pummerer reactions was determined by the acidity of the o-proton
at C-1” enhanced by the strongly electron-withdrawing C-2’-difluoromethylene group of
thiofuranose 28 (see Scheme 8.5).

In view of the undesirable regiochemistry mentioned above, compound 6 was used
to synthesize L-B-3’-deoxy-3’,3’-difluoro-4’-thionucleosides 41 (see Scheme 8.6) [11].
Triflation of 6, followed by treatment with 5.4 equivalents of AcSH/CsF furnished thio-
acetate 38 in 86% yield. Hydrolysis of 38 with TFA, followed by oxidation with NalO,
gave an aldehyde, which was treated in sifu with acidic methanol to afford thiofuranose
39 as the sole product in 64% yield in a stereospecific manner. Thiofuranose 39 was con-
verted to acetate 40 only in the B-form, which was coupled with persilylated pyrimidine
under the standard conditions to give thionucleosides 41, which are the thio-containing
analogues of gemcitabine (see Scheme 8.6).

gem-Difluorohomoallyl alcohol 2 was used to synthesize 2’,3’-dideoxy-6,6"-difluoro-
3’-thionucleosides 46 and 47 (see Scheme 8.7) [12]. Compound 2 was converted to its
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triflate, which was reacted with sodium azide, followed by reduction to give amine 42 as
the syn-isomer. The Boc protection of the amine group of 42 was carried out by using 5
equivalents of Boc,O in order to suppress the formation of the dimeric urea by-product.
The osmium-mediated dihydroxylation of 42 gave a 1:1 mixture of aminodiol 43 and its
syn-isomer. After separation, 43 was converted to thiofuranose 44 in 36% yield from 42
through manipulations similar to those used for the preparation of 29. Deprotection of the
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2M H,SO,; (ii) sat. NH;/MeOH; (f) (i) Ac,O, DMAP; (ii) TPSCl, DMAP, Et;N; (iii) conc.
NH;-H,O; (g) In powder, CH,=CHCF,Br, DMF.

Boc group of 44, followed by the condensation of the resultant amine with 3-ethoxy-2-
propenoyl isocyanate, afforded urea 45. The cyclization of 45 with sulfuric acid and the
subsequent removal of the benzoyl group gave thionucleoside 46. Nucleoside 46 was
further converted to thionucleoside 47. Meanwhile, gem-difluorohomoallyl alcohol 49,
which was derived from (S)-glyceraldehyde acetonide 48 and 3-bromo-3,3-difluoropro-
pene, was converted to thionucleosides S0a and 50b by applying the same strategy [13].
Thionucleosides 50a and 50b were further converted to thionucleosides 51a and 51b (see
Scheme 8.7).

8.3 Synthesis of gem-Difluoromethylenated Azanucleosides via
Difluoromethylenated L-Proline Derivatives

Azanucleosides, containing a nitrogen atom instead of the oxygen atom on the sugar ring,
possess unique biological properties as the nitrogen atom not only has the heteroatom
effect but also can bind strongly to certain DNA repair enzymes [14]. During the course
of our study on fluorinated amino acids, a versatile procedure was developed for the
preparation of 2’,3’-dideoxy-2’-difluoromethylazanucleosides (see Scheme 8.8) [15]. Natu-
rally occurring trans-4-hydroxy-L-proline was converted to difluoro-olefin 52 in 30% yield
via Swern oxidation, followed by difluoromethylenation of the resultant ketone with
CF,Br,/Zn/HMPT?2. Olefin 52 was reduced to give 53 as a 7:1 cis/trans mixture via
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Scheme 8.8 Reagents and conditions: (a) (i) SOCl,, MeOH; (ii) Boc,O, Et;N, DMAP,
CH.,Cl,; (iii) Swern oxidation; (iv) CF,Br,/Zn/HMPT,; (b) Pd/C, H, EtOH, r.t., 1atm; (c)
RuO,xH,O, NalO,, EtOAc, H,O, r.t.; (d) (i) TFA, CH,Cl,; (ii) NaBH, MeOH, —78°C-0°C;
(iii) TBDMSCI, imidazole, DMAP, CH,Cl,; (e) LHMDS, CbzCl, THF, —78°C; (f) (i) LiBEt;H,
THF, =78°C; (ii) Ac;O, DMAP, Py; (g) (i) silylated uracil or silylated thymine, TMSOTT,
MeCN; (i) TBAF, THF.

catalytic hydrogenation. After oxidation of the 5-methylene group of 53, pyrrolidone 54a
was obtained in 68% yield along with its trans-isomer 54b. After separation, 54a was
converted to 55 by reduction and silyl protection. Protection of the 1-amino group of 55
with a benzyloxycarbonyl group gave 56, which was converted to acetate 57 by reduction
and acetylation. Acetate 57 was then coupled with silylated uracil or thymine to furnish
azanucleosides, 58a/b or 59a/b, as a mixture of o~ and B-anomers (see Scheme 8.8). The
absolute configuration of compound 59b was confirmed by x-ray crystallographic
analysis.

Another strategy to synthesize 3’-difluoromethylated azanucleosides 7275, starting
from trans-4-hydroxy-L-proline, was also developed (see Scheme 8.9) [16]. Diol 61 was
obtained in a straightforward manner by dihydroxylation of 60, which was derived from
trans-4-hydroxy-L-proline. Mono-benzoylation of diol 61 gave 62 as the main product
(70%) along with compound 63 (17%). Compound 62 was then treated with Dess—Martin
reagent to afford ketone 64, which was converted to difluoromethylene-pyrrolidine 65 by
reacting with CF,Br,/Zn/HMPT. Catalytic hydrogenation of 65 gave a separable mixture
of 66 and 67. Compound 66 was the main product when 10%Pd/C was used, whereas
compound 67 was the major product with Pd(OH),/C. However, the attempted oxidation
of the methylene group of 66 or 67 using RuO,-xH,0/NalO, failed to give the desired
pyrrolidinones, probably due to the existence of tert-butyldiphenylsilyl group. Thus, the
protecting groups of 66 and 67 were changed to tert-butyldimethylsilyl groups not only
for the hydroxymethyl group at C-2, but also for the secondary hydroxyl group at C-4 to
afford the corresponding 68 and 69, respectively. Then, 68 and 69 were subjected to a
series of transformations similar to those described for the synthesis of 58 and 59 from
53 (see Scheme 8.8) to give 3’-difluoromethylated azanucleosides 72, 73, 74 and 75 (see
Scheme 8.9).
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Scheme 8.9 Reagents and conditions: (a) (i) SOCl,, MeOH; (ii) Boc,O, Et;N, DMAP,
CH.,Cl,; (iii) MsCl, Et;N, DMAP, CH,Cl,, r.t.; (iv) PhSeSePh, MeOH, reflux; v. H,O,, Py, r.t.;
(b) (i) LiAIH,, Et,O, r.t.; (ii) TBDPSCI, imidazole, DMAP, CH,Cl,, r.t.; (iii) OsO,, NMNO,
acetone/H,0, r.t.; (c) BzCl, Py, CH,Cl,, —10°C, 24 h; (d) (i) BzCl, Py, CH,Cl,, —10°C, 24 h;
(i) Dess—Martin oxidant, CH,Cl,, r.t.; (e) CF,Br,, HMPT, Zn, THF, reflux; (f) 10% Pd/C,
70atm, or Pd(OH),/C, H,, 80atm; (g) (i) TBAF, THF, r.t.; (ii) TBDMSCI, imidazole, DMAP,
CH,Cl,, r.t.; (iii) sat. NH;/MeOH, r.t.; (iv) TBDMSCI, imidazole, DMAP, DMF; (h) (i)
RuO,xH,O, NalO,, EtOAc, H,O, r.t.,; (ii) LiBEt;H, THF, —78°C; (iii) Ac,O, CH,Cl,, Et;N,
DMAP, r.t.; (i) (i) silylated uracil or thymine, N,O-bis(trimethylsilyl)acetamide, TMSOT{, 0°C
to r.t.; (i) TBAF THF, r.t.

8.4 Synthesis of gem-Difluoromethylenated Carbocyclic Nucleosides

In recent years, increasing attention has been paid to the structural modifications of car-
bocyclic nucleosides. Because of the absence of glycosidic linkage, carbocyclic nucleo-
sides are chemically more stable and not vulnerable to phosphorylases that cleave the
N-glycoside linkage in usual nucleosides [17]. The first synthesis of gem-difluorometh-
ylenated carbocyclic nucleosides was reported by Borthwick et al. in 1990 via direct
difluorination of a ketone moiety on a carbocyclic ring with DAST [18]. Recently, 2°,3’-
dideoxy-6",6"-difluorouracils, 85a and 85b, were synthesized using a new strategy in 14
steps starting from (Z)-2-butene-1,4-diol (76) (see Sc