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Foreword

T ACS SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.
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Preface

THE EXTRAORDINARY POTENTIAL OF FLUORINE-CONTAINING biologi-
cally relevant molecules in biology, medicinal chemistry, and medical
applications has recently been recognized by researchers who are not in
the traditional fluorine chemistry arena. This emerging new wave of
fluorine chemistry at the biomedical interface is rapidly expanding its
frontiers. Consequently, it is the right time for us to review the recent
advances in this field and envision the exciting future developments.

Bioactive organofluorine compounds showing promise in
medicinal-medical research in the last five years include (a) enzyme in-
hibitors for human immunodeficiency virus protease, renin, thymidylate
synthase, DC—MTase, elastases, PLP-dependent enzymes, etc.; (b)
fluoroprostacyclins and thromboxanes as antithrombotics; (c) anticancer
agents, e.g., gemcitabine (a gem-difluorinated analog of deoxycytidine),
MDL 101731 (a mechanism-based inhibitor of ribonucleotide diphosphate
reductase), bicalutamide (a nonsteroidal antiandrogenic agent), RU58668
(a steroid showing a similar activity as tamoxifen), DD-003 (a vitamin D.
analog), and fluorodocetaxels (fluoro analogs of Taxol); (d) ant1v1ra.31
agents, e.g., fluorodideoxythiacytidine, L-FMAU, WIN-63843, and
fluorodeoxyguanosine; (e€) antibacterials, e.g., sparfloxacin, tosufloxacin,
levofloxacin, and a fluoro-2-pyridone antimicrobial agent, A—86719.1; (f)
antimalarial agents, e.g., mefloquine, artemether, and arteflene; (g) anti-
fungal agents, e.g., fluconazole, ICI-D0870, and flutrimazole; (h) central
nervous system agents, e.g., fluoxetine hydrochloride, paroxetine (an
antidepressant), dexfenfluramine (an anorectic agent), tacrine, zifrosilone
cerebrocrast (a cognition enhancer for Alzheimer’s disease), fluvastain
sodium (an HMG-CoA reductase inhibitor, i.e., a hypolipidemic drug),
tolrestat, zopolrestat (an aldose reductase inhibitor, i.e., an antidiabetic
agent); and many others.

Fluorine-containing amino acids and other biomolecules are
extremely useful as probes for mvestlgatmg biomedical problems. For
example, the recent development of 9F NMR techmques combined with
genetic engineering allow us to use fluorine-labeled amino acids as struc-
tural and dynamic probes for the study of membrane-associated proteins.
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neurotransmission have been substantially advanced by the use of
fluoroamine neurotransmitters and their precursors. Remarkable
developments have been made in the use of tracers labeled with fluorine-
18 ( F) for positron emission tomography (PET) studies in the neurosci-
ences, especially of the brain and the heart in living systems. This power-
ful diagnostic method finds many critical medical applications.

Because of the increasing interest and excitement about the fluorine-
containing compounds relevant to biomedical research, three divisions of
the American Chemical Society (ACS) held three symposia in 1995. The
ACS Division of Fluorine Chemistry asked Iwao Ojima to organize its
symposium entitled “Fluoro-Amino Acids and Peptides in Medicinal
Chemistry” in conjunction with the Division of Medicinal Chemistry at
the 210th ACS national meeting in Chicago. I. Ojima is grateful for the
support of this symposium from Great Lakes Chemical Corporation; F-
TECH, Inc.; Asahi Glass Company; Central Glass Company; Merck and
Company, Inc.; and Yuki Gosei Kogyo Company. For the ACS Division
of Medicinal Chemistry, James R. McCarthy organized the symposium
entitled “Fluorine in Drug Design” in conjunction with the ACS Division
of Fluorine Chemistry at the 210th ACS national meeting. J. R.
McCarthy gratefully acknowledges the financial contributions from Air
Products and Chemicals, Inc.; Allied-Signal, Inc.; and Hoechst Marion
Roussel, Inc. John T. Welch organized the symposium “Fluorine in Bio-
logical Chemistry” for the ACS at the Fourth International Chemical
Congress of Pacific Basin Societies in Honolulu in conjunction with the
Chemical Society of Japan (Tomoya Kitazume, co-organizer) and the
Canadian Chemical Society (Stephen G. Withers, co-organizer).

This book is designed to be useful to researchers who want to take
advantage of the unique properties of fluorine in biomedical research
including rational drug design and syntheses, the use of fluorine probes
for metabolic studies, the determination of protein structures, and the
development of clinical diagnostic agents. The 23 chapters discuss a wide
range of topics such as synthetic methods, fluoropeptides and peptide
mimetics, enzyme inhibitors, fluorosteroids and taxoids, ﬂuorosugars and
nucleosides, fluorine probes for biochemical problems using 9F NMR,
and fluorine-containing biomolecules in neuroscience mcludmg 8F labels
for PET studies. Most of the authors in this book were invited speakers
in the three symposia upon which this book is based; the remaining
chapters were contributed by leading chemists in their fields. This publi-
cation maps out the newest developments in this growing research field

for synthetic chemists, medicinal chemists, biochemists, biologists, and

other biomedical scientists worldwide.
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The editors and authors sincerely hope that this book stimulates this
growing and exciting field of research at the interface of fluorine chemis-
try, biology, and medicine.

IWAO OJIIMA

Department of Chemistry

State University of New York at Stony Brook
Stony Brook, NY 11794-3400

JAMES R. MCCARTHY

Department of Medicinal Chemistry
Neurocrine Biosciences, Inc.

3050 Science Park Road

San Diego, CA 92121-1102

JOHN T. WELCH

Department of Chemistry

State University of New York at Albany
Albany, NY 12222

April 4, 1996
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Chapter 1

Recent Advances in the Biomedicinal
Chemistry of Fluorine-Containing Compounds

Kenneth L. Kirk! and Robert Filler2

1Laboratory of Bioorganic Chemistry, National Institute of Diabetes
and Digestive and Kidney Diseases, National Institutes of Health,
Building 8A, Room B1A—02, Bethesda, MD 20892
2Department of Biological, Chemical, and Physical Sciences,
Ilinois Institute of Technology, Chicago, IL 60616—3793

Recent developments in biomedicinal applications of fluorine-containing
compounds are reviewed. Biochemical and mechanistic aspects of this
field are discussed first. The development of enzyme inhibitors and other
pharmacological tools and medicinal agents is considered from the point
of view of how the special properties of fluorine can be exploited in
analogue design. In the second part of this review, an array of recent
medicinal candidates is described, encompassing drugs that show promise
for the treatment of a variety of diseases. In both sections, the emphasis
has been on material published within the past five years.

Substitution of fluorine into a molecule introduces minimal steric alterations, a fact that
can facilitate interactions of a fluorinated biomolecule with enzyme active sites, receptor
recognition sites, transport mechanisms, and other biological systems. In contrast, the
introduction of fluorine as a highly electronegative center can alter significantly the
physico-chemical properties of the molecule, often in a predictable way. This
modification, in turn, can produce altered biological responses. Strategies based on these
special properties of fluorine continue to result in the production of new and effective
biochemical tools, and pharmacological and medicinal agents. The development of new
fluorinating agents, and new procedures that modify the reactivities of fluorinating agents,
have contributed greatly to the present rapid pace of advancement in this field.

An understanding of the underlying biochemical mechanisms involved, coupled
with knowledge of the physico-chemical properties accompanying fluorine substitution,
have aided in the rational design of many pharmacological agents and drugs. Fluorinated
analogues also can be excellent probes for biochemical mechanisms. Applications include
the use of chiral and prochiral fluorinated substrates to probe reaction stereochemistry and
examination of effects of electronegative centers on reaction rates. Many “F-NMR
studies have demonstrated the utility of fluorine labelled proteins as mechanistic tools.

0097—6156/96/0639—0001$16.00/0
© 1996 American Chemical Society
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2 BIOMEDICAL FRONTIERS OF FLUORINE CHEMISTRY

In the first part of our review, biochemical aspects of the biomedicinal chemistry
of fluorinated compounds will be covered. Medicinal aspects of this field are then
discussed, with emphasis on drugs that have been recently marketed, or are in the final
phases of testing.

Fluorine-Containing Enzyme Inhibitors.

The dual advantages of fluorine substitution in analogue design -- small steric changes
coupled with large electronic changes -- has been very advantageous in the design of
enzyme inhibitors. Selected examples of these stragtegies will be given in this section.

Fluorine as a Deceptor (H' vs. F*). Loss of a proton is a frequent event in enzyme-
catalyzed reactions. The functioning of fluorine as a "deceptor” in the prototypical
anticancer drug, 5-fluorouracil, takes advantage of the fact that a similar loss of positive
fluorine cannot occur.

Thymidylate Synthase Inhibition. In the thymidylate synthase-catalyzed
synthesis of thymidine monophosphate from deoxyuridine monophosphate, the substrate,
enzyme and tetrahydrofolic acid (CH,FAH,) form a ternary complex. Dissociation of this
complex and elimination of FAH, to form product requires loss of the C-5 proton. If this
proton is replaced by fluorine, the dissociation would require loss of F*, an energetically
impossible event (equation 1). 5-Fluorouracil (fl’ura), synthesized by Heidelberger and
coworkers almost 40 years ago (I), is converted in vivo to 5-fluorodeoxyuridine
monophosphate (f’'dUMP), fluorine fulfills its role as a "deceptor" molecule, and DNA-
directed cytotoxicity results (2). Fl'ura also is converted to the riboside and incorporated
into several types of RNA, producing RNA-directed toxicity (3). Not only does fl’ura
remain an important anticancer drug, but the success of this lead compound, and results
of research on the mechanisms of action of fl*ura, have had broad influence on the
development of other pyrimidine- and purine-based anticancer drugs.

2'-Deoxycytidine-(5-methyl) (DC-MTase) Transferase Inhibition. DC-
MTase-catalyzed formation of 5-methyl-2'-deoxycytidine, the sole methylated nucleoside
found in eukaryotes, is important in cell differentiation and regulation of gene expression.
In a process mechanistically similar to the inhibition of thymidylate by I’dUMP, 5-fluoro-
2'-deoxycytidine (°dC) irreversibly inhibits DC-MTase-catalyzed methylation of 2'-
deoxycytidine (dC). In the catalytic cycle, addition of a catalytic SH group on the enzyme
to the 6-position of the pyrimidine ring is followed by transfer of a methyl group from S-
adenosyl methionine (AdoMet) to the 5-position of dC. C-5 proton loss and elimination
of enzyme-SH produces the methylated product. However, in the case of the inhibitor,
the presence of fluorine in fI*dC blocks the final elimination of enzyme-SH and an
irreversible enzyme-inhibitor complex is formed (equation 2) (4-6).

Fluorine-Containing Protease Inhibitors. Proteases not only play important roles in
normal physiologic functioning of mammalian cells and tissues, they also are involved in
a host of pathological processes as well. The development of specific, orally active
protease inhibitor has become an important strategy for potential treatment of such
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diverse illnesses as metastatic cancer, malaria, arthritis, sleeping sickness, AIDS, and
others (7). In this work, incorporation of fluorine has been key to the development of
several clinical candidates.

Fluoroketone-Containing Reversible Inhibitors of Elastases. Trifluoromethyl
ketones are potent reversible inhibitors of proteases. The highly electrophilic ketone
associates with the enzyme as a hydrate, a tetrahedral structure that mimics the transition
state of normal bond cleavage. Alternatively, in a slower process, reaction of the free
ketone with an enzyme-associated nucleophile may occur.

Particularly impressive results using trifluoromethyl ketones have been seen in the
development of inhibitors of human leukocyte elastase (HLE). This very destructive
serine protease, produced by neutrophils, is critical to the body's inflammatory defense
mechanism. However, imbalances of extracellular elastase levels are associated with the
pathogenesis of several diseases. Examples include rheumatoid arthritis, smoking-induced
emphysema, and cystic fibrosis. For this reason, over the past decade there has been
intense interest in the development of clinically effective elastase inhibitors (8).

Several compounds in a series of tripeptide trifluoromethyl ketones 1 were potent
and selective HLE inhibitors. This series features nonnaturally occurring N-substituted
glycine residues at the P, position in place of Pro, present in many HLE inhibitors. The
most active compounds, for example 1a, had val-CF; at P, (9).’

The Marion Merrell Dow group has incorporated tetra- and tripeptide recognition
sequences into elastase inhibitors, using o-diketone, o-ketoesters, trifluoromethylketones,
and pentafluoroethyl ketones as electrophilic centers at the carbonyl scissile bond site (10,
11). A major advantage of the pentafluoroethyl ketone series comes from the discovery
that, in combination with certain N-protecting groups, this moiety confers oral
bioavailability to the inhibitors.

Research at ZENECA Pharmaceuticals also has produced trifluoromethyl ketone
containing inhibitors that show high selectivity, and, in certain cases, oral bioavailability.
The inhibitor ICI-200,355 (2) shows potent and sustained inhibition of elastase activity
after intratracheal administration animal models, and has undergone clinical evaluation
(12,13). This analogue, and other similar compounds, however, did not have oral
activity. In recognition of the fact that peptidic compounds often suffer poor oral
bioavailability, research was undertaken to replace the peptide portions of these inhibitors
with mimetics. Modeling studies together with X-Ray data available from complexes of
reversibly and irreversibly bound inhibitors and elastase were use to design non-peptide
inhibitors, including a series of pyridone- (/4) and B-carboline-containing trifluoromethyl
ketones (Z5) (3 and 4, respectively).

In related research, increased affinity for the enzyme was realized by appropriate
design of residues on both sides of the site corresponding to the scissile bond of the
natural substrate. As with other protease inhibitors, the "difluorostatone" strategy was
used. Structure 5 is a potent member of a series of inhibitors resulting from this work

(16).

Renin Inhibitors (the "Statine Strategy"). Renin is a highly specific aspartyl
protease, secreted into the circulation by the kidneys, that cleaves the Leu-Val bond of
angiotensinogin to produce angiotensin I, the precursor of the vasoconstricting peptide
angiotensin II. Over the past 25 years an enormous amount of research has been directed
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towards the development of specific inhibitors of renin as a strategy for treatment of
hypertension (/7). The vast amount of knowledge that has accumulated from these
studies has assisted in the development of inhibitors of other aspartyl proteases, including
HIV protease (see below).

Many transition state analogues have been prepared based on the structure of
statine, a novel amino acid present in pepstatin, a naturally occurring pepsin inhibitor. A
strategy introduced by Abeles in 1985 is based on the incorporation of difluorostatone in
a peptide inhibitor at a site corresponding to the scissile bond of the natural substrate.
Rapid onset of inactivation is among evidence that supports the hydrated form of the
difluoro ketone as the inhibitory species.

Despite impressive progress in the development of potent and selective inhibitors
based on difluoroketone and other transition state analogues, poor bioavailability has
complicated clinical applications. Introduction of polar groups such as free amines to
increase solubility often gave disappointing results, especially with lower molecular weight
inhibitors. This has been attributed to the high solvation energy of the ammonium ion,
energy that must be overcome in binding to the enzyme (/7). Shirlinandcoworkers
recently have developed potent and selective inhibitors (for example, 6) based on the
novel B-amino-e,e-difluoroketone moiety. In this case, the difluoromethylene group
serves to induce hydration of the ketone and in weakening the basicity of the amine
function, the latter factor reducing the energy requirements for desolvation (/8).

Doherty and coworkers found a series of fluoroketone inhibitors to have good oral
activity. The difluoroketone 7, for example, was a potent member of this series (/9).

Fluorine-Containing HIV Protease Inhibitors. The HIV-encoded protease,
required for post-translational processing of polyprotein gag and gag/pol gene products,
has attracted enormous attention as a potential chemotherapeutic target for treatment of
HIV infection. The enzyme is an aspartyl protease that exists as a C,-symmetric
homodimer, with each monomer contributing a catalytic Asp to the active site. An
important feature that must be addressed in the design of HIV protease inhibitors is that
cellular penetration is a requirement for efficacy. Thus, small, lipophilic molecules
become more attractive (20).

Difluoroketone inhibitors, included in a series of hepta- and hexapeptide substrate
analogues reported by Dreyer and coworkers, were found to be potent competitive
inhibitors of HIV protease (21), clearly demonstrating the validity of the difluorostatone
approach. New inhibitors based on the difluorostatone type transition state mimic have
been reported recently by the Marion Merrell Dow group. Small and potent dipeptide
inhibitors were based on the lead structure 8 (22). Refinements in structure, including
addition of a p-benzyloxy group and introduction of an unnatural R-valinol ether, resulted
in the inhibitor 9 having high potency and low toxicity in HIV-infected cells (23).

Examples of potent low molecular weight fluoroketone inhibitors have been
reported by Sham and coworkers. In most cases, these inhibitors, exemplified by
structure 10, contained only a single amino acid. These inhibitors blocked the cytopathic
effect of HIV in vitro (24).

To exploit the C,-symmetry resident in the homodimeric HIV-protease, Sham and
coworkers prepared the pseudo C,-symmetric difluoroalcohol and difluoroketone mimics
11 and 12 of the Phe-Pro cleavage site. Both were potent HIV protease inhibitors (1.0
and 0.1 nM, respectively) (25).
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7 IC50=0.92 1M

10a,X=C,IC50 =5.0 uM
10b, X =N, IC50 =2,2 uM
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Peptidylfluoroketones as Irreversible Inhibitors of Proteases. Unlike the
trifluoromethyl- or difluoromethylene ketones described above, fluoromethyl ketones
often function as irreversible protease inhibitors as a result of displacement of fluoride by
an enzyme-associated nucleophile. New synthetic strategies developed over the past 10
years were important in the development of fluoromethyl ketones as irreversible inhibitors
of several proteolytic enzymes, including renin, chymotrypsin, elastase, and cathepsin (6).
As with the reversible inhibitors described above, recognition sites are designed into the
peptide portion of the molecule.

Biological evaluation of fluoromethyl ketone inhibitors have been extended to
animal studies that suggest clinical applications may be realized, especially as targeted to
cysteine proteases. Advantages noted with the new fluoromethyl ketone-derived
inhibitors include the fact that they are highly specific, show little toxicity to mammalian
cells or to animals, no mutagenicity, and can be given orally. Selected examples of
applications will be given.

Cathepsin B is a cysteine protease capable of degrading collagen and
proteoglycan. This enzyme also is present in the synovial fluid and synovial lining of
patients with rheumatoid arthritis, suggesting that cathepsin B may contribute to
destruction of extracellular matrix of cartilage and bone symptomatic of this disease. Oral
administration of the peptidyl fluoromethylketone, (Z)-L-phenylalanine-L-alanine-CH,F
(MDL 201,117), a potent inhibitor of human cathepsin, significantly reduced the clinical
severity of symptoms of adjuvant-induced arthritis in rats (26).

The murine malaria parasite Plasmodium vinckei produces a cysteine protease that
is thought to be responsible for the degradation of hemoglobin, the principal source of
amino acids for parasite growth. A potent member in a series of inhibitors of this
protease, morpholine urea (Mu)-Phe-Homophenylalanine-CH,F, gave 80% long term
cures when administered for four days to P. vinckei infected mice. This has added
significance in the fact that a similar cysteine protease appears to have an analogous role
with Plasmodium falciparum, the parasite in humans (27).

Proteolytic activity of Trypanosoma cruzi also has been associated with a
cathepsin-like cysteine protease. Peptidyl fluoromethyl ketones (Z-Phe-Ala-CH,F and Z-
Phe-Arg-CH,F) also disrupt the life cycle of this parasite in cultured human cells (28).

Pyridoxal Phosphate (PLP)-Dependent Enzymes. Exemplified by the seminal work
of Kollonitsch and coworkers, a host of fluorinated irreversible inhibitors of PLP-
dependent enzymes have been developed. Mechanism-based inhibition is initiated by
extrusion of fluorine situated adjacent to the site of negative charge formation required
in these reactions (29). From this work have come clinically promising drugs, for
example, DFMO, 13, and related analogues that are inhibitors of polyamine biosynthesis
and have activity against microorganisms (30).

Thibitors of SAH Hydrolase. S-Adenosylmethionine (AdoMet) serves as the methyl
donor in many critical biological methylations. Loss of the methyl group from AdoMet
produces S-adenosylhomocysteine (SAH), a feedback inhibitor of many methyl transferase
enzymes. Inhibition is relieved by the action of SAH hydrolase, which converts SAH to

In Biomedical Frontiers of Fluorine Chemistry; Ojima, |., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: August 13, 1996 | doi: 10.1021/bk-1996-0639.ch001

Downloaded by DARTMOUTH COLL on April 18, 2010 | http://pubs.acs.org

1. KIRK & FILLER  Recent Advances in Fluorine-Containing Compounds 9

homocysteine and adenosine by the mechanism shown in equation 3. Inhibitors of SAH
hydrolase have been shown to have antiviral activity through accumulation of SAH, the
presence of which represses viral mMRNA methylation necessary for viral replication. The
Merrell Dow group has prepared a mechanism-based inhibitor 14 based on the proposal
that oxidation of 14 would produce the intermediate B-fluoro-o,B-unsaturated ketone.
Addition of enzyme nucleophile and elimination of fluoride would result in irreversible
inhibition of the enzyme (equation 4) (37). Studies by Borchardt and coworkers have
shown the actual mechanism to involve hyrolysis of the vinyl fluoride to the 5'-
carboxaldehydes (32).

Increased Hydrolytic Stability of Fluorinated Analogues.

Certain functional groups that are found in biomolecules are quite susceptible to
hydrolysis, some at neutral, physiological pH, and even more so at the pH of stomach
acid. Examples include such moieties as enol ethers, ketals, and glycosidic bonds. In
efforts to increase biological half-life or to provide analogues of drugs that are suitable for
oral delivery, introduction of fluorine proximal to a site where protonation initiates acid
hydrolysis has proven to be quite successful.

Fluorinated Prostacylins and Thromboxane. Fluorine substitution has been used
effectively to increase the hydrolytic stability of prostacyclin (PGI,) and thromboxane
(TXA,). PGL, a potent inhibitor of platelet aggregation, has a t,, of two-three min while
TXA,, which contracts the aorta and induces platelet aggregation, has a #,, =30 s at 37°.
In contrast, 7-fluoro-PGI, (15) for example, has a half-life of one month in pH 7.4 buffer
(33). Matsumura and coworkers have reported that fluoro-PGI, analogues (for example,
16) having modified side chains are highly potent and orally active anti-anginal agents
(34). The hydrolytically stable 10,10-difluoro-TXA, (17) was four to five times more
potent than TXA, with respect to stimulation of platelet aggregation (35). Moreover,
using difluoro-TXA,, differential effects on platelet aggregation and aorta were observed

(36).

2'-Deoxy-2-fluoronucleosides. 2',3'-Dideoxynucleosides, including dideoxyadenosine
(ddA), have shown promise as anti-HTV agents. There has been recent attention given
to 2'-B-fluorodideoxynucleosides, in part because of the much greater acid stability of
these analogues. For example, 2'-B-fluoro-dideoxyadenosine (18), equipotent with ddA,
is acid stable, its rate of deamination relative to that of ddA is much slower, and has lower
cellular toxicity (37,38). This, and related work, is covered in another chapter in this
monograph.

Fluorinated Analogues as Mechanistic Probes.

The ability of a fluorine substituent to inhibit incipient positive charge formation has been
used very effectively to determine mechanistic details of enzyme-catalyzed reactions.

Terpene Biosynthesis. Fluorinated analogues have been used skillfully by Poulter and
coworkers in their classic studies on the mechanism of terpene biosynthesis (39). Similar
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strategies are being used to probe mechanistic details of other steps in the isoprenoid
biosynthetic pathway.

Peptidoglycan Biosynthesis. UDP-GIcNAc enolpyruvyl transferase (MurZ) catalyzes
the condensation of phosphoenolpyruvate and UDP-GIcNAc to form enol-pyruvyl-UDP-
GlcNAc in the first committed step in the synthesis of the peptidoglycan layer of bacterial
cell wall. A second enzyme (MurB) reduces the product to UDP muramic acid. Walsh
and coworkers recently have studied several details of the MurZ-catalyzed reaction using
Z- and E-3-fluorophospho-enolpyruvate (F-PEP). Using E-FPEP, two covalent products
were isolated, including the intermediate fluoromethyl phosphate ester 19. The inability
of this intermediate to eliminate phosphate reflects a high energy barrier to proton
abstraction in a stepwise E, mechanism. The authors attribute this barrier to
"insurmountable destabilisation" of a carbonium ion centered on the carbon adjacent to
the fluoromethyl group (equation 5) (40,41). In related research, advantage was taken
of the chirality imposed by fluorine substitution to determine the stereochemistry of the
addition of UDP-GIcNAc to phosphoenolpyruvate (42)

CF and CF, as Replacements for O.

Phosphate esters are ubiquitous and important biological structures. Replacement of
oxygen with CF, or CHF give hydrolytically stable analogues which, moreover, have
electronic characteristics comparable to the parent phosphate. Recent highlights of work
in this area include research dealing with the very important process of protein
phophorylation, a process that plays an important role in intracellular signal transduction.
For example, binding of phosphotyrosine- containing proteins to the SH moiety in certain
cytoplasmic proteins is crucial for signaling pathways of tyrosine kinase growth factor
receptor. Two groups have reported the synthesis of the difluoromethylene phosphonate
isostere 20 of phosphotyrosine (43,44). Likewise, the difluorophosphonate analogue 21
of phosphoserine has recently been synthesized. This is a potential inhibitor of
phosphatase activity involved in signal transduction events (45,46). The difluoromethylene
phosphonate analogue 22 of the ubiquitous phosphoenolpyruvate has been reported. This
compound can function as a Michael acceptor, and has been found to inhibit EPSP
synthase in a time dependent manner (47).

Medicinal Aspects

The use of fluorine-containing compounds in medicine is now commonplace. The arsenal
of such chemotherapeutic agents has expanded steadily over a forty year period and at a
phenomenal rate during the past decade. It is known that factors, such as the relatively
small size of fluorine, its electronegativity, its participation as a hydrogen acceptor, and
enhanced lipophilicities of F- and CF;-substituted aryl compounds often contribute to
improved therapeutic efficacy. While the basis for the routine introduction of fluorine at
various molecular sites has been largely empirical, it is now feasible to understand the role
of fluorine by a more rational approach, using mechanistic and physicochemical principles.
We recommend an excellent contribution to this approach which was published recently
(48). In our review, however, we continue to focus on developments in which
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organofluorine compounds are significant players in the treatment of specific diseases and
medical conditions. Since the most recent publications on this subject (49,50) include
material through the early 1990's, this review will emphasize important advances since
1992, including newly marketed drugs, those in human trials, and other promising leads.

Anticancer Agents. Gemcitabine (Gemzar, Lilly) (23), a gem-difluorinated analogue of
deoxycytidine, was initially prepared as a promising antiviral compound, but exhibited a
narrow therapeutic index. It is now emerging as a leading drug in the treatment of human
solid tumors, especially non-small cell lung and pancreatic cancer (57). The drug has been
approved for use against lung cancer in Europe and South Africa. It is now available in
the United States to patients with advanced pancreatic cancer who are not candidates for
surgery. Full FDA approval is expected in early 1996.

Another drug candidate, MDL 101731 = [(E)-2'-deoxy-2'-
(fluoromethylene)cytidine] (24) (52,53), is a precursor of a mechanism-based inhibitor of
ribonucleotide diphosphate reductase, an enzyme that catalyzes the rate-determining step
in DNA biosynthesis. While still in early stages of human clinical trials, this compound
appears to be promising for the treatment of solid tumors: breast, prostate, lung, and
colon. The (Z)-isomer also exhibits activity.

The non-steroidal antiandrogenic agent bicalutamide (Casodex, Zeneca) (25) is
in phase I trials for the treatment of advanced prostate cancer, especially in combination
with luteinizing hormone-releasing hormone (LHRH) analogues or surgical castration.
Application for FDA approval has been made (54,55).

While tamoxifen is now the leading agent in the treatment of estrogen-dependent
breast cancer, there is considerable interest in the highly substituted steroid RU58668
(26), which exhibits potent antitumor activity in vivo on estrogen-dependent human breast
tumors implanted in mice (56).

In early studies, a hexafluoro analogue of 1,25-dihydroxyvitamin D,, DD-003 (27)
suppressed the growth of human colon cancer (adenocarcinoma) implanted in mice (57).
As a spin-off of the successful fluoroquinolone antibacterials (vide infra), several related
quinobenoxazines have demonstrated significant antitumor activity in vitro and in vivo.
One of this series, A-84441 (28), a norvaline prodrug of 29 has shown promising
preliminary activity and is being evaluated intensively (58,59).

Antiviral Agents. The evaluation of fluoro-substituted pyrimidine and purine nucleosides
as antiviral agents continues at a brisk pace. Efforts to identify potentially effective
inhibitors of human immunosuppressive virus-1 (HIV-1), the putative cause of acquired
immune deficiency syndrome (AIDS), are being pursued aggressively. Although further
studies of 2',3'-dideoxy-3'-fluorothymidine (Alovudine, Lederle) (30) are encouraging
(60), progress remains slow. Another potential therapeutic agent against HIV is (-)2',3"-
dideoxy-5-fluoro-3'-thiacytidine (FTC) (31), which has been shown to be an extremely
potent and selective inhibitor of HIV replication in vitro and in vivo (61).

Unusual structural features of 31 are the oxathiolane ring and the 1-B-L-
configuration, rather than the 1-8-D- found in natural nucleosides. Phase I clinical trials
have recently been completed in the United States.

Hepatitis B virus (HBV) is a worldwide health threat. Although several
nucleosides have been reported to be anti-hepatitis B virus (anti-HBV) agents, none have
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yet been shown to be clinically useful. Recently, there have been a couple of promising
leads, including compound 31, which, after phase I clinical trials, shows strong and
selective inhibition of replication of HBYV, as well as HIV (6/). Another compound with
the unnatural L-configuration, 2'-flucro-5-methyl-B-L-arabinofuranosyluracil (L-FMAU)
(32) has been found to be a potent anti-HBV and anti-Epstein-Barr virus agent (62).

As part of extensive studies directed at the treatment of the common cold, a
fluorine-containing antiviral agent, WIN-63843 (33), exhibits significant activity against
picornaviruses, especially human rhinoviruses. The most distinctive feature of this
compound is the unprecedented and not yet fully understood "global" protective metabolic
effect of the trifluoromethyl group on the oxadiazole ring (63). The improved metabolic
stability results in a substantial increase in oral bioavailability.

2'-Deoxy-2"-fluoroguanosine (34) is very active in inhibiting influenza viruses,
particularly in human respiratory epithelial cells (64).

Antibiotics. The discussion will cover antibacterials, a new antimalarial drug, and
antifungal agents.

Antibacterials. The fluoroquinolone and naphthyridine carboxylic acids, -
inhibitors of the DNA gyrase bacterial enzyme, continue to be major players in combating
bacterial infections. They exhibit broad spectrum activity against various aerobic and
anaerobic gram-positive and gram-negative organisms. There is a steady flow of new
entries in the marketplace, with many others at various stages of clinical trials.
Ciprofloxacin [Bayer] (35), the market leader in late 1995, is useful in upper respiratory
and urinary tract infections. Sparfloxacin (36), used for community acquired and surgical
infections and Tosufloxacin (37) are representative examples. The soon to be introduced
Levofloxacin [Daiichi] (38), the S-isomer of Ofloxacin, is especially effective in lower
respiratory, urinary tract, and prostate infections and in treating sexually transmitted
diseases (65). The classification and structure-activity relationships of fluoroquinolones
have been reviewed (66).

A novel class of 2-pyridone antimicrobial agents, which like the fluoroquinolones,
inhibits bacterial DNA gyrase, has been described recently (67). At this early stage, the
most effective member of this class, A-86719.1 (39), possesses potent antibacterial
activity in vitro, but is also sensitive to bacteria resistant to ciprofloxacin, such as Staph.
aureus and enterococci. Since the basic ring structure of 39 differs from those of the
quinolones and naphthyridines, it may bind differently at the enzymatic site.

Antimalarial Drugs. Malaria is caused by parasitic protozoa, primarily
Plasmodium falciparum. The treatment of malaria has become more difficult because of
increasing resistance in Plasmodium against almost all existing antimalarial drugs. While
mefloquine (40) is still the leading drug, when used singly or in combination with
chloroquine, resistance is growing, prompting the search for alternatives. In studies of
Chinese herbs used for treatment of malaria, two endoperoxide compounds were
identified. A derivative of one, artemether (41) was introduced in China in 1992 (68).
Arteflene [Hoffmann-La Roche] (42), a synthetic derivative of the other natural
compound, has been tested in vitro and in vivo and is under further development, due to
its promising biological pharmacokinetics and toxicological profile (68).
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Antifungal Agents. Fluoroaryl-substituted triazoles have emerged in recent years
as the dominant group of stable, orally-active and topical antifungal agents. The bis-
triazole fluconazole [Diflucan] (43), which inhibits fungal ergosterol synthesis, has been
very effective in dermal, vaginal, and other infections (69). Though first introduced in
1988, resistance to this drug is slowly increasing. A new antifungal, ICI-D0870 (44)
shows significant activity and is receiving much attention when used singly or in
combination with fluconazole or flucytosine, which has been used since the early 1980s
(70,71). Flutrimazole (45) is an effective topical agent. Other promising agents are under
investigation and a review of the subject has been published in 1995 (72).

Central Nervous System (CNS) Agents. While the pace of new developments of
fluorine-containing CNS agents has slowed after the great successes of the past few
decades, several recent advances are noteworthy.

Antidepressants. Fluoxetine hydrochloride [Prozac, Lilly] (46) continues to be
widely used for treatment of major depression. It has now received FDA approval for the
treatment of obsessive-compulsive disorder (73). Paroxetine (47), introduced in 1991,
also a highly selective serotonin reuptake inhibitor, exhibits activity similar to fluoxetine,
but with a shorter duration of action.

Anorectic Agents. An FDA advisory committee has voted for approval of
fluoxetine in the treatment of bulimia (73). Fenfluramine has been available for many
years as an anti-obesity drug. Dexfenfluramine (48), the S enantiomer, has found wide
favor in Europe and is awaiting final approval in the United States. The use of a
combination of phentermine (an analogue of amphetamine) and fenfluramine ("phen/fen")
is also increasing.

Cognition Enhancers. Studies are accelerating to identify drugs which counter
cognitive dysfunction, especially in chronic neurodegenerative conditions, such as
Alzheimer's and other dementia.  Tacrine (49), a reversible inhibitor of
acetylcholinesterase was the first drug launched (1993) specifically for treatment of
Alzheimer's. A number of other inhibitors are now being evaluated. Zifrosilone (MDL-
73745) (50), one of a series of trimethylsilyl trifluoromethyl ketones, reacts very rapidly
with the active site of acetylcholinesterase, while providing a highly lipophilic residue
which increases brain penetration. Compound 50 is under development as a potential
drug for treatment of Alzheimer's (74). Preliminary studies indicate that Cerebrocrast
(51), a difluoromethoxy-1,4-dihydropyridine derivative is a highly active and long-lasting
brain function enhancer (75). The underlying cause of the dementing process is not
altered by use of these drugs.

Hypolipidemic Drugs. A new class of synthetic HMG-CoA reductase inhibitors, many
of which contain p-fluorophenyl groups, are being designed as dietary adjuncts for
lowering total and low-density lipoprotein (LDL) cholesterol and serum triglyceride levels
(76). Fluvastatin sodium (52), brought to market in 1994, has more potent effects than
lovastatin, one of the leading drugs prescribed for this purpose (77).
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Antidiabetics. The first long-acting aldose reductase inhibitor (ARI), tolrestat (53),
available since 1989, is useful for the management of diabetic complications: neuropathy,
retinopathy and cataracts. In this active area of research, a number of other fluoroaryl
ARIs are currently in clinical trials. Especially promising is zopolrestat (54), which is in
phase III trials for the prevention of serious complications of both insulin dependent
diabetes mellitus (IDDM) and non-insulin dependent diabetes (NIDDM) (78).

Fluorinated Liposomal Membranes. The vast research efforts by Riess and coworkers
during the past twelve years has led to fluorinated (C,F,,.,) amphiphiles for use as
components of liposomal membranes and vesicles. Fluorinated moieties are much more
hydrophobic than their hydrocarbon counterparts, have a larger cross section, are more
rigid, and are also lipophobic. Fluorinated amphiphiles tend to self-assemble, with
increased membrane ordering. Stacking creates a teflon-like repellent film within the
liposomal membrane, which increases drug encapsulation stability. An excellent review,
published in 1995, is highly recommended (79).

Other Applications of Fluoroorganics in Medicine

A wide array of fluorine-substituted compounds, beyond those already discussed,
are used in medical applications. Several examples of new drugs or applications are listed
in Table 1.

Table 1. Selected Fluorine-Containing Drugs

Compound Application

Halobetasol propionate potent topical antiinflammatory steroid

Fluticasone propionate glucocorticosteroid for treatment of rhinitis and

(Flonase) asthma

Riluzole (Rilutek) glutamate release inhibitor for treating
amyotrophic lateral sclerosis (ALS)

Desflurane inhalation general anesthetic

Flosequinan (Manoplax) cardiostimulant

Pantoprazole sodium (Pantozol) irreversible proton pump inhibitor, antiulcer agent

Fluoxymesterone s;eroidal androgen used to increase stature of short

oys

Mofegiline. HCI(MDL-72974A) treatment of Parkinson's disease (Phase ITI trials)
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Chapter 2

Practical Synthesis of Enantiopure
Fluoroamino Acids of Biological Interest
by Asymmetric Aldol Reactions

V. A. Soloshonok!

Institute of Bioorganic Chemistry and Petrochemistry, Ukrainian
Academy of Sciences, 253660, Kiev—94, Murmanskaya 1, Ukraine

Presented herein is a short review of stoichiometric (Belokon') and catalytic
(Hayashi) asymmetric aldol reactions involving fluorinated aldehydes and
ketones. Synthetic opportunities and limitations of these methods for preparation
of stereochemically defined fluoro-amino acids of biological interest is discussed.
Apart from synthetic results, puzzling stereocontrolling features of fluorine-
containing groups, discovered in these reactions, are highlighted.

Since rationalization of the basic principles for modification of biological activity of
organic compounds via fluorine substitution for hydrogen (7), synthesis of fluorine-
containing analogs of natural products has been an expanding area of research.
Fluorinated derivatives of all key classes of naturally occurring compounds have been
synthesized and investigation of their biological properties has proved the viability of
"fluorine approach"” in the rational design of drugs with maximal in vivo specificity (2-8).
One of the most significant achievements of this field has been a creation of a new
generation of fluorine-containing, mechanism-based enzyme inactivators (suicide
substrates) of certain enzymes responsible for the metabolism of amino acids, steroids,
and nucleosides (8, 9). However, most of the biomedicinal potential of fluoroorganic
compounds remains unrealized and its future development is greatly dependent on an
understanding of the molecular basis of biochemical transformations and the state of the
art of fluoroorganic synthesis.

With the growing awareness of the relevance of chirality to in vivo molecular
recognition and thus biological properties of a chiral compound, in recent years
fluoroorganic synthesis has underdone profound methodological changes aimed at
preparation of individual stereoisomers of selectively fluorinated compounds of biological
importance (/0-13). Efficient asymmetric approaches, achieving levels of
stereoselectivity that rival enzymatic systems, have been developed for many classes of
organic compounds. By contrast, fluoro-organic compounds turned out to be difficult
targets for enantiocontrolled synthesis (11, 13). It has finally been recognized, that
fluorine can dramatically alter both the course and stereochemical outcome of the
established reactions of hydrocarbons, providing a challenge for the asymmetric
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synthesis of fluorinated compounds. We are engage in the development of convenient
synthetic routes to stereochemically defined fluoro-amino acids (8) by means of
asymmetric synthesis (/4) and biocatalysis (15). Our particular interest in asymmetric
aldol reactions, discussed here, is two pronged. Recent evolution of aldol methodology
into a general and highly stereoselective method for carbon-carbon bond formation
renders the aldol reaction as the most potent and reliable tool for natural product synthesis
(16, 17). Thus, it is very exciting to explore feasibility of asymmetric aldol methodology
for the enantiocontrolled preparation of challenging fluorine-containing compounds; and,
on the other hand, to study the stereochemical behavior of fluorine, and its influence on
the outcome of enantioselective aldo} reactions.

Here we present our results on the asymmetric Belokon' and Hayashi aldol
reactions between nucleophilic glycine equivalents and fluorinated aldehydes and
ketones. These reactions provide generalized and stereochemically flexible entry to the
family of fluorine-containing o-amino-B-hydroxy carboxylic acids with proved or
potential biological activity. In all cases, the reactivity pattern and stereochemical
outcome from the use of fluorinated carbonyl compounds in asymmetric aldol
condensations is compared with that of hydrocarbon aldehyde and ketones.

Biomedical Interest in Fluorine-containing Analogs of o-Amino-B-
Hydroxy Carboxylic Acids

o-Amino-B-hydroxy carboxylic acids are an important class of naturally occurring
compounds. The most noted members of this family of amino acids, serine, and
threonine, are essential constituents of human proteins and they exhibit diverse biological
functions (18, 19). Other naturally occurring B-hydroxy amino acids, produced mostly
by microorganisms, apart from their own normally high biological activity, are key
structural components of complex bioactive molecules such as cyclic polypeptides and
glycopeptides (e.g. edeine, vancomycine, cyclosporine, bouvardin, bleomycins) (20-22).
Additionally, B-hydroxy amino acids, possessing the hydroxyethyleneamino
pharmacophore moiety with proven therapeutic value, are valuable starting material for
syntheses of other biologically active compounds, as, for example, neuroactive amines,
peptidomimetics and P-lactams (23-25). Aside from the general advantageous
characteristics imparted to all types of amino acids by fluorine substitution for hydrogen
(3-8), selective incorporation of fluorine into the molecules of o-amino-B-hydroxy
carboxylic acids would offer some specific opportunities. Due to the strong electron-
withdrawing effect of polyfluoroalkyl and aryl groups, their presence geminal to a
hydroxy group dramatically influences its acid-base properties while those of remote
amino and carboxy groups are almost unaffected. For instance, the pK, value of the B-
hydroxy group in 4,4,4-trifluorothreonine is 12.7, a reduction of three pK, units
compared with that of fluorine-free threonine (26). Accordingly, the fundamentally
important ability of the hydroxy group to hydrogen bond and chelate metals can be
rationally modified in a series of fluorinated ot-amino-B-hydroxy carboxylic acids to
achieve desirable biochemical consequences. Furthermore, fluorine-containing 3,B-
disubstituted-B-hydroxy acids, which exert defined conformational constraints, could be
of interest in the de novo design of peptides and proteins with specific conformational
properties and biological functions (27). In view of the critical involvement of B-
hydroxy amino acids in the biological activities of naturally occurring peptide and
glycopeptide antibiotics mentioned above, application of fluorinated B-hydroxy amino
acids as structural units for modification of these biological macromolecules might be
promising.

Finally, there is some literature data on the proven biological activity of fluorine-
containing analogs of a-amino-B-hydroxy carboxylic acids. Thus, racemic syn-B-(4-
fluorophenyl)serine (1) (Figure 1) was shown to prolong the life of rats transplanted
with Erhlich Ascites (28, 29) and inhibit the growth of E. coli (30). (25,35)-4,4,4-
trifluorothreonine (2) and (25,35)-4,4-difluorothreonine (3) [(2S,3S)-configuration of
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Figure 1. Some Fluorinated B-Hydroxy Amino Acids with Proven Biological Activity,
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amino acids 2 and 3 is a consequence of the Cahn-Ingold-Prelog priority and is
stereochemically equivalent to the (2S,3R)-configuration in the hydrocarbon analogs]
(31) were found to possess promising antitumour and antifungal activity (32, 33).

As it follows from this short overview, fluorine-containing analogs of oi-amino-
B-hydroxy carboxylic acids are of high biological interest both as individual compounds
and as constituents of complex natural macromolecules. The biological data reported in
the literature to date has been limited, in part, as a consequence of the challenge
associated with the synthesis of these amino acids (34). Thus, before our project was
started, no convenient preparatively valuable approaches to this type of fluoro-amino
acids had been developed (8). In particular, only (25,35)-4,4,4-trifluorothreonine (2),
(2S,3R)-3-(2-fluorophenyl)- and (2S,3R)-3-[4-(trifluoromethyl)phenyl]serines had been
prepared via asymmetric synthesis by Seebach's group (35, 36). We hope, our results
presented herein, make some types of fluorinated oi-amino-B-hydroxy carboxylic acids
readily available in the structural and conformational variety needed to realize their
biomedical potential.

Belokon' Aldol Reaction

General Characteristics and Reactivity of Chiral Glycine Ni(II) Complex
5. Among the synthetically valuable stoichiometric chiral glycine anion synthons
(Evans, Oppolzer, Seebach, Schollkopf, Williams) (37, 38), the Ni(IT)-complex (Figure
2) of the chiral, non-racemic Schiff base of glycine with (R)- or (S)-o-[N-(N'-
benzylprolyl)amino]-benzophenone (BPB) (5), introduced by Belokon' (39), possesses
unique structural and stereochemical characteristics. Synthesis of Ni(II)-complex S in
over 80% yield, is carried out via a one-pot procedure starting with the commercially
available chiral auxiliary (S)-BPB 4, glycine, and a source of Ni*2 ions, usually
Ni(NO3); x 6H70 or NiClp X 6H20. Glycine Ni(II)-complex 5 is neutral, diamagnetic
and readily soluble in organic solvents. The glycine methylene group in complex 5 has a
significant CH acidity, allowing the use of a wide range of bases to generate
corresponding enolate 6 under a variety of reaction conditions. Thus, the pKja value of
(S)-5 in DMSO is 18.8 (40), greater than that of acetophenone (pKa = 24.7) and fluorene

Figure 2. Synthesis of the Chiral N(II) Complex of Glycine (S)-5, Its
Reactions with Electrophiles, and Recycling of Chiral Auxiliary (S)-BPB.
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(pKa = 22.6), and comparable with that of mononitro compounds (pKg = 17) (41). The
presence of the proline stereogenic center imparts an asymmetric distortion to the rigid
polycyclic system of complex 5 that, in turn, causes steric shielding of the enolate 6 re-
face by ketimine phenyl. Thus, preferential electrophilic attack occurs on the si-face to
form complex 7 with a pseudoaxial orientation of substituent R. Upon treatment with
hydrochloric acid, diastereomerically pure complex 7 releases targeted amino acid 8
along with the initial chiral auxiliary (S)-BPB 4. Ready recovery of the chiral auxiliary,
without any loss of its optical purity, and its use in many synthetic cycles, makes this
method particularly attractive since, with respect to consumption of asymmetric agent, the
whole process has a catalytic character. Finally, positive and negative Cotton effects in
the CD spectra or ORD curves of the Ni(Il) complexes allows for unambiguous
assignment of the pseudoaxial or pseudoequatorial orientation of the new amino acid side
chain in 7 and thus the absolute configuration at the a-position of the new amino acid.

Aldol condensations of Ni-complex 5 with carbonyl compounds have been much
less investigated than alkyl halide alkylation and Michael addition reactions (39). Only
formaldehyde, acetaldehyde, 3,4-(methylenedioxy)benzaldehyde, benzaldehyde and
acetone condensations with complex 5 have been studied and a dramatic dependence of
the stereochemical outcome of these reactions on the pH of the reaction medium has been
revealed (42, 43). A systematic study conducted by our group in collaboration with
Prof. Belokon', into the asymmetric aldol reactions of Ni(II) complex 5 with
hydrocarbon and fluorocarbon carbonyl compounds has demonstrated the unique
synthetic value of template 5 for the general preparation of stereochemically defined B-
hydroxy amino acids. Our results can be classified into four main groups with regard to
the nature of the stereoselectivity observed.

Kinetic Control of Stereoselectivity. Aldol Reactions of Ni(II) Complex
(§)-5 with Fluoro-Aldehydes and Ketones ina Solution at Low pH.
Hydrocarbon aldehydes and ketones do not react with complex 5 in chloroform solution
in the presence of weak bases such as triethylamine (TEA) or DABCO. However, the
highly electrophilic fluoroalkyl aldehydes and pentafluoro-benzaldehyde easily undergo
aldol condensation with complex 5 under these reaction conditions, giving rise to a
mixture (1/1) of diastereomeric complexes 9, 10 (Figure 3) in excellent chemical yield
(44, 45). Since under these conditions aldol condensations are irreversible, the
stereochemistry of the products might reflect the kinetic effects influencing stereogenesis

Figure 3. Aldol Reactions of N(II)-Complex (S)-5 with Per(poly)-
fluoroalkyl Aldehydes, Pentafluorobenzaldehyde and Hexafluoroacetone.
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of these reactions. As it follows from the ratio of syn-(25)-9 and anti-(25)-10 (1 to 1)
and their absolute configurations, kinetic recognition of the two enantiotopic faces of
complex 5 is nearly complete [no complexes with o-(R)-configurated amino acid were
isolated], while no recognition of enantiotopic faces of the aldehydes is observed in these
aldol condensations. Complexes 9 and 10 can be easily isolated by column
chromatography in a diastereo- and enantiomerically pure state and then decomposed to
give the optically pure amino acids syn-(2S5)-11 and anti-(25)-12, respectively, along
with chiral auxiliary BPB (87-93% yield). The high level of kinetically controlled
stereoselectivity at the a-stereogenic center observed in these reactions is synthetically
useful for preparation of symmetrically B,B-disubstituted f-hydroxy amino acids. This
opportunity is demonstrated with an efficient asymmetric synthesis of (S)-
hexafluorovaline 13, isolated in an enantiopure state in 63% overall yield, via aldol
reaction between (S5)-5 and hexafluoroacetone. Preliminary results show that this method
might be easily generalized for the preparation of B,B-disubstituted fluoroalkyl,
chloroalky! or chlorofluoroalkyl B-hydroxy amino acids.

Mixed Case of Kinetic and Thermodynamic Control of Stereoselectivity.
Aldol Reactions of Ni(II) Complex (S)-5 with Fluoro-Benzaldehydes. Use
of methanol as solvent, instead of chloroform, allows for aldol reaction of complex §
with a wider range of aldehydes. It was shown that in methanol solution, with TEA as a
base, formaldehyde and acetaldehyde undergo reversible aldol condensations with
complex 5 and a large excess of the carbonyl compound is required to shift the
equilibrium toward the desired aldol products. Under these reaction conditions,
formaldehyde reacts with 5 to produce the (S)-serine containing complex with up to 96%
de, while prochiral acetaldehyde condensation is less stereoselective giving rise to a
mixture (32% yield) of Ni(Il) complexes of (S)-threonine (78% de) and (S)-allo-
threonine (76% de) in a ratio of 2/1, respectively (42, 43). We have found that under
similar reaction conditions, benzaldehyde and its monofluoro-substituted derivatives also
react reversibly with 5 forming a mixture of complexes 14 and 15 in high chemical yield
and in a ratio of 1/1.7, respectively (Figure 4). Formation of a-(S)-stereogenic center of
amino acid residue in aldol products is kinetically controlled and thermodynamically
favorable, therefore the corresponding amino acid complexes with an o-(R)-
configuration are contained in the reaction mixture in amounts not greater than 5-10%. In
contrast, exothermic pentafluorobenzaldehyde condensation with 5 gives only the anti-
(25) and syn-(2S)-diasterecomers 14 and 15 in 1/1 ratio. This result can be easily
rationalized by assuming that, due to the strong electron-withdrawing effect of

Figure 4. Aldol Reactions of Complex (§)-5 with Fluoro-Benzaldehydes.
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pentafluorophenyl ring, the rate of retroaldol condensation is too slow to effectively
achieve thermodynamic equilibration of resultant complexes 14 d and 15 d and thus, the
stereochemical outcome of the reaction is kinetically controlled, similar to that of the
corresponding condensations in chloroform solution. The presence of a fluoroalkyl or
fluoroalkoxy group in the ortho-position of starting aldehyde alters thermodynamic ratio
of anti-(2S) and syn-(25)-diastereomers 14 and 15, strongly favoring the latter. Thus in
the aldol reactions of o-difluoromethoxy and o-trifluoromethyl benzaldehydes with
complex 5, after equilibration, an excess of syn-(2S)-diastereomers 15 g,h reaches a
synthetically valuable level, over 80% de. The reasons behind greater thermodynamic -
stability of 15 g,h is difficult to rationalize. It could be assumed that a weak attractive
interaction of the Ni(II) ion with fluorine-containing ortho-substituent, allowed by the
structure of 15 g,h, renders these complexes more thermodynamically favorable than

-diastereomeric 14 g,h. Complexes 15 g,h can be easily purified by a single

recrystallization and upon decomposition with aq. HCI in methanol release fluorinated
syn-(25)-phenylserines 16 g,h in an enantiopure state (44 - 46).

Second-Order Asymmetric Transformations of Products in the Aldol
Reactions of Complex (S)-5 with Fluoro-Benzaldehydes. Variation in the
ratio of TEA/MeOH used as the reaction medium does not influence the relative ratio of
diastereomeric products in the reactions discussed above. However, an increase in the
concentration of TEA to a 1/1 volume ratio with MeOH affects the relative solubility of
the products. As a result, under these reaction conditions, a second-order asymmetric
transformation takes place via slow precipitation of the sparingly soluble complex 17
containing the anti-(2R)-configurated amino acid from the solution (Figure 5).

Figure 5. Synthesis of Fluorinated anti-(2R)-pf-Phenylserines via
Second-Order Asymmetric Transformation of Aldol Products.

0O O Rs
<P“ oA _H sym(25) - (15) o -
/ RCHO * / /s
A f . . OH
d + Ph
11, vol.
(omem )
(0] -
(5)-® anti(2R) - (17)
Lnf = CeHs (@), 2-F-CeHs (b), 4-F-CeHs (¢), 4-CHF20-CHs (d)] lMeOH HCl
Thus, due to the reversibility of these aldol reactions, OH
precipitation of 17 from the solution allows transformation of COOH
starting materials to the anti-(2R)-diastereomer 17 which, being Pt 1
kinetically and thermodynamically unfavorable, initially formed in NH 2
minute amounts. Upon reaching 50-70% conversion of starting anti(2R) - (18)

materials into precipitated 17, the concentration of products in the

reaction solution is changed, slowing precipitation of complex 17

significantly. However, this method is appealing from a preparative point of view, since
the desired diastereomer 17 can be readily isolated in diastereo and enantiomerically pure
state simply by filtration of the reaction solution. Decomposition of 17 gives pure anti-
(2R)-amino acids 18 along with recovery of chiral auxiliary BPB (44, 46).

Reactions of Complex (S)-5 with Fluoro-Aldehydes and Ketones in a High
pH Solution. Thermodynamic Control of Products Stereochemistry. Use
of NaOMe as a base, instead of TEA, in methanol solution alters significantly the
reactivity of carbonyl compounds toward complex 5 and stereogenesis of their aldol
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Figure 6. Rearrangements of Ni(II) Complexes.
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reactions as well. In the presence of NaOMe rates of reactions, and consequently the
thermodynamic equilibration of products are greatly increased. In a high pH reaction
medium (> 0.1M NaOMe in MeOH) that provides ionization of the B-hydroxy group of
the amino acid side chain of the aldol products, the sense of diastereoselection is
changed. Substitution of an ionized carboxy group by an ionized hydroxy in the
coordination sphere of Ni(II) is a thermodynamically advantageous process, giving rise
to rearranged complex 19 (Figure 6). Owing to chelation of the amino acid moiety in a
rigid five-membered ring, the stereochemistry within it, at both the - and B-positions, is
effectively controlled. Pseudoaxial orientation of the ionized carboxy group [a-(R)-
configuration of the amino acid], like in the complex 19, is energetically more favorable
than its pseudoequatorial disposition [at-(S)-configuration of amino acid], due to a strong
repulsive interaction of the carboxylate with the ketimine phenyl, which can not be
minimized within the rigid system of the polycyclic Ni(II) chelate. Relative
stereochemistry within the amino acid moiety in the hydroxy-coordinated complex 19 is
determined by the energetic advantage of having a trans-disposition of the substituents on
the five-membered chelate ring. Accordingly, hydroxy-coordinated 19 is the most
thermodynamically stable structure under the reaction condition discussed. Neutralization
of reaction mixture causes rearrangement of complex 19 into the usual carboxy-
coordinated 20 (39, 42).

Aldol Reactions of Fluoro-Benzaldehydes with Complex 5.
Synthesis of syn-(2R)-B-(Fluorophenyl)serines. It was shown (42) that
benzaldehyde and 3,4-(methylenedioxy)benzaldehyde react with 5 to give a mixture of
complexes containing syn-(2S) and syn-(2R) amino acids with up to 88% de of the syn-
(2R)-diastereomer. Introduction of one fluorine atom or fluoroalkyl and fluoroalkoxy
groups into any position of the phenyl ring of benzaldehyde does not influence
significantly the pattern of reactivity and stereoselectivity, providing dominant formation
(80-98% de) of syn-(2R)-diastereomers 21a-h in high chemical yield (Figure 7).
Complexes 21a-h can be easily purified to an enantiopure state and then decomposed to
give free amino acids syn-(2R)-22a-h (44, 47). The simplicity of the experimental
procedure and the high chemical and stereochemical yields make this method synthetically
useful for large scale preparation of fluorinated and enantiopure phenylserines 22.
However, due to the basic reaction conditions used, this method might be of limited
application for the synthesis of polyfluoro-substituted amino acids, as for instance,
(pentafluorophenyl)serine. Thus, aldol reaction of pentafluorobenzaldehyde with § is
accompanied by substitution of a fluorine atom in the para-position of the perfluoro-
phenyl ring, giving rise to syn-(2R)-21i containing (4-methoxy-2,3,5,6-tetrafluoro-
phenyl)serine in high chemical yield and 86% de (46). On the other hand, this result
could be a synthetic opportunity, because of the unavailability of the starting p-methoxy-
tetrafluorobenzaldehyde for the preparation of amino acid 22i by other methods (48).

In Biomedical Frontiers of Fluorine Chemistry; Ojima, |., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: August 13, 1996 | doi: 10.1021/bk-1996-0639.ch002

Downloaded by DARTMOUTH COLL on April 18, 2010 | http://pubs.acs.org

34 BIOMEDICAL FRONTIERS OF FLUORINE CHEMISTRY

Figure 7. Aldol Reactions of Fluoro-Benzaldehydes with 5 at High pH.
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Aldol Reactions of Fluoroalkyl Aldehydes with Complex 5.
Synthesis of syn-(2S)-p-(Fluoroalkyl)serines. As mentioned above,
acetaldehyde aldol condensation with 5 at rt in NaOMe/MeOH, leads to a mixture of the
(R)- and (S)-threonine containing complexes with sizable (84% de) domination of the
(R)-diastereomer (42). Fluoral does not react with complex S at ambient temperature,
probably due to formation of an unreactive hemiacetal in methanol solution (49).
However, brief heating of the reaction mixture gives two new complexes with excellent
(96/4 ratio) diastereoselectivity. Investigation of absolute configuration of the products
(ORD curves and X-ray analysis) has revealed a totally unexpected result, syn-(2S5)-
configuration for the dominant diastereomer 9 and syn-(2R)-stereochemistry for the
minor 23 (Figure 8). It follows that, in the aldol condensations of acetaldehyde and
trifluoroacetaldehyde with 5, a similar pattern of reactivity but opposite stereochemical
preferences are observed. High syn-(2S)-diastereoselectivity is not influenced by the
length of fluoroalkyl group, allowing efficient (90-92% de) preparation of syn-(25)-9,
and thus amino acids 24, containing medium-to-long fluoroalkyl chains (44, 50). The
reasons behind this surprising stereoselectivity, brought about by fluorine, is not yet
clear. Both steric and electronic factors fail to rationalize the phenomenon (51). One
explanation, supported by molecular mechanics calculations, assumes an electrostatic
attraction between the partially positively charged Ni(IT) and the perfluoroalkyl group,
determining the -(S)-absolute configuration of the amino acid moiety and, on the other
hand, electrostatic repulsion between perfluoroalkyl and carboxy groups, fixing a syn-

Figure 8. Aldol Reactions of Fluoroalkyl Aldehydes with 5 at High pH.
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present chapter of necessarily limited size, there is no room to discuss NH,
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all aspects of this interesting case of stereoselectivity directed by fluorine.

Aldol Reactions of Trifluoromethyl Ketones with Complex 5.
Synthesis of (25,3S)-p-(Fluoroalkyl)-f-Alkylserines. Enantioselective
formation of stereogenic quaternary carbon centers is one of the most challenging targets
for asymmetric synthesis (52). Aldol reactions of prochiral ketones with complex 5 have
not been previously studied. However, as it was shown for acetone condensation with
complex 5, the presence of a second alkyl group in the B-position of the amino residue of
the resultant complex partially destabilizes its rearranged hydroxy-coordinated structure
of type 19 (Figure 6), decreasing the diastereoselectivity of the reaction. Thus, aldol
condensation of acetone taken in great excess (1/100), with 5 in NaOMe/MeOH gives the
corresponding Ni(IT)-complex of (R)-B-hydroxyvaline in low chemical yield and not
higher than 72% de (42). In sharp contrast to this, trifluoroacetone easily reacts with 5
giving rise to a single reaction product 26a (Figure 9) with the (25,3S)-absolute
configuration, according to X-ray analysis (44). Thus, once again substitution of
fluorine for hydrogen reverses the stereochemical preferences established for reactions of
hydrocarbon analogs. Like Ni(II)-complexes of B-perfluoroalkylserines syn-(25)-9
(Figure 8), complex 26 is the product of thermodynamic control and under the reaction
conditions (NaOMe/MeOH) undergoes rearrangement to the hydroxy-coordinated
structure 25. Obviously, of paramount importance for thermodynamic stability of 25 is
that the trifluoromethyl group be situated in the pseudoaxial position, providing the
shortest distance (2.83 i) between the Ni(I) and fluorine atoms, and second, the

Figure 9. Aldol Reactions of Trifluoromethyl Ketones with 5 at High pH.
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carboxy and trifluoromethyl groups have to be arranged on different R
sides of the amino acid chelate ring. These stereochemical e, COOH
preferences are not influenced by the nature of substituent R, FsC
allowing the reaction to be a general asymmetric method for NH
preparation of enantiopure (2S,3S)-configurated amino acids 27. 2
Recently we have developed new set of reaction conditions (2539)-(27)
providing an efficient preparation of complexes (25,35)-26a-e with

up to 90% of chemical yield and over 95% of diastereomeric purity.

Systematic study of the asymmetric aldol reactions of chiral nickel-glycine
complex 5 with fluorinated carbonyl compounds, briefly presented here, reveals that the
stereochemical outcome of these reactions greatly depends on the reaction conditions and
the nature of the carbonyl compound used and, in most cases, is different to that of
analogous hydrocarbon reactions. Established reactivity and stereoselectivity under the
definite reaction conditions allows preparation of various enantiopure fluorinated B-
hydroxy amino acids such as symmetrically substituted hydroxy valines (irreversible,
kinetically controlled aldol reactions at low pH, Figure 3), syn-(2S)-B-phenylserines
(reversible reactions at low pH in MeOH/TEA, Figure 4), anti-(2R)-f-phenyl serines
(second-order asymmetric transformation of aldol products, Figure 5), syn-(2R)-B-
phenylserines, syn-(2S)-B-fluoroalkylserines and particularly challenging (2S5,35)-B-
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fluoroalkyl-B-alkylserines (thermodynamically controlled aldol reactions at high pH in
NaOMe/MeOH, Figures 7, 8 and 9, respectively).

Hayashi Aldol Reaction

Methods, wherein a catalytic amount of an asymmetric agent is required, represent the
most desirable solutions to the preparation of stereochemically defined chiral compounds
(53). The first synthetically useful, truly catalytic, asymmetric aldol methodology was
developed by Hayashi et al. (54). This method consists in the reaction of between an
aldehyde and an isocyanoacetic acid derivative (in particular the methyl ester, Figure 10)
catalyzed by 1-2 mol % of a gold(I) complex coordinated with a chiral N,N,N',N'-tetra-
alkylethylenediamino-substituted bis(diphenylphosphino)ferrocene ligand, leading to
optically active trans-oxazolines 31 with high enantio- and diastereoselectivity. Previous
studies on the gold(I)-catalyzed asymmetric aldol reaction have demonstrated its
generality for the asymmetric synthesis of various B-(substituted)serines. However, the
stereochemical outcome of this reaction is not always unambiguous, varying from the
excellent (100% de, 97% ee, R = tert-Bu) to poor (50% de, 6% ee, R = 2-CsH4N)
depending on the nature of aldehyde used (54, 55). Behavior of fluoroaryl aldehydes in
the gold(I)-catalyzed asymmetric aldol reaction was not previously studied.

Figure 10. Gold(I)-Catalyzed Asymmetric Aldol Reaction.
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Aldol Reactions with Methyl Isocyanoacetate. As was found for aldol reaction
of benzaldehyde with methyl a-isocyanoacetate (28), the complex of bis(cyclo-hexyl
isocyanide)-gold(I) tetrafluoroborate (29) with (R)-N-methyl-N-[2-(piperidino)ethyl]-1-
[(S)-1',2-bis(diphenylphosphino)ferrocenyl]ethylamine (30a) is a superior catalyst for
this condensation, forming the trans-oxazoline in 88% de and 95% ee (54). Under the
same reaction conditions, p-fluoro- and m-fluorobenzaldehydes give the trans-oxazolines
33a,b in excellent chemical yields, diastereo- and enantioselectivities (56, 57). A little
lower selectivity is observed in the reaction of o-fluorobenzaldehyde with 28. The
absolute configuration of the trans-oxazolines were determined to be (45,5R), by
hydrolysis to the known syn-(25)-(fluorophenyl)serines 34a-c. The next experiments
with di-, tri-, tetra- and pentafluorosubstituted benzaldehydes, which were carried out
under similar (lower temperature, 0-1 °C) reaction conditions, revealed a surprising
influence of the number of fluorine atoms in the phenyl ring of starting benzaldehyde on
the stereochemical outcome of aldol reactions. Thus, an increase of fluorine substitution
for hydrogen is accompanied by a gradual increase in the proportion of cis-oxazolines 32
and their enantiomeric purity as well. On the other hand, the ee values of the
corresponding trans-oxazolines 33 are gradually decreased. The extremes of this trend
are observed in the tetrafluoro- and pentafluorobenzaldehyde reactions with
isocyanoacetate 28, catalyzed by 2 mol % of gold(I)-complex 29 with morpholino
derived ferrocenyl ligand 30b, where cis-(4S,55)-oxazolines 32f,g are formed as the
dominant diastereomers with 90 and 86% ee, respectively. (See Figure 11.)
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Figure 11. Aldol Reactions of Methyl Isocyanoacetate with Fluoro-Benzaldehydes.
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Gold(I)-catalyzed asymmetric aldol reactions of methyl o-isocyanoacetate (28)
with tetrafluoro- and pentafluoro-benzaldehydes, in sharp contrast to that of
benzaldehyde or monofluoro-substituted benzaldehyde, give cis-oxazolines 32f,g as the
main reaction products with high % ee. The reasons behind the gradual inversion of
stereochemistry brought about by the presence of fluorine atoms, could be reasonably
ascribed to the increasing electrophilicity (electron-deficiency) of the phenyl ring in the
series from mono- to pentafluorosubstituted benzaldehydes. The working model for the
transition-state of the stereoselective step of the gold(I)-catalyzed aldol reaction postulates
the following features (Figure 12, transition-state A) (54, 55): a) the gold(l) cation is
coordinated to the two phosphorus atoms of the ferrocenyl-phosphine ligand, and the
carbon of methyl isocyanoacetate; b) the enolate anion of the isocyanoacetate is formed by
the abstraction of one of the active methylene protons by the terminal dialkylamino group
of the ligand's pendant side chain, that determines electrophilic attack by the si-face of an
aldehyde on the si-face of the enolate. This mode of interactions, through transition state
A, provides the normally trans-oxazoline. The absolute configuration of oxazolines
32f,g suggests that electrophilic attack of pentafluorobenzaldehyde occurs on the same
enolate mt-face while the carbonyl nt-face selectivity is different to that of the benzaldehyde
reaction. Sterically unfavorable transition-state B, which leads to the formation of cis-
(48,58)-oxazolines, could be stabilized by 7-p attractive interaction between the electron-
deficient pentafluorophenyl ring and the negatively charged enolate anion. This
assumption is supported by the close analogy between our observations and the results
reported by Ojima and Kwon on the unique stereodifferentiation disclosed for reactions
of pentafluorophenyl-containing chiral iron acyl complex [(CgF5)PhoP](CO)CpFeCOMe
(Cp = n3-cyclopentadienyl) (PFCHIRAC) . They had proven that this very case of
electron donor-acceptor type attractive interaction between the enolate oxygen and
pentafluorophenyl moiety reverses the opposite stereochemical outcome in the aldol
reactions of PFECHIRAC and fluorine-free CHIRAC (58).

Based on this reasoning, we envisioned that the use of N,N-dimethyl-o.-
isocyanoacetamide (35) instead of methyl ester 28, based on both electronic and steric

Figure 12. Transition-States Model for the Gold-Catalyzed Aldol Reaction.

P siface H A P reface  Arg B
+ 044 T + 044
Au C~ ’ Au C~
A~ [ NS Nou
N N e

In Biomedical Frontiers of Fluorine Chemistry; Ojima, |., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Downloaded by DARTMOUTH COLL on April 18, 2010 | http://pubs.acs.org

Publication Date: August 13, 1996 | doi: 10.1021/bk-1996-0639.ch002

38 BIOMEDICAL FRONTIERS OF FLUORINE CHEMISTRY

Figure 13. Aldol Reactions of Isocyanoacetamide with Fluoro-

Benzaldehydes.
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factors, might disturb transition-state B (Figure 12) and thereby enhance the trans-
diastereoselectivity of the polyfluorobenzaldehydes aldol reactions. Indeed, the reaction
of pentafluorobenzaldehyde with isocyanoacetamide 35, catalyzed by 2 mol % of
29/30a, gives a mixture of cis/trans-oxazolines 36f and 37f with remarkable
domination of the latter, formed with 80% ee (Figure 13). Similar reactivity and
stereochemical outcome is observed in the aldol reaction of 2,3,5,6-tetrafluoro-
benzaldehyde with isocyanoacetamide 35. In the aldol reactions of trifluoro- and
difluoro-benzaldehydes with 35, the desirable trans-oxazolines 37d,c are obtained with
both higher diastereo- and énantioselectivity than the corresponding trans-oxazolines
33e,d (Figure 11) from reaction of the fluoro-aldehydes with isocyanoacetate 28.
Finally, the aldol reactions of isocyanoacetamide 35 with monofluoro-substituted
benzaldehydes give the trans-oxazolines 37a,b with the expected high diastereo- and
enantioselectivities. However, the use of isocyano-acetamide 35 for the synthesis of
syn-(25)-B-(monofluorophenyl)serines 34, through oxazolines 37a,b, seems to have no
advantages over the application of isocyanoacetate 28, which provides a better
stereochemical result, giving oxazolines 33a,c.

The present results have revealed that the stereochemical outcome of the gold(I)-
catalyzed asymmetric aldol reactions dramatically depends on the nature of both the
fluorobenzaldehyde and the isocyanoacetic acid derivative being used. The results with
methyl a-isocyanoacetate (28) reactions and fluorinated benzaldehydes was shown to be
controlled by the number of fluorine atoms in the aryl moiety of fluorobenzaldehyde
used. Thus, aldol condensations of 28 with monofluorobenzaldehydes furnished trans-
oxazolines with more than 90% of both trans-diastereoselectivity and ee, while in the case
of the reactions with polyfluorobenzaldehydes, cis-oxazolines were formed as the
dominant isomer with high ee (up to 90% ee). In marked contrast to this, reactions of
isocyanoacetamide 35 with fluorobenzaldehydes provided preferential formation of frans-
oxazolines with high % ee, regardless of the fluorosubstituted benzaldehyde used.

Conclusion

In conclusion, we have demonstrated that various biologically interesting fluorine-
containing B-hydroxy amino acids (Figure 14) are easily accessible in high diastereo and
enantiomeric purity by means of the asymmetric aldol reactions of nickel-glycine complex
or gold-catalyzed reactions of isocyanoacetic acid derivatives with fluorinated aldehydes
or ketones. Apart from the synthetic results, this study highlights the surprising
capability of polyfluoroalkyl and aryl groups, albeit for different reasons, to play the role
of stereodirecting factors in the asymmetric aldol reactions explored. The origins of this
unusual stereocontrolling effects provided by fluorine is not yet clear and we are currently
studying this aspect in detail.
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Figure 14. Some Fluorinated B-Hydroxy Amino Acids Readily Available
via Asymmetric Aldol Reactions.
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Methodology for synthesis and incorporation of o-trifluoromethyl
substituted amino acids into N- and C-terminal position of peptides is
described. The incorporation of a-trifluoromethyl substituted amino
acids into peptides retards proteolytic degradation, enhances
lipophilicity, and induces secondary structures. The influence of the
trifluoromethyl group on the structure and the receptor affinity of
different biologically active peptides (TRH, GnRH, SP) has been
studied.

A major drawback of peptide drugs is their rapid degradation by proteases, their
low lipophilicity and the lack of transport systems to direct peptides into cells.
Therefore, cell membranes generally resist passage of most peptides. Peptides are
rapidly excreted via liver and kidney. The high conformational flexibility of peptides
creates another problem: bioactive peptides often bind to different receptor sites
causing undesired side effects (7).

The incorporation of o,a-disubstituted amino acids into key positions of peptides
is an efficient strategy to retard proteolytic degradation and to stabilize secondary
structures (2,3). Due to the unique properties of the trifltuoromethyl group (high
electronegativity, high lipophilicity and high steric demand), o-triftuoromethyl amino
acids (a-TFM amino acids) are a special class of a,a-disubstituted amino acids which
can profoundly improve the above mentioned characteristics of peptides.

The structural alteration influences hydrolytic stability of peptides containing a-
TFM amino acids resulting in retarded degradation by peptidases (4) and
consequently in prolonged intrinsic activity. The high lipophilicity (5) enhances in
vivo absorption and improves permeability through certain body barriers. However,
the lipophilic effect of a trifluoromethyl group depends very much on its position in a
molecule (6). The steric bulk of a trifluoromethyl group is still a

0097—6156/96/0639—0042815.00/0
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controversial issue (7); it should be close to that of an isopropyl group. Doubtlessly,
it exerts severe conformational restrictions on the peptide chain inducing secondary
structures (8).

Furthermore, because of the high electron density, triftuoromethyl groups are
capable of participating in hydrogen bonding and of acting as coordinative sites in
metal complexes. Another attractive feature of the trifluoromethyl group is its
relatively low toxicity and high stability compared to monofluoromethyl and
diftuoromethyl groups (9). Finally, '>F NMR spectroscopy provides a very efficient
method for conformational studies of fluorine containing peptides and glycopeptides
as well as for the elucidation of metabolic processes.

Synthesis of o-Trifluoromethyl Amino Acids
Several routes towards o-trifluoromethyl amino acids (o-TFM amino acids) have

been developed. The most general approach is the amidoalkylation of carbon
nucleophiles with alkyl 2-(alkoxycarbonylimino)-3,3,3-trifluoropropionates (10).

CF; CF; R?
CF, coMe . .. /l\ o
\[01/ —=2% +» N7 coMe ——— HN” CO,Me
R'o o Rlo o

i) R'OCONHL; ii) (CF;CO),O/pyridine; iii) R*MgX; iv) H:O"

Multifunctional o-TFM amino acids can be synthesized via the above mentioned
route from carbon nucleophiles. Appropriately protected additional functionalities
may be present in the nucleophile or can be introduced by transformation of CC
double and triple bond systems which can be introduced into the side chain without
protection (/7).

i
—_—

ZHN Z ZHN CO,H

CF,
CF; COH COoH

i, iii iv
H,N CO,H NH
o

i) KMnOy/dil. H,SO;; ii) NaOH (5%); iii) H,, Pd/C, MeOH/H;0 (2:1), r.t.;
v)rt.

Most synthetic routes to optically pure a-TFM amino acids rely on chemical
(12,13) and enzymatic resolution (/4). A promising strategy for a diastercoselective
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synthesis of a-TFM amino acids proceeds via amidoalkylation of carbon nucleophiles
with in situ formed homochiral cyclic acyl imines. The dioxopiperazines (DOP)
obtained with good stereoselectivity can be transformed into homochiral dipeptide
esters on regioselective acidolysis in methanol (/5).

CF3\n/C02Me

?Nﬂz“ﬂii yod

\\\W
n\\\w

w»—-
é & |lllm
\\\\W
TZ
E

R? CF,
% H
N
H,N 7-_’/“\0Me
u”CF 0 ’,’
H R!

i) CH,Cl,, r.t.; ii) Hy, Pd/C, MeOH, r.t.; iii) (CFsC0O),0, THF, 0°C; iv) R°M,
THF, then buffer, pH 7; v) HCl, MeOH, AT, then propylene oxide

Peptide Synthesis with o-TFM Amino Acids
Protective Group Strategy

o-TFM amino acids with orthogonal protective groups (BOC, Z and OMe, OEt)
are readily obtained from alkyl 2-(alkoxycarbonylimino)-3,3,3-trifluoropropionates
via amidoalkylation of carbon nucleophiles (/6). Alkaline hydrolysis with IN
KOH/methanol 1:1 (v/v), followed by acidic work-up provides the free carboxylic
acids BOC-(a-TFM)Xaa-OH and Z-(a-TFM)Xaa-OH, respectively. Cleavage of the
BOC and the Z group can be accomplished using standard procedures (4). The
presence of the electron-withdrawing triftuoromethyl group in the a-position exerts
considerable electronic and steric effects on the reactivity of both the carboxylic and
the amino group [pK. values: H-Ala-OH: 2.34; H-(a-TFM)Ala-OH: 1.98; H-Ala-
NH;: 9.87; H-(a-TFM)Ala-NH,: 5.91 (17)]. The low nucleophilicity of the amino
group of o-TFM amino acid esters prevents dioxopiperazine formation. Esters of o-
TFM amino acids can be distilled in vacuo without appreciable oligomerization or
decomposition (/6,18).

o-TFM Amino Acids as Acyl Donors in Peptide Synthesis
Carboxylic group activation of o-TFM amino acids can be achieved by standard

activation methods, e.g. DCCI, diphenylchlorophosphate, mixed anhydrides, Leuchs
anhydrides (N-carboxy anhydrides, NCA) and azides (/9,20), respectively.
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The mixed anhydrides cyclize spontaneously to give trifluoromethyl substituted
5(4H)-oxazolones which also are formed on reaction of Z-(a-TFM)Xaa-OH with
DCCI (even in the presence of HOBt) or with diphenylchlorophosphate in the
presence of a base. Epimerization of the 5(4H)-oxazolone is only a problem in the
case of (oa-TFM)Gly; all other oxazolones derived from o,u-disubstituted amino
acids do not possess a proton at C(4). Trifluoromethyl substituted 5(4H)-oxazolones
readily react with amino acid derivatives to give dipeptides (4). However, 2-fert-
butoxy-4-trifluoromethyl-5(4H)-oxazolones decompose at room temperature to give
Leuchs anhydrides via retro-ene reaction. Therefore, the BOC group is of limited
value for peptide synthesis with o-TFM amino acids (21).

1
R o H R?
CF3+< o £
i i ZzHN 2
" N. o N CO,R?
Y B
CF, CO CF; R
3 2H OBz 3
ZHN R! 1
R o H R?
CF, . o %
u v H.N 4
= 2 %N CO,R®
h¢ "
5 CF; R!
i) DCCI or EtOCOCI, base; ii) H;N-CHR*CO,R?; iii) SOCL, or CCOCOCI;
iv) H;N-CHR’CO,R®

N-Carboxy anhydrides derived from o-TFM amino acids can be prepared in very
good yields on heating Z-(a-TFM)Xaa-OH with phosphorus trichloride, diphosgene,
triphosgene, or thionyl chloride. The major drawback of the NCA method in classical
peptide chemistry is their pronounced tendency to oligomerize, because the amino
group of the newly formed peptide competes with the amino acid ester as a nucleo-
phile. This problem does not arise on ring opening of a NCA derived from an a-TFM
amino acid due to the low nucleophilicity of the amino function (22). Furthermore,
this type of NCA can be easily deprotonated at the nitrogen atom and subsequently
N-alkylated, providing N-alkyl a-TFM amino acid precursors (23). As a consequence
of the highly crowded stereochemistry, the reactivity of an N-alkylated NCA towards
nucleophiles is considerably lower than that of the N-unsubstituted derivative.

Rlﬂ RIW 2 H

HNYO R2,N\[(o N T X

H R
o) o)

i) NaH, DMF; i) R’I; iii) H;N-CHR>-CO,R*, CHCl;, 20°C

Cco,R*
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Amides of (a-TFM)Gly, hexafluoroaminoisobutyric acid, and (a-TFM) amino
malonate, respectively, are obtained on [4+1] cycloaddition of isocyanides to
trifluoromethyl or bis(triftuoromethyl) substituted acyl imines and subsequent
cleavage of the resulting 5-imino-4-trifluoromethyl-2-oxazoline with dilute acid.
When isonitriles derived from N-formyl amino acid esters are used as dienophiles,
hydrolysis of the [4+1] cycloadducts provides dipeptides with (a-TFM)Gly,
hexafluoroaminoisobutyrate and TFM amino malonate in the N-terminal position
(19,24).

CF; R!
/l\ CF; R! CF,
NT RGN ii N _COR’
PR AT DA
BzIO (o] BzlO o >\“H 0 x 'aRZ
R2
R%0,C
R! = H, CF;, COMe
i) CN-CHR?CO,R?; ii) H;0"

o~-TFM Amino Acids as Nucleophiles in Dipeptide Synthesis
Amino Group “Activation“

The low nucleophilicity of the amino group and the steric bulk of the
trifluoromethyl group requires modification of standard procedures for peptide
synthesis. Only the least bulky amino acid esters H-(o-TFM)Gly-OMe and
H-(a-TFM)Ala-OMe can be coupled using classical methodology (4). For a-TFM
amino acids with bulkier side chains, all classical activation methods examined remain
unsuccessful or result in substantial epimerization of the non-fluorinated amino acid.
Peptide bond formation under quite drastic reaction conditions is only reasonable in
substrates when epimerization is not possible (19,20).

Amino group activation via trimethylsilylation is described in the case of o,a-
disubstituted amino acids (25). However, the usual trimethylsilylation reagents
(trimethylsilyl chloride / triethylamine, trimethylsilyl acetamide, and N,O-bis
(trimethylsilyl) acetamide) fail to react with o-TFM amino acids (20).

Peptide couplings involving the amino group of (a-TFM) amino acid esters can
be achieved by conversion to the corresponding isocyanates by treatment with tri-
chloromethyl chloroformate (26). The isocyanates can be coupled directly with N-
protected amino acids, e.g. PHT=Yaa-OH via a mixed anhydride of the correspon-
ding carbamic acid (20).

The same mixed anhydride presumably is involved m an in situ depro-
tection/coupling procedure of Teoc (2-trimethylsilylethoxycarbonyl) protected a-
TFM amino acids. The introduction of the Teoc group can be achieved on reaction of
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CF 3 COzMe CF3 COzMe

H
i N CO,Me
— )4 PHT=N" >~ 7( 2

O cr, R

; h
(0] g CO,M
e
par =y N O S
0 0 ¢

R

i) ClbCOCOCI; ii) PHT=N-CH,CO-H; iii) -CO;

o-TFM amino acid derived isocyanates with 2-trimethylsilyl ethanol. In the presence
of catalytic amounts of fluoride ions, Teoc protected a-TFM amino acids react with
Fmoc amino acid fluorides to give Fmoc protected dipeptide esters with an a-TFM
amino acid in the C-terminal position in reasonable to good yields (20,27).

(CHSin . oy

+

1
o R CF

i
— (CH,);S1
Rl CF3 3)3 \/\O/U\g Cone

=N CO,Me
0= o)

1
o R CF

(CH3 )3 SiF + CH2 == CH2 + d g Cone
H R?

\V

i) NEts, CHCL,, 80°C; ii) Fmoc-NH-CHR2-COF, N(Et),'F *, CH5CN, 50°C, -CO,

o-TFM amino acids can be transformed into the N-formyl derivatives on
treatment with formic acid /acetic anhydride and subsequent dehydration to give the
corresponding isonitriles, which have been introduced successfully into Ugi's four
component condensation (4CC) (28). Tripeptides with N-terminal and C-terminal
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o-TFM amino acids result from this reaction, but the stereoselectivity is only
moderate (/9).

(a-TFM)Gly can be introduced into the C-terminal position of peptides on
reaction of N-protected amino acid and peptide amides in a one step process at room
temperature with methyl 3,3,3-triftuoro-2-diazopropionate in the presence of
catalysts like Cu(0) and Rhy(OAc), (29).

H R
i NH,
ZHN
H R
° % H 0
i 4 N
+ g ZHN OMe
CF CO,Me
I ﬁ/ 2 (0] CF3 H
N,

i) Cu(0) or Rhy(OAc)s, CH,Cly, I t.

A promising strategy for the general synthesis of dipeptide esters with optically
pure o-TFM amino acids in the C-terminal position is the regioselective cleavage of
the dioxopiperazines (vide supra). Further N-terminal chain elongation can be
achieved by chemical as well as enzymatic methods without problems (/5).

Isocyanates derived from amino acids are valuable precursors for the synthesis of
azapeptides, which are obtained in good yields on reaction of the corresponding
isocyanates with amino acid hydrazides (30). Azapeptides with
o-TFM amino acids in the N-terminal [H-(o-TFM)Xaa-Agly-Yaa-OR], C-terminal
[Z-Xaa-Agly-(a-TFM)Yaa-OR] and in both positions [H-(o-TFM)Xaa-Agly-(a-
TFM)Yaa-OR] are readily available by this strategy. Because of the low
nucleophilicity of the amino group in a-TFM amino acid hydrazides, N-protection is
not necessary on reaction with isocyanates (37).

R' H
§ H
3 N
ZHN ~NH
o 2 R' H R? CF,
>\0/ )l\ CO R3
R? CF,
N CO,R?
= 2
-C

i) CHCL, 0°C
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Hydrolytic and Proteolytic Stability of Z-protected a-TFM Amino Acid Derivatives
Protease catalyzed Peptide Synthesis with a-TFM Amino Acids

Z-(a-TFM)Gly-OMe is unstable at pH 7 and is converted into Z-amino malonate
via a sequential base-catalyzed HF elimination / H,O addition process. All other a-
TFM amino acids lacking the a-proton are stable towards base. The presence of a
trifluoromethyl group in the a-position decreases the rate of alkaline hydrolysis
considerably. At pH 9, for example, only 4% of Z-(o-TFM)Phe-OMe is hydrolyzed
after 20 min, whereas Z-Phe-OMe is hydrolyzed completely after 5 min under the
same reaction conditions. These results demonstrate that a triftuoromethyl group in
the a-position slows down hydrolysis by a factor of approximately 12 (4).

Proteases like subtilisin, a-chymotrypsin or papain accept o-TFM amino acid
esters only to a very limited extent. Both the hydrolysis rate and the turnover
decrease in the order Z-(a-TFM)Gly-OMe > Z-(a-TFM)Ala-OMe > Z-(a-TFM)Leu-
OMe. Z-(a-TFM)Phe-OMe is not turned over at all. These data exclude the
application of proteases in the resolution of enantiomeric o-TFM amino acid
derivatives except in the case of Z-(a-TFM)Gly-OMe.

However, dipeptide esters with N-terminal TFM amino acid are accepted as
substrates by proteolytic enzymes. H-(a-TFM)Phg-Phe-OMe is hydrolyzed by a-
chymotrypsin or subtilisin within short reaction times to give the unprotected
dipeptide. H-(a-TFM)Phg-Phe-OMe and H-(a-TFM)Phe-Phe-OMe are converted by
a-chymotrypsin in the presence of H-Leu-NH, to give the tripeptides H-(a-
TFM)Phg-Phe-Leu-NH; and H-(o-TFM)Phe-Phe-Leu-NH,, respectively (4,32).
Stereoselective aminolysis of R,S-H-(a-TFM)Phe-Tyr-OMe by peptide amides can
be achieved using cryoenzymatic reaction conditions (33,34). Consequently, several
tachykinin analogs containing o-TFM amino acids have been synthesized by
enzymatic fragment condensation (vide infra).

Proteolytic Stability of o-TFM Amino Acid Substituted Peptides

o-TFM amino acid substitutions influence the interaction between substrate and
enzyme, depending on both the enzyme used and the position relative to the cleavage
site. The catalytic mechanism and the substrate specificity of the pancreatic protease
o-chymotrypsin is well understood. Therefore, it represents an ideal model protease
for the investigation of proteolytic stability conferred to peptides modified chemically
by incorporation of non-natural amino acids, e.g. o-TFM amino acids. The model
peptides synthesized by solution methods contain a well-defined cleavage site,
namely an aromatic amino acid at P, position [P-nomenclature according to
Schechter and Berger, (35)] (36) and an o-TFM amino acid. Variation of the position
of the latter relative to the cleavage site (in the range P;-P’;) and qualitative
determination of the hydrolysis rates directly reveals the influence of an o-TFM
amino acid in a specific position of the peptide on its proteolytic stability.
Comparison with peptides containing the fluorine-free disubstituted amino acid Aib
(c-aminoisobutyric acid) allows to separate electronic from steric effects (37).
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Model Peptides:
cleavage site
v
Ps P, P, | 2% | ¥
z (0-TFM)Phe Leu NH;
z (0-CHj;)Phe Leu NH;
V4 (a-TFMAla) Phe Leu NH,
z Aib Phe Leu NH,
Z (a-TFM)Ala Ala Phe Leu NH,
z Aib Ala Phe Leu NH,
z Phe (a-TFM)Ala Ala NH,
z Phe Aib Ala NH,
z Phe Leu (a-TFM)Ala NH,
Z Phe Leu Aib NH,

Figures 1 and 2 summarize the results of the proteolysis studies. Substitutions at
Pi-position result in an absolute proteolytic stability towards enzymatic hydrolysis
whereas substitutions at P, significantly increase the proteolytic stability compared to
the unsubstituted model peptide. Even for peptides substituted at P; a diminished rate
of degradation is observed. Comparison of the proteolysis data for the a-TFM
substituted peptides shows that not only the position of the substitution but also the
absolute configuration of the o-TFM amino acid significantly influences the
proteolytic stability of peptides.

Similar effects are observed in the case of o-TFM substitution in P’; and P’.
There is a significant difference between o-methyl and a-TFM substituted peptides in
the sense that the former show a stronger retardation of proteolysis at all positions.

The strongest influence of the configuration is detected for the diastereomeric
model peptides containing an o-TFM amino acid in P’;-position. While the (SRS)-
diastereomer is hydrolyzed rapidly, the (SSS)-diastereomer shows an extraordinary
proteolytic stability which is similar to that of the Aib substituted peptide. This
surprising effect can not be explained by the steric constraints of the TFM group. The
steric bulk of a TFM group seems to be close to that of an isopropyl group.
Moreover, the hydrolysis rate of the (SRS) configured TFM substituted diastereomer
compares to that of the unsubstituted model peptide. The different proteolytic
stability of the diastereomers results from a specific interaction between the substrate
and the enzyme induced by the high electron density of the TFM group.
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Hydrolysis [%]

Figure 1: Results of the proteolysis studies of the model peptides with o-TFM
amino acids in P position

Hydrolysis [%]

Figure 2: Results of the proteolysis studies of the model peptides with o-TFM
amino acids in P’ position

The catalytic triad of a-chymotrypsin consists of serine 195, histidine 57 and
asparagine 102. In the first step of o-chymotrypsin-catalyzed hydrolysis, a
nucleophilic attack takes place by the serine 195 oxygen on the carbonyl function of
the substrate. A tetrahedral transition state stabilized by two additional hydrogen
bonds between substrate and enzyme is formed. The nucleophilic attack by the serine
195 oxygen on the substrate carbonyl is accompanied by a proton transfer from the
serine 195 oxygen to the histidine 57 nitrogen (38).
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A qualitative explanation of the observed phenomena is derived from force field
calculations. The structure of o-chymotrypsin is available from the Brookhaven
Protein Data Bank (39). Before energy minimization (CHARMm 22 force field,
Quanta) the substrates Z-Phe-Ala-Ala-NH,, (SRS)-Z-Phe-(o-TFM)Ala-Ala-NH;,
(SSS)-Z-Phe-(a-TFM)Ala-Ala-NH; and Z-Phe-Aib-Ala-NH, are pasted into the
active site of a-chymotrypsin so that the phenylalanine residue occupies the
hydrophobic pocket and the peptide bond to be cleaved is close to the serine 195.

4

b 102 D102

Figure 3: Stereoview of the energy minimized complex between o-chymotrypsin
and the Z-(S)-Phe-(R)-(o-TFM)Ala-(S)-Ala-NH:

195
57 51

Figure 4: Stereoview of the energy minimized complex between o~chymotrypsin
and the Z-(S)-Phe-(S)-(o-TFM)Ala-(S)-Ala-NH,
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Figure 3 shows a stereoview of the complex between o-chymotrypsin and the
(SRS)-diastereomer. In this case the steric constraints exhibited by the o, a-disubsti-
tuted amino acid are outweighed by an advantageous interaction of the TFM group
with the serine side chain of the enzyme. The fluorine substituents can presumably act
as electron pair donors in hydrogen bonding, thereby enhancing the nucleophilicity of
the serine oxygen. For the (SSS)-diastereomer a favourable interaction between
substrate and enzyme is impossible because the TFM group points at the opposite
direction. The large distance between the serine oxygen and the fluorine atoms of the
TFM group prevents the formation of a hydrogen bond (Figure 4).

Incorporation of o-TFM Amino Acids into Biologically Active Peptides
TRH Modification

A structurally simple peptide like TRH (thyrotropin releasing hormone: pGlu-His-
Pro-NH;) having high biological activity and pronounced specificity represents a
model of choice for the synthesis of analogs in order to study structure-activity-
relationships. TRH is the central stimulator of TSH (thyroid stimulating hormone)
secretion by anterior pituitary cells and is regulated by peripheral and pituitary
hormone levels. It is used for the treatment of various neurologic and
neuropsychiatric disorders (40,41). The degradation of TRH in vivo is initiated by
pyroglutamyl aminopeptidase II which selectively cleaves the pGlu-His bond (42).

The substitution of pGlu by (a-TFM)pGlu at position 1 of TRH is assumed to
protect this hormone against hydrolysis by pyroglutamyl aminopeptidase Il. The
introduction of the strongly electron withdrawing triftuoromethyl group should
influence charge distribution, three dimensional conformation and, therefore,
profoundly affect the interaction between substrate and receptor. (o-TFM)pGlu can
be introduced into the TRH sequence by solid phase peptide synthesis (SPPS) (43).

The metabolic stability of [(a-TFM)pGhu']-TRH towards cleavage by membrane
bound TRH degrading ectoenzyme from Wistar rat anterior pituitary cells can be
monitored in an assay detecting the decrease of the pGlu[’H]TRH degradation rate
(44). As expected, the degradation of pGlu[*’H]TRH is not effectively influenced by
[(a-TFM)pGhu']-TRH. Thus, trifluoromethyl substitution at position 1 results in
complete resistance to proteolysis (45).

The receptor binding affinity of (a-TFM)pGlu substituted TRH is measured in
terms of its potency to decrease the [’H]JCHs-TRH receptor binding. The receptor
affinity of the triftuoromethyl substituted analog is two to three orders of magnitude
less than the native compound.

Comparison of the NMR shift values of the native sequence and of the o-TFM
substituted analog implies a significant change in the chemical environment of the
pGlu-His region. In particular, the NH groups of pGlu and His and the C, atoms are
deshielded. The introduction of the triftuoromethyl group as well as the
stereochemistry at C, of (a-TFM)pGlu seem to influence the ability of the pGlu
residue to participate in hydrogen bonding. The polarization effect of the a-TFM
group obviously decreases the capacity of the pGlu residue to form a hydrogen bond
between the pGlu carboxy function and the amino function of the Pro moiety (46).
Together with the steric constraints of the TFM group, this might prevent formation
of a stable hairpin turn required for an optimal interaction with the receptor.
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GnRH Modification

Gonadotropin-releasing hormone (GnRH) is a decapeptide (pGlu'-His®Trp’-
Ser’-Tyr-Gly’-Leu’-Arg®-Pro’-Gly'-NH,) synthesized in the cell bodies of
hypothalamic neurons and secreted at their terminals directly into the hypophyseal-
portal blood supply (47). GnRH selectively stimulates the gonadotrope cells to
release the gonadotropines, luteinizing hormone (LH) and follicle stimulating
hormone (FSH). In turn, LH and FSH stimulate gonadal production of sex steroids
and gametogenesis. GnRH is resistant to exopeptidase cleavage because of the
blocked N- and C-termini but is rapidly degraded in vivo by endopeptidases. The
major enzymes which are responsible for the degradation of GnRH are
pyroglutamate aminopeptidase, GnRH degrading endopeptidase, and post proline
cleaving enzyme (48). Proteolytic cleavage predominantly takes place at the pGlu-
His, Trp-Ser, Tyr-Gly, and Pro-Gly bonds. D-amino acid substitution at position 6
blocks proteolysis by the GnRH cleaving endopeptidase. In addition, substitutions at
position 6 by hydrophobic residues give analogs with still higher binding affinity.

The replacement of pGlu by (a-TFM)pGlu at position 1 of GnRH is assumed to
protect this hormone against cleavage by pyroglutamyl aminopeptidase while the
substitution of Gly in position 6 by the lipophilic (a-TFM)Ala should result in a high
receptor affinity, improved resistance to proteolysis and thus, in a higher in vivo
potency. These building blocks can be introduced into the GnRH sequence by SPPS.
Due to the low amino group reactivity of the a-TFM amino acid the introduction of
(o-TFM)Ala into position 6 of the GnRH molecule requires a combination of solid
phase strategy and solution methods. Only a tripeptide building block e.g. consisting
of Fmoc-Tyr(tBu)-(a-TFM)Ala-Leu-OH can be incorporated into the GnRH
sequence using SPPS fragment condensation (32,45).

The receptor binding affinity of (a-TFM)pGlu substituted GnRH is related to its
potency towards decreasing [’HJCHs-GnRH receptor binding. The receptor affinity
of the trifluoromethyl substituted analog is two to three orders of magnitude less than
the native compound (Fig. 5).
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Figure 5: Receptor binding affinity of [(a-TFM)pGlu']-GnRH compared to the

native sequence
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Comparison of the NMR shift values of the native sequence and of the a-TFM
substituted analog shows no significant changes in the chemical environment except
for the pGlu-His-Trp region. The signals of the NH groups of His and Trp in
particular are downfield shifted. The native molecule is folded, bringing both the N-
terminal and the C-terminal residues into close proximity whilst the side chains of Trp
and Arg are in an orientation such that a possible receptor binding site may be
defined (49). The polarization effect of the a-TFM group together with the steric
constraints seem to prevent the folded conformation of the GnRH which is necessary
for its affinity to the receptor. Further studies concerning the influence of the (a-
TFM)Ala-substitution on the biological activity of GnRH are in progress (50).

Substance P Modification

Tachykinins are peptides with relatively low molecular weight and characteristic
chemical and pharmacological properties, such as contracting activity on various
smooth muscles, hypotensive and sialogogic effects (5/). Moreover, substance P
(SP) acts as a neurotransmitter (52). All members of this family share a common
substructure, i.e. a C-terminal sequence -Gly-Leu-Met-NH, and a Phe residue in
position five from the C-terminus. The mammalian tachykinins include SP, neurokinin
A and B (NKA, NKB), and forms of NKA extended at the N-terminus. In addition,
several other structurally related peptides have been isolated from octopods and
amphibians, which show similiar activity compared to mammalian tachykinins (53).
The minimal sequence required to exhibit significant biological activity consists of the
C-terminal hexapeptide (54).

SP  (Arg'-Pro*-Lys’-Pro*-Gin’-Gln®-Phe’-Phe®-Gly’-Leu'-Met''-NH;)  is
degraded in vivo by SP endopeptidase catalyzing predominantly the hydrolysis of the
Phe’-Phe® and to a minor extent of the Phe’-Gly® peptide bond (55).

To date, four diastereomeric C-terminal pentapeptide analogs of SP with
replacement of Phe’ by (o-TFM)Phe and (a-TFM)Phg, respectively, synthesized by
combination of solution methods and enzymatic fragment condensation using o-
chymotrypsin have been examined (Figure 6). Resolution of the diastereomers can be
achieved using HPLC (27,32).

H——TFMXaa——Phe Gly Leu Met —NH,
Boc—1—OH H—‘—NH7
lMA
Boc NH,
lm
Boc—+—OH H NH,
lMA
(TFMXGANCA  H——OMe Boc NH,
l-co, ITFA
H OMe H NH,
la-Chvmo
trypsin
H NH,

Figure 6: Synthesis of a-TFM amino acid substituted SP pentapeptide analogs;
Xaa: Phe, Phg
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The biological activity of SP analogs can be tested in the guinea pig ileum
contraction assay [GPI assay (56)]. As shown in figure 7 one diastereomer of the
[(0-TFM)Phe’] substituted pentapeptide amalog (demominated Diastereomer I in
Figure 8) inhibits GPI contraction in a small concentration range of 107-10° M. At
higher concentrations a contracting activity of this analog is observed. A 300-400
fold concentration of the analog is necessary to induce the same contracting activity
as the native peptide (Figure 8). Similar results are detected for the other
diastereomer. Both [(o-TFM)Phg’] substituted SP pentapeptide analogs show neither
agonistic nor antagonistic effects. Thus, substitution of the Phe residue by Phg
exhibits a stronger influence on the biological activity than the incorporation of the
TFM group (57).
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Figure 7: Inhibitory activity of the Figure 8: Contracting activity of the
[(a-TFM)Phe’]-SP penta- [(0-TFEM)Phe’]-SP penta-
peptide (7-11) peptide (7-11) diastereomers
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Chapter 4

Trifluoromethylated Amino Alcohols: New
Synthetic Approaches and Medicinal Targets

Jean-Pierre Bégué and Danitle Bonnet-Delpon

Faculté de Pharmacie, BIOCIS—Centre National de la Recherche
Scientifique, Université Pﬁris-Sud, 5 rue Jean Baptiste Clément,
92296 Chatenay-Malabry, France

Due to its high electronegativity, a trifluoromethyl substituent can
enhance the biological activity of inhibitors of enzymes. In this regard
fluorinated aminoalcohol unit 1 can be considered as a peptidomimetic
moiety of importance in the design of proteases inhibitors. A review of
the published synthetic methods leading to trifluoromethylated
aminoalcohols is presented as well as a new stereoselective approach for
the synthesis of syn- and anti- aminoalcohols 1 with particular focus on
examples relevant to enzyme inhibition. Investigations on the preparation
of the amino alcohols 2 will be also presented.

B-Amino alcohols are important targets since they present at least three interests: they
are used in the treatment of a wide variety of human disorders (1), they are
peptidomimetic units and they are chiral auxiliaries in organic synthesis (2). For the same
reasons, fluoroalkyl PB-amino alcohols 1 aroused increasing interest. Moreover
fluoroalkyl B-amino alcohols are precursors of the corresponding fluoroalkyl peptidyl
ketones which have been shown to be effective inhibitors of proteolytic enzymes (3)
such as serine proteases (4) (chymotrypsin (35), elastases (6,7), trypsin (8)> thrombin
(9)), aspartyl proteases (renine) (10,11) or cysteine proteases (papain, cathepsin B) (12).
In some cases fluoroalkyl B-amino alcohols are themselves inhibitors of the same
enzymes (6,11).

Despite this large interest in fluoroalkyl B-amino alcohols, only few methods are
available for the synthesis of these compounds. Furthermore, properties of
trifluoromethyl B-hydroxy amines 2, regioisomers of 1, have been unexplored because of
the lack of methods for their preparation.

0097—6156/96/0639—0059$15.00/0
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After a short survey of the previously reported routes to trifluoromethyl B-amino
and B-peptidyl alcohols, we describe in this chapter our investigations on new
methodologies for synthesis of compounds 1 and 2. These units are incorporated into
appropriate systems and the activity of resulting molecules towards specific biological
targets is evaluated.

NH, OH
CF3 \H\R CFsﬁ/kR
OH NH;,
1 2

Synthesis of Trifluoromethyl B-Amino Alcohols 1 and B-Peptidyl Alcohols.

The earlier route was based on the reactivity of trifluoroacetaldehyde. This compound,
available as ethyl hemiketal, was used as an electrophile in the condensation with a
carbanion. Abeles used the anion of a nitroalkane (Henry condensation) and the
resulting trifluoromethyl a-nitro carbinol was then reduced into the amino alcohol (73)
(Scheme 1).

NO,
)R + Et.o)—cF — CF3 R ney N'"k CF \)\
3
NG, neat o or LIAIH4

Scheme 1

Squibb's researchers reported condensation reaction of the trifluoroacetaldehyde with
the lithium dianion of a carboxylic acid (/7). After protection of the hydroxyl group, the
protected amino alcohol was obtained through the Curtius rearrangement (Scheme 2).
By these two methods, amino alcohols 1 were isolated as a racemic mixture of
diastereoisomers.

SItBuMeg OH

g W)\ (I) silylation \H\ (i) My, PA(OH) C R\A
u)uo CFs (m Et,N, DPPA CFs (ii) nBu4N'F' NH2 CFs

PhCH,0H NHCbz

RCH,COOH

Scheme 2

Another attractive approach based on direct trifluoromethylation (74) is the addition
of a trifluoromethyl anion equivalent on protected a-amino aldehydes which can be
prepared from natural amino acids (75,15). However, these reactions using the
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Ruppert's reagent (CF3TMS) (/6) or CF3U/Zn (17) have been described only in
moderate yield with a lack of selectivity and part of racemisation (75, 15).

o OH
W CFiSICHy), of,
NHBoc NH-Boc
m CFyl, DMF w
Cbz'NH N~ R -20°C CheN cu NH

o A H
O N Zine Dust o* NH wly
50 % OH Epimerized
Scheme 3

A direct route to trifluoromethyl ai-amino ketones is the Dakin-West reaction, largely
developed by the Merrell-Dow group (Scheme 4) (7a,18). This route is of great interest
for the preparation of fluoro amino ketones, and hence corresponding alcohols, where
the R chain bears a functionality.

o CF, CFs g0 o
on 20, N O -, o —_— NH” ~CgHs
NH o i o Y
Ph 63%

Scheme 4

PhY
o

These different routes have been largely used for the preparation of fluoro amino
alcohols despite their lack of stereoselectivity, since the authors were generally
interested in the corresponding amino ketones, obtained through the oxidation of the
protected B-amino or the B-peptidyl alcohols.

Enzyme inhibitory properties of Fluoroalkyl ketones and Alcohols. The
enhanced electrophilicity of the fluorinated ketonic functionality facilitates the enzyme-
catalyzed addition of a nucleophile of the active site to form a metastable hemiketal,
which resembles the tetrahedral intermediate occurring in the enzyme hydrolysis. In a
general way the replacement of the scissile amide bond by peptidomimetics such as
hydroxyethylene dipeptide analogues and amino alcohols can also provide transition-
state analogue protease inhibitors (79). The interaction does not occur through a
covalent bond but through hydrogen bonds. The replacement of an alkyl group by a
trifluoromethyl group in an peptidyl alcohol increases the acidity of the adjacent
hydroxyl group by about 4 pKa units, making it a better hydrogen atom donor (11).
Thereby, racemic mixtures of trifluoromethyl peptidyl alcohols have been reported to act
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as reversible inhibitors towards proteolytic enzymes. They are 10-fold less active than
corresponding ketones towards human renin (/0a, /1) and only 2-fold less active
towards cathepsine B (12b). Against serine proteases, the difference of inhibitory
potency between peptidyl ketones and alcohols are greater (4b,65). However these
reported investigations generally concern a mixture of diastereoisomers and the
influence of relative and absolute configurations on activity has not been explored. We
thus searched for diastereoselective and enantioselective routes to trifluoromethyl f-
amino alcohols 1, which could avoid the use of expensive or troublesome reagents such
as trifluoroacetaldehyde, CF3I or a-amino aldehyde.

Diastereoselective synthesis of trifluoromethyl B-amino alcohols 1. Our synthetic
approach is based on the nucleophilic ring opening of 1-trifluoromethyl epoxy ethers 3.
We have prepared these new synthons in two steps from the cheap ethyl trifluoroacetate
through the mCPBA epoxidation of the (Z) vinyl ethers (20) resulting from the Wittig
reaction of the fluorinated ester with an alkylidene phosphorane generated under lithium
salt-free conditions (Scheme 5) (21).

Ph CF3 CFs,
Ph-), R CFyCOOEt Y7 g _MCPBA 7
A 0 CH,Cl;, 48h Et-0 ‘o
Ph Et”
(2 5080% 3 0%
Scheme 5

(af(N“ (a) ROH- i ---> RHR'
a,
Non Fluorinated H )k' g0 Nu O Nu

Epoxy ether Et-O0 R’ '
i 8 N R R —5 Nucleophilic addition
(b) h

HY_/(b)

EtO OH —P Transposition

0" R R
¢ Nu CF,
EV CF; —
H (a),
Fluorinated 77 w0 M 0 Nu
Epoxy ether |[EtO o° R . R
j (b)\4 3 —> Nucleophilic addition
+
He /) Et-O0 OH —b Transposition
4
Scheme 6
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Unlike non-fluorinated parent epoxy ethers, epoxy ethers 3 are stable in protic
medium, even in the presence of a trace of acid, since the alkoxy carbenium ions 4,
resulting from an acid-catalyzed opening of the oxiran ring, are strongly destabilized by
the fluorinated moiety (22). Consequently the acid-catalysed ring opening process is so
disfavored that a nucleophilic ring opening process leading to o-substituted
trifluoromethyl ketones can compete (Scheme 6). a-Thioalkyl ketones (23) and o-
bromo trifluoromethylketones (20) were successfully prepared from epoxy ethers 3 by
reactions with sodium thiolates and with magnesium bromide, respectively.

In view to prepare fluoroalkyl B-amino alcohols, the reactions with nitrogen
nucleophiles were investigated. Unfortunately, the reaction with a primary amine leads
to an unidentified mixture, possibly due to the rapid degradation of the unstable N-
monosubstituted amino ketone produced by the nucleophilic ring opening of epoxy
ethers 3 (7a,24). On the contrary, secondary amines, such as dibenzylamine, easily react
with epoxy ethers 3 providing stable N,N-disubstituted amino fluorinated ketones in
good yields (25). Reduction of the carbonyl group leads stereoselectively to the syn
amino alcohols. The syn/anti ratio is generally 100:0. However the degree of selectivity
decreases when R is a very bulky group (iso-Propyl: sym/anti = 75:25) (25). The
stereocontrol of the reduction follows the Felkin-Anh model, where the amino group is
the bulkier group, as usually observed in the reduction of trifluoromethyl o-
functionalized ketones (26). After hydrogenolysis, the syn amino alcohols 1 are obtained
in about 80 % overall yield from epoxy ethers 3 (Scheme 7). The syn configuration has
been determined by NMR data of the corresponding isoxazolidinones (27), and
confirmed by X-ray diffraction in one case.

N-Bn NH;
°F3 H Bn,NH NaBH, CF, ? Hy, Pd(OH), CFs%
neat > < R EtoH R

Et—o o N-Bny OH C:H
3 Overall yield : 80 %
Syn:Anti O R
R = CH,CH,CgHs  100:0 \

= CHycCeHyy "o -— H

= IsoButyl “n )'

= Ph "o H

= jso-Propyl 75:25 CF;

Felkin-Anh transition state model
Scheme 7
In order to prepare the anti diastereoisomer, we first envisaged a nucleophilic ring

opening with a small nitrogen nucleophile, such as an azide anion, since in this case the
R group could take the place of the bulky group in the Felkin-Anh model. Epoxy ethers
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3 are less reactive towards azides than towards secondary amines, but finally with
sodium azide in ethanol the o-azido ketones are obtained in moderate yields (27).
Reduction of the ketonic group with sodium borohydride or with other hydrides affords
the syn B-azido alcohols with a moderate stereoselectivity (75:25). This suggests that
steric hindrance is not the dominant factor in the Felkin-Anh transition state model: the
azido group acts as a repulsive substituent by electronic effects and the major
diastereoisomer is still the syn. Catalytic hydrogenation of the azido group provides the
syn B-amino alcohols 1. However, the anti diastereoisomer can be also prepared if the
order of the two reduction steps are reversed. When catalytic hydrogenation and N-Boc
protection are performed before the reduction of the ketonic group (NaBHy), the anti
N-Boc amino alcohol is obtained as the major product (anti/syn 80:20). The latter
reduction is controlled by the chelation of the two carbonyl groups with the metallic
cation of the hydride (Scheme 8).

NHBoc
CF"E §H NaN,, uu.cl } : NaBH, CF, N3 HifPIC CF3
EtOH 80% / \/'\R (Boc),0 R
Et-O O
Ovmuyiew 50%
(NHBn ;: Syn/Anti: 100:0)
+ LA
CF, R cp. NH-Boc o_.M"IL
R W, Pd, Boc),0 }—( NaBH, 3 X NH™ “0otBu
Ll g Wi IS — n
° N Ml 2 OH
(o] OtBu 0% H
[Artirsyn: 80:20] oy o1 2ted transition state
Scheme 8

Taking advantage of this chelation control we investigated the reaction of epoxy
ethers 3 with a dimethylaluminum amide, generated from Me3Al and benzylamine. The
use of such a reagent could present three advantages (i) a facilitated reaction by the
Lewis acid; (ii) an increased stability of the produced o-amino ketones, (7ii) the control
of the further reduction step by chelation of the oxygen and the nitrogen with aluminum,
providing the anti diastereoisomer. The epoxy ethers 3 react at - 20 °C with two
equivalents of the dimethylaluminum benzylamide leading to the aluminum-amino
ketone complex. The further in situ reduction of the ketonic functionality with sodium
borohydride leads exclusively to the anti N-monosubstituted amino alcohols which are
then debenzylated by hydrogenation (Scheme 9) (28).
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CF R NH-Bn
H
%, & MeAlNHCHCHy |CFs nagH, CF3 R
N H I \l/\
EtO O R Q | \—CqHs OH
) A
R CF,3
WHBr Pd(OH), CF e —H
CF3 > 2 3 A -
2 2 ~—H
\l/\R \'/\R g
OH OH \A;'
Overall yield 60 % /7 N
R = CgHg, CHy-CHy-CoHy, CHa-CoHyy Chelation Control
Scheme 9

So, a good and concise synthesis of any of each diastereoisomer of amino alcohols 1
in only four steps from ethyl trifluoroacetate is now available. It is noteworthy that these
strategies can be extended to other fluoroalkyl amino alcohols (RF = CoFs5, C3F7,
CF,ClI) using the corresponding starting epoxy ethers being also prepared in two steps
from RF-COOEt (20,22b,29).

Synthesis of Homochiral Trifluoromethyl f-Amino Alcohols. Two approaches have
been investigated for the access to homochiral anti isomers of amino alcohols 1. The
first one takes advantage of the high stereoselectivity of the reaction of epoxy ethers 3
with a dimethylaluminum amide. When the Lewis acid is generated from Me3Al and a
chiral amine, its reaction with the epoxy ethers 3 provides two stereoisomers which
were easily separated by crystallisation of mandelate salts. The conventional
debenzylation process leads to the homochiral anti amino alcohols 1.

CF M&s) ®
H
3 i) MeAI-NHCH(CHy)-CH¢S) (2 equiv.) NH CeHs nNH o CeHs
—> ch A + ch
Eto O R il) NaBH, \l/\R ! R
OH OH

(R = CqHg, alkyl)
(80 % yield) 50:50

Scheme 10

The second approach is based on the asymmetric epoxidation of enol ether § which
is performed according to the Jacobsen's procedure (30) giving rise to the epoxy ether
of 80 % ee. Enantiomeric excess has been determined by 'H NMR in the presence of a
chiral shift reagent (Eu(hfc)3). Ring opening by the aluminum benzylamide occurs
without racemization (80 % ee), leading to the chiral anti aminoalcohol (d.e. > 95 %)
after reduction. The determination of the absolute configuration is under investigation.
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CF H Catalyst:
CF3  H Naocl 4PPNO,CH.CL, — %%, & Hy—H
} : Catalyst (5 % mol i Mt
EtO C‘Hs atalyst ( mol) EtO . (o] C.Hg . o"lk!
5 (50 % yield) a® Bu
(RSorSR) ee>80% Bu Bu
CFy, H ) Me,AI-NHCH,CyHs cF NH-Bn
Z S —_— R
ii) NaBH \l/.\CCHG
E®O O CeH ‘ OH

ee>80% (RSorSR) de>95% (80 % yield)
ee>80% (RRorSS)

Scheme 11

In order to prepare homochiral syn isomers an approach based on the reactivity of
racemic cis CF3-epoxides 6 towards chiral amines was investigated. Cis 1-CF3-
epoxides 6 are now easily available for example through the bromination of 1-CF3-
enamines, followed by methanolysis (21,3). The resulting oa-bromo ketones are
reduced with the BH3-dimethyl sulfide complex into pure syn bromohydrins, which are
then cyclised into racemic cis epoxides in the presence of base (32) (Scheme 12). Chiral
approach to these cis epoxides is under investigation (33). However, the ring opening
by (S) a-methylbenzyl amine provides the mixture of the two diastereoisomers which
can be separated as for the anti series.

CFs H iBr, Br  ohy, Mess 7" oeuewo H, M
——+ CFs =, cr,\'A — A
N R ii) MeOH R THF, -78°C R CF{ o R

(i) o OH

6

(70-80 %) (80 %)
IN(S) (s) (S)
H""», s‘"‘H CeHs NH: , CF NH c‘"i CF ?H/(CGHS
. 3 3\/\
or/ N mwowewn Yy [ w
OH OH
6 50:50
Scheme 12

Inhibition of Serine Proteases. In order to evaluate the influence of relative and
absolute configurations of trifluoromethyl peptidyl alcohols on inhibitory activities, we
have chosen three serine proteases: Human leukocyte elastase (HLE) which is involved
in chronic inflammatory diseases (34), cathepsin G which is thought to act in synergy
with HLE (35) and porcine pancreatic elastase (PPE) which is structurally close to HLE.
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In recent years, considerable efforts have been made to design synthetic inhibitors of
HLE as drug against the elastase-induced diseases (36) while cathepsin G has been
much less studied.

Taking in account that, in S, HLE usually accomodates residues of medium size
such as valine, and that cathepsine G prefers bulkier aliphatic or aromatic residues, two
series of amino alcohols (R = isoPropyl and R = CHy-CHy-CgHs) were synthetized.
For preliminary tests, only L(Val) has been coupled to each stereoisomers of these two
series leading to homochiral trifluoromethyl B-peptidyl alcohols (7a,b, 8a,b) and
(10a,b, 11a,b). For the series (R = CHp-CHy-CgHjs) only two alcohols 7a and 8a show
inhibitory activity towards HLE and cathepsin G, but not towards PPE (Table 1). It is
surprizing that these two enzymes have not only the same preference among the
stereoisomers but also with similar affinities. Unexpectedly the corresponding ketones
9a et 9b have no inhibitory potency towards any of the three enzymes even at
concentration of 400 pM.

Table 1: K; (M) inhibition constants towards HLE, PPE and cathepsin G (25 °C, pH
8), standard deviation < 20 %. NI : No Inhibition.

HLE PPE Cathepsine G
NH-(L)ValCbz T2 (SRsorRsS)| 126x104 | N | 1.98x104
CF3x;
BF~""CeHs 7 rss or SRS) NI NI NI
OH
oF NH-(L)VakCbz g sssorrrs)| 9.45x104 NI 6.08x10-4
3 *
v C
EJH. Hs  op RS or sss) NI NI N
- NH-(UValChz  Ba (8059 NI NI NI
b 10 CeH
efg 9b (SS or RS)
(from 7b) NI NI NI

Table 2: K; (M) inhibition constants towards HLE, PPE and cathepsin G (25 °C,
pH 8), standard deviation < 15 %. NI : No Inhibition.

HLE PPE Cathepsine G
NH-(L)Val-Cbz 105 (srsorRss)| 5.65x104 NI NI
CF3\'V:N'/
H RS! S|
OH 10b (RSS or SRS) NI NI NI
NH-(L)Val-Cbz 44, (sss or RRS) NI NI NI
CFa %
OH 11b (RRS or SSS) NI V] NI
NH- (RS or SS) .
CFs (L)Val-Cbz 12a (from 10a) 2.37x106 | 4.39x10-5 NI
*
(SS or RS) -
i 12b (om 10) 8.30x10-6 | 7.69x10-5 Ni

In the second series (R = isopropyl group) only one stereoisomer 10a shows
competitive inhibition of HLE, with no inhibitor activity for PPE or cathepsin G. In
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contrast both ketones 12a and 12b inhibit HLE and, to a less extent PPE, behaving as
rapidly competitive inhibitors (37).

From this study, some informations can be drawn on the influence of configurations
of peptidyl alcohols on inhibitory activity. The inhibitory activity of peptidyl alcohols is
due only to one enantiomer even when both diastereoisomers are active (7a and 8a).
Despite of a lower inhibition constant than that of corresponding ketone 12a, the
homochiral peptidyl alcohol 10a exhibits a selectivity for HLE. Another interesting
result is the inhibition activity of the peptidyl alcohols 7a and 8a while the two
corresponding ketones were unable to inhibit HLE.

Fluorinated Aminoalcohols 2: Synthesis of the syn-3-trifluoromethyl isoserine.

Conversely to fluoroalkyl B-amino alcohols 1, properties of P-fluoroalkyl amino
alcohols 2 have not been explored probably because until now, there was no described
preparation. The only paper devoted to their synthesis appeared during the preparation
of this chapter and is based on the chemistry of the non easily available
trifluoronitroethane (38) (Scheme 13).

NO,
N 2 NO, =
o /.OSIMegR RicHO R . R 2
CFy-CH,NO, —— N s CF, N R
4
CFs” “H 0OSiMe;R2 OSiMe,R2

|
NH, H,

R\l)\ R1

CFy + CF

oH ° 7_-;\ 3
2

m

Scheme 13

However, like their regioisomers 1, compounds of type 2 could act as chiral
auxiliaries and could exhibit specific properties as peptidomimetic units since first, the
basicity of amine is strongly decreased and second, the fluorinated moiety can bring a
protecting effect towards proteases (39).

OH OH
CF, Fa~ A
R ¢ *""coor
NH2 NH2
2 13 (R=H)

In our aim to synthetize one particular type of compounds 2, the 3-trifluoromethyl
isoserine 13, we investigated the [2+2] addition between the trifluoromethyl imine 14,
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derived from ethyl fluoral hemiketal, and the functionalized ketene prepared from the
acid chloride 15, which led stereoselectively to the syn B-lactam 16 (Scheme 14).

o
0B
CF;_ OEt e CFa Bo__cog O "
Y . @ PTSA, Benzene, n 15 \
\

OH Azeotropic distillation Et,N ’ o
OMe PMP PMP
14 (60 %) 16 (50 %)
Scheme 14

This synthon is the precursor of the new trifluoromethylisoserine 13 converted by
acidic hydrolysis, protection and deprotection (Scheme 15) (40).

CF3 O-Bn 0-Bn OH OH
i o CFa.__i__OEt
HC|, EtOH CF:;\/\n/oEt Hy, PAIC CFS\_/\H/O Etcan Mo,
N PMP-NH O PMP-NH O NH; O
PMP
16 (80 %) (80 %) 13
Scheme 15

Interestingly, the fluoro taxoid 17 can be prepared from the racemic B-lactam 18,
obtained from 16 by several steps of protection-deprotection. Coupling with acetyl
baccatin IIT occurs with kinetic resolution of the B-lactam leading to a single isomer, the
homochiral (2R,3S) fluoro taxoid 17. This compound presents an antitumoral activity
against human cancer cell lines, stronger than that of taxol and taxotere (Scheme 16)

(“1).

AcO o OH

AcO O OTES

i) LIHMDS, 40 *°C
———————
ii OH
VCF,  (OEE er. O
o YU oHg 9

OH g 0):0 Bo" Yo NH ©O : { chlo
@/éo CHs 18 (2 equiv.) Boc o 3
Hi) HF-Py, CH,CN 17 Ac-CFj-Docetaxel

Single isomer (46 % overall yield)

Scheme 16
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Chapter 5

Asymmetric Synthesis of Functionalized
Fluorinated Cyclopropanes and Its Application
to Fluoromethano Amino Acids

Takeo Taguchi, Akira Shibuya, and Tsutomu Morikawa

Tokyo College of Pharmacy, 1432—1 Horinouchi, Hachioji,
Tokyo 192-03, Japan

Asymmetric syntheses of functionalized fluorinated cyclopropanes
developed in our group are described. These are 1) the Simmons-
Smith reaction of fluoroallyl alcohol derivatives, 2) difluorocarbene
addition to chiral olefins, and 3) utilization of 4-bromo-4,4-difluoro
crotonate as a building block. As an application, synthesis of 2-fluoro-
2,3-methano-GABA and 3,4-(difluoromethano)glutamic acid is also
described.

The cyclopropane subunit can be found in a number of natural and unnatural
substrates, and some of these have attracted attention due to their interesting
biological effects (1). Introduction of the cyclopropane moiety into biologically
active substances has been recognized as one of the important chemical modifications
owing to conformational rigidity and potential chemical reactivity brought about by
this modification (14). For example, conformationally restricted analogs of glutamic
acid having the cyclopropane moiety were studied so as to elucidate the
conformational requirements (extended and folded forms) for the receptor subtype
specificity (5, 6). For such chemically modified substances, the introduction of
fluorine atom(s) onto the cyclopropane ring would lead to interesting results in
consideration of characteristic features of fluorinated compounds based on both steric
and electronic effects (7). In general, chirality at the asymmetric center in the
molecule is quite important with respect to its biological response. For this, it should
be needed to develop an efficient method for the preparation of suitably
functionalized fluorinated cyclopropanes in a stereo- and enantioselective manner. In
this review, some asymmetric syntheses of monofluoro- and difluorocyclopropanes
mainly developed in our group are described.

Simmons-Smith Reaction of Fluoroallyl Alcohol Derivative,
The Simmons-Smith reaction is extensively used in the synthesis of cyclopropanes

from olefines (8). Functional groups on the double bond influence the reactivity of
cyclopropanation of alkenes; electron-donating groups activate and electron-with-

0097—-6156/96/0639—0073$15.00/0
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drawing groups deactivate the methylene-transfer reaction from the zinc reagent to
alkenes. A fluorine-substituted double bond is regarded as a deactivated substrate for
the Simmons-Smith reaction due to the electron-withdrawing nature of the fluorine
substituent. Since in the Simmons-Smith reaction, allylic oxygen functionality
accelerates the reaction rate (8, 9), a fluorinated double bond having an allylic
oxygen functionality would be expected to show enhanced reactivity toward the zinc
reagent. Typical examples using fluoroallyl alcohol 1 and its benzyl ether 3 are
summarized in Scheme 1 (10). To obtain the cyclopropane in reasonable yield,
excess amount of the zinc reagent (5-15 eq) is required. Since with hydroxyl free
substrate 1, scrambling at the hydroxy! group of cyclopropane by the formation of the
mixture of acetal derivatives (e.g. formaldehyde acetal derivatives) occurs
extensively, acidic hydrolysis of the crude reaction mixture is needed to obtain the
cyclopropane compound 2. The complete stereospecificity (cis addition) is also
confirmed with both (E)- and (Z)-fluoroallyl alcohol derivatives.

F 5eq. Zn-Cu, 5eq. CHal, HCI F
n’%- OH Et,0, refl., 20 h MeOH R’W OH
1 2a R=PhCH,CH2  77%
2b R=Ph 78 %

F 7.5eq. EtaZn, 15eq. CHalp

F
R oen hexane, 230,60 A7V _o8n

3 then 0°C, 16h

4a R=PhCH,CH2, 70%
4b R=Ph 34%

Scheme 1
A competitive cyclopropanation reaction with fluorinated and non-fluorinated

substrates (3b and 5, respectively) shows a considerable decrease in reactivity by the
fluorine substituent (Scheme 2).

P F P
r\=& + r\={ 5eq. Zn-Cu, 5eq. CH2|2A
OBn OBn

Et20, refl.,15 h
3  (1:1) 5

P F P H
o * Ky * =%
OBn OBn

4b (17 %) 6 (quant)

Scheme 2

A diastereoselective Simmons-Smith reaction was conducted using a C2-
symmetric acetal 7 and the benzyl ether 9 derived from (R)-2,3-O-isopropylidene-
glyceraldehyde (Scheme 3) (11). While moderate diastereoselectivity was observed
in the cycloropanation reaction of 7, extremely high chiral induction was realized
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with the enantio pure allylic alcohol derivative 9 under both Zn-Cu/CH2I2 and
Et2Zn/CH2I2 conditions. The absolute stereochemistry of the cyclopropane 10 was
confirmed to be (1R, 2S, 1'S). Highly diastereoselective cyclopropanations of non-
fluorinated chiral allyl alcohol derivatives structurally similar to 9 were also
demonstrated and it was proposed that the specific coordination of the zinc reagent to
the allylic oxygen (O-1) of the dioxolane ring would be crucial for the stereocontrol
(12). The cyclopropane 10 may be a versatile synthetic intermediate due to its
functionality. Preparation of fluoromethano-GABA 11 is illustrated (Scheme 4).

F
PN:S—O P“/\/VS—O
(o) oy (o) ]

7 8

Zn-Cu, CHalp, E120, refl., 20 h 34 % (44 %de)
Et2Zn, CHalp, hexane, 0 °C, 3.5d 63 % (46 %de)

—— \_2S_H
/\5/—& 0Bn >g0‘“ .
o 2 gno” \/'A
9 10

Zn-Cu, CHalp, Et20, refl., 6 h 38 % (>98 %de)
EtoZn, CHalp, hexane, 0 °C, 3.5d 50 % (>98 %de)

Scheme 3
Boc

i N COOH
G a9 BocNH/V(\OBn i (O ik HgN/\V(
£ OB F .Hel Y F
F

10 1"

a) HCI, MeOH; b) NalO4; c) NaBH4; d) MsCl, Et3N; e) NaNg;
f) SnCly; g) Boc,O, NaHCOg3; h) Hp, Pd-C; i) CrO3 - H2SO4;
j) CF3COOH; k) 1N - HCI

Scheme 4

Difluorocarbene Addition to a Chiral Olefin.

Difluorocarbene addition to an olefin is a fundamental reaction for the preparation of
difluorocyclopropane derivatives (13). Reaction of the allylic alcohol derivatives, E-
isomer 12 and Z-isomer 15, derived from (R)-2,3-O-isopropylideneglyceraldehyde
with difluorocarbene generated by thermal decarboxylation of sodium
chlorodifluoroacetate, proceeds in stereospecific manner to give the
difluorocyclopropanes; 13, 14 from 12 and 16, 17 from 15, respectively (14, 15). In
both cases, diastereoselectivities are low; 2.6:1 for E-isomer 12 and 1.4:1 for Z-
isomer 15 (Scheme 5).

The trans-difluorocyclopropanes 13 and 14, were easily separable by column
chromatography, and can serve as precursors for the preparation of 3',3'-difluoro-2'-
carboxycyclopropylglycines (3',3-F2CCGs) as shown in Scheme 6 (16). From the
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o$—’

15 17
a) CICF,COONa, diglyme, 180 °C
Scheme 5
R F
H 3 H
BnO Bno H\‘.z 1° 2 COOH
OTBS
°TBS NHg « HCI
13,3 F,CCG-|
13 b (25, 1'S,2'S)
F F
H
BnO COOH
Ny OTBS NH, - HCI
D-3',3- F2CCG-ll
(2R, 1'5,2'S)
R F
ad HOOC X H a,cd HoocA
14 — W \_COOH 19— COOH
NH, « HCI NHg « HCI
1-3'3"- F2CCG-l D-3'3- F.CCG-l
(25, 1R, 2'R) (2R, 'R, 2R)

a) i) HCI/ MeOH, ii) TBDMS-CI, Imidazole; b) i) PhCOOH, DEAD, PhaP, ii) "OH;
¢) (PhO)2P(O)N3, DEAD, PhaP; d) i) Hp, Pd-C, i) BocaO, NaHCOg, i) HCI / MeOH,
iv) RuCl3, NalO, then CHN,, v) Hy, Pd-C, vi) RuCls, NalO, then CHoNp,

vil) TI(OBN)4, BNOH, viil) Hg, Pd-C, ix) HCI / H20

Scheme 6
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study of conformational requirement of L-glutamic acid to receptor subtype-
specificity using CCGs, it was proposed that the extended form of L-glutamic acid,
which corresponds to trans-isomers of 3,4-methano analogs (CCG-I and CCG-II), is
possibly an active conformation to the metabotropic glutamate receptors. In
particular, L-CCG-I was reported to be a highly potent and specific agonist to the
metabotropic receptors (17). As a preliminary result of pharmacological activity of
these fluorinated CCGs, it would be noteworthy that L-3',3'-F2CCG-I was found to be
a more potent agonist than L-CCG-L

Regio- and Stereoselective Synthesis of Functionalized Difluorocyclopropane
Using Bromodifluorocrotonate.

4-Bromo-4,4-difluorocrotonate 18 was shown to be an efficient building block for the
preparation of functionalized difluorocyclopropane 19 (18). Thus, reaction of 18 with
lithium enolate of ester or amide in the presence of triethylborane (Et3B) provides the
trans-difluorocyclopropane 19 in regio- and stereoselective manner (Scheme 7). The
reaction pathway involves the sequential Michael addition of enolate to 18 and the
intramolecular substitution, in which Et3B acts as a radical initiator (19) to cleave the
CF2-Br bond as shown in Scheme 8.

rIg2RF
/\i . A i 1) LDA, THF TP
BICF” N~ ~OTMP g2 X " 2) EtB, THF-DMI
18 19 ©
R'=R%=H X=0Bu 47%
R'=R2=CH; X=0Bu 73%
R'=2-Propenyl, R?%=H X= N\_INPh 75 %
TMP = 2,4,6-trimethylphenyl
DMI = 1,3-dimethyl-2-imidazolidinone
Scheme 7

Bromodifluorocrotonate 18 shows a high reactivity as a Michael acceptor against
active methylene compounds. Reaction of 18 with sodium salt of malonate provides
the Michael adduct 21 and/or the difluorocyclopropane 20 depending on the reaction
conditions (Scheme 9). In the case of non-fluorinated crotonate, ethyl 4-
bromocrotonate, only direct SN2 displacement occurred with malonate anion (20).

Asymmetric synthesis of difluorocyclopropanes was studied as an extension of
the above mentioned methodology using a chiral Michael donor (14) or acceptor (15).
According to the reaction pathway (Scheme 8), the enantiomeric purity of the
difluorocyclopropane would depend on the degree of chiral induction of the Michael
addition step. As a chiral Michael donor, N-acylimidazolidinone 21 provided a good
result (Scheme 10). When the chiral auxiliary has S-configuration, the major trans-
difluorocyclopropane 22a or 22b, obtained by the sequential Michael addition and
Et3B-mediated substitution reaction, has (2R,1'R,2'R)-configuration (Scheme 10).
The observed diastereoselectivity may be explained by considering the transition state
model A, in which the reaction at the re-face of the (Z)-enolate of 21 (R1=0Bn) with
the crotonate 18 proceeds preferentially when 18 approaches in a way to minimize
§te§ichintcl'z}clﬁon between TMP ester part and the imidazolidinone part as illustrated
in Scheme 11.

In Biomedical Frontiers of Fluorine Chemistry; Ojima, |., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: August 13, 1996 | doi: 10.1021/bk-1996-0639.ch005

Downloaded by DARTMOUTH COLL on April 18, 2010 | http://pubs.acs.org

78 BIOMEDICAL FRONTIERS OF FLUORINE CHEMISTRY

(o
BrFZC’\ﬂOTMP + Nu (=(OR')

18

Bf,CT'p  |Li* BrF;C  OLi  EtyB(Initiation) F.Co O

o e —_— 2 +

’NNOR] Nu)\f"on [ . (.\/QOR]LI
E B

-LiBr + EtBr

Nu” NF 0R

BrF,C~ O™
D

FF A RF
N -+
N -|Lfi
N\A\fo “\2&60
19 OR c OR
Scheme 8

+ NaCH(COOE); ——
BrCFz/\iOTMP (CO0ED,

18 F F BrCF;
MeOOC + MeOO oTMP
MeOOC OTMP MeOOC
20 21
THF,0°C,3h 0% ' 71 %
THF, refl., 2 h 64 % 10 %
THF-DMI, it, 29 h 66 % 8%
Scheme 9

In Biomedical Frontiers of Fluorine Chemistry; Ojima, |., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: August 13, 1996 | doi: 10.1021/bk-1996-0639.ch005

Downloaded by DARTMOUTH COLL on April 18, 2010 | http://pubs.acs.org

S. TAGUCHIET AL.  Functionalized Fluorinated Cyclopropanes 79

1) LDA EF
n‘\/?L ,?L 2 o~ 0 Tmpow i
N” 'NPh THF, -78 °C 2 Y7 'N” NPh
\_/ H R! \.__/

3 3) Et3B-Oy, THF-DMI, -20 °C 3
Rz R2
21 22a-c
22a R'-=-0OBn R2=iPr 51 % 92 %de
22b R'=0Bn R%Bn 48 % 76 %de
22¢ R'=H R2=Bn 61 % 80 %de
Scheme 10

/3_sz\\_ coomp7 T COOTMP7
A (favorable) B (unfavorable)
IS E W mx
TMPO N° NPh TMPO
OBn }—j L/
RZ
2,3-anti 2,3-syn
(2R,1'R,2'R) isomer of 22 (2R,1'S,2'S) isomer of 22
Scheme 11

In Biomedical Frontiers of Fluorine Chemistry; Ojima, |., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: August 13, 1996 | doi: 10.1021/bk-1996-0639.ch005

Downloaded by DARTMOUTH COLL on April 18, 2010 | http://pubs.acs.org

80 BIOMEDICAL FRONTIERS OF FLUORINE CHEMISTRY

As an alternative method, in particular for the preparation of 3,4-(difluoromethano)
glutamic acid, the use of the chiral Michael acceptor, N-(4'-bromo-4',4'-difluoro
crotonoyl)oxazolidinone 23, provided exellent diastereoselectivity (15). Thus, the
reaction of (S)-imide 23 with lithium enolate of N-(diphenylmethylidene)glycinate in
DMF gave (2R,1'R,2'R)-24 as an almost single isomer (Scheme 12). Conversion of
24 to 3,4-(difluoromethano)glutamic acid 26 is readily achieved by titanium
isopropoxide-catalyzed ester exchange reaction with benzyl alcohol followed by
hydrogenolysis (Scheme 13).

———
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Chapter 6

Synthesis and Properties
of Novel Fluoroprostacyclins

Potent and Stable Prostacyclin Agonists

Yasushi Matsumura, Takashi Nakano, Tomoyuki Asai,
and Yoshitomi Morizawa

Research Center, Asahi Glass Company, Ltd., 1150 Hazawa,
Kanagawa-ku, Yokohama 221, Japan

Synthesis and structure-activity relationship of novel 7-
fluoroprostacyclin derivatives stabilized by one or two fluorine atoms

adjacent to the acid labile enol ether has been studied. A variety of o-
chain modified 7-fluoroprostacyclin  derivatives  bearing
cycloalkylene groups were synthesized by three-component coupling
approach or utilization of methylenecyclopentanone (the Stork's
intermediate) and pharmacologically evaluated. 7-Fluoro-2,4-
methylene-17,20-dimethylprostacyclin (1) exerted potent and long-
lasting anti-anginal activity in vivo in oral administration. Novel 7,7-
difluoroprostacyclin derivatives were also synthesized and found to
be more stable analogs with very potent inhibitory activities for
platelet  aggregation. 7,7-Difluoro-18,19-didehydro-16,20-
dimethylprostacyclin (AFP-07, 2) was shown to be a highly selective
and potent agonist for prostacyclin receptor.

Since the discovery of prostacyclin (PGI2) by Vane et al. in 1976 (1), manufactured
as a unstable metabolite of arachidonic acid in the vascular cell wall, the research
related to prostacyclin has been extensively developed (2). Prostacyclin, one of the
members of prostaglandin (PG) family has powerful actions opposite to those of
thromboxane (TX) A2 to maintain homeostasis in circulation as an antiplatelet agent
preventing and even reversing existing platelet clumping, and also as a vasodilator
causing increase of blood flow and hypotension. The therapeutical application of
natural prostacyclin is very limited due to its inherent chemical and metabolical
instability. A large number of its stabilized new analogs have been synthesized
(Figure 1), and some of those have been applied to clinical trials or marketed as
powerful agents for ischaemic peripheral vascular disease, Raynaud's disease,
primary pulmonary hypertension, and myocardial infarction (3).

According to the recent dramatic progress of the study on the cloning and
classification of prostanoid receptors, their sequences and main functions are well
characterized (4). Natural prostacyclin itself has only a low selectivity for IP
receptor (prostacyclin receptor), because it has agonist activity at EP1 receptor (one
of four kinds of PGE receptor (EP) subtype) and TP receptor (TXA2 receptor) (5).
EP receptors mediate an broad range of biological activities, including contraction

0097—6156/96/0639—0083$15.00/0
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Figure 1. Prostacyclin and its stable analogs.
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and relaxation of smooth muscle, inhibition of lipolysis, inhibition of gastric
secretion, inhibition of inflammatory mediator release, immunoregulation, etc. TP
receptor mediates activation of platelet, contraction of vascular and respiratory
smooth muscle, etc. Chemically stabilized prostacyclin agonists such as carbacyclin
(6), iloprost (7) or isocarbacyclin (8) have agonist activity at IP receptor as well as
strong affinity with EP1 receptor (5). Further explorative research for more selective
prostacyclin agonists is needed in order to elucidate diverse functions of the
receptors and overall mechanism of signal transduction in molecular level and also
to develop as potentially valuable medicines without undesirable side effects.
Fluorine-containing prostacyclin derivatives have been studied to modify the
physical and physiological properties utilizing unique characters of fluorine atoms
such as strong electron negativity, high carbon-fluorine bond energy and a small van
der Waals radius (10). Especially, introduction of fluorine atoms adjacent to the acid
sensitive enol ether moiety is proved to be very effective to protect it against .
hydrolysis. Fried et al (11) first synthesized 10,10-difluoro-13,14-
dehydroprostacyclin as a stable fluorine-containing analog with remarkable

biological activity. Bannai et al. (12) and Djuric et al. (13) reported later 7f-
fluoroprostacyclin and 5-fluoroprostacyclin respectively as PGI2 mimetics.

We have focused on the study of novel designs of 7-fluoroprostacyclin
derivatives. First, we present here the synthesis of monofluoroprostacyclin
derivatives modified at the upper side chain (14), and the biological data of the
representative compounds (15). Secondly, we introduce novel difluoroprostacyclin
derivatives with very high stability and potent platelet anti-aggregatory activity (16).
The study on the binding affinity for prostacyclin receptor is also described (17).

Monofluoroprostacyclin Derivatives.

Introduction of a fluorine atom on the 7-position of prostacyclin could help to
stabilize chemically the enol ether function due to its high electron withdrawing
ability. Our modifications have been mainly targeted toward the upper side chain to

prevent it from being metabolized by P-oxidation (18). The modifications of the
chain of prostacyclin analogs have been limited to a few reports (19), probably due
to the subtlety of their activities and the difficulty of the synthesis. We designed the
synthesis of the derivatives bearing a variety of cycloalkylene groups as a
substituent of linear side chain. It is optimistically supposed that regulation of the
flexibility of the chain could be one of the chemical approaches to discriminate the
multiple actions as the prostacyclin agonist. We describe here the synthesis of the
representative derivative, 7-fluoro-2,4-methylene-17,20-dimethylprostacyclins 1 by
different approaches (14, 20), and its biological results.

Three-component Coupling Approach. Our strategy for generating the
prostaglandin skeleton employed Noyori's three-component coupling process (21)

(Scheme 1). The cyclobutylene a-side chain subunits 5 and 6 were prepared from 3-
chlorocyclobutanecarboxylic acid in 8 steps and separated by chromatography.
Michael addition of the copper reagent derived from iodide 4 to cyclopentenone 3
and successive trapping with the frans-cyclobutylene aldehyde 5 efficiently
constructed the desired 7-hydroxyprostaglandin 7 in 65% yield as an approximately
1 : 1 mixture of the diastereomers at 7-position. After treatment of 7 with
chlorotrimethylsilane and pyridine, stereoselective reduction of the resulting
cyclopentanone with sodium borohydride in methanol followed by protection of the
hydroxyl group with triethylsilyl group furnished the silyl ether 8.
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Our initial attempts to fluorinate the 7-hydroxyl group of the known
prostaglandin derivatives with various fluorinating reagents resulted in the obtention
of dehydrated compounds as major products. We examined a modified fluorination
reaction using (R)-2-octanol as a model substrate. While fluorination of the alcohol
with diethylaminosulfur trifluoride (DAST) in dichloromethane resulted in the poor
selectivity (fluoride : olefins = 48 : 52), modified fluorination of the corresponding
silyl ether was found to give the products with high selectivity (fluoride : olefins =
89 : 11) (14b). The modified fluorination of the trimethylsilyl ether suppressed the
side products probably because the reaction formed inert trimethylsilyl fluoride in
situ, instead of acidic hydrogen fluoride which usually causes undesirable
dehydration reaction as well. Desilylative fluorination of compound 8 (a 1 : 1
mixture of C-7 diastereomers) with piperidinosulfur trifluoride in less-polar solvent,
1,1,2-trichloro-1,2,2-trifluoroethane at room temperature and subsequent
deprotection with pyridinium p-toluenesulfonate gave the hydroxy fluoride (7R)-9in
51% yield, accompanied with a small amount of the dehydrated product (< 10%). It
is supposed that the bulky triethylsiloxy group at the 9-position influenced the
stereochemical outcome through the attack of fluoride anion to the propargylic

carbonium ion. The fluoride anion would approach only from the B-side of C-7

position avoiding the steric hinderance of the a-face to form exclusively the (7R)-
diastereomer. After quantitative hydrogenation with Lindlar catalyst, cyclization of
the resulted olefinic alcohol with N-iodosuccinimide (NIS) in acetonitrile and
subsequently dehydroiodination of the resulting iodide with 1,8-diazabicyclo[5.4.0]-
7-undecene (DBU) afforded the desired vinyl fluoride 10. Deprotection of 10 and
following saponification provided the prostacyclin derivative 1 containing trans-
cyclobutylene moiety (14). The cis-isomer was synthesized in a similar synthetic
pathway starting from the corresponding cis-aldehyde 6.

Utilization of Methylenecyclopentanone. Recently, a new class of methodologies
for prostaglandin synthesis featuring the Stork's intermediate (22) 11 has
appeared (23). In addition to strong demand for a practical process suitable for large
scale synthesis, the commercial availability of a chiral methylenecyclopentanone 11
was a strong appeal to us to examine its applicability in our prostaglandin synthesis.
We set out an alternative approach to synthesize 7-hydroxyprostaglandin framework
15, a key intermediate obtained by simple reactions of an acetylenic acid with
aldehydes 13.

The synthesis of 1 was started from methylenecyclopentanone having 17,20-

dimethyl w-side chain 11 (Scheme 2). Reduction of 11 with sodium borohydride in
the presence of cerium trichloride and the following protection with
chlorotriethylsilane in pyridine gave 12 in 90% yield with 10 : 1 stereoselectivity.
Hydroboration of 12 with 9-borabicyclo[3.3.1]nonane (9-BBN) in tetrahydrofuran
and subsequent oxidation with pyridinium chlorochromate in dichloromethane in the
presence of molecular sieves 4A afforded a 6 : 1 mixture of the desired
triethylsiloxy aldehyde 13 and the isomer 14. The coupling reaction of 13 with 3-
ethynylcyclobutanecarboxylic acid after treatment with n-butyllithium followed by
esterification provided 15 in 52% yield. After the stereospecific fluorination of the
corresponding trimethylsilyl ether of 15 as described above, the fluoride 16 was
transformed easily to the 7-fluoroprostacyclin 1 (20).

Synthesis of Various a-Chain Modified Analogs. A variety of analogs modified
at the upper side chain were conveniently synthesized by the same methodology
(15) (Figure 2). The cycloalkylene analogs bearing three- to six-membered ring 17 -
22 were prepared in order to understand structure-activity relationship. The
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interphenylene analog 23, the branched methyl analog at 4-position 24, and
methylene-elongated analog 25 were also synthesized to compare their biological
effects with those of the cycloalkylene modified analogs (24).

Biological Studies. The pharmacological results on antiplatelet activity of 1a, 1b
and 17-25 are summarized in Table I (25). Among the cycloalkylene compounds,
the cyclobutylene compounds 1a, 1b and trans-cyclopentylene derivative 17
indicated strong inhibition of ADP-induced platelet aggregation in vitro, which was
comparable to iloprost. In contrast, cis-cyclopentylene analog 18 and the
cyclobutylene derivative 21 one-carbon elongated between the cyclobutylene group
and the carboxyl terminal exerted considerably weaker action. The derivatives
having smaller or larger cyclic side chain, 19, 20, and 22 also revealed weak
potency, especially the effect of the 1,4-substituted cyclohexylene analog 22 was
very faint. Despite the successful example of interphenylene moiety in Taprostene
(19b), the compound 23 showed considerably weak inhibitory activity on platelet
aggregation, which was 4 - 16 times less potent than 1a, 1b or 17. On the one-
carbon elongated compounds, both branched analog 24 and the linear derivative 25
exerted the faint inhibitory effect.

From these observations not only the distance but also the angle between the
carboxyl group and the vinyl ether should significantly affect the affinity of the
agonists to the platelet prostacyclin receptor. Conformational rigidity of the side
chains in the cycloalkylene derivatives seems to magnify the sensitive nature of the
receptor to distinguish the chemical structure.

Anti-anginal potency of 1a, 1b and 17 given intravenously (iv.) and orally
(p-0.) were evaluated by preventive effect on vassopressin-induced ST depression of
rat electrocardiogram (26) as demonstrated in Table II. Minimum effective doses
(MED) in intravenous and oral administration of 1a indicated 10 - 100 fold more
potency compared to iloprost. The effect of la lasted 3 h after the oral
administration, whereas iloprost was only effective within 0.5 h. The long duration
should be attributed to the chemical and metabolic stability of 1a. The isomer 1band
the cyclopentylene analog 17 showed weaker effects than 1a. Compounds 1a, 1b
and 17 showed similar hypotensive effect to iloprost for a short period, however the
decrease of blood pressure at the effective doses on ST-depression were very slight.
It suggests that compounds 1a, 1b and 17 have remarkable potency as anti-anginal
agents with good separation from hypotensive effects.

Difluoroprostacyclin Derivatives.

We next targeted our research to novel 7,7-difluoroprostacyclin derivatives (Figure
3). The stabilizing effect of fluorine atoms at 7-position for the enol ether
functionality was proved through the study described so far without a significant
loss of inhibitory activity on platelet aggregation. We therefore turned out our
attention to evaluation of the contribution of the second fluorine atom at this position
to stability and the inhibitory activity. According to our expectation, the 7,7-
difluoroprostacyclin derivatives showed much higher chemical stability and potent
activities.

Synthesis and Properties. @ We synthesized novel 7,7-difluoroprostacyclin
derivatives, 7,7-difluoro-18,19-didehydro-16,20-dimethylprostacyclin (AFP-07) 2
and 7,7-difluoro-17,20-dimethylprostacyclin 26 by manganese salt catalyzed novel
electrophilic fluorination of Corey lactone and 'subsequent stereoselective Wittig
reaction of the difluorolactone (016). The stability of 2 in aqueous solution was
examined in pH 6.5 buffer at 25 °C. Compound 2 did not decompose even after 30
days, which was in a sharp contrast with natural prostacyclin (half life: 76.2 sec
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Figure 2. 7-Fluoroprostacyclin derivatives modified at a-chain.

5

Table I. Inhibitory effects of 1a,b, 17-25 and iloprost on ADP-induced guinea pig platelet
aggregation in vitro (ADP=1 uM)

Substance 1a 1b 17 18 19 20
Inhibition of platelet 34 13.3 7.0 0.85 0.34 0.6
_aggregation (PGE=1)2)
Substance 21 22 23 24 25§ ilopro
st
Inhibition of platelet 1.27 0.05 0.80 0.13 0.25 10.8

aggregation (PGE;=1)3)
a) Relative potency to PGE;.
(Reprinted with permission from ref. 15. Copyright 1995 The Pharmaceutical Society of Japan.)
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Table I1. Preventive effects on ST depression and hypotensive effects of 1a,b, 17 and iloprost

Substance Preventive effect on vassopressin- Effect on mean blood pressure in
induced ST depression in rats3) ratsb)
iy, p-o. iv. p.o.

(MED, pg/kg) (MED, mg/kg) (ng/kg, (mg/kg,
AmmHg) AmmHg)

la 0.1 0.01 0.1,-19 0.1, -19
0.01, -5 0.01, 0

1b 0.1 0.1 0.1, -19 1.0, -27
0.01, -5 0.1,-9

17 1.0 0.1 1.0, -10 1.0, -29
01, 0 01, 0

iloprost 1.0 1.0 1.0, -34 1.0, -3

01, 0

a) Substances were intravenously or orally administered before vassopressin injection.
b) Changes in mean blood pressure in anesthetized rats (i.v.) and conscious rats (p.o.).
(Reprinted with permission from ref. 15. Copyright (1995) The Pharmaceutical Society of Japan)

COle COzNa COzNa
] ) /
O \up ) F 0 F
7 ~7FF ~FF
ué w | Hd o | ud 1o
1b (cis) 26 2 (AFP-07)

Figure 3. Chemical structures of three fluoroprostacyclin derivatives.
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(27)), and it was even much more stable than the monofluoroprostacyclin
derivatives. Protonation on the carbon in the vinyl ether of 2, probably the rate
limiting step in the hydrolysis, should be strongly retarded by destabilizing effect of
the adjacent difluoromethylene group on carbocation formation (28). It is consistent

with a previous report on acid-catalyzed hydration of a-trifluoromethyl vinyl ether
in aqueous acid (29). Inhibitory activity of 2 on ADP-induced human platelet
aggregation in vitro was > 200 times more potent than prostaglandin E;.

Receptor Binding Study. The binding affinities of the difluoroprostacyclin
derivatives 2 and 26, the monofluoroprostacyclin 1b, and iloprost on specific
[PHliloprost binding to the membrane of Chinese hamster ovary (CHO) cells
expressing the IP receptor (30) were examined (17). The specific binding to the IP
receptor was inhibited by these ligands in the order of 2 > 26 > iloprost > 1b. The
agonist activity for the IP receptor was coupled to the stimulation of adenylate
cyclase. These agonists stimulated the increase in the CAMP level of the IP receptor
expressing cells in the same order as the IP receptor binding affinities. Among them,
2 is the most potent IP agonist, its potency being one order magnitude stronger than
that of iloprost.

The effects of 2 and iloprost on specific [3HJPGE2 binding to CHO cell
membranes expressing the four PGE receptor subtypes, EP1 (31), EP2 (32), EP3
(33), and EP4 (34) were studied in comparison with PGE2 in order to evaluate the
selectivity of 2 and iloprost for IP receptor. The specific binding to the EP1 receptor
subtype was weakly inhibited by 2. In contrast, iloprost showed the same strong
affinity as PGE as reported previously (5). The affinities for 2 in all four PGE
receptor subtypes were weaker than PGE2 which showed that 2 was a highly
selective IP agonist (17).

IP receptors are distributed and expressed in platelets, vascular smooth muscle,
etc. The four subtypes of EP receptors are more widely distributed in various tissues
such as kidney, ileum, uterus, spleen, lung, heart, brain, etc. These receptors should
play an important physiological role to control multiple functions in each tissues.
For instance, EP1 receptor in gastrointestinal tissue is mediated the contraction of
smooth muscle (5b, 35). The selective IP agonist should alleviate the complex
adverse effects in gastrointestinal system such as diarrhea or nausea caused often
with the prostacyclin mimetics.

Conclusions.

We describe here the synthesis and evaluation of novel fluoroprostacyclin
derivatives. Introduction of one or two fluorine atoms adjacent to the enol ether
efficiently stabilized the parent prostacyclin structure. Further pharmacological
study of the potent and orally active difluoroprostacyclin 2 is in progress.

In addition, the approaches from molecular biology such as the assay system
using established cell lines expressing each receptors will aid the discovery of
selective receptor agonists or even antagonists as valuable medicines. It is not
certain whether subtypes of IP receptor exist, or whether the arginine residue in the
seventh transmembrane domain serve as the binding site for prostanoid (36). The
important structural information of the receptors will clearly accelerate the studies
from chemical approaches on structure-activity relationship.
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Chapter 7

Preparation of Fluorinated Amino Acids
with Tyrosine Phenol Lyase

Effects of Fluorination on Reaction Kinetics and Mechanism
of Tyrosine Phenol Lyase and Tyrosine Protein Kinase Csk

R. L. VonTerschl, F. Secundo? R. S. Phillips®*¢, and M. G. Newton?

!Department of Chemistry, U.S. Naval Academy, Annapolis, MD 21402
Instituto di Chimica degli Ormoni, CNR, via Mario Bianco 9,
20131 Milan, Italy
3Department of Chemistry and ‘Department of Biochemistry and
Molecular Biology, University of Georgia, Athens, GA 30602—2556.

Fluorinated analogues of L-tyrosine were synthesized enzymatically
from the corresponding fluorinated phenols and ammonium pyruvate
using tyrosine phenol-lyase. The isolated yields ranged from 0.5 -2.8 g-
per liter (10-42% based on phenol added). The structure of 2,3,6-
trifluoro-L-tyrosine hydrochloride hydrate was determined by x-ray
crystallography. The fluorinated tyrosines are good substrates for the B-
elimination reaction catalysed by tyrosine phenol-lyase, except for 3,5-
difluoro and the trifluorotyrosines. Fluorine at the 3-position increases
the steady-state concentration of quinonoid intermediate absorbing at
500 nm compared to L-tyrosine, while fluorine at the 2-position
dramatically decreases the intensity of the 500 nm absorbance peak.
Reaction of tyrosine phenol-lyase with [,B,B-trifluoroalanine and
fluorophenols generates transient ring-fluorinated B,B-difluorotyrosines.
2,3,5-Trifluoro-L-tyrosine synthesized using tyrosine phenol-lyase was
incorporated into a peptide substrate for tyrosine protein kinase Csk,
and the resultant fluorinated peptide was found to be a good substrate
for phosphorylation, suggesting that general base catalysis with early
deprotonation is not involved in the reaction mechanism.

Tyrosine is an abundant amino acid in cellular metabolism and in proteins. There has
been a continuing interest in the biological and biochemical properties of fluorinated
analogues of L-tyrosine. 3-Fluorotyrosine has been incorporated into proteins in place
of tyrosine for mechanistic studies (1). The monofluoro analogs, 2-fluoro- and 3-
fluorotyrosine, as well as 3,5-difluoro and 2,6-difluorotyrosine, have been prepared by
synthetic methods (2,3). In addition, the enzymatic preparation of 2-fluoro-L-tyrosine

0097—6156/96/0639—0095$15.00/0
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and 3-fluoro-L-tyrosine from the corresponding fluorophenols and ammonium pyruvate
or serine using tyrosine phenol-lyase has been reported (4,5). The enzymatic synthesis
is highly stereoselective, resulting in only the biologically active L-isomer even when
achiral ammonium pyruvate is used as the source of the amino acid side chain.
However, 2,3-difluoro-, 2,5-difluoro-, 2,3,5-trifluoro- and 2,3,6-trifluorotyrosine have
not been previously prepared, either synthetically or enzymatically. We have now used
tyrosine phenol-lyase to prepare all of the mono-, di-, and trifluoro-L-tyrosines, and we
have evaluted the effects of fluorination on the kinetic parameters of the tyrosine
phenol-lyase reaction. We have also found that phenol and fluorinated phenols react
with B,B,B-trifluoroalanine in the presence of tyrosine phenol-lyase to form transient
B,B-difluorotyrosines. In addition, we have prepared a fluorinated peptide analog of a
tyrosine protein kinase Csk substrate and determined the effect of fluorination on the
phosphorylation reaction. The results of these studies are reported herein.

Experimental Methods

Materials. Tyrosine phenol-lyase (TPL) was purified from Citrobacter freundii
(ATCC 29063) (6) grown in a tyrosine rich medium, or from Escherichia coli SVS370
cells containing pTZTPL, with the #p/ gene from C. freundii (7), as described
previously (8). The pyruvic acid and pyridoxal-5’-phosphate were purchased from
United States Biochemical Co., 2-mercaptoethanol from Sigma, ammonium acetate
from Fisher Scientific Company. 2-Fluorophenol was obtained from Chemical
Dynamics Corporation, 2,5-difluorophenol from PCR Incorporated, and all the other
fluorinated phenols used were purchased from Aldrich, as was (,B,B-trifluoro-DL-
alanine.

Synthesis. All the reactions were performed using 0.1 M ammonium acetate, 50 uM
pyridoxal-5’-phosphate, 5 mM 2-mercaptoethanol, and 63 mM pyruvic acid (except for
the reaction with 2-fluorophenol where the concentration was 50 mM). In order to
avoid rapid denaturation of the enzyme due to the phenol, the fluorophenol was added
in several portions, starting with an initial concentration of 10 mM. Then, increments of
about 5 mM each were added periodically (every time that the reaction appeared to
reach equilibium as determined by HPLC analysis) until the following total
concentrations were obtained: 3-fluorophenol, 36 mM; 2-fluorophenol, 40 mM; 2,3-
difluorophenol, 35 mM; 2,5-difluorophenol, 33 mM; 3,5-difluorophenol, 27 mM; 2,6-
difluorophenol, 34 mM; 2,3,5-trifluorophenol, 24 mM; 2,3,6-trifluorophenol, 24 mM.
The amount of pyruvic acid also was added in two portions; the initial concentration
was 50 mM, and after all the fluorophenol had been added, an additional 13 mM of
pyruvic acid was added. The reaction volumes were: 0.25 L for 2,6-difluorotyrosine,
2,3,5-trifluorotyrosine and 2,3,6-trifluorotyrosine, and 1 L in all other cases. Since the
enzyme lost all activity in 4-5 days, and the time of reaction was up to 2 weeks, TPL
also was added in several portions, using 25 units/L as the initial concentration, and

In Biomedical Frontiers of Fluorine Chemistry; Ojima, |., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: August 13, 1996 | doi: 10.1021/bk-1996-0639.ch007

Downloaded by DARTMOUTH COLL on April 18, 2010 | http://pubs.acs.org

7. VONTERSCH ET AL.  Fluorinated Amino Acids & Tyrosine Phenol Lyase 97

adding 5 or 10 units/L after each increment of fluorophenol was added. The total
amounts of enzyme used were: 45 units for 2-fluorotyrosine; 60 units for 3-
fluorotyrosine; 100 units for 2,3-difluorotyrosine; 125 units for 2,5-difluorotyrosine; 40
units for 2,6-difluorotyrosine; 60 units for 3,5-difluotyrosine; 40 units for 2,3,5-
trifluorotyrosine; and, 30 units for 2,3,6-trifluorotyrosine. The pH of the reaction was
maintained between 8 and 8.3, and it always was checked before adding the enzyme.
In all cases the reactions were performed at room temperature, which was
approximately 25 °C. The progress of the reactions was monitored by HPLC using an
instrument from Rainin Instruments, with detection by UV (LDC Spectromonitor
3000) at 220 nm. The components of the reaction mixture were resolved using a 5
micron Econosphere C18 analytical column (Alltech/Applied Science), and using as
eluent 25 mM potassium phosphate buffer, pH 5.6. The progress of the reaction was
estimated assuming equal values of € at 220 nm for the fluorophenol and corresponding
fluorotyrosine.

Purification of fluorotyrosine. At the end of the reaction, each reaction mixture was
loaded onto a Dowex 50W-X8 cation exchange column (2.6 cm x 45 cm for the 1 L
reactions, and 2.6 cm x 25 cm for the 0.25 L reactions). Then, 1.5-2 L of water were
used to wash the unreacted phenol and the pyruvic acid completely off the column. The
fluorotyrosine product was then eluted using 1.5 M aqueous ammonia. The tyrosine
containing fractions were identified by reaction with ninhydrin, the solvent was
evaporated in vacuo, and the resulting solid was crystallized once from a minimum

- volume of hot H0. Yields calculated on the basis of limiting phenol are reported in

Table I. The 'H and ’F NMR (300 MHz and 282.2 MHz, respectively, obtained on a
Bruker AC-300 spectrometer) spectra of the products were consistent with the
expected structures.

Kinetic studies of fluorotyrosines with tyrosine phenol-lyase. The assays were
performed at 25 °C in a Gilford Response spectrophotometer with a thermoelectric cell
holder using a coupled assay with lactate dehydrogenase and NADH, as described
previously (7). The concentrations of the fluorotyrosines were varied from
approximately 1/2 K to 4 Ky, in the reactions. Kinetic parameters (kca, kea/Km) Were
determined by nonlinear fitting using the program, ENZFITTER (Elsevier). Pre-steady
state kinetic measurements were performed using a single-wavelength stopped-flow
instrument, as described previously (8) or with a rapid-scanning stopped-flow
instrument (RSM) from OLIS, Incorporated.

Structure determination of 2,3,6-trifluoro-L-tyrosine hydrochloride hydrate.
Crystal data: CgHgNO3F3-HCI'Hy0, M = 289.64, monoclinic, space group P21, a
6.551(1)A, b 6.701(2)A, ¢ 13.795(4)A, B 103.14(2)°, V 589.8(2) A3, z=2, D, =163
g cm” -3 Of the 1349 unique reflections measured on an Enraf Nomus CAD4
diffractometer using CuKa radiation, 1274 had I> 3o(I) and were used for all
calculations in the teXsan X-ray analysis package. Most H atomic positions were
located from a difference map; others H atomic positions were calculated Anisotropic
refinement of all non-hydrogen atoms gave final R = 0.034, R,,, = 0.045.
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Results and Discussion

Synthesis of Fluorinated Tyrosines. Tyrosine phenol-lyase has been used previously
to prepare L-tyrosine and L-dopa from ammonium pyruvate and phenol or catechol,
respectively, in a single step (10). In addition, 3-fluoro and 2-fluoro-L-tyrosine have
been prepared from 2-fluorophenol or 3-fluorophenol, respectively, and ammonium
pyruvate using tyrosine phenol-lyase (4,5). However, the preparation of multiply
fluorinated tyrosine derivatives using tyrosine phenol-lyase has not been previously
reported. In the present study, we found that all of the isomers of difluoro- and
trifluoro-L-tyrosine can be prepared from ammonium pyruvate and the difluoro- and
trifluorophenols, respectively.

clt @ %4

Figure 1. Structure of 2,3,6-trifluoro-L-tyrosine hydrochloride hydrate.
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Isolated yields after recrystallization ranged from 0.5 to 2.8 g/L (10-42% based
on phenol added (Table I)). In contrast, reaction of 2,3,5,6-tetrafluorophenol under
these conditions did not provide more than a trace of 2,3,5,6-tetrafluoro-L-tyrosine,
even with greater amounts of enzyme and with extended incubation. It is not clear why
there is such a dramatic effect of a fourth fluorine on the synthetic reaction, as both
2,3,5 and 2,3,6-trifluorophenol react readily, though slowly. The electronic effect of a
fourth fluorine should be incremental, and would be expected to be no greater than the
effect on going from two to three fluorines. Hence, it seems more likely that the low
reactivity of 2,3,5,6-tetrafluorophenol is due to steric restriction in the active site. The
structure of the hydrochloride salt of 2,3,6-trifluoro-L-tyrosine was determined by x-
ray crystallography (Figure 1). The structure clearly shows the presence of the
expected fluorine substituents, and there are intermolecular hydrogen bonds between a
water molecule and the carboxylic acid, and also with the phenolic hydroxyl of an
adjacent tyrosine. The chloride ion is involved in five H-bonding interactions: Cl:--O(2)
3.119(3), Cl-O(1) 3.128(3), Cl-O(4) 3.146(3), ClO(4’) 3.211(3), Cl-N(1)
3.293(3). The ammonium group is H-bonded to three groups other than the chloride
ion: N(1)--O(3) 2.826(4), N(1)--0(4’*) 2.865(4), N(1)-+0(4°”’) 2.922(4).

Table I

Synthesis and Steady-state Kinetic Parameters of Fluorinated Tyrosines with C.
Jfreundii Tyrosine Phenol-lyase

Compound Keats S Keat/Kms M' s | Isolated Yield/L, g (%)
Tyrosine 35 1.80E+04 -
2-F-Tyrosine 0.4 1.80E+04 2.6 (36)
3-F-Tyrosine 14 1.30E+04 2.8 (34)
2,3-diF-Tyrosine 1 1.90E+04 2.5(33)
2,5-diF-Tyrosine 0.1 6.90E+03 1.3 (18)
3,5-diF-Tyrosine 0.08 7.20E+02 2.0(27)
2,6-diF-Tyrosine 0.6 2.30E+04 2.5 (42)
2,3,5-triF-Tyrosine 0.05 1.10E+03 0.5(10)
2,3,6-triF-Tyrosine 0.1 5.10E+02 1.8 (32)

Reactivity of Fluorinated Tyrosines with Tyrosine Phenol-lyase. We determined
the steady-state kinetic parameters, ks and ke./Km, for the reactions of all of the
fluorinated tyrosines with tyrosine phenol-lyase. These values were determined
spectrophotometrically at 340 nm by measurement of the elimination of the fluorinated
phenols from the fluorinated tyrosines to form ammonium pyruvate, using a coupled
reaction with lactate dehydrogenase and NADH. In contrast, there is no convenient
continuous spectrophotometric assay to follow the formation of fluorotyrosines from
fluorophenols. As expected, all of the mono-, di- and trifluorinated tyrosines showed
activity for B-elimination by tyrosine phenol-lyase. 2-Fluoro, 3-fluoro, 2,3-difluoro and
2,6-difluoro-L-tyrosine exhibit values of the specificity constant, k../Km (the apparent
second-order rate constant for reaction of enzyme and substrate), comparable to that
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for L-tyrosine (Table I). In contrast, 3,5-difluoro and 2,5-difluoro-L-tyrosine and both
isomers of trifluorotyrosine exhibited values of keu/Km that are reduced 5-20 fold
(Table I). However, there is not a direct correlation between the ke./Knm values and the
yields obtained in preparative reactions, since the preparative reactions are performed
under thermodynamic control. It is interesting that the slowest values of k.. (apparent
first order rate constant for conversion of substrate to product) are seen for 3,5-
difluoro and 2,3,5-trifluorotyrosine, which have fluorine substituents in both ortho
positions flanking the phenol (Table I).

The interaction of these fluorinated tyrosines with tyrosine phenol-lyase was
also examined by rapid-scanning stopped-flow spectrophotometry. The mechanism of
the B-elimination catalysed by tyrosine phenol-lyase has been proposed by ourselves
and others (5,11,12) to involve the formation of a Schiff’s base (external aldimine) with
the substrate, followed by a-proton abstraction to form a carbanionic quinonoid
intermediate (Scheme I). Subsequent tautomerization and elimination of the phenol
gives an o-aminoacrylate, which undergoes hydrolysis to give ammonium pyruvate.
Recently, we demonstrated that Tyrosine-71 is a general acid catalyst for the

o
L-Tyrosine +TPL ~o——
H co2
H co,
NH+ r
PLP

PLP

s

H B+ o 5‘
@ -Tyr,, ————’ _O_Tyr” HO-Tyr,,
COo,
\/ I 'y HB1
, r NH+
|
PLP PLP PLP
I l Keto Quinonoid Intermediate Quinonoid Intermediate

Phenol + Ammonium pyruvate
Scheme I. Mechanism of tyrosine phenol-lyase.
tautomerization of the phenol of the substrate to give the activated 1,4-

cyclohexadienone intermediate (Scheme I). The mutation of Tyr-71 to phenylalanine
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resulted in an enzyme with no detectable activity for fB-elimination of L-tyrosine,
although it retained significant activity with S-alkyl- and S-aryl-L-cysteines and f-
chloroalanine (13). Furthermore, the structure of the complex of tyrosine phenol-lyase
with 3-(4’-hydroxyphenyl)propionic acid shows that the phenolic OH of Tyr-71 is
located 3.1 A from C1’ of the aromatic ring, ideally situated for the proton transfer
shown in Scheme II (14). Proton transfer between Tyr-71 and B1, the base which
removes the o-proton, is suggested by the isotope labeling experiments of Faleev et al.
(15), who demonstrated that 10% of the deuterium label of a-[*H]-L-tyrosine was
transfered to C-4 of the phenol product.

The reaction of L-tyrosine with wild-type tyrosine phenol-lyase shows rapid
formation (within 100 msec) of a quinonoid intermediate with Amax at 501 nm and
relatively low absorbance (Figure 2). The complexes of 3-fluoro-L-tyrosine and 3,5-
difluoro-L-tyrosine with tyrosine phenol-lyase also exhibit absorbance peaks at 501 nm,
with significantly higher absorbance than L-tyrosine, indicating greater steady state
concentrations of quinonoid intermediates (Phillips, R. S., VonTersch, R. L., and
Secundo, F., unpublished observations). The first-order rate constant for quinonoid
intermediate formation from 3-fluoro-L-tyrosine is comparable to that of tyrosine
(k=70 s at 2 mM) (compare progress curves in Figure 2). In contrast, 2-fluoro-L-

0.40
g
0.32 | 3—-F-Tyrosine
© r A
g 0.24
@
2 L
2 0.6 f
< L Tyrosine
0.08
W 2—F-Tyrosine
0.00 - V 1 1 1 L

-0.10 0.10 0.30 0.50 0.70 0.90

Time, seconds

Figure 2. Time courses for the pre-steady state reaction of tyrosine phenol-lyase
with tyrosine and fluorinated tyrosines. The absorbance changes at 500 nm were
then monitored, and the reaction was started about 100 msec after the start of data
acquisition. The concentration of tyrosine phenol-lyase was 20 pM, and the
concentrations of substrates were 2 mM for L-tyrosine and 10 mM for the
fluorinated tyrosines.
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tyrosine, and di- and tri-fluoro-L-tyrosines with fluorine at the 2-position, exhibit
complexes with tyrosine phenol-lyase with very weak absorbance peaks at 501 nm
(Figure 2), even though the rates of intermediate formation are increased (k=120 s for
2,3-difluoro-L-tyrosine at 2 mM). In addition, the complexes of tyrosine phenol-lyase
with 2-fluorinated tyrosines exhibit distinct peaks at about 350 nm. Thus, the presence
of ring fluorine substituents remote from the site of the chemical transformation has
significant effects on the rates and equibria of intermediate formation in the reaction of
tyrosine phenol-lyase. As there is no direct electronic communication between the ring
fluorines, which are at least 5 ¢ bonds away, and the a-CH bond during deprotonation,
any effects on this step must be due to steric constraints in the active site. Thus,
although it is commonly thought that fluorine substitution will not result in any
significant steric effects in analogues, our results suggest that steric effects of fluorine
substitution are significant in the reaction of fluorinated tyrosines with tyrosine phenol-
lyase.

Reaction of tyrosine phenol-lyase with B,B,B-trifluoroalanine and phenols:
Formation of B,B-difluorotyrosines. {,8,8-Trifluoroalanine has been reported to be

" an irreversible inactivator of several pyridoxal phosphate dependent enzymes, including

tryptophan synthase, tryptophan indole-lyase, and y-cystathionase (16). We have found
that indole could protect E. coli tryptophan indole-lyase, but not tryptophan synthase,
from the inactivating effects of B,B,B-trifluoroalanine (17). Based on the stimulation of
fluoride ion formation in the presence of indole, we suggested that indole reacted with
the B,B-difluoroacrylate intermediate to form B,8-difluorotryptophan, which hydrolysed
under the reaction conditions to give B-ketotryptophan and fluoride ion. However, we
were not able to obtain direct evidence for the formation of B,B-difluorotryptophan.

In the present work, we examined the reaction of tyrosine phenol-lyase with
B,B,B—trifluoroalanine in the absence and in the presence of phenol and fluorinated
phenols. As we had observed with E. coli tryptophan indole-lyase, a highly
homologous enzyme (44% identical residues) (7), B,.B,B-trifluoroalanine is an
irreversible inactivator of tyrosine phenol-lyase. In contrast to tryptophan indole-lyase,
an absorbance peak at 496 nm forms concomitant with inactivation. Addition of
phenol during incubation with B,B,B,-trifluoroalanine not only prevents formation of
this 496 nm peak and inactivation of tyrosine phenol-lyase, but also results in the
formation of an intense UV absorption band at 310 nm, very similar to that of p-
hydroxyacetophenone in pH 8 buffer. '°F NMR spectra of reaction mixtures containing
phenol and B,B,B,-trifluoroalanine showed only the formation of fluoride ion in these
reactions. However, when fluorinated phenols were incubated with B,B,B,-
trifluoroalanine and tyrosine phenol-lyase, new 'F resonances at about -70 ppm were
observed that could be assigned to B,B-difluorotyrosines (Scheme II) based on the
similarity of the °F chemical shift to 1’,1’-difluoroethylbenzene, and long range H-F
and F-F couplings. Thus, the electron-withdrawing effect of the ring fluorines appears
to exert a stabilizing effect on the f,B-difluorotyrosines toward hydrolysis, allowing
their accumulation and detection.
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Scheme II. Reaction of tyrosine phenol-lyase with 8,,8-trifluoroalanine and fluorinated
phenols.

2,3,5-Trifluorotyrosine as a mechanistic probe in tyrosine protein kinase
substrates. 2,3,5-Trifluoro-L-tyrosine was synthesized enzymatically as described
above and used to prepare a peptide substrate analog, EDNE(F3Y)TA, for the tyrosine
protein kinase Csk (18). Because of the low pK, (6.5) of the phenol of 2,3,5-trifluoro-
L-tyrosine in the peptide, this fluorinated peptide was used to probe the role of general
base catalysis in the tyrosine kinase reaction. Surprisingly, the fluorinated peptide is a
good substrate for tyrosine kinase Csk, with ke and Ko, values of 18 min™ and 12 mM,
respectively, not unlike those of the corresponding peptide containing tyrosine, 14 min™
and 6.1 mM. These results are not consistent with mechanisms involving general base
catalysis with early deprotonation, since the trifluorotyrosinate anion would be
expected to be as much as 10°fold less nucleophilic than the tyrosinate anion.
However, the decrease in nucleophilicity could be compensated by the increased
concentration of the trifluorophenolate anion if deprotonation of tyrosine occurs late,
concomitant with or subsequent to P-O bond formation. Analysis of the effects of
viscosity and thionucleotide substitution on the reaction of wild-type and D314E
mutant enzymes are consistent with this interpretation.
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Conclusions

Tyrosine phenol-lyase can be used to prepare mono-, di-, and trifluorinated analogs of
L-tyrosine in a single step from the corresponding fluorinated phenols and ammonium
pyruvate in moderate yield. These fluorinated tyrosines are useful mechanistic probes
of the reactions of enzymes which react with tyrosine, including tyrosine phenol-lyase
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and tyrosine protein kinase Csk. Reaction of tyrosine phenol-lyase with phenols and
B,B,B-trifluoroalanine produced B,B-difluorotyrosines as transient intermediates.
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Chapter 8

Efficient Synthetic Routes to Chiral
6-Deoxy-6,6,6-trifluorosugars via Intramolecular
1,2-0,0-Silyl Migration

Takashi Yamazaki, Kenji Mizutani, and Tomoya Kitazume!

Department of Bioengineering, Tokyo Institute of Technology,
4259 Nagatsuta-cho, Midori-ku, Yokohama 226, Japan

Novel and efficient routes to access a variety of chiral 6-deoxy-6,6,6-
trifluorosugars by way of enzymatic optical resolution as well as 1,2-
0,0-silyl migration as key steps are described in detail. MOPAC
AMI1 calculation of the latter process suggests the ready migration so
as to furnish the thermodynamically more stable alkoxide close to a
trifluoromethyl group.

It is well documented that, in sharp contrast to readily accessible mono- or
difluorinated compounds by the conventional fluorination pathways towards the
corresponding alcohols (I-3) or carbonyls (4), respectively, trifluoromethyl (CF3)-
containing molecules are much more difficult to obtain, especially in optically active
forms, by way of similar processes (5-9). Moreover, although a variety of
procedures have been developed for the introduction of this group (12-18), there still
remain such problems to be solved as the handling and availability of reagents, or
selectivity (stereo-, regio-, and/or chemo-) of products. As an alternative route for
obtaining trifluoromethylated compounds, we have been studying the preparation of
chiral building units possessing this moiety as well as readily distinguishable plural
functionalities (/9-23), which permitted us to construct the desired CF3-containing
units with a high degree of stereoselectivity.

Building blocks thus prepared are usually employed as the key units of
fluorinated analogs of appropriate natural products or synthetic biologically active
materials (24-26). Among such useful compounds, fluorinated carbohydrates
constitute one of the most interesting fields where intensive study has been still going
on (27,28). Various types of mono- or difluorinated sugars have been synthesized
thus far via the above discussed fluorination technique, but the corresponding
trifluorinated analogs are very rare (29-32). As briefly mentioned above, this might
be mainly due to the requirement for harmful reagents (like SF4 or HF) under
vigorous reaction conditions or the use of special and/or expensive substances
sometimes not easily available. These problems as well as the interest in the 6-
deoxysugars as the relatively common components of naturally occurring antibiotics
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led us to start this study on the preparation of a variety of 6-deoxy-6,6,6-trifluoro-
sugars using enzymatically resolved building blocks (33-38). In this article is
described our recent progress on this subject in detail.

1,2-0,0-Silyl Migration

The authors first selected 6,6,6-trifluorinated rthodinose and amicetose as target

compounds because their simple structures made them suitable to start with (Figure
1). Our synthetic plan to access these sugars was to employ silylated furanols with a

FaC FaC
’ J ’
0 = oo = ?\j)
FoC™ =T FC™* ;14 N OH _»Fac‘“‘ .
OH :

OH
6,6,6-Trifluoro- 6,6,6-Trifluoro-
D-amicetose D-rhodinose

Figure 1. Possible Reaction Schemes

trifluoromethyl moiety, which, after optical resolution by lipase, would be converted
into the corresponding butenolide by the previously reported oxidation pathway (39).
Ring opening of this butenolide might lead to the formation of the triol, and,
considering that the terminal primary hydroxyl group can be selectively protected
with such protective groups as ferr-butyl-dimethylsilyl (TBS) or trityl groups,
discrimination of the other two hydroxyl functionalities at 4 and 5 positions was the
problem to be solved.

During the course of determination of the stereochemistry of anti-1, when this
compound was hydrogenated and reduced to the corresponding diol at 0 <C, we
noticed that the product obtained was unexpectedly an inseparable mixture instead of
pure anti-2a (R1=TBS, R2=R3=H). However, trissilylated ether was eventually
isolated as the only product (84% total yield) after the routine silylation procedure (eq.
1). Thus, the above mixture was concluded to be a mixture of several forms of anti-
2. This phenomenon was interpreted as the migration of a TBS group (atleastin
part) from the original 5 position to either the 1 or 4 positions during the LAH
reduction step, which might be reasonably explained as the result of the

1
TBSW D Pat.He cj:/\/\
"0” O Tii) LAH/ether  F, v OR®  (eq.1)
F3C o'RZ

antk1 1 02 o3
TBS-CI (aml-z (R', R%, R3=H or TBS)

imidazole * antr3 (R'=R?=R3-TBS)
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formation of thermodynamically more favorable alkoxide stabilized by an inductively
electron-withdrawing CF3 group. If this was really the case, control of the reduction
step after hydrogenation of anti-1 would be considered the crucial step for the
completion of the syntheses of our targets. Thus, partial reduction of the
butyrolactone from anti-1 would yield the lactol anti-4, which, on treatment with
an appropriate base, would be transformed into the corresponding alkoxide form.
The resultant anionic species would be in equilibrium with the corresponding acyclic
alkoxide by analogy with well-established sugar chemistry, and if the above
migration reaction was operative at this step, construction of pyranose anti-5 would
be completed after recyclization and quenching processes (Figure 2).

TBS! TBS
antl-sl ———— e _B_a.s_e_. s o'
o” "OH o
F3C-

FaC
antr4 1 1
FaC HO = Fa ; HO
OTBS o)

+ More Stable
¢ Less Nucleophilic

TBSC\(}_O " TBSO\(\/L_
FaC™ ) FaC" ~O” "OH

anti5

Figure 2. Transformation of Furanose into Pyranose

Prior to starting our project, MOPAC AMI1 semiempirical calculations (40,41)
were carried out to obtain quantum chemical information on two acyclic model
alkoxides derived from 1,1, 1-trifluoro-2, 3-butanediol possessing both anti and syn
relative stereochemistries (Figure 3). This type of silyl group migration was already
reported by a couple of research groups (42-45). However their previous examples
proceeded to yield the more substituted alkoxide: in other words, a silyl group’
migrates to a less hindered site and liberation from the steric congestion is considered
to be the important driving force of this reaction. On the other hand, to the best of
our knowledge, no example has appeared in the literature of the molecules containing
an atom or a group with a strong electronic effect (46).

The result unambiguously demonstrated the energetic preference of the
alkoxide close to a CF3 group to the other by 10.6 kcal/mol for the anti isomer and
12.9 kcal/mol for the syn isomer, respectively (the Gibbs’ free energy values at-78
<C were used). In both cases, the most stable conformers were computationally
proved to be the 5-membered intermediates with the pentavalent silicon atom, anti-
and syn-b, and both of them showed the tendency for the OP-Si bond to be stronger
than the O?-Si bond (Figure 3). It was apparent that this difference did not stem from
their inherent bond characteristics because the O-Si bond properties of a and ¢ of
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Figure 3. Energy Profile for the 1,2-O,0-Silyl Migration

both diastereomers were much closer than the one of the b series. Thus, from the
standpoint of the energetic preference as well as the bond strengths, conformers ¢
with both anti and syn stereochemical relationship would be expected to be preferred
to the corresponding regioisomers a. These calculation results, clearly supporting
our hypothesis, prompted us to start the experiments.

Preparation of 6-Deoxy-6,6,6-trifluorosugars via Syn- and Anti-1

The key materials, chiral butenolides anti- and sy n-1, were conveniently prepared
as shown in Figure 4 via the peracid oxidation (39) of the lipase-resolved optically
active furanol (§)-6 (38). Although this procedure furnished only a
diastereorandom mixture of 1, it was demonstrated that epimerization at the 4
position was possible by treatment with LDA, followed by quenching with AcOH at -
78 °C to change the isomeric composition to 3:1 in favor of the anti isomer (Figure 4).
The butenolides obtained, after separation by simple silica gel column
chromatography, were subjected to hydrogenation, followed by DIBALH reduction
to afford lactols anti- and syn-4. Independent treatment of both diastereomeric
furanoses with a stoichiometric amount of KOBu- in THF at -78 °C brought about
the smooth conversion into the desired pyranoses in almost quantitative yields (38).
As described in eq. 1, usage of LAH instead of DIBALH at this stage led to partial
1,2-0, O-silyl migration, which proved the importance of the choice of reducing
reagent (47). Mulzer and coworker (42) have also observed the reagent dependence
of the silyl migration as shown in eq. 2, which described two examples affording the
completely opposite results (TBDPS: tert-butyldiphenylsilyl).
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6 (S)-6 (R)-7

c,d
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ef FaC FsC e f
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a) AcCl, pyr., b) lipase PS, c¢) TBS-CI, imidazole,
d) MMPP (Magnesium monoperoxyphthalate)/AcOH
e) Pd/C, Hp, f) DIBALH, g) KOBu™, h) Ac,0

Figure 4. Preparation of 6,6,6-Trifluoro Analogs of
p-Amicetose and p-Rhodinose

Application of the present 1,2-0,0-silyl migration strategy has led to great
success in decreasing the number of the reaction steps by avoiding the troublesome
protection-deprotection processes. The authors further utilized this pathway for the
synthesis of the similar 6-deoxy-6,6,6-trifluorosugars.

Silylated butenolide, anti-1, was diastereoselectively converted to the vicinal
diol with potassium permanganate in the presence of a catalytic amount of 18-crown-
6 (48), which, after protection of the resultant two hydroxyl moieties as an acetonide,
was further treated with DIBALH and KOBu to furnish the pyranose anti-10

NaBHy f . LM, \
NN Nomeors Meon | SN HC TEeT S oy 042
OH OTBDPS OTBDPS
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(Figure 5). On the other hand, the opposite order of 1,2-O,0-silyl migration and
oxidation enabled the formation of the epimeric sugars both at the 2 and 3 positions
(37 ). Although we were able to synthesize the desired sugars in a highly
diastereoselective fashion as above, these examples have unfortunately led to lower
isolated yields (46% recovery of anti-9 at the oxidation step; for the synthesis of
anti-11, 33% recovery of the 5-membered lactol from anti-1 at the silyl migration
step), which might be understood by such additional structural constraints as the 1,3-
dioxolane ring (for anti-9) or the Z-olefinic bond (for anti-11). In the cases of the
corresponding syn series, the situation became less favorable. The formation of
syn-10 was not observed possibly due to the congensted stereostructure of the
product with syn alignment of the all substituents, and syn-11 was obtained only in
23% yield after in situ acetylation without recovery of the starting substrate syn-4
because this compound, also acetylated during the reaction, underwent the
elimination of AcOH at the purification step (36). Although cyclic structures are
sometimes very convenient and effective for controlling the stereoselectivity as
shown in the oxidation in Figure 5, it might work in an opposite sense during our
key steps, the ring opening — 1,2-0,0-silyl migration — ring closure process.
Therefore, it was decided to investigate different systems, especially those
possessing the more flexible acyclic structures.

Preparation of 6-Deoxy-6,6,6-trifluarosugars via (S)-14

The next route we developed was that via the terminally-trifluoromethylated
propargylic alcohol (S)-14. The ready preparation of this key compound was

X £

TBSW dha TBS p 1B 0
%, o ——.——-D %, OH ———_-b R
Fal (0] 39% yield Fal - o 35% yield FsC" 0 H
anti-1 anti9 ant-10
a,b
59% yield
QAc QAc
TBS A A A OAC
FoC" 07 "o 44%Yield g oo ome  S1%Yield  Fic 0" OMe
antF11 antF12 ant-13

a) DIBALH, b) KOBu™, ¢) MeOH, H*, d) KMnOy, cat. 18-crown-6,
e) Acx0, pyr., f) TBAF, g) AczO, h) Me.C(OMe)p, H*

Figure 5. Preparation of 6,6,6-Trifluoro Analogs of
p-Rhamnose and 6-Deoxy-p-allose
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anticipated by condensation of in situ generated 3,3,3-trifluoropropynyllithium with
3-benzyloxypropionaldehyde by our recently reported method (33). This might be
further converted to the triols 17 in a diastereoselective fashion by the osmium-
catalyzed oxidation of 16, whose stereoisomers, in turn, are easily accessible by
well-established methods with a high degree of stereoselectivity, would lead to the
preferential formation of diastereomeric 17.

As expected, propargylic alcohol 14 was found to be very smoothly prepared
even at -78 °C and was obtained in high isolated yield (Figure 6). The value of this
procedure was apparent when compared with the traditional method utilizing
commercially available but very expensive and gaseous 3,3, 3-trifluoro-propyne (49).
Our starting material, oily 2-bromo-3,3,3-trifluoropropene, could be purchased and
even readily prepared in high yield from the industrial raw material, 3,3,3-
trifluoropropene (50). The propargylic alcohol 14 obtained was transformed into the
corresponding E- and Z-allylic alcohols after success ful enzymatic optical resolution
(34). OsOy-catalyzed oxidation (51-57) eventually led to the formation of the desired
triols 17 in a diastereoselective manner. Kishi and his coworkers have previously

F H
ab '8
F3C-CH=CHy —— -—c-> [Fso—::—l.i ] __d_> F3O'—_=_——€
B 92% R
yield 14
e H pAc
— Fa("——é— . + FRC——\ . (R: CH2CH,OCH,Ph)
(Sr-14 (R)-15
40% yield, >99% ee 59% yield, 64% ee

f
FsC” R Tgev%yield FiCN TR T Fy R

3

86:14 SH OH
(S)r-(E)-16
antl-syn-17 syn-syn-17
g
96% yield
Fa H CU-I QH OH
S— u _—h_> + H
N~ R 74%yield Fa Y R Fa3 R
26:74 OH OH
-(2)-1
(S) (Z)- 6 ant-antk17 syn-antl-17

a) Brp, b) NaOH/EtOH, c) LDA (2 equiv), d) RCHO,
e) Lipase QL, vinyl acetate’/hexane, f) Red-Al, g) Lindlar cat., H h) cat. OsO4, NMO

Figure 6. Stereoselective Synthesis of Trifluorinated Triols
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pointed out (54) the general anti selective oxidation course between the preexisting
hydroxyl moiety at the allylic position and the introduced OH group (thus, between 3
and 4 positions of anti-syn-17 in Figure 6 (58)), irrespective of the E, Z
stereochemistries of the starting allylic alcohol derivatives. To the best of our
knowledge, there have been reported very few examples affording the unexpected
syn selectivity (59-64), whose substrates usually possessed the same structural
feature, o,B-unsaturated carbonyl with Z stereochemistry (65-69). Our OsO4-
catalyzed oxidation from Z substrate added the new exceptional entry to lead to the
syn selective diol formation.

At this stage, 17 contained three hydroxyl groups at the 3, 4, and 5 positions
with one benzyl group (X=Bn) at the terminus (see the drawing on the right), and the
above discussion allowed us to expect the OH functionality at the 5 position to be the
least nucleophilic and the most stable of the three as its
anionic form. These electrostatic properties would allow H QH
the regioselective protection of hydroxyl moieties at3and 4 ¢ ~ 54 3n2 Nox
positions while leaving the other unprotected. Furthermore, OH
the subsequent deprotection at the terminal would afford a
1,5-diol and the same idea might lead to the conclusion that the hydroxyl group at 1
position would be much more readily oxidized than the one at the 5 position. If this
was the case, the syntheses of our final products would be possible via a very short
reaction course by eliminating the tedious protection-deprotection processes.

As shown in Figure 7, when anti-syn-17 was subjected to the usual
acetonide formation condition, the corresponding 5- and 6-membered acetonides,

X

QH OH a HQ i Q"0
FeC 5N 3R FRC YR T Fsc/\{'\n
OH o] OH
anti-syn-17 anti-syn-18 anti-syn-19
91% yield 3% yield
b
l 95% yield

|
HQ (O % \/LO

o o)
FsC Y k/\o"' - LIljw.D ' lrl
o) FsC” 0 H Fs¢” 00

anti-syn-20

21 22
50% yleld 33% yleld
4 d |
96% yield

(R: CH,CHoOCH,Ph)

a) MexC(OMe),, H*, b) Raney Ni, Hz, c) PDC, d) DIBALH

Figure 7. Preparation of 6,6,6-Trifluoro-L-oliose
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anti-syn-18 and anti-syn-19, respectively, were obtained in a ratio of 91:3 in
spite of the steric congestion in the major product by the syn relationship of the two
substituents, which would be a clear reflection of the above hypothesis (Figure 7).
Anti-sy n-18, after separation by column chromatography, was deprotected and
oxidized with an excess amount of PDC to be converted into a mixture of 21 and 22
and the latter was readily transformed into the corres ponding lactol 21 in high yield
(34). At this stage, it was noteworthy that no isomeric product based on the
oxidation of an OH group at 5 position was formed. On the other hand, the authors
were confronted with the difficulty which called for the alternative route to access the
targets because of the failure to utilize the same strategy for the diastereomeric syn-
syn-17 due to the anti relationship of the substituents required for pyranose ring
formation (Figure 8). Then, taking the electrostatic consideration and the above

trans relatlonshl

" o f\
FaC 0 —= No Cyclization

R
OH
syn-syn-17
TBS
a.b H QTBS cge TBS
70% yield Fa R~ 61% yield
OTBS F3 0~ "OH
(R: CH2CHoOCH,Ph) syn-syn-23 24
TBS

Fa ~" R Fa3 T R 83°/ y|eld
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antr-anti17 ab antantr23 25
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OH OTBS Fa 0~ "OH
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a) TBS-Cl, imidazole, b) KOBu™, ¢) Raney Ni, Hp, d) PDC, e) DIBALH

Figure 8. Preparation of Other 6,6,6-Trifluorinated Analogs
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experience into account, the protective group was changed to a TBS group. In
contrast to our expectation, reaction of syn-syn-17 with 3 equiv of TBS chloride
did not lead to complete conversion (22% of monosilylethers was produced at the
same time) nor regioselection for the synthesis of bissilylethers, while the latter
problem was solved by the subjection of this mixture to the previous 1,2-0,0-silyl
migration condition, affecting the smooth and perfect conversion to the
thermodynamically more favorable syn-syn-23. Transformation of this product to
the 6,6,6-trifluoro-D-boivinose was successfully carried out in a similar way (13%
recovery of syn-syn-23 at the deprotection step) and the target material was
obtained in 61% yield for these three steps. In spite of the inseparable nature of
anti-anti- and syn-anti-17, ready separation after the silylation-silyl migration
procedure to the corresponding bissilylethers anti-anti- and syn-anti-23 realized
the construction of 6,6,6-trifluoro-D-digitoxose and L-olivose, respectively.

Conclusion

As described above, the authors have succeeded in developing two novel path-ways
to access 6-deoxy-6,6,6-trifluorosugars in a highly efficient manner via enzymatic
kinetic resolution and 1,2-0, O-silyl migration as key steps. Employment of enzymes
opens an easy route to obtain the both stereoisomers, which is of course highly
important from the pharmaceutical point of view. Noteworthy is the silyl migration
process (70), which allowed us to take an effective shortcut to the targets. In
particular the final product discussed in the latter section was furnished within only
10 steps from the very first starting material in more than 20% total yield. In the
former example via the chiral butenolides, although the pathways became longer, the
interesting application of the obtained sugar derivatives as the chiral part of the
f%l;'oelecu'ic liquid crystals with very high potency has already been disclosed (71-
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Chapter 9

Fluoroamino Acid Containing Analogues
of Folic Acid and Methotrexate

Takashi Tsukamoto!, James K. Coward!, and John J. McGuire?

IDepartments of Chemistry and Medicinal Chemistry, University
of Michigan, Ann Arbor, MI 48109-1055
2Department of Experimental Therapeutics, Grace Cancer Drug Center,
Roswell Park Cancer Institute, Buffalo, NY 14263

Various fluorinated analogues of folic acid and methotrexate have
been synthesized from fluorine-containing glutamic acids, ornithine,
and dipeptides. These analogues were evaluated as substrates or
inhibitors of three folate-dependent enzymes, folylpoly-y-glutamate
synthetase (FPGS), y-glutamyl hydrolase (y-GH) and dihydrofolate
reductase (DHFR), and also for their effects on intact mammalian
cells; e.g., transport and cytotoxicity. The most marked effects of
fluorine substitution were observed with FPGS and y-GH which
catalyze the ligation or hydrolysis of glutamyl moieties, respectively.

In the biosynthesis of amino acids and nucleotides in mammalian cells and tissues,
several derivatives of tetrahydrofolic acid (THF, H4PteGlu), the metabolically
significant forms of the vitamin folic acid (FA, PteGlu), act as carriers of one-carbon
units. Several antifolate drugs have as their primary target dihydrofolate reductase
(DHFR). For example, methotrexate (MTX, AMPteGlu), one of the most potent
inhibitors of DHFR, is extremely cytotoxic and is used extensively as a
chemotherapeutic anticancer agent. Dihydrofolic acid (DHF, HaPteGlu) is the
oxidation product arising from reductive methylation of deoxyuridylate to
thymidylate. DHFR catalyzes the reduction of HaPteGlu to H4PteGlu, a reaction that
is required to maintain thymidylate biosynthesis. Thus, the inhibition of the enzyme
causes a deficiency in thymidylate, ultimately leading to cell death.

The reduced folates are present in cells as poly-y-glutamate conjugates. These
polyglutamates, the physiological substrates for folate-dependent enzymes (1,2), are
polyanionic and do not readily cross the cell membrane, and thus are also involved in
cellular retention of folates. Folylpoly-y-glutamate synthetase (FPGS) is responsible
for the biosynthesis of poly-y-glutamyl conjugates of folates (Scheme I). In contrast,
Y-glutamyl hydrolase (y-GH) catalyzes the hydrolysis of poly-y-glutamates, resulting
in regeneration of a pteroylmonoglutamate. Cells are believed to maintain a balance
of the poly-y-glutamates through the activities of these two enzymes. Interestingly
both c&z)ymes utilize not only naturally occurring folates but also antifolates such as

In order to distinguish the two glutamate species involved in the FPGS reaction,
the terminal glutamate residue of the folate substrate is referred to as the 'accepting’
glutamate. Similarly, the glutamate to be incorporated in the growing folate
polyglutamate is defined as the 'incoming' glutamate. In our studies of FPGS and
¥-GH, fluorine-containing glutamic acids have been essential materials from two
perspectives. The fluorinated amino acids can be evaluated as incoming substrates

0097—6156/96/0639—0118315.00/0
© 1996 American Chemical Society
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AMPte (4-Amino-10-methyipteroyl) L-Glu
Methotrexate (MTX = AMPte- L-Glu)

for FPGS-catalyzed polyglutamylation. In addition, effects of fluorine substitution on
the accepting glutamate can be investigated by incorporation of these
fluoroglutamates in folic acid or MTX analogues. In this regard, we have synthesized
several folic acid and MTX analogues in which the accepting L-glutamate moiety is
replaced by a fluorinated glutamic acid (4). This research has been extended to the
use of fluorinated peptides or ornithine as glutamate replacements. This Chapter
describes our recent studies on the synthesis and biological evaluation of fluorine-
containing analogues of folic acid and MTX. In the text and tables, the simple
abbreviation L-Glu-L-Glu is used when referring to a y-glutamyl peptide. For
exia‘mplce;,l the pGelptide product of the FPGS-catalyzed reaction (Scheme I) where n =1
is R-L-Glu-L-Glu.

Scheme I
H COH n Glu, n ATP H COH
R-N- \FPGS R Ne- +NADP +nP;
{ +GH COH
COH nGlu G N
ol|H
R = Pte, HaPte, HsPte, AMPte, otc. g OH
n

Chemistry

Fluorinated glutamic acids. Syntheses of several fluorinated glutamic acids have
been reported previously by us and others (5-14). Despite possessing the same
underlying carbon backbone, fluorinated glutamic acids must be synthesized by
different methods depending on the number and position of the fluorine atom(s).
4-Fluoroglutamic acid (4-FGlu) was synthesized initially as a mixture of four
stereoisomers. More recently, the stereoselective synthesis of all four isomers was
reported by Hudlicky's group (7,13). Scheme II depicts the synthesis of L-threo-4-
fluoroglutamic acid, L-z-4-FGlu 3 which involves the fluorination of an optically
active proline derivative 1. A similar approach was applied to the synthesis of DL-
3,3-difluoroglutamic acid, DL-3,3-FpGlu 8 (Scheme II), in which a racemic 3-
oxoprolinol derivative 4 was employed as the starting material (10,11). Both
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Scheme I
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ii) CH2N2 CO,CHs ii) H30 F
Boc 7 CO,H 8:0L-3,3-FoGlu

syntheses involve an oxidation of the §-carbon late in the synthesis, a reaction which
is very sensitive to the position and/or number of fluorine atoms incorporated into the
proline rings (I5). Indeed, our attempt to synthesize L-4,4-difluoroglutamic acid (L-
4,4-FGlu) through 4,4-difluoroproline derivative 10 was unsuccessful due to its
extremely poor oxidative reactivity (Scheme IV). Synthesis of DL-4,4-F2Glu 16
(Scheme V) was accomplished through a completely different approach involving the
nitroaldol reaction of ethyl nitroacetate with a difluorinated aldehyde ethyl hemiacetal
12 as the key step (12).

Scheme IV
B 2 B 2
COzCHg COQCHg \ CO,CHy
Boc 10 Boc 11
Scheme V
COoH COxH
BQ_ o NosCHacoEt. PN\ o i) Raney Ni by
F. ii) H3O*
CONEt, COH COzH
12 Ac,0  13:R=OH 16: OL-4,4-F,Glu

Fluorinated amino acids 3, 8, and 16 were evaluated as incoming FPGS
substrates and were also converted into the corresponding di-zerz-butyl esters 17, 18,
and 19, (Scheme VI) which are essential precursors for the synthesis of fluorine-
;:(o‘ntammg folic acid and MTX analogues as described later in this Chapter (Scheme
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Scheme VI
Wk v R a7 LraFGOLBY),
2 isobutylene, H 2
p\; . Y 18: DL-3,3-F,Glu(Ot-Bu)p
( ( 19: DL-4,4-F,Glu(Ot-Bu)p
3,8,0r16 COH CO,t-Bu

Fluorinated dipeptides. Although y-glutamyl-glutamate is inactive as an incoming
FPGS substrate (1), fluorinated analogues of this dipeptide are of importance for the
synthesis of fluorine-containing MTX-y-oligoglutamates. To this end two fluorinated
dipeptides have been synthesized in protected forms. Synthesis of y-(4-
fluoroglutamyl)glutamate, tri-fert-butyl ester 22 has been carried out by using 5-oxo-
4-oxazolidinone 20, derived from 4-fluoroglutamic acid, as a key intermediate (16)
(Scheme VII). On the other hand, y-(4,4-difluoroglutamyl)glutamate, tri-terz-butyl
ester 25 has been synthesized through the half ester 24 that was obtained by the
regiospecific hydrolysis of 23 (17) (Scheme VIII). These dipeptides were
successfully converted to MTX analogues as described later in this Chapter.

Scheme VII
0._.0 (0]
¢ ( CO,t-Bu
CbzN CbzN Hol
. COat-Bu ) NaOH F - CO2t-Bu
CO.H c-N ) . N
Glu(Ot-Bu), b H ii) isobutylene, H 'O H
DCC, HOBt i) Ha, PA/C
21 CO,tBu 22 CO.t-Bu
Scheme VIII
COot-Bu CO,t-Bu CO,t-Bu
CbzHN CbzHN i) Glu(Ot-Bu)z, H2N
£ NaOH,_ _DCC.HOBY,
ii) Ha, Pd/C CO.t-Bu
CO,t-Bu CO;Na G- N
OH
23 24
25 CO,t-Bu

Fluorinated ornithine. In addition to fluorinated glutamic acids and dipeptides, a
protected derivative of 4,4-difluoroornithine 28 has also been synthesized as a
suitably protected side chain precursor of a desired MTX analogue (18) (Scheme IX).
The synthesis of 28 involves regiospecific reduction of 23 to 26 followed by the

Scheme IX
CO,t-Bu CO,tBu COztBu
~ CbzH CbzHN ) Hp Pd/IC,  HoN
2 3.NaBHa F THO F _ (HBoc)0 F.
NaN; ii) Ho, Pd/C
HO 26 Ny 27 tBocHN 28
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transformation of the terminal hydroxy function of 26 to the r-Boc protected
amine of 28. Compound 28 was employed for the synthesis of fluoroornithine-
containing MTX analogue as described below.

Methotrexate Analogues. Two major methods have been used for the synthesis of
MTX analogues (Scheme X) by the coupling of the fluorinated precursors 17-19 to:
1) N-Cbz-protected N-methyl-p-aminobenzoic acid 29 followed by the removal of the
Cbz group and N-alkylation with 6-(bromomethyl)-2,4-pteridinediamine
hydrobromide 31 (Method A) (19); or 2) 4-amino-10-methyl-pteroic acid
(AMPteOH) (Method B) (20). The coupling reactions were followed by hydrolysis
of tert-butyl esters to complete the syntheses. Various fluorinated MTX analogues
were successfully synthesized by either Method A or B as summarized in Table I.

Folic Acid Analogues. The synthesis of folic acid analogues (Scheme X) involves
coupling of fluorinated precursors to N10-TFA pteroic acid (N10-TFA-PteOH)
followed by cleavage of the rerr-butyl ester and removal of the N10-trifluoroacetyl
group (Method C) (11,21). Two fluorinated analogues, Pte-L-t-4-FGlu and Pte-DL-
3,3-F2Glu (Table I) have been synthesized by this method from 17 and 18,

respectively (11) .

Scheme X
1%, ]
Cbz COzH (29)
CHy H NH,
DCC, HOBt : _
RN T POy HN—O_O' N-R "ﬁ[b/\ Br
w '-k N P
DEPC, Et;N NH,
CHs QH
Method B S N—O— C-N-R
I
N°.TFA-PteOH, " N)\\ ”
DCC, HOBt 2
1TFA
Methotrexate Analogues
Methodx fo) COCF,
| QH
HN N—Q—C— N-R SLTFA___ Rolic Acid Analogues
N’L\ - ii) piperidine
Hy 33
Table I._Synthesis of Fluorinated Methotrexate and Folic Acid Analogues

HzI‘_I_-R Method Products Ref.
17 A AMPte-L-t-4-FGlu (L-+-yFMTX) an
18 A AMPte-DL-3,3-FoGlu (DL-B,B-FoMTX) an
19 A AMPte-DL-4,4-FoGlu (DL-Y,y-F2MTX) 12)
22 A AMPte-DL-et-4-FGlu-L-Glu  (DL-et-y-FMTX-L-Glu)  (I6)

25 B AMPte-DL-4,4-FoGlu-L-Glu  (DL-y,y-FoMTX-L-Glu) a
28 A AMPte-DL-4,4-F,0m 18)
17 C Pte-L-2-4-FGlu (L-t-y-FFA) 11)
18 C  Pte-DL-3,3-FoGlu (DL-B,B-FoFA) an

8T, Tsukamoto and J.K. Coward, unpublished results.
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Biochemistry and Pharmacology

Fluorinated Glutamic Acids. A simple competition assay can be carried out to
evaluate fluorinated glutamates as possible incoming FPGS substrates. The assay
employs a fluorinated glutamate as a competitor of L- [BH] glutamic acid (L- [BH]Glu)
ligation to MTX. If L-[3H]Glu incorporation into MTX in the presence of an
analogue is less than a control in which only L-[3H]Glu is present, the analogue must
interact with the enzyme either as substrate or inhibitor. As shown in Figure I, the
effect of fluorinated glutamates on the ligation of L-[3H]Glu to MTX was compared
directly to that of simple isotopic dilution by non-radioactive L-Glu (/2). DL-4,4-
F2Glu shows only slight inhibition of this FPGS-catalyzed reaction. Although L-z-4-
FGlu is a better inhibitor, it is less effective than non-radioactive glutamate.
However, DL-3,3-F>Glu inhibits ligation of L-[3H]Glu to MTX more effectively than
is observed with non-radioactive glutamate.

500 -

[3H]Glu Incorporated (pmol)

0 L) L] L] L] L]
00 05 10 15 20 25

[Substrate] (mM)

Figure I. Effects of fluorinated glutamates on the incorporation of
L-[°H]Glu into MTX by human FPGS. CCRF-CEM FPGS was incubated
with 0.5 mM L-[3H]Glu in the absence (A) or presence of unlabeled DL-4,4-
F2Glu (O), L-t-4-FGlu (), L-Glu (O), or DL-3,3-F2Glu (@) at the indicated
concentration for 3 h. For racemic substrates, only the concentrations of L-
isomers are indicated.

To determine whether an analogue inhibited [3H]Glu binding or was an alternate
substrate, each was assayed by HPLC analysis for FPGS-mediated ligation to
[BHIMTX (Scheme XI). DL-4,4-F2Glu is a very poor FPGS substrate. 4-FGlu is a
better FPGS substrate than DL-4,4-FoGlu but is less active than L-Glu. Further
studies using separated 4-FGlu isomers revealed that the racemic threo isomer (25, 4S
and 2R, 4R) is slightly better than the racemic erythro form (25, 4R and 2R, 4S).
More interestingly, AMPte-L-Glu-L-7-4-FGlu, the product derived by ligation of L--
4-FGlu to MTX is an extremely poor substrate for further polyglutamylation, i.e.,
chain-termination (22).
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The activity of DL-3,3-F2Glu is completely different from the other analogues
described above. This fluorinated analogue is a better FPGS substrate than L-Glu
(23). Furthermore, AMPte-L-Glu-L-3,3-F»Glu, the product derived by ligation of L-
3,3-F2Glu to MTX, undergoes further glutamylation at a higher rate than the
corresponding protio compound, AMPte-L-Glu-L-Glu, i.e., enhanced elongation.

Scheme XI

L-Glu L-Glu
FPGS FPGS
AMPte-L-Glu ¥_. AMPte-L-Glu-L-Glu L—— AMPte-L-Glu-L-Glu-L-Glu
DL-4,4-FoGlu (16)
FPGS
AMPte-L-Glu #/— AMPte-L-Glu-L-4,4-F,Glu

L-t-4-FGlu (3) L-Glu
FPGS FPGS
AMPte-L-Glu L_., AMPte-L-Glu-L-t-4-FGlu .L#L.AMPte-L-GkJ-L-M-FGIu-L-Glu
DL-3,3-F2Glu (8) L-Glu

FPGS FPGS
AMPte-L: Gl 05 AMPte-L-Glu-L-s,a-FQGIuL_. AMPe-L-Glu-L-3,3-F»Glu-L-Glu

Fluorinated Glutamate-containing Methotrexate Analogues. Evaluation of the
fluorinated MTX analogues as FPGS substrates or inhibitors was carried out and the
results are summarized in Scheme XII. AMPte-DL-4,4-F2Glu is an extremely poor
FPGS substrate and does not form any detectable polyglutamate product(s) (12).
Earlier work with either a mixture of four stereoisomers of AMPte-4-FGlu or the
separated diastereomers showed that this fluoroanalogue is a very poor FPGS
substrate (24,25). As expected from those results, AMPte-L--4-FGlu is not an FPGS
substrate (11). Further studies revealed that AMPte-DL-4,4-F2Glu and isomers of
AMPte-4-FGlu are weak inhibitors of FPGS, indicating that these non-substrate
analogues bind very poorly to the enzyme. In contrast, AMPte-DL-3,3-F2Glu is a
good substrate (K = 5.4 UM, rel Vipax = 0.84 based on the assumption that only the
L-isomer is a substrate) and is ligated more efficiently than L-MTX (Km = 47 UM, rel
Vmax = 1) 26). These results are consistent with data obtained with AMPte-L-Glu-L-
t-4-FGlu (poor substrate) and AMPte-L-Glu-L-3,3-F2Glu (better substrate than
AMPte-L-Glu-L-Glu) described above (Scheme XI) and indicate that the accepting
glutamate residue has a dramatic effect on FPGS substrate activity of MTX
analogues. However, it was also found that while addition of the first glutamate to

Schemg X1
L-Glu L-Glu
FPGS FPGS
AMPte-L-Glu L—— AMPte-L-Glu-L-Glu ¥— AMPte-L-Glu-L-Glu-L-Glu
L-Glu
FPGS
AMPte-DL-4,4-Fo,Glu AMPte-L-4,4-FoGlu-L-Glu
L-Glu
FPGS
AMPte-L-M—FGIu%}(Z— AMPte-L--4-FGlu-L-Glu
L-Glu L-Glu

FPGS FPGS
AMPte-DL-3,3-F,Glu AMPte-L-3,3-F,Glu-L-Glu /L—AMPle-L-S,3-F2Glu-L-Glu-L-Glu
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AMPte-DL-3,3-F2Glu is highly efficient, subsequent addition of L-Glu to AMPte-L-

3,3-F2Glu-L-Glu occurs at a negligible rate (26). The results indicate that glutamate
analogues in positions distal to the acceptor site can still affect ligation.

In contrast to the sharply divergent effects observed with different fluorinated
MTX analogues as FPGS substrates, more comparable activities were observed when
these fluorinated MTX analo§ucs were evaluated as inhibitors of DHFR, cell growth
(continuous exposure), and [PHIMTX uptake (11,12). Assuming that only L-isomers
act as DHFR inhibitors, the fluorinated MTX analogues are nearly equivalent to MTX
in inhibitory potency (Table II). Although AMPte-L-z-4-FGlu is less effective, the
other fluorinated analogues are potent inhibitors of CCRF-CEM human leukemia cell
growth with potency similar to MTX (Table II), indicating that these analogues are
transported into cells as effectively as MTX. Indeed, further studies on the inhibition
of [3H]MTX uptake by CCRF-CEM cells (Table IV) indicate that these analogues use
the reduced folate/MTX carrier system for uptake with as high an affinity as does
MTX. In addition, an MTX-resistant subline, defective in MTX uptake, is cross-
resistant to these fluorinated compounds (12,25,26) confirming that these analogues
utilize the reduced folate/MTX carrier system as their primary means of uptake.

Table II. Inhibition of CCRF-CEM Human Leukemia Cell DHFR by
Fluorinated Glutamate-containing Analogues of MTX

Inhibitor Expt 1 Icég;f?g{ ) Expt 3
AMPte-L-Glu 0.7210.07 0.6010.03 0.7210.04
AMPte-DL-Glu 1.18 £ 0.08 1.40+ 0.06 -
AMPte-L-t-4-FGlu 0.84+0.10 - -
AMPte-DL--4-FGlu 1.35+0.05 - -
AMPte-DL-3,3-FoGlu - 1.34+0.03 -
AMPte-DL-4,4-F,Glu - - 1.53+0.03

Table III. Inhibition of CCRF-CEM Cell Growth by Fluorinated Glutamate
Analogues of MTX During Continuous (120 h) Exposure

— ECso (M
Inhibitor Expt 12 %?pg ) Expt 3
AMPtoLGlu 120£0 146113 137105
AMPte-DL-Glu 3000 308+ 1.5 -
AMPte-L-+-4-FGlu 10223 - -
AMPte-DL-+-4-FGlu 13312 - -
AMPte-DL-3,3-FaGlu . 163+ 138 -
AMPte-DL-4,4-F;,Glu . - 290+34

aJ.J. McGuire, unpublished results

Table IV. Inhibition of [SH]MTX Uptake in CCRF-CEM Human Leukemia
Cells by Fluorinated Glutamate Analogues of MTX

o ICsp (UM
_ Inhibitor Expt 1 gp({lZ ) Expt 3
AMPte-L-Glu 8 (IC48) 106+ 1.1 14515
AMPte-DL-Glu - 183+33 -
AMPte-L-1-4-FGlu - - -
AMPte-DL--4-FGlu 16 (IC27) - -
AMPte-DL-3,3-F2Glu - 93109 -
AMPte-DL-4,4-FoGlu - - 8.72+0.5
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Fluorinated Dipeptide-containing Methotrexate Analogues. Unlike AMPte-L-3,3-
F>Glu-L-Glu, an inactive substrate for rat liver FPGS (see Scheme XII), FPGS
activity (rel Vmax/Km = ca. 20% that of the corresponding protio compound) was
observed with AMPte-DL-et-4-FGlu-L-Glu (16). AMPte-DL-er-4-FGlu-L-Glu was
found to be a poor substrate for y-GH from hog kidney when compared to the protio
dipeptide, AMPte-L-Glu-L-Glu. The results are surprising because one would think
that the incorporation of fluorine would accelerate the hydrolysis reaction due to the
enhanced electrophilicity of the carbonyl carbon of the amide bond. Since the
compound consists of four stereoisomers, the identification of the active isomer(s)
must await the stereospecific synthesis of the analogue. The unique properties of
AMPte-DL-et-4-FGlu-L-Glu prompted our interest in another fluorinated dipeptide
analogue, AMPte-DL-4,4-F2Glu-L-Glu in which two fluorine atoms are incorporated
adjacent to the scissile peptide bond. Evaluation of this newly synthesized analogue
is currently in progress in our laboratory.

Fluorinated Ornithine-containing Methotrexate Analogue. N%-(4-Amino-4-
deoxy-10-methylpteroyl)-L-ornithine (AMPte-L-Orn) has been found to be a potent
inhibitor of both FPGS and DHFR (27,28). This compound, however, is a weak
inhibitor of cell growth. This low cytotoxicity has been attributed to poor transport of
the inhibitor across the cell membrane caused by the positively charged 8-amino
group (pKj = 10.8) of ornithine. In attempt to overcome this poor transport, we have
evaluated the biological activity of N®-(4-amino-4-deoxy-10-methylpteroyl)-DL-4,4-
difluoroornithine (AMPte-DL-4,4-F20rn), in which the 3-amino group is mostly
uncharged at physiological pH due to the electron-withdrawing effect of the two
adjacent fluorine atoms. Although the pK, of the §-amino group in AMPte-DL-
4,4F20rn has not been determined, a pKj, of 6.88 has been reported for the terminal
amino group of the closely related free amino acid, 5,5-difluorolysine.(29)

The biological activity of AMPte-DL-4,4F20m has been compared to the
corresponding protio compound, AMPte-L-Orn as shown in Table V (18). Although
the fluorinated analogue is a potent inhibitor of DHFR, it is a poor inhibitor of FPGS.
However, the compound is efficiently transported across the cell membrane and
inhibits cell growth probably due to the inhibition of DHFR. The data obtained with
the fluorinated analogue are in contrast to those of the corresponding protio
compound, AMPte-L-Orn, which is a potent inhibitor of both FPGS and DHFR but
shows very low cytotoxicity due to poor transport.

Table V. Inhibitory activities of AMPte-L-Orn and AMPte-DL-4,4-F20rn
FPGS2 DHFR?2 Cell Growth

Inhibitor

ICso (LM) ICs0 (nM) ICs0 (nM)
AMPte-L-Om 33+2 2.5¢ 740¢
AMPte-DL-4,4-Fo0rn >300 1.3 £0 93 +17
AMPte-L-Glu - 0.82+0.04 14.5+0.5

aIsolated from CCRF-CEM human leukemia cells.
b 120 hours continuous exposure of CCRF-CEM human leukemia cells.
¢ Literature data (28).

Fluorinated Glutamate-containing Folic Acid Analogues. Most of our biological
studies on FPGS and y-GH have been carried out using MTX analogues because of
their limited intracellular metabolism. In addition, compared to naturally occurring
folates (e.g., PteGlu, HoPteGlu, and H4PteGlu) MTX analogues are more stable
during synthetic manipulation. The natural folates, however, have higher FPGS
activities than MTX and the corresponding fluoroanalogues could be interesting
alternate probes for studying FPGS.

Two analogues of folic acid, Pte-L--4-FGlu and Pte-DL-3,3-F2Glu have been
investigated as FPGS substrates (/1,26). As described earlier, AMPte-L-z-4-FGlu is
an extremely poor FPGS substrate while AMPte-DL-3,3-F2Glu is a better substrate
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than MTX. We were interested to determine if these properties would be mirrored in
the folic acid analogues. As clearly shown in Figure I, Pte-L-t-4-FGlu is again a poor
FPGS substrate and Pte-DL-3,3-F2Glu is polyglutamylated at a higher maximum rate
and with higher efficiency (K = 25 UM, rel Viyax = 1 based on the assumption that
only L-isomer acts as a substrate) than Pte-L-Glu (K = 132 pM, rel Vpax = 0.52).
Further studies with Pte-DL-3,3-F2Glu also revealed that polyglutamylation is
terminated after the ligation of a single glutamate as is observed with AMPte-DL-3,3-
F2Glu . In summary, FPGS substrate activity of the fluorinated folate analogues is
analogous to that observed with fluorinated MTX analogues (Scheme XII).

700 |

[*H]GIu Incorporated, pmol
8

0 50 100 150 200 250 300
Concentration, uM

Figure IL. Substrate activity of Pte-L-Glu (O), Pte-L-#-4-FGlu (A), and Pte-
L-3,3-F2Glu (V) with CCRF-CEM human leukemia cell FPGS.

Summary

Modification of the glutamyl moiety of folates and antifolates is a straightforward
approach to the design of powerful and specific probes for studying FPGS and v-GH.
In our research, fluorine-containing amino acids and peptides have been utilized as
replacements of the glutamyl moiety. The resulting folate and MTX analogues were
found to have diverse FPGS activities depending on the structure of the fluorinated
amino acid replacement. All of the MTX analogues, however, were found to retain
other biochemical properties (DHFR inhibition, cell growth inhibition, cell uptake)
almost identical to those of MTX. These compounds will be useful tools in further
dissecting the role of FPGS and y-GH in folate biochemistry and antifolate
cytotoxicity.
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Chapter 10
Fluoro-olefin Isosteres as Peptidomimetics

J. T. Welch, J. Lin, L. G. Boros!, B. DeCorte?, K. Bergmann?,
and R. Gimi*

Department of Chemistry, State University of New York at Albany,
Albany, NY 12222

Fluroolefin dipeptide isosteres were synthesized applying the Peterson
reaction as a novel method for fluoroolefination. Gly-y[CF=C]-Pro
dipeptide isosteres were elaborated to provide conformationally
constrained analogs of the Suc-Ala-Gly-Pro-Phe-pNA tetrapeptide
substrate for cyclophilin. Ala-¥[CF=C]-Pro containing N,O-
diacylhydroxamic acid type protease inhibitors were synthesized for
the study of the influence of prolylamide bond geometry on the
inhibition of dipeptidyl peptidase IV(CD26).

Peptides have been modified to improve their activity, stability or bioavailability in a
variety of ways, but altering the backbone structure by replacing the amide bond itself
can be especially effective. The use of amide bond surrogates can not only impart
peptidase resistance but can facilitate conformational control of the target peptide.
Amide isosteric replacements are commonly indicated using the symbol y[], where
the v indicates the absence of an amide bond and the structure that is replacing the
amide is indicated in the brackets(1). The alkene w{C=C] isostere is an accurate
mimic of the steric demand, bond lengths and bond angles of the amide bond(2-6).
When the y[C=C] isostere is employed both (E) and (Z) (cis- and trans-) isomers are
possible and unlike the amide bond which has some degree of flexibility the y[C=C]
isostere is conformationally fixed(7-8). The y[CF=C] isostere retains these attributes
but also much more effectively mimics the electronic features of the amide bond (9-
11). including dipole moment, charge distribution and electrostatic potential.(See

Figure 1)
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-0 341 -0.124 -0.096
HgN HaoN ( HaN
0.275 — -0.014 — -0.201—=
/ (o}
-0.1 38 OH 0.122 OH
Ala-Pro Ala-y{CF=C]Pro Ala-y{CH=C]Pro

Figure 1. Charges Calculated using AM1 for the dipeptide Ala-Pro and two dipeptide
alkene isosteres.
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The y[CF=C] isostere has recently been employed in the preparation of a
number of peptidomimetics whose preparation and utility will be discussed in this
article. (See Table 1.)

Table 1. y[CF=C] Isostere Containing Peptides

Peptide Fluoroolefin Construction Methods _ Ref.
Phe-y[(Z)-CF=CH]-Gly CHCIyF, NaOH 10
Phe-y[(E)-CF=CH]-Gly (EtO)2POCHFCO2Et, LDA 10
Arg-Pro-Lys-Pro-Gln-Gln-  CHCI,F, NaOH 12
Phe-Phe-y[(Z)-CF=CH]-Gly-

Leu-Met
Phe-y[(2)-CF=C]-Pro (Et0),POCHFCO2Et, LDA 12
Gly-vy([(Z2)-CF=CH]-Gly CHCIoF, NaOH 10
Phe-y[(Z)-CF=C]-Phe (EtO)2POCHFCO2Et, LDA 12
Ala-y[(Z)-CF=CH]-Gly 3,3-sigmatropic rearrangement 13
Gly-v[(Z)-CF=CH]-Leu EtO,CCHFCOCO;Et 14
Gly-v¥[(Z)-CF=CH]-Leu-Gly = EtO,CCHFCOCO,Et 14
Gly-y[(Z)-CF=CH]-Leu-Ala  EtO,CCHFCOCO;Et 14
Gly-y[(Z)-CF=CH]-Leu-Leu = EtO,CCHFCOCO;Et 14
Gly-y[(Z)-CF=CH]-Leu-Phe  EtO,CCHFCOCO,Et 14
Prolylamides

Prolylamides differ from the other amide bonds linking amino acids in peptides in the
relative stability of the cis and trans amide bond conformations; both the cis and
trans conformations have very similar energies with a rotation activation barrier of
approximately 20 kcal/mol(15).

H O
3NN NN
H o ’.’1.
o N
H
trans

f‘lk
o}
cis

In peptides not containing prolylamide bonds the linkages are normally trans, with
the cis conformation approximately 5 kcal per mole less stable(16). Prolylamide
bond conformations can be crucial to the folding of proteins, therefore the cis-trans
conformations of prolylamides are very important in the establishment of the
secondary structure of peptides(17,18). Recently it has been found that the cis/trans
isomerization of a peptidyl-prolyl amide bond (Xaa-Pro bond) is catalyzed by a
family of ubiquitous enzymes called prolyl isomerases, PPIases)(19, 20). In addition
to their postulated role in facilitating peptide folding, PPlases may have several
additional functions one of which, isomerization of Xaa-Pro bonds to regulate
enzyme activity(21), is of interest in the second section of this chapter. Although a
great deal is known about the mechanism by which the amide bond is isomerized by
these enzymes, the structure-function relationship of these enzymes might be
profitably be examined by the use of conformationally constrained peptide
analogs(8). Our strategy was to prepare both Gly-y[CF=C]-Pro and Gly-y{CH=C]-
Pro containing tetrapeptides and to compare the relative binding affinities of these
materials with cyclophilin A. In light of the proposal that the y[CF=C] and the
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Y[CH=C] isosteres should show a difference in binding affinity to the enzyme as a
result of differences in electrostatic interactions(22), a comparison of the result of the
binding of these two isostere types might lead to some insight on the nature of the
interactions that were important to the differential binding of the cis and trans
amides.

Gly-y[CF=C]-Pro Preparation via Peterson Fluoroolefination

A brief retrosynthetic analysis of our approach to the synthesis of the Gly-y[CF=C]-
Pro dipeptide isostere as incorporated into the tetrapeptides required for binding
studies with cyclophilin A is outlined below.

H O + H O +
_ N AUNH; CFCO O=(N\)\_, NHs CF4COz
Q(F = 4 F =
(0] 70

HN + HN p—

o o

20 20

o]

E%=(\NH2 p— E%_R‘OTMP p— F")lOTMP . o
F

™S

o
F
OPG OPG OPG
1

The key step was the stereoselective construction of the fluoroolefin, which was
effected by a Peterson olefination reaction of 2,4,6-trimethylphenyl a-fluoro-o-
(trimethylsilyl)acetate, 1, with a protected 2-(hydroxymethyl)cyclopentanone, 3.
Consecutive transformation of the ester into the primary amine, and oxidation of the
protected primary alcohol to the acid resulted in formation of the desired isosteres.

2-(Hydroxymethyl)cyclopentanone Construction. To expedite our synthesis we
have developed a procedure for the preparation of protected 2-(hydroxymethyl)
cyclopentanone in one step. Treatment of the lithium enolate of cyclopentanone with
2-(trimethylsilyl)ethoxymethyl chloride yielded the necessary derivative 4 in 67%

yield(23).
O 4 LDA o _
é 2. SEM-CI @ o SMes
4

(67%)

Subsequently due to the expense of 2-(trimethylsilyl)ethoxymethyl chloride we
employed both the less efficient route of treatment of cyclopentanone with aqueous
formaldehyde in the presence of calcium hydroxide (15% yield for two steps)(24) and
the lengthy Dieckmann condensation strategy (45% yield for four steps) (25) to
prepare the unprotected hydroxymethylcyclopentanone. In both cases protection was
effected with tert-butyldimethylsilyl chloride to yield 5.

o)
é“‘ OTBDMS
5

Both 4 and § were employed in further synthetic transformations as identified.
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2,4,6-Trimethylphenyl o-fluoro-o-(trimethylsilyl)acetate. Peterson olefination of 4
required the preparation of a-fluoro-a-silylacetate 1, from the a-fluoroacetate 2.
Bissilylation was affection by treatment of 2 with 4 equiv. of LDA and 8 equiv. of
chlorotrimethylsilane. Hydrolysis of the bissilylated product with a saturated tartaric
acid solution resulted in selective formation of 1 in 86% yield.

fo) 1. 4 equiv. LDA 0o
2. 8 iv. TMSCI
Flomp 2200 M F X omme
3. Saturated SiMes
2 aq. tartaric acid 1

(92%)

Olefination. Reaction of the 4 with the enolate of 1 generated with LDA at - 90 °C
formed the olefins 6 and 7 in 65% yield and with moderate selectivity favoring the
(Z2)-isomer (Z : Eratio 4 : 1)(23). Attempts to change the selectivity of the
olefination reaction by changing the counterion were not successful. Olefination of §
under the same conditions yielded a 6 : 1 mixture of the (E)- and (Z)-isomers 8 and 9

in 63% combined yield(24).
2.4 F _° oTMP
% OTMP + F
(o]
(o] (o)
S S

SiMeg SiMes

o
1.LDA
Fetormp —— 6 7
SiMes (65%) 4:1 (B) :(2)

1 o
2.5 F _yotmp
l:z‘_'\rOTMP + F
o

TBDMSO TBDMSO

8 9
(63%) 6:1 (E) :(2)

The stereochemistry of the major product was confirmed by single crystal X-
ray diffraction study of the phthalimide protected alcohol 16, the product of a later
step in the synthesis. (See Figure 2.)

Figure 2. ORTEP of phthalimide protected alcohol 16.
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Elaboration of the Dipeptide Isostere Functionality. Reduction of the esters 6 and
7 diisobutylaluminum hydride (DIBAL-H) resulted in the formation of the
corresponding alcohols 10 and 11 in quantitative yield. The isomeric alcohols were
separated by column chromatography, also facilitating removal of 2,4,6-
trimethylphenol.

R

S|M03 SIM03
10 1
(97%)

Oxidation of the alcohol 11 to the aldehyde 12 proceeded in 78% yield using a
modified Collins procedure. The aldehyde was converted into the primary amine 13
on treatment of 12 w1th lithium hexamethyldisilazide followed by DIBAL-H(26).

NHFMOC
1 CrOq/pyridine = 1. LIHMDS 1 FMOC-CI = F
CH,Cl, F 2. DlBAL- 2. BFa-ETzO
(o) HO

SiMeg SIMOa
12 13 14
(78%) (26% from 12)

In our initial experiments 12 was protected as the FMOC derivative 14 and the 2-
(trimethylsilylethyl) group was removed with boron trifluoride etherate. Surprisingly
all attempts to oxidize the alcohol 14 to the corresponding acid with chromium
trioxide/sulfuric acid in acetone or pyridinium dichromate in dimethylformamide
proved unsuccessful. Substitution of FMOC-protecting group by ¢-butoxycarbonyl (-
BOC) or benzyloxycarbonyl (Z) lead to the same side reactions on attempted
oxidation. Deblocking of the ether 15, robustly protected as the phthalimide(Phth) 15
with no remaining protons on the allylic nitrogen, formed alcohol 16 which was
easily oxidized with chromium trioxide/sulfuric acid in acetone to form the desired
dipeptide isostere 17.

¢ o
_NH, Cd“‘”o\ N
e Qe
o\ o HO
SiMe, SiMey
13 15 16

(83%) (89%)

Once the utility of the Phth protected material was recognized, the synthesis was
shortened by treatment of 12 with triphenylphosphine, diethyl azodicarboxylate
(DEAD) and phthalimide to form the Phth protected fluoroolefin 15 in excellent yield
(99%). Similarly 18 could be converted to 19.
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CrOg / HoSO4 Ei___(-Nth
16 — 25
F
o

HO
17
(59%)
OH PhyP, DEAD NPhth _ BFsET20
= — = " 16
F phthalimide Ez_(;
TBDMSO TBDMSO
18 19
(77%) (92%)

Peptide Synthesis. As the exchange of Phth group for FMOC that was required to
facilitate solid phase peptide synthesis proceeded in poor yield, we decided to block
the C-terminus of the dipeptide by coupling to the required phenylalanine residue.
Coupling the acid 17 with (L)-phenylalanine-terz-butyl ester using
dicyclohexylcarbodiimide, in the presence of 1-hydroxy-benzotriazole and N-
methylmorpholine led to the bisprotected tripeptide mimic 20 in 77% yield(24). The
phthaloyl group was removed by stirring 20 in excess methylhydrazine at room
temperature for 48 hours. The free amine of was then coupled with +-BOC-(L)-
alanine to obtain a diastereomeric mixture of the protected tetrapeptide isosteres.
After separating the two diastereomers by column chromatography, deprotection of
the +-BOC and -butyl group with trifluoroacetic acid of each diastereomer provided
the optically active tetrapeptide isosteres.

__/~ NPhth NPhth
F (L)-Phe-O-t-Bu Ez—ﬂ: 1. CH3NHNH,
HOB, DCC o 2. +BOC-(L)-Ala, HOBt, DCC

HO  ©

- N-methyimorpholine  HN N-methylmorpholine
om 3 TFA

O-t-Bu
20
(77%)
H O H O +
NI NH; CFsCOpm O___(NJK_, NHz CFsCO;
Q-—(F ) A
(o} >0
HN + HN

(overall yield last four steps 22%)

Cyclophilin A Inhibition Studies. Both diastereomers of the (E) and (Z) dipeptide
isosteres were inhibitors of Cyclophilin A (See Table 2) in the standard assay.(27)

As ground state analog inhibitors these materials show surprisingly good inhibition of
the enzyme. The greatest utility of these compounds may lie in a comparison of these
findings with those obtained with the non-fluorinated analogs. In preliminary studies
we have found significant differences between the tetrapeptides containing the
Y[CF=C] and Y[CH=C] isosteres.(28) Since the two isosteres possess insignificant
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differences in steric demand it is proposed that the differences in binding between the
VY[CF=C] and ¥[CH=C] isosteres reflect the importance of electrostatic or solvation
differences on binding of the cis and trans form of the natural tetrapeptide substrate
Suc-Ala-Ala-Pro-Phe-pNA.

Table 2. Cyclophilin Inhibition Results

Inhibitor Concentration?
Isostere® 1.0 mM 0.5 mM 0.25 mM
@) 41%¢ 30+2% (2)4 0(2)
(VAS) 40% 3013 (2) 72 (2)
(E) 13% 3416 (3) 2414 (2)
(E 50% 43 (1) 26 (1)

a. Substrate Suc-Ala-Ala-Pro-Phe-pNA (0.07mM),
cyclophilin (0.5um). Percent inhibition = (Kjpn

Ket/Keyp - Kew). b. Separated diastereomers of (E)-
and (2)-Ala Gly-¥{CF=C]-Pro-Phe.

Dipeptidyl Peptidase IV (CD26)

It has previously been postulated that dipeptidyl peptidase IV (EC 3.4.14.5, DPP IV,
CD26)possessed a high conformational specificity for a trans P2-Pro bond, a
requirement exhibited by other enzymes as mentioned earlier in this article(29-31).

+ {

DPP IV discovered in 1966(32), is a transmembrane serine peptidase found in a
variety of human tissues and organs(33-35). In particular DPP IV, when expressed
on the surface of CD4+ T-cells is identical with the CD26 antigen and is considered
to be a lymphocyte activation marker(36,37). Although the involvement of DPP IV
in the immune response and regulation of lymphocyte activation has been implicated,
the mechanism of the involvement is not clear.

Relatively few effective inhibitors of DPP IV have been reported(38-45).
Given the requirement for a DPP IV substrate to have a free N-terminal amino group,
it is not surprising that the inhibitors which have been reported generally suffer from
instability. The cyclization reaction of the free N-terminal amino group with the
reactive site of the inhibitor does however require the molecule to assume the cis
conformation, the conformation that was previously proposed to be unreactive with
the DPP IV(29-31). In order to obviate this mode of inactivation and to rigorously
examine the cis-trans selectivity of DPP IV we prepared a series of conformationally
constrained acyl hydroxamic acid type inhibitors(40,46,47) containing the
fluoroolefin dipeptide isostere(48).

Ala-y[(Z)-CF=C]-Pro Isostere for the Study of Dipeptidyl Peptidase IV

To study DPP IV the synthetic strategy described above for the preparation of the
Gly-y[CF=C]-Pro isosteres had to be extended to include isosteres where the N-
terminus would bear a secondary amine such as the Ala-y[(Z)-CF=C]-Pro dipeptide
isostere. An alternative route using a new, simple and convenient to prepare o-
fluoro-a-trialkylsilyl acetate was developed(49) to facilitate this synthesis.
Additionally it was necessary to select an amine protecting group compatible with
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both conventional N-terminal peptide synthesis protocols and that possessed
sufficient lability to be removed without affecting the hydroxamate functionality.
The +-BOC group satisfies these requirements but necessitated some additional
changes in the synthesis as outlined below.

NHPG o O.._(" NHPG
E; F /F
o 0o

HN
o p— f NH ——
o

OTBDMS
—/ O'Bu o J< 0
F p— N o +
™S

OTBDMS

W

X
Z
&0

OTBDMS

tert-Butyl a-Fluoro-a-trimethylsilylacetate. Treatment of commercially available
tert-butyl a-chloroacetate or fert-butyl a-bromoacetate 21 with potassium fluoride
easily yielded fert-butyl a-fluoroacetate 22 in 80% yield. The outcome of the direct
C-silylation of 22 is highly depended on the molar ratio of the reagents employed, as
well as the reaction temperature and time. It was found that C,0-bissilylation and
Claisen condensation always accompanied the desired C-silylation reaction. After
careful optimization, 23 was formed in 71% yield by treatment of 22 with 4
equivalents of LDA and 6 equivalents of chlorotrimethylsilane at -78 °C. The
purification of 23 was achieved by fractional distillation where higher boiling point
by-products were easily separated.

fo) KF, AcNH, o 1. LDA,CH,SiCl (o]
XA 0J< 90°c F M OJ< 2. aq. Tartaric F\)L 0J<
acid SiMeg
21 22 23
X = Br, Cl (80 %) 71%)

Olefination and Functional Group Elaboration. Peterson olefination of the
TBDMS-protected 2-(hydroxymethyl)cyclopentanone(50). 5 under our modified
conditions employing tert-butyl a-fluoro-a-trimethylsilylacetate 23. The fluoroolefin
product 24 was obtained as a 1.2 : 1 ratio of (Z): (E ) isomers (as determined by 19F
NMR) in 78 % yield.

o
o
F\)lok 1.LDA —( O-tBu _ — o180
SiMeg 2.5 F 0
OTBDMS OTBDMS
24b

23 24a
4B%) (35%)

Following separation of the double bond isomers by column chromatography,
treatment of 24a or 24b was treated with a slight excess of DIBALH (1.2 to 1.5
molar equivalents) in diethyl ether at -78 °C for 1 h, formed the aldehyde 25 in
excellent yield. The success of these reaction conditions was in contrast with our

In Biomedical Frontiers of Fluorine Chemistry; Ojima, |., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: August 13, 1996 | doi: 10.1021/bk-1996-0639.ch010

Downloaded by DARTMOUTH COLL on April 18, 2010 | http://pubs.acs.org

138 BIOMEDICAL FRONTIERS OF FLUORINE CHEMISTRY

earlier reported results where reduction of 6 or 7 led only to formation of the alcohol
on treatment with DIBALH.

DIBALH
gq Other, -70°C Q__)L Q_\f

OTBDMS OTBDMS

(93%) (78%)

The selective 1,2-addition of methyllithium to aldehyde 25 was easily accomplished.
After purification by chromatography according to Still, the combined yield of the
separated diastereomers of the secondary alcohol 26 was 80% . Transformation of 26
to the protected amine 27 was carried out under standard Mitsunobu conditions over
four days. As could be anticipated, low yields resulted in both the (E ) and (Z ) cases
(29% and 49%) probably as a result of the steric effect of secondary alcohol on the
displacement reaction. Unfortunately, the phthalimide protecting group was not
suitable in these cases because of the forcing conditions required for its removal; the
phthalimide group could only be liberated by treatment of 27 with excess
methylhydrazine at room temperature for two days. The long reaction times and low
yields of the Mitsunobu reaction when combined with the difficult deprotection
resulted in depressingly low overall yields of amine 28

25 CHaLi, THF OH DEAD, PPh3 CHaNHNHz —/™ NH,
78 °C F phthahmlde 2 days F

OTBDMS orsoms OTBDMS
26a (7) (80%) 27a (2) (29 %) 28a (2) (72 %)
26b (E) (83 %) 27b (E) (49 %) 28b (E) (86 %)

Although there was literature precedent for the direct alkylative amination of
aldehydes, repeated attempts to form the desired amine 28 from aldehydes 25a or 25b
under these conditions(10, 26, 51, 52) failed. Treatment of aldehyde 25a with
LHMDS (1.2 equiv.) in diethyl ether at -30 °C for 1 h, then subsequent addition of
methyllithium (2.0 equiv.) in ether at -78 °C followed by stirring for an additional
hour afforded the desired amine 28a in 93% yield as a 1.3:1 ratio of diastereomers.

o N SiMe3
H LHMDS _ L H CHaLi
F  ether, -30°C F ether, -78 °C
OTBDMS OTBDMS
25 27

The mixture of diastereomers was protected using 2-(Boc-oxyimino)-2-
phenylacetonitrile (Boc-ON) according to the standard procedure(53) in good yield
(77%, overall from aldehyde 25a).

—( > NH Boc-ON, TEA NHBoc
F dioxane F
OTBDMS OTBDMS
28a 29a
77% from 25a
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Selective cleavage of the silyl ether 29a, in the presence of the Boc-group, was
accomplished by treatment with acetic acid-water-THF liberating the primary alcohol
30a in 94% yield as a 1.2 : 1 ratio of diastereomers(54). Following separation of the
diastereomers by column chromatography, Jones oxidation of the alcohols /-30a and
u-30a, respectively, yielded the corresponding crystalline carboxylic acids, /-31a and
u-31a, without loss of the acid-sensitive Boc-group.

. 1. AcOH/H,O/THF — /" NHBoc R O=(:"NHBOO
2. Separation by F Y F

column 4
chromatography HO HO
Total yield 94 % /-30a u-30a
= 1. ImpCO z
|.308 Jones __/ NHBoc 2- NH20H-HCI __/~ NHBoc
F 3. BzCl F
(o) o
HO RONH
/-31a /-32a R=H
/-33a R=Bz
J = 1. ImxCO =
ones 2 2. NHzOH-HCI 2
—(¢ NHBoc < ‘2-7"% —¢ NHBoc
u-30a O F 3. BzCl O., F
7=0 ’)=O
HO RONH
u-31a u-32a R=H
u-33a R=Bz

Hydroxamic Acid Introduction. Diastereomer 31a was hydroxylaminated via
addition of 1,1'-carbonyldiimidazole to form the reactive acylimidazole, which was
subsequently condensed with hydroxylamine hydrochloride(655, 56). in the same
manner to form the hydroxamic acid 32a in 20% yield. Acylation of the 32a with
benzoyl chloride by addition of equimolar amount of benzoyl chloride and pyridine
formed the 33a in 51% yield. Deblocking of the Boc-groups was accomplished by
using 1 M HCl in AcOH to give compound 34a.

—( ™ fiHgC!
1 MHCI/ AcOH E
o

DPP IV Inhibition.

In comparison with other inhibitors described in the literature one of the
diastereomers of 34a, 34a', showed superior inhibitory properties for DPP IV(See
Tables 3 and 4). Both the u and /, diastereomers were tested but the structures have
not yet been assigned. Both 34a" and 34a' were stable in aqueous solution at neutral
pH for a period of 25 days. In contrast to Ala-Pro-NHO-Bz(4-NO3) which had a
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half-life under the assay conditions of 9 hr,(40) 34a" and 34a' had a half-life of 103

hr.

Table 3. Inhibition of DPP IV by Fluoroolefin Containing N-peptidyl-O-
hydroxylamines

% Inhibition 2
Inhibitors JmM 2min 30 min
34a' Ala-y[(Z)CF=C]-Pro-NHO-Bz 0.01 4 1
0.05 17 25
34a" Ala-y[(Z)CF=C]-Pro-NHO-Bz 0.01 42 39
0.25 100 100
Ala-Pro-NHO-Bz(4-NO») 1.10  29b 60

a. Percentage inhibition was measured after 2 or 30 min incubation in 45 mM

phosphate buffer, pH 7.7 at 30 °C. Gly-Pro-p-nitroanilide was used as substrate.
b. Incubation time 10 min.

Table 4. Inhibition constants of inhibitors of DPP IV, 34a' and 34a"

Tnhibitors Ki @M)
34a' Ala-Y[(Z)CF=C]-Pro-NHO-Bz 14,400

342"  Ala-Y[(Z)CF=C]-Pro-NHO-Bz 188
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