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PREFACE

Advances in Medicinal Chemistry brings interesting, personalized accounts of drug
discovery and drug development into the limelight. This fourth volume in the series
is comprised of six chapters on a wide range of topics in medicinal chemistry,
including molecular modeling, structure-based drug design, organic synthesis,
peptide conformational analysis, biological assessment, structure—activity correla-
tion, and lead optimization. The first account presents an exciting story about amino
acid-based peptide mimetics corresponding to B-turn, loop, and helical motifs in
proteins as a probe of ligand—receptor and ligand—enzyme molecular interactions.
An integrated approach that involves structural knowledge from libraries of con-
formationally constrained peptides and combinatorial chemistry is discussed.

The second chapter addresses new facets of the medicinal chemistry of the
important anticancer drug Taxol® {paclitaxel). Ojima and coworkers explore, in
particular, the structure—activity relationship associated with the 3-phenylisoserine
side chain, synthetically exploiting their “B-Lactam Synthon Method”. Their
research has led to, among other things, a series of noteworthy “‘second-generation”
taxoid anticancer agents.

The third chapter is a tour-de-force account of the search for new drugs for the
treatment of malaria based on the natural product artemisinin. Malaria continues to
inspire new drug discovery research because of its increased incidence in develop-
ing countries, as well as the development of resistance to conventionally adminis-
tered drugs. Projections show that this disease will gain a greater biological range
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as the Earth gradually warms in the future. The University of Mississippi group has
combined traditional synthetic methods, the use of mechanistic probes, and mo-
lecular modeling to improve our understanding in this area.

The fourth chapter applies computational chemistry to the evaluation of com-
pound libraries for biological testing. To the trained medicinal chemist, the question
of molecular diversity can often be answered by using subjective criteria based on
intuition and experience. To put this analysis on a more objective and reproducible
footing, workers at Tripos have developed computer algorithms to design the
proprietary virtual ChemSpace and synthesized Optiverse libraries. Comparisons
with current drugs and those in development offer evidence that this approach is
moving in the right direction.

The fifth chapter describes the construction of a three-dimensional molecular
model of the human thrombin receptor, the first protease-activated G-protein
coupled receptor (PAR-1), as a means to explore the intermolecular contacts
involved in agonist peptide recognition. Site-directed mutagenesis data coupled
with modeling results led to a suggestion of a potential ligand—receptor mode of
interaction, which might be useful for the design of PAR-1 antagonist ligands.

Finally, workers at Merck describe their research on inhibitors of farnesyl
transferase as a potential treatment for human cancers. This chapter reveals today’s
medicinal chemistry at its best, with many different research facets being brought
into focus, including: screening of compound libraries, peptidomimetic research to
simplify an active peptide agent, computer-assisted modeling, NMR and X-ray
structure analysis of enzyme-bound inhibitors, and directed synthesis of single
compounds or libraries for biological testing.

We thank the contributing authors for their superb chapters and the R. W. Johnson
Pharmaceutical Research Institute for support of our editorial efforts.

The R. W. Johnson Pharmaceutical Research Institute Bruce E. Maryanoff
Spring House, Pennsylvania 19477 Allen B. Reitz
Series Editors
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I. INTRODUCTION

A. Sources for Finding Lead Compounds

Due to the enormous progress over recent years in genome sciences, an increasing
number of biologically relevant target proteins (e.g. receptors, enzymes, transcrip-
tion factors, modulators, chaperones) have become available in pure form for
detailed studies of their structure, mechanism of action, and function in living
systems. Numerous crystal structures of pharmacologically relevant proteins [e.g.
platelet derived growth factor (PDGF),!* nerve growth factor (NGF),? HIV- prote-
inase,* collagenase,5 insulin receptor kinase domain,‘s’7 calcineurin/FKBP12-
FK506 complex®] have initiated drug development programs that turned out to be
very successful.

This literal burst of novel biological targets has also created a need for novel
sources of new organic molecules for screening, and also for more efficient
screening technologies. Combinatorial and parallel synthetic chemistry have re-
cently emerged as promising approaches to satisfy the increasing demand for new
families of novel compounds.

The interactions of the four key elements that are needed to carry out successful
screening and lead finding are shown schematically in Figure 1. In addition to
molecular biology, genomic sciences, and chemistry, which provide novel targets
and the necessary biomolecules for high-throughput screening (HTS), efficient data
management has also become a key factor.

The last 15 years of drug discovery have been heavily influenced by structural
knowledge of target proteins and molecular modeling techniques, which allowed
in some cases the design of tailor-made ligands. This so-called “rational drug
design” approach, albeit quite successful, has recently been critically analyzed and
reviewed in many drug discovery programs, and elements of random design have
again become quite fashionable. In this account, we would like to present ideas,
tools, and strategies that comprise an integrated lead discovery approach. The
approach combines structural knowledge of target proteins and efforts to design
conformationally constrained small peptides with combinatorial and parallel chem-
istry techniques.

Amino acid-derived peptide mimetics>'° corresponding to exposed protein epi-
topes, such as B-turns, loops, 3,o-helical and o-helical structures, can serve as
valuable tools to probe potential ligand-receptor or ligand—-enzyme interaction
sites, and are discussed in Section II. Ligand-receptor interactions spanning large

0
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Genomic Sciences
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Data
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Chemistry

New Molecules
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Synthetic Small Molecules
Peptides, Peptidomimetics, Peptoids

Combinatorial Libraries

Figure 1. Four key elements of modern lead finding.

surface areas have been a challenge for drug discovery programs,!! and so far it has
been notoriously difficult to find small-molecule ligands as lead compounds (vide
infra). In these cases, an integrated approach, combining structural knowledge
derived from libraries of conformationally constrained small peptides with combi-
natorial chemistry, seems a very promising approach. In Section III we presentideas
as to how such structural knowledge may be transferred to small non-peptidic
molecules, again using parallel and combinatorial chemistry. This integrated ap-
proach of combining rational and random elements is schematically illustrated in
Figure 2.

After atarget protein has been identified and selected, it is expressed and purified
using modern biochemical techniques. Once the material is available in pure form
and sufficient quantity, the phases of structure determination and assay develop-
ment usually start simultaneously. The assay is subsequently transferred into a
format suitable for HTS, whereupon the process of screening a large number of
structurally diverse compounds is initiated. The selection of these compound
collections is usually performed in a random fashion, or by using 2D- and 3D-clus-
tering techniques.'? Once a ligand molecule has been identified in the screening
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process, it can serve as a starting point for lead optimization and/or, in case crystals
of the target protein are available, be cocrystallized with the protein. Based on
structural information regarding the binding mode of a ligand molecule to an
enzyme or receptor, an alternative approach involving “de novo” or rational design
of an “ideal” ligand can be contemplated. In the ideal case, the two approaches
converge into lead molecules showing common structural features which ultimately
will be transferable into a development compound.

The different sources for novel lead compounds are schematically shown in
Figure 3. Natural products isolated from microbial broths or plants are still very
valuable sources of good lead compounds. Taxol,'? avermectin,* mitomycin { AD-
DIN},*"17 and FK-506'® are only a few examples of natural products that served
as a starting point for intense optimization programs. Equally valuable sources in
the search for interesting lead compounds are small molecular weight compound
collections of industrial and academic origins, which have been amassed over the
years or have been generated by parallel and combinatorial techniques. Due to their
usually simpler structures, these small molecules can often be modified in a more
efficient way than natural products. Based on the 3D structure of a target protein,
libraries of small conformationally constrained peptides, incorporating amino acid
templates 1 corresponding to exposed protein epitopes, can be designed, synthe-
sized and tested, and such compound collections are potentially an additional
interesting source of novel lead compounds. Section II of this account will espe-
cially focus on this aspect of lead discovery.

In the early phase of HTS, the compound collections will be rather large and of
the random type (Figure 3). Based on first lead structures emerging from HTS, more
tailor-made compound collections will be generated and screened. At that stage,
rational design elements are usually of increasing importance. Lead compounds
which originated from a compound collection generated by parallel and combina-
torial chemistry are of particular value in this development phase since the optimi-
zation process is accelerated by the modular synthetic approaches used. In the lead
optimization phase, focused libraries containing all the structural elements of the
lead compounds play a greater role for fast development of clinical candidates,
thereby helping to reduce the overall development costs.

B. Lead Finding Using Conformationally Constrained Peptides
Mimicking Exposed Protein Epitopes

As the number of 3D structures of receptors that are relevant targets for drug
design grow, new opportunities arise to apply design and combinatorial screening
methods to identify small molecule peptide mimetics of the key “functional
epitopes” involved in ligand recognition. We highlight below recent advances in
protein chemistry, that provide a biochemical perspective to the theme of peptide
and protein mimetics, discussed later in this chapter.



Synthetic prggg:,rgt's
Compound Collections
Random < Random
Design
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.

Figure 3. Sources for compound libraries in the drug development process.

L



Novel Peptide Mimetic Building Blocks and Strategies 7

We leave aside, here, the class of G protein-coupled membrane-bound receptors
with seven transmembrane-spanning helices,2® for which the discovery of novel
small molecule drug leads is amply precedented. Instead we focus (for reasons of
personal interest) on the many signaling pathways operating between mammalian
cells, which are initiated by the binding of a protein ligand (e.g. integrins, cytokines,
growth hormones, etc.) to a receptor displayed outside the cell. Docking of the
protein ligand to its receptor triggers signal transduction across the membrane,
which ultimately leads to changes in the levels of gene expression in the nucleus.
Small molecules that block specific signaling pathways appear to have great
potential for the treatment of a wide range of human disorders, yet up to the present
have been difficult to identify.

The extracellular portion of receptors in the cytokine and hematopoietic recep-
tor superfamily?' typically comprise two or more immunoglobulin(Ig)-like
domains®*>~%° (Figure 4). A small transmembrane segment, typically sufficient
in length for a membrane-spanning helix, leads to the cytoplasmic domain,
which acts as the focal point for interaction with other cellular components. A key
feature of the mechanism of signal transduction across the cell membrane involves
the association of two or more receptor chains through complexation of their
extracellular domains with a single copy of the ligand. In this way, the intracellular
receptor domains and their associated kinases are also brought together, which is
crucial for interactions with other cytoplasmic proteins.

From a structural viewpoint, perhaps the best studied ligand—receptor complex
is that with human growth hormone (hGH).2-2® Crystallographic studies have
revealed a complex comprising a single growth hormone molecule bound to two
extracellular receptor chains (Figure 5). The extracellular receptor consists of two
Ig-like domains, each with a fibronectin-III fold. At each hGH-receptor (HGR)
interface, intimate interactions between the largely helical ligand and the receptor,
involving hydrogen bonding and van der Waals interactions, extend over an area of
ca. 1300 A% The two interfaces are not identical, showing that the same set of
residues on the receptor monomers can bind to different parts of the hormone. In
addition, there is a direct interaction over ca. 500 A? between the two HGR
molecules in their membrane-proximal Ig-like domains. Support for the dimeriza-
tion mechanism of hGH-receptor activation has come from studies of monoclonal
antireceptor antibodies that act as receptor agonists since they are able to dimerize
the receptor, whereas monovalent fragments cannot and act as antagonists.2®

At high concentrations, human growth hormone itself acts as an antagonist
because of a difference in affinity for the receptor at its two receptor binding sites.
This antagonist action has been accentuated by introducing mutations into the
low-affinity site that further reduce affinity for the receptor, and by combining these
with mutations that enhance binding at the second site.?”?*** The structure of one
such antagonist mutant of human growth hormone (G120R) in complex with a
single receptor chain has also been described.?!
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Figure 4. Some members of the hematopoietic cytokine receptor superfamily.
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Figure 5. Ribbon diagram of the hGH receptor (grey) in a complex with growth
hormone (black) (Brookhaven file 3HHR). The two receptor chains flank the largely
helical growth hormone. The membrane proximal region is at the bottom.

A similar overall topology was found in the crystal structure of human interferon
v (IFNY) bound to the IFNy-receptor o-chain,3? which also revealed a 2:1 recep-
tor-ligand stoichiometry (Figure 6). In this case, the ligand is a homodimer (2 X 17
kDa), whereas each receptor chain again comprises two Ig-like domains. About 960
A? of accessible surface is buried at each interface upon complex formation, but
the two interfaces are essentially identical, and the receptor chains do not make
direct contact with each other. In this system, however, signal transduction requires
a second receptor chain, the IFNYR f3-chain, which binds the 1:2 ligand—receptor
complex.33 Thereafter, on the cytoplasmic side of the membrane, STAT1, a tran-
scriptional activator is recruited into a complex in which JAK-1 and JAK-2 kinases
are associated with the intracellular portions of the receptor a- and B-chains,
whereupon STAT1 is activated by phosphorylation. After release from the receptor,
the phosphorylated STAT1 dimerizes, and with or without additional factors,
migrates to the nucleus to activate transcription through GAS-related DNA re-
sponse elements >*
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IFNy

—

Figure 6. Ribbon diagram of the human IFNy receptor (grey) in a complex with hIFNy
(black grey). The two identical receptor chains flank the homodimeric, largely helical,
cytokine molecule. The membrane proximal region is at the bottom.

A quite different binding topology and stoichiometry was found recently in the
crystal structure of IL-1B complexed with the type-I IL-1 receptor.® The extracel-
lular IL-1R comprises three Ig-like domains, which wrap around the ligand in a
manner quite distinct from that found in the GHR and IFNYR systems. In this case,
a total of 2088 A? of solvent accessible area is buried upon formation of the 1:1
ligand-receptor complex. IL-1 is the only cytokine for which a naturally occurring
antagonist (IL-1ra) is known. The IL-1ra protein (152 residues; a six-stranded
[-barrel similar to IL-1B) appears to be a physiologically important regulator of
IL-1 activity, and shows about 30% sequence homology with IL-1f. Signaling
through the IL-1 receptor requires the formation of a ternary complex between
IL-18, IL-1R, and another membrane receptor accessory protein. When IL-1ra
binds the IL-1R the ternary complex with the accessory protein cannot be formed,
and signaling does not occur. The crystal structure of IL.-1ra bound to the IL-1R
has also been solved to 2.5 A resolution.’® IL-1B and IL-1ra bind in the same
concave elbow region of the [L-1R, although there are significant differences in the
way the two ligands contact the receptor protein. In particular, IL-1f makes more
extensive contacts with the third membrane proximal Ig-like domain of the receptor
than does the antagonist IL-1ra.

Structural data is also available for tumor necrosis factor (TNF) bound to a soluble
fragment of its receptor’’ in a 3:1 receptor:ligand stoichiometry, and for tissue factor
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bound to factor VIIA in a 1:1 complex.>® Both of these complexes are characterized
by the burial of a large area of solvent accessible surface upon complex formation.

The concept of rational drug design is based on the assumption that if the atomic
structure of a ligand—receptor complex were known, it would become possible to
design small molecules that block or mimic the action of the protein ligand, thus
providing antagonists or agonists, respectively. However, these ligand-receptor
crystal structures illustrate a major difficulty in the design of a small molecule
antagonist; namely, the protein ligands bind their receptors by interacting at various
points across a large surface area. Until recently, it was unclear whether a “small”
molecule could be found that mimicked the same binding contacts to the receptor
as the natural ligand.

With high-resolution structural data available, it becomes feasible to design and
interpret mutagenesis studies which aim to identify the key interactions that
contribute most to the stability of ligand—receptor association. In the hGH-receptor
complex, residues buried in the ligand—receptor interface were systematically
replaced by alanine and the effect on ligand—receptor binding was assayed.?-**~4?
Of about 30 side chains from each protein that make contact, on the receptor side
a central hydrophobic region dominated by two tryptophan residues (W104 and
W169) accounts for more than 75% of the binding free energy. A similar analysis
on the hormone side showed that 8 out of 31 side chains in hGH accounted for about
85% of the binding energy. Moreover, the energetically important and unimportant
residues on one molecule pack against those on the other. The buried surface thus
appears to comprise a critical tightly packed hydrophobic core, surrounded by more
polar groups involved in hydrogen bonding and charged interactions that make a
much smaller contribution to the free energy of binding. In other words, the
hGH-receptor complex appears to be stabilized by a few strong interactions near
the center of the interface, a so-called energetic epitope or “hot-spot™ of binding
energy,*! rather than through the accumulated effects of a network of weaker
interactions spread more-or-less evenly across its surface. These appealing results
suggest, of course, that a small molecule mimic of the central energetic or functional
epitope might provide access to high-affinity inhibitors of the ligand—receptor
interaction.?’

An astonishing demonstration that small molecule cytokine receptor ligands can
be found came recently with the discovery (through combinatorial methods) of a
20-amino acid disulfide bridged peptide that binds and activates the erythropoietin
(EPO) receptor.*** Human EPO is the principal regulator of red blood cell
production, and comprises a 34 kDa glycoprotein of 166 amino acids. EPO is used
to treat patients with renal anemia, and has the more general effect of stimulating
erythropoiesis. EPO signaling is initiated when the ligand dimerizes the EPO
receptor. By screening a random phage Cys-X,-Cys peptide library a consensus,
weak (K, = 10 uM) EPOR binder was isolated. The affinity of this peptide for the
EPOR was then improved by adding flanking residues and mutagenesis of the
internal residues. This resulted in the isolation of a disulfide-bridged peptide
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(GGTYSCHFGPLTWVCKPQGG) with a K, of = 200 nM (compared to ca. 200
pM for EPO). Even more remarkable, the peptide activates the EPO signaling
pathway by dimerizing the EPOR.** How this is achieved was revealed in a crystal
structure of the peptide~EPOR complex ** (Figure 7). The extracellular part of the
EPOR comprises two domains with high structural homology to the hGH-receptor
complex. Two peptide molecules form a complex with two EPO-receptor chains,
and each peptide takes up a B-hairpin conformation with a turn at Gly®>-Pro’®, The
two PB-hairpins in the dimer are arranged face-to-face at about right angles in the
complex, such that each peptide interacts not only with its peptide partner but also
with both EPO-~receptor molecules. Hydrogen bonding and a small hydrophobic
core apparently stabilize the complex.* It may be more than a coincidence that the
dimeric peptide binds to the EPOR at a site analogous to the energetic hot spot
identified on the hGH-receptor. This example illustrates the potential of phage-
display methodology for ligand discovery, and importantly, establishes the feasi-
bility of discovering small molecule mimetics of large polypeptide hormones.
Recently, peptide ligands of the IL-1 receptor* and ICAM-1% have also been
isolated from phage-display libraries. We highlight later in this review how small
molecule mimetics of loop epitopes are being sought by using synthetic methods.
This raises the prospect of combining the biological and chemical approaches to
ligand discovery, for example, by using phage display to screen large libraries of

EPO-R . EPO-R

Figure 7. Ribbon diagram of the EPO-receptor bound to a disulfide-bridged agonist
peptide, isolated by phage display methods (Brookhaven file 1EBP).
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constrained peptides (10°~10® members), and refining the hits using chemically
based combinatorial and design methods.

Another interesting example reported recently is the peptide mimetic 1 (Figure
8), which is a small molecule inhibitor of the IL-2-IL-2Ra receptor interaction.*’

P2
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Figure 8. An IL-2 receptor antagonist (1) RGD peptide mimetic gpllb/llia receptor
antagonists.
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IL-2 is a cytokine comprising four helices. Mutagenesis identified residues in the
AB loop (K35, R38, T41, F42, K43, Y45) as being crucial for the binding of IL-2
to its receptor. Although the small molecule inhibitor 1 was intended to mimic the
R38-F42 region of IL-2, and so might bind the receptor, NMR studies indicated
that it actually binds to the ligand.

A related application of phage-display technology, equally relevant for peptide
mimetic design, is in “minimizing” binding determinants in protein and polypeptide
hormones. For example, a truncated analogue of the 28-amino-acid peptide hor-
mone ANP has been identified by phage display.*® The new analogue is a 15-amino-
acid disulfide-bridged peptide with only an eight-fold lower biological potency.
Here, alanine-scanning mutagenesis was used to identify residues in ANP which
are important for receptor binding; these residues were combined into a smaller
disulfide-bridged peptide, and binding affinity was optimized by randomly mutat-
ing nonessential residues.

A similar strategy was also followed to minimize the binding domain from
protein A, a 59-residue 3-helix bundle protein that binds tightly to the Fc portion
of an IgG, molecule.*’ In this case, a 2-helix derivative of just 33 residues was
discovered following multiple rounds of mutagenesis and selection. The mutations
selected in the mini-protein A molecule not only optimize the intermolecular
contacts with IgG,, but also reflect increased stabilization of the 2-helix scaffold.
This work may be relevant for the design of small molecule cytokine receptor
ligands, based on helical mimetics (vide infra), since most cytokines are helical
bundle proteins (see Figure 5 and 6).

Many adhesive proteins in extracellular matrices and in the blood contain an
Ig-like domain with an Arg-Gly-Asp (RGD) cell recognition motif located in an
extended protein loop. These include fibronectin (FN), vitronectin (VN), osteopon-
tin, collagens, thrombospondin, fibrinogen (Fg), and von Willebrand factor (vWF).
The RGD sequences are recognized by members of the integrin receptor superfa-
mily, which are typically heterodimeric glycoproteins (gp) with two membrane-
spanning subunits. Adhesive interactions of blood platelets with plasma proteins,
such as fibrinogen and FN, play an important role in thrombosis and hemostasis. It
is therefore of great interest that binding of these proteins to integrin receptors can
be inhibited by synthetic peptides containing the RGD motif. Even short linear
peptides inhibit ligand binding to the fibrinogen receptor (gplIIb/Illa) in the mid-
micromolar range, but constrained RGD peptide mimetics have been discovered,
which selectively and potently inhibit binding of protein ligands to the integrins
gplIb/Illa (o B,) and o, B, (vitronectin receptor).

Several potent inhibitors of fibrinogen binding to gpIIb/IIla are now known, and
some have proven to be effective antithrombotic agents. These inhibitors tend either
to be small cyclic peptide mimetics, in which the conformation of an RGD sequence
is constrained by macrocyclization, or they are non-peptidic molecules containing
functional group mimetics of the Arg and Asp side chains, held in the correct
geometry for interaction with the receptor. Examples of both classes are shown in
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Figures 8 and 9. Crucial to the success of these small molecule inhibitors is the fact
that the key interactions needed for high-affinity binding to this receptor are
localized in a short motif at the tip of one loop in the protein ligand.

Insights into the conformation(s) this loop might adopt in FN has come from
structural studies by NMR and X-ray crystallography. FN is a dimeric glycoprotein
with a subunit molecular weight of 220-250 kDa. It is a modular protein composed
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Figure 9. RGD non-peptide mimetic gpiib/llla receptor antagonists.
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of homologous repeats of three prototypical domains known as types I, II, and IIL
Each monomer of FN contains a contiguous array of 15-17 of these =90 amino
acid domains (depending on variations in RNA splicing). The RGD motif recog-
nized by the o, B, integrin is found in the tenth type-III repeat. A crystal structure
of the seventh through tenth type-II repeats revealed the RGDS sequence at the tip
of a B hairpin-like loop that extends =10 A away from the body of the FN7-10
molecule and makes no contacts with other regions of the FN molecule crystal-
lography.*® The RGDS motif has backbone torsion angles close to those for a type
IT B3 turn, with R at position i, G (¢ = 80°, y = ~164°) at i+1 and D (¢ = -75°, y =
—24°) at i+2. A similar conformation has been found for RGD motifs present in
tenascin,’ another large extracellular matrix protein, and in the leech protein
decorsin.? However, it seems likely that the conformation of the RGD loop in the
FN7-10 molecule is not rigid, but rather retains some flexibility, as suggested also
by NMR studies of the FN10 domain.>® It is interesting that some of the most potent
RGD mimetic gpIIb/Illa receptor antagonists also populate a type II” B-turn, but
not in the same register as seen in FN10, tenascin, or decorsin. For example
DMP728 (2) (Figure 8) adopts an almost ideal type-II" f-turn centered at D-Abu
@i+1; ¢ = 60°, y = —135°) and N-Me-Arg (i+2; ¢ = ~97°, y = 13.5°) in a crystal
structure, and essentially the same conformation was deduced by NMR in DMSO
solution.>® A closely related conformation was also found in 4 (Figure 8)% A
common feature of the RGD motifs in the protein ligands, and the small molecule
mimetics, appears to be an almost diametrically opposed orientation of the R and
D side chains. Since even non-peptidic small molecules such as those shown in
Figure 9 make potent gplIb/Illa antagonists, it seems likely that the peptide
backbone in the protein ligand “merely” serves to hold the positive and negatively
charged side chains at an optimal distance apart, but itself is not directly recognized
by this integrin.

Inhibitors of ligand binding to the related o f3,-integrin have also attracted
interest. Studies with five- and six-membered cyclic peptides have led to the
hypothesis that an RGD conformation is recognized in which the R and D side
chains are much closer than when bound to gpIIb/Illa.’®%7 Support for this idea has
come recently from studies of the RGD-mimetics shown in Figure 10,8 which are
closely related to DMP728 (2) (Figure 8), but selectively inhibit the o, B;-integrin.
Interestingly, the change in selectivity from gpIIb/IIla to o 3, was accompanied by
a change in preferred conformation from type-II’ to type-I B-turn centered on the
Xaa-Arg residues. Other inhibitors of o f;-integrin have been found, based on a
cyclic pentapeptide backbone, which implicate direct contacts between the peptide
backbone of the mimetics and the a. 3,-receptor.”>®

CD4 is a 55-kDa glycoprotein cell surface receptor that has attracted great interest
recently. It is found on peripheral T-cells that recognize foreign antigens in the form
of peptides associated with MHC-class II protein on antigen presenting cells. CD4
appears to contact nonpolymorphic regions of class II molecules, which leads to
the formation of a ternary complex with the T-cell receptor. Human CD4 also serves
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Figure 10. RGD peptide mimetic o33 receptor antagonists.

as akey component of the cellular receptor for the coat protein gp120 on the human
immunodeficiency virus (HIV). The extracellular portion of CD4 comprises four
Ig-like domains.®! Cyclic peptides that mimic surface loops on CD4 involved in
binding gp120 or MHC-class II are therefore of interest as inhibitors of HIV
infection and CD4-dependent T-cell responses, respectively. Cyclic peptides and
peptide mimetics derived from surface loops on CD4 have been found that inhibit,
albeit weakly (in the mid UM range), in vitro CD4-dependent T-cell responses,
including experimental allergic encephalomyelitis,®* whereas others inhibit the
association of CD4 with gp120 on HIV.5*-¢

Mimetics of several other Ig—receptor superfamily members, or their ligands
have also been found in recent years ® including, for example, residues in human
granulocyte-macrophage colony stimulating factor (GM-CSF),*7 a loop region
on tissue factor (TF),71 a B-turn region of nerve growth factor,72 aloop in intercel-
lular adhesion molecule ICAM-1,” a loop in transforming growth factor-o,”* and
a loop on vascular adhesion molecule 1 (VCAM-1),” to name but a few. On the
other hand, most of the molecules discovered display at best only a moderate
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inhibitory activity (in the mid-uM range, or higher) for their target receptor, and it
remains to be seen whether candidate drug molecules can be developed from these
leads.

Nature makes use of combinatorial methods in the humoral immune system to
select antibodies that are able to recognize a specific target antigen. A high level of
sequence diversity in the complementarity determining regions (CDRs) of antibod-
ies is achieved by the combinatorial assembly of intact antibody-coding sequences
from a large number of heavy- and light-chain gene fragments. It is an appealing
idea, therefore, that monoclonal antibodies (mAbs) previously selected for their
ability to bind a specific target might be used as a starting point for peptide mimetic
design. The aim would be to produce mimetics of the CDR loops in an antibody
that ggtain affinity and specificity for the antigen; a so-called minimal recognition
unit.

Several reports of cyclic peptides and peptide mimetics derived from mAb CDRs
have appeared’’ %6 that do bind the target antigen, albeit with rather low affinity
compared to the parent mAb. The low affinity is not surprising since crystal-
lographic and mutagenesis studies on antibody—protein antigen complexes 8 have
shown that residues in several CDR loops typically provide energetically important
contacts to the antigen. Moreover, it seems likely that the backbone conformation
of each CDR loop plays a key role in accurately positioning these residues for
interaction with the antigen. The discovery of small molecules that mimic (possibly
within narrow design tolerances) the constitution and conformation of multiple
CDR loops in an antibody-combining site is a formidable challenge. On the other
hand, even if the full binding affinity of the intact mAb cannot be reached, useful
applications for such mimetics may still be found. For example, a radiolabeled
peptide from the CDR of an antitumor antibody has been used for specific tumor
targgging, and may find application for breast cancer imaging and possibly ther-
apy.

The main purpose of this section has been to highlight the rapid progress over
recent years in studies of ligand—receptor interactions at a molecular level, and the
new opportunities that arise for peptide mimetic design. This also emphasizes the
need for new approaches and molecular tools in the design of conformationally
defined, small molecule peptide and protein mimetics, which is the main topic of
the remaining sections in this article.

C. Parallel and Combinatorial Chemistry Approaches

As mentioned earlier in the Introduction, combinatorial and parallel chemistry
have emerged as novel technologies to provide libraries of diverse compounds. The
basic idea of combinatorial chemistry is to synthesize starting e.g. from building
blocks A, B, C!, C2, and C? (Figures 11-13) all possible combinations of products
(P'-P%) as single compounds, or as mixtures on solid supports, or in solution. These
compounds can be synthesized in a parallel or in a combinatorial fashion using the
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Figure 11. Linear vs. convergent assembly strategies.

“split and mix” methodology.?**° Since compounds P!-P> were created from similar
building blocks using the same assembly strategy, they form an ensemble or a
library of compounds having the same core structure with all possible combinations
of appended substituents. Prerequisites for a successful combinatorial approach are
sets of highly versatile and reactive building blocks of type A, B and C which can
be readily assembled in a linear or in a convergent fashion (Figure 11). Not
surprisingly, combinatorial chemistry has originated from linear assembly strate-
gies employed in peptide and oligonucleotide chemistry,®? since both building
blocks and coupling chemistry have been extensively established in solution as well
as on solid supports.

Using standard coupling procedures a linear approach yields readily the six
possible combinations of building blocks A!-A? (assuming that for steric reasons
not all three substituents can be adjacent to each other) (Figure 11). The convergent
strategy is usually more demanding both in terms of having access to the reactive
building blocks A, B, and C'-C? (“reactophores”) as well as in elaborating the
corresponding assembly chemistry. Nevertheless, there is currently a significant
shift observable from linear to more convergent strategies, probably due to the fact
that convergent approaches are more likely than linear ones to generate small
“drug-like” molecules.

In convergent approaches, the reactive components A, B, and C!-C3 (Figures
11-13) can be either combined in multicomponent one-pot reactions, where
products P!-P? are formed directly and no intermediates of type D can be isolated,
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or in multigeneration format where stable intermediates of type D can be isolated,
thus forming the first generation products, which subsequently can be transformed
into the same final products P'-P*. Among the multicomponent one-pot reactions,
we would mention among many others the Ugi four-component reaction, the
Strecker reaction, the different Hantsch-type condensations and the Mannich reac-
tion.”® As can be seen from Figures 12 and 13 there are in principle two multigen-
eration reactions possible starting from A: the sequence A in Figure 12, by
combining A with B yields one intermediate D, which subsequently reacts with
C!-C? to form P'-P?, This sequence yields four compounds in total having two
different core structures; the sequence B shown in Figure 13 combines first A with
C!-C? to yield intermediates D'-D?, which react further with B to yield P!-P*. This
strategy produces six compounds in total having two different core structures.

This simple sketch illustrates clearly that convergent multicomponent reactions
performed with a limited set of reactive building blocks (reactophores) in a
multigeneration format offer a tremendous potential to produce diverse small-mole-
cule compound collections, depending on the reaction sequence used (the “combi-
natorics of reactive building blocks™). The concept of combinatorics of reactive
building blocks should ultimately lead to novel multicomponent reactions. In
Section III we will focus on reactophores such as a-alkynyl ketones, which allow
the construction of a wide variety of core structures.
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In addition to using tailor-made reactive building blocks in multigeneration
and/or multicomponent assembly strategies, the introduction of solid supports
offers further interesting perspectives for efficient library generation. They can be
employed as polymer-bound reagents®*®> and polymer-bound trapping reagents,
when reactions are performed in solution, or as supports for multigeneration
reactions. Although there are some limitations in the reactions that can be employed
on resins compared to solution chemistry, more and more solid-phase reaction
procedures are currently being developed.”

Novel resin—cleavage strategies have emerged recently as valuable tools in
combinatorial and parallel chemistry. The most promising strategies can be sum-
marized as follows:

1. Cleavage of one specific functional group, such as a carboxylic ester,
hydroxamate or amide. This strategy is especially useful to produce focused
or targeted libraries.

2. Multidirectional cleavage strategies, which offer the possibility to
liberate several different functional groups or elements of diversity. “Safety-
catch” linker strategies®”*>1% have been of special interest in this context.

3. Cleavage procedures that take advantage of concomitant cyclizations have
also proven to be interesting methods to generate novel core structures.'?

93,97,98
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This strategy often produces clean products since only those molecules are
cleaved that have gone through the whole reaction sequence.

In Section II.C we will present novel tricyclic xanthene derived amino acid
templates, which allow the construction of libraries of cyclic conformationally
constrained peptide loop mimetics using the “split-and-mix” method without
having to use tagging and deconvolution strategies. In Section III we will focus on
parallel and combinatorial approaches devoted to the synthesis of small molecule,
non-peptidic compound collections, which in addition offer the possibility to
incorporate structural features derived from protein epitope mapping into confor-
mationally constrained peptide mimetics.

H. NOVEL AMINO ACID-DERIVED TEMPLATE
MOLECULES FOR PROTEIN EPITOPE
MAPPING USING CONFORMATIONALLY
CONSTRAINED SMALL PEPTIDES

A. Derivatives of a,a-Dialkylated Glycines
Introduction

The conformational flexibility of short peptides can be significantly reduced by
replacing one coding amino acid by a sterically constrained unnatural amino acid
analogue. As will be shown in this section, such a conformational constraint
initiated by one unnatural amino acid is not limited to very short peptides but can
extend into 9 to 12-mer peptides. The simple concept of replacing coding amino
acids by sterically constrained analogues has been widely used in drug discovery
programs and has led, for example, to potent inhibitors of renin,'® HIV-pro-
tease,'>1% and collagenase.!® In the latter case, fert-butyl glycine was used to
stabilize the 3-sheet type conformation required for specific binding to the enzyme.

Among the growing number of noncoded synthetic amino acids, the open-chain
and cyclic a,a-disubstituted amino acids of type 11-22 (Figure 14) have become
important 157197 dye to their inherent propensities to stabilize rather well-defined
conformations in short peptides, depending on the nature of the substituents at the
a-position.'® 1% The o-methylated o-amino acids have been particularly well
investigated due to their ability to stabilize 3,,- and a-helical as well as B-turn type
conformations in peptides.'® Much less was known about the conformational
behavior of optically pure a,a-disubstituted glycines combining two side chains of
proteinogenic amino acids (“a-chimeras”) at the a-center.

In one example, (S)-a-methylproline (P°) has been used as a replacement for
Pro to stabilize B-turn conformations in peptide antigens.!!"''? Proline is found
frequently at the i+1 position of B-turns in protein crystal structures (vide infra),
but the tendency for a turn to form in peptides is frequently enhanced upon
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substituting Pro by PM®, For example, “nascent turns” in the interesting Asn-Pro-
Asn-Ala (NPNA) motif, found as a tandemly repeated unit in the immunodominant
site on the cicumsporozoite protein on the malaria parasite Plasmodium falciparum,
were stabilized by substituting Pro by PM¢.12 A 12-mer (NPMeNA)3 peptide was
shown by NMR to populate extensively type-I 3-turns, within each NPMNA motif.
This methylated 12-mer peptide elicited antibodies that bind to the malaria parasite,
thus providing some evidence for the biological relevance of the deduced PB-turn
conformations.!!? Molecular dynamics simulations with time-averaged distance
restraints derived from NOE data also suggested how peptides containing multiple
tandemly repeated NPNA motifs might fold to give a stem-like super-secondary
structure with linked BI-turns.!!?

Recently, it was shown!% that a large variety of novel and interesting open-chain
and cyclic (R)- and (S)-o,0-disubstituted glycines could be synthesized in optically
pure form using the strategy outlined in Scheme 1. Treatment of the 4,4-disubsti-
tuted-1,3-0xazol-5(4H)-ones 25, which were obtained either from the hydantoins
23 via the classical Bucherer—Bergs reaction, or ¢t-alkylation of the 4-monosubsti-
tuted-2-phenyl-1,3-oxazol-5(4H)-ones 24 (R’ = Ph) with an optically pure amine
26 derived from L-phenylalanine, yielded the diastereomeric peptides (R,S)-27 and
(5,5)-28, which were separated by crystallization and/or flash-chromatography
(FC) onsilica (Scheme 1). Selective amide cleavage using trifluoromethansulfonic
acid (CF;SO,H) in methanol gave the optically pure esters (R)- and (S)-29. The
corresponding amino acids could be obtained in high yield by treatment with 25%
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aqueous HCl in dioxane at 100 °C. We were able to show that the separation of the
diastereomeric peptides (R,$)-27 and (S,5)-28 (Scheme 1) depended largely on the
nature of R” (Ph >> CH,) and even more importantly on the amines 26a-c.
L-Phe-cyclohexylamide 26¢ proved to be a particularly powerful chiral auxiliary
for resolving a whole range of a,a-disubstituted glycines.

Many diasteromeric peptides of type (R,S)-27 and (S,S)-28 (Scheme 1) could be
crystallized and their absolute configuration determined based on the known
(S)-configuration of L-phenylalanine. Table 1 shows a compilation of the relevant
torsional angles (®,/'¥,) derived from crystal structures of the peptides shown.!®®
It is interesting to note that the (S,S)-diastereomers show a high prevalence for
[3-turn type I conformations in the crystal state.

An interesting comparison can be made looking at the ¢t- and B-tetralin deriva-
tives entries—15/16 and —17 in Table 1 which can be regarded as cyclic confor-
mationally constrained analogues of phenylglycine and phenylalanine. In an
interesting study, 6-hydroxy-2-aminotetralin-2-carboxylic acid 12 (Hat) has been
incorporated as a conformationally constrained tyrosine analogue into 8-opioid
receptor selective tetrapeptides.!!*1!> Whereas entry 15, the (S)-o-tetralin deriva-
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Table 1. Conformations Found in Crystal Structures of Dipeptide Mimetics

(0] R! R?
MEL
0

Diastereomer * R! R? R} o, ¥, o, Y, d Turn Type !
1 R/S CH,PhOMe i-Pr 26¢ -57 -27 -75 -10 292 Type (o)
2 SIS CH,PhOMe i-Pr 26¢ -54 -27 -85 -8 2.96 Typel(ao)
272 SIS CH,PROMe i-Pr 26¢ -57 -31 -8l -14 296 Typel(ao)
3 R/S  CH,PhOMe Ph 26¢ -63 -13 -82 -9 2.97 Typel (oo
3?2 R/S  CH,PhOMe Ph 26¢ -65 -15 -80 -6 2.97 Typel (co)
4 SIS CH,PhOMe Ph 26¢ +180  +175 133 +118 —  Extended
5 S/ CH,NHCOPh Me,CHCH, 26¢ —60 -28 -74 -16 295 Type I (ao)
6 R/S CH,NHCOPh Me,CHCH, 26¢ -43 —42 -84 +1 295 Type I (o)
7 R/S CH,NHCOPh Me 26¢ +64 +27 -77 4176 —  Extended
8 R/S CH,0COPh Me 26¢ —48 -51 ~111 +28 3.15 Type I (o)
9 R/S  Ph Me 26¢ +50  -130 -90 +4 2.87 TypeIl’ («a)
10 R/S i-Pr Me 26¢ +70 +40 -158 +117 — Extended
11 SIS CH,Ph Me 26¢ ~60 24 -90 -2 293 Typel(ao)
12 R/S CH,0COPh 26¢ -55 -33 -81 -8 2.94 Typel (o)
13 S/S CH,CH,COOtBu 26¢ —44 —48 -81 +2 2.89 Typel(ao)
14 R/S CH,CH,COOtBu 26¢ -53 —42 -103 +20 3.10 Typel (o)
15 S/S (5)-14 (Fig. 14) 26b +38 -130 -92 +2 2.85 Typell'

16 R/S  (R)-14 (Fig. 14) 26b ~41 4130 -153  +164 —  Extended
17 S/s ($)-11 (Fig. 14) 26b -57 —44 -109 +23 3.08 Type I (a-helical)

Notes: !see Table 5.

2Second of two molecules in the asymmetric unit.
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tive, shows a f-turn type II’ (compare Section II.B) and its (R)-counterpart (entry
16) an extended conformation, the (S)-P-tetralin derivative (entry 17; Table 1)
shows an almost perfect a-helical arrangement placing the N-benzoyl group in axial
position and the carbamoyl group in a pseudo equatorial position. These observa-
tions prompted us to select the (S)-P-tetralin amino acid as our central template for
o-helical stabilization of small peptides (see Section II).

Incorporation of a,a-Dialkylated Glycines into 9-Mer, 10-Mer, and
12-Mer Peptides

In order to evaluate the 3,,- and o-helix compatibility of novel optically pure
unusual amino acid building blocks in short peptides, we designed the novel
alanine-rich, hydrophobic peptides depicted in Figure 15.'6

The number of residues in the peptides was chosen between 9 and 12, correspond-
ing to a range of 2.5 to 3 a-helical turns, which is the peptide length where a- and
3,0-helices are known to coexist.'® The helicities of the reference peptides (Xaa =
Aib) measured by CD spectroscopy, were determined to be between 35 and 38%
(assuming pure a-helicity). These values were derived by estimating the ot-helicity
at 222 nm. It has been shown,'® however, that hydrophobic peptides of this type
exist as a mixture of 3,,- and a-helical conformations in TFE/H,O (1:1). The 9-mer
reference peptides were intended to be used to calibrate an a-helix induction scale
for the o, 0-disubstituted glycines 11-22 (Figure 14). The 10-mer sequence with
Xaa at position 1 was designed and synthesized to probe the helix induction
potential of the unusual amino acids at the N-terminus of the peptide. The slightly
longer 12-mer reference sequence was designed principally to assess the o, 0.-disub-
stituted glycines in position 5 of the peptide, where any unfavorable interactions
should affect the conformational behavior of the model peptide.

To validate our approach, we synthesized numerous 9-mer, 10-mer, and 12-mer
peptides!!® incorporating a series of optically pure cyclic- and open-chain o,

R‘-AIa—Xaa-Ala-AIa-AIa—AIa-Aib-AIa-AIa-NHO—I

R' = Boc, Z, Alloc

Rz-Xaa-Ala-AIa-Ala-AIa-Ala-AIa-Aib-Ala-AIa-NH@-I

R? = Boc, Bz
Ra-Ala-AIa-Aib-AIa-Xaa-AIa-AIa-AIa—AIa-Aib—AIa-AIa-NH@-l
R® = Boc, Bz

Aim: to characterize amino acids and templates as
Helix Former <== Helix Compatible ==>>Helix Breaker

Figure 15. 9-,10-, 12-mer non-polar host peptides.
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disubstituted glycines. For some of these peptides we were able to obtain crystals
suitable for X-ray structural analyses. And for most of these peptides we measured
CD-spectra in acidic, neutral, and basic media. While the residue ellipticities
obtained at 222 nm (7 — 7* amide transition) only reflect the sum of 3, and ct-helix
compatibilities for Xaa in the different peptides, we successfully applied the convex
constraint CD-analysis of Fasman et al. 1'"-!!° for a selected set of 9-mer peptides,
which allowed us to differentiate and determine the contents of 3,,- and c-helical
conformations present. As one of the most striking results, we found that 9-mer
peptide 31 (Table 2), incorporating Xaa = (5)-11 (B-tetralin derivative) is predomi-
nantly B-helical (70%), whereas peptide Xaa = (S)-14 (o-tetralin derivative) exhib-
its mainly a 3,,-helical conformation.

Interestingly, the high o-helix propensity of (S)-11 has been observed in the X-ray
structures of both tripeptides (see Table 1) and 9-mer peptides (Table 2). The
molecular structures of the terminally blocked 9-mer peptides 31 and 32 were
determined by X-ray diffraction and the observed ®/¥ angles are shown in Table
2. For comparison, the similar peptide containing Aib at position 2 (30) is also listed
in Table 2. In all three peptides, the succession of similar pairs of ®/¥ values
correspond to an o-helical conformation.

In peptide 32, which has an (R)-o.-tetralin derivative at position 2, we observed
one 3,,-helical turn at the N-terminus with an exclusive H-bond between the Boc
carbonyl group and the NH (i+3). The rest of the molecule adopts a o-helical
backbone conformation (mean values: ® = —62°, ¥ = —40°). The amino group of
the a-tetralin moiety is pseudo-equatorial. In contrast, the X-ray structure of peptide
31 shows almost two ¢-helical turns (mean values: ® = —67°, ¥ = -37°) starting
from the Boc-carbonyl group of Ala(1) to Ala(5). Surprisingly, the carbonyl group
of Ala(6) forms an exclusive H-bond to the NH(i+3), which leaves the C-terminal
amide proton without a H-bonded interaction. This missing H-bond results in a
fraying of the helix towards the C-terminus of the peptide which can be clearly seen
from the ®/¥ angles (Table 2).

Further evidence for the strong 3,,-helix inducing properties of (S)-0-tetralin
could be derived from the X-ray structure of a 10-mer peptide 33 containing (S)-14
at the N-terminus. This peptide crystallized with two molecules in the asymmetric
unit with almost identical conformations. The respective dihedral angles ® and ¥
are listed in Table 3. The first four N-terminal residues form one 3, -helical turn
with P/¥-angles close to those of an ideal 3, -helix (see Table 3). The residues
from position 5 to 7 are characterized by ®/¥ dihedral angles of around —60° and
—40°, respectively. These values correspond to an o-helical conformation. For one
of the 12-mer peptides it was possible to grow crystals from MeCN suitable for
X-ray diffraction (Figure 16). Peptide 34 incorporates the (S)-6-hydroxy-p-tetralin
12 at the fifth position. The peptide makes one 3,,-helical turn at the first amino
acid residue, as confirmed by its @ and ¥ angles (see Table 4), and a hydrogen bond
from the Boc-carbonyl (single acceptor) to the NH (i+3). From residue 2, the
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Table 2. Backbone Dihedral Angles from X-ray Structures in Peptides of the 9-Mer
Series®

Boc-Alal-Xaa?-Ala®-Ala* Ala®-Ala®-Aib’-Ala8-Ala®-NH-C(H,I
Peptide 30: Xaa = Aib
Peptide 31: Xaa = (5)-11
Peptide 32: Xaa = (R)-14

id’"R ¥, H
N\
H
(o]
31

Dihedral Angle 30 31 32

rr Molecule 1 Molecule 2

e -47.6/-41.8 -65.1/-45.6 -62.4/-49.7 -50.1/-43.7
O/, —46.7/-45.5 -62.6/-46.4 -60.2/-47.5 -37.3/-49.7
DOy/Y; -66.3/-33.4 -71.6/-27.6 -71.6/-27.1 -74.7/1-34.7
oY, -61.9/-39.5 -65.9/-40.1 ~65.9/-41.2 —64.6/-41.6
Lolh -61.7/-35.5 -63.3/-449 -65.7/-41.6 -63.2/-41.8
D/ —64.8/-47.8 —66.4/-45.2 ~69.8/-45.1 -63.4/-51.6
O,1Y4 -50.7/-45.7 -56.2/-39.0 -57.1/-40.1 -55.1/-47.2
[oh -65.9/-38.0 -74.6/-13.4 -75.9/-11.6 -68.3/-27.6
Do/ Yy -74.1/-25.4 -83.7/-28.9 -82.6/-29.4 -81.6/-20.4

Notes: * The dihedral angles of o.,a-disubstituted amino acids are in bold.
b Mean dihedral angles for a-helix: @ = —63, ¥ = -42.
3 g-helix: @ =57, ¥ = -30.

peptide is o-helical to the C-terminus (mean values: @ = —-61°, ¥ = —42°). Table 4
gives the ®/¥-angles for peptide 34.

From this work we conclude that our novel nonpolar 9-, 10-, and 12-mer peptide
sequences are interesting tools to assess the intrinsic propensities for 3,,- and
o-helical conformations of natural and unnatural amino acids, such as cyclic and
open-chain (R)- and (S)-o,0-disubstituted glycines 11-22 using CD-spectroscopy.
As a highlight of this study, we found that the (R)- and (S)-B-tetralin derived amino
acids 11 are significantly more a-helix-promoting than Ala and Aib. Such knowl-
edge about the conformational behavior of these amino acid building blocks should
be valuable for the design of novel peptide and protein mimetics.

B. B-Turn Mimetics
Turns in Peptides and Proteins

Turns are segments between secondary structural elements and are defined as
sites in a polypeptide structure where the peptidic chain reverses its overall
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Table 3. Backbone Dihedral Angles from X-ray Structures in Peptides of the
10-Mer Series®

Boc-Xaa'-Ala2-Ala>- Ala* Ala® Ala®-Ala’- Aib%-Ala®-Ala!%-NH-CH,1
Peptide 33: Xaa = (5)-14

Reden
N AN
H

33 33

Dihedral Angle [°] Molecule 1 Molecule 2
oY, -60.4/-26.3 -61.5/-27.9
oY, -63.6/-21.9 -61.1/-22.8
D4/, -58.4/-30.6 -59.3/-25.3
/Y, ~64.5/-34.1 -61.3/-29.8
D5/ -70.6/-42.5 -74.6/-35.4
DY —-59.6/-48.6 -62.9/-42.8
oY, -57.71-49.8 -63.4/-43.9
D/ ¥y -52.8/-44.7 -52.2/-43.9
Doy —-64.8/-27.4* -72.5/-28.4*
@,9/¥10 -84.9/-9.9 -88.2/-18.9a

Note: *The dihedral angles of o, a-disubstituted amino acids are in bold.

direction. They are composed of four (-turn) or three (y-turn) amino acid residues.
Compared to helices or sheets, turns are the only regular secondary structures which
consist of nonrepeating backbone torsional angles. The turn structural element has
been implicated as an important site for molecular recognition in biologically active
peptides and globular proteins.'?*-122 High-resolution crystal structures of several
antibody—peptide complexes clearly showed turns as recognition motifs.! 23124
Furthermore, good correlations with turn conformations have been found in struc-
ture—activity studies of specific recognition sites in peptide hormones such as
bradykinin and somatostatin.'*>'? B-Turns have also been hypothesized to be
involved in posttranslational lysine hydroxylation,'?” processing of peptide hor-
mones, 2%1? recognition of phosphotyrosine-containing peptides,'**!*! signal pep-
tidase action,'? receptor internalization signals,’®*13* and in glycosylation
processes.!** These findings together with the fact that turns occur mainly at the
surface of proteins make them attractive targets as peptide mimetics.

Terminology of p-Turns

According to Venkatachalam f3-turns are classified into conformational types
depending on the values of four backbone torsional angles (®,,%¥,,®,,'¥,) (Table
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7 8 9 10 11 12

Figure 16. ORTEP plot of peptide 34.

5).136 A second criterium is the aC; — aC,,, distance, introduced by Kabsch and
Sander, which must be shorter than 7 A'* (Figure 17). Very typical for B-turn motifs
is a H-bond between the carbonyl group at position i and the amide NH of residue
i+3. To date, eight different types of B-turns have been classified and the torsional
angles (®,,%¥,,P,,¥,) of the most important naturally occurring B-turns are de-
picted in Table 5. Figure 18 shows the corresponding regions on the Ramachandran
map.

The positional preferences of amino acids occurring in B-turns in protein crystal
structures has been studied by Wilmot and Thornton,'*® and more recently by
Hutchinson and Thornton.!*® In B-turns of type I, 48% have Asp, Asn, Ser, or Cys
at position i, and 57% of Asp, Asn, and Ser side chains make a hydrogen bond with
the NH at position i+2.

At the second position (i+1), Pro is the most common amino acid in type I and
type II turns because of the restriction of @ to about —60°. Ser also exhibits a
reasonable preference for this position since its side chain oxygen can form
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Table 4. Backbone Dihedral Angles from X-ray
Structure of 12-Mer Peptide 34°

Boc-Alal-AlaZ-Aib3-Ala*-Xaa’®-AlaS-Ala’-Ala®-Ala®-Aib1-
Alall-Alal2.NH-C¢H,I
Peptide 34: Xaa = (5)-12

@n) ¥n
)
o
Dihedral Angle [°] 34
Deg.

[oE 31 -58/-29
o,/Y, -57/-40
D/, -59/-48
oY, -66/-38
D5/ =57/-47
D/Yy —65/-41
O/, -57/-45
D/ Yy -64/-40
Dy ¥ —59/-46
@,/ -56/-50
[OIRT4 271 -70/-38
LOIPTe S -67/-40

Note: * The dihedral angles of o,o-disubstituted amino acids are in
bold.

d (e, =", )<7A

Figure 17. Terminology of B-turns.



32 D. OBRECHT, M. ALTORFER, and J. A. ROBINSON

Table 5. Torsional Angle Values of the Most Frequent Types of B-Turns

Type* D, ¥, D, (178 Nomenclature®
I -60 -30 -90 0 ao

r 60 30 90 0 Yy

1l -60 120 80 0 Bpy

I 60 -120 -80 0 04

III -60 -30 -60 -30 o

1 60 30 60 30 Y

Notes: * Turn nomenclature is according to Venkatalacham (136).
b Turn nomenclature is according to Wilmot Thornton (138).

favorable electrostatic interactions with the NH at i+1. Somatostatin, LHRH
(luteinizing hormone release hormone), bradykinin, enkephalin, gramicidin S,
neurokinin, and angiotensin II are examples of biologically active peptides where
B-turns have been linked with receptor recognition.! 4’42

Mimicking Strategies for p-Turns

Mimicking a P-turn principally means constraining correctly four torsional
angles (®,,®,,%,,¥,) and four bonds (bonds a-d, see Figure 19). Bonds a and d
direct the entry and the exit of the peptide chain through the turn, respectively,
whereas bonds b and ¢ are responsible for the spatial disposition of the amino acid
side chains at position i+1 and i+2 of a turn. The torsional angles determine the
backbone geometry of the turn and consequently the shape of the turn hydrogen
bond. Bonds a and d, describe the vectors of the C- and N-terminal peptide chain

180°

[

|TYPE II

| Bey D
90"

TYPEII

TYPE I Bey
.i' (}‘ ll(tE D
90" '{":'[}I"Ei I

-180°

-180 00 e 90° 180°

O

Figure 18. Ramachandran map indicating the predominant torsional angles for
B-turns (see Table 5).
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Figure 19. Vector angles determining the f-turn geometry.

entering and leaving the turn. The control of these vectors is essential for cases
where additional amino acid residues are placed outside of the central amide unit.

Peptidic B-turn mimetics are generally based on cyclic backbone mimetics (e.g.
replacing the turn hydrogen bond by a covalent bond) or by introducing one or
several unusual amino acids, which constrain the backbone in -turn conforma-
tions. Synthetic approaches to non-peptidic turn mimetics can be grouped into two
classes: (1) external B-turn mimetics, and (2) internal B-turn mimetics. An external
mimetic does not mimic per se the turn backbone but rather stabilizes B-turn
geometries of an attached peptide. In an internal $-turn mimetic, the scaffold
replaces the space in the turn which would normally be occupied by the peptide
backbone. This methodology tries to correctly place key binding groups in 3D-
space, while being less stringent with respect to the correct geometry of the turn
backbone. Less effect on the backbone geometry can be expected, because only a
small fragment of the peptide is replaced by the constraint. Furthermore, due to the
small molecular size of the template, little steric hindrance with a receptor may be
anticipated.

By far the greatest interest has been associated with lactam-derived mimetics,
where early molecular modelling revealed an almost ideal overlap with -turns of
type II’ (Figure 20).11112L143-174 1 aotams are easily prepared and the synthetic
routes permit use of a variety of amino acids with defined configuration. Thus, many
Y-, 8-, and €-lactam derivatives have been synthesized, including mono- and
bicyclic, fused and nonfused heterocycles, and many have been incorporated into
receptor antagonists or agonists.'?!

Freidinger incorporated 35 (Figure 20) into LHRH to replace the Gly-Leu motif,
which is believed to be part of a B-turn conformation.!*® The (S,S)-3-amino-2-
piperidone-6-carboxylic acid 36 with the inherent cis-amide bond was used by
Kemp and Sun as a constraint for a type VI p-turn.!**!4> However, after incorpora-
tion into peptide chains, NMR analyses revealed several possible conformations of
the six-membered ring in 36, thereby making a correlation of the preferred confor-
mation(s) to the target turn conformation ambiguous. Lactam 37 might be envisaged
as a Phe-Gly analogue having a covalent linkage between the ortho-position of the
phenylalanine ring and the C of the Gly moiety. 46
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Figure 20. Lactams as B-turn mimetics. Leading references are given in brackets for
each compound.
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Lactam 384718 and the more flexible 10-membered macrocycles 46 and 49 have
been used as constraints for B-turns of type II and 1.56!% The bicyclic lactam 39
can be regarded as an unnatural phenylglycine analogue with the carboxy and amino
termini in frans orientation.'*® Baldwin et al. described a bicyclic y-lactam of type
43 as a restrained dipeptide mimetic.'>* Furthermore, it could be shown by NMR
studies that the indolizinoindole derivative 44 (a Trp-analogue) adopts conforma-
tions similar to a B-turn of type II.}>* A different approach was undertaken by Genin
& Johnson in designing spiro[4.4]- and [5.4]lactam systems 47 and 48 as turn
mimetics.!”!%8 Depending on the chirality at position i+1 they could mimic B-turns
of type Il or IT', respectively. The same spirocyclic unit, as in 45, had been developed
earlier as a conformationally locked analogue of a natural peptide replacing a
Pro-Tyr unit within a B-turn conformation.!!""!> B-turn-dipeptide (BTD) 50 was
used by Nagai in the synthesis of analogues of biologically active peptides such as
LHRH, somatostatin or gramidicin S.!®® The bicyclic lactam 56 has been synthe-
sized as a mimic for a type-VI f-turn, with the characteristic cis Xaa-Pro peptide
bOﬂd.lM’IGS

Among the bi- and tricyclic mimetics, the phenoxathiine derivative 66 (Figure
21),11,34.175-183 designed by Feigel, is an interesting template where C(2) and C(7)
mimic the C_-positions i+1 and i+2 of a B-turn.!”® It was incorporated into a series
of cyclic peptides, and NMR investigations revealed the correct hydrogen-bonding
pattern expected for a B-turn.!?! Using a similar approach Mueller et al. developed
xanthene-, phenoxazin-, and phenothiazin-derived tricyclic systems of type 67 as
external B-turn and loop-stabilizing templates'! (see Section IL.C). Analyses of
low-energy conformations of macro-heterocyclic compounds led to molecules such
as benzodiazepines 69 and 70 (Figure 21). Benzodiazepines showed a good
correlation with a selected set of B-turn conformations.!”’ Finally, succinimide
analogues of type 71, derived from o-alkylated aspartic acids, were described as
efficient type Il and II B-turn mimetics by Obrecht et al.!7®13* (see Section ILB).

Synthesis of Conformationally Constrained a-Substituted Serine and
Aspartic Acid Derivatives

o-Methyl(alkyl) aspartic acid derivatives and their corresponding succinimide
analogues show a high preference for B-turn type I, II, and II'-conformations'®*
(Figure 22). As shown by X-ray and NMR solution structures, a shift from [3-turn
type I to type II or II occurs upon cyclization of the open-chain Asp to the cyclic
succinimide derivatives, depending on the absolute configuration of the noncoded
amino acid.'*" This B-turn conformation was also observed when the Asp-imide
moiety was incorporated into a 10-mer model peptide (Figure 23).

Since serine shows a high occurrence at the exposed positions (i+1) and (i+2) of
B-turns in protein crystal structures,'*®13% it was decided to investigate whether or
not the (R)- and (S)-“o-chimeras” of Asp-Ser would be interesting 3-turn mimetics
at the (i+1)-position of B-turns. Furthermore, it was of interest to see whether or



36 D. OBRECHT, M. ALTORFER, and J. A. ROBINSON
OMe
COOR

b Y W,
~ X o’
Y o] 68 (11)
HN

COOH
HzN 66 (176) COOH 67(11) X0, Q
Y: N,

S
C NHBoc
OMe

AL e UL
o 'R N NHR™
Rt

R R

N

e o™
69(177) H

I
=z =

o ©
NH, 71 (178,179)
4 Ph
R',R*: amino acids 70(177) HOOC R
R H R',R* amino acids
R> H, Bz, Me, Et R% H O
R H, Ph R H, Bz, Me, Et NH,
H 74 (182)
HOO NH,
COOH
oo™ )
72 (180)

73(181) NHe

0 by L~

75 (183) HOOC n ( nNH2

H,N COOH n=01,2 77 (54)
76 (175)

1

Figure 21. Other B-turn mimetics. Leading references are given in brackets for each
compound.

not the corresponding succinimide derivatives of Asp-Ser would also show this
B-turn switch from type I to type II or type I, depending on the absolute
configuration.

Using a novel azlactone/oxazoline interconversion reaction (I < II, Figure 24),
the synthesis of optically pure (R)- and (S)-c-methyl(alkyl)-serine derivatives is
particularly straightforward and requires a minimum number of protective groups.
This synthetic route provides a rapid and easy access to 0.-chimeras combining the
side chains of serine and functionalized amino acids like Asp, Glu, Ser, 179186 Lys,m9
and tyrosine (Tyr).!®” Using Asp side chain cyclization to the corresponding
succinimide analogues in combination with the novel azlactone/oxazoline intercon-
version reaction allowed the synthesis of the conformationally constrained spiro-
cyclic Asp-Ser analogues (R/S5)-86, (S5/5)-86, and corresponding (R/S)-,
(5/5)-Asp-Glu analogues (Scheme 2).
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Figure 22. o-Methyl(alkyl} aspartic acid analogues and corresponding succinimides
as turn mimetics.

AL AL

Torsional angles (®n/¥n), 10-mer peptide 82 (Pn/¥n)

d1/Y1 +49.7 / -125.9%)
2/'¥2 -112.3 / +40.1%
D3/¥3 -58.2/-40.5
d4/Ye -63.4/-42.7
bs/¥s -68.6/-34.7
®6/Ve -60.7/ -45.5
77 -60.4/-44.0
D8/ -579/-479
D9/ -55.3/-28.0
d10/Yi0 -67.4/-33.8

*) B—Turn type II' region containing the (S)-0—methyl aspartic succinimide moiety
at the N-terminus.

Figure 23. 10-mer model peptide 82 its backbone torsional angles derived from the
X-ray structure.
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Figure 24. Azlactone/oxazoline-interconversion.

The experimental route is shown in Scheme 2. a-Alkylation of the 4-monosub-
stituted azlactone (83) using NaH and CH, ], in DMF, followed by treatment with
Phe-cyclohexylamide yielded the diastereomeric oxazolines of type (5/5)-85,
which could be easily separated. (5/5)-85 was subsequently treated with TFA in
CH,CI, at 0°C and the intermediate acid cyclized in high yields to the spiro
derivative (5/5)-86 using SOCI,. Hydrolysis of the spiro-compound (5/5)-86 with
aqueous 2 N HCI in dioxane gave the free amine (5/5)-87. (5/5)-87 was finally
incorporated into the tripeptide derivative (5/5/5)-89 via (8/5/5)-88 by hydrolysis
using aqueous 2 N HCl in dioxane, basic extraction of the intermediate amine with

H COOtBu : COOtBu L“/
N, — LA Re
! —

Ph’k0 (¢} ph/(o (o) )_ N

Ph COOtBu

rac-83 rac-84 (/9185

j [N}
Ph_l(o ) O 9 " H
1@ o e

(5/9)-87
iv ‘
Ph Ph
Q
PhJ\ o HO 0
\ s £ N s
HN HN —_ HN ”’&o HN
Y’to
s S
BooNH (S/S/S) -88 BoeNH (5/5/5)-89

i: TFA, CH,Cly; ii: SOCly; iii: 2N aq. HCI, dioxane; then aq. NaHCO3 and
extr,; iv: TATU, HOAT, DIPEA, Boc-(S)-Ala-OH; v: NaCN, MeOH, A.

Scheme 2.
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CHCl,, and subsequent peptide coupling reaction using TATU, HOAT,'®8 DIPEA
and Boc-(S5)-Phe-OH in DMF, and cleavage of the O-benzoyl group using NaCN
in MeOH. This reaction sequence shows that the succinimide ring is fully compat-
ible with the mild reaction conditions required for the incorporation of this Asp-
Ser-“0-chimera” into a peptide sequence. CD measurements confirmed the -turn
type II conformation in solution.

C. Loop Mimetics

Beside the classical secondary structure elements occurring at the surface of
proteins such as y- and B-turns, 3, ;- and a-helices, and B-sheets, loops of variable
size seem to play a crucial role in many protein—protein interactions (see Section
LA). Several amino acid-derived templates have been proposed to stabilize B-turns
as external templates (see Section I.B) and a compilation of loop-stabilizing
templates is shown in Figure 25.18%-1%4
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Figure 25. Loop-stabilizing templates.
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Figure 25 shows a series of tricyclic xanthene-, phenoxazine-, and phenothiazine-
derived templates that have been shown to stabilize B-turn conformations in
attached peptides for n = 2 and 4.!' These templates were also useful for the
synthesis of larger loop mimetics (n up to 14). Although the larger loops are more
flexible and the conformational influence enforced by the template is smaller, the
templates usually increased significantly the cyclization yields. As a validation of
this concept for loop stabilization, cyclic peptides incorporating xanthene-derived
templates corresponding to the sequence of the exposed loop structure in the snake
toxin flavoridin'®*1%® were synthesized on a solid support, and tested for binding
to the gplIb/Illa receptor, and for inhibiting platelet aggregation.'!. The xanthene-
derived loop incorporating the sequence Ile-Ala-Arg-Gly-Glu-Phe-Pro showed an
IC,-value of 15 nM and inhibited significantly platelet aggregation. In contrast,
the open-chain and disulfide-bridged peptides were markedly less potent.

In order to use this template approach to synthesize combinatorial libraries of
mimetics of exposed protein loops, we synthesized the unsymmetrically substituted
xanthene-derived templates 90 and 91 (Figure 27).17 These proved to be useful
building blocks for the construction of B-turn stabilized peptide loop libraries using
the “split-and-mix” method.®* It was not necessary to resort to tagging strategies
for compound identification, since the cyclic molecule could be linearized by amide
cleavage, which then allowed Edman-degradation of the resulting open-chain
peptide, as shown schematically in Figure 28. The selective amide cleavage results
from a regioselective acid catalyzed y-lactone formation with concomitant libera-
tion of the N-terminus. Only the ring-opened products are subjected to Edman-
sequencing, and only minute amounts of the cyclic peptide have to be cleaved for
this purpose.

The synthesis of templates of type 90 and 91 (Figure 27) is outlined in Scheme
3. The synthesis starts with the dimerization of resorcin 92 in the presence of ZnCl,
and acetone to yield the “naked” xanthene template 93, which was converted using
a double ortho-lithiation strategy into the amino acid precursor 94 in good overall
yield.'® Cleavage of the two ether groups with BBr;, hydrolysis, and cyclization

X=0, Y=C(CH3)> xanthenes
X=0,Y=NCH;  phenoxazines
X=S§, Y=NCHg3 phenothiazines

NH

Figure 26. Xanthene-, phenoxazine- phenothiazine-derived template bound peptide
loops.
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Figure 27. Unsymmetrically substituted xanthene derived templates.
with SOCI, afforded the key intermediate 96. The synthesis takes advantage of
anchimeric participation with intermediate formation of a y-lactone to differentiate

between the pseudo-symmetrical phenolic groups present e.g. in 95. Intermediate
95 was converted efficiently into the starting templates 90 and 91.1°7
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Scheme 3.
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Figure 28. Strategy for loop identification.

In order to validate this concept, the template bridged cyclic peptides 97 and 100
containing the sequences Ala-Lys-Glu-Phe and Asp-Pro-Phe-Asp-Gly-Arg-Ala-Ile

were synthesized by standard protocols,

19 ring-opened using methanesulfonic acid

in MeOH at 50—60 °C, and sequenced by Edman-degradation (Figure 29). Using
the solid-phase-compatible template 91, which was attached via the photocleavable
PPOA-linker '**?® to a polystyrene resin, template-bridged cyclic peptide libraries
were synthesized and sequenced using this strategy. The role of the xanthene-de-
rived template can be summarized as follows:

1.

As previously shown, these templates stabilize efficiently B-turn type con-
formations in peptides and thus will certainly also have a significant stabi-
lizing effect in larger loops.

Probably as a consequence of this conformational stabilization, we routinely
noticed markedly enhanced cyclization yields in the template-bridged loops
compared to the non-templated or disulfide-bridged peptides.

As shown in template 91, a linker group can be attached to the tricyclic
skeleton which results in the possibility to graft the template onto a solid
support and synthesize template-bridged cyclic petide libraries using the
“split-and-mix” method.

The photocleavable linker allows detachment of the cyclic peptide from the
resin to assess biological activity in solution.

Selective loop cleavage via intermediate y-lactone formation using methane-
sulfonic acid in MeOH liberates the N-terminus without concomitant cleav-
age of the peptide chain and allows determination of the sequence of the
peptide without tagging strategies.

The methodology should prove useful to efficiently construct loop-libraries
corresponding to exposed loop regions of proteins and thus may be useful to gain
new insights into protein-protein interactions.
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Figure 29. Examples of loop identification.

D. Helix Mimetics

The a-helix is the most abundant secondary structural element, determining the
functional properties of proteins as diverse as o-keratin, hemoglobin and the
transcription factor GCN4. The average length of an o-helix in proteins is approxi-
mately 17 A, corresponding to 11 amino acid residues or three ai-helical turns. In
short peptides, the conformational transition from random coil to a-helix is usually
entropically disfavored. Nevertheless, several methods are known to induce and

stabilize a-helical conformations in short peptides, including:

e side-chain to side-chain cross-linking;
e directed formation of a hydrophobic core (helix bundles);
¢ induction of an a-helical H-bond network;
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¢ favorable interactions with the helix dipole; and
e incorporation of amino acids with a high ot-helix propensity.

One of the most elegant methods was first introduced by Kemp, who presented
a conformationally constrained peptide analogue (template) where the relevant
torsional angles were fixed at o-helical values.®*! This template was designed to
combine the high o-helix propensity of conformationally constrained amino acid
derivatives with the a-helix induction potential of three amide carbonyls, fixed in
the correct helical arrangement, serving as H-bond acceptors (I, Figure 30).
Following a similar approach, Knierzinger and Stankovic developed the cage
compound IT and an imide derivative of Kemp’s triacid of type II'! (Figure 30).
Even though the concept of designing rigid molecules that combine various o-helix
inducing strategies proved to be partially successful, these templates were notreally
an integral part of the peptide sequence.

N- and C-Caps

In an extension of previous work (see Figure 30), a series of novel o-helix
templates were designed and synthesized at F Hoffmann-La Roche in Basel which
could be used at the N-terminus (“N—c:aps”),202 at the C-terminus (“C-cap”), and
ultimately in a position independent way.2% These templates combine an (R)- or an
(S)-2-amino-1,2,3,4-tetrahydronaphthalene-2-carboxylate derivative, a linker unit,
and a dipeptide to form a macrocycle corresponding to one o-helical turn as shown
inFigure 31. The linker unit was designed in such a way that the four amide carbonyl
groups present in the macrocycle would be aligned in a parallel fashion in order to
be ideally placed to engage in the typical a-helical i — i+4 H-bonding network. At

Figure 30. o-helix inducing templates 1-111.
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Figure 31. N-cap and C-cap templates and the corresponding conformationally
constrained N- and C-capped peptides.

the peptide attachment site was placed a conformationally constrained amino acid,
which had previously been shown (see Sections II.A and B) to inherently induce
and stabilize a-helical conformations in peptides. It was anticipated that these
templates would not only efficiently induce and stabilize o-helical conformations
in peptides, but at the same time they would be mimetics of one o-helical turn and
thus be an integral part of the a-helix.

The conformational properties of peptides linked to these capping templates were
investigated by CD spectroscopy, NMR-measurements, and X-ray diffraction
analysis.?* Figure 32 shows the CD spectra of the two template-linked model
peptides 102, 103, and an uncapped 12-mer reference peptide 104 with comparable
amino acid sequence (Boc-Ala,-Aib-Alac-Aib-Ala,-pla). The CD spectra exhibit
the negative maxima at about 207 and 222 nm, characteristic for o-helical peptides.
Based on the ellipticity values at 222 nm (amide # — 7* transition) the N-capped
peptide was calculated to be approximately 90% ci-helical, whereas the helicity of
the reference peptide is approximately 50% in TFE/H,O (1:1).

These findings agree well with the results obtained from 2D-NMR measure-
ments. NOE measurements revealed that not only the template itself, but also the
second helical turn adopted a well defined ct-helical conformation. In the third turn,
the conformation was more flexible but a-helical conformations still predominate.
Furthermore, the X-ray structure of the same N-capped model peptide revealed that
the peptide is fully a-helical in the solid state (see Figure 33). Figure 34 schemati-
cally shows a retrosynthetic analysis of the N-caps.
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Figure 32. CD-spectra of template linked model peptide 102 and 103 12-mer
reference peptide (Boc-Alaz-Aib-Alag-Aib-Alaz-pla) 104.

As mentioned above, these three subunits were designed to form a first o-helical
turn in which the four amide groups are ideally oriented to participate in the H-bond
network of an o-helix. Peptides that are linked to these templates adopt an a-helical
conformation due to the conformational constraint induced by the high inherent
a-helix propensity of the template and the H-bond network that is initiated by the
proper orientation of the carbonyl groups. Thus, helix induction is achieved by the
combination of steric and electronic properties of the three subunits.

The B-tetralin amino acid induces the o-helical conformation by fixing the
torsional angles along the peptide backbone at about ~60° (¢) and —50° ().1®
f-Tetralin amino acids may be regarded as cyclic-constrained phenylalanine ana-
logues. As shown in Section ILA, this class of unnatural amino acids is known to
stabilize distinct conformations in peptides since the two substituents at the o-cen-
ter restrict the available conformational space. Cyclic a,a-dialkylated glycines and
a-substituted alanines preferentially adopt ct-helical conformations,?%®
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Figure 33. X-ray structures of two N-capped 12-mer peptides 102 (right) 103 (left).

A careful analysis of conformational energy maps (Ramachandran plots) re-
vealed that both enantiomers of (-tetralin amino acids were compatible with the
right handed a-helical conformation.!” This was an important prerequisite for the
development of N- and C-caps since the (S)-configuration of the f-tetralin amino
acid is needed for N-terminal helix induction, whereas the (R)-enantiomer was used
in the C-cap series. The fact that both configurations were compatible with o-helical
conformations made these amino acids our first choice as building blocks for

B-Tetralin unit

RHN/SK(( Y R
R

0O

Dipeptide unit

Linker unit

Figure 34. The three main precursors of N-caps.
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o-helix stabilization. In all but one X-ray structure containing a B-tetralin derived
amino acid building block, the amino group was found in the pseudo-axial position,
which is consistent with molecular modeling calculations that favor this conforma-
tion by about 0.7 kcal/mol over the pseudo-equatorial one.'% This conformational
flexibility was needed to use these building blocks at both ends of the o-helix. N-
and C-caps should alter the physicochemical properties of attached peptides as little
as possible. In this approach, the only unnatural amino acid in the N- and C-capped
peptides is the o-tetralin amino acid that is linked to the dipeptide unit via a phenoxy
group.

The fact that both N- and C-terminal c-helix induction was achieved using the
same concept raised the question of whether it would be possible to combine the
N- and C-cap concepts, by generating a position-independent template that stabi-
lizes B-helical conformations not only from N-terminal or C-terminal ends but also
from internal positions.

Position-Independent a-Helix-Inducing Templates

In comparison to N- and C-caps, position-independent templates potentially offer
significant advantages. Incorporated at internal positions, these templates are
supposed to transmit the conformational information along the helix axis towards
both termini of the peptide. If the helix induction potential is comparable to that
observed for N- and C-caps, position-independent templates at internal positions
might stabilize up to five consecutive d-helical turns, or peptides with 18 amino
acids.??

A position-independent template had to exhibit structural and electronic proper-
ties that met the requirements for N-caps, C-caps as well as internal templates:

e The template has to bear H-bond acceptors for N-terminal—as well as H-bond
donors for C-terminal helix induction.

¢ The template should be uncharged and amphiphilic.

¢ The conformational information should be transmitted by side chain to side
chain constraints.

¢ To allow the incorporation of the template at the N- or C-termini of peptides,
the template should offer N- and C-terminal attachment sites for peptides. At
both attachment sites, the torsional angles should be constrained at o-helical
values.

Given these requirements, it is obvious that the (-tetralin based N- and C-caps
could not be used as position-independent templates. While the B-tetralin amino
acid and the dipeptide units are compatible with a position-independent template
design, the biphenyl ether linker unit clearly was not. In N- and C-caps, the linker
unit forms a side chain (B-tetralin) to backbone constraint (either to the C-terminal
carboxylate or the N-terminal amine), and only one attachment site for a peptide
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chain is available. Both shortcomings could be overcome by introducing a second
peptide attachment site within the linker unit. By using an (R)-serine-derived linker
group, the following requirements could be met:

¢ Side chain to side chain constraint is allowed.

¢ A second attachment site for peptides is provided.
o The template stabilizes an a-helical conformation.
o The ring size of the template is maintained.

The three different linker units used in N-caps, C-caps, and position-independent
templates are shown in Figure 35. Figure 36 shows the structure of our first
position-independent o-helix-inducing template 105 (HIT-1). In order to induce the
o-helical conformation in peptides in a position-independent way, the template has
to be able to adopt an a-helical conformation. This does not necessarily mean
that the template is a-helical on its own. NMR measurements have revealed that
our N-caps and the proline-based templates proposed by Kemp do not pref-
erentially adopt the nucleating a-helical conformation unless they are linked
to peptides.2%6-210

The conformational preferences of HIT-1 were estimated by means of molecular
modeling calculations. Using the MOLOC force field,?!! a library with more than
700 conformations of the protected HIT-1 derivative Ac-(HIT-1)-NHMe was gen-
erated. The ideal a-helical conformation was found to be at least 2.1 kcal/mol more
stable than any other conformation (Figure 37).

In Figure 38 a retrosynthetic analysis of HIT is shown schematically giving rise
to three main building blocks, namely a suitably protected (S)-2-amino-1,2,3,4-
tetrahydronaphthalen-2-carboxylate derivative, a protected serine derived building
block as linker unit, and a suitably protected dipeptide unit. A synthesis of HIT-1
is shown in Scheme 4. Coupling an excess of tosylate (5)-108 with the (S)-p-tetralin
derivative in the presence of NaH gave 109 and 110 in good yields, respectively.
Transketalization, using 1,3-propanediol and camphorsulfonic acid in methanol at
30 °C gave the Z-protected alcohols 111 and 112. These conditions were selected
after several trials and proved to be critical to obtain good yields. Subsequent
oxidation of the alcohols using Pt, NaHCO,, O, (2 bar) in dioxane/H,0 (4:1) 22213
gave very cleanly the corresponding acids in excellent yields. This method was

X o HQ R Q A
OR “")R)LOR @V NHR
RHN
Linker unit Linker unit Linker unit
in N-caps in HIT's in C-caps

Figure 35, Linker units in N-caps, C-caps, position-independent templates.
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Figure 36. HIT-1, a position-independent a-helix inducing template.

Figure 37. Superposition of the 79 most stable conformations of Ac-(HIT-1)-NHMe
(left). The a-helical conformation was found to be the most stable conformation (right).
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Figure 38. A retrosynthetic analysis of HIT-1.
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Scheme 4.

clearly superior to other oxidation methods, such as pyridinium dichromate (PDC),
Jones reagent, pyridinium dichromate/Al,0,, or NalO,/RuCl,. The acids 113 and
114 were coupled to H-Ala,-OrBu, followed by cleavage of the t-butyl ester and
the Boc protecting group using TFA in CH,Cl,. The final cyclization was accom-
plished using TATU, HOAT, and NaHCO, in DMF in good yield. By using NaHCO,
as a mild base, B-elimination was largely suppressed and dimerization was avoided
by running the reaction at high dilution. A wide range of alternative cyclization
strategies failed to give good yields of HIT-1.
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Incorporation of HIT-1 into Peptides

In order to show that HIT-1 was a-helix compatible and induces o-helical
conformations in short peptides from the N- and C-terminus as well as from internal
positions, template-linked peptides have been compared to nonconstrained refer-
ence peptides. In the N- and C-cap projects a hydrophobic 12-mer peptide was used
as a standard reference. The 12-mer reference peptide 104 was originally developed
for host guest experiments to evaluate the a-helix propensities of unnatural amino
acids (see Section II.A) and had later been used to confirm N-cap induced helix
formation. 41202214 [ the C-cap series and for position-independent templates the
same reference peptide could be used after minor modification of the terminal
protection groups. The suitably protected reference peptide and the corresponding
template-linked model peptides used for the evaluation of N-terminal, C-terminal,
and internal helix induction are depicted in Figure 39.

HIT-linked peptides proved to be valuable tools to assess the a-helix induction
potential of HIT-1. CD measurements revealed that HIT-1 has a high o-helix
inducing potential at the N-terminus. Incorporated at internal positions, HIT-1
proved to be a moderate o-helix inducer and it strongly initiated the formation of
3,¢-helical conformations once incorporated at the C-terminus. Based on these
results, and for reasons of chemical stability, we replaced the (R)-serine linker by
the more rigid and o-helix compatible (R)-0-methylserine analogue.?®

Boc-Ala-Ala-Aib-Ala-Ala-Ala-Ala-Ala-Ala-Aib-Ala-Ala-pla 104
%_}

N-Cap }Ala-Ala-Ala-Ala-Ala-Ala-Aib-Ala-Ala-pla

Model peptide 121

N-terminal
helix induction

-Ala- 122
C-terminal pBrBz-Ala-Ala-Aib-Ala-Ala-Ala-Ala-Ala-Ala-Aib-Ala-Ala-OMe

helix induction
pBrBz-Ala-Ala-Aib-Ala-Ala-Ala-Ala-Ala-Ala- | C-Cap

Model peptide 123

Internal pBrBz-Ala-Ala-Aib-Ala-Ala-Ala-Ala-Ala-Ala-Aib-Ala-Ala-pla 124

helix induction

pBrBz-Ala-Ala-Aib-Ala- HIT Ala-Aib-Ala-Ala-pla
Model peptide 125

Figure 39. Reference peptides (first row) template-linked model peptides (second
row) used for the evaluation of N-terminal, C-terminal internal a-helix induction.
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I1l. NOVEL STRATEGIES FOR THE COMBINATORIAL
SYNTHESIS OF LOW-MOLECULAR-WEIGHT
COMPOUND LIBRARIES

A. General

As mentioned in Section I.C, we focus our attention primarily on convergent
assembly strategies (Figure 11) performed in solution or preferentially on solid
supports which should, more likely than linear strategies, give access to low-mo-
lecular-weight “drug-like” molecules. We selected primarily those reactions, as-
sembly strategies, and reactive building blocks which would allow for high
flexibility in the synthesis, both in terms of arriving at a large number of pharma-
cologically relevant core structures and of easy subsequent derivatizations.

As shown in Figures 12 and 13, we focused essentially on the principle of
combining tailor-made reactive building blocks to assemble interesting core struc-
tures (the “combinatorics of reactophores”) in a multigeneration format performed
in a one-pot or cascade manner.

B. General Reactive Building Blocks (“Reactophores”)

In order to classify the reactive building blocks, we grouped them into mono-
and bidentate nucleophiles (e.g. amines, alcohols, thioureas, isothioureas, amidi-
nes, amidrazones), into their mono- and bis-acceptor counter parts (e.g. alkyl
halides, a-bromomethyl ketones, o-alkinyl ketones), and into donor—acceptor
species (e.g. isocyanates, isothiocyanates, 2-azido benzoic acids?'3), as depicted in
Figure 40.

For the synthesis of opticaily pure building blocks we mainly focused on the
synthesis of protected noncoded (R)- and (S)-amino acids, as they can be synthe-
sized reliably in enantiomerically pure form with a large variety of side chains using
asymmetric hydrogenation of o-amino-a,f3-didehydroamino acids using cationic
diphosphine rhodium catalysts.2!%2!7 As a typical example of a reactophore we
present o-alkynyl ketones, which is a representative bis-acceptor molecule. In
Scheme 5 are depicted some of the many synthetic applications of acetylenic
ketones in heterocyclic synthesis, which have great potential for combinatorial and
parallel organic synthesis.

o-Alkynyl ketones can be easily synthesized with a whole variety of orthogonally
protected functional groups and have been used to synthesize various five-mem-
bered heterocycles such as 3-halofuranes?!® (Scheme 5, entry a), 3-halothio-
phenes?!® (Scheme 5, entry b), and 3-halopyrroles’”® (Scheme 5, entry c).
Condensation of methyl thioglycolate with substituted acetylenic ketones followed
by intramolecular Knoevenagel type cyclization yielded thiophenes (Scheme 5,
entry d), which may be employed as highly versatile building blocks.??! Acetylenic
ketones have also been employed successfully as electron deficient dienophiles in
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Figure 40. Classification of “reactophores”.
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carbonyl-alkyne exchange reactions??? to yield highly substituted phenols with
excellent degrees of regioselectivity (Scheme 5, entry e). Finally, acetylenic ketones
have been used as building blocks for the construction of 2,4-substituted quinolines
via the intermediate formation of thiazepines followed by sulfur extrusion??
(Scheme 5, entry f). As shown in Section IILF they have also been employed in
versatile solid-phase syntheses of pyrimidines.
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Scheme 5.
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C. Parallel Solution Strategies Using Polymer-Bound Reagents

One major advantage in the use of solution chemistry is certainly the fact that
many well-established reaction procedures are available, and subsequently less
effort has to be investigated into the development of methods that are compatible
with solid supports. To overcome the complex and time-consuming extraction and
purification procedures associated with solution chemistry, more and more poly-
mer-bound reagents and polymer-supported scavenging reagents are being success-
fully employed. As a first example, we present a solution-phase multigeneration
strategy towards highly substituted thiazoles based on the Hantsch condensation of
thioureas 126 with 2-bromomethyl ketones 127 to give in high yields 2-aminothia-
zoles 132, as shown in Scheme 6, using liquid-phase extraction (LEP) and solid-
phase extraction (SPE). The excess of 127 was trapped either with
N-(4-carboxyphenyl)thiourea 128 yielding 129 and removed by LEP,*'% or with
polymer-bound thiouronium salt 130 to yield polymer-bound imidazole 131 ?** and
removed by SEP. Subsequent treatment of thiazoles 132 with a series of amino
acid-derived isocyanates 133 gave the second generation of thiazoles 136 in
essentially quantitative yields. Excess of 133 was trapped with 1,2-diaminoethane
(134) to yield the highly polar ureas 135 which were easily removed by SEP.
Saponification gave the third generation of thiazole acids 137, which could be
efficiently transformed into the corresponding amides 139 by using EDCI (1-ethyl-
3-[3-(dimethylamino)propyl]carbodiimide hydrochloride) and amine 138. Again,
all the excess reagents could be removed easily either by SEP or LEP. This
aminothiazole synthesis, comprising four generations of products 132, 136, 137,
and 139, could be optimized in such a way that it could be fully automated and
performed on a robotic system.

Polymer-bound reagents have found a wide application in organic synthesis. Due
to the fact that many of these reagents are not commercially available on a
solid-phase in a highly loaded form, their industrial application has been somewhat
limited. The emergence of parallel and combinatorial chemistry should generate an
increasing demand for such reagents.

A typical example of the use of a polymer-bound reagent is shown in Scheme 7.
The Mitsunobu reaction®® has been studied extensively in solution and has found
many useful applications. Major drawbacks of this useful reaction in parallel
synthesis are associated with the formation of triphenylphosphine oxide, which is
not easy to remove by LEP and SEP. Using highly loaded triphenylphosphine
polystyrene-derived resin® represents a simple solution to this problem. Thus,
reaction of a series of alcohols of type 140 with acids 141 in the presence of DEAD
(diethyl azodicarboxylate) and PS-PPh, in THF between 0 °C and room tempera-
ture resulted in the clean formation of the expected esters of type 142.22* Simple
filtration through a plug of Al,0, gave the essentially pure products in high yields
(70-90%).
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D. Solid-Supported Multicomponent Strategies

As indicated in Section I.C, we focused on convergent multigeneration strategies
employing multicomponent one-pot or multicomponent cascade reactions. Multi-
component one-pot reactions offer the possibility to introduce several elements of
diversity in one reaction and one reaction vessel.”* Performed in solution or on solid
supports, these reactions allow one to synthesize the products in the same format
used for screening without having to resort to reaction vessel transfers.

As an application of this powerful approach we present the synthesis of highly
functionalized diketopiperazines of type 146 using the Ugi four-component reac-
tion”> between polymer-bound amino acid-derivatived amine 143, Fmoc-
NCHR*COOH, R*CHO, and R®N=C,?" as shown in Scheme 8. This afforded the
polymer-bound Ugi-products of type 144, which after standard Fmoc-group re-
moval gave the polymer-bound amines 145. Treatment in dioxane at 100 °C
afforded the cleavage products of type 146 in modest yields but high purity. The
alternative cyclization resulted in the formation of polymer-bound diketopiperazine
derivatives 147, as followed by AT/FT-IR spectroscopy. This example illustrates
quite nicely how the use of polymer supports can be employed to control and direct
different reaction pathways. The alternative reaction in solution would result in a
mixture of two very similar products that may be difficult to separate.

E. Multigeneration Approach Towards Quinazolinones

Another key strategy in solid-phase organic synthesis is to cleave molecules from
the resin by means of intramolecular cyclization as the last step. This strategy
normally leads to very pure compounds since only those molecules will be cleaved
from the resin that have gone through the whole reaction sequence. This concept
was used for a versatile synthesis of quinazolinones of type 151 and 152 as shown
in Scheme 9.2!

Coupling of ortho-azido benzoic acids of type 148 to chloromethylated Merri-
field resin, gave high yields of esters of type 149. After treatment with triphenyl-
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phosphine, these gave the intermediate phosphorylimines according to the classical
Staudinger reaction, which following an aza-Wittig reaction with isocyanates, gave
excellent yields of polymer-bound carbodiimides 150. Subsequent treatment with
nucleophiles (e.g. amines, thiols) led via intramolecular cyclization to quinazoli-
nones of type 151 and 152. This strategy efficiently combines the aza-Wittig
reaction with multi-directional cleavage and simultaneous cyclization.

130
153 | 194
[y
v |
+ .
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- -\_\ "'
-~ I _Il_ : —~ ‘/"“;\.. N
@ ¢ @S
5 -
157 156 - L
Ix ix
L L
j N .
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i: thiourea, EtOH; ii: DIPEA, DMF; iii: TFA, CH oCly; iv: m-CPBA, CH,Cly; v: pyrrolidine, dioxane;
vi: DCC, CgFsOH; vii: NHR2R?, dioxane; viii: R“NH2, R’CHO, R®N=C, dioxane, MeOH;
ix: XH, dioxane (X: amines, alcoholates, thiolates)

Scheme 10.
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F. Multigeneration Solid-Phase Approach to Pyrimidines

Next, we focused on a multigeneration strategy towards the pharmacologically
interesting pyrimidine derivatives of type 155, 158, and 159, as shown in Scheme
10. This strategy features a cyclo-condensation reaction of polymer-bound
thiouronium salt 130 with the acetylenic ketones of type 153 in the presence of
diisopropylethylamine, followed by cleavage of the terf-butyl ester with TFA to
give excellent yields of polymer-bound acids 154.2%% All these reactions were
monitored by on-bead AT/FT-IR spectroscopy.*’Oxidation of 3 with meta-chlo-
roperbenzoic acid resulted in clean formation of the intermediate sulfones and
treatment with pyrrolidine gave the cleaved pyrimidine acids of type 155 in high
yields and purity.

The oxidative activation of the pyrimidine—sulfide linkage, followed by reaction
with nucleophiles (e.g. alcoholates, thiolates, amines) and simultaneous cleav-
age®®22 constitutes a novel example of the “safety-catch” linker principle.'®
Having demonstrated the utility of this novel traceless linker, the resin-bound acids
154 were partitioned and treated either with amines to give amides of type 156, or
reacted in an Ugi reaction with amines, aldehydes, and isonitriles to give amides
157. Oxidation to the sulfones and cleavage with nucleophiles such as amines,
alcoholates and thiolates gave high yields of pyrimidines of type 158 and 159
(Scheme 10). It should be noted, that cleavage of the intermediate polymer-bound
sulfones results directly in the formation of pharmacologically important 2-ami-
nopyrimidines.

This multigeneration strategy for the synthesis of pyrimidines combines effi-
ciently a novel cyclocondensation reaction using the highly reactive acetylenic
ketones 153215218 o build the pyrimidine skeleton, with a multicomponent reaction,
and a multidirectional cleavage procedure. The Ugi four component reaction is
especially useful in the context of building peptidomimetic-derived combinatorial
libraries as it affords directly dipeptide analogues of type 159.
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ABSTRACT

Taxol® (paclitaxel) and Taxotere® (docetaxel) are currently considered to be the most
promising leads in cancer chemotherapy. Both paclitaxel and docetaxel exhibit
significant antitumor activity against various cancers, especially breast and ovarian
cancers, which have not been effectively treated by existing chemotherapeutic drugs.
The anticancer activity of these drugs is ascribed to their unique mechanism of action,
i.e. causing mitotic arrest in cancer cells leading to apoptosis through inhibition of
the depolymerization of microtubules. Although both paclitaxel and docetaxel possess
potent antitumor activity, treatment with these drugs often results in a number of
undesired side effects as well as multidrug resistance (MDR). Therefore, it has
become essential to develop new anticancer agents with fewer side effects, superior
pharmacological properties, and improved activity against various classes of tumors.
This chapter describes the accounts of our research on the chemistry of paclitaxel and
taxoid anticancer agents at the biomedical interface including: (i) the development of
a highly efficient method for the semisynthesis of paclitaxel and a variety of taxoids
by means of the B-Lactam Synthon Method (8-LSM), (ii) the structure—activity
relationship (SAR) study of taxoids for their activities against human cancer cell lines,
(iii) the discovery and development of “second-generation” taxoid anticancer agents
that possess exceptional activities against drug-resistant cancer cells expressing the
MDR phenotype as well as solid tumors (human cancer xenografts in mice), (iv) the
development of fluorine-containing taxoids as a series of the second-generation taxoid
anticancer agents and as excellent probes for the identification of bioactive confor-
mation(s) of paclitaxel and taxoids by means of 19F NMR in solution as well as in
solid state for the microtubule—taxoid complex, (v) the development of radiolabeled
photoreactive analogues of paclitaxel for photoaffinity labeling and mapping of the
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drug-binding domain on microtubules as well as P-glycoprotein that is responsible
for MDR, and (vi) an SAR study of taxoids on their activities for inducing NO and
tumor necrosis factor (TNF) through macrophage activation, which may be operative
as an alternative mechanism of action. Thus, this chapter covers a wide range of issues
associated with these powerful taxoid anticancer agents, discussing current status and
future prospects.

. INTRODUCTION

Taxol® (1, paclitaxel), a highly functionalized naturally occurring diterpenoid, is
currently considered one of the most important drugs in cancer chemotherapy.!™
A tremendous amount of research focusing on the science and applications of
paclitaxel has been performed since its initial isolation in 1966 from the bark of the
Pacific yew tree (Taxus brevifolia) and subsequent structural determination in
1971.% Paclitaxel was approved by the FDA for the treatment of advanced ovarian
cancer (December 1992) and metastatic breast cancer (April 1994). A semisynthetic
analogue of paclitaxel, Taxotere® (2, docetaxel),’ was also approved by the FDA
in 1996 for the treatment of advanced breast cancer. These two taxane anticancer
drugs are currently undergoing Phase II and I1I clinical trials worldwide for a variety
of other cancers as well as for combination therapy with other agents.

Paclitaxel and docetaxel have been shown to act as spindle poisons, causing cell
division cycle arrest, based on a unique mechanism of action.’~'® These drugs bind
to the B-subunit of the tubulin heterodimer, the key constituent protein of cellular
microtubules (spindles). The binding of these drugs accelerates the tubulin polym-
erization, but at the same time stabilizes the resultant microtubules, thereby inhib-
iting their depolymerization. The inhibition of microtubule depolymerization
between the prophase and anaphase of mitosis results in the arrest of the cell division
cycle, which eventually leads to the apoptosis of cancer cells.

o

Paclitaxel (1): R' = Ph, R? = Ac
Docetaxel (2): R'=#BuO, RZ=H
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In this chapter, we describe an account of our research on the chemistry and
biology of paclitaxel and taxoid anticancer agents (taxoid = taxol-like compound).
The topics covered in this chapter include (i) the development of a practical and
efficient method for the semisynthesis of paclitaxel and docetaxel using chiral
3-hydroxy-fB-lactams as synthetic intermediates, (ii) structure—activity relationship
(SAR) studies of various taxoids that led to the discovery of the extremely potent
“second-generation” taxoids, and (iii) biological and conformational studies with
the use of fluorine-containing taxoids as “probes.”

Il. HIGHLY EFFICIENT SEMISYNTHESIS OF PACLITAXEL
AND DOCETAXEL BY MEANS OF THE B-LACTAM
SYNTHON METHOD

Clinical trials and the subsequent FDA approval of paclitaxel brought about a
serious problem in the supply of this drug. Extraction of paclitaxel from its natural
source, i.e. the bark of Pacific yew trees, was a cumbersome and low-yielding
process. Furthermore, the removal of the bark requires cutting down the yew trees
which are not so abundant. Accordingly, a long-term use of this drug cannot be
secured once the supply of the yew trees becomes depleted. It was estimated in the
late 1980s that the supply of the Pacific yew trees would be exhausted within 5
years at the rate of use of paclitaxel for clinical trials. Therefore, it was urgent and
essential to explore all possibilities for securing the supply of paclitaxel. Although
six total syntheses of paclitaxel have been reported in the past 4 years,'"1" none of
them are practical in terms of large-scale preparation, although they represent
tremendous academic achievements. Fortunately, French scientists found that 10-
deacetylbaccatin III (3, DAB), a diterpenoid which comprises the complex tetracy-
clic core of paclitaxel, could be isolated from the leaves of the European yew, Taxus
baccata, in good yield (1 g per 1 kg of fresh leaves).!® This was an extremely
important discovery by Potier and coworkers since the yew leaves are readily
renewable sources. Thus, an efficient and practical semisynthesis using 3 could
ensure the long-term supply of paclitaxel and make it possible to develop novel
taxoids with superior activity and better pharmacological properties than paclitaxel.
In fact, the supply of paclitaxel has been secured through semisynthesis starting
from DAB (3), while docetaxel, which possesses more potent cytotoxicity than
paclitaxel, was discovered and developed through semisynthesis based on 3 as well.
A semisynthesis of paclitaxel starting from 3 required a suitable preparation of the
N-benzoyl-3-phenylisoserine (4) residue at the C-13 position with the (2'R,3°S)
configuration, which was found to be a critical moiety for the cytotoxicity of the
drug. 31921

Semisynthesis of paclitaxel, docetaxel, and their analogues has been extensively
studied by the laboratories of Potier, Holton, Ojima, Georg, Swindell, Kingston,
Rhéne-Poulenc Rorer (RPR), and Bristol-Myers Squibb (BMS). Except for the very
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o
Ph)J\[_:H

Ph/’\:, CO,H
OH
4
3 N-Benzoyl-(2R,35)-3-
10-Deacetylbaccatin ill (DAB) phenylisoserine

first semisynthesis of paclitaxel by Potier et al., which was based on the function-
alization of 13-cinnamoylbaccatin III,%? the semisynthesis of paclitaxel and do-
cetaxel includes two elements: (i) asymmetric synthesis of the
(2’R,3’S)-N-benzoyl-3-phenylisoserine moiety, and (ii) coupling of the
phenylisoserine moiety with DAB (3). There have been numerous reports on the
asymmetric syntheses of (2'R,3’S)-N-benzoyl-3-phenylisoserine and its congeners
using a variety of synthetic methods.?® On the contrary, there have been only a few
methods for the coupling of the phenylisoserine moiety with DAB (3), i.e. Green—
Potier esterification,'® Holton oxazinone coupling,>?* Ojima-Holton B-lactam
coupling, %% Commergon oxazolidinecarboxylic acid coupling,?’ and Kingston
oxazolinecarboxylic acid coupling.?® Among those coupling methods, the Ojima~—
Holton B-lactam coupling has been proved to be the most efficient and versatile
method and thus most frequently used for the total synthesis of paclitaxel'! !> and
SAR study of taxoids. The Commergon oxazolidinecarboxylic acid coupling has
also been commonly used. ,

Since several excellent reviews on the semisyntheses of paclitaxel, docetaxel, and
taxoids have been publishe:d,("ﬁ'zg‘32 we limit discussions here to our own contri-
butions to the development of the efficient and practical semisyntheses of paclitaxel
and its congeners.2>26:32-46

Our strategy was to apply the [3-Lactam Synthon Method (B-LSM)** devel-
oped in these laboratories for (i) the asymmetric synthesis of the (2'R,3’S)-N-ben-
zoyl-3-phenylisoserine moiety with excellent enantiomeric purity in high yield, and
(ii) the ring-opening coupling of N-acyl-B-lactams with DAB (3).

After examining the feasibility of an asymmetric [2 + 2] ketene—imine cycload-
dition route and an asymmetric ester enolate—imine cyclocondensation route, we
chose the latter route for the efficient asymmetric synthesis of (3R,4.5)-3-hydroxy-
4-phenylazetidin-2-one and (2R,3S5)-N-benzoyl-3-phenylisoserine. The cyclocon-
densation of the lithium enolate of (-)-(1R,2S)-2-phenyl-1-cyclohexyltriiso-
propylsiloxyacetate (5a: P = (i-Pr),Si (TIPS) and R* = (-)-(1R,25)-2-phenyl-1-cy-
clohexyl) with N-trimethylsilylbenzaldimine (6a: R = Ph) in THF at —78 °C gives
(3R,45)-3-triisopropylsiloxy-4-phenylazetidin-2-one (7a: P = TIPS and R' = Ph)
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0
PO, R

o} 1) LDA THF,-78° 7 _DENHC Ph)j\’ﬁ“

[ 1 )/.—_‘ A_-COH
O "“or 2 NN &N DPRCOCNACOs oy Oz
“TMS R!=Ph 4 OH

5 6 7
R* = chiral aux. R' = aryl, alkyl,
P = protecting group alkenyl,

heteroaromatic

Scheme 1.

with 98% ee in more than 90% yield in one step under the optimized conditions
(Scheme 1). The simple acidic hydrolysis of 7a, followed by N-benzoylation by
Schotten—-Baumann procedure gives enantiopure (2R,3S)-N-benzoyl-3-
phenylisoserine in excellent yield.>***® This asymmetric ester enolate~imine
cyclocondensation method has proven to be very versatile and thus applicable to
the efficient asymmetric syntheses of (3R,4S)- or (3S5,4R)-3-hydroxyazetidin-2-
ones bearing a variety of substituents at the C-4 position (Scheme 1).4-53

The coupling of N-benzoyl-2-O-EE-phenylisoserine (EE = ethoxyethyl) with
7-TES-baccatin III (TES = triethylsilyl) had been reported'® by Green—Potier’s
group when we were investigating an efficient method for the introduction of
(2R,35)-N-benzoyl-3-phenylisoserine moiety at the sterically demanding hydroxyl
group at the C-13 position of baccatin III. However, this coupling method suffered
from low conversion in spite of using 5-6 equivalents of N-benzoyl-2-O-EE-
phenylisoserine (9) to 7-TES-baccatin III (8) and considerable epimerization at the
hydroxyl group at the C-2 position of the phenylisoserine moiety during the
coupling (Scheme 2). The situation was essentially the same for the coupling of
N-tert-butoxycarbonyl-2-O-EE-phenylisoserine with 7,10-di-Troc-DAB (10)
(Troc = 2,2,2-trichloroethoxycarbonyl) for docetaxel synthesis.'® Therefore, a new
and efficient coupling method was necessary for the practical semisynthesis of
paclitaxel and docetaxel.
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Scheme 2. Green-Potier coupling.
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As mentioned above, we were planning to apply the 3-LSM for the ring-opening
coupling with DAB (3) at that time. Since monocyclic -lactams are fairly stable
against nucleophilic attack, we thought that it would be necessary to activate
(3R,4S)-3-triisopropylsiloxy-4-phenylazetidin-2-one (7a) or its congener by acy-
lating the N-1 position. Moreover, the retrosynthetic analysis indicated that 1-ben-
zoyl-(3R,4S5)-3-(protected hydroxy)-4-phenylazetidin-2-one (11) and 1-tert-
butoxycarbonyl-(3R,45)-3-(protected hydroxy)-4-phenylazetidin-2-one (12)
would be ideal precursors of the N-acylphenylisoserine moieties of paclitaxel and
docetaxel, respectively. Thus, we synthesized these N-acyl-f-lactams by acylating
7a with benzoyl chloride and di(tert-butyl)carbonate in excellent yields (Scheme
3).2526.34

Holton claimed in a patent application that (3R,45)-N-benzoyl-3-O-EE-$-lactam
11 (5 equiv), obtained through tedious classical optical resolution of racemic
cis-3-hydroxy-4-phenylazetidin-2-one, could be directly coupled with 7-TES-bac-
catin III (8) in the presence of 4-dimethylaminopyridine (DMAP) and pyridine and
the subsequent deprotection afforded paclitaxel in ca. 82% yield.>* Although this
procedure was proved to work by us and by others, the use of a large excess of
B-lactam is obviously inefficient. Moreover, the Holton procedure did not work at
all when N--Boc-B-lactam 12 was used for our attempted syntheses of docetaxel
and its 10-acetyl analogue. This is due to the lack of reactivity of the N-t-Boc-p-
lactam 12 toward the C-13 hydroxyl group of a protected baccatin III under the
Holton conditions. The lack of reactivity is ascribed to the substantially weaker
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Scheme 3. Ojima protocol for N-acyl-B-lactams.
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electron-withdrawing ability of the fert-butoxycarbonyl group than that of the
benzoyl group.

In order to overcome this difficulty, we employed the 13-O-metalated derivatives
of 7-TES-baccatin III (8) and 7,10-di-Troc-DAB (10). We examined NaH in THF
and DME suspension,?>?34 BuLi, LDA, LiHMDS, NaHMDS, and KHMDS in
THF solution, and found that NaHMDS is the best base for these ring-opening
coupling of N-acyl-B-lactams with baccatins.?®** The ring-opening coupling pro-
ceeds smoothly at 0 °C for 8 or at ~30 °C for 10 using only slight excess of an
N-acyl-B-lactam (1.2 equiv) to a baccatin to give the coupling product 13a or 13b
within 30 min in excellent yield, and the subsequent deprotection affords paclitaxel
and docetaxel in high overall yields (Scheme 4).

Our protocol using NaH as the base® has been optimized by Georg’s group and
successfully applied to the syntheses of many paclitaxel analogues.”®* Our proto-
col using NaHMDS or LiHMDS as the base has been employed for the final step
in paclitaxel total syntheses'3=1>17 as well as for the syntheses of numerous taxoids
by us and other research groups worldwide. It should be noted that Holton and his
collaborators independently developed a virtually identical ring-opening coupling
process using 13-O-lithiated baccatin III with N-benzoyl-B-lactam 11 for paclitaxel
synthesis, which was adopted by Bristol-Myers-Squibb for the commercial synthe-
sis of paclitaxel.” Thus, the supply of paclitaxel for extensive clinical use was
secured though the ring-opening coupling protocol developed by us and the
Holton-BMS group. It is also worth mentioning that the Ojima—Holton protocol
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Scheme 4. Ojima protocol for ring-opening coupling.
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opened an extremely efficient and practical route to a diverse array of new taxoids,
paving the way for extensive structure—activity relationship (SAR) studies of those
taxoid anticancer agents.

Our extensive SAR study of paclitaxel and its congeners, i.e. taxoids, focused on
the discovery of new taxoids exhibiting excellent cytotoxicity against different
tumor types including those expressing the MDR phenotype, improved pharma-
cological properties, and reduced undesirable side effects. Our efforts toward the
discovery and development of new taxoids possessing excellent anticancer activity
against drug-resistant cancer cells and tumors have led to the development of the
second-generation taxoids, which may be one of our most significant contributions
to this field of research. The following sections will review our studies on the
medicinal and biological chemistry of taxoid anticancer agents.

I1l. MODIFICATIONS AT THE 3’- AND 2-POSITIONS:
FROM PACLITAXEL TO THE NONAROMATIC TAXOIDS

A. Cyclohexyl Analogues: Are Phenyl Groups
Necessary for Anticancer Activity?

We began our SAR study by investigating the role of the phenyl rings at the C-2
and C-3’ positions of paclitaxel in its cytotoxicity and tubulin binding propenies.38
Accordingly, we examined the effect of the reduction of the aromatic ring to a
cycloalkyl ring. 4-Phenyl-f-lactam 12 (P = EE) and 4-cyclohexyl-f-lactam 14 were
coupled with 7,10-di-Troc-DAB (10) and 2-(hexahydro)-7,10-di-Troc-DAB (15)
using the protocol discussed above to afford docetaxel analogues 16—18 bearing a
cyclohexyl group in place of the C-3" phenyl and/or a cyclohexanecarboxylate in
place of the C-2 benzoate (Scheme 5).® The paclitaxel analogue 20, bearing a
cyclohexylcarboxylate group replacing the benzoate group at C-2, was obtained in
a similar fashion by the coupling of the B-lactam 11 (P = TES) with 7-TES-2-(hexa-
hydro)baccatin I1I (19) (Scheme 6). The -lactam 14, 7,10-di-Troc-baccatin 15 and
7-TES-baccatin 19 bearing cyclohexyl groups were prepared from B-lactam 7a and
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DAB (3) through efficient hydrogenation over rhodium on carbon.®® Similar
paclitaxel and docetaxel analogues containing cyclohexyl groups were inde-
pendently reported by Georg and coworkers.>®

Biological activities of the taxoids 16—18 and 20 were evaluated in three different
assay systems, i.e. inhibition of microtubule disassembly, cytotoxicity against a
murine P388 leukemia cell line, and a doxorubicin-resistant P388 cell line.3®
Results clearly indicate that a phenyl group at C-3" or C-2 is not a requisite for
strong binding to microtubules. As Table 1 shows, 3-(cyclohexyl)docetaxel (16)
(0.72T) and 2-(hexahydro)docetaxel (17) (0.85T) possess strong inhibitory activity
for microtubule disassembly equivalent to that of docetaxel (0.7T), which is more
potent than paclitaxel (1.0T). This finding has opened an avenue for development
of new nonaromatic analogues of docetaxel and paclitaxel. 3"-Cyclohexyl-2-(hexa-
hydro)docetaxel (18) turns out to have a substantially reduced activity. The cyto-
toxicities of 16—18 against P388 are, however, in the same range, i.e. 8—12 times
weaker than docetaxel and 4-6 times weaker than paclitaxel. Thus, 18 shows

Table 1. Microtubule Disassembly Inhibitory Activity and Cytotoxicity of
Cyclohexy! Analogues 16-18 and 20

Microtubule
Disassembly Inhibitory
Activity® ICsy/ICsq P388 Cell Line® P388/Dox ¢
Taxoid (paclitaxel) (ug/mL) (ug/mL)
Docetaxel 0.70T 0.008 1.5
16 0.72T 0.063 3.1
17 0.85T 0.090 6.3
18 2.0T 0.076 3.6
20 1.7T 045 7.5

Notes: *ICq, represents the concentration of an agent leading to 50% inhibition of the rate of microtubule disassembly.
ICs4 (paclitaxel) is the IC,, value of paclitaxel in the same assay. In the same assay, the IC, of paclitaxel is
0.015 uM.
YIC, represents the concentration that inhibits 50% of cell proliferation.
°P388/Dox = doxorubicin resistant murine leukemia P388 cell line.
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equivalent cytotoxicity to that of 16 or 17 in spite of much lower microtubule
disassembly inhibitory activity. The cytotoxicities of these new taxoids against the
P388/Dox cell line are only 2-2.5 times lower than that of docetaxel. The potency
of 2-(hexahydro)paclitaxel (20) for these assays is much lower than that of the
docetaxel counterpart 17.3

B. Modifications at the 3’-Position: 3’-Alkyl and 3’-Alkenyl Taxoids

The promisingly high cytotoxicity of the cyclohexyl analogues 1618 and 20
prompted us to further investigate the introduction of other nonaromatic substi-
tuents at the C-2 and C-3 positions. This section describes our findings on the
effects of alkyl and alkenyl substituents at the C-3’ position on cytotoxicity. A series
of 3’-alkyl and 3’-alkenyl taxoids were synthesized in the same manner as described
above using the B-LSM.*® For the synthesis of 4-alkyl- and 4-alkenyl-B-lactams,
the use of N-(4-methoxylphenyl)aldimines 21 instead of N-TMS-aldimines 6 was
necessary in most cases to obtain high yields and enantioselectivity (Scheme 7).
The 4-alkyl- and 4-alkenyl-fB-lactams 22a—e were subsequently coupled to baccat-
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Table 2. Microtubule Disassembly Inhibitory Activity and Cytotoxicity of 3’-Alkyl
and 3’-Alkenyl Taxoids

Microtubule
Disassembly Inhibitory

Activity® P388 Cell Line® P388/Dox®
Taxoids ICs/ICs (paclitaxel) ICsy (uM) ICs (UM)
Docetaxel 0.70T 99 1.86
23a 0.78T 122 1.59
23b 1.45T 264 7.49
23c 1.45T 125 6.88
23d 0.64T 12.8 2.36

Notes: *ICs,represents the concentration of an agent leading to 50% inhibition of the rate of microtubule disassembly.
IC,q(paclitaxel) is the ICs, value of paclitaxel in the same assay. In the same assay, the ICs, of paclitaxel is
0.015 pM.
PIC, represents the concentration that inhibits 50% of cell proliferation.

ins 8 and 10 followed by deprotection to afford taxoids 23a—d and 24a,d,e. For the
purpose of comparison, taxoid 25 (RAH-1)*7 was also synthesized.

As Table 2 shows, 3’-(2-methylpropyl)-taxoid 23a and the 3’-(2-methylprop-1-
enyl)-taxoid 23d possess excellent activities comparable to that of docetaxel in both
tubulin binding and cytotoxicity assays. It is also obvious that the activity is very
sensitive to the bulkiness of the 3’-substituents as observed by the substantial
decrease in activity with change of the C-3’ moiety from 2-methylpropyl (23a) to
the bulkier trans-2-phenylethenyl (23b) or 2,2-dimethylpropyl group (23c).

The in vivo antitumor activities of 23a and 23d were evaluated against B16
melanoma in B6D2F1 mice.>® Taxoids (0.4 mL/mouse) were administered intrave-
nously (i.v.) on days 5, 7, and 9. Results are as follows: for 23a, T/C = 5% (20
mg/kg/day), time for median tumor to reach 1000 mg (days) = 26.03, log,, cell kill
= 1.97; for 23d, T/C = 8% (12.4 mg/kg/day), time for median tumor to reach 1000
mg (days) = 27.54, log,, cell kill = 2.25. The results clearly indicate that, unlike the
cyclohexyl analogues, both analogues are very active in vivo and their activities are
equivalent to that of docetaxel in the same assay.

Cytotoxicity of 3’-alkyl- and 3’-alkenyl-taxoids 23a and 24a,d,e as well as taxoid
25 (RAH—I)57 were evaluated against human ovarian (A121), non-small cell Jung
(A549), colon (HT-29), and breast (MCF7) cancer cell lines. In addition to these
cell lines, the activity against a doxorubicin-resistant human breast cancer cell line
(MCF7-R) was also examined. As Table 3 shows, 3’-(2-methylprop-1-enyl)taxoid
24d, 3’-(E)-prop- 1-enyl-taxoid 24e, and 3’-(2-methylpropyl)taxoid 24a, especially
24d and 24e, exhibit excellent cytotoxicity. It should be noted that these three
taxoids exhibit one order of magnitude better activity than paclitaxel and docetaxel
against the doxorubicin-resistant MCF7-R. This finding provided significant infor-
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Table 3. Cytotoxicity of 3’-Alkyl and 3’-Alkenyl Taxoids (ICs;, nM)?

Al21* A549? HT-29% MCF7* MCF7-R®P
Taxoid (ovarian) (NSCL) (colon) (breast) (breast)
Paclitaxel 6.1 3.6 32 1.7 300
Docetaxel 1.2 1.0 1.2 1.0 235
25 (RAH-1) 14 045 0.96 0.54 113
23a 1.9 0.70 0.50 0.80 107
24a 38 098 32 4.0 36
24d (SB-T-1212) 0.46 027 0.63 0.55 12
24e 0.90 0.54 0.76 0.51 14

Notes: °The concentration of compound which inhibits 50% (IC, nM) of the growth of human tumor cell line after
72 h drug exposure.
PMCF7-R mammary carcinoma cells, 180-fold resistant to doxorubicin.

mation for the development of newer antitumor agents effective against tumors
expressing the MDR phenotype.

Next, we looked at the activity of 24d (SB-T-1212) against doxorubicin-resistant
(A2780-DXS5), oxaliplatin-resistant (A2780-C25), and cisplatin-resistant (A2780-
CP3) ovarian cancer cell lines (Table 4) in order to secure the relevance of using
MCF7-R as the probe cell line to evaluate activity against drug-resistant cancer cell
lines. As Table 4 shows, paclitaxel, docetaxel, and 24d maintain their excellent
activity against the oxaliplatin- and cisplatin-resistant cancer cells. However, pacli-
taxel and docetaxel suffer from a substantial (100-200 times) cross-resistance
against the doxorubicin-resistant cancer cell line. In stark contrast to these two
drugs, 24d retains excellent activity (IC5, = 5.7 nM). These results clearly indicate

Table 4. Cytotoxicity of Selected Antitumor Agents Against Ovarian and
Drug-Resistant Ovarian Cancer Cell Lines (IC5o nM)?

Taxoid A2780-WT? A2780-DX5°¢ A2780-C25¢ A2780-CP3°
Cisplatin 450 280 1600 9000
Doxorubicin 5 357 63 56
Paclitaxel 27 547 3.4 4.1
Docetaxel 1.2 122 1.0 1.4
24d (SB-T-1212) 0.4 57 0.3 0.36

Notes: *See the footnote of Table 3.
YHuman ovarian carcinoma.
“Doxorubicin-resistant ovarian carcinoma.
4Oxaliplatin-resistant ovarian carcinoma.
“Cisplatin-resistant ovarian carcinoma.
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the validity of using the MCF7-R assay for the evaluation of the cytotoxicity of the
new taxoids against drug-resistant cancer cells expressing the MDR phenotype.

The remarkable enhancement in activity against the drug-resistant human breast
cancer cell line, MCF7-R, observed for taxoids 24 can be ascribed to a combination
of three structural parameters, i.e. (i) an alkyl or alkenyl group with appropriate size
at the C-3" position, (ii) a fert-butoxycarbonyl group rather than a benzoyl group at
the C3’-N position as evident from the comparison of 25 with 24d, and (iii) an acetyl
group at C-10, which increases the activity by two- to threefold as observed in the
comparison of 23a with 24a. This finding prompted us to examine the effects of
C-10 modification of the 3’-alkyl and 3’-alkenyl taxoids on the cytotoxicity, and
led us to discover a new series of exceptionally potent taxoids, the second-genera-
tion taxoids,*! that possess two orders of magnitude higher potency than that of
paclitaxel and docetaxel against MCF7-R cancer cells.

C. The Second-Generation Taxoids: Modifications at the C-10 Position of
3’-Alkyl and 3’-Alkenyl Taxoids

We synthesized a series of taxoids with various substituents at C-10 including
ether, ester, carbamate, and carbonate functional groups to examine the effects of
the C-10 modification on the activity against MCF7-R.*! The C-10 modifications
of 7-TES-DAB (8) were carried out with acyl, alkoxycarbonyl, N,N-dialkylcar-
bamoyl, and alkyl halides using LIHMDS as the base.’®*° The reactions proceeded
uneventfully to give the corresponding 10-modified 7-TES-DABs (26a—m) in good
yields (Scheme 8). This procedure was not applicable when N-alkyl- and N-allyliso-
cyanates were used as electrophiles.®® Accordingly, we employed cuprous chloride
as the activator®! to obtain the desired 10-carbamoyl-7-TES-DABs (26n-s) in
moderate to high yields (Scheme 8). Coupling of these 10-modified DABs with
p-lactam 22d gave adducts 27a-s, and the subsequent deprotection afforded taxoids
28a-s. Taxoids 29a—e,s were obtained quantitatively by hydrogenation of the
2-methylprop-1-enyl moiety of taxoids 28a—c¢,s over palladium on carbon (Scheme
9).
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As Table 5 shows, taxoids 28 and 29 possess excellent cytotoxicity against human
cancer cell lines, superior to those of paclitaxel and docetaxel except for taxoid 29s.
A number of these taxoids show one order of magnitude stronger activity than
paclitaxel and docetaxel. The most cytotoxic taxoid against normal human cancer
cell lines in this assay is 10-morpholine-N-carbony! taxoid 28m which exhibits an
IC,, value of 0.09 nM against ovarian (A121) and breast (MCF7) cancer cell lines.
The most significant result, however, is the remarkable activity (IC5,=2.1-9.1 nM)
against the drug-resistant cancer cell line, MCF7-R, exhibited by a number of the
10-modified taxoids. Among these, the three new taxoids, 28a (SB-T-1213), 28b
(SB-T-1214), and 29a, are exceptionally potent, possessing two orders of magni-
tude better activity than paclitaxel and docetaxel. Because of the observed excep-
tional activity against MCF7-R expressing the MDR phenotype, which is distinct
from paclitaxel and docetaxel, we call these new taxoids “second-generation
taxoids.” It is noteworthy that the observed exceptional activity is clearly ascribed
to the modification at C-10 by comparing the activities of these second-generation
taxoids with the corresponding 10-acetyl taxoids 24d (SB-T-1212, IC5, = 12 nM)
and 24a (IC,, = 36 nM). The observed substantial effects of C-10 modification on
cytotoxicity forms a sharp contrast to other reports concluding that the C-10
hydroxyl deletion or acylation does not modulate the activity.55 58,62

The SARs of the taxoids 28 and 29 against MCF7-R show that the bulkiness of
the C-10 substitution exhibits considerable effects on cytotoxicity. It appears that
the propanoyl and cyclopropanecarbonyl groups are optimal as demonstrated by
the exceptionally high potency of 28a (SB-T-1213), 28b (SB-T-1214), and 29a. As
the size of the C-10 modifier increases, the activity shows a fairly steady decline as
exemplified by the comparison of 10-dimethylcarbamoyl taxoid 28¢ (IC5, = 4.9
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Table 5. Cytotoxity of C-10-Modified Taxoids (IC5o, nM)?

24d, 28a-s 24a, 29a-e, s
Al21 A549 HT-29 MCF-7 MCF7-R

Taxiod R (ovarian) (NSCL) (colon) (breast) (breast)
Paclitaxel — 6.3 36 3.6 1.7 299
Docetaxel — 1.2 1.0 12 1.0 235
28a (SB-T-1213) CH;CH,-CO 0.12 0.29 0.31 0.18 22
28b (SB-T-1214) cyclopropane-CO 0.26 0.57 036 0.20 21
28¢ (CH3),N-CO 0.30 0.60 0.5 0.13 49
28d CH,0-CO 0.23 0.28 0.30 0.14 5.3
28e CH,4 0.70 0.90 0.90 0.37 123
28f CH;(CH,);-CO 0.60 0.60 0.60 0.50 30
28g CH5(CH,),-CO 0.50 0.57 0.90 0.40 17.3
28h (CH;),CHCH,-CO 0.60 0.40 0.60 0.40 8.5
28i (CH,);CCH,-CO 0.34 0.50 0.50 0.40 10.5
28j cyclohexane-CO 0.50 0.75 1.05 0.46 223
28k (E)-CH;CH=CH-CO 0.45 1.70 0.60 0.26 34
281 (CH,CH,),N-CO 0.17 0.20 0.40 0.20 9.1
28m morpholine-4-CO 0.09 0.22 0.18 0.09 12.5
28n CH,;NH-CO 1.2 0.7 1.2 04 162
280 CH;CH,NH-CO 0.29 0.15 0.41 0.31 87
28p CH;CH,CH,NH-CO 0.34 0.22 0.55 0.36 65
28q (CH;),CHNH-CO 0.34 0.36 0.52 0.46 76
28r CH,=CHCH,NH-CO 0.44 0.35 0.53 0.44 48
28s cyclohexyl-NH-CO 0.28 0.20 0.46 0.33 20
29a CH,CH,-CO 0.41 0.53 0.53 035 2.8
29b cyclopropane-CO 0.51 1.1 0.78 0.51 43
29¢ (CH,);N-CO 0.40 0.50 0.60 0.36 5.8
29d CH;0-CO 0.18 0.35 0.44 0.28 6.4
29%e CH, 0.70 0.60 0.60 0.33 214
29s cyclohexyl-NH-CO 5.0 37 5.0 1.6 33

Note: *See the footnote of Table 3.
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nM) with 10-diethylcarbamoyl taxoid 281 (IC,; = 9.1 nM) as well as 10-hexanoyl
taxoid 28g (IC, = 17.3 nM) with 10-cyclohexanecarbonyl taxoid 28j (IC, = 22.3
nM). However, it is worthy of note that the electronic and conformational factors
also exert substantial influence on the activity as observed in the comparison of
10-cyclohexanecarbonyl taxoid (28j, ICs, = 22.3 nM) with 10-morpholine-N-car-
bonyl taxoid (28m, IC, = 12.5 nM). It should also be pointed out that 28m is not
among the most potent analogues active against MCF7-R, although its activity
against normal cancer cell lines is the highest in the series of 10-modified taxoids.
10-Methyl taxoids 28e (IC, = 123 nM) and 29e (ICs, = 214 nM) resulted in two
orders of magnitude decrease in activity. This result implies the importance of the
carbonyl functionality at this position for exceptionally high activity. Although
10-N, N-dialkylcarbamoyl taxoids 28¢ and 28l show nanomolar-level ICs, values,
taxoids bearing N-monoalkylcarbamoyl and N-monoallylcarbamoyl groups at C-
10, 28n-s and 29s, show, uniformly, a substantial decrease in activity (20-162 nM).
It should be noted that cyclohexylcarbamoyl, a bulky carbamoyl group, brings
about better activity than small size carbamoyl groups as exemplified by the
comparison of 28s (IC5, =20 nM) or 29s (IC,, = 33 nM) with 28n (R = CH,NHCO,
ICy, = 162 nM).

It is worthy of note that the activity against MCF7-R expressing MDR phenotype
is very sensitive to the structure of the C-10 modifier, while this structural variation
generally has little effect on the activity against the normal cancer cell lines. The
fact clearly indicates that there is no apparent correlation between the activities of
the taxoids against the normal cancer cell lines and the drug-resistant cell line.

Multidrug resistance (MDR), a common and serious problem in cancer chemo-
therapy, is a property by which tumor cells become resistant to various hydrophobic
cytotoxic agents through the action of P-glycoprotein, a membrane bound protein
that is overexpressed in MDR cancer cells. P-Glycoprotein acts as an efflux pump
that binds and eliminates cytotoxins from the cell membrane and cytosol, thereby
keeping the intracellular drug concentration at innocuous levels.*~% It is reason-
able to assume that the observed SAR of the 10-modified taxoids that is unique to
the drug-resistant cell line MCF7-R is related, at least in part, to the binding ability
of these taxoids to P-glycoprotein. All the taxoids 28 and 29, except 29s, possess
subnanomolar level IC,, values against the normal cancer cell lines (as an average
value for four cell lines). Clearly most of the C-10 modifications studied are well
tolerated for cytotoxicity. On the contrary, the binding of these taxoids to P-glyco-
protein is strongly affected by the structure of the C-10 modifier, i.e. it appears that
the C-10 position is crucial for P-glycoprotein to recognize and bind taxoid
anticancer agents. To elucidate the role of P-glycoprotein in MDR, we have
developed efficient photoaffinity labels, i.e. tritiated photoreactive paclitaxel ana-
logues (see Section VI).56-% We are also actively developing novel and effective
taxane-based MDR reversal agents that are capable of interfering with the action
of P-glycoprotein and restore the concentrations of the anticancer agents in the
cytosol of drug-resistant cancer cells.®
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28a (SB-T-1213)

The in vivo antitumor activity of 28a (SB-T-1213) was evaluated against B16
melanoma implanted subcutaneously in B6D2F,; mice.*"""° The results indicated
that 28a (SB-T-1213) is extremely active in vivo against this tumor. Although
docetaxel showed a higher log cell kill value at optimal dosage, 28a is more potent
than docetaxel on a mg/kg basis, reflecting the exceptional activity of this agent in
the in vitro cell line assay (vide supra). Based on this encouraging result, several
of the second-generation taxoids are currently under evaluation for their in vivo
activity against a series of drug-resistant tumors (human cancer xenografts) in nude
mice.

D. Further SAR Study on 3’-Modified Taxoids: Novel Taxoids Bearing
~ Methano- and Oxanorstatine Residues

In order to study further the steric and electronic effects at C-3’ on cytotoxicity,
we synthesized analogues of taxoid 23d in which the alkene moiety was converted
to the corresponding cyclopropane or epoxide. First, we developed highly efficient
synthetic routes to enantiopure [-lactams bearing 2,2-dimethylcyclopropyl (30)
and 2,2-dimethyl-1,2-oxapropyl (31) groups at C-4.” The reaction of N-PMP-3-
hydroxy-B-lactam 33 with Et,Zn and CH,I, (10 equiv) in 1,2-dichloroethane
afforded 4-((S)-2,2-dimethylcyclopropyl)-B-lactam 34 as the single isomer in 93%
yield (Scheme 10). The subsequent protection of the C-3 hydroxyl group as TIPS
ether, oxidative cleavage of the PMP group, and t-Boc protection gave (3-lactam 30
in high yield. The epoxidation of B-lactam 22d with m-chloroperoxybenzoic acid
(m-CPBA) afforded a 1:1 mixture of 31-S and 31-R which were readily separated
by flash chromatography on silica gel (Scheme 10). In sharp contrast with this, the
reaction of N-£-Boc-3-hydroxy-p-lactam 36 with m-CPBA gave 4-((R)-2-methyl-
1,2-epoxypropyl)-B-lactam 32 as the sole product in 92% yield (Scheme 10).

The stereochemistry of the cyclopropyl as well as oxirane moiety in these
B-lactams was determined based on the single crystal X-ray analysis of -lactam
34 and the 4-nitrobenzoy! derivative (37) of 3-hydroxy-B-lactam 32.”" The ex-
tremely high diastereoselectivity observed in these cyclopropanation and epoxida-
tion reactions can be explained by taking into account the highly organized
transition state structures illustrated in Figure 1. The directing effect of the C-3
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Scheme 10.

hydroxyl group, by virtue of the constrained f-lactam skeleton, is maximized to
achieve the exclusive formation of fB-lactams 34 and 32.

Novel taxoids bearing the methanonorstatine or oxanorstatine residue at the C-13
position of baccatin were synthesized through coupling of B-lactam 30 or 31 with
baccatins 8 and 26b using our standard coupling conditions (vide supra). The
cytotoxicity of new taxoids 38 and 39 bearing the methanonorstatine residue were
evaluated against a human tumor breast carcinoma cell line (MDA- 435/LCC6-WT)
and an MDRI transduced cell line (MDR-435/LCC6-MDR).”" These taxoids
exhibited extremely high potency, particularly against the drug-resistant cell line
(Table 6). It is worthy of note that the ratio of the activities against drug-resistant
cells and drug-sensitive cells of 2.48 (resistant/sensitive) for 39 is the best ratio ever
reported to date for any taxoid. The cytotoxicity of these taxoids against a number
of other cancer cell lines is currently underway.

A o,
,Zﬁ\ ot Ar\€ }I-{ o
AN -\ Y
0 Lo Y,
H iH RS H :OH \:\
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o PMP o) ~C0,Bu

Figure 1. Proposed transition state structure for the formation of B-lactams 34 (a) and
32 (b).
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Table 6. Cytotoxicity of Taxoids 38 and 39 (IC5o, nM)?

MDA-435/
Taxoid LCC6-WT? MDA-435/LCC6-MDR* R/S Ratio®
Paclitaxel 3.1 346 112
38 0.64 2.77 433
39 1.19 2.95 248
Notes: *See the footnote of Table 3.

YHuman breast carcinoma cell line.
“Doxorubicin-resistant human breast carcinoma cell line.
dRatio of cytotoxicity (drug-resistant cell line)/(drug-sensitive cell line).

The cytotoxicity of taxoids 40-R and 40-S bearing the oxanorstatine residue were
evaluated in our standard five human cancer cell line assay.’! As Table 7 shows,
these two stereoisomers were found to possess considerably different cytotoxicity,
which is rather unexpected. Taxoid 40-R showed a 3- to 10-fold increase in activity
as compared to paclitaxel, while the other isomer, taxoid 40-S, exhibited a 2- to
4-fold decrease in activity, i.e. one to two orders of magnitude difference in activity
is observed just by changing the stereochemistry of the epoxide moiety at C-3", This

HO

Table 7. Cytotoxicity of Taxoids 40-R and 40-S (ICsy, nM)*

Paclitaxel 6.3 36 3.6 1.7 299
40-R 0.63 0.44 0.59 0.58 72
40-S 21.7 14.5 8.37 6.50 1066

Note:

See the footnote of Table 3.
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observation is very intriguing and confirms that the cytotoxicity of taxoids is highly
sensitive to the structure of substituents at the C-3” position.

E. Modifications at the C-2 Benzoate Moiety: Nonaromatic Taxoids

The improved activity of 3’-alkyl and 3’-alkeny! taxoids described above clearly
establishes the dispensability of aromatic character at the C-3" position. Next, we
investigated the effects of C-2 modification on cytotoxicity by replacing the C-2
benzoate moiety with nonaromatic ester groups. Replacement of the 2-benzoate
with simple alkyl and alkenyl esters in conjunction with modification at C-3’
provides a series of novel taxoids devoid of all the aromatic groups of paclitaxel
and docetaxel.*

With regard to the modification of the C-2 benzoate, several methods were
reported for the introduction of other aryl or hetero-aromatic groups. However,
those methods turned out to be not compatible to our purpose, which required
modifications at C-2 as well as C-3’. The successful routes to 2-modified baccatins
44 and 45 using 13-oxo0-7-TES-DAB (41)? are illustrated in Scheme 11.% We also
used 7-TES-(hexahydro)baccatin III (19) for the synthesis of 3’-modified 2-cyclo-
hexanecarbony] taxoids.

The ring-opening coupling of B-lactams 22a,d,e and 12 (P = TIPS) with baccatins
44, 45, and 19 under the standard conditions (vide supra), followed by deprotection,
afforded taxoids 46-52 in 51-93% yields.* Taxoid 53 was obtained in quantitative

—_— >=/002H

DCC, DMAP
Toluene, RT
92%

MeOH, 0°C to RT
80%

Scheme 11.
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yield viahydrogenation of the 3’-phenyl ring of 46 over Pt/C under ambient pressure
of hydrogen in EtOAc.* Taxoids 54 and 55 were prepared in a similar manner from
taxoids 50 and 51, respectively, through hydrogenation over Pd/C. 4

The cytotoxicity of taxoids 46-55 were evaluated against our standard five
human cancer cell lines. Results are summarized in Table 8 with the values for
paclitaxel, docetaxel, and taxoid 24d (SB-T-1212) for comparison.

As Table 8 shows, several of the new taxoids exhibit similar or enhanced activity
as compared to paclitaxel and docetaxel. Taxoid 48 (SB-T-104221: nonataxel) with
2-methylprop-1-enyl groups at both C-3" and C-2 is more active than both paclitaxel
and docetaxel, clearly establishing that a benzoate group at C-2 is not necessary for
strong cytotoxicity in lieu of the appropriate alkyl, alkenyl, or cyclohexyl group.
Taxoids 49-51 bearing a combination of 2-methylprop-1-enyl and 2-methylpropyl
groups at C-3" and C-2 were, however, all less potent than 48. The results clearly
indicate the considerable sensitivity for the modification at these positions. Based

Table 8. Cytotoxicity of Non-Aromatic Taxoids (IC5,, nM)?

c-3 c2 Al2] A549  HT-29  MCF7 MCF7-R
Taxoid Ry RYH (ovarian) (NSCL) (colon)  (breast) (breast)
Paclitaxel = < 6.1 36 32 1.7 299
Docetaxel - -0 1.2 1.0 1.2 1.0 235
24d (SB-T-1212) = - 0.5 03 0.6 0.6 12
46 O ™ 4.8 5.7 5.6 1.8 412
47 -0 = 27 29 3.5 1.1 140
48 —~¢ = 0.9 0.9 14 0.5 38
49 ¢ N 17 14 16 11 589
50 N ~¢ 54 30 89 84  >1000
51 - = 1.5 13 1.7 0.5 26
55 —~< = 32 71 5.6 1.8 57
52 ~ | 6.6 12 8.5 3.2 446
53 = W 43 49 59 10 591
54 ~ < 55 47 52 43 1081

Note: *See the footnote of Table 3.
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on the comparison of 51-53, 55, and 46, it is clear that the substituent at the C-3’
position plays a predominant role in determining the activity in the case of
2-cyclohexanecarbony! taxoids. For example, taxoid 51 shows better activity than
docetaxel, especially against MCF7 and MCF7-R.

Although the size of the group at C-3" is found to exert marked effects on the
cytotoxicity, the C-2 substituent has prominent effects on the activity as well. While
our earlier studies showed that a cyclohexanecarbonyl group at C-2 diminishes the
activity (see Section III.A),**% the placement of the proper alkyl or alkenyl group
at the C-3’ position overrides this negative effect and brings about an increase in
activity comparable to that of docetaxel. This is clearly seen from the results for
taxoids 51, 52, and 55. Thus, a rigid moiety with an appropriate size, such as aring
or an olefin, at the C-3’ and C-2 positions appears to be a requisite for strong activity.
In fact, the introduction of alkyl groups that can freely rotate such as 2-methylpropyl
to these positions (taxoids 49, 50, and 54), discernibly reduces the activity.

The requirement for a certain level of rigidity of the C-2 and C-3’ substituents
led us to investigate the solution conformation of taxoid 48 (nonataxel) in aqueous
media by 2-D NMR and molecular modeling techniques. We found that the two
2-methylprop-1-enyl moieties of this molecule orient themselves with respect to
each ogler quite specifically to form a strong hydrophobic clustering (see Section
IV.C).

IV.  FLUORINE-CONTAINING TAXOIDS: SAR STUDY AND
FLUORINE PROBE APPROACH TO THE IDENTIFICATION
OF BIOACTIVE CONFORMATIONS

In the course of our study on the rational design, synthesis and SAR of new
antitumor taxoids, we became interested in incorporating fluorine(s) into paclitaxel
and taxoids in order to investigate the effects of fluorine on cytotoxicity, blocking
of known metabolic pathways, and its use as a probe for identifying bioactive
conformation(s) of taxane antitumor agents.

Studies on the metabolism of paclitaxel have shown that the para position of the
C-3’ phenyl, the meta position of the C-2 benzoate, the C-6 methylene, and the C-19
methyl groups are the primary sites of hydroxylation by the P450 family of
enzymes.”*”> The predominant one among these is the hydroxylation of the C-3’
phenyl at the para position, presumably by the cytochrome 3A family.”* Substitu-
tion of a C—H bond with a C~F bond has been shown to substantially slow down
the enzymatic oxidation in general.”® Accordingly, we synthesized a series of
fluorine-containing taxoids with the expectation of obtaining analogues with im-
proved metabolic stability and cytotoxicity.*>* Also discussed in this section is the
successful use of fluorine-containing taxoids as probes for the study of solution and
solid-state (microtubule-bound) conformations of paclitaxel. The conformational
analyses of fluorine-containing taxoids based on VI-'"H NMR, VT-'°F NMR, and
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molecular modeling have provided extremely valuable information towards the
identification of the recognition and binding conformations of paclitaxel at its
binding site on the microtubules.””"’®

A. Fluorine-Containing Taxoids: Synthesis and Biological Activity

4-(4-Fluorophenyl)-f-lactams 56a and 56b were synthesized in excellent yields
with high enantiopurity through the asymmetric ester enolate—imine cycloconden-
sation discussed in Section II, which uses (—)-trans—2-pheny1cyclohcxanol79 as the
chiral auxiliary. However, this chiral auxiliary did not work efficiently for the
asymmetric synthesis of N-t-Boc-trifluoroalkyl-B-lactam 57, giving the intermedi-
ate B-lactam 58 with only 23% ee. Fortunately, the use of (-)-10-dicyclohexylsul-
famoyl-D-isoborneol® as the chiral auxiliary solved the problem, giving 58 with
93% ee (Scheme 12), which was readily converted to 57 in good overall yield.4°

4-Trifluoromethyl-B-lactam 63 was prepared in racemic form via a ketene—imine
[2 + 2] cycloaddition, following previously published methods®! with modifica-
tions.* The subsequent oxidative cleavage of PMP, acylation of NH with (t-Boc),0,
hydrogenolysis over Pd/C, and protection as 1-ethoxyethyl ether gave N-t-Boc-f3-
lactam 63 in good overall yield (Scheme 13).

Fluorine-containing taxoids 64—69 were synthesized in good yields through the
ring-opening coupling of B-lactams 56 and 57 with baccatins 8, 10, and 7,10-di-
TES-DAB (70) under the standard conditions (vide supra). Cytotoxicity of taxoids
64—69 was assayed against our standard five human cancer cell lines (Table 9). As
Table 9 shows, F-docetaxel analogues, 66 and 67, possess excellent activity against
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all cell lines tested, especially against A549 and MCF7.% F-paclitaxel analogue 64
has an activity comparable to paclitaxel except against MCF7-R, but F,-paclitaxel
65 shows reduced activity. The 3’-(3,3,3-trifluoropropyl) taxoid 68 shows reduced
activity, but its 10-acetyl analogue 69 recovers considerable activity.

For the synthesis of a series of 3’-CF,-taxoids 71 and 72a-h, the ring-opening
coupling of racemic N-t-Boc--lactam 63 (excess) with 7-TES-baccatins 70, 8, and

RYQ O
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64: R'=Ph,R%2=Ac 68: R® = CHyCH,CF3, R =H

65: R = 4-F-CgH,, R = Ac 69: R® = CHyCH,CF3, R* = Ac

66: R' = +BuO, R2=H

67: R' = tBuO, R2= Ac

Table 9. Cytotoxicity of Fluorine-Containing Taxoids {ICsp, nM)?
Al21 AS549 HT-29 MCF7 MCF7-R

F-Taxoid (ovarian) (NSCL) (colon) (breast) (breast)
Paclitaxel 6.3 3.6 3.6 1.7 300
Docetaxel 1.2 1.0 1.2 1.0 235
64 6.3 4.2 14.5 5.1 >1000
65 76 35 51 45 >1000
66 1.3 0.49 39 0.48 477
67 1.2 0.47 35 0.42 315
68 78 36 44 36 >1000
69 10 14 7.1 93 219

Note: See the footnote in Table 3.
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26a-d.f,i was examined with expectation of the occurrence of high-level kinetic
resolution at low temperatures (Scheme 14). This type of kinetic resolution in the
coupling of racemic -lactam intermediates and metalated baccatin III was pre-
viously noted in a patent literature by Holton and Biediger.?82 However, the
examples shown were all for 4-aryl-B-lactams and thus it was not predictable what
level kinetic resolution might take place for this particular 4-CF;-B-lactam 63. The
coupling reactions proceeded smoothly to give the desired 3’-CF;-taxoids 71 and
72a-h with diastereomeric ratios of 9:1 to >30:1 (by !°F NMR analysis) in fairly
good overall yields after deprotection.®>*® As Table 10 illustrates, a high level of
kinetic resolution of the racemic B-lactam 63 was observed in all cases. In particular,
(2'R, 3’R) taxoids 71, 72a, and 72b were obtained exclusively through the reactions
of 63 with 70, 8, and 26¢ (R = Me,N-CO), respectively. In addition, the reaction of
26a (R = Et-CO) with 63 afforded 72f with 30:1 diastereomeric ratio. Attempts to

Table 10. Syntheses of 3’-CF;-taxoids 71 and 72 Through Kinetic Resolution

Isomer Ratic®
Reaction Temp. Conversion of (2'R3'S):
Taxoid R (°C) Coupling (%)*  Yield (%) (2’S3'R)
71 H —40 to —20 80 54 (67)  single isomer
T2a Ac -40to -10 72 41 (57) single isomer
72b Me,N-CO -40t0 0 100 63 single isomer
72c cyclopropane-CO  —40to 0 100 64 10:1
72d MeO-CO —40 to —-20 93 54 (58) 24:1
T2e morpholine-4-CO 40 to -20 100 60 23:1
72f Et-CO -40to -15 100 74 >30:1
T2g CH;(CH,);-CO -40to -10 100 56 9:1
72h (CH;3);CCH,-CO  -40to -20 91 59 (65) 22:1

Notes: *Based on consumed baccatin.
*Two-step yield. Values in parentheses are conversion yields.
“Determined by '°F NMR analysis.
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separate out the minor diastereomers by column chromatography have not been
successful.

Cytotoxicity of 3’-CF;-taxoids 71 and 72a-h thus obtained were evaluated
against human cancer cell lines and the results are summarized in Table 115 As
Table 11 shows, all these taxoids possess excellent activities, and are substantially
more potent than either paclitaxel or docetaxel in virtually every case. The most
remarkable results are, however, one order of magnitude better activities of the
10-acylated taxoids 72a-h as compared to paclitaxel and docetaxel against the
drug-resistant breast cancer cell line, MCF7-R. The marked difference in cytotoxic-
ity observed between 3’-(2-CF,-ethyl) taxoid, 68 or 69, and 3’-CF,-taxoids 72
reconfirms high sensitivity of the C-3’ position to the size of substituent for the
biological activity.

The comparison of 10-OH taxoid 71 with 10-acyl taxoids 72a-h clearly indicates
that the observed remarkable activity enhancement against MCF7-R can be attrib-
uted to modifications at the C-10 position, while this modification has little effect
on the activity against the normal cancer cell lines, i.e. there is no apparent
relationship between the activity against the normal cancer cell lines and that
against the drug-resistant cell line. As described earlier, similar effects of 10-modi-
fication have been observed in the 3’-alkyl and 3’-alkenyl series of taxoids, e.g. 24,
28, and 29, in which the activity against MCF7-R is very sensitive to the bulkiness
of the 10-modifier (Section I11.C).*! In these 3’-CF;-taxoids, however, the activity
is not so sensitive to the steric bulk of the 10-modifier, e.g. 72g (R = 3,3-dimethyl-
butanoyl) and 72f (R = Et-CQO) exhibit virtually the same level of activity.

Metabolism studies on these fluorine-containing taxoids to obtain evidence for
their ability to block metabolic pathways, e.g. suppression of P-450 oxidation (vide
supra), have just started. Results will be reported elsewhere in the future.

Table 11. Cytotoxicity of 3’-CF;-taxoids (IC5, nM)?

Al21 A549 HT-29 MCF7 MCF7-R
Taxoid R (ovarian)  (NSCL) (colon) (breast) (breast)
Paclitaxel — 6.3 36 3.6 1.7 299
Docetaxel — 1.2 1.0 1.2 1.0 235
)| H 1.15 0.44 0.65 0.44 156
T2a Ac 0.3 0.2 0.4 0.6 17
72b Me,N-CO 0.3 0.2 0.4 0.3 21
T2c cyclopropane-CO 04 0.4 0.5 0.5 16
72d MeO-CO 0.3 0.2 0.4 04 21
T2e morpholine-4-CO 0.5 0.4 04 0.4 48
72f Et-CO 0.3 0.3 0.4 0.3 14
T2¢g CH,(CH,);-CO 0.7 0.8 1.4 0.7 26
72h (CH;);CCH,-CO 0.5 0.5 0.6 0.5 12

Note: *See footnote of Table 3.
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B. The Fluorine Probe Approach: Solution-Phase Structure and
Dynamics of Taxoids

The rational design of new generation taxoid anticancer agents would be greatly
facilitated by the development of reasonable models for the biologically relevant
conformations of paclitaxel. In this regard, we recognized early on that the design
and synthesis of fluorinated taxoids would have an extremely useful offshoot of
providing us with the capability of studying bioactive conformations of taxoids
using a combination of "’F/'H NMR techniques and molecular modeling.”’

Previous studies in the conformational analysis of paclitaxel and docetaxel have
largely identified two major conformations, with minor variations between stud-
ies.®3 Structure A, characterized by a gauche conformation with a H2'—C2'~C3'~
H3’ dihedral angle of ca. 60°, is based on the X-ray crystal structure of docetaxel,®*
and is believed to be commonly observed in aprotic solvents (Figure 2).% Structure
B, characterized by the anti conformation with a H2'~C2’-C3’-H3’ dihedral angle
of ca. 180°, has been observed in theoretical conformational analysisgi86 as well as
2-D NMR analyses,®’ and has also been found in the X-ray structure of the crystal
obtained from a dioxane/H,O/xylene solution (Figure 2).88 Despite extensive
structural studies, no systematic study on the dynamics of these two and other
possible bioactive conformations of paclitaxel had been reported when we started
our study on this problem. The relevance of the “fluorine probe” approach to study
dynamic properties prompted us to conduct a detailed investigation into the solution
dynamics of fluorine-containing paclitaxel and docetaxel analogues.

The use of '*F NMR for a variable temperature (VT) NMR study of fluorinated
taxoids is obviously advantageous over the use of 'H NMR because of the wide
dispersion of the 1°F chemical shifts that allows fast dynamic processes to be frozen
out. Accordingly, F,-paclitaxel 65 and F-docetaxel 66 were selected as probes for
the study of the solution structures and dynamic behavior of paclitaxel and do-
cetaxel, respectively, in protic and aprotic solvent systems.”’ The inactive 2’,10-
diacetyldocetaxel (73) was also prepared to investigate the role of the 2”-hydroxyl
moiety in the conformational dynamics.?’ While molecular modeling and NMR
analyses (at room temperature) of 73 indicate that there is no significant conforma-
tional changes as compared to paclitaxel, the '°F NMR VT study clearly indicates
that this modification exerts marked effects on the dynamic behavior of the
molecule.”’

Analysis of the low temperature VT NMR (*°F and 'H) and '°F-'H heteronuclear
NOE spectra of 65 and 66 in conjunction with molecular modeling has revealed the
presence of an equilibrium between two conformers in protic solvent systems.
Interpretation of the temperature dependence of the coupling constants between
H2’ and H3’ for 65 shows that one of these conformers (conformer C) has an unusual
near-eclipsed arrangement around the H2'~C2'~C3’-H3’ dihedral angle (/3 5=
5.2 Hz, corresponding to the H2"—-C2’-C3’—H3’ torsion angle of 124° based on the
MM2 calculation), and is found to be more prevalent at ambient temperatures. The
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Figure 2. Conformation of paclitaxel based on the X-ray structure of docetaxel and
proposed for nonpolar aprotic organic solvents (structure A) and the conformation
based on the X-ray structure of paclitaxel (structure B) and proposed for aqueous
solvents.

other one corresponds to the anti conformer (conformer B, Jyp,- 5 = 10.1 Hz,
corresponding to the H2'-C2'—~C3’-H3’ torsion angle of 178° based on the MM2
calculation) and is quite closely related to the structure B in Figure 2. These
conformers are different from the one observed in aprotic solvents (conformer A,
H2'-C2’-C3’-H3’ torsion angle of 54°) that is related to the X-ray crystal structure
of docetaxel represented by the structure A in Figure 2.%* Figure 3 shows the
Newman projections for these three conformers; representative low-energy struc-
tures for the three conformers are shown in Figure 4.

Restrained molecular dynamics (RMD) studies presented evidence for the hy-
drophobic clustering of the 3’-phenyl and 2-benzoate (Ph) for both conformers B
and C. Although the conformer C possesses the rather unusual semieclipsed
arrangement around the C2’—C3’ bond, the unfavorable interaction associated with
such a conformation is apparently offset by significant solvation stabilization,
observed in the comparative RMD study in a simulated aqueous environment for
the three conformers. The solvation stabilization term for the conformer C was
estimated to be about 10 kcal/mol greater than those for the conformers A and B.
Accordingly, the “fluorine probe” approach has succeeded in finding a new con-
former that has never been predicted by the previous NMR and molecular modeling
studies.®

Strong support for the conformer C can be found in its close resemblance to a
proposed solution structure of a water-soluble paclitaxel analogue, paclitaxel-7-
MPA (MPA = N-methylpyridinium acetate),”® in which the H2'-C2'-C3’-H3’
torsion angle of the N-phenylisoserine moiety is 127°, which is only a few degrees
different from the value for the conformer C.
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Figure 3. Newman projections of the three conformers for F2-paclitaxel 65.

Thus, the “fluorine probe” approach has proved useful for the conformational
analysis of paclitaxel and taxoids in connection with the determination of possible
bioactive conformations.”’ The previously unrecognized conformer C might be the
molecular structure first recognized by the B-tubulin binding site on microtubules.

The fluorine probe approach”’ confirms hydrophobic clustering to be one of the
main driving forces for the conformational stabilization of fluorine-containing
paclitaxel and docetaxel analogues. It is obvious that the size of the hydrophobic
moieties must play a very important role in determining the extent of clustering,
and hence the conformational equilibrium. In this regard, we became interested in
determining the conformational preference for the highly potent 3’-CF;-taxoid 72a.
The 'H and '*F VT NMR study has revealed that 72a does not exhibit different
conformations in DMSO-D,0, MeOD, and CD,C1,.* In fact, the Ji;,_y;, value
remains ca. 2 Hz in all the protic and aprotic solvents examined. This value
corresponds to a H2~C2’-C3’-H3’ torsion angle of ca. 60° with no detectable
temperature dependence. These results imply that this molecule does not form
“hydrophobic cluster” even in DMSO-D,0. Systematic conformational search
(Sybyl 6.04) for 72a identifies the gauche conformers with H2'-C2"-C3’-H3’
torsion angle of 60° and -60° to be more stable than the anti conformer (180°) by
2-35 kecal/mol, while the exact opposite is true for paclitaxel for which the anti
conformer is more stable than the gauche conformers.’ Chem 3D representation
of the most likely solution conformation of 72a based on the H2’-C2’-C3’-H3’
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Conformer C

Conformer A

Figure 4. Conformers of 65 observed in protic and aprotic media.

torsion angle of 60° is shown in Figure S. This conformation is similar to the X-ray
structure of docetaxel,® although the 3’-phenyl is replaced by a sterically and
electronically very different CF; group. The fact that 72a and related CF,—taxoids
are extremely active warrants further investigation on the interaction of this mole-
cule with microtubules using the CF; group as a probe.

C. Determination of the Binding Conformation of Taxoids to
Microtubules Using Fluorine Probes

The knowledge of the solution structures and dynamics of paclitaxel and its
analogues is necessary for a good understanding of the recognition and binding
processes between paclitaxel and its binding site on the microtubules, which also
provides crucial information for the design of future generation anticancer agents.”
However, the elucidation of the microtubule-bound conformation of paclitaxel is
critical for the rational design of efficient inhibitors of microtubule disassembly.
The lack of information about the three-dimensional tubulin binding site has
prompted us to apply our fluorine probe approach to the determination of the F-F
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or,

3

Figure 5. Chem 3-D representation of the solution structure of 72a.

distances in the microtubule-bound F,—taxoids, which should provide the relevant
distance map for the identification of the bioactive (binding) conformation of
paclitaxel.

We have successfully applied the fluorine probe approach to the estimation of
the F-F distance in the microtubule-bound F,-10-Ac-docetaxel (74, SB-T-30021)
using the solid-state magic angle spinning (SS MAS) '°F NMR coupled with the
radio frequency driven dipolar recoupling (RFDR) technique in our preliminary
study.”

F,—10-Ac-docetaxel (74) was first studied in a polycrystalline form by the RFDR
technique. Based on the standard simulation curves derived from molecules with
known F-F distances (distance markers), the F-F distance of two fluorine atoms
in 74 was estimated to be 5.0 + 0.5 A (Figure 6). This value corresponds quite
closely to the estimated F-F distances for the conformers B and C (F-F distance
is ca. 4.5 A for both conformers) based on our RMD studies for F,—paclitaxel (65)
(vide supra). This means that the microcrystalline structure of 74 is consistent with
the hydrophobic clustering conformer B or C, but not with the conformer A in which
the F-F distance is ca. 9.0 A.
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The microtubule-bound complex of 74 revealed the F-F distance to be 6.5 + 0.5
A (Figure 6), which is larger than that observed in the polycrystalline form by ca.
1A Itis very likely that the microtubule-bound conformation of 74 is achieved by
a small distortion of the solution conformation (the recognition conformation), the
latter being described by either conformer B or C (Figure 4).

Restrained high-temperature molecular dynamics in vacuum were conducted for
74 while maintaining a distance restraint of 6.5 A between the two fluorine atoms
in the minimization step for each sampled conformer. This study revealed that the
distance of 6.5 A between the two fluorine atoms could be maintained by energeti-
cally similar conformers with H2'—C2'-C3’-H3’ torsions of 180°, 60°, and —60°
(Figure 7). Our investigation into the identification of the common pharmacophore
of paclitaxel and epothilones has recently revealed a highly plausible common
pharmacophore structure.”>*2 When we screened the four low-energy conformers
shown in Figure 7, conformer I was singled out as the most likely microtubule-
bound conformation of paclitaxel.

We are currently evaluating several taxoid analogues containing fluorines at
different positions by SS MAS '°F NMR. These studies are geared towards
generating a detailed distance map that will help to finally pinpoint the microtubule-
bound conformation of paclitaxel. The above account has demonstrated the power
of the fluorine probe approach, that is clearly evident from its ability to supply
extremely valuable and precise information about both bound and dynamic confor-
mations of biologically active molecules, especially useful in the absence of
knowledge about the three-dimensional structure of their binding site.

1.0

8A

Microcrystals from MeOH

7A
| ° 6A
HI]-’ e ¢ SA

0 2 4 6 8 10

Mixing Time (ms)

Figure 6. Magnetization Exchange Experiment for microtubule-bound 74 (solid lines
represent curves for distance markers).
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Figure 7. Four low-energy conformers obtained from the distance-restrained MD of
74 (H2'-C2’-C3’-H3’ torsions in parentheses):  (180°), 11 (180°), I (60°), and IV (-60°).

V. TAXOIDS DERIVED FROM
148-HYDROXY-10-DEACETYLBACCATIN IlI

14B-Hydroxy-10-deacetylbaccatin III (75, 14B-OH-DAB) was first isolated from
the needles of the Himalayan yew tree (Taxus wallichiana Zucc.) and its structure
was determined by X-ray crystallographic analysis in 1992.” Because of an extra
hydroxyl group at the C-14 position, 14B-OH-DAB (75) has much higher water
solubility than DAB (3), the key precursor of paclitaxel and docetaxel. We envis-
aged that new taxoids derived from 75 would improve water solubility and bioavail-
ability, and also reduce hydrophobicity-related drug resistance. These improved

HQ O OoH

14f-Hydroxy-10-deacetylbaccatin il (75)
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pharmacological properties may well be related to the modification of undesirable
toxicity and activity spectra against different cancer types.

A. Initial Studies: 143-OH-Taxoids Bearing 1,14-Carbonate and
Pseudo-Taxoids

Our initial study on taxoids derived from 14f3-OH-DAB (75) dealt with the
syntheses of new taxoids bearing an N-acylphenylisoserine residue attached to
either the C-13 or the C-14 position (pseudo-taxoids).*> We have found that the
reactivity of the five hydroxyl group of 75 decreases in the order C-7>C-10>C-14
> C-13. Accordingly, the coupling of the baccatin at the 13-position with an
N-acylphenylisoserine precursor requires an appropriate protection of the hydroxyl
groups at the C-7, C-10, and C-14 positions. 7,10-di-Troc-14-OH-DAB (76), in
which the 7- and 10-hydroxyl groups are selectively protected, was prepared by
reacting 75 with Troc-Cl in pyridine. Reaction of 75 with a larger excess of Troc-Cl
afforded the 7,10-di-Troc-14-OH-DAB-1,14-carbonate (77) (Scheme 15).

The coupling of baccatins 76 and 77 with N-benzoyl-B-lactam 11 and the
N-t-Boc-B-lactam 12 followed by deprotection using Zn in AcOH afforded taxoids
78-81 in fair to good yields. These taxoids possess strong to modest cytotoxicity
against our standard five human cancer cell lines (Table 12). The microtubule
disassembly inhibitory activity of these new taxoids was also evaluated. Taxoid 78
(SB-T-1011) exhibits activity same to or better than that of paclitaxel. Results are
listed in Table 12. The attachment of the N-acylphenylisoserine residue at the C-14
position (taxoids 80 and 81) instead of the original C-13 position results in ca.
10-fold decrease in cytotoxicity, but 80 still retains 10 nM level (ICy,) cytotoxicity.

The in vivo antitumor activity of 78 was evaluated against A151 human ovarian
carcinoma xenograft in nude athymic mice, and was found to be equivalent or
slightly better than that of paclitaxel, causing total regression of the tumor.**

A molecular modeling study shows that the conformation of pseudo-docetaxel
80 overlaps well with that of docetaxel based on the X-ray crystal structure,®* except
that the two hydrophobic groups, phenyl at C-3’ and tert-butoxycarbonyl group at
C3’-N, have exchanged their positions almost perfectly. The ability of pseudo-

ClICCH0C0C!  ClyCCH,0COCH

(4 equiv) (6 equiv)
pyridine 5 pyridine
80°C, 5 min 80°C, 5 min
55 % 75 %

76

Scheme 15.
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o} RCONH ©O
78: R=0Bu'(SB-T-1011) 80: R=0Bu'
79: R=Ph 81: R=Ph

Table 12. Cytotoxicity of Taxoids and Pseudo-Taxoids Derived from
14B-OH-DAB (ICso, nM)?

Microtubule

Al2l A549 HT-29 MCF7 MCF7-R  Disassembly
Taxoid (ovarian) (NSCL) (colon) (breast) (breast) Inhibition
Paclitaxel 6.1 36 32 1.7 299 1.0T
78 (SB-T-1011) 6.2 2.1 1.8 1.8 543 09T
79 105 33 24 1 >1000 3T
80 80 31 50 26 >1000 >100T
81 1044 512 248 269 >1000 >100T

Note: *See footnote of Table 3.

taxoid 80 to mimic the conformation of docetaxel provides a rationale for retaining
10 nM level cytotoxicity.

B. 14p-Hydroxydocetaxel

A docetaxel analogue that has an additional hydroxy! group in the molecule is
an attractive target to synthesize because of its apparent advantage in water
solubility and thus formulation of the agent as compared to paclitaxel and docetaxel.
However, the synthesis of the 14-OH-free taxoid was not straightforward due to the
inherent difficulty in selectively protecting the hydroxyl group at C-14. Attempted
protection of the 14-hydroxyl group with excess Troc-Cl/pyridine led to the
formation of the DAB-1,14-carbonate 77 (vide supra). Although selective protec-
tion of the C-14 hydroxyl group as the triethylsilyl (TES) ether was possible, the
steric hindrance caused by the adjacent TESO group did not allow the coupling
reaction with N-acyl-B-lactam 11 or 12 to occur at the C-13 position. Accordingly,
we protected the 1,14-cis-diol moiety as the acetonide and orthoformate to obtain
the corresponding pentacyclic 14-OH-DAB derivatives 82 and 83, respectively
(Scheme 16).%

Baccatin 82 was coupled with B-lactam 12 (P = TES) followed by deprotection
to afford 14-OH-docetaxel-1,14-acetonide (84) in 72% overall yield (Scheme 17).%6
However, it was impossible to remove the 1,14-acetonide moiety of this compound
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Me,C(OMe),, TSOH __ HC(OEt), Ts,0

RT,30h CH,Cly
5 RT, 30 min HO™
89% e
93%
OEt g3
Scheme 16.

without opening the D-ring. Thus, we coupled baccatin 83 with f3-lactam 12 under
the standard conditions (vide supra) to obtain 85 in 78% yield. Deprotection of the
2’-TES group with 0.5% HCI, followed by reaction with formic acid afforded
14-formyl-taxoid 86. Taxoid 86 was then deprotected in situ by treatment with 1%
aqueous NaHCO, to yield 87 (73% for two steps). Finally, the removal of the Troc
groups at C-7 and C-10 using Zn/HCl gave 14p-hydroxydocetaxel (88, SB-T-1001)

in 73% yield (Scheme 17), completing the first synthesis of this compound.?¢**

TESO, © j\o
_ NaHMDS _ J\
82or 83 + N
COBu! -40 °c 30 min
78% OTES

12
85 OFEt

1) NaHMDS, THF

-40 °C, 30 min, 82% 1) 0.5% HCI, EtOH,
2) 0.5% HCI, EtOH RT,2h, 96%

RT,2h 2) HCOOH/dioxane (1:1),
3) Zn, 0.5 N HCIUTHF RT,24h

0°C, 20 min

72% (two steps) TrocQ O OTroc

MeOH (1:7:3)
RT,5h

1% NaHCOg/ THF/l“ 86: R = HC(Q)-
73% (two steps) _.87: R=H

Zn, 0.5 N HCUTHF (2:1),
0 °C, 30 min, 73%

88 (SB-T-1001)

Scheme 17.
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Table 13. Cytotoxicity and Microtubules Disassembly Inhibitory Activity of
Taxoids 88 and 84 (IC5,, nM)?

Microtubule
Al2] A549 HT-29 MCF7 Disassembly
Taxoid (ovarian) (NSCL) (colon) (breast) Inhibition®
Paclitaxel 6.1 3.6 32 1.7 1.0T
Docetaxel 1.2 1.0 1.2 1.0 0.7T
88 (SB-T-1001) 33 0.8 2.1 1.9 0.8T
84 46 18 21 34 3T

Notes: *See the footnote in Table 3.
bSee footnote a in Table 1.

14B-Hydroxydocetaxel (88) possesses strong cytotoxicity in between that of
docetaxel and paclitaxel, except for the activity against the A549 human non-small
cell lung cancer cell line (ICy, = 0.8 nM) which is slightly better than that of
docetaxel (Table 13). Taxoid 84 bearing a 1,14-acetonide, however, showed one
order of magnitude weaker activity in both cytotoxicity and microtubule disassem-
bly inhibitory activity. This can be ascribed to the conformational change caused
by the bulky acetonide moiety. In fact, the molecular modeling study on the
conformations of docetaxel and taxoid 84 in combination with NOESY analyses
(DMSO-D,0) clearly indicates a distortion in the possible “hydrophobic cluster”¥’
of 84. On the other hand, the introduction of the 14B-hydroxyl group to docetaxel
has only a negligible effect on the overall conformation of the molecule.

C. Second-Generation Taxoids From 143-OH-DAB: Effects of C-10
Substitution

In parallel to the development of the second-generation taxoids from DAB (3)
(Section II1.C), we have investigated the effects of the C-3" and C-10 modifications
on the anticancer activities of taxoids derived from 14-OH-DAB (75).

Syntheses of C-3’ and C-10 modified 14-OH-taxoids bearing 1,14-carbonate
were carried out starting from 7-TES-14p-OH-DAB-1,14-carbonate (89), which
was prepared by reaction of 148-OH-DAB (75) with TES-Cl in pyridine/DMF
followed by carbonate formation with phosgene in 64% yield for the two steps
(Scheme 18).** The C-10 modifications were introduced by treating baccatin 89
with LiHMDS at —40 °C, followed by the addition of the appropriate electrophiles,
which gave baccatins 90a-g in good to excellent yields (Scheme 18).#*

The C-10 modified baccatins 90 were coupled with appropriate N-acyl-B-lactams
bearing t-Boc or n-hexanoyl group at N-1 under the standard coupling conditions
(vide supra), followed by deprotection using HF-pyridine to afford taxoids 91-96
in good to excellent yields.*> The 3’-alkenyl-taxoids, 92 and 93, were hydrogenated
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1) TESCI (9 equiv),
pyridine/DMF (1:1)
2) phosgene, CH,Cip

64%

Ho OH OBz OAc
75

1) LIHMDS, -40 °C, THF
2) R'Clor TESCI, -40°C

54-95%

./l
90a: R1 =TES R1O O OTES
90b: R'= CH5-CO
90c: R'= CH3CH,-CO
90d: R' = cyclopropane-CO

90e: = (CHg3)oN-CO HO™" B
90f: R = (B-CHgCH=CH-CO 4}
90g: R' = CH;0-CO Y
(o]
90
Scheme 18.

over Pd/C to give the corresponding 3’-alkyl-taxoids, 97 and 98, in quantitative
yields.* The anticancer activities of these 1,14-carbonate taxoids were evaluated
against our standard five human cancer cell lines.

Table 14 summarizes the effects of the substituents at the C-3" and C3'-N
positions for analogues in which the C-10 substituent is maintained as the free
hydroxyl.** When R? is phenyl (78, 79, 88, and 95a), -Boc is the best substituent
as R*CO among t-Boc, benzoyl, and hexanoyl groups, i.e. the cytotoxicity decreases
in the order t-Boc > PhCO > C,H,,CO. It is obvious that the C-3” substituents
including the 2-fury! (91a), 2-methyl-1-propenyl (92a), (E)-1-propenyl (93a),
2-methylpropyl (97a), and propyl (98a) substantially increase cytotoxicity. Itis also
clear that the 2,2-dimethylpropyl group at the C-3’ position markedly decreases
cytotoxicity (94a). Among these 1,14-carbonate taxoids listed in Table 14, 91a and
92a exhibit excellent overall cytotoxicity, considerably better than paclitaxel and
docetaxel against different cancer cell lines.

Table 15 summarizes the effects of the modifications at C-10 on cytotoxicity. The
substituent at C-10 exerts a remarkable effect on the activity against the drug-resis-
tant human breast cancer cell line, MCF7-R, i.e. the activity increases, dramatically
in some cases (91a vs. 91b; 93a vs. 93b; 97a vs. 97e), by replacing the hydrogen
of the C-10 hydroxyl with an acyl group or N,N-dimethylcarbamoyl group. The
activities against normal cancer cell lines are also somewhat influenced by the
substituent at C-10, but to a much lesser extent. Three taxoids, 91b, 92¢, and 92g,
exhibit sub-nanomolar IC, values against all normal cancer cell lines examined as
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91: RZ=2-furyl, R® = tBuO

92: RZ=Me,C=CH, R®= tBuO

93: R? = (E)}-MeCH=CH, R® = -BuO
94: R? = MeyCHCHp, R? = t+-BuO
95: R2 = phenyl, R3 = n-CsHy,

96: R2 = Me,C=CH, R® = n-C5Hqy
97: R?=MeyCCHy, R% = +Bu0

98: R? = Me(CHy),, R® = tBuO

Table 14. Effects of Substituents at C-3’ and C-3"-N Positions on Cytotoxicity
(ICsp, M (R' = H)

Al21 A549 HT-29 MCF7  MCF7-R

Taxoid R? R (ovarian) (NSCL)  (colon)  (breast) (breast)
Paclitaxel Ph Ph 6.1 3.6 32 1.7 299
Docetaxel Ph +-BuO 12 1.0 1.2 1.0 235
91a 2-furyl t-BuO 04 0.5 0.6 0.5 135
92a (CH3),C=CH t-BuO 1.7 0.2 0.5 0.5 54
93a (E)-CH;CH=CH BuO 2.6 12 19 1.6 762
94a (CH;);CCH, t-BuO 106 51 52 48 >1000
95a Ph n-CsHyp 330 389 157 13 >1000
96a (CH,),C=CH n-CsHy, 12 18 16 3.2 321
97a (CH;),CHCH, +-BuO 1.0 1.8 34 2.7 385
98a CH;(CH,), +-BuO 2.1 4.4 3.8 42 265

Note: *See the footnote in Table 3.

well as 10 nanomolar level IC, values against MCF7-R. The taxoid 92f shows the
highest activity against MCF7-R (IC;, = 17 nM).

This finding is significant since neither paclitaxel nor docetaxel possesses strong
activity against MCF7-R which expresses MDR phenotype. The relative activity
index, i.e. ICsoMCF7-R/IC,MCF7, of paclitaxel and docetaxel are 176 and 235,
respectively. In this regard, 92b has the best relative activity index (IC;;MCF7-
R/AIC,MCF7 = 11) while keeping the cytotoxicity against normal cancer cell lines
at the lower nanomolar level IC, values.

o}
>LO)kr;lH o]

"o

97b (SB-T-101131)
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As discussed previously for the second-generation taxoids derived from DAB (3)
(Section II1.C), an appropriate combined modification of C-3" and C-10 substituents
has dramatic effects on the activity against the drug-resistant cancer cells. Our
current hypothesis for this phenomenon, that involves the binding ability of taxoids
to P-glycoprotein, will be discussed more in detail in Section VI. These results,
together with the strong in vivo antitumor activity of 1,14-carbonate taxoid 78
(SB-T-1011, Section V.A), make it highly attractive to consider taxoids derived
from 14-OH-DAB as clinical candidates for cancer chemotherapy. As Table 15
shows, several 1,14-carbonate taxoids in this series possess one order of magnitude
better cytotoxicity than 78, and a couple of these taxoids possess excellent in vivo
antitumor activity against human ovarian A121 tumor xenografts in nude mice. For
example, taxoid 97b shows a clear dose response and has a maximum tolerated
dose (MTD) equivalent to that of paclitaxel while keeping much higher potency
than paclitaxel, i.e. this taxoid has a wide therapeutic window. Also, taxoid 97b

Table 15. Effects of the Substituents at C-10 on Cytotoxicity (ICso, nM)?

Al21 A549 HT-29 MCF7 MCF7-R
Taxoid R! (ovarian})  (NSCL) (colon) (breast) (breast)
Paclitaxel CH;-CO 6.1 3.6 32 1.7 299
Docetaxel H 1.2 1.0 1.2 1.0 23S
91a H 0.4 0.5 0.6 0.5 135
91b CH,-CO 04 05 0.6 0.5 49
92a H 1.7 0.2 0.5 0.5 72
92b CH;-CO 1.5 1.4 24 33 36
92c CH;CH,-CO 0.7 0.5 0.6 0.2 26
92d cyclopropane-CO 0.5 0.5 1.0 0.4 28
92e (CH3),N-CO 0.7 0.6 1.2 04 33
92f (E)-CH;CH-CHCO 0.8 0.5 1.5 0.4 17
92g CH,;0-CO 0.6 0.5 0.7 0.3 38
93a H 2.6 1.2 1.9 1.6 762
93b CH,-CO 2.4 0.4 3.0 1.6 72
96d cyclopropane-CO 12 18 16 32 321
96e (CH3),N-CO 4.8 5.5 5.1 1.7 295
96f (E)-CH3CH-CHCO 17 25 28 2.1 137
97a H 2.5 14 42 3.0 189
97b CH;-CO 1.2 0.7 1.5 i1 36
97d cyclopropane-CO 1.1 1.2 33 0.7 22
97e (CH;),N-CO 0.6 0.6 1.3 0.6 22
98a H 2.1 44 3.8 42 385
98b CH;-CO 23 47 4.8 4.6 201

Note: *See the footnote in Table 3.
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exhibits 50—80 times higher potency than paclitaxel in the apoptosis assay against
drug-resistant cancer cells, MCF7-R (breast), and CEM VBL-R (leukemia). These
data are extremely encouraging and thus taxoid 97b (SB-T-101131) is currently our
leading candidate to enter clinical trials.

VI. NOR-SECO TAXOIDS: PROBING THE MINIMUM
STRUCTURAL REQUIREMENTS FOR
ANTICANCER ACTIVITY

It is very important to clarify the minimum structural requirements for paclitaxel
and taxoids to exhibit anticancer activity by looking at simplified structure ana-
logues. Along this line, we have investigated the role of the A ring by synthesizing
novel nor-seco analogues of paclitaxel and docetaxel.*”%

Novel nor-seco baccatin 99 was synthesized in 92% yield through oxidative
cleavage of the A ring of 14-OH-DAB (75) with periodic acid via the hydroxy
ketone intermediate 100 (Scheme 19). Protection of the 7-hydroxyl of 99 as TES
ether followed by reduction of the aldehyde with sodium borohydride yielded
nor-seco baccatin alcohol 101 in 80% yield. Nor-seco 13-amino-baccatins 102 and
103 were synthesized from 101 and 99a via the Mitsunobu reaction and reductive
amination, respectively, in high yields (Scheme 20).

7-TES-Nor-seco baccatin alcohol 101 was coupled to -lactams 11 and 12 (P =
EE) under the standard conditions (vide supra), followed by deprotection to give
novel nor-seco paclitaxel 104a and nor-seco docetaxel 104b in fairly good to
excellent yields.” Nor-seco taxoids 105a—d bearing a C-13 amide linkage were
synthesized in high yields through the ring-opening coupling of -lactams 11, 22a
and 22d (P = TIPS) with nor-seco baccatin amine 102 under neutral conditions at
40 °C.% In a similar manner, nor-seco taxoid 106 with an N-Me amide linkage at
C-13 was obtained in excellent yield through the coupling of the fB-lactam 11 (P =

%

OHC™ ™

HC ész 6Ac
99

Scheme 19.
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OHC™ X NaBHg, pH 6 HO

80%

HO Bz OAc
TESCI 99: R=H 101

76% |_. gga: R=TES

1) DEAD/PhgP

1) CHaNH, phthalimide, 90%

2) NaBH3;CN 2) CH3NHj, 88%
AcOH
84%

O OTES

......

Scheme 20.

H) with the nor-seco baccatin N-methylamine 103 under neutral conditions at room
temperature.

As Table 16 shows, nor-seco taxoids with a C-13 ester linkage, 104a and 104b,
possess 80~130 nM and 100-170 nM level IC, values, respectively. These taxoids
are 20-40 times less active than paclitaxel, but they clearly retain a certain level of
cytotoxicity. It is worth mentioning that 104a and 104b exhibit ICs, values of 471
nM and 360 nM, respectively, against the doxorubicin-resistant breast cancer cell
line (MCF7-R), i.e. 104a and 104b are comparable to paclitaxel. The nor-seco
taxoid 106 bearing an N-Me amide linkage possesses 200-700 nM level IC,
values, retaining a certain level of cytotoxicity. In contrast to nor-seco taxoids 104a,
104b, and 106, the nor-seco taxoids with an N-H amide linkage, 105a—d, are all
virtually inactive (ICy, >1000 nM).

The results obtained clearly indicate the importance of the A ring for the strong
cytotoxicity of taxoids.!” However, the fact that the reduced-structure analogues,
104a and 104b, retain a certain level of cytotoxicity and their potency against

0 0
R')l\w o] 1Y R,)Kw 0 O oH
oH N o oH R INL/Ko
HO Opz0QAc HO Gpz0AC
104a: SB-T-2002: R'=Ph 105a: R'=Ph, R?=Ph, R3=H
104b: SB-T-2001: R'=-Bu0 105b: R'=t-BuO, R?=Ph, R%=H

105¢: R'=t-BuO, R?=(CH3);C=CH, R3=H
105d; R'=t-BuO, R?=(CHg),CHCH,, R3=H
106: R'=Ph, R%=Ph, R®=CH,
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Table 16. Cytotoxicity of Nor-seco Taxoids (ICso, nM)?

Al21 A549 HT-29 MCF-7 MCF7-R
Taxoid (ovarian) (NSCL) (colon) (breast) (breast)
Paclitaxel 6.3 3.6 3.6 1.7 299
104a 117 133 134 79 471
104b 131 169 171 101 360
105a >1000 >1000 >1000 >1000 >1000
105b >1000 >1000 >1000 >1000 >1000
105¢ >1000 >1000 >1000 >1000 >1000
105d >1000 >1000 >1000 >1000 >1000
106 535 708 292 200 >1000

Note: *See footnote in Table 3.

MCF7-R is comparable to that of paclitaxel is rather surprising. Replacement of
the C-13 ester linkage with an N-H amide linkage is deleterious to cytotoxicity:
similar findings have been reported by Chen et al.”’ for paclitaxel analogues bearing
an N-H amide linkage. It is quite unexpected and intriguing that the introduction
of N-Me group to the amide linkage, i.e. nor-seco taxoid 106, recovers cytotoxicity
substantially.

In order to explain the intriguing structure—activity relationships observed, we
carried out molecular modeling studies on the representative analogues 104a (ester
linkage), 105a (N-H amide linkage) and 106 (N-Me amide linkage). The RMD
study on these three analogues confirmed the greater dynamism of the phenylisoser-
ine moiety at the C-13 position of the nor-seco taxoids than that of paclitaxel”’ as
expected. The cleavage of the taxane A ring allows for free rotation around the
C12-C13 bond, resulting in different conformations for the phenylisoserine moiety
mostly not related to potentially bioactive conformations of paclitaxel. We believe
this conformational dynamism is responsible for the lack of or low activity of the
nor-seco taxoids.

Although the observed loss of biological activity for 105a can be ascribed to
possible biologically unfavorable hydrogen bondings involving the amide hydro-
gen at the binding site on the microtubules, intrinsic conformational preferences
may well dictate biological activity. Accordingly, we have looked into the structural
preference of each nor-seco taxoid as compared to the hypothetical bioactive
conformations of paclitaxel, i.e. the “hydrophobic clustering conformations” (see
Section IV.B).”” Thus, we carried out the overlay study of possible hydrophobic
clustering conformations of 104a, 105a, and 106 selected from the conformations
obtained from the RMD study mentioned above, albeit in low dynamic population
with that of paclitaxel which is predominant in water.”’ These studies have revealed
that (i) the reduced yet significant activity of nor-seco taxoids 104a (C-13 ester
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linkage) and 106 (C-13 N-Me amide linkage) is explained by their ability to adopt
the hydrophobic clustering conformation of paclitaxel, which is proposed to be
responsible for its strong cytotoxicity, and (ii) the low-energy hydrophobic cluster-
ing conformation of nor-seco taxoid 105a (C-13 N-H amide linkage) overlaps
poorly with that of paclitaxel, that is reflected in the loss of activity.

VI. PHOTOAFFINITY LABELING STUDIES: PROBING THE
MICROTUBULE AND P-GLYCOPROTEIN BINDING
DOMAINS

Careful analysis of the structural requirements for strong cytotoxicity should
provide the basis for the rational design of the next generation taxoids with
improved activity, bioavailability, and negligible drug resistance. However, the lack
of direct structural information about the three-dimensional tubulin binding site on
the microtubules for paclitaxel makes rational drug design difficult. Nevertheless,
photoaffinity labeling and protein sequencing can provide direct information about
the structure of the drug binding site,**%8-1% although X-ray analysis or electron
crystallography may eventually provide such information.'®! Recently, photoaf-
finity analogues of paclitaxel, 3’-(4-azidobenzamido)paclitaxel®® 1% and 2-(3-azi-
dobenzoyl)paclitaxel'®? were found to interact with the N-terminal amino acid
residues (1-31) and the 15 amino acid residues (217-231), respectively, of 3-tubu-
lin representing two different domains of the binding site for paclitaxel in B-tubulin.
In this section, we describe our own contribution toward the characterization of the
paclitaxel binding site of tubulin as well as that of P-glycoprotein using photoaf-
finity analogues of paclitaxe].5

We have developed a new photoreactive analogue of paclitaxel, 3’-N-BzDC-3'-
N-debenzoylpaclitaxel (109) and its ditritiated derivative ([°H]-109) has been
evaluated for its ability to photolabel tubulin and P-glycoprotein.5 Radiolabeled
photoreactive analogue [*H]-109 was synthesized by N-acylation of 3’-N-deben-
zoyl-2',7-bis(O-TES)paclitaxel (108) with N-(2,3-ditritio-3-(4-benzoyl-
phenyl)propanoyloxy)succinimide ([*H]-107), followed by purification on a
reversed phase semipreparative HPLC using a C-18 column (Scheme 21).%¢ Pho-
toaffinity label [*H]-109 was assessed to possess >99.9% radiochemical purity and
a high specific radioactivity (34 Ci/mmol).

Although 109 was not as potent as paclitaxel, it was found to induce tubulin
polymerization and stabilize the resulting microtubules in the same manner as
paclitaxel, which allows for the use of [?H]-109 as an excellent photoaffinity probe.
Photoaffinity labeling of microtubules by [*H]-109 showed the major radioactive
band on the fluorograph between the o- and B-tubulin bands. It is very likely that
[*H]-109 is labeling B-tubulin but that the photoderivatized B-subunit has a some-
what altered mobility on the gel. The specificity of the binding of [*H]-109 to
tubulin was examined by a competition experiment using a 500-fold molar excess
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of paclitaxel. Results clearly indicate that they are indeed binding to the same or an
overlapping binding site.

We encountered multidrug resistance (MDR) in the context of the development
of the second-generation taxoids (Sections III.C, IV.A, and V.C) that are charac-
terized by their remarkable potency against cancer cell lines expressing the MDR
phenotype. In mammalian cancer cells, overexpressed P-glycoprotein, a transmem-
brane protein, is believed to be primarily responsible for MDR. P-Glycoprotein
functions as a drug efflux pump for hydrophobic anticancer agents such as pacli-
taxel and doxorubicin, preventing their accumulation in the cytosol at cytotoxic
level (Figure 8). Previous photoaffinity labeling studies of P-glycoprotein were not
based on the photoaffinity labels of anticancer drugs, but on the photolabeled
calcium-channel blockers which allowed for the mapping of two drug-binding
domains of P-glycoprotein.'®-195 Thus, [°H]-109 was the first photoaffinity ana-
logue of an anticancer drug (paclitaxel) which was used for the photolabeling of
P-glycoprotein.®

The photoreactive analogue [*H]-109 specifically photolabeled different iso-
forms of murine P-glycoprotein present in drug-resistant cell lines, T1 (paclitaxel-
resistant), V1, and V3 (vinblastine-resistant). Western blot analysis using a specific
antibody to P-glycoprotein confirmed that the radiolabeled bands were indeed
P-glycoprotein. The J7 parental drug-sensitive cells do not express P-glycoprotein
in appreciable amounts, and thus no membrane associated protein was photolabled
by [3H]—109 in these cancer cells. A 25-fold molar excess of paclitaxel effectively
displaced the [*H]-109 from the P-glycoprotein binding site. To the best of our
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Figure 8. Mechanism of action of P-glycoprotein in causing multidrug resistance.

knowledge, this is the first successful photoaffinity labeling of P-glycoprotein with
a photoreactive analogue of an anticancer agent. %

We synthesized the second ditritiated photoaffinity analogue [*H]-114, with the
benzophenone photoreactive group at the C-7 position of paclitaxel (Scheme 22).
The photolabeling of P-glycoprotein with [*H]-114 was successfully carried out in
the same manner as the case of [°’H]-109. The subsequent protein sequencing of the
labeled P-glycoproteins using [3H]-109 and [H]-114 identified two separate bind-
ing domains. It was found that [*H]-109 was incorporated into the peptide sequence
985-1088, while [’H]-114 into the peptide sequence 683-760. The results strongly
suggest that there is a specific binding site for paclitaxel in P-glycoprotein.
Although preliminary, this information should eventually lead to identification of
the binding pocket(s) in P-glycoprotein for paclitaxel, and may reveal the molecular
architecture of the transporter domain.

The results of the photolabeling experiments on P-glycoprotein strongly indicate
that the excellent cytotoxicity of the second-generation taxoids e.g. 28a (SB-T-

d b OBz OAc

[e]
97b (SB-T-101131)

28a (SB-T-1213)
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1213) and 97b (SB-T-101131), against the multidrug-resistant cells is very likely
to be related to the substantially muted binding ability of the second-generation
taxoids to P-glycoprotein. Consequently, it is strongly suggested that the remark-
able effects of the C-3” and C-10 modifications, observed in these taxoids, on the
activity against drug-resistant cancer cells expressing the MDR phenotype may well
be ascribed to the effective inhibition of the P-glycoprotein binding by these
modifications, especially the acylation at C-10 as well as the introduction of
nonaromatic substituent at C-3” that decreases lipophilicity, leading to the circum-
vention of the efflux mechanism.

Further studies are actively underway into this exciting area of research that
promises to further enhance our understanding of the complex mechanisms of drug
resistance and thereby allowing the design of even more promising next generation
taxoid anticancer agents.
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VII. FURTHER STUDIES ON THE BIOLOGICAL ACTIVITY
OF TAXOIDS: ALTERNATIVE MECHANISMS OF ACTION

It has been shown that paclitaxel, in addition to its known unique mechanism of
action on microtubules, mimics certain effects of bacterial lipopolysaccharide
(LPS) on murine macrophages (M¢).'% Similar to LPS, paclitaxel also stimulates
macrophages to produce active mediators such as nitric oxide (NO) and tumor
necrosis factor (TNF), causing endotoxic shock.1971%® Thus paclitaxel is an LPS-
receptor agonist. We investigated the structure—activity relationships for the taxoid-
induced Mo activation to gain new insight into what might be an entirely new
mechanism of action, albeit minor or auxiliary, for these compounds.lo9

A series of taxoids modified at the C-3” and the C3’—N position (Figure 9) was
synthesized and assayed for their ability to induce NO or TNF production by murine
C3H/HeN (LPS-responsive) and C3H/HeJ (LPS-hyporesponsive) M¢ and for
inhibition of the growth of M¢-like cell lines, as well as that of LPS-responsive
J774.1 and its LPS-hyporesponsive mutant J7.DEF3 cell lines.'® The SAR study
revealed the structural requirements to be entirely different from those for strong
cytotoxicity.

We have found that the substituent at the C3’—N position (R?) of the taxoid plays
the most important role for the activation of C3H/HeN macrophages to induce
NO/TNF production. Thus, benzoyl, 4-fluorobenzoyl, 4-methylbenzoyl, and
naphthalenecarbonyl groups at the C3’-N position exhibit strong activity, while
others show a substantial decrease in activity. There is good correlation between
NO and TNF production, with the exception of the tert-butoxycarbonyl group or
the thiophene-2-carbonyl group that favors TNF over NO production. As described
in the previous sections, the SAR study of taxoids has shown that N-tert-butoxy-
carbonyl at the C3’-N position is a substantially better acyl group than N-benzoyl
group for cytotoxicity, whereas the aromatic acyl group at this position appears to
be critical for effective macrophage activation.

The substituent at the C-3’ position (R?) is found to have little effect on the
production of TNF or NO. This finding forms a sharp contrast to the SAR of the
C-3’ substituent for cytotoxicity. The acety! group at the C-10 position appears to
be important for better activity for macrophage activation.

R'=H, Ac

R? = Ph, +-BuO, 4-F-Ph, 2-thienyl,
2-furyl, biphenyl, styryl, cyclohexyl,
1-naphtyl, 2-naphthyl

R = Ph, 2-methylprop-1-enyl, 4-F-Ph

Figure 9. C-3’ and C-3’-N modified taxoids for the SAR study of TNF/NO induction
by murine macrophages.
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Figure 10. Potent inducers of TNF/NO production by murine macrophages.

As expected, when the taxoids were assayed for their activities against the
LPS-hyporesponsive C3H/He] macrophages, there was no production of either
TNF or NO. Figure 10 shows two potent inducers of TNF/NO production by murine
macrophages found in this SAR study.

The growth inhibitory activity, i.e. antiproliferative activity, assay of this series
of taxoids against LPS-responsive J774.1 cell lines has disclosed the absence of
correlation and in some cases the presence of inverse correlation between the
structural requirements for TNF/NO inducibility and growth inhibitory activity.
Certain taxoids also show differences in their ability of inducing TNF and NO
production, indicating the presence of two independent mechanisms for activation
of macrophage to induce the production of TNF and NO. These preliminary results
are very encouraging and intriguing; they warrant further investigation of this
possible alternative mechanism of action for paclitaxel and taxoids based on the
immune system.

VIll. SUMMARY AND FUTURE PROSPECTS

The SAR studies of taxoids in our laboratory has clearly highlighted the importance
of several functionalities in the taxoids for optimum cytotoxicity. One of the most
significant contributions out of these studies is the development of the “second-gen-
eration taxoids” in which appropriate modification of C-3” with an alkyl or alkenyl
group, placement of a fert-butoxycarbony! group at C3’-N, and acylation at C-10
with different modifiers provide taxoids with extremely high potency against
drug-resistant cancer cells expressing multidrug-resistance (MDR) phenotype.
These second-generation taxoids are highly promising candidates for clinical trials
because of their excellent in vivo activities. In addition, the modification at the C-2
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benzoate with alkenyl and alkyl groups has resulted in highly active, entirely
nonaromatic second-generation taxoids.

Our studies on fluorine-containing taxoids have produced several highly active
and exciting lead compounds, in particular 3’-trifluoromethyl taxoids. Studies on
the role of the fluorine atom in inhibiting metabolic pathways as well as the SAR
for their ability to induce apoptosis is actively underway. Moreover, we have
introduced a novel fluorine probe approach toward conformational analysis. Fluo-
rine atoms are placed at key positions of paclitaxel and its congeners that have
negligible effects on the activity or conformational disposition of the parent drug,
and are used in a variety of NMR methods to analyze solution and solid-state
conformations. The fluorine probe approach has proven highly effective for the
identification of bioactive conformations either at the first recognition by the tubulin
binding site or in the microtubule-bound status.

Development of the 14PB-hydroxy taxoid series is a highly successful venture as
well. We have developed new chemistry and obtained some advanced candidates
for clinical trials which may indeed have improved bioavailability and unique tumor
specificity profiles.

The B-lactam synthon method (B-LSM) including our highly efficient coupling
protocol with baccatins has enabled us to have a rapid access to a variety of new
taxoids. This protocol has also been applied to the synthesis of excellent photoaf-
finity labels for tubulin and P-glycoprotein. P-Glycoprotein photoaffinity labeling
with two radiolabeled photoreactive paclitaxel analogues and the subsequent pro-
tein sequencing have identified two specific domains for paclitaxel binding. Further
studies on these are actively underway which may lead to the better understanding
of the MDR mechanism as well as to the development of the anticancer drugs and/or
MDR reversal agents of the future.

Our SAR study of paclitaxel analogues on their ability to activate macrophage,
inducing the production of NO and TNF, has revealed stark differences in the
structural requirements for cytotoxicity vs. macrophage activation. The results
warrant a great deal of further study on the possible alternative or auxiliary
mechanism of action for paclitaxel and taxoids, which might lead to the discovery
of a new series of taxoid anticancer agents with unique mechanism of action.

It is obvious that there are more exciting new chemistry and biology to be
explored by further investigations on taxoid anticancer agents. Extensive research
along this line is actively underway in these laboratories, and will be reported in
future accounts.
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. INTRODUCTION

Malaria is a leading cause of infant mortality worldwide.! The prevalent malaria
parasite Plasmodium falciparum is increasingly resistant to traditional antimalarials
and continues to spread.?”> New effective antimalarial agents are urgently needed
and one of the few currently under development® was found to be the primary
antimalarial constituent of the Chinese medicinal herb Qinghao,7 derived from the
plant Artemisia annua L. Isolation and structural characterization showed the novel
natural product (+)-artemisinin (1; ginghaosu, QHS) to be a remarkably stable
peroxide.®1° Unfortunately artemisinin is not readily available from the plant
relative to its modest antimalarial activity, is insoluble in aqueous media, is not
devoid of toxicity, and, perhaps most problematically, has only a short plasma
half-life. Nevertheless, these shortcomings are mitigated by the ability of the
artemisinin class of antimalarials to rapidly clear parasitemia, including severe
cerebral cases, as well as having good relative potency against resistant strains of
P. falciparum. The need to develop derivatives of the natural product which have
superior pharmacological properties continues to motivate contributions to syn-
thetic approaches,'!™1* total syntheses,'>” and analogue-based structure—activity
relationship (SAR) studies. This review describes the growth of our broad program
based on artemisinin and derivatives thereof, and does not intentionally omit the
praiseworthy efforts of our colleagues (e.g. Acton, Brossi, Bunnelle, Bustos,
Casteel, Haynes, Jefford, Jung, Kepler, Klayman, Lansbury, Lee, Li, Lin, Little,
McChesney, O’Neill, Posner, Thebtaranonth, Roth, Vennerstrom, Venugopalan,
Xu, Ye, Zhou, and Ziffer).

Initially, we sought a practical total synthesis of the natural enantiomer (+)-
artemisinin (1) to support clinical therapeutic studies with artemisinin and derived
prodrug congeners, such as artemether and artesunate, and by providing a radiola-
beled version of artemisinin for metabolism and mode of action studies (Eq. 1).
Associated model studies from our total synthesis resulted in numerous additional
analogues for our fledgling SAR study and the conception of other structural
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classes. As we completed our practical total synthesis of (+)-artemisinin, the
versatility and novelty of our approach was proven by placing substituents on the
tetracyclic skeleton.

2
N N o® g9 .
- &P
> l - | g :0 ¢
, @
®

From the beginning of our interest in artemisinin, we suspected a site of action
with structural requirements, or putative “receptor.” Early studies showed that
simple peroxides did not display comparable antimalarial activity.'® The first
analogues were derived from precious artemisinin itself, and some are currently
under worldwide clinical development: notable dihydroartemisinin derivatives
include artemether, arteether, artesunate, and artelinic acid.!*2 Recently, various
groups obtained (+)-artemisinin from (+)-artemisinic acid.?>-?® Synthetic
methodology has significantly added to the numerous tetracyclic analogues of
artemisinin: racemic 6,9-desmethylartemisinin,27‘29 10-deoxo analogue,s,3°‘33 and
10-substituted-10-deoxoartemisinin derivatives.>*3> Since the mechanism of action
of artemisinin is still under debate, a pharmacophore was sought via systematic
dissection and elaboration of the artemisinin structure. Many groups including ours
sought simplified analogues based on substructures as a potential practical alterna-
tive to lengthy total synthesis. Easily prepared substructures have been extensively
featured in numerous communications and have included simple 1,2,4-trioxanes, 6
1,2,4,43-tetraoxanes,'®** and fragments of the artemisinin ring system: a C/D
portion,* A/B/C portion,*>~*® and the A/C/D portion.**-5! We also describe herein
our attempts at a broad QSAR model which reconcile the biological results of our
numerous classes of analogues with the reported SAR from other laboratories.

. TOTAL SYNTHESIS OF (+)-ARTEMISININ

From a retrosynthetic standpoint, we felt that the most obvious intermediate in the
production of 1 would be the “unraveled” a-hydroperoxyaldehyde 2 because in a
ketalization-like process, simple cyclodehydration of 2 should readily furnish the
tetracyclic natural product 1. The inherent synthetic challenge for 1 thus lies in the
preparation of the unstable aldehyde 2 (Eq. 2), and in commendable fashion others
have employed an enol ether photo-oxygenation as entry to that functional arrange-
ment.'>!632 Other more biomimetic approaches'*** have been explored involving
photo-oxygenation of artemisinic acid®*?* or arteannuin B, both natural products
co-occurring with artemisinin in A. annua.
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)]

In contrast, we took advantage of the addition of ozone to a vinyl silane to produce
the desired a-hydroperoxycarbonyl moiety as described by Biichi and Wiiest.>*
Thus, the next retron in our analysis was the 23, 6B-disubstituted cyclohexenyl
silane 4, which, according to Biichi, would afford 2 or the synthetically equivalent
dioxetane 3 upon exposure to ozone.

Initially we chose to test elements of this approach to artemisinin in an abbrevi-
ated version of 4 that lacked the 23-(3-oxobutyl) and 3a-methyl groups. Hence, on
low-temperature ozonolysis of the vinyl silane 5 in methanol, transient and stereo-
exclusive formation of dioxetane 6 was observed upon immediate analysis by NMR
(Eg. 3). On standing, the dioxetane 6 underwent rearrangement and cyclization to
furnish hydroperoxy-lactone 7 in 54% isolated yield on a scale sufficient for X-ray
structural study.*

o

0, Q
t-BuMe,Si t-BuMe, Si neat t-BuMe,Si

CH;0H o-6 — SN E))
_78°C 22°C [¢]
HO, HO,
(0]

5 7

6

In a related model system devoid of the propionic acid appendage of 4, 8 was
synthesized and examined under these conditions. The reaction of 8 with ozone
provided remarkably stable dioxetane 9 (Eq. 4). However, the appended ketone was

2 . o : H
0, pr.  CHiO.
—_ ) _BF
Me,Si CH,0H MesSi ' CH,OH 0. “4)
0-0 S H
10

-78°C

8 9

an initially reluctant intramolecular cyclization partner: thermal retro-[2+2] cycli-
zation of 9 was observed after several hours at room temperature and prompted
capture of 9 as an in situ intermediate. Numerous conditions with acids at low
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temperature in aprotic solvents were examined until dioxetane 9 was successfully
intercepted in a methanolic solution containing boron trifluoride etherate to afford
remarkably stable crystalline aldehyde 10 in 69% isolated yield.45

The favorable outcome of these model studies implied that keto-acid 4 would
behave as desired on ozonolysis, initially giving forth a dioxetane, which would
then undergo transformation to the natural product 1 on acidification.

A number of approaches to the requisite 23, 6B-disubstituted cyclohexylidenyl-
silane arrangement in 4 were considered but ultimately discarded. For example, an
appropriately protected 2,6-disubstituted cyclohexanone could in principle provide
vinylsilane 4 by a Wittig or Peterson olefination. Unfortunately, bis(trimethylsilyl)
methyllithium only gives vinylsilanes from non-enolizable ketones.>> Furthermore,
even if the bulkier Wittig counterpart, trimethylsilylmethylidene triphenylphos-
phorane, were to undergo addition, B-elimination is favored for silicon over
phosphorus.3® Although trimethylsilyl{(dimethylmethoxysilyl)methyl lithium®’ is
available, we have found that this reagent converts hindered 2-substituted cyclo-
hexanones,* but not 2,6-disubstituted cyclohexanones.49

An alternative approach that we examined involved the conceptual joining of the
terminal ends of both the 2 and 6 substituents of requisite cyclohexanone 12 (Eq.
5).27 For example, known bicyclo[3.2.1]nonenone 13 is incapable of deprotona-
tion by the olefination reagent and indeed bis(trimethylsilyl)methyl1ithium55 pro-
vided pivotal vinyl silane 14 (Eq. 6).

' ' [0} !
0 o
R R HO,C
11 12 4
) = 0 = DV
RZN) x>0 o) MeySi 7 6

13 14

Selective scission and subsequent processing of 14 afforded access to compounds
structurally similar to 4, but with one important drawback—incorporation of the
3a methyl group is not possible because the starting enamine reaction fails with
B-alkyl substituents on the cyclohexyl ring.® Furthermore, the introduction of a
cyclohexyl methyl group would introduce regiochemical problems. The use of
bicyclic vinyl silanes such as 14 were therefore restricted to the preparation of a
few racemic artemisinin analogues.

Consequently, it was necessary to employ alengthier approach to the construction
of the key vinylsilane 4. We recognized that the termini of the carboxyl and vinyl
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silane moieties were situated in a 1,5 arrangement and that this system might be
available by a Claisen ester—enolate rearrangement of 15 as shown in Eq. 7.

R . R R
. > ==
Me;Si Me;Si \2;] MeSi \;:j @)
[e) 042_) o
HO

Lio Yy
0
4 15

Previously, Ireland—Claisen ester—enolate rearrangement of the corresponding
a-propionyloxy-allylsilane led to model system 5.* Therefore, elaboration to 4 via
rearrangement of 15 was pursued. To complete our retrosynthetic analysis, a
plausible route to 15 was devised, involving straightforward homologation of
2B,3a-disubstituted cyclohexanone 17 to cyclohexene-carboxaldehyde 16, which
in turn undergoes silylanion addition and subsequent acylation (Eq. 8).

15 = ij —t %/n (8)
Y O
16

17

Thus, cyclohexanone 17 was needed in optically active form. The use of the
monoterpene R(+)-pulegone as starting material was exploited in this regard as
shown in Scheme 1. First, R(+)-pulegone 18 was epoxidized59 with alkaline
hydrogen peroxide, providing pulegone epoxide 19. Thiophenoxide opening of 19
with concomitant retroaldol expulsion of acetone® yielded regiosomerically pure
thiophenylketone 20. Customary peracid oxidation of sulfide 20 afforded sulfoxide
21%" in good overall yield.

As outlined by Roush and Walts,®? sulfoxide 21 was converted to the correspond-
ing dianion with lithium diisopropylamide (LDA) and alkylated with n-butyl iodide
to provide a diastereomerically complex mixture that was then converted directly
to 2-butyl-3R-methylcyclohex-2-en-1-one (50% yield, 6:1 (B:0) mixture at C-2)
upon thermolysis. We found that sulfoxide 21 could be alkylated with 2-(2-bro-
moethyl)-2,5,5-trimethyl-1,3-dioxane®® and that the resultant complex mixture
could be desulfurized with aluminum amalgam to furnish desired ketone 17 in
40-50% yield as 9:1 (B:o) mixture at C-2. Surprisingly, alkylation of this sulfoxide
dianion was not improved using 2-(2—iodoethyl)—2,5,5-trimethyl—1,3—dioxane17 in
place of the bromide.

The alternate use of the dianion of B-ketoester 22 did not improve the alkylation
yield because subsequent saponification of alkylation product 23 epimerized C-2
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(6:4 mixture) (Eq. 9). Although the approach to 17 via sulfoxide 21 was used, it is
clear that this functional arrangement could be made more efficiently.

2LDA, HMPA, THF P<| '

o hydrolysi !
-40°C; 0, 0 : ydrolysis g 0 9
Y & TR
o o
0,0MCOO
e~

2 Br 07 “OMe
2 23

With ketone 17 in hand, its homologation to unsaturated aldehyde 16 was
pursued. We expected that a regioisomerically pure vinyl anion would be accessible
from the corresponding hydrazone, and that this anion could be intercepted with
dimethylformamide to provide 16. Upon exposure of ketone 17 to p-toluenesul-
fonyl hydrazide in tetrahydrofuran (THF), solvolysis of the ketal group and sub-
sequent hydrazone formation was observed. Under base catalysis with pyridine in
THF, epimerization occurred at C-2 prior to hydrazone formation. Fortunately, if
THF and pyridine were simply stripped away and the neat mixture was placed under
vacuum, clean hydrazone formed in nearly quantitative yield. Subsequent treatment
of hydrazone 24 in N,N,N'N’-tetramethylenediamine (TMEDA) with four equiva-
lents of n-butyl lithium afforded a red solution of vinyl anion, which was quenched
with dimethylformamide to afford the regiochemically pure A'-unsaturated alde-
hyde 16 in 70% yield (Scheme 1). At this stage the accompanying 2c.-diastereomer
was conveniently removed by chromatography.

Initial efforts to transform aldehyde 16 to Claisen precursor 15 involved silyl-
Wittig/Brook rearrangement of the corresponding allylic silyl ether 25. Aldehyde
16 underwent smooth 1,2-reduction with diisobutylaluminum hydride in ether and
subsequent silylation provided Brook rearrangement precursor 25. Standard con-
ditions for effecting the deprotonation of an allylic silyl ether were employed:*
treatment of 25 with sec-butyllithium in the presence of TMEDA furnished rear-
ranged o.-silyl alcohol 26, but in modest yield, with the recovery of the balance of
starting material 25. In an attempt to improve the conversion, the use of tert-butyl-
lithium promoted rearrangement in a somewhat better, but maximal, yield of 30%.
The apparent disparity between the result for 25 and its 2,3-unsubstituted congener
(Brook rearrangement yield of 74%)* is presumably caused by increased conges-
tion from the large 2-butyl side chain in the transition state for the rearrangement
of 25.

Nevertheless, diastereomeric product 26 was used to test the validity of the
Claisen approach. Thus, esterification of 26 with propionic anhydride offered the
requisite ester 15 along with the inseparable diastereomer 15a (1:1 ratio). Kinetic
deprotonation of the mixture of 15/15a was effected with lithium N-cyclohexyl-N-
isopropylamide (LICA) and, upon warming to room temperature, Ireland-Claisen
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Scheme 1. Key: a) alkaline HOOH, THF; b) NaSPh, THF; c) m-CPBA, CH2Cly, -78
°C; d) 2 LDA, HMPA or DMTP, THF, -35 °C; then 2-(2-bromoethyl)-2,5,5-trimethyl-
1,3-dioxane; e) Al{Hg) amalgam, wet THF; f) p-CH3PhSO2NHNH3, neat, 1 mm Hg;
g) 4 BuLi, TMEDA, 0 °C; then DMF; h) DIBAH, Et20, 78 °C; then TMSCI, pyridine,
CH:2Cly; i) t-BuLi, THF, -30 °C; then HOAc, ~78 °C; j) propionic anhydride, DMAP,
pyridine, CH2Cl5.

ester enolate rearrangement®> provided a diastereomeric mixture of carboxylic
acids 27 in moderate yield (Eq. 10).

Obviously, it was hoped that the acid 4 would constitute part of the mixture
derived from the subsequent deketalization of 27 and that ozonolysis followed by
acid treatment would afford artemisinin. However, after the aforemaitioned proc-
essing, no tetracylic products were observed. This suggested that the rearrangement
had occurred through an “o” (si) face transition state leading to C-60. diastereomers
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27
(i.e. 27) that are not capable of ultimate cyclization to tetracyclic products. This
result was not surprising in light of molecular mechanics calculations, which
revealed a substantial interaction of the (Z)-enolate methyl group with the axially
disposed C-2 butyl side chain in the “f” face transition state. This interaction was
relieved in the “o0” face transition state, thus explaining the exclusive formation of
undesired “0.”’-oriented products (i.e. 27).5667

We examined two alternate approaches that would circumvent these interactions.
First, generation of the alternate-(E)-enolate would remove the methyl-butyl
diaxial-like interaction, making § products possible, but the product(s) would have
threo geometry in the acid side chain. One result of this might be the production of
9-epiartemisinin (29), which we originally thought would epimerize to artemisinin
under the cyclization conditions. Second, a methyl group could be removed from
the transition state by using the acetate rather than the propionate ester, and the
resultant product(s) would require a C-methylation to arrive at the requisite sub-
strate. The first approach entailed treatment of the 15/15a mixture with a different
amide base, lithium hexamethyldisilazane (LHMDS), which is known to provide
enolate geometry ratios in the opposite sense to LDA (Eq. 11).% The resulting

3

0._.0 A
LHMDS, THF ; 1. oxalic acid (11)
15/15a
-78°C0 23°C Me;Si 205 MeOH; H¥
HHX
28 HO,C °

mixture of carboxylic acids 28, produced in modest yield, was deketalized and
ozonized to afford an unknown, but chromatographically related, tetracyclic prod-
uct, which we assumed was 9-epiartemisinin 29.

However, this product was not epimerizable to artemisinin and thus we moved
on to the next approach. It was later proven that (+)-9-epiartemisinin had indeed
been prepared in this sequence, albeit in low overall yield.69

Formation of the mixture of acetates 30/31 was straightforward. Subsequent
generation of the enolate(s) with LICA as before produced numerous attendant
by-products from self-condensation, but it was nevertheless possible to isolate a
single carboxylic acid 32 in 29% yield (Scheme 2). Upon deketalization with oxalic
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Scheme 2. Key: a) LICA, THF, -78 °C to 23 °C; b) 10% agq. oxalic acid, 5iO2, CH2Cly;
c) O3/03, MeOH; then TFA, CHCl3; d) Me2SO4, K2CO3; €) LDA, THF; Mel; f) KOH,
MeOH; g} LDA, THF, —40 °C; then HOAc.

acid-impregnated silica gel,”® keto acid 33 was obtained in 81% yield. Subsequent
ozonolysis in methanol afforded a complex product mixture that could be treated
without purification with trifluoroacetic acid in chloroform to furnish (+)-9-des-
methylartemisinin 42 in 56% yield.®® At this stage, it seemed apparent that desired
tetracyclic products were being produced. However, to prove our structural assign-
ments unequivocally, the total synthesis was completed before improving the total
synthetic route. Hence acid 32 was converted to the corresponding methyl ester
under basic conditions, enolized with LDA, and then alkylated with methyl iodide
to provide ester 35 as a 7:3 diastereomeric mixture (83%). Sequential deprotection
of ester 37 and ketal functions gave the separable keto-acids 4 (major) and 37
(minor), whose respective stereochemistries were ascertained by conversion of the
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former to natural product. Minor acid 37, upon ozonolysis and acid-catalyzed ring
closure, did not afford artemisinin but instead a substance identical with 9-
epiartemisinin (29). Control experiments further supported the identity of synthetic
9-epiartemisinin. Enolization of authentic artemisinin with LDA atlow temperature
followed by kinetic quench® gave material identical to 29 produced either from 37
or the propionate Claisen.!”®® To finish this preliminary work, the acid tentatively
assigned as 4 was submitted to the usual conditions: ozonolysis and acid workup
provided material identical in all respects to the natural product (+)-artemisinin D).

With a workable route in hand, we then set about the task of improving the overall
sequence leading to the natural product. Clearly, the route suffered from a lack of
stereoselectivity in the Brook rearrangement and later in the side-chain alkylation.
We felt that it was likely that only one of the diastereomers produced in the Brook
rearrangement was leading to “B” targets. This was evident from the Claisen
rearrangement: half of the product was acid 32; the remainder of the acidic
component was not transformed to tetracyclic products on ozonolysis/acidification.
In fact, examination of possible transition-state geometries for the Claisen rear-
rangement suggested that a difference might be expected between 30 and 31. With
B- and o-face transition states, as well as boat and chair conformers, there are a
minimum of eight possible transition states to consider for the mixture of 30/31.
Excluding the boat conformers as being energetically unfavorable, 6677172 there
are still at least two possible transition states for each diastereomer. Drawing the
four most likely transition states derived via MMP2 (Figure 1), we can readily see
that 30b would be preferred over 30a: a sizable axial—axial trimethylsilyl-C2-bu-
tyl interaction is avoided and the trimethylsiyl group is in a pseudo-equatorial
relationship.”""2

For 31, the opposite ranking seems likely: 31a is preferred over 31b, again
because of the equatorial disposition of the trimethylsilyl group. If these arguments
are valid, then diastereomerically pure 30 should afford only desired erythro acid
upon Claisen rearrangement. Unfortunately, it was not possible to separate dias-
tereomers 30/31 chromatographically, and the steroselective synthesis of 30 was
targeted.

Molecular mechanics (MM2) calculations of the unsaturated aldehyde 16 re-
vealed an interesting possibility. A comparison of the lowest energy conformers of
16 demonstrated a clear preference for diaxially oriented 16a (AE, > 3 Kcal/M).
Inspection of this conformer suggested that an incoming nucleophile could ap-
proach from one face of the carbonyl to lead to a single product whose relative
stereochemistry corresponds to diastereomer 30 (Figure 1), as depicted in Figure 2.

Thus, if trimethylsilyl anion were used as the nucleophile, then requisite dias-
tereomer 30 could become available. Of the various counterions, Li*, Na*, and K*
have been examined by others. None of these species were suitable for direct
1,2-addition to carbonyl compounds. For example, trimethylsilyl lithium (Me,SiL1)
adds nicely 1,4- to enones by a one-electron-transfer process, but does not provide
a-silyl alcohols from ketones or aldehydes. In contrast tris(trimethylsilyl)alumi-
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Figure 1. Potential transition states in the Claisen ester—enolate rearrangement of
diastereomers 30 and 31.

num etherate (TTAE) underwent unfettered 1,2-addition to benzaldehydes to
furnish o-silyl alcohols. In our hands, this reagent reacted with cyclohexene
carboxaldehyde 38 at low temperature in ether to afford the corresponding allylic
alcohol in nearly quantitative yield. Furthermore, intermediate aluminate salt 38a
was stable to the Brook rearrangement as compared to the lithium analogue. As a
result, the aluminate salt was captured in situ with acetic anhydride (accelerated by
4-(N,N-dimethylamino)pyridine) to give desired silyl acetate 39 in 90% yield
(Eq. 12).

0,

9 ’
Nu: 16a (B, = 0) 16b (E,, = 3 Kcal/M)

Figure 2. Transoid (16a) and cisoid (16b) rotomers of the preferred conformer of
aldehyde 16. Nucleophilic attack could be predicted to occur upon the less sterically
encumbered o-face of 16a to provide the C-1’ S diastereomer 30.
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With these encouraging results in hand, we returned to aldehyde 16. Upon
reaction with TTAE and subsequent quenching with acetic anhydride, 16 was
transformed to a single diastereomer 30 in 88% yield (Scheme 3). Although it was
not determined which diastereomer (30 vs. 31) had actually been produced at this
stage, the material underwent ester—enolate rearrangement (2.1 mol-equiv LICA,
THE -78 to 23 °C) to a single acid, identical to 32, in 51% yield on the first attempt.
The balance of the material from base treatment of 30 corresponded to competing
Claisen condensation: 3-ketoester 40 and silyl ether 25 (together with desilylated
alcohol) were obtained in yields of 12 and 28%, respectively (Eq. 13).

0 ]
(13)
R
25, R = Me;Si
orR=H

With diastereomerically pure 32 now available, it was possible to determine its
stereochemistry. Regiochemistry about the vinyl silane moiety in 32 was ascer-
tained by nuclear Overhauser enhancement difference (DNOE) experiments. De-
coupling experiments with either downfield methylene proton adjacent to the
carboxylic acid § 2.62 (dd, 1H,J=9.5, 150 Hz) or § 2.48 (dd, 1 H, /=59, 15.0
Hz) identified the C-6 proton resonance § 2.78 (m, 1 H). Similarly, the C-2 proton
resonance was located [8 2.11 (m, 1 H)]. Irradiation of the vinylsilane proton singlet
at 6 5.38 led to an enhancement of 10% of the C-6 and none of the C-2 proton
resonance, thus demonstrating a syn relationship between the vinyl proton and the
C-6 proton. The fact that acid 32 was converted to the natural product confirmed
that a B-oriented side chain had been produced at C-6 and clinched the stereochem-
istry of 32 as depicted.

With stereocontrol mastered, the preparation of 32 was optimized. The efficiency
of the Claisen rearrangement strongly depended upon the conditions employed. For
example, the amount of base needed to be strictly controlled in that at least two
equivalents of base were required. With a single equivalent of base, only self-con-
densation was observed and further, excess base did not improve the yield. Perhaps
the by-products formed early during enolization react further with remaining
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Me;Si

Scheme 3. Key: a) Tris(trimethylsilyl) aluminum etherate, Et2O, =78 °C; then Ac20,
DMAP, to 23 °C; b) 2LiNEt2, THF, —78 °C then 23 °C; ¢) 2LDA, THF, 50 °C; then CH3l,
—-78 °C; d) 4LiNEtz, THF, =78 °C to 50 °C, then CH3l, -78 °C; e} O3/O2, CH2Cl;, -78
°C; then SiO; followed by aq. 3M H25O0a4.

base/enolate in such a manner that two equivalents are needed. In addition, the
product distribution was influenced by the amide base employed. With highly
hindered lithium bases such as LICA or lithium tetramethylpiperidide (LiTMP),
self-condensation products accounted for as much as half of the reaction products.
When less bulky amides were used, the rate of deprotonation minimized self-
condensation to acetoacetate, but also increased direct displacement by amide anion
on the ester resulting in acetamide formation. For example, LDA, lithium diethyl-
amide (LDEA), and lithium pyrrolidineamide (LiNC H,) each gave 32 in yields of
25, 63, and 20%, respectively. Thus, LDEA was routinely used to obtain preparative
amounts of the desired product 32.

The cumbersome route in Scheme 2%° had been prompted by frustrated attempts
to prepare the dianion of acid 32 on the microscale. A reexamination of this reaction
on a larger scale showed that warming of a THF solution of 32 with two equivalents
of LDA at 50 °C for 2 h led to an orange solution of dianion. Addition of methyl
iodide then gave rise to a single diastereomerically pure homologous acid, 41, in
nearly quantitative yield (Scheme 3). The stereochemical identity of 41 was
reasonably assumed to be erythro from its conversion to the natural product 1. The
possibility of epimerization at some stage in this process was ruled out by the clean
conversion of threo acid 37 to 9-epiartemisinin 29.

This serendipitous result was advantageously applied to the synthesis of (+)-1C-
artemisinin’® using "*C-methyl iodide as well as trideuteroartemisinin from CD;-
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1.7 This alkylation is of general utility for a wide variety of alkyl halides and can
be employed to furnish a myriad of C-9 analogues of the natural product.

Most recently, our total synthesis was streamlined further. Since the Claisen
rearrangement which provided 32 required excess base, and was followed in a
separate step by dianion formation, it seemed reasonable that the two steps could
be combined. For example, treatment of acetate 30 with several equivalents of base
should lead directly to the dianion of 32, which could then be alkylated in situ to
provide the homologated acid 41. Indeed, treatment of 30 with four equivalents of
LDEA (-78 to 50 °C) provided the desired dianion of 32, which upon cooling and
admission of methyl iodide, gave the acid 41 in 57% yield.

Finally, the conversion of acid 41 to the natural product 1 was reconsidered.
Previously, separate deprotection of ketal 41 to ketoacid 4 (80% yield) was done
prior to ozonolysis. The possibility of a one-pot ozonolysis, deprotection, and
cyclization sequence was entertained. Thus, ozonolysis of 41 in dichloromethane,
when followed by successive addition of aqueous sulfuric acid and silica gel, led
in reasonable yield (33-39%) to (+)-artemisinin (1), identical in all respects to the
authentic natural product. Other solvents were examined for this sequence: while
we originally observed the rearrangement of dioxetane 9 to hydroperoxide 10 in
methanol, we found that methanol was incompatible with the intramolecular
formation of lactone from 41. Interestingly, most other solvents (hexane, ethyl
acetate, etc.) were poor in comparison to dichloromethane. When a fairly dilute
solution of 41 in dichloromethane (0.01 M) was subjected to ozone, a higher yield
of artemisinin (1) was obtained because of a lower ratio of non-peroxidic
desoxyartemisinin. Therefore, additives such as ¢-butyl hydroperoxide and t-butyl
peroxide were used to maintain an oxidative environment during acid treatment
after ozone exposure, but they had little effect. In fact, crude products were much
cleaner by thin-layer chromatography with the addition of ¢-butylhydroxytoluene
(BHT) subsequent to reaction of 41 with ozone, and a slightly higher yield of
artemisinin was obtained.

In summary, a stereoselective 10-step total synthetic route to the antimalarial
sesquiterpene (+)-artemisinin (1) was developed. Crucial elements of the approach
included diastereoselective trimethylsilylanion addition to o,B-unsaturated alde-
hyde 16, and a tandem Claisen ester—enolate rearrangement-dianion alkylation to
afford the diastereomerically pure erythro acid 41. Finally, acid 41 was converted
in a one-pot procedure involving sequential treatment with ozone followed by wet
acidic silica gel to effect a complex process of dioxetane formation, ketal deprotec-
tion, and multiple cyclization to the natural product (+)-artemisinin (1). The route
was designed for the late incorporation of a carbon-14 label and the production of
a variety of analogues for structure—activity-relationship (SAR) studies. We were
successful in preparing two millimoles of *C-1"? which was used for conversion
to C-arteether for metabolism’® and mode of action studies.”®"”
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Il. ANALOGUE SYNTHESES

We have synthesized a number of analogues which may be divided into the
following major groups: (1) optically active, substituted QHS (42-63, 77-84,
94-99, 108-114, 116-123, 127, 134-140; see Figures 3—5 and Tables 2~5) and
dihydro-QHS (e.g., arteether, 142, 143, 148 Figure 5), analogues that were pro-
duced via branches from our total synthesis; (2) racemic analogues derived from
bicyclic synthetic intermediates, 6,9-desmethyl QHS (155) and truncated system
156 (see Figure 6); (3) seco-analogues of racemic nature with lactone substituents
(166, 174, 176, 184, 185) and optically active substituted cyclohexanes (179-182);
(4) highly abbreviated and flexible racemic QHS analogues 177 and 178 (see Figure
8); and (5) 13-carba analogues of artemisinin 240, 242, 258, 259, 262-266 (see
Tables 5 and 6, Eq. 5).

A. C-9 Substituted Analogues of Artemisinin

. From a historical perspective, the first analogues were semisynthetic derivatives
of artemisinin itself, which had been isolated in modest amounts from plants.
Despite these early limitations, several of these analogues have now achieved
clinical utility because their structural alterations provide improved drug delivery
characteristics. These analogues retain the entire tetracyclic structure and incorpo-
rate pendant substituents. By comparison to these early analogues, our total

Figure 3. C-9-substituted artemisinin analogues.

R R
42 H 53 P H
43 [ H 54 Bu H
44 pr H 55  (CHp,CH(Me); H
45 By H 56 (CHp);iPr H
46 CiHy H 57 CH,CH=CH, H
47 CeHy, H 58  CH,CO,H H
48 CHy H 59 H CH,CH=CH,
499 PhCcH, H 60 H E-CH,CH=CHMe
50 PhCH,CH, H 61 H Z-CH,CH=CHMe
51 Ph(CH); H 62 H Me
52 Ph{CH,, H 63  Me Me
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synthesis gave us a unique opportunity to attach groups onto novel sites on
artemisinin otherwise inaccessible from the natural product. Several of our C-9
substituted analogues are depicted in Figure 3. Acid 32 (see Scheme 3) was available
in fairly large amounts from our optimized total synthesis and served as a versatile
synthetic intermediate. For example, 9-desmethyl analogue 42 was originally
obtained upon ozonolysis of the corresponding keto-acid derived from 32.%° But
acid 32 was later converted in one pot directly to desmethylartemisinin 42 without
prior removal of the ketal (Eq. 14).!7

0 0 ' O .
} (14)
Me;Si §i0,, H;0*
H 63%
CO,H
32 42

Alkylation of the corresponding dianion of acid 32 was very convenient and led
to numerous 9-alkyl products. For example, analogue 58 was prepared via the
LDA-generated dianion of 32, which was alkylated with ¢-butyl bromoacetate to
provide acid-ester 64. Crude vinylsilane 64 was submitted to successive ozone
addition and acidification. The resultant tetracyclic peroxide 65 was subsequently
treated with trifluoroacetic acid to cleave the r-butyl ester to the free the acetic acid
appendage of target 58 in 20% overall yield from 64 (Eq. 15).

R H H
2LDA, 0y TFA
32 — = MeSin s n — 58 (15)
50°C; Si0y,
t-butyl H,0+
HO,C 3
bromoacetate 2 _
CoyBu O COxtBu
64 65

In the same straightforward manner, alkylation of 32 provided homologous acids
43athrough 56a. Subsequent exposure of the resultant alkylation products to ozone,
followed by acidification, gave targets 43-56 (Eq. 16).

Attachment of substituents incompatible to ozone required a different general
synthetic route. For example, allyl acid 59 displayed poor chemoselectivity on
exposure to ozone. Contrary to reports of alkaline decomposition of the }actone—
acetal—peroxide functionality,'® the enolate of the prefabricated tetracycle 42 could
be generated at low temperature and alkylated. As a notable example, this method-
ology produced a single allylated tetracycle, the o-epimer 59. This initial alkylation
product was unchanged after prolonged acid treatment, and structure 57 was
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R R .
2LDA,
Me,Si ” (16)
WINS 50°C; MesSi__z
R-X
HO, HO,C” R
2 43a,R=Et
44a, R =n-Pr
45a, R=n-Bu
46a, R =n-CiH),

47a,R=n-CgH,3
48a, R = n-C3H,,
49a, R = benzyl

50a, R = Ph CH,CH,
51a,R = Ph(CHo),
52a, R = Ph(CH2),

§3a, R = i-propyl
54a, R = i-butyl
55a, R = j-amy}

56a, R =i-Pr(CHy),

tentatively assigned on the assumption that the axial C-9 substituent would epimer-
ize.

However, when a mixture of both crotyl regioisomers 60 and 61 were obtained
and separated, unambiguous assignment of C-9 to an o orientation could be
ascertained from 'H NMR coupling constants (Eq. 17). After this comparison, it
was clear C-9a allyl analogue 59 had been produced earlier. However, 59 under-
went kinetic enolization with LDA at low temperature and subsequent acid quench
afforded desired C-9f allyl analogue 57.

42

60,R = E-Me
61, R =Z-Me

The same enolate methodology also produced C-9 epiartemisinin 62 from
artemisinin.” The enolate could also be intercepted with methyl iodide to provide
gem-dimethyl analogue 63. Alternative approaches to C-9-substituted artemisinin
derivatives have been reported starting from artemisitene.”®”

B. C-3 Substituted Analogues of Artemisinin

Because intermediate 32 could be readily produced in large quantities, investi-
gation into the chemistry of the ketal-bearing side-chain seemed a worthwhile goal
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as it could in principle provide tetracyclic analogues substituted at the C-3, C-4,
and C-5 positions. The effect on antimalarial potency of modification to the C-3
and C-4 positions of tricyclic analogues of artemisinin have been investigated. 80
Previously, we had demonstrated that a similar 5,5-dimethyl-1,3-dioxane ketal,
differing only in the remote carboxylate side chain, could be selectively deketalized
with aqueous oxalic acid treated silica gel. Similarly, ketal 32 could be readily
converted into keto-acid 33 (Scheme 4). Yields in this reaction were found to be
sensitive to conditions: at higher acid concentrations, protodesilylation led to
formation of unwanted exomethylene by-product 66. When conducted carefully,
yields were typically around 80%. In these circumstances there appeared to be very
little protodesilylation, the yields being less than theoretical due to facile adsorption
of keto-acid 33 onto silica gel.

Initial attempts to alkylate the kinetic enolate of keto-acid 33 (generated upon
treatment with 2 mol equiv of LDA) with methyl iodide were unsuccessful due to
formation of mono-, di-, and trimethylated ketones. This problem would presum-
ably have worsened with less reactive alkylating agents and therefore an alternate
methodology was sought. Hydrazone chemistry appeared to offer the desired
regioselectivity as it has been reported that the less substituted side of N,N-di-
methylhydrazones are preferentially deprotonated, regardless of the hydrazone

geometry (E or Z).81:82
HOOC 33 HoOC

b

MczN
Me;Si _~
nooc— B =——— Mesi
HOOC

77-84 o 69-76

Scheme 4. Key: a) aq. oxalic acid, silica gel CH2Cl2, 82%; b) MeaNNH2, 92%; c) 2
LDA, THF, HMPA, —78 °C to 20 °C; then R' -X; d) O3, CHCly, =78 °C; then aq. H2504,
silica gel, CH2Cla.

69, 77 R' = Me
70,78 R! = Et
71,79R' = Pr

72, 80 R = j-Pr

73, 81 R‘ = CHCO;Et

74, 82 R' = CH2Ph

75, 83 R‘ = (CH2)2(4-Cl Ph)
76, 84 R' = (CH2)3Ph
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N,N-Dimethylhydrazone 68, furnished from keto-acid 33 upon treatment with
N,N-dimethylhydrazine, was found to be extremely water sensitive. Attempts to
form the hydrazone were thwarted by low yields under a number of conditions in
which solvents were present. Azeotropic removal of water, with or without molecu-
lar sieves, was also unsatisfactory. Eventually, it was found most convenient to
simply dissolve the keto-acid in neat dimethylhydrazine without desiccant. After
heating for a number of hours, followed by cooling and removal of excess dimethyl-
hydrazine, formation of the desired hydrazone was apparent by NMR due to loss
of the methyl] ketone resonance at § 2.14. This initially formed hydrazone existed
as a dimethylhydrazonium carboxylate, but it was found that reversion to free
carboxylic acid 68 occurred in vacuo, as evidenced by the proton NMR run in dry
CDCl,.

With simple methodology in hand for formation of requisite hydrazone 68, we
returned to our alkylation studies. Treatment of hydrazone 68 in tetrahydrofuran
(THF) with 2 mol-equiv of LDA at low temperature led to formation of hydrazone
enolate as was evidenced by the slow appearance of alkylated products by TLC.
However, these reactions were reluctant to go to completion and it was found that
if hexamethyl phosphoric triamide (HMPA) were added to the intermediate metal-
loenamine, that alkylation would reach completion in a matter of hours. While the
preliminary alkylation product(s) were now relatively stable regioisomeric hydra-
zones, alkylated exclusively on the methyl group, and could be used crude in the
ensuing ozonolysis reaction, products were easier to characterize after silica gel
chromatography in which the hydrazone group was cleaved. The products of
chromatography, keto-acids 69-76 could then be stored indefinitely or used directly
for the final stage of the synthetic sequence.

It was anticipated that ozonolysis of keto-acids 69-76 would be uncomplicated
leading to an intermediate dioxetane or hydroperoxy-lactol, and that in situ acidi-
fication would then result in multiple cyclizations to afford desired tetracyclic
artemisinin analogues modified at the C-3 position.?”**6%83 In fact, exposure of the
keto-acids to ozone at low temperature, followed by purging of excess ozone and
addition of silica gel and aqueous sulfuric acid led over several days at room
temperature to clean formation of desired targets 77-84. Yields were generally quite
good for production of the target analogues, being in the range of 55-66% with one
notable exception, ethyl ester 81 for which the yield was substantially lower at 26%.

We were also interested in the possibility of synthesizing derivatives modified in
both the carboxylic acid side chain and ketone bearing side chain; the resulting
tetracyclic analogues of artemisinin would then be modified at both C-3 and C-9.
As the requisite ketal(s) were available,® their deketalization, hydrazone formation,
alkylation, and subsequent ozonolysis and cyclization were explored as shown in
Scheme 5.

Starting with known “butylated” ketal-acid 85, readily synthesized in high yield
directly from ketal-acid 32, deketalization as before with oxalic acid treated silica
gel gave comparable results to before, with keto-acid 86 being produced in 85%
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H H
94-99 o 88-93

Scheme 5. ?Key: a) aq. oxalic acid, silica gel, CHzClz, 85%; b) Me2aNNH3, 93%; ¢)
2 LDA, THF, HMPA, =78 °C to 20 °C; then R! -X; d) O3, CH2Cl, =78 °C; then ag.
H2S04, silica gel, CH2Cla.

yield. Derivatization of this ketone as the hydrazone provided, in high yield,
expected hydrazone 87, once again as an apparently pure regioisomer as inferred
by the appearance in the NMR spectra of a singlet for the vinyl silane proton of 87
at 8 5.30. Alkylation of 87 by treatment first with 2 mol equiv of LDA followed by
addition of HMPA and the alkylating agent gave intermediate hydrazones which
upon chromatography underwent hydrolysis and afforded the penultimate interme-
diate keto-acids 88-93 in reasonable yields ranging from 42—-66%. Finally, low-
temperature ozonolysis followed by treatment with silica gel and aqueous acid
furnished target tetracyclic analogues 94-99 substituted both at C-9 and C-3.
Unfortunately, yields for targets 94-99 were roughly half of those obtained for
tetracycles not substituted at C-9 (77-84).

It is noteworthy (Scheme 6) that cyclization of intermediate hydroperoxy-
aldehyde equivalents such as 103, whether from total synthetic studies,*? analogue
work,®>#* or this work, bearing a substituent in the carboxylate side chain at C-1’
(e.g. 103, R = alkyl) typically occur in a range of 15-35%. On the other hand, those
lacking a substituent (e.g. 102 or 104, R = H) are more efficiently converted to
tetracycles (42 and 107) with yields roughly from 50-65%. We have noted that this
effect is unrelated to the efficiency with which initial oxidative addition occurs
providing oxetanes 101. Molecular modeling studies® indicate that increased
torsional strain from the C-9 R substituent to the C-8 methylene in product 106 is
reflected in less rapid cyclization of intermediate 103, resulting in an increase in
competing decomposition of 103 and thus lower yields of desired products such as



146 M. A. AVERY, M. ALVIM-GASTON, and J. R. WOOLFREY

MeSiQ_ & . ’ \:.:\T J

MeySio A I_ _.h L;__:\'i/"ii -_.|,'.;_.',\:rn
Ye ‘/':\ % “)\._./}:'\ " ¥ \(E' E_‘:‘“- R I.
L -

100 101 102,R=H, Y=0H

103, R = alkyl, Y= OH
104, R = H, Y = NH-alky!

Stereoview of Gauche Interactions in 106, R = Alkyl

42, R=H,Y=0
106, R = alkyl, Y=0
107, R=H, Y = N-alkyl

Scheme 6.

106. When the R substituent is H, as in 102, the energetically unfavorable C-9/C-8
interaction in product 42 is relieved and thus the reaction is more efficient.

C. 10-Deoxoartemisinin Modification to Artemisinin Analogues

Upon treatment of the natural product (+)-artemisinin 1 with NaBH, and BF,-
etherate in methanol-THF by Jung’s procedure (1-100 g),’! the known product 108,
10-deoxoartemisinin, was obtained in 68% yield. When this procedure was applied
to 1 or previously reported lactones substituted at C-9 (42—46, 51) or C-3 (77-84)
on small scales (20-100 mg), yields of 108—-114 and 116—123 varied dramatically
from run to run (Scheme 7). It was found that without suitable modification to the
reported procedure, small-scale reactions would frequently result in extensive
decomposition. In fact, even with suitable monitoring of the reaction for comple-
tion, deoxoanalogues 115 (Scheme 8) could not be prepared by this approach. Thus,
it was discovered that this reduction could only be safely achieved on small scale
by periodic interruption for TLC monitoring. In this manner, the C-9 substituted
analogues of artemisinin 43-46 were reduced in yields ranging from 35 to 58%,
while C-3 substituted (C-9 = desmethyl) analogues 116—-123 were furnished in 32
to 64% yield (see Scheme 1).
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NaBH,
BF;*OEt,

1,42, 51, 77-84 108-114, 116-123 (32-68%)
1, 108, R = Me; R' = Me; 117,78, R=H;R' =Pr
109, 42, R = H; R' = Me 118,79, R =H; R' = nBu
110, 43, R = Et; R' = Me 119, 80, R = H; R' = CH,CH(CH3),
111, 44, R = nPr; R' = Me 120, 84, R = H; R = (CH,),Ph
112, 45, R = nBu; R' = Me 121, 82, R = H; R' = (CH,),Ph
113,46, R =Bu; R' = Me 122, 83, R = H; R' = (CH,);(4-CIPh)
114, 51, R = (CH,);Ph; R! = Me 123, 81, R = H; R! = (CH,),CO,Et
116,77, R=H; R' = k&t

Scheme 7.

We also found that ester functionality was compatible with this reduction
sequence. Thus, treatment of the ester-lactone 81 with sodium borohydride and
boron trifluoride etherate provided the tetrahydropyran 123 in 55% purified yield.
Upon reaction with sodium hydroxide, 81 underwent simple ester hydrolysis to
furnish the carboxylic acid 127 (see Table 3).

In order to access the elusive haloaromatic species 115, alternative approaches
were examined. As shown in Scheme 8 alkylation of the synthetic intermediate 32
with 3-(p-chlorophenyl)propyl bromide led as expected to clean production of
erythro-acid 124. As previously described,!” low-temperature ozonolysis of 124

R =(CH2)3CH,Cl

Scheme 8. Key: a) 2 LDA, 50 °C; R-By, 25 °C; b) O3, CH2Cla, 78 °C; then H30,
SiO3; c) NaBHa, BF3-OFEty; d) LiAlH4, Et20.
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DIBAL-H EySiH oQ
-78'C, CH,Cl, BFyOE, o 1
}:1 R
1,R=Me 175,R=Me 108, R = Me (96%)
125, R = (CHp),CgH,Cl 115, R = (CHp);CeH,Cl (92%)
45,R=Bu 112, R = Bu (90%)

Scheme 9.

followed by in situ acidification proceeded, through a series of rearrangements, to
desired lactone 125. Attempted reduction of 125 using the Jung/McChesney
methodology®! (borohydride/Lewis acid) was unsuccessful in providing 115.
Rather than examine this reaction in detail, the short term goal of rapidly furnishing
material for in vitro antimalarial bioassay was accomplished by alteration of the
oxidation state prior to ozonolysis. Thus, reduction of 124 with LiAlH, in ether
gave alcohol 126 in good yield. Surprisingly, its ozonolysis/cyclization to 115 was
accomplished in only 7% yield.

While immediate gratification was thus obtained, the overall approach to these
compounds seemed less than satisfactory, particularly in light of the enhanced
biological activity of analogue 115. Apparently, the problem of reproducibility in
these reductions was related to some aggregate involving the heterogeneous nature
of the reaction, the inherent difficulties in accurately transferring minute quantities
of hygroscopic reductant, and the need to employ refluxing conditions to complete
the reduction. Lower reaction temperatures combined with homogeneous condi-
tions could provide a means to reproducibly access 10-deoxo analogues of artemis-
inin, and we therefore set out to examine this possibility.

Based on the precedented reduction of 2H-dihydropyrones,® the combination of
Lewis acid and hydride source exemplified by Et,SiH/BF; seemed ideally suited
to our needs (Scheme 9). While (+)-artemisinin 1 could not be reduced directly to
10-deoxoartemisinin 108 with Et;SiH/BF,;, dihydroartemisinin (175, R = H) was
smoothly converted at low temperature to desired tetrahydropyran 108 in 96%
yield. Further, this method was insensitive to scale being readily accomplished on
the gram or milligram level. It was also found that small scale reductions could be
more conveniently conducted utilizing diisobutylaluminum hydride in place of
sodium borohydride. As applied to the problematical case, it was found that lactone
125 could be reduced to lactol and thence 115 as outlined in Scheme 3 in excellent
yield. Furthermore, the yield for the conversion of lactone 45 into 9-butyl-10-
deoxoartemisinin 112 could be similarly improved from 58 to 90%.

D. N-11 Aza Modification to Artemisinin

Another class of analogues was conveniently available from the pivotal acid 32.
We envisaged conversion of 32 into amides and thence to lactams on addition of
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R H |
Et3N; O3; 60
Me;Si__~ T Me.Si —_— .
’ Eo,ccl, N Si0,, H H
R-NH, H,0+ R
HO,C RNHC 0
32 128, R=Me 134, R =Me
129, R=Pr 135,R="Pr
130, R = benzyl 136, R = benzyl

131, R = CH,CO,(t-Bu) 137, R = CH,CO,(t-Bu)

132, R= CH,CH,NMe, 138, R = CH,CH,NMe,

133, R=(CH,)sCOH 139, R = (CH,)5CO,H
140, R = CH,CO,H

Figure 4. Aza-modification to artemisinin.

ozone followed by acid-catalyzed cyclization. Thus, a cold solution of the triethyl-
ammonium carboxylate salt of 32 was treated with ethyl chloroformate and the
resultant mixed anhydride reacted with various primary amines to give the amides
128-133, which proved excellent substrates for reaction with ozone and subsequent
acidification to afford the lactam analogues 134-139 (Figure 4). A straightforward
approach has been reported in which artemisinin is reacted under catalysis with
various amines.?’

In certain cases, further transformations were warranted for deprotection or
derivatization: the N-(2-acetic acid) analogue 140 was provided upon hydrolysis of
ester 137 with trifluoroacetic acid in dichloromethane.

E. Dihydroartemisinin Analogues

Very early studies by other workers!®-?288 described the higher potency of
arteether relative to artemisinin (1). This had forecast the selective reduction of the
lactone of our novel analogues as a routine method, with the likely potential to
increase antimalarial activity. Previous transformations of artemisinin are summa-
rized in Scheme 10.

Artemisinin (1) can be selectively reduced with NaBH, to afford dihydroartemis-
inin (175, DHQHS), which has been shown to be roughly ten times as potent as
parent material 1. The lactol DHQHS (175) was converted to various ethers by
treatment in alcohols with boron trifluoride (acetal formation conditions). Notably
artemether (144) and arteether (145) were prepared in this manner. Alternatively,
DHQHS can be acylated to yield esters or carbonates, as shown for sodium
artesunate (146) as an example.

Our contribution to this area is also included in Scheme 10. The relatively
hindered lactone of C-9 alkyl analogues of artemisinin are selectively and effi-
ciently reduced with diisobutyl aluminum hydride (DIBALH) to the B-lactols 141,
for example. From the prior workers, the configuration at the C-10 center of
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diisobutylaluminum

hydride
-78°C, ether
99%
HO
(+)-artemisinin (1), R = Me 141, Bu; etc.
43, R=Et
44, R=Pr
45,R=Bu EtOH,
BF;
5%
NaBH,,
MeOH 0O°C
H H
~ H
H EtO
l‘-l 142, R =Et
HO 143, R=Pr

175, dihydroartemisin

ROH, ROCOCI,
BF, RCOCI, DMAP
DMAP
L]
H

“H
H
OT R
(e}
144, R =Me (artemether) 146, R= CHz CH; CO;Na,
145, R = Et (arteether) sodium artesunate
Scheme 10.

dihydroartemisinin was determined easily from diagnostic coupling patterns in the
'H NMR *!° Scheme 10 depicts the customary lactol etherification to the novel C-9
alkyl analogues of arteether 142 and 143.

In total, we prepared six new dihydroartemisinin analogues as shown in Figure
5 from the corresponding lactones and three new analogues from artemisinin itself.
9-Desmethylartemisinin 42 was transformed into the lactol 147, which was then
converted to the B-ether 148. Treatment of DHQHS under anhydrous conditions
with acid and tert-butylhydroperoxide gave perether 150 in 62% yield, which
contains two peroxide moieties.

We also prepared carbonate analogues by acylation of dihydro-QHS, consistent
with Scheme 10. Although numerous analogues derived from DHQHS have ap-
peared in the literature, linkage of DHQHS to cell-membrane components has not
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147,R=H,R'=H

148, R=H,R = Et

150, R{B) = Me, R'(B) = -O-Bu

151, R(P) = Me, R(B) = -CH,CH(OCOC;5H37)CH(OCOC;5H3,)
152, R(B) = Me, R’(a) = -COO-cholestanyl

141, R() = Bu, R = H

Figure 5. Dihydroartemisinin analogues.

been disclosed. Thus, analogues 151 and 152 were made from DHQHS via linkage
to either cholesterol for 152 or a diglyceride such as dipalmitin for 151. If these
drugs interact with the parasite cell membrane, lipophilic 151 or 152 hopefully
would be actively delivered and/or incorporated into the site of action. The plasma
half-life might also be extended by compartmentalization into fatty tissue and
forestalling catabolic processing. Recently, the 1,2,4-trioxane ring has been incor-
porated into the A-ring of a steroid.

For another dihydro analogue, we wondered about conceptually tying down the
ethyl group of arteether (145) by connection to the C-9 methyl as an intriguing
assessment of the rotational freedom of the C-10 substituent on activity. To achieve
this, an @-alcohol was connected to C-9 in analogue 153, which was in turn cyclized
to novel pentacycle 154 (Eq. 18).

1) DIBAH,
ether -78°C
———fi

2) H* (18)

153 154

F. Nor-Analogues of Artemisinin

Racemic (£)-6,9-desmethylartemisinin (155) (Figure 6) was prepared according
to the synthetic route shown in Scheme 11,%’ as discussed previously as an approach
to the total synthesis of QHS via process development of 13 — 14.
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155 156

Figure 6. Analogues accessed through the bicyclodecene route.

Known bicyclo[4.3.1]enone 157°% was converted into vinylsilane 158 with
bis(trimethylsilyl)methyl lithium.>> Diene 158 underwent selective ozonolysis at
the cis-olefin under conditions to produce differentially oxidized termini:*® alde-
hydo-ester 159 was homologated with a phosphine oxide anion®! to enol 160.
Subsequent hydrolysis of 161 provided substrate 162, which after tandem
ozonolysis—acidification gave racemic 6,9-desmethyl analogue 155. Unfortunately,
initial efforts failed to resolve 155 into its two optical isomers with cellulose
triacetate.”> However, the antimalarial activity of racemate 155 is intriguing, as
discussed in a later section.

Z 3 (o}
N A =_0a LiCH(TMS), v ™S
@ ) i
Me
~x

1. 0y, NaHCO;, MeOH
2. Ac0, EiyN
Q
Ph,P CMe Li
I T™MS
OMe OH —
™ -— ™ =
L{~coMe
Me0,C Me0,C CHO
160 159
KOH
OMe o]
X oxalic acid 1.0
——————
™ §i0, ™ 2. Amberlyst 15
HO,C HO,C
161 162

Scheme 11.
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In the preparation of 155, a Wittig-type reaction of 159 to 160 served to
incorporate carbons needed to build the tetracyclic system of artemisinin. As seen
in Scheme 12, we took a portion of diene 158 and bypassed the introduction of any
other carbons. After sequential deprotection of 163 via 164 and 165, closure to a
new, more compact tetracyclic peroxide 156 was accomplished with our existing
methodology.

G. Tricyclic Analogues of Artemisinin

In the past, we have synthesized tricyclic analogues of artemisinin, such as 184,
from simple precursors such as 183 (Eq. 19). The fact that 184 has about 20% of
the activity of 1 and is somewhat easier to synthesize has stimulated further efforts
in this area.

R
e
Amberlyst-15 RZ \O™ >
o ‘" (19)
acetone, 0.
or pemanone
oH
184, R = Me
185, R =Et

SAR dataindicated that additional alkyl groups in the vicinity of the peroxy group
(184 vs. 185) reduced activity substantially. Because we wished, for similar reasons,
to vary the lactone ring of 184, we prepared the butyl derivative 168 as shown in
Scheme 13.

Acetylation of alcohol 186 gave the ester 187 in 87% yield after distillation.
Claisen rearrangement of 187 with lithium diethylamide as base avoided the usual
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Scheme 13.

competing self-condensation side reactions seen with other bases and gave acid 188
in excellent yield (86%). We did not know whether alkylation of the dianion derived
from 188 would proceed diastereoselectively, as had occurred in the total synthesis
32 — 41. Thus, the dianion of 188 was alkylated with methyl iodide and proceeded,
quite unexpectedly, with complete diastereoselection to give 189 in 73% yield.
Structure 189 was correlated with the known propionate Claisen product, 193 —
189. We were therefore confident that the alkylation of 188 with butyl iodide would
give the desired diastereomer, and thus prepared acid 190 in 93% yield. On
ozonolysis, 190 was transformed to hydroperoxide 192 (55%) as expected. Finally,
192 was treated in acetone with TFA to give the desired analogue 168.

Other racemic analogues 166, 167, and 169 were similarly prepared as shown in
Scheme 13, to examine the effects of systematic variation on the lactone ring in
these readily made analogues. For example, vinylsilane acid 188 was carefully
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treated with ozone/oxygen to provide the hydroperoxy lactone 191 in 17% yield;
subsequent treatment of 191 in acetone with trifluoroacetic acid gave the desired
tricyclic analogue 166 in 38% yield.

Access to analogues with higher substitution was easily achieved. From either
the propionate ester 193 or acetic acid 188, we previously made the propionic acid
appendaged 189, which was in turn alkylated to the gem-dimethyl acid 194 in 76%
yield (93% based on recycled starting material). The vinylsilane of 194 underwent
addition of ozone to eventually afford hydroperoxide 195, and final ring closure
was accomplished with trifluoroacetic acid and acetone to afford gem-dimethyl
analogue 169 in 19% overall yield from 194 (Eq. 20).

2LDA;
t-BuMe,Si.__~ "—MT’ t-BuMe,Si ~
- e
-“ “COOH
189
acetone,
TFA 20)

In a parallel synthesis, alcohol 186 was esterified to hemisuccinate 196 in 28%
yield (64% based on recyclable starting material). The unprecedented Ireland—
Claisen rearrangement of a hemisuccinate was effected by excess LDEA in THE.
Upon warming overnight from —78 °C, diacid 197 was produced in 76% yield. The
geometry depicted for 197 was expected by analogy and confirmed by DNOE
experiments. Treatment of diacid 197 with ozone led to production of a very labile
hydroperoxide 198, which was therefore treated immediately with acid and acetone
to give carboxyl analogue 167 in 6% overall unoptimized yield from 197 (Eq. 21).

Upon inspection of the "H NMR spectra of seco analogues 166, 167, and 169,
temperature-dependent behavior was observed for 166 and 167. By contrast,
gem-dimethyl analogue 169 had a sharply resolved 'H NMR spectrum at room
temperature.

With this class of tricyclic analogues of 1, a major area of interest has been the
synthesis of an optically active substance, as previously submitted analogues were
racemates. Accordingly, we designed a synthesis with a homochiral starting mate-
rial possessing the correct absolute configuration. Thus, analogue 172 was synthe-
sized from 3R-methylcyclohexanone (199, commercially available) as outlined in
Scheme 14.
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Hydrazone 200 was formed quantitatively in THF upon mixing ketone 199 with
p-toluenesulfonylhydrazide. Evaporation of solvent afforded 200. Shapiro reaction
of 200 with alkyllithium in TMEDA gave a vinyl anion, which was quenched with
dry DMF to afford the isomeric aldehydes 201/202 in modest yield (1:1 mixture).
Attempts to improve this reaction by altering the base were unsuccessful. Silylanion
addition to 201/202 followed by in situ acylation gave propionate esters 203 in good
yield. At this stage, isomeric contaminant could not be removed and was simply
carried through the synthesis. Claisen ester—enolate rearrangement of 203 gave a

1] 1]
1 1]
NH;NHTs 4BuLi, /Q
+
100% NZ TMEDA OHC OH

NHTs 3 4%
199 200 201 ¢B)) 202
TMS,Al; then
propionic anhydride
79%
H H
1. 03, MeOH
2. TFA, acetone LicA
™ ™
99, 67% H o
HO,C e
204 °

Scheme 14.
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complex mixture of acids 204. At this point some chromatographic separation was
possible, and 204 had less isomeric contamination than did 203. Ozonolysis of 204
followed by cyclization in acetone afforded only one discernible product: isomeric
analogue 173. The fact that 173 and not 170 had been produced by the sequence in
Scheme 14 was determined by independent synthesis of 170, as shown in
Scheme 15.

Chiral ketone 205, prepared from isopulegol, was reacted with (methoxydi-
methylsilyl)trimethylsilylmethyllithium®’ to afford 206 as an E/Z mixture. Simple
deprotection/oxidation served to convert 206 to the acid 207. Upon ozonolysis of
207 in methanol, removal of solvent, and addition of either acetone or acetaldehyde
and acid catalyst, tricycle 170 and known 171°° were produced. The fact that a
known product was produced from a common precursor was sufficient proof of
structure 170. Peroxide 170 (Scheme 9) was slightly different from 173 by NMR,
although melting points and optical rotations ([ct]°) were quite similar. To synthe-
size the methyl homologue, 4,5-secoartemisinin 172, alkylation of starting ketone
205 was performed, providing 209. Carrying out the synthesis as before furnished

Mel

OTBDMS /ILI OTBDMS

_OMe
TMS” S
208 V 205

R 1. Bu,NF, THF R
207,R=H
™S, 7 2. PDC, DMF ™ 210,R =Me
HO,C

OTBDMS
O3, MeOH;
206,R=H CH,Cl,
209, R =Me amberlyst-15
acetone
O3, MeOH;
CH,Cl,
CH;CHO .
amberlyst-15 !
/éQ 170,R=H

172,R=Me
“H

Scheme 15.
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the desired seco analogue of artemisinin, 172. To unambiguously prove the correct
stereochemistry was obtained, an X-ray crystallographic analysis of 172 was
performed.

The earlier regioisomeric problem upon fragmentation of the tosylhydrazone (i.e.
production of mix 201/202) was overcome by increased substitution for selectivity.
Therefore, 3R-pulegone was used as a starting material for synthesis (Scheme 16).
The enolate of pulegone was generated with lithjum isopropylcyclohexylamide
(LICA) and alkylated with methyl iodide to furnish mainly 2,3-dimethyl-6-iso-
propylidene cyclohexanone 211 along with by-product 212, which was previously
observed by Reusch et al.,*® but 212 did not react in the following conversion of
crude material. When the mixture containing isopropylidene 211 was placed in acid
and submitted to prolonged heating, acetone distilled prior to the water azeotrope
of the epimeric mix of 213:214 (1:1.96, as determined by NMR) in 72% yield. The

+ : ] [} )
] + [} ]
M H* Me. M
=L 0
O , fo) o (-acetone) o o
Me¢ I
213 214

(+)-pulegone 212, minor 211, major
TsNHNH,
' .

M ' ' xs n-BuLi, ‘

@ 1. ATMS); M TMEDA; M;O
™

T 2 A0 oy DMF oK
217 T e -

o LiNEt,

1. O
2. H*, acetone

1. 0,
2. H*, acetone

Scheme 16.
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corresponding tosylhydrazone mix 215 from the mixture of ketones was made as
before and underwent n-butyllithium-effected fragmentation in TMEDA to a re-
gioisomerically pure cyclohexenyl anion, which was capped with dimethylform-
amide to afford isomeric aldehydes 216 in 76% yield. The mixture was treated with
tris(trimethylsilyl)aluminum (III) etherate,!”** and followed by acetylation to
provide a mixture of all possible diastereomers of 217. The lack of selectivity was
surprising in contrast to the total synthesis of QHS, in which synthetic intermediate
41 differs in the presence of a 6’-methyl instead of a larger alkyl chain. Upon
exposure to lithium diethylamide, mixture 217 rearranged to a mixture of dias-
tereomeric cyclohexylacetic acids, which after rigorous chromatographic separa-
tion furnished geometric isomers of acid 218 in a 1:1 ratio by NMR and 28% yield.
Acids 218 were submitted to ozone and acidification in a single pot to give trioxane
174 in 22% yield. Alternatively, acids 218 were methylated via the corresponding
LDA-generated dianion to propionic acid 219, which was subsequently reacted
with ozone and acidified to provide trioxane 176. As discussed above, these
particular analogues are isomeric about all but the starting 3R chiral center. Close
inspection reveals that they are antipodal (except for the 3-methyl) to the materials
prepared from Scheme 9. Two optically active trioxanes 174 and 176 also display
temperature-dependent NMR behavior, like other aforementioned seco-analogues.

The ramifications of the different conformational natures of 166—176 and other
similar analogues on biological activity may be a promising area of future explo-
ration. As a preliminary approach, a comparison of the low-energy conformers
predicted by molecular mechanics and two-dimensional NMR data are under
analysis. A possible correlation with conformational families of these flexible
analogues and the antimalarial activity is under examination.

Another class of analogues which we felt would be of interest were the ring-D
seco analogues of artemisinin (viz. 180), derived conceptually from scission of the

8a, 9 bond of 1 (Eq. 22).
4 -
H

1 180

These compounds were expected to possess useful antimalarial activity because
the crucial peroxy moiety is held in, what we believe to be, the requisite relative
orientation for maximal activity, and the carbonyl group is capable of rotation into
novel orientations unavailable to the natural product. A further advantage of this
class is that the carbonyl substituent is readily introduced by simple acylation
reactions. Other virtues of this class of compounds are: (1) their synthetic accessi-
bility; (2) the wide variety of analogues available; and (3) enantiomeric purity of
the products is assured.
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As shown in Scheme 17, 180 was available from the common, totally synthetic,
intermediate 17. Using reported methodology for the introduction of vinylsilanes,”’
17 was reacted smoothly with (methoxy dimethylsilyl) trimethylsilyl methyl-
lithium in pentane to afford (E/Z) vinyl silane 220 in 54% yield. The main
by-product in this reaction was ketone 17, which could be recycled; thus, based on
recovered 17, the yield of 220 was 93%. Hydrolysis of ketal 220 occurred without
protodesilylation upon exposure to aqueous oxalic acid absorbed onto silica gel to
give ketone 221 in 80% yield. Upon low-temperature ozonolysis of 221 in metha-
nol, a remarkably stable dioxetane 223 was produced, as evidenced in the 'H NMR

179, R = Me
228 o 180, R =Et
181, R = OCH;Ph

Scheme 17. Key: {a) MeOMe;SiCH2SiMe3, t-Buli, pentane; (b} ag. oxalic acid, silica
gel, CH2Cla; (c) O3/02, MeOH, -78 °C; (d) O3/02, CH2Cl3, =78 °C; (e) CDCl3, 23°C;
(A moist CHCl3, TFA; (g) ¢ followed by BF3 etherate; (h) NaBH4, MeOH, 0 °C; (i} BF3
etherate, MeOH, (MeO)3CCH3; (j) RCOX, Amberlyst-15, solvent; (k) RCOX, DMAP,
CH2Cla. () p-TsOH, CH2Cla.



Antimalarials Based on Artemisinin 161

spectrum (5 6.1, s). On prolonged standing, 223 underwent [2 + 2] cycloreversion
to mainly afford diketone 224. By contrast, when dioxetane 223 was intercepted
with Lewis acid (BF,), crystalline aldehyde-ketal 10 was produced in good yield
(69%).

Aldehyde 10 was a useful intermediate due to its chemical stability in storage
and ready conversion to artemisinin analogues. On treatment of 10 in propionic
anhydride with protic acids (HC1O, or H,SO,) or more conveniently with polymer-
bound acid (Amberlyst-15), with or without co-solvent (CH,Cl,), the 8a,9-seco
analogue of artemisinin 180 was obtained in 22% yield. It was also possible to treat
dioxetane 223 under the same conditions to arrive at 180 or 179 by substituting
acetic anhydride or propionic anhydride, respectively, and in this fashion analogue
179 was obtained in 30% yield.

Hydrolysis of dioxetane 223, or of ketal 10, led to an inseparable mixture of
expected product 225, as well as bicyclic isomer 226. The mixture was 1:2
(225:226), and underwent standard acylation reactions to give, for example, 179
on treatment with Ac,O/pyridine/CH,Cl,. Carbonates such as 181 were available
from 225 upon treatment with various chloroformates in pyridine/CH,Cl,. In other
words, the alcohol 225 could be funneled away from the mixture by reaction with
electrophiles, providing the desired tricyclic products. The bicyclic aldehyde 10
was isomerized to obtain tricyclic ketal 228 under dehydrating conditions in the
presence of an alcohol.

Finally, facile reduction of aldehyde 10 to alcohol 227 occurred with NaBH, in
MeOH at 0 °C. Exposure of 227 to acid in CH,Cl, led to the expected trans-ketali-
zation product 182 in 79% overall yield. Seco-analogue 182 has, of course, the A,
B, and C rings of artemisinin.

In connection with our quest to identify the minimal structural requirements and
the design of increased flexibility for antimalarial activity among the artemisinin
class of compounds, we conceptually cleaved all the rings in artemisinin (Scheme
18) and targeted peroxide esters 177 and 178, which were prepared as rapidly as
hoped. Commercially available 2-ethyl-1-butene was epoxidized with m-chlorop-
eroxybenzoic acid to give 2,2-diethyloxirane, which was ring-opened in situ upon
addition of ¢-butyl hydroperoxide and p-toluenesulfonic acid. Crude peroxide
alcohol 229 was divided into equal portions and acylated to either propionate 177
or butyrate 178, respectively.

T ]
0 0.
((/ p K(/ 177, R=Me
[} t-BuOOH RCH,COX, 178, R =Et

idi O
pyridine \“/\ R

Scheme 18.
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IV. MODE OF ACTION

A. Reactive Intermediates

Considerable effort has been expended by many researchers to understand how
structural features of peroxides and trioxanes related to artemisinin effect anti-
malarial activity. As for many bioactive substances, a knowledge of their mode of
action is very helpful in the design of more potent congeners. However, it is the
exception rather than the rule that efficacy at the most basic mechanistic level, e.g.
binding affinity to a protein, translates directly to potency in man. Indeed, how
efficiently a drug reaches its target (drug accumulation) and how a drug is metabo-
lized and eliminated can become far more important than intrinsic potency in
defining an overall in vivo activity.

A proposed mode of action for the artemisinin class has been described by
Meshnick and collaborators.’>*7 As P. falciparum is rich in hemin, hemozoin,”®
and free iron, artemisinin can readily react with hemin, a ubiquitous cellular
component of malaria, to produce damaging radicals®® and a structurally unidenti-
fied covalent adduct between hemin and artemisinin.”> Meshnick has found that
[14C]-artemisinin reacts with intercellular hemin found in the parasite to generate
reactive radicals that alkylate specific parasite proteins of 25, 50, 65, and > 200
kDa.? Since protein alkylation is highly specific, Meshnick has suggested that one
of them might be the target for the artemisinin class. Addition of iron sequestering
agents, in vitro, negated the antimalarial activity of artemisinin. The extended 7t
system of hemin might be expected to interact with certain analogues of artemisinin
resulting in enhanced binding relative to 1. Yuthavong et al. have recently demon-
strated a correlation of peroxide binding to hemin with antimalarial activity.”
Computer modeling!® of the interaction of hemin with artemisinin is consistent
with our 3-D QSAR studies employing comparative molecular field analysis
(CoMFA)'°192 which will be discussed in the following section in detail. Our
pharmacophore model shows that certain substituents could prevent complexation
with the peroxide-containing face and thereby reduce potency.

Posner has provided information regarding  the reactive intermediates: Fe(II)
promotes peroxide bond homolysis to oxyradicals (232 and/or 233) which then
rapidly undergo 1,5-H atom transfer to generate the less reactive carbon radical 234
(Scheme 19).22 Posner has suggested that stabilization of an intermediate radical
like 234 should lead to more potent analogues of artemisinin. Indeed, modest
improvement in antimalarial potency can be achieved upon substitution of a
4f3-methyl group into analogues such as 231.23 However, continued radical stabili-
zation leads to a drop in antimalarial potency, not to improvement. Thus, while
4B-methyl, 231, was better than H, 230, 4B-trimethylsilylmethyl 231a was worse
(Eq. 23).24

In consideration of these findings, Posner has suggested that loss of an Fe(IV)=0
species from the intermediate carbon radical 234 can effect reoxidation of enolic
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-QO 230,R=H
0-& 231, R =Me
Omel_ _om  231a R=CH,SiMe, 23)

intermediates thereby providing epoxides (235).% These epoxides have also been
promoted as active species by Posner, that might alkylate parasite proteins. Jefford
has debated the Fe(IV)=0 hypothesis and has provided evidence that an iron-oxo
intermediate is not formed.”” Instead, 237 is ascribed by these researchers as the
biogenic radical responsible for the damaging properties of 1. Haynes has suggested
that the mechanism of action of 1 involves Lewis acid catalyzed elimination of the
peroxide bond to form a bulky version of hydrogen peroxide, hydroperoxide 239.

The Fe(II) stimulated rearrangement of several tricyclic artemisinin analogues
has been studied with the hope of defining a mechanistic feature that could be
exploited in analogue design.*1%*!% Based on studies with labeled tricyclic
analogues of 1, it has been suggested that upon Fe(Il)-promoted fragmentation, two
possible radicals result (Scheme 19): 232 and 233. Of these, only 233 possesses
optimal structure for 1,5-H atom transfer and more stable carbon-based radical
formation, i.e. 234. It has been suggested that the antimalarial activity of structures
such as 1 were dependent on formation of radicals such as 234. It has been further

FeBr,
—-

-ij

Scheme 19.
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suggested that collapse of 234 to an epoxide might provide an active alkylator (e.g.
235) that is in fact responsible for the antimalarial action and protein alkylating
properties of this class of drugs.

B. 13-Carba Modification to Artemisinin

Due to the rigid nature of the artemisinin ring system, carba modification (240
for 1) would not be expected to significantly modify the shape of the resultant
homologue. In fact, simple energy minimization and overlap of 1 and 240 revealed
very little difference in shape.!% Thus, the antimalarial activity of 240 relative to 1
can be ascribed in a general sense to the importance of the 1,2,4-trioxane substruc-
ture within the artemisinin tetracycle. Also of interest is the deoxo modification at
C-10, 13-carba-10-deoxoartemisinin 241. Other carbamodified, topologically fa-
miliar but nonperoxidic artemisinin-like ring systems 242 and 243 have been
reported to be inactive. %6197

Synthesis of the Tetracyclic System

We set about the synthesis of 240 from a readily available chiral starting
material.'¥” (-)-Isopulegol was envisaged as a suitable precursor for Robinson
annelation; ensuing ring expansion and appropriate manipulation of functionality
would then furnish diene 244. Addition of singlet oxygen to provide 245 followed
by an intramolecular oxymercuration would then complete the sequence leading to
240 (Eq. 25).

240 &——= P ——— =
(G0 ) =, L
[ ~ Y H (25)
244

245 O (-)-Isopulegol

As shown in Scheme 20, manipulation of (-)-isopulegol as described pre-
viously'® provided smooth access to the Robinson precursor: hydroboration of
{(-)-isopulegol with oxidative workup followed by selective protection provided
alcohol 246, followed by Swern oxidation to give 247.4 Generation of the kinetic
enolate of 247 with LDA at low temperature followed by Michael addition to
3-trimethylsilyl-3-buten-2-one gave, after mild in situ hydrolysis of the o.-silyl
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Scheme 20. Key: a) BH3-THF, then HyO3, NaOH, 40%; b) (i-Pr)3SiCl, DMAP, Et3N,
96%; c) (COCl)2, DMSO; Et3N, 95%; d) LDA, 3-trimethylsilyl-3-butene-2-one, then
pH 2, 73%; e) I-proline, MeOH, 43%; f) BroCHy, LDA, -95 °C, 88%; g) Buli, THF,
-95 °C, 53% of 252, h) KH, DME, TfaNPh, 89%.

group, diketone 248. Aldol cyclization and elimination of water from 248 to
generate bicyclic enone 249 was much more difficult than anticipated due to facile
epimerization of the propanol side chain. It was found that this epimerization could
be inhibited to some extent upon treatment of 248 with 1.5 mol equiv of [-proline,
leading directly to the bicyclic enone 249. Addition of dibromomethyllithium at
low temperature afforded a mixture of diastereomers 250 and 251. The mixture of
250 and 251 was then ring expanded upon treatment with butyl lithium at —95 °C
and furnished a mixture of §,y-unsaturated enone 252 along with a,f-unsaturated
enone 253 (3:1 mixture of 252:253). It was later found that only isomer 251
underwent the desired ring expansion. Dienol triflate 254 was then regiospecifically
formed upon treatment of enone 252 with KH in THF followed by addition of
Tf,NPh. Triflate 254 was just stable enough to be chromatographed rapidly over
silica gel; it had to be utilized directly for the next reaction.

While this approach to ring expansion yielded the desired product 252 in an
overall yield of 47%, photochemical (room lights) and thermal sensitivity (room
temperature) of the dibromomethy] intermediates inspired the development of an
alternate approach. As shown in Scheme 21, decalenone 249 could be smoothly
methylenated with Tebbe reagent to provide diene 255 in excellent yield. Clean and
reproducible oxidative ring expansion could then be effected with thallium trinitrate
to furnish enone 252 in 62% overall yield (unoptimized).

The final steps in the overall sequence were then carried out as demonstrated in
Scheme 22. Coupling of the enol triflate with dimethylcopper lithium provided the
diene 244 in excellent yield. Singlet oxygenation of 244 was then investigated with
a variety of dyes in different solvents. We were surprised to find that a mixture of
diastereomeric peroxides were obtained, only varying slightly with conditions, and
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249 255 252

Scheme 21. Key: a) Tebbe Reagent, THF, 0 °C, 95%; b} TIINO3)3, MeOH, CHCl3,
72%.

that desired peroxide 256 could only be obtained in about 30% yield. Unexpected
predominant diastereomer 257, obtained in 54% isolated yield, was carried through
the sequence of silyl group deprotection and Hg(II) cyclization (Scheme 22) to
arrive at diastereomeric peroxide 258. Desired peroxide 256 was then deprotected
with tetrabutylammonium fluoride in THF to give alcohol 259.

Oxymercuration of alcohol 259 was readily accomplished using mercuric tri-
fluoroacetate in THF; the organometallic product could then be carefully demercu-
rated with sodium borohydride to provide (+)-10-deoxy-13-carbaartemisinin 241.
Attempted oxidation of alcohol 259 directly to acid 261 using pyridinium dichro-
mate in DMF was not successful as the intermediate aldehyde could not be further
oxidized with this reagent. However, alcohol 259 could be oxidized directly to the
acid 261 using chromium trioxide in acetic acid. Oxymercuration—demercuration
then gave target compound 240. The structures of 258 and 241 were unambiguously

1] 1]
1] 1
b
@‘ T e
TIPS TIPS tieso_ L B TIPS H
1] 1
f i
256 257
e c l cd \
1] / L} \ 1] 1]
[} L} [} 1
d
o 3 a@
“H H*: *H “H H “H
HOOC™, 0 HO_4 oA
H H i i
261 241 259 258

Scheme 22. Key: a) Me>Culi, Et20, 94%; b) 1Oz, EtOAc, Rose Bengal Salt, 30% 256,
54% 257; c) BusNF, THF: 89% 259; 70% alcohol from 257; d) Hg(OTFA),, THF; then
NaBH4/NaOH: 76% 241; 78% 258; 60% 240; e) CrO3, AcOH, H20, 64%.
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determined by single crystal X-ray crystallographic analysis, while the structure of
240 was reasonably extrapolated from 241.

Tricyclic Analogue Syntheses

Having successfully assembled the desired tetracyclic system, examination of
corresponding tricyclic systems derived from synthetic precursor 259 were rela-
tively straightforward. Smooth access to lipophilic methyl and benzyl ethers 262
and 263, respectively, was accomplished via S 2 reaction of the sodium alkoxide,
derived from alcohol 259 and NaH with either methyl iodide or benzyl bromide
(Scheme 23).

It seemed prudent that the same ethers be examined in the absence of potentially
labile functionality, thus removal of unsaturation in 262 and 263 was considered.
Hydrogenation of 259 over Pd/C or Pt was unsuccessful; in either case reduction
of the peroxide group was problematical. Hydrogenation over Wilkinson’s catalyst
gave a new product, but with the unsaturation retained. While selective alkene
hydrogenation can sometimes be achieved in the presence of a peroxide bond, the
double bond of 259 was apparently too hindered in this case. Diimide, on the other
hand, worked reasonably well for this reduction. Thus, treatment of 259 in dichlo-
romethane solution with potassium azodicarboxylate followed by addition of acetic
acid led, after several days, to roughly 60% conversion of 259 to the saturated
version, 264. Now, ether formation as before provided the saturated methyl and
benzyl ethers 265 and 266, respectively, in good yields.

@) —— ) —— 0
PhCH,0_A H HO_A H MeO _4 H
H 59 H H

263 262
lc

Scheme 23. Key: a) PhCH,Br, NaH, THF; 70-80%; b) Mel, NaH, THF; 87-95%; c)
KO2CN=NCO2K, HOAc, CH2Cl3; 60%.
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Rearrangement Chemistry

The intrinsic instability of 235 makes its existence difficult to prove; intramolecu-
lar closure to 4-hydroxy-1-deoxyartemisinin 236 or simple aqueous hydrolysis
leads to its destruction. If 235 (and related structures) were the bottleneck through
which the artemisinin class exerted its antimalarial effect, then replacement of O-13
by CH, might give an isolable intermediate epoxide of greater stability, but also
with lesser activity.

Under reported conditions,!® the only tractable product from rearrangement of
241 was alcohol 271, isolated in 79% yield as shown in Scheme 24. From a
mechanistic standpoint, it would seem that radical 267 is a probable precursor to
271, while it is less clear how 270 is derived from 241. Homolysis of the peroxide
bond of 241 could lead to either 267 or 268. If C-4 H-atom abstraction from 268
were to occur giving radical 269, then it would be more difficult to explain the
product 271. In fact, a more reasonable product of radical 268 might be the epoxide
272 which was, however, not formed in this reaction.

If proton transfer occurs from C-4 to radical 267, then 270 would result directly.
The later, more direct pathway, unfortunately proceeds through a four-membered
transition state which would be predicted to occur at a much slower rate than the
six-membered TS leading to 269. However, no evidence for unreacted alkene 273
resulting from expulsion of Fe(IV)=0 from 269 was evidenced,'® suggesting that
the path through radical 268 was not followed in this example.

Rearrarigement of the isomeric B-oriented peroxide 258 under identical condi-
tions to those used for 241 provided 279 and 281 (Scheme 25) in 39 and 20% yields,
respectively. Cycloheptene 282 was not detected in this rearrangement while
epoxide 281 was, suggesting that elimination of Fe(IV)=0 does not occur and that

241
1 FeBr,
. : L or = . :
) ) — =) H) —
HO 0 FeQ FeO
H o H H o H H o. H H o H
270 267 268 269

l 9% Fe(IV)=0 *

Scheme 24.
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epoxide formation follows another pathway presumably involving loss of Fe(I)
from 280.

As the rearrangement products of the carba modified 10-deoxo analogues (D-ring
tetrahydropyran) were somewhat different from the products from rearrangement
of artemisinin 1 (D-ring lactone), we felt that it would be worthwhile to explore the
rearrangement of 10-deoxoartemisinin 108. Upon exposure of 108 with 2.5 equiv
of FeBr, in THF at room temperature (Scheme 26), reaction was complete within
minutes and gave, after purification, products 288 and 286 in 79 and 8% yield,

108 o
“H
, ; FeBr, , ,
(@) or
FeO. -~ /A FeO. / (08 —_—
© 3 FeO Fed OnC
H H H H H H H
283 284 285 1
.

Scheme 26.



170 M. A. AVERY, M. ALVIM-GASTON, and ). R. WOOLFREY

respectively. Several other products were present in minor amounts but their
structure elucidation was not vigorously pursued.

V. STRUCTURE-ACTIVITY RELATIONSHIPS

The analogunes were tested in vitro in parasitized whole blood (human) against
drug-resistant strains of P. falciparum at the Walter Reed Army Institute of Research
by a modification of the procedure of Desjardins involving uptake of tritiated
hypoxanthine.!'®!"! Two P. falciparum malaria parasite clones, designated as
Indochina (W-2) and Sierra Leone (D-6), were utilized in susceptibility testing. The
W-2 clone is chloroquine-resistant and mefloquine-sensitive while the D-6 clone is
chloroquine-sensitive but mefloquine-resistant. The relative potency values for
these analogues were derived from the IC, value for artemisinin 1 divided by their
ICs, values (see Tables 1-8) and were then adjusted for molecular weight differ-
ences by multiplication of the ratio of the molecular weight of the analogue divided
by the molecular weight of artemisinin. This approach to reporting activity was
based in part on the fact that the analogues were tested on different occasions in
which the IC,, for the control, artemisinin, had varied anywhere from 0.1 to 4
ng/mL based on parasitemia levels and other factors.

Before the results of our synthetic analogues are presented, it is relevant to first
discuss the state of knowledge concerning SAR and current philosophies of
designing improved artemisinin analogues. The astounding antiparasitic profile
exhibited by artemisinin combined with certain drawbacks to its use—such as its
limited availability (< 0.5% from Artemisia annua L.), relatively low potency in
man (0.9-1.2 g/3 days), lack of substantial oral activity, poor oil or water solubility,
short half-life, and fetotoxicity—prompted the search for analogues with more
desirable pharmacological properties. Along these lines, certain improvements have
been made. Numerous analogues derived synthetically from artemisinin have been
reported. Dihydroartemisinin (175) is roughly 10 times as potent as the parent
material 1.

Polar lactol 175 can be converted to artemether 144 and arteether 145, which
have good oil solubility and are roughly 5 to 10 times the activity of the natural
product.'*-228 These attributes are useful for formulation in injectables (s.c. ori.m.
route). Carbonates of 175 also have potencies generally an order of magnitude
higher than that of the natural product 1. Studies of the hemisuccinate derivative
(commonly referred to as sodium artesunate, 146) have intensified, taking advan-
tage of enhanced potency and water solubility (suitable for i.v. administration), but
146 suffers from problems associated with its intrinsic instability, as evidenced by
a short shelf life and decomposition in aqueous medium.® More recently, artelinic
acid'!? 289 has been shown to possess water solubility and better stability in
solution than artesunate.® Suspicions of neurotoxicity by all such ethers in this series
has Kindled the search for new water-soluble derivatives for i.v. use.?®''* While
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10-ethers such as arteether 145 are impotent neurotoxins in vitro,”“'117 in vivo
conversion of 145 to dihydroartemisinin 175 is a facile process? %7118 and further,
175 is the most neurotoxic artemisinin analogue reported. Support for the some-
times lethal toxicity of 10-lactol ethers in vivo is provided by animal studies.'?’

289, R = CH2PhCO2H (artelinic acid) (26)

Although the aforementioned analogues contribute to the knowledge of struc-
ture—activity relationships (SAR) of 1, the goal of obtaining ideal analogues of
artemisinin for the treatment of malaria requires much more SAR information.
Compounds related to 1 are scattered throughout the literature and are interesting
in light of our desire to construct an SAR framework as the basis for the rational
design of analogues of 1 (for related summaries, see refs. 120-122). It is noteworthy
in this regard that deoxyartemisinin 290, which lacks the peroxide linkage of 1, is
topologically similar to 1 but devoid of antimalarial activity.!?* This deoxy analogue
290 is a human urinary metabolite of 1, but can also be synthesized from 1 by
treatment with triphenylphosphine. Additional urinary metabolites such as dihy-
drodeoxyartemisinin and the so-called crystal-7 are also devoid of antimalarial
activity.'?®

PhyP

290

or H,, Pd/C; H*

Existing data, therefore, strongly suggests that the peroxy group is essential for
the antimalarial activity observed in 1. These findings prompted the testing of
various simple peroxides, such as ascaridole, tert-butyl hydroperoxide, and hydro-
gen peroxide in vitro and in vivo against malaria-infected cell cultures or rodents.!?*
Ascaridole had roughly 10% the in vitro activity of 1 and simple peroxides typically
display very low antimalarial activity relative to artemisinin (1). In other laborato-
ries using dissimilar in vitro techniques, zert-butyl hydroperoxide was found to be
(by extrapolation) roughly 10,000 times less active than 1 and similar to hydrogen
peroxide in potency. In in vivo testing, ascaridole was orally inactive, and simple
hydroperoxides showed protective effects against malaria infestation when admin-
istered interperotoneally (i.p.). The resuits presented for a range of peroxides tend
to support the hypothesis that the peroxy group in 1 is essential for activity but
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extremely dependent upon complementary topology (shape, size, and polar-group
arrangement). Recent studies also suggest that the details of intramolecular radical
rearrangement reactions initiated by Fe(II) and/or hemin are also important vari-
ables in defining antimalarial potency.*’%

Two closely related but unsaturated versions of peroxide 1 are known;
artemisitene 291 and anhydro-DHQHS 292. The exo-methylenelactone 291 is
about one-quarter as active as 1, and the olefin 292 is entirely inactive. When the
various structures above are compared with 291, the thought arises that the C-9 and
C-10 positions of 1 can withstand substantial variation without loss of biological
activity. However, this suspicion is difficult to reconcile with the lack of activity

291 292 293

(28)

displayed by olefin 292. Molecular models (MM2) constructed to permit compari-
son of 1 versus 291 and 292 are not particularly illuminating. We believe that the
explanation for the difference in activity of 291 versus 292 does not reside in the
presence or absence of an oxygen substituent at C-10 or in minor differences in the
ring conformations between 291 and 292. It seems likely that a somewhat more
complex rationale is involved, since in contrast to the above, 10-deoxoartemisinin
108 is four to eight times more potent than artemisinin,’! and other 10-deoxo
analogues of artemisinin can be quite potent.** Also, 10-substituted-10-deoxo
analogues 293 are known that in some cases possess good in vitro antimalarial
activities. 333

A single ring-cleaved derivative, called “desethanoartemisinin,” 171, was re-
ported* but not tested for activity. We resynthesized 171 by our own route (Scheme
9)* and found very weak activity (3% of 1). Other synthetic trioxanes of the type
294 also showed weak activity.40 A wide range of 1,2,4-trioxanes such as 295 were
prepared by Jefford*6-3%125126 culminating in the synthesis and commercial evalu-
ation of arteflene.®® Others trioxanes>**! include a particularly interesting class of
tricyclics comprising the A/B and C rings of artemisinin.*~*¥1%" It is significant
that 230 (R = H) has only weak in vitro activity, yet certain analogues (231) in this
series are very potent. Most recently, moderately active bicyclic peroxides 296 have
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been easily prepared by cycloaddition of singlet oxygen to the corresponding
dienes.'?

1,2,4,5-tetraoxanes have been examined and display modest activity,* and even
ozonides can display antimalarial activity, again of modest potency.!?® Therefore,
although the 1,2,4-trioxane ring moiety in artemisinin is required for activity, a
specific lipophilic arrangement of atoms is also important for potency. There are
specific examples in which these simplified analogues possess excellent potency in
vitro. At the current time however, most highly potent analogues are more closely
related to the artemisinin tetracyclic architecture.

Racemic desmethyl tetracyclic analogue 155 has roughly 50% the activity of
artemisinin. This is an interesting finding that raises several issues. First, if optical
activity is a criterion for antimalarial potency, the fact that 155 is a racemate should
be reflected in a lower relative activity. Alternatively, it may be that the C-6 and/or
the C-9 methyl groups contribute to the activity of 1 and that optical activity is not
important. Finally, of course, it is possible that some combination of effects is
operative in that one enantiomer of 155 is less active than the other and that one or
the other (or both) of the methyl groups affects the activity of 1. If it is assumed
that only the (+)-enantiomer of 1 is active, then a comparison of (+)-9-desmethyl-
artemisinin 42 with (1)-6,9-desmethylartemisinin (155) offers some clues regard-
ing SAR at the C-6 position. Because removal of the C-9 methyl leads to a six-fold
enhancement in potency and removal of both C-6 and C-9 methyls (along with a
50% reduction due to the compound being a racemate) leads to a 50% reduction,
it may be true that the C-6 methyl contributes a six-fold enhancement to the activity
of the basic tetracyclic structure of 1. As yet, the effect of substitution at the C-6
position has not been fully explored.

To partially address a solution to the SAR information provided by 42 and 155,
it would be useful to carry out an enantioselective synthesis of the antipode (mirror
image) of artemisinin 1 starting from (35)-(-)-pulegone instead of (3R)-(+)-pule-
gone (Schemes 2 and 3). While it has been claimed in a few cases that both
enantiomers of simple trioxanes have identical activities, the antimalarial effect of
more complex systems resembling artemisinin may be more sensitive to absolute
configuration. A successful synthesis of the enantiomer of naturally derived
artemisinin would accomplish several important goals. First, it would help establish
whether the mode of action of 1 involves interaction with a specific receptor, an
optically active site, amembrane-associated transport protein, or was not dependent
on chirality. If the enantiomer of 1 proved to be totally inactive, then one might
safely say that receptor or receptor-like specificity is involved in the mechanism of
action of 1. However, if the enantiomer of 1 were found to have identical activity,
it might well be argued that a nonspecific mechanism is involved. Currently, the
interaction of peroxides with either free Fe(II) or hemin (both achiral) is generally
accepted as the first step in the mechanism of action. This argument would depend
to some extent on the degree of activity of the enantiomer of 1. Second, depending
on the outcome of the biological testing of the enantiomer of 1, further SAR studies
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would be more directed in focus. For example, one would know whether to carry
out syntheses of analogues enantioselectively or merely stereospecifically. Finally,
the results of testing of 42 and 155 could be more readily explained, and this would
provide further valuable insight into SAR in this family of drugs. For example, if
it is true that the C-6 methyl is important to activity, then varying this position of
the molecule would be a fruitful area of research.

We have examined the C-9 position of 1 in some detail because these analogues
are readily available by alkylation of the dianion derived from acid 32, produced in
the total synthesis of 1. Of interest is the effect of hydrophobic/hydrophilic groups
at C-9 (see Figure 7). Accordingly, ethyl 43 through n-hexyl (44, 45, 46, and 47,
respectively) and tetradecyl 48 were examined. An amazing enhancement in
potency was gained for ethyl 43 and propyl 44 (~13). The intermediate butyl 45
and pentyl 46 analogues begin to lose activity and by n-hexyl 47, activity drops
(~7). Upon extension to tetradecyl 48, activity is almost nil. Log P values did not
correlate with our findings despite a reported correlation between lipophilicity and
antimalarial activity for arteether-like derivatives.!*’

It is possible that as the carbon-chain length increases, the chain begins to fold
back on the tetracycle, thus blocking some key binding interaction. This idea could
be tested by introduction of trans unsaturation into the hexyl chain (or the longer
homologues). We have also investigated the effects of branching in the C-9
substituent (see Table 1). Isopropyl 53, isoamyl 55, isobutyl 54, and isohexyl 56

In Vitro Potency vs Chain Length of
Tetracyclic Artemisinin Analogs

| |
(CH2) H {CH 2)nCH(CH 3) >
o]} <
{ [
(CHz) H (CH23nPR
OEt o

1500 1

1000 1

9% Potency (Artemisinin = 100)

—O— Arteethers
—&—— n-Alkyls
———&~—  Branched Alkvls
—0—  Phenyl Alkyl
chain_length, n

T La— T Ty

0 2 4 6 8

Figure 7. Plot of in vitro potency vs. chain length of four major classes of artemisinin
analogues.
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Table 1. In Vitro Antimalarial Activities of C-9 Substituted Analogues of
Artemisinin

Relative Activity?

Structure R R; W-2 Clone D-6 Clone
1 H Me 1.00 1.00
1?2 H H 6.50 1.80
62 Me H 0.67 0.14
63 Me Me 0.006 0.02
43 H Et 12.26 6.42
4 H Pr 12.25 5.50
53 H i-Pr 0.84 2.03
45 H Bu 1.28 0.96
54 H i-Bu 0.24 0.20
46 H CsHyy 8.67 3.67
55 H i-CsH, () 0.98 1.57
47 H CeH3 5.50 4.67
56 H i-C¢H,5 0.74 0.31
48 H (CH,)3CH; 0.001 0.001
50 H CH,CH,Ph 1.00 1.69
51 H (CH,);Ph 445 6.11
52 H (CH,),Ph 3.00 1.37
58 H CH,COOH 0.003 0.002
57 H CH,CH=CH, 0.72 0.31
60 E - MeCH=CHCH, H 0.22 0.38
61 Z - MeCH=CHCH, H 0.07 0.09

Note: *ICs of analogue/IC,, of artemisinin = relative activity

branched homologues have interesting relative activity. Isopropyl 53 is about
equipotent with 1, whereas n-propyl 44 is about 13 times as potent as 1.

These findings might tempt one to predict that 3-phenylpropyl analogue 51 would
be about equipotent with 1. Surprisingly, 51 was about 8 times more potent than 1.
Furthermore, there is also a “length” dependency with phenyl terminators, as shown
in Figure 7. These results suggest that a hydrophobic pocket exists in a putative
artemisinin “receptor” with well-defined dimensions. A Pi acceptor in this pocket



176 M. A. AVERY, M. ALVIM-GASTON, and J. R. WOOLFREY

could provide additional binding energy and might explain the enhanced potency
of phenylpropyl 51. For example, if the acceptor were a tryptophan residue, then
hydrophobic~hydrophilic repulsion between the branched hydrocarbon C-9 ana-
logues (e.g. 56) and the indole nitrogen atom might explain the disparity between
side chains of similar steric dimensions (51 vs. 56). Another possible explanation
for the enhanced potency of phenylpropyl side chains versus alkyl side chains may
be related to a dual effect of both size and inhibited metabolism. Alkyl chains can
undergo facile ®- or (0 — 1) hydroxylation which would be blocked by the presence
of a phenyl ring.

Further support for a hydrophobic binding domain in the southeast quadrant of
the artemisinin pharmacophore comes from the carboxylic acid 58 (originally
designed as a chemically stable replacement for sodium artesunate), which was
found to be nearly devoid of antimalarial activity. Of course, bioavailability of the
acid 58 could be poor in contrast to hydrophobic analogues.

Simple homologous olefins at C-9, such as the allyl analogue 57 were planned
to examine the effect of donors. Allyl analogue 57 was surprisingly only 30-70%
as potent as artemisinin. Compared to the propyl or aryl analogues, this was an
unexpected result.

A number of 11-aza-9-desmethylartemisinin analogues (lactam) were synthe-
sized and tested in vitro: N-methyl 134, N-CH,CO,H 140, N-CH,CH,N(Me),
138, N-benzyl 136, and N—(CH,);CO,H 139. Interestingly, N-methyl 134 was
about as active as the natural product. However, N-benzyl 136 was amazingly more
potent than 134 and roughly twice as active as 1. Carboxylic acids 139 and 140
were quite inactive, which is consistent with the inactivity of the “southeast” acid
58. If the mode of action of this class of drugs involves binding of (a) the a-face
peroxide grouping with the iron core of hemin, and (b) the N-11 and/or C-9 alkyl
substituents with the somewhat flat hydrophobic face of the porphyrin ring system,
then these test results could be reasonably explained. A series of 11-azartemisinin
analogues, prepared directly from artemisinin, have been reported.'®!

A continued examination of both C-9 and N-11 substituted analogues of 1 might
allow one to more accurately define the “southwest” and “southeast” regions of the
artemisinin binding site. Optimization of substituents with either the C-9 or N-11
class of analogues would then lead naturally to hybrid structures which integrate
these findings into combined C-9, N-11 analogues which might be expected to have
greatly enhanced activity.

That this additivity cannot be taken for granted with the artemisinin molecule can
be gleaned from another study that has been carried out. For example, both arteether
(10 times more potent than the parent molecule) and ethyl analogue 43 (x 13) were
separately quite potent. It was hoped, simplistically, that conversion of 43 to
corresponding ethyl ether derivative 142 would result in an analogue which was
substantially more potent than either 43 or 142. This simple reasoning did not hold
and, in fact, 142 was only 3-6 times more potent than 1 and was about half as active
as 43. The ethyl ether derivative of propyl analogue 143 was equally disappointing.
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Molecular mechanics calculations of 142 and 143 reveal that steric interactions
between adjacent bulky alkyl chains force the C-9 and C-10 groups into conforma-
tions that are unlike artether 145. One might argue that these new conformations
are unacceptable and can account for the drop in activity. However, the intermediate
lactols should not suffer from these intramolecular interactions and should retain
activity. Surprisingly, however, butyl-substituted lactol 141 (reduction product of
45) was found to be less active than dihydroartemisinin.

It was felt that this potential conformational problem could be circumvented by
joining the two ends of the alkyl substituents, at C-9 and C-10 in arteether, to form
a tetrahydropyran ring. Pentacyclic ether 154 was synthesized, but found to be less
active than arteether.

Another compound of interest is ring-contracted analogue 156 which was syn-
thesized to examine the effect of increased ring strain on antimalarial activity. A
more reactive peroxy group incorporated into an analogue topologically similar to
the natural product (the minimized structure of 156 has a reasonable overlap with
1) might lead to enhanced activity.

Analogue 156 was found to be thermally unstable compared to artemisinin,
which is an indication of ring strain. However, 156 has poor activity suggesting that
rapid metabolism or chemical decomposition of the reactive peroxy group of 156
results in deactivation prior to reaching the site of action.

Substitution solely at C-3 and the effect of dual substitution at C-3 and C-9 were
examined for their influence on antimalarial potency in vitro (see Table 2). Addition
of another carbon at C-3 giving ethyl analogue 77 (R! = Me, but lacking the C-9
methyl group, R = H) results in little effect on activity, while next homologue 78
(R! = ethyl) is quite potent compared to artemisinin. Interestingly, 3-butyl homo-
logue 79 and its branched counterpart 80 have diminished antimalarial activity
relative to control. The overall trend for this series is qualitatively similar to that
observed for C-9 substitution: a peak and trough in activity is seen upon substitution
of n-alkyl groups at C-9 of 2 to 6 carbons in chain length. For C-9, maximal activity
was achieved at ethyl and propyl (12 times activity of artemisinin), but had dropped
by hexyl to around 5 times the potency of artemisinin. In this C-3 substituted series,
the activity profile is attenuated with a peak occurring at propyl 78 (7-21 times
activity of artemisinin) but with lower activity on either side such as ethyl 77 and
butyl 79. Interestingly, placement of an ester group at C-3 as in the propionate ethyl
ester 81 results in an analogue with better activity than artemisinin (2 times
artemisinin) while the closest homologue to 81 is relatively inactive isobutyl
derivative 80.

Next, the effect of aryl substitution was considered. The series substituted at C-3:
2-phenylethyl 82; 3-p-chlorophenylpropyl 83; and 4-phenylbutyl 84; displayed
roughly 1, 100, and 300% the activity of artemisinin, respectively. Compared to the
analogous series at C-9 (2-phenylethyl, 100%; 3-phenylpropyl, 500%; 4-phenyl-
butyl, 300%), these results are only substantially at variance for phenylethyl
analogue 82. Furthermore, as was the case for C-9 substituted aryl-alkyls, the steric
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Table 2. Relative In Vitro Antimalarial Activity of 3-Substituted Analogues of
Artemisinin against Plasmodium falciparum

Relative Activity?
Structure R! R D-6 W-2
1 H Me 100 100
77 Me H 88 112
78 Et H 2102 673
79 Bu H 20 18
80 i-Pr H 53 45
81 EtO,CCH, H 232 232
82 PhCH, H 3 1
83 p-CIPh(CH,), H 114 127
84 Ph(CH,), H 220 281
94 Me Bu 184 257
95 Pr Bu 28 33
96 PhCH, Bu 1 1
97 p-CIPh(CH,), Bu 43 53
98 Ph(CH,), Bu 39 48
99 EtO,CCH, Bu 1382 2285

Note: *Relative activity = 100 x [ICs artemisinin (control value)ICs, analogue] MW analogue/MW artemisinin.

bulk typified by a aryl ring did not adversely effect activity but branched hydrocar-
bons did lower potency appreciably.

On the whole, analogues of artemisinin substituted at C-3 were found to be less
active than those substituted at C-9. Because it was a simple matter to combine
methodologies for synthesis of analogues at both C-3 and C-9, we thought that dual
substitution would provide additional interesting SAR information. The activities
of analogues 95 through 98 were unimpressive while the activity of 94 and 99 were
good to excellent. The following trends were observed: For increasing alkyl bulk
at C-3 a drop in antimalarial efficacy was noted (77, relative activity of 1.1; 79,
relative activity of 0.2). Upon butyl substitution at C-9, the corresponding dual
substituted analogues (3-alkyl, 9-butyl) showed a doubling of activity (94, relative
activity of 2.6; 95, relative activity of 0.33). For the C-3 aryl-alkyl substituted
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analogues alone, an increase in activity was observed with increasing chain length
between ring system and the aryl ring (2 carbons for 82, relative activity of 0.01; 3
carbons for 83, relative activity of 1.3, and 4 carbons for 84, relative activity of 2.8).
Dual substituted aryl-alkyl analogues (3-arylalkyl,9-butyl) were generally less
active than 3-substituted aryl-alkyl analogues alone (e.g. 83, relative activity of
1.3; 97, relative activity of 0.53). Thus, a number of opposing trends were evident.

The high potency of dual-substituted analogue 99, on the other hand, is somewhat
of a surprise in light of the foregoing discussion. By comparison to 81 (ester side
chain), 99 should be roughly no better than two-fold more potent than artemisinin.
However, one is faced with a 14-23-fold enhancement in activity for 99 relative to
artemisinin.

These findings suggest the following qualitative statements: (a) a binding site or
acceptor for artemisinin and analogues exists with limited dimensions at both C-9
and C-3, more tolerant of aryl and ester substitution on n-alkyl chains than of
branched alkanes of any length; and (b) dual substitution at C-3 and C-9, explored
for only 9-butyl analogues, was on the whole detrimental to activity with one
interesting exception, 99. As it happens, 99 would be predicted to dock with hemin
better than other members of this series. Perhaps the efficacy of hydrogen bonding
of 99 to hemin is reflected in the enhanced activity of this analogue. The interaction
energies of artemisinin and dihydroartemisinin with hemin have been calculated in
Sybyl using the dock routine.!*? We have applied this technique to the interaction
of 99 with hemin in the Fe(II) oxidation state. The lowest E alignment of 99 with
hemin places the ester group in the vicinity of the carboxyl groups of hemin, as
shown in Figure 8, and allows for hydrogen bonding between hemin and 99. If this
hypothesis is true, then other hydrogen bond acceptors with appropriate tethers at
the C-3 position of artemisinin might be expected to have enhanced activity.

Figure 8. Docking interaction of hemin with artemisinin analogue 99 in Sybyl
showing hydrogen bonding between hemin side chains and the C-3 ester group of
analogue 99.
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For the analogues of 10-deoxoartemisinin 108 substituted at C-9 (110-115), or
desmethyl analogue 109, certain qualitative relationships emerge upon examination
of Table 3. In the W-2 clone, the homologous series ranging from H to propyl shows
a relatively steady potency at 5 times the activity of control (artemisinin, 1). For
butyl 112, a dramatic improvement in potency was seen at about 21 times control,
while at pentyl, 113, activity had dropped off somewhat to around 1.5 times the
potency of artemisinin. We have found that activity in the W-2 clone is generally
paralleled by the more sensitive D-6 clone. Thus, potency ranged from 2 times
control for analogue 109, up to 58 times control for butyl derivative 112, and finally
decreased as expected for pentyl homologue 113. Profound potency enhancement

Table 3. Relative In Vitro Antimalarial Activity of 3 and
9-Substituted Analogues of 10-Deoxoartemisinin against
Plasmodium falciparum

Relative Activity®
Structure R R D-6 W-2
108 Me Me 659 567
109 Me H 237 190
110 Me Et 914 466
111 Me Pr 473 550
112 Me Bu 5826 2090
113 Me CH;(CHy)4 170 145
114 Me Ph(CH,),3 5073 2506
115 Me p-CIPh(CH,); 6991 3317
116 Et H 10 10
117 Pr H 722 685
118 Bu H 653 556
119 (CH,),CHCH, H 183 250
120 Ph(CH,), H 336 380
121 Ph(CH,), H 6 2
122 p-CIPh(CH,); H 13 28
123 (CH,),CO,Et H 422 506
127 (CH,),CO,H H 0.09 0.09

Note: *Relative activity = 100 x [ICs, artemisinin (control value)/ICy, analogue] MW
analogue/MW artemisinin, i.e. relative activity of artemisinin = 100.
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was observed for 3-aryl propanes 114 and 115 in both W-2 and D-6 clones, being
in the range of 25-70 times more potent than control. 7o our knowledge, analogues
112,114, and 115 are the most potent analogues of artemisinin yet reported in vitro
which lack the 10-acetal linkage.

It is interesting to note that lactones 42—-46, 51 corresponding to the above
tetrahydropyrans 109-114 (with the exception of 125, the precursor to 115) showed
a similar but attenuated trend in activities. For example, lactones 43 and 44 were
most potent in this series (ethyl and propyl) at about 12 times the activity of
artemisinin, and had dropped significantly in potency by butyl (45) and pentyl (46).
Similarly, 3-phenylpropyl lactone 51 was reasonably potent at 4—6 times control.
It is clear that removal of the lactone carbonyl in the series 108-115 provides
excellent potency enhancement and that overall trends relative to lactones 42-46,
51, 125 are notradically altered, but do seem to be offset somewhat (e.g. ethyl most
potent in lactone series; butyl most potent in tetrahydropyran series).

For C-3 ethyl-substituted analogue 116, a mere one-carbon homologation of
compound 109, leads to a significant drop in potency. However, homologation by
two carbons (C-3 propyl analogue 117) results in roughly a 70-fold improvement
over 116. For C-3 butyl 118, activity had dropped only slightly. However, the effect
of branching (i.e. C-3 isobutyl, 119) is apparently detrimental towards antimalarial
potency. This same effect was noted for C-9 substituted lactones: n-alkanes were
usually significantly more active than the homologous iso-alkanes. Interestingly,
the effect on potency of aryl-alkyl substitution at C-3 is completely different than
noted in the C-9 series.

Aralkyl analogue 122, isomeric with highly potent 9-p-chlorophenylpropyl
analogue 115, is practically devoid of antimalarial activity. While ethylphenyl
derivative 121 is impotent, 4-phenylbutyl homologue 120 is about 3 times more
active than control. These results support the notion that antimalarial potency
among artemisinin analogues cannot be explained on the sole basis of hydropho-
bicity.

Calculated log P data (CLogP)'*? for artemisinin analogues, previously shown
to correlate reasonably well with measured log P,1** has been obtained for these
analogues as shown in Table 4. For 3-( p-chlorophenyl)propyl-substituted ana-
logues 122 and 115 illustrated above, log P data show that 122 is roughly as
lipophilic as 115. Subtraction of the fragment constant 7 for a methyl group of about
0.56 brings the CLogP for 115 of 5.21 (derived by 5.77-0.56) into parity with the
calculated CLogP of 122 of 5.25. Furthermore, using the entire dataset and
attempting simple regression analysis in Tsar'*® with bulk independent variables
such as log P or molar refractivity was fruitless, yielding r? values approaching zero.
Polynomial regression analysis after deletion of 121 provided the “best” statistical
correlation with r* = 0.348, where “log relative activity” (LogRA) = —8.68 + 3.93
log P — 0.396 (log P). Verloop B, (length) parameters and log P were correlated
loosely with LogRA, giving LogRA = 0.65(CLogP) — 0.16B, — 0.14; r? = 0.366.
More extensive multiple regression analyses in Tsar combining other parameters
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Table 4. Calculated Logarithmic Partition
Coefficients (Log P) for 10-Deoxoartemisinin

Analogues
Calculated Log P
Structure CLogP'3 Tsar'>
108 2.58 3.26
109 207 2.86
110 kEY | 3.65
111 3.64 4.05
112 4.17 4.45
113 4.70 4.84
114 5.06 5.66
115 577 6.18
116 2.59 3.42
117 312 3.82
118 3.65 4.22
119 3.52 4.15
120 5.07 5.83
121 4.01 5.04
122 5.25 5.95
123 2.08 2.96
127 1.14 2.59

such as moment of inertia, lipole, total dipole, bond dipole, charges, topological,
connectivity, and shape indices were likewise without statistical significance.

At a glance, the removal of the lactone carbonyl might not be expected to alter
the postulated primary mode of antimalarial action put forth by Posner and
Meshnick. While it is true that 10-deoxoartemisinin 108 undergoes Fe(I)-promoted
rearrangement to give different products than those provided by artemisinin 1, the
biochemical significance is not clear.®!*’ The existence of a nontrivial structure—
activity correlation for these analogues suggests the possibility of selective trans-
port-mediated phenomena. Some evidence for this thesis is provided by the
observation of enhanced uptake of dihydroartemisinin into parasitized, over non-
parasitized, red blood cells.!*® Along these lines, we found it interesting to note that
while ester 123 demonstrated activity comparable to 10-deoxoartemisinin 108,
carboxylic acid 127 was virtually devoid of antimalarial activity. Further, free
carboxylic acids attached at either C-9 or N-11 positions demonstrated a thorough
lack of activity, 33134139

Based on Posner’s proposed mechanism of action, we hoped synthesis of 13-car-
baartemisinin 240 would allow us to address issues such as: can the process whereby
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radical intermediates such as 232/233 undergo intramolecular collapse, be inhibited
by replacement of the O-13 atom by CH,? Perhaps this modification would lead to
longer lived intermediate radicals that would have greater activity. The facility with
which this process occurs could presumably be determined by observation of the
Fe(Il)-catalyzed fragmentation pathway of 240. In light of an earlier assertion that
4B-methyl-substituted tricyclic artemisinin analogues were more potent antimalari-
als than artemisinin due to C-4 radical stabilization,*’ replacement of C for O at the
C-13 position should lead to a more stable C-4 radical because of the destabilizing
effect of the B-oxygen would be removed. Although not an immediate goal of this
research, replacement of O-13 by CH, might eventually furnish analogues whose
hydrolytic stability relative to artemisinin could provide access to congeners with
improved oral activity.

As can be seen in Table 5, neither target 240 (~4%) nor 241 (~16%) displayed
substantial antimalarial potency relative to artemisinin (100%) in vitro against the
W-2 clone of Plasmodium falciparum, yet the isomeric peroxide 258 was found to
possess good antimalarial activity (~60%). The fourfold enhancement in activity
of 241 relative to 240 is analogous to the ranking of activities between 10-
deoxoartemisinin 108 and artemisinin 1.

The relative inactivity of 240, in vitro, in comparison to artemisinin is somewhat
surprising in that the geometry of these two molecules are very similar. Molecular
mechanics calculations of 240 provide a structure which overlaps nicely with the
reported crystal structure of artemisinin 1.7 That the crystallographic coordinates

Table 5. Relative In Vitro Antimalarial Activity of 13-Carbaartemisinin Analogues
Against Plasmodium falciparum

ICsp (ng/mL) Relative Activity*
Structure D-6 W-2 D-6 W-2
1 (Artemisinin) 0.97 048 100 100
240 38.8 12.63 2.5 3.8
258 1.72 0.78 53 58
241 2.87 2.79 32 16

Note: “*Relative activity = 100 x [ICs, artemisinin (control value)/ICy, analogue] MW analogue/MW artemisinin.
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of these analogues correspond to calculated structures can also be seen for 241
whose X-ray structure is essentially the same as the MM2 calculated structure.
Thus, while natural product-like architecture is maintained in analogues 240 and
241, activity is diminished. This would seem to present clear proof that a 1,2,4-tri-
oxane moiety is essential for good antimalarial potency. This argument is mitigated
to some extent by the finding of substantial activity for novel, B-fused diastereomer
258. Also, it has been reported that a steroidal analogue of 258 having a B-fused
peroxy group was more effective than artemisinin in vivo.%

It has been suggested that the inactivity of C-4a substituted artemisinin analogues
could be correlated to their inability to undergo C-4 hydrogen atom abstraction.
While C-4 radical stability would be predicted to have an impact on antimalarial
potency, these results would contradict the notion that improved C-4 radical
stability is related, a priori, to improved antimalarial activity because the C-4 radical
derived from 230 should be more stable than radical 233. Indeed, more recent
studies have shown that within a homologous series, continued stabilization of an
intermediate radical at C-4 leads to decreased antimalarial activity, not increased
potency as originally hypothesized.!®® The C-4 radicals derived from 230, 258, or
241 would be expected to be more stable than their oxa-counterparts (B-destabili-
zation by O), but it is difficult to assess the exact degree of reactivity required for
antimalarial potency. Apparently, a careful balance between C-4 radical half-life
and C-4 radical reactivity is essential for potency and this balance is not generally
achieved in the 13-carba modification.

An additional step in the radical mechanism has been suggested; namely, that
collapse of C-4 radical intermediate 234 to a neutral but highly reactive alkoxy-
epoxide 235 occurs (Scheme 5).!% Protein alkylation then presumably occurs via
235 and not radical intermediates such as 234. Unfortunately, epoxide 235 is
probably too unstable to be handled or identified. In the case of 258 however, we
were granted the opportunity to test the hypothesis that an intermediate epoxide
was responsible for the mode of action. Of the series of three tetracycles, 258
retained nearly two-thirds of the activity of artemisinin. The Fe(II)-induced rear-
rangement product 281, a quite stable epoxide was submitted for antimalarial assay
and found to be completely devoid of activity. As 258 is a potent antimalarial but
the epoxide 281 is not, it seems reasonable to suggest that the antimalarial activity
of 258 is unrelated to epoxy intermediates.

A good deal of importance has been placed on a detailed analysis of the products
obtained from the Fe(II)}-mediated rearrangement of artemisinin and its analogues.
Due to the novelty of our findings in regards to the rearrangement of not only the
13-carba analogues 258 and 241, but also 10-deoxoartemisinin 108, some discus-
sion of these results relative to these reports seems warranted.

Typical products from FeBr, treatment of artemisinin are 4-hydroxy-1-de-
oxoartemisinin 236 (Scheme 5), 1-deoxoartemisinin 290 and a ring-contracted
product 238, occurring in a 1:6:3 ratio, respectively.'*
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290 (30)

Exclusive formation of ring-contracted products such as 238 in tricyclic ana-
logues appears to correlate with low antimalarial activity in that secondary C-4
radical formation (e.g. 234) does not occur on the pathway to 238 but instead radical
237 is formed.*’ How is the rearrangement chemistry of 10-deoxoartemisinin and
the 13-carbaartemisinins reconciled with these findings? No products from cleav-
age of the C-3/C-4 bond (e.g. 237) leading to 238-like products are evidenced in
any of these analogues, or in 10-deoxoartemisinin 108. In fact, novel cleavage to
monocyclic cyclohexanones occurs as a major pathway for 108 and 258, but not
for 241.

It could be argued that products from 258 and 108, vinyl ether 279 and formate
ester 288, were produced via C-4 radicals, but that ensuing intramolecular rear-
rangement pathways are altered relative to artemisinin and certain tricyclic ana-
logues. B-Fused peroxide 258 would seem to follow two pathways: radical 275 does
not fragment to form a tetrahydrofuran such as 238, but instead undergoes unrav-
eling to produce cyclohexanone 279. While 281 might be formed via alternate
radical 280 via B-scission to 282 with concomitant reoxidation by Fe(IV)=0,'® the
absence of 282 in the reaction mixture despite production of epoxide 281 argue
against such a mechanism. 10-Deoxoartemisinin 108, like 258, appears to follow
amajor decomposition pathway via radicals 283 and 284 (Scheme 8), that furnishes
a cyclohexanone (288). Finally, for 241 the major product likely occurs from C-4
radical, 270 (Scheme 6).

These rearrangement results indicate that minor modifications to structure can
lead to major changes in decomposition pathway and therefore should be viewed
from a standpoint of structure—activity relationships with some skepticism.

A detailed analysis of the products of annihilation of these intermediate radicals
does not appear to be of use in the prediction of antimalarial potency. The presence
of unraveled products such as 279 and 288 in the Fe(Il)-promoted rearrangement
of bioactive analogues indicates that a completely unique decomposition pathway
is followed after minor structural modification (lactones 1 versus pyrans 108).
Production for the first time of an inactive epoxide intermediate (281) in the
biomimetic rearrangement of active analogue 258 argues against the importance of
intermediate epoxides in the mode of action. The carba modification, wherein the
nonperoxidic trioxane oxygen atom is replaced by carbon, leads to a substantial
loss in antimalarial potency in the series of compounds with artemisinin-like
stereochemistry. Paradoxically, abnormal 13-carba analogue 258 retains most of
the antimalarial activity of artemisinin. Finally, the tricyclic derivatives of poorly
active 13-carba analogue 241, analogues 259 and 262-266 were likewise relatively
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impotent in the in vitro antimalarial screen (Table 6). What effect this modification
will have on in vivo activity is currently under investigation.

Seco derivatives 166 through 182 are important: they have attractive synthetic
availability and provide general SAR information quickly. There are several points
of interest regarding the structural features of these analogues relative to artemisinin
1. From molecular modeling, 1 is rigid and the minimum energy conformation
matches the solid-state structure determined by X-ray crystallography. In sharp
contrast to 1, the seco analogues displayed a vast array of conformations in solution,
evident from their peculiar NMR behavior. A homologous series was studied in
detail: 170, 171, 172, and 184. A mixture of conformers of 184 were observed as
broadened patterns in the proton NMR. The NMR profile of 184 was temperature-
dependent, exhibiting different details when examined at —10, 3, 20, and 60 °C.
X-ray analyses of 184 and 172* afforded additional conformational information.
The solid-state structure for 171 is known.’*! Analogue 170 is very similar to 184
by NMR and MM2. Detailed energy minimizations of possible conformers (16 per
compound) were undertaken and low-temperature 2-D NMR experiments
(NOESY, ROESY, COSY) conducted.'*! Together with the X-ray information, we
were able to determine that at —10 °C in chloroform solution, there were two

Table 6. Relative In Vitro Antimalarial Activity of
Tricyclic-13-carbaartemisinin Analogues Against Plasmodium
falciparum

259, 262, 263 264, 265, 266
ICsq (ng/mL)

Structure R D-6 W-2
1 (Artemisinin) 14 22
259 H 1000 NA
262 Me 920 NA
263 CH,Ph NA NA
264 H 300 1500
265 Me 310 700
266 CH,Ph 290 660

Note: "Relative activity = 100 x [IC, artemisinin (control value)/ICs, analogue] MW
analogue/MW Artemisinin.
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conformers (7:3 ratio) of 184. The major conformer corresponded to the all-chair
arrangement found in the X-ray structure. The minor conformer was in a chair—
chair-boat arrangement where the boat trioxane ring was not the same boat
conformer as found in artemisinin. Neither conformer overlapped perfectly with
artemisinin 1 and might explain why 184 has only modest potency compared to the
natural product.

The situation for 172 was quite similar, but trends between conformers were
reversed: the solid-state conformer (chair~chair—boat) corresponded to the minor
solution isomer of 184, whereas the minor solution isomer of 172 corresponded to
the major all-chair conformer of 184. Imakura’s “desethano” artemisinin 171 was
found to exist in the all-chair arrangement by X-ray and exhibited a nontempera-
ture-dependent proton NMR spectrum. MM2 studies of 171 showed that the
all-chair conformer was 4-5 kcal/M more stable than the next lowest energy
conformer, a chair—chair—boat, and were thus consistent with experimental obser-
vations. Studies to correlate conformer populations and energetics with antimalarial
activities have not provided clear answers. 4!

In vitro bioassay results for 170-172 and 184 can be found in Table 7. Relative
potencies in W-2 and D-6 clones for 184 were 6 and 20%, respectively, while for
170, values of 75 and 108% were found, and the relative potencies for 172 were 14
and 7%. The analogue 171 was very nearly inactive (ca. 3%).

In this series, both 171 and 172 have both high barriers to ring inversion and the
adoption of an artemisinin-like conformer, and anomalously low relative activity.
The relative activity could be related to the ability of the seco analogue to adopt an
artemisinin-like conformer or “active conformer”, and was borne out by molecular
mechanics calculations in the following way: analogues 170-172, and 184 were
restricted to the “active conformer” by holding the peroxide dihedral angle to 49°
and setting the interatomic distance between atoms located at C-3 and C-5a
(artemisinin numbering system) to 3 A for minimization. There is an apparent
correlation because 171 and 172 have low relative potencies (high barriers to the
active conformer) while higher potencies are found for 170 and 184 (low barriers
to the active conformer).

Little improvement in activity of seco analogues was evident with structural
changes that were beneficial in the tetracyclic series. For example, replacement of
the lactone ring methyl group in 184 with a butyl group (168) resulted in relative
potencies in the range of 5-7% of artemisinin, even less than those for 184.
Replacement of the C-9 methyl group of artemisinin with a pentyl group in 46 led
to a 4-9-fold enhancement.

An alternative rationale for the general inactivity of the seco analogues may be
related to the proposed mechanism of action. If carbon-centered radical formation
is important for the mechanism of action, then it may be argued that the change in
structure somehow adversely effects this chemistry by affecting the ability of the
initially formed oxy-radical to undergo intramolecular H-atom transfer to furnish
298 (path B, Scheme 27). If a 1,5-diketone generated by rearrangement of the
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Table 7. In Vitro Antimalarial Activities of Seco Analogues of Artemisinin

Q
0
R,
166, 168, 170-2, 184-5 173,174,176 179-182
Relative Activity
Structure Ry Ry R, Ry Rs R¢ w-2 D-6
Artemisinin, 1 100 100
166 Me Me H H H 0.5 0.4
184 Me Me H H Me 6 20
17 H Me H Me Me NA NA
185 Et Et H H Me 3 15
168 Me Me H H Bu 7 5
170 Me Me H Me Me 75 108
172 Me Me Me Me Me 14 7
173 Me Me H Me Me 9 8
174 Me Me Me Me H —c 58
176 Me Me Me Me Me 24 23
179 OAc —
180 OOCOEt 05  —°
181 OCOBz 24° 13
182 H —= 37t
Random Seco Structures
177 NAd NA
178 NA NA
10 NA NA

Notes: *Unstable oil.
bStable solid. -
“No data available in this clone.
9INA = poorly active.

peroxide via radical rearrangement is an active species, as has been recently
proposed,® then the lack of a connecting bridge in 184 could lead to loss of acetone
from intermediate 297 (path A), and to the generation of nontoxic mono-keto
products such as 299 or 300. It is interesting to note that 300 is a by-product in the
synthesis of the hydroperoxide 183 as well as the trioxanes 184 and 185.
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(IIDFe.

Scheme 27,

Considering these findings, the 8a,9-seco analogues (Table 7) were expected to
demonstrate better activity than the 4,5-seco analogues because they more closely
resemble the natural product in the crucial peroxy region of the molecule. For
example, 180 overlaps very nicely with all but the lactone ring of 1 from MM2 and
an X-ray analysis, yet 180 was found to be poorly active. Ester 180 is an unstable
oil and could have decomposed prior to testing. This seems reasonable because
closely related carbonate derivative 181 is a stable solid and is fairly active (about
30% of artemisinin). On the other hand, perhaps these analogues are not active
because the ester side chains point in unusual directions and might not occupy a
putative hydrophobic pocket. Analogue 182, which lacks the entire lactone ring, is
more potent than carbonate 181 and contradicts the lack of activity by dehydro-de-
rivative 292.

From the foregoing observations, one can appreciate the usefulness of this
structure—activity relationship data in the design of antimalarial agents. We can, for
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example, understand simple modification within a closely related series. However,
it is not possible to predict the effect of multiple, simultaneous structural modifi-
cations on activity using the available activity data. Obviously, a reasonable
interpretation of this data cannot ignore the mode of action of this class of drugs,
but unfortunately the mode of action of artemisinin is still a matter of some debate.
Furthermore, while the test data presented is considered “in vitro” data, in reality
the results obtained in the Desjardins—Milhous assay are closer to in vivo data than
an enzyme assay because they are cell culture results. Whole cells incorporate a
variety of secondary effects common to in vivo testing such as cellular uptake,
accumulation, export, and limited metabolism. What is missing in culture, of
course, are distribution effects, route of administration, whole organ metabolism,
and so on.

It is possible that QSAR, an empirical correlation of the data, may provide a
pharmacophoric model that will be useful in next-generation drug design within
this class. In such an approach, it is hoped that many of the factors which define
antimalarial potency can be correlated with the structures of the analogues, and the
resulting model, if valid, could be used as a predictive tool.

VI. QUANTITATIVE STRUCTURE-ACTIVITY
RELATIONSHIPS

Development of a three-dimensional quantitative structure—activity relationship
(3-D QSAR) model representing the in-vitro (cell culture) antimalarial activity of
a dataset of artemisinin analogues is a complex endeavor. How specific structural
features effect the sequence of events leading to accumulation of drug at its site of
action as well as the mode of action itself define the in vitro potency of a drug.
Peroxidic antimalarial activity might be disrupted by metabolic inactivation or
premature deactivation by iron salts,'*? effected by its accumulation into the
cell,' % or how the molecule interacts (dock) with hemin.”> However, by judi-
cious selection of analogues, and careful model construction (alignment, confor-
mational predictions), a 3-D QSAR study can lead to a predictive model providing
useful SAR information. Using comparative molecular field analysis (COMFA),'"!
a protocol introduced by Cramer et al. in 1982, we have developed artemisinin
pharmacophores based on two distinctly different conformational determinations.

A critical issue involved in the creation of these pharmacophores is the determi-
nation of the “active” conformation each compound will retain. Without structural
data supporting a specific “active” conformation, one may be forced to assume that
a compound is active in an energetically minimized conformation. In these cases,
the molecule’s X-ray structure can serve as a template upon which other analogues
can be overlaid. Treatment of a database of 202 artemisinin analogues based on the
“lowest energy” conformation assumption has led to a statistically excellent model.
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A second, equally robust model was constructed using a mechanism of action
hypotheses to affect conformation choice. Here, docking interaction with hemin
alters the analogue conformation, and the final structure included in creation of the
pharmacophore now represents the result of a force-field calculation incorporating
the influence of the hemin molecule.

A. Biological Activity

In creating our QSAR models we have collected compounds that have a variety
of structural features, but that are otherwise similar enough to presume that they
act by the same mechanism of action. Developing these models entailed acquisition
of 202 compounds shown in Tables 8—16 found primarily in scientific literature.>!%~
21.31,33,46.47.69,78.83,87,112,134,136,137.139,141.145-153 O}y analogues that had been tested
in vitro (Milhous—Desjardins assay) against the chloroquine-resistant, mefloquine-
sensitive P. falciparum W-2 clone were included. Relative activity was used as a
logarithmic term taken from the experimentally derived IC., of artemisinin (ICs,
values in ng/mL) divided by the ICs, of the analogue, corrected for molecular
weight:

LogRA = Log of Relative Activity =
Log[(ICs, of Artemisinin/L.Cs; of Analogue)][(Molecular Weight of
Analogue/Molecular Weight of Artemisinin)] a31n

B. Computer Methodology
2-D QSAR Analysis

Initial attempts to uncover a relationship between antimalarial activity and
molecular structure focused on calculated physical properties such as dipole
moment, log P, and molecular volume inherent in the structure. The =202 database
was analyzed using the software package Tsar (Oxford Molecular, Oxford, Eng-
land).*> Most of the properties were determined without difficulty, though some
of the molar refractivity, surface area, and log P values could not be calculated. In
the case of molar refractivity and surface area, the program was allowed to ignore
compounds whose values could not be determined. Additional log P values were
calculated using Daylight CLogP (Daylight Chemical Information Systems, Mis-
sion Viejo, CA)!*? software. A regression analysis was run using 75 columns of
data produced in the predict properties area. A stepwise regression was run using
75 variables; the final regression, based on intermediate results was run using only
six of the data columns, including LogRA (the dependent variable), log P, molar
refractivity, moment of inertia, Balaban Index, and 1 A and 2 A 3D autocorrelo-
grams as the independent variables. Cross-validation'%? was carried out in three
groups with a fixed deletion pattern.
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Table 8. Relative Activities of Artemisinin Analogues

Structure R R, R, LogRA
1 Me Me H 1.00
84 (CH,)4Ph H H 0.45
61 Me H Z-crotyl -1.10
42 Me H H 0.79
62 Me H Me -0.17
60 Me H E-crotyl -0.60
57 Me allyl H -0.10
45 Me Bu H 0.17
98 (CH,)4Ph Bu H ~0.32
97 (CHy)3(p-Cl-Ph) Bu H -0.28
99 CH,CH,CO,Et  Bu H 1.36
95 n-Bu Bu H -0.48
43 Me Et H 1.40
47 Me CeH,3 H 0.86
54 Me i-C4Hy H -0.55
56 Me i-CgH3 H -0.04
53 Me i-Pr H -0.04
55 Me i-CsH;y H 0.07
83 (CHys(p-Cl-Ph) H H 0.10
82 (CHp)4Ph H H -2.00
97 BuC,H, H H -0.74
81 CH,CH,CO,Et H H 0.37
77 Et H H 0.05
69 H H H -2.76
80 i-C4Hg H H -0.35
78 Pr H H 0.83
297 Me (CH,),(p-Cl-Ph) H 1.37
298 Me Br CH,Br -1.64
299 Me OH CH,OH -4.00
300 Me -OCH,- -2.09
301 Me -CH,0- -4.00
302 Me -CH,- -0.89
303 Me -N=N(CH,),—- -2.70
304 Me Et Et -0.36
305 Me ~CH,CH,- -0.94
306 Me =0 -2.47
46 Me CsH;, H 1.02
52 Me (CH,)4Ph H 0.63
50 Me (CH,),Ph H 0.12
51 Me (CH,);Ph H 0.78
44 Me Pr H 1.13
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Table 9. Deoxyartemisinin Analogues

Structure R R, R, LogRA

307 Me Me OEt -4.00

308 Me Me OH -4.00

309 Me (CH,),Ph — ~4.00

310 Me n-Pr — -4.00

311 Me CeHys — -4.00

286 Me Me H -4.00

312 Me Bu H -4.00

313 Me i-CsHy; — ~4.00

314 CH,CH,COEt H H -4.00

315 (CH,),Ph H — -4.00

316 Et H — -4.00

317 i-C,Hy H — -4.00

318 i-C4Hg H H -4.00

319 Me (CHp),Ph — -4.00

320 Me (CH,);Ph — ~4.00

290 Me Me — -4.00

Table 10. 10-Substituted Artemisinin Derivatives

Structure R R, R, Ry® LogRA
108 Me Me H H 0.75
175 Me Me H OH 0.55
145 Me Me H OEt 0.34
141 Me Bu H OH 0.96
321 Me Me H OEt -1.08
109 Me H H H 0.28
322 Me Me Br NH-2-(1,3-thiazole) 0.66

(continued)
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Table 10. Continued

Structure R R, R, R? LogRA
323 Me Me Br m-F-aniline 0.79
324 Me Me Br aniline 0.18
325 Me Me Br NH-2-pyridyl -0.09
326 Me Me Br NH-2-pyrimidinyl -0.77
144 Me Me H OMe 0.28
327 Me Me H «-OEt 0.32
112 Me Bu H H 1.32
110 Me Et H H 0.67
328 Me Pr H OEt -0.04
329 Me H H OEt 0.43
330 Me Et H OEt 0.50
331 Me Me H (CH,);CH 0.78
332 Me Me H Bu 0.06
333 Me Me H OCH,CO,Et 0.52
334 Me Me H O(CH,),COMe 0.10
335 Me Me H O(CH,);CO,Me -0.03
336 Me Me H OCH,(4-PhCO,Me) ~-0.07
337 Me Me H (R)-OCH,CH(Me)CO,Me  1.79
338 Me Me H (5)-OCH,CH(Me)CO,Me  2.25
339 Me Me H (R)-OCH(Me)CH,CO,Me  0.87
340 Me Me H (5)-OCH(Me)CH,CO,Me  1.70
3 Me Me H OCH,-adamantyl 0.28
123 CH,CH,CO,Et H H H 0.70
122 (CHyx(p-Cl- H H H -0.55
Ph)
127 propionic acid H H H -3.00
118 Bu H H H 0.75
116 Et H H H -1.00
119 i-C4Hqg H H H 0.40
117 Pr H H H 0.84
120 (CH,),Ph H H H 0.58
121 (CH,),Ph H H H -1.7
342 Me -OCH,- OOH -0.62
343 Me -CH,0- OOH -0.57
344 Me =CH, OOH -0.990
345 Me =CH, OH -2.39
346 Me Me OH o-OH -0.89
113 Me CsHy, H H 0.16
114 Me (CHp);Ph  H H 1.40
111 Me Pr H H 0.74
347 Me Me H CH,CHF, 0.11
348 Me Me H CH,CF,CH;4 -0.17
349 Me Me OH OCH,CF; 0.33
350 Me OH Me OCH,CF, -0.70
351 Me Me OH OEt -0.44
352 Me OH Me OEt -1.13
353 Me Me H 00¢-Bu 0.92

Note: *All substituants § unless otherwise noted.
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Table 11. Secoartemisinin Derivatives
Ry '
o<
R /O \(0 Q .
\% ~<H “H
0 0
R Rs
Ry 0]
172
Structure R R, R, Ry LogRA
166 Me H H =0 -2.37
168 Me H Bu =0 -1.13
185 Et H Me =0 -0.60
170 Me Me Me =0 -0.15
172 — —_ — — -0.86
184 Me H Me = -1.27
354 —(CHy)4- Me Me H -0.26
355 Me Me Me H -0.80
Table 12, Various Derivatives of Artemisinin and Arteether
155

Structure Type R, R, Ry R, Rs Log RA
155 — H — — H — -0.36
356 A CH, OH H CH;, H 034
357 — CH, F — CH, H -0.12
358 A CH;, H H CHO H 0.21
359 A CH; =0 CH; H 0.16
360 A CH; H H CHF, H 0.41
119 A CH, E F CH, H 0.19
131 A CH; H H CH; OH -1.27
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Table 13. 11-Azaartemisinin Derivatives

Structure R, Ry Ry LogRA
361 H (CH,):Ph 0-0 0.02
362 H (CHy)4Ph 0-0 0.16
363 H CsHy, 0-0 -0.20
364 H i-CsHy 0-0 -0.04
365 H CH,(P-CI-Ph) 0-0 -0.16
366 H i-C4Hy 0-0 0.02
77 H CH,FPh 0-0 0.34
78 H Me 0-0 0.70
367 Me H 0-0 0.00
368 Me allyl 0-0 -0.04
369 Me i-C3H; 0-0 1.03
370 Me Me 0-0 0.43
135 H Pr 0-0 0.05
k) | Me CH,-(2-CsH,N) 0-0 1.46
372 Me 2-thiophene 0-0 0.17
373 Me acetaldehyde 0-0 1.47
374 Me 2-furan 0-0 0.11
375 Me i-C4Hy 0 -4.00
376 Me CH,-(2-CsH,N) o} -4.00
377 Me H 0} -4.00

Table 14. Anemisinin Derivatives Lacking the D-Ring

R .
e Rompn. | Rs
-Q -Q R4
Y 0. o 0-
BT R R OMc R,
A B
Structure
A R, R,y Ry R, LogRA
181 -0,CCH,Ph H H Me -0.51
182 H H H Me -0.32
378 H OMe H H -0.31

(continued)
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Table 14. Continued

Structure

A R, R, Ry Ry LogRA

379 OMe H H H -1.04

380 OCH,Ph H H H -0.09

381 OMe H (CH,),0,CNMe, H 0.33

382 OMe H (CH,),0,CNEt, H 0.65

383 OMe H (CH,)O,CNPh, H 1.06

384 H OMe (CH,),OP(0)(OPh), H 1.10

385 H OME (CH,),OP(O)(OEY), H 0.37

386 H OMe (CH,),OP(=S)(OEY), H 0.72

387 H OMe (CH,),0S8(0), H 0.20
(p-toluene)

388 H OMe (CH,),08(0),C¢H, H -0.87
(0-CO,Me)

389 H OMe (CH,),08(0), H 0.33
(5-NMe;napthalen-1-yl)

390 H OMe (CH,),0CH; H -0.39

391 H OMe (CH,),OCH,Ph H 0.75

392 H OMe (CH,),0-allyl H 0.40

393 H OME (CH,),0CH,- H 0.58
(3,5-dimethyl-1,2-oxazole)

394 H OME (CH,),0,CPh H -0.59

395 H OMe (CH,),0,CPh H 0.27
(p-CO,Me)

396 H OMe (CH,),0,CPh H -0.81
(p-COH)

397 H OMe (CH,),0,CPh H 0.23
(p-CONEd,)

398 H OMe (CH,),0,C- H -0.60
C¢H,4CO,(CH,),NMe,

399 H OMe (CH,),0,CCH,- H -0.04
NCO,-(t-Bu)

400 H OMe (CH,),0OCH,(4-Ph-Ph) H 0.32

401 H OMe (CH,),OCH,(4-F-Ph) H 0.38

402 H OMe (CH,),OCH,(2-pyr) H 0.17

403 H OMe (CH,),OCH,(4-pyr) H 0.14

404 H OMe (CH,),OCH, H -0.90
(4-N-Me-pyr)

Structure B R, R, Ry R, Rs LogRA

405* H H H Me Me -0.47

406 (CH,),OH H Me H H -1.80

230 (CH,)OH Me H H H 0.23

407 (CH,),0H Me Me H H -1.80

408 (CH,),0CH,Ph Me Me H H ~-1.80

Note: *The —OMe group is in the oi-position in this compound.
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Table 15. Miscellaneous Artemisinin Derivatives

Compd Structure LogRA Compd Structure LogRA
.Q ;
409 %, 124 411 024
H “UH ™~
NN
o
. :
0.2 a
292 o 0.78 258 ~ ‘ -2.59
: "o
10 JD 400 240 : -0.96
K 0
H
0,
:
LY ;
149 ° . 0.23 260 s 079
0. t) b O,
. H
“q
410 0.2 -1.20 ;
" 412 -q -0.64
b O~
H o]
e
177 ' 400 ’
e‘ 413 9. -3.30
Mc0
OHC
\,z{v
; i
178 g-o —4.00 414 “q 0353
o
O
L -Q
156 ‘%P -1.79
(1]
Molecular Modeling

The 3-D artemisinin analogue database was created with Sybyl 6.2 (Tripos
Assoc., St. Louis, MO)'** using the reported crystal structure for artemisinin as a
template. The structures were minimized using the Tripos force field in Sybyl 6.2,
producing structures close to that of artemisinin. To best describe the aromatic side
chains of some analogues, as well as the aliphatic nature of the artemisinin
backbone, Gasteiger—Hiickel charges were calculated for each of the compounds.

In the development of our 3-D QSAR models, choice of analogue conformation
played an important role in providing a realistic pharmacophore model. The
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Table 16. Bicyclo Artemisinin Derivatives

X
Q.
Ry I Ry

Structure X R, R, LogRA
415 CH, H H -0.91
416 CH, OMe OMe -0.67
417 i-Pr H H -2.17
418 SO, H H -2.29
419 N-S(0),Ph H H -2.26
420 o} H H -2.26

conformation of each analogue, assumed to be that of the active species, might be
approximated if a crystal structure of artemisinin interacting with hemin were
available. Since this data is not likely to become available (hemin reacts rapidly
with artemisinin), different approaches to select the “active” conformation were
used.

First, if the interaction of a peroxidic drug with hemin is a relatively rapid and
structurally insensitive step in a potentially complex sequence of events, then
perhaps its contribution to defining the potency of this class of molecules could be
ignored. In this event, it may be possible to use the E_; structures to provide a
realistic 3-D QSAR.

Alternatively, by modeling the manner in which artemisinin interacts with hemin,
a conformation can be predicted by which this interaction is minimized, though the
absolute energy of the peroxidic ligand alone might be slightly higher in energy
than the lowest energy conformation determined by molecular mechanics methods.

Standard Alignment

All 202 minimized analogues were aligned with the assumption that the core ring
structure and peroxide bridge are most meaningful with respect to biological
activity. Though a number of flexible and static alignments were tried, the best
model was obtained by fitting atoms C-1a, C-3, C-5a, and C-8a. Not every analogue
in the database contained the peroxide bridge thought to be needed for activity;
specifically, 1-deoxyartemisinin analogues (Table 9) were included in the dataset.
The best fit was thus accomplished using the atoms which held the peroxide or
oxide bridge in close alignment, atoms C-1a and C-3. Overlap of the 202 molecules
can be seen in Figure 9.
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Figure 9. Standard alignment of 202 artemisinin analogues used in the CoMFA model
development.

Dock Alignment

Current studies point toward the interaction of the peroxy moiety with the hemin
iron(I) core as a major component of the antimalarial mode of action. This
artemisinin—hemin association has been modeled, and it has been proposed that
activation of artemisinin proceeds through a radical intermediate occurring at a
point near the minimum intermolecular energy of interaction.'*? In an attempt to
create a model that might more accurately reflect the active conformation of each
analogue, the Sybyl Dock protocol was used to approximate analogue—hemin
binding. Dock calculates the fields of nonbonded electrostatic and Leonard—Jones
steric interaction between points on a lattice, by default 0.25 A spacing, and the
docking site. The ligand-site interaction is approximated by associating each atom
of the ligand with the nearest lattice point, and summing the fields over all ligand
atoms.

Initially, an energetically favorable interaction was achieved by manual manipu-
lation of the ligand with respect to hemin. Consideration of a large number of
artemisinin analogues required an assumption that the peroxide docked to the hemin
iron in a manner identified by Shukla et al.'*? Docking was complete when the
minimal combined electrostatic and steric docking energies were found.

To take into consideration the effect the metalloporphyrin molecule plays in the
active conformation of the ligand, the ligand structural conformation was mini-
mized with respect to hemin using the Tripos Force Field. In the minimization
process, a certain small amount of translation occurs, the ligand arriving at a
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Figure 10. Alignment of 202 artemisinin analogues based on proposed docking (to
hemin) conformation.

minimal conformation when a selected (0.05 kcal/mol) energy difference is found
between conformations. Ligands within the database were realigned on the basis
that a common orientation of the peroxy group with the Fe(Il) core of hemin is
likely a mechanistic bottleneck, and would therefore be more important than minor
difference in gas—phase docking energies. The overlap of the compounds can be
seen in Figure 10.

In some cases, substituents at C-9 and C-3 had significant impact on the docking
interaction to an extent where the critically important contribution of the peroxide
bridge interacting with the hemin iron atom was diminished. To reduce the signifi-
cance of non-peroxide bridge interaction with hemin, analogue substituents at C-3
or C-9 were rotated to a “local minima” energy conformation (e.g. angle C10-C9—
C16-C17 = 58°, Figure 11) so that the substituent did not play the primary role in
the docking interaction. It is important to note that these local minima are within
energy differences reasonably attainable under the test conditions. Although some
analogues are not in their lowest energy conformation as calculated in gas-phase
nondocking mode, it is thought that this process leads to useful binding information,
potentially mimicking the actual active conformation.

3-D QSAR Analysis

Comparative molecular field analysis (CoMFA) is comprised of relating meas-
urements of the electrostatic and steric fields around a template molecule to the
molecule’s biological activity. The CoMFA methodology is based on the assump-
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Figure 711. Torsional angle of B (dihedral C10-C9-C16-C17 = 174°, global mini-
mum) modified in docking process to give A (dihedral C10-C9-C16-C17 = 58°).

tion that the drug—receptor interactions are noncovalent, and the changes in the
biological activities or binding affinities of sample compounds correlate with
changes in the steric and electrostatic fields of these molecules. An aligned database
is placed in a lattice, and these measurements are taken at regular intervals
throughout the lattice using a probe atom of designated size and charge. In this
study, lattice spacing was 2 A, and the probe atom was either carbon or hydrogen,
using +1 charge. These interaction data were analyzed by multivariate statistical
analysis using partial least squares (pls) and cross-validation. A cross-validated r?
(¢%) obtained as a result of this analysis served as a quantitative measure of the
predictive ability of the final COMFA model. The ¢? value is a statistical indication
of how well a model can predict the activity of members left out of the model
formation. This is different from that of the conventional »2, which is simply a
reflection of how well the fit equation reproduces input values.

The standard and docked (n = 202) aligned databases were analyzed using
CoMFA/pls. The results indicated three compounds having especially high residual
values (differences between predicted and actual activities). These “outliers” were
removed, and the pls analysis repeated (n = 199).
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A number of the analogues in the database were racemates, though the database
itself was constructed using the enantiomer having the absolute configuration
corresponding to (+)-artemisinin. Analysis using CoMFA-pls of the non-racemic
compounds (n = 162), as well as removal of two high residual chiral compounds
and reanalysis (pls, n = 160), was done in an effort to find a model that might be
able to predict the activities of each individual enantiomer, taking into consideration
that only the total activity of the mixture is experimentally available.

VII. RESULTS AND DISCUSSION
A. 2-D QSAR

Individually or combined, the various predicted properties showed little correla-
tion with activity. The final group of six data columns were the best correlated of
the entire prediction, thought still statistically unimpressive with 2 = 0.518, ¢*> =
0.485, 5s=0.738, F =28.6. This would lead to the speculation that there is no simple
linear correlation between any one of the physical properties and the activity of
artemisinin analogues. Smaller, less structurally diverse datasets were examined in
hopes of revealing correlations by reducing the overall number of variables. As
discussed above, sets of closely related 10-deoxo analogues of artemisinin seem to
show amodest correlation of molecular length (B, parameter) and lipophilicity with
relative activity, but with a poor correlation coefficient: LogRA = 0.65(CLogP) ~
0. 16B, - 0.14; r2 = 0.366.

The use of molecular orbital parameters in this regard remain to be done, but may
be of utility in drug design efforts.

B. 3-D QSAR (CoMFA)

As shown in Tables 17 and 18, the pls analysis with respect to all 202 artemisinin
analogues indicated a modest r2 (0.79) value and reasonably predictive g (0.64).
High residual values (logl > 2) were associated with three compounds in particular
(127, 344, 172). The poor prediction of these compounds might be attributed to
differences in metabolic behavior or cell absorption. For instance, lipophobicity of
an acid moiety (127) could very well adversely affect drug accumulation in the
parasite, and subsequently lead to lower measured antimalarial activity. Analogue
127 exhibited a large negative residual value indicating an overprediction. Another
carboxylic acid (396), where the acid is located at the end of a longer alkyl chain,
is more lipophilic and less affected by potential cell penetration problems. The high
residual values identified with the other outliers (344 and 172) might be attributed
to structural features greatly affecting conformation; for example, the C-11 methyl
in analogue 172 (Table 7) imposes different conformational preferences than
analogue 170 which lacks this methyl group. These three compounds were removed
from the model, leading to a subsequent pls analysis using an n = 199 dataset. A
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Table 17. Statistical Results of Crossvalidated PLS Analyses

Number of Optimum Number of
Compounds Probe* 7 Components
202° 24/c3* 064 5

202 2 AH 0.66 5

202 (Dock) 2A/C3  062(0.61) 6(5)

199° 2A/IC3 069 5

199 2 AH 0.71 (0.68) 10 (5)

199 (Dock) 2A/C3  0.65(0.64) 6 (5)

1624 2A/C3 069 5

160° 2A/C3 074 5

160 (Dock)  2A/C3  0.74(0.71) 7(5)

Notes: *Lattice spacing (in angstroms), probe atom type (sp>~C or proton).
®The entire database.

°The same database without compounds 127, 344 and 172.

9The 202 database without 40 racemates.
°The 162 database without compounds 127 and 344.

significant increase in the r2? (0.929) and ¢* (0.69) values further justified the
deletion of these outliers.

One particularly interesting facet of the model is the observation of predicted vs.
actual values displayed for the 15 most active compounds in the dataset. These
compounds were invariably underpredicted by the model, though each was cor-
rectly predicted to be more active than artemisinin. Residual values for these
compounds were reasonably low as a whole, with only two of the residuals

Table 18. Statistical Results of Conventional PLS

Analyses

Number of

Compounds Probe 2 s F
202 2A/C3 0.79 0.71 149.62
202 2 AH 092 0.47 204.92
202 (Dock) 2A/C3 0.81 0.70 151.54
199 2A/C3 0.83 0.65 184.97
199 2 A/H 0.93 043 231.50
199 (Dock) 2A/C3 0.93 0.42 244.61
162 2A/C3 0.87 0.62 201.96
160 2A/C3 0.89 0.55 251.11
160 (Dock) 2A/C3 0.96 0.35 317.56
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exceeding +1.0. This might imply that the increased activity for these most active
analogues is due to a secondary effect not adequately sampled by this model.

With respect to the entire dataset (n = 199), the two compounds with the highest
residual values (worst predictions) included an analogue with a known lack of
stability (127, residual value = —1.77) and a highly inactive compound that was still
predicted to be highly inactive (calculated activity relative to artemisinin, 5.3 X 1073
residual value = —-1.76).

In the literature many racemates (40) have been tested for in vitro activity. The
artemisinin-like enantiomer of each pair was included in the r = 199 database under
the assumption that this was the active isomer. In an attempt to better understand
the contribution of each enantiomer, these compounds were removed from the
dataset, and a third model (n = 202 — 2 high residual compounds -- 40 racemates =
160) was developed. The notable predictivity of the model was indicated by a high
q2 (0.89) value. Judging by the standard error, r2, and F test values (0.55, 0.89, and
251.11, respectively), the model reproduced the input data somewhat better than
the n = 199 precursor.

Prediction of the in vitro activity for the racemic pair of compounds leads to a
less clear interpretation of the data. Is only one enantiomer active? If so, should the
biological activity value be “doubled,” assuming only half of the assayed material
is active? If the enantiomers are unequally active, how should the data be treated?
This final model was used to predict the activities of each enantiomeric pair,
providing some insight into the solution to these questions.

Here again alignment of the enantiomeric pair resulted in apparent differences in
models. A new alignment rule was used (see Figure 12), and activities were
predicted for each enantiomer. For a given analogue and its enantiomer, the
predicted activities were compared with the actual biological data in an attempt to
find a mathematical correlation. Though in fact most of the enantiomers having the
natural configuration (that of (+)-artemisinin) showed considerably more activity
than the corresponding enantiomer with the unnatural configuration, in a number
of cases the unnatural enantiomer had significant predicted activity. When the
predicted activity of each enantiomeric pair was combined and then averaged, those
values did not correspond well to the actual test data for the racemates. The model
did not adequately predict the activity of the racemates under the assumption that
drug binding occurs in a chiral environment.

To aid in visualization, Figure 13 shows the electrostatic and steric maps for the
pls analysis with n = 199, 2 A/C.3 (Table 17). In the steric map, yellow contours
correspond to regions in space where steric bulk would be predicted to decrease
antimalarial activity. The yellow regions appear around the endoperoxide and other
areas on the o-face of the molecule, suggesting that increased steric bulk on the
underside of the molecule would be detrimental to the activity. Conversely, green
contours represent areas around the template molecule where an increase in
antimalarial activity due to increased steric bulk is anticipated. In Figure 13, green
polyhedra surround the regions near the C-9 methyl, C-3 methyl and the 73-H of
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OMe

OMe
Alignment (analog 137): la-1a, 1-1', 2-2, 3-3'

Figure 12. Alignment rule used in the prediction of antimalarial activity of racemic
artemisinin analogues.

artemisinin, suggesting that greater steric bulk in these areas would increase
activity. It is interesting to note how an active analogue (9-butyl) fits within the
contours compared to artemisinin or relatively inactive analogues.

Within the CoMFA electrostatic map, red contours are displayed in areas where
negative charge is associated with increased activity of the database analogues. Red
contours are visible near the peroxide bridge, supporting the important role the
peroxide plays in activity; and near O-11 (or N-11). There are also red contours in

Figure 13. CoMFA contour maps about (+)-artemisinin for the standard alignment
database (n = 199, 2 A/C.3). In the steric contour map to the left, green contours
indicate areas where steric bulk is predicted to increase antimalarial activity, while
red contours indicate regions where steric bulk is predicted to decrease activity. The
electrostatic contour map on the right displays yellow polyhedra where partial
negative charge is correlated with antimalarial activity; the blue polyhedra indicating
a relationship between partial positive charge and activity.
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the vicinity of the C-9 methyl, a point supported by the increase in activity from
arteether (145) to the more negative-charged difluoro analogue 360. Blue contours
indicate areas within the lattice where electropositive properties of a molecule are
predicted to increase activity. These regions include the partial positive charge
associated with hydrogen atoms bound to carbon, and can be correlated with
lipophilic interaction. A broad band of blue extends from the C-9 methy] toward
the carbonyl at C-10. This indicates that alkyl groups added to these areas may
increase activity due to their inherent electropositive charge. An increase in lipo-
philicity by removal of the carbonyl at C-10 can be favorable—as seen in Figure
13, the contour map surrounding 112: this analogue is simply the reduced product
of the slightly less active 44.

Dock Aligned Database

The CoMFA protocol was repeated for the n = 202 dock-aligned database, and
pls analysis indicated that the model was comparable to that found with the standard
alignment. Overall, the “dock conformation” and alignment led to a model with
higher r2 (0.93) and F-test (244.61), and reduced standard error (0.62), but the
cross-validated analysis produced a predictive model with g2 = 0.62, slightly less
than that of the standard-aligned model. The optimal number of components
increased, implying a statistically “less robust” model. Similarities between the
models can be noticed in the high residual value of compounds 299 (a polar
dihydroxy compound), as well as overprediction of inactive (LogRA < 1.0) com-
pounds. In addition to statistical improvements relative to the standard alignment,
the magnitude of this over/under prediction was greatly decreased, resulting in
noticeably smaller residual values for active analogues. All of the 15 most active
compounds were predicted to have greater activity than the parent artemisinin,
though not all were overpredicted. Pruning the database to 199 as before provided
a statistical improvement with s = 0.42. Finally, deletion of the same analogues as
before to 160 compounds improved the statistical measures producing a model with
a g° (0.74), indicating significant predictive capability. Supporting the soundness
of the pharmacophore is the improved standard error (s = 0.35), the lowest among
the models.

Contour maps for the n = 199 2 A/C.3 Dock Model (Table 17), representing
electrostatic and steric volumes deemed important to antimalarial activity, can be
seen in Figure 14. Some major visual differences are apparent between the dock
and nondock models. For example, in the dock alignment rule models the contri-
bution of the red contours is diminished relative to the nondock alignment rule
model (Figure 13). Perhaps this difference can be explained by the possibility that
groups which interfere with hemin binding are negatively correlated with potency.
In the dock models, where the side chains have been artificially moved out of the
region occupied by hemin, the red contours are much smaller. The green contours
in the dock model are much stronger than those in the nondock models, and are
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Figure 14. CoMFA contour maps about (+)-artemisinin for the dock aligned database
(n=199, 2 A/C.3). In the steric contour map to the left, green contours indicate areas
where steric bulk is predicted to increase antimalarial activity, while red contours
indicate regions where steric bulk is predicted to decrease activity. The electrostatic
contour map on the right displays yellow polyhedra where partial negative charge is
correlated with antimalarial activity; the blue polyhedra indicating a relationship
between partial positive charge and activity.

incidentally along the periphery of the artemisinin skeleton corresponding to the
C-9, N-11, and C-3 substituent space (see Figure 10). Finally in the electrostatic
CoMFA, yellow contours surround the oxygen atoms of the trioxane and pyran
rings. There is variation from dock to nondock models where in the dock model,
the yellow contour just below the peroxide assumes much greater magnitude than
the nondock model. Further, the exact location of the contours about the peroxy
group is somewhat different in the nondock model with the contours tracking the
location of the lone pair electrons of the peroxide (Figure 14 versus Figure 13).

Validation of the 3D-QSAR Model

The ¢* value of a CoOMFA model, together with other statistical information from
the pls analysis, provides information on the predictive capability of the model. In
this study we have generated CoMFA models that describe the pharmacophore
either with or without the involvement of hemin, both of which provide good ¢?
values. Selection of the model that most accurately depicts reality is not trivial since
many variables are inherent in the cell-culture bioassay results. However, it may be
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possible to distinguish between models by appropriate choice of test molecules. If
one model is more consistent in predicting the activities of novel compounds, then
it is surely more reflective of reality and should be preferred over the other model
in drug design efforts.

We chose to design and then synthesize a class of compounds heretofore
unknown in the artemisinin area: 8,8-disubstituted-D-norartemisinins. While the
parent molecule 421 was not predicted in the COMFA models to be highly active,
homologues of 421 were.!>

421

(32)

Further, there does not exist sufficient data regarding the biological activity for
each enantiomer in a racemic mixture of artemisinin analogues. To help define the
antimalarial contribution made by each enantiomer, a model was developed in
which 40 racemates were placed as single (+)-enantiomers in the original database
of 202 compounds. By doing this it was implied that the (-)-enantiomers are as
active as their counterpart, and an optically pure compound is not necessary for
antimalarial activity. These “achiral” models have been discussed as 199 (2 AC3)
and 199 Dock. A database without the racemates, or “chiral” models 160 (2 A/C.3)
and 160 Dock, were also included in our study. Finally, adjustment to an “achiral”
model was attempted in which the activities of the racemates in the 199 (2 AiC.3)
model were multiplied by 2, or model 199" (2 A/C.3). In each case, data was
subjected to the statistical pls analysis (Table 18). Relative antimalarial activities
were predicted for two racemic compounds 421 and 422,'% using these datasets as
shown in Tables 19 and 20.

The predictions from the achiral CoMFA model 199 (2 A/C.3), which includes
the racemates, best reflects experimentally derived antimalarial activities. The
predicted value for the natural enantiomer of 421 was 110% of artemisinin and 12%

Table 19. Relative In Vitro Antimalarial Activity of
ABC-ring Artemisinin Analogues Against P. falciparum

Structure ICsy (ng/mL) Relative Activity®
1 (Artemisinin) 4.2 1

421 12.86 0.33

422 132.03 0.03

Note: *Relative activity = [ICy, artemisinin (control value/ICs, analogue] MW
analogue/MW artemisinin.
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Table 20. Prediction Values for 421 and 422 in Different CoMFA Models

Predicted Relative Activity
Achiral Model Chiral Model
Natural 199 Unnatural 199* 160
Configuration 199 Dock  (2A/C.3) Configuration (2A/C.3)* (2A/C3) 160 Dock
421 0.20 1.10 2.16 473 0.70
421 0.37 0.82 225
422 0.71 0.12 0.02 0.05 2.07
422 0.29 0.02 0.81

Note: *The LogRA for the racemates in the model were multiplied by 2.

for 422, compared with 33% and 3%, respectively, for the in vitro results. While
both figures were off by a factor of 4, the log difference is closer to the s value for
this model of about 0.65 (Eq. 33). The 199 Dock model closely predicted the activity
of 421 as 20% of artemisinin (found, 33%), but was inaccurate in relation to
prediction of 422 at 70% of artemisinin (found, 3%).

In an attempt to clarify the chirality issue, the original dataset with 202 com-
pounds was modified. Using the assumption that only the (+)-enantiomers are
active, the LogRA for the racemates were multiplied by 2 with the idea that
experimental IC, values actually are 0.5 that measured. The new dataset 199" was
statistically analyzed by pls, and the results (Eq. 34) follow the same pattern of the
previous model, though we now find the model is poorer at predicting activities
than if we assume the enantiomers show equivalent activity.

=083, F=184.97,5=0.65 (33)

2 =0.83, F=188.74, s = 0.65 (34)

In light of these results, chirality does not seem to be necessary for antimalarial
activity in this class of drugs. This was further evidenced by the over prediction of
421 in the 160 (2 A/C.3) model, where no racemates are present.

As can be seen in the contour map generated from the “dock-aligned” database,
interaction with the hemin iron is a predominant component of the dock-minimized
model. It follows that the predictivity of the 160 Dock model might favor com-
pounds in which this interaction is influenced by the dock-minimization process.

Analogue 421 is a reasonable example of the class of compounds most affected
by the docking strategy. Here, the special positioning of the phenyl ring on the same
face of the molecule as the peroxide bridge is noticeably modified in the dock
minimization process. This repositioning results in a bending upwards of the phenyl
group. The predicted activity of 421 in the 160 Dock model (70% of artemisinin)
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is close to the activity measured experimentally (33% of artemisinin) and is
certainly within the standard error of the model (Table 20).

Analogue 422 is much less affected by the dock minimization and coincidentally
is much less well predicted by the 160 Dock model. Though only 3% as active as
artemisinin, this compound is predicted to be much more active than analogue 421.
This added activity might be attributed to the focus by the dock model on the
peroxide face interaction with hemin; compounds with substituents on the -face
are not as thoroughly represented by the model as a whole, and are less likely to be
predicted well.

To better understand the importance of optical activity towards antimalarial
activity and to further improve this COMFA study, the synthesis of (—)-artemisinin
and various other analogues having unnatural configuration are underway. In
addition, further analogues needed to complete this study are B-face substituents in
the B and C rings of artemisinin, or primarily the axial positions at C-5, C-7, and
C-8. Analogues such as 422 pave the way for the latter of these cases, C-83
substituted analogues.

VIII. CONCLUSIONS

Synthetic methodology has been developed for introducing substituents at C-9,
O-11 (as N-R), and C-3 via a total synthetic intermediate; for substitution of carbon
for oxygen at O-13 by a separate route; and for a variety of simplified, tricyclic
versions of artemisinin. Analogues accrued from these studies have been bioassayed
and their SAR discussed. However, in terms of rational design, these relationships
are complex and the bioassay data more easily utilized by computer aided pharma-
cophore modeling. Accordingly, with a dataset of over 200 artemisinin analogues,
various CoMFA pharmacophore models have been developed based on: (a) the
conformational hypotheses that the active conformation of the analogues is the
globally minimized structure (b) the conformational hypotheses that the active
conformation of the analogues is based on their interaction with the proposed
molecular target in the parasite, hemin; (c) the assumption that enantiomers have
identical activity; and (d) the assumption that enantiomers have differing activities.
For example, in some models racemates have been included or excluded from the
analysis, while in other studies the analogues are docked to hemin prior to being
placed in the molecular database or the analogues are simply minimized and
templated to artemisinin. The results initially indicate that the achiral docked model
may best represent reality, lending support to Meshnick’s original hypothesis
regarding parasitic hemin being the mechanistic trigger for the action of the drug,
and to the assertion that chirality is not important for antimalarial activity. However,
this is a hypothesis best tested by synthesis of unnaturally configured analogues of
artemisinin, and the unnatural enantiomer of the natural product, (—)-artemisinin.
Once armed with this data, other modeling possibilities can be excluded, thus
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simplifying the overall approach to development of 3D-QSAR intended for drug
design efforts.

In terms of validation of such a model, a measure of internal consistency is
available in the form of the ¢* value. However, the ultimate test of a model s its
ability to predict activities for newly reported compounds. While the model can do
well at predicting variation within its own dataspace, when confronted with
unquantified regions not represented in the original dataset, such as those encoun-
tered with bulky 8B-substituted analogues, the model is unreliable. In order to
provide full predictive capability, studies in progress address the synthesis of
additional top-face or B-oriented analogues that will be bioassayed and added to
the model having the correct conformational and chirality hypotheses.

Finally, it should be emphasized that extensive synthetic studies, in some cases
utilizing complex pathways, were a necessary prelude to these modeling efforts.
The ultimate goal of employing computer-aided drug design to define a simple, yet
potent series of analogues for economical treatment of malaria is ongoing. In
addition to structural simplification as an approach to affordable antimalarials, we
have recently reported a three step semisynthesis of some of our best analogues
(e.g. 114) from artemisinic acid, a natural product that occurs along with artemisinin
in A. annua (2.6% dry weight yield).!>¢ Encouraging results of in vivo bioassay and
neurotoxicity testing will be reported shortly for these analogues.
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ABSTRACT

The selection of compounds for synthesis in high-throughput synthesis experiments
and for use in high-throughput biological assays is of prime importance in the
detection of exploitable biological properties in novel small molecule leads. We
discuss factors associated with the design of compound libraries for use in such
high-throughput methods, and how these impact both on finding new leads and on
following up on them. Specifically four key design elements are discussed, viz. the
relevance of the compounds to lead discovery, the collective diversity of the library,
the “uniqueness” of individual compounds, and their synthetic accessibility. The
design of the Optiverse library is discussed as an example and a comparison is made
of the structural similarities between Optiverse, a database of recent therapeutic
patents, and a database of commercial reagents.

. INTRODUCTION

The introduction of high-throughput methods, principally high-throughput screen-
ing (HTS) and combinatorial chemistry, in the pharmaceutical industry was born
out of the continued pressure to shorten the cycle for lead discovery and develop-
ment. The sometimes dazzling successes resulting from the application of these
new experimental methods are already being presented in the scientific community
for peer review. It is clear however that the likelihood of detecting pharmaceutical
and other bio-relevant agents with exploitable properties is a key factor in the
selection of compounds for use in high-throughput biological assays. In the search
for new or better bioactivity, it is essential to ensure that a molecular design process
takes into account such bio-relevant properties.

For most companies, accelerating the process of lead discovery and lead devel-
opment is a key motivation for having access to HTS technology and a high-
throughput chemistry capability. However by themselves, these tools have little
value without input from, among other disciplines, medicinal chemistry, biochem-
istry, molecular biology, and molecular design—to guide synthesis and testing to
new lead compounds in specific disease areas. Placing aside key biological consid-
erations, such as genomics, assay development, and HTS, the likelihood of finding
active compounds depends critically on the appropriateness and range of properties
present in the compounds tested. Simply screening large numbers of compounds is
not the answer. One needs an assurance that collections of compounds assembled
for screening contain sufficient chemical variation—variation that has relevance to
the target(s) of interest—to have the best chances of detecting useful pharmaceu-
tical and other leads.

Finding activity, however, is only half the battle. Following up on a lead quickly
can be just as difficult and often more critical to the drug discovery process. Once
a qualified lead has been detected, it is most likely that analogues will be needed
to enhance the activity or optimize the properties in some desirable way. For many,
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this is a major hurdle that must be overcome. Experience with peptides, for example,
has shown that it can often be very difficult to translate the information from say a
flexible hexapeptide to a “small molecule” lead. Even where the lead is already a
small molecule, synthetic accessibility to this compound or its analogues can be
fraught with difficulty more often if the lead has come from natural sources.

In a sense, the advent of high-throughput chemistries has subtly altered the role
and importance of each individual compound. In one respect compounds have
become more important because when synthesized they are viewed less as simple
by-products of optimizing activity against a particular target and more as a means
to ensure that future leads will be obtained. In another respect, the high-throughput
nature of synthesis combined with a consequential reduction in chemical analysis
effort has lessened the individual worth and distinctiveness of compounds. Their
intrinsic value is therefore greater as part of a collection or library which implies
somewhat paradoxically that the sum of the parts is worth less than the whole.

This chapter discusses, in general, how perceptions of drug discovery have been
altered by application of the new high-throughput technologies and, in particular,
those factors that influence the value of a library of compounds. The design of such
libraries of compounds for use principally for lead discovery programs is also
discussed with particular reference to the processes associated with the Optiverse
library. Finally, the chapter also considers how a careful design can make it easier
to progress rapidly from leads to potential clinical candidates.

II. LEAD FINDING AND LEAD FOLLOWING PARADIGMS

In the search for novel bioactive compounds the twofold challenge, stated suc-
cinctly, remains the same, viz.: to detect new and novel leads with exploitable
properties and to rapidly follow up on these leads to optimize their properties for
use in biological systems.

The coupling of combinatorial chemistry and HTS capabilities represents one of
the most important steps forward in addressing these challenges in recent years. In
a sense, paradigms associated with lead discovery have changed with the advent of
these new tools. Of course, increased synthesis throughput comes at a cost, mainly
the complexity of the compounds obtained is often lower and analytical assurance
that the compound is present and of a purity (in the case of nonmixtures) that is
appropriate for biological testing is often ambiguous.

There are other factors which also need to be taken into account. The larger
numbers of compounds that arise from these chemistries typically pale into insig-
nificance when set against all potential compounds that could arise even from
available reagents within a single reaction. (“Reagents” are taken to represent
building blocks used to synthesize reaction products.) For example, a reaction
involving individual couplings to a single diamino scaffold, which is used in the
Optiverse library, can give rise to almost a billion potential reaction products just
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using reagents listed as being currently available.! This is equivalent to more than
50 times the total number of CAS-registered compounds, currently listed at 18
million.> Even to attempt to test all of these compounds from this one reaction
would require more than 50 years of HTS screening at 50,000 compounds per day.
In essence, a comprehensive diamine-scaffold-based library is still well beyond the
practical reach of today’s pharmaceutical and agrochemical industries and will
remain so for the foreseeable future.

Coupling to diamines is but a single group of reactions that is amenable to the
methods of combinatorial chemistry or other high-throughput synthesis methods.
The list of high-throughput reactions is expanding but it still does not represent all
organic chemistry, nor will it ever. This is an important and often overlooked factor
when considering not only the types of chemicals and chemistries desired in a
lead-finding experiment but also the very limits of high-throughput synthesis.

Another key limitation of high-throughput synthesis lies in the reagents them-
selves. The number of reagents listed as being commercially available at any given
time is typically more than 180,000.! Those reagents that are listed as being
available for synthesis in various databases are more often biased by commercial
and economic pressures rather than property variations. Their suitability must
therefore be scrutinized even at the outset. In our experience, for example, synthesis
of libraries based simply on available reagents often lead to high lipophilicities.
Also, as is the norm with synthesis chemistry, there is a tendency to find “clusters”
of reagents that share a common intermediate. This can translate into a bias in the
synthesized library towards the target of interest and often results in chemical
redundancy.

Another consideration is that reagent “availability” status has different meanings
to different chemical suppliers. The variability in delivery times for compounds can
cause delays of the order of months to high-throughput synthesis experiments. In
such circumstances, it is often easier to simply truncate the experiment by elimi-
nating the candidate compounds corresponding to the missing reagents. By trunca-
tion one makes the sometimes dangerous assumption that the eliminated
compounds do not provide any useful information when in fact they might or, worse
still, one runs the risk of overlooking leads. To this end, there are numerous
anecdotal examples of company X finding a drug that was overlooked by company
Y perhaps for synthesis reasons. However, practical issues dictate that the line has
to be drawn somewhere since experiments cannot wait indefinitely for the “avail-
able” reagents to be resynthesized by tardy suppliers.

Since it is not possible to make all compounds, one must always be pragmatic.
The goal is to make the best use of what is available, using accessible chemistries
that can generate compounds to the degree of quality that the testing regiments
demand plus access to sources of readily available reagents.

One more obvious factor must not be overlooked is the availability of relevant
biological target information where it exists. If good target-related information has
been collated (perhaps in the form of a pharmacophore or structure—activity trend),
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ahigh-throughput chemistry experiment, particularly using molecular design meth-
odology, can be designed to utilize this information perhaps more effectively than
with traditional synthetic methods. Researchers at Eli-Lilly recently reported a
combinatorial chemistry experiment where a CNS lead structure had led to an
optimized compound that was progressed to clinical trials within approximately 12
months.? In essence this lead follow-up process involved “exploding” and testing
new analogues around a given lead, followed if necessary by some more lead
refinement studies.

In concert with target-related information often comes the need to make com-
pounds for which constituent reagents are simply not available. In this lead-follow-
ing scenario one may be required to consider synthesis of appropriate intermediates
or chemical components in order to generate relevant starting materials. More often
than not, such preceding syntheses are not amenable to high-throughput synthesis
and can be costly and time-consuming. One must therefore have sufficient confi-
dence in the target information to justify the additional costs.

Where there is little prior information relating to the target or to the pharmaco-
phore—the more predominant scenario in most drug discovery programs—it is
essential to specify some criteria for the compounds being synthesized in the
high-throughput chemistry experiment. This is necessary to justify the synthesis of
a few thousand compounds, instead of a billion as is the case for a diamino scaffold
library. Thus, it is important to cut down the number of potential compounds to be
synthesized to a realistic number using rational selection criteria that preserve, as
far as possible, all the chemical information in the full set yet simultaneously filter
out irrelevant functionalities or properties.

For convenience, we suggest that these high-throughput lead-finding and lead
following experiments fall largely within three high-throughput chemistry design
paradigms. These are:

1. Lead discovery where libraries of compounds are designed to maximize the
chances of detecting new leads either within the defined bounds of a given
therapeutic area or spanning as wide a range of bio-diversity as possible.

2. Lead explosion where a lead or leads are followed up by an analoguing
experiment designed to probe the neighboring (bioisosteric) property space
with the intention of finding active analogues and detecting structure—activ-
ity trends.

3. Lead refinement where sufficient information has been accumulated to use
(Q)SAR-based design of compounds to achieve higher (optimal) efficacy
and/or better property profiles.

Of course, the activities described in these “paradigms” are not new to the
pharmaceutical and agrochemical industries. However, in the past the distinction
between the three has often been less clear owing to the stepwise nature of medicinal
chemistry, where new leads either came from unrelated analogue synthesis pro-
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grams or from natural product broths. HTS and combinatorial chemistry enforces
more rigorous boundaries between these paradigms by the nature of their scale and
array-based form. In essence, these new technologies typically demand separate
experiments which are formally designed to address lead discovery, lead explosion,
or lead refinement requirements.

The design of compounds within each of these paradigms is discussed in the
following sections in the context of the Optiverse library,*’ utilizing a design
process developed at Tripos Inc.® and subsequent synthesis done at MDS Panlabs.’
The process is also similar to that employed in Tripos’ LeadQuest library and one
may infer some similarities to other synthesized libraries involving preselection of
reaction products.

lIl. LEAD DISCOVERY: DESIGNING A LIBRARY FOR
FINDING NEW LEADS

The design of lead discovery libraries is discussed here largely in the context of
work carried out at Tripos in association with Panlabs though reference is also made,
where appropriate, to other groups.

One collection of chemicals that has been tailored for the discovery of new and
novel leads is the Optiverse library. The design process does not attempt to be
specific to biological targets or therapies but instead seeks to select reaction
products from high-throughput chemistries that have properties appropriate for
exploitable biological activity. At the time of this writing, 100,000 reaction products
(one per well) have been designed, synthesized, and added to the Optiverse library.

A more comprehensive description of the Optiverse library design process,“‘5
discussion of some of the descriptors of chemical structure and properties,® and the
validation methods used to ensure how well the descriptors represented molecular
diversity® appear elsewhere. However, for clarity, some of the relevant factors
associated with these are discussed in this section. Note also that explicit discus-
sions of Panlabs’ experimental chemistry are described elsewhere.!”

To make the assertion that libraries of compounds are designed for lead discovery
assumes, as far as possible, that important rules and empiricisms of medicinal
chemistry are being used to guide the synthesis of compounds. There are four key
guidelines to the design process. These are:

1. Relevance, an assurance that the compounds have properties that make them
sufficiently “drug-like” to have, in the event of activity being found, a low
probability of unacceptable pharmacokinetics, toxicity, or other undesired
trait.

2. Diversity, a measure of the ranges of relevant chemical properties (often
referred to as property space) that are spanned by the library as a whole.
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3. Nonredundancy, an assurance that individual compounds in the library are
sufficiently different from other compounds in the library to avoid sometimes
costly duplication of synthetic and screening efforts.

4. Synthetic accessibility, an assurance that once a lead has been detected there
is sufficient chemical information available to enable a lead follow-up
program to proceed.

All of these criteria are important to designing a library for lead discovery, and
all will be discussed in the following paragraphs and sections in the context of the
work carried out to develop the Optiverse and LeadQuest libraries.

A conceptual image that underlies the design process used for the Optiverse
library is given in Figure 1. In this figure, all chemical properties that are of relevant
to biological activity are reduced idealistically to two dimensions, corresponding
to the x and y directions of the plot. Thus any compound can be represented as a
point in this x-y space. In Figure la, a hypothetical corporate library shows
significant clustering of compounds (represented as hexagons) with the conse-

Figures
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Figure 1. A simplified plot of the distribution of molecules (symbols) in an idealized
two-dimensional chemical property space. The upper plot (a) represents a database
consisting of discrete sets of close analogues. The lower plot (b) represents the
Optiverse library. (Adapted from ref. 4. Copyright 1996 The Society for Biomolecular
Screening, Inc.).
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quence that there are large areas of property space that are unsampled. This is a
view that many companies take or have taken of their own corporate databases. This
situation is likely to arise where exhaustive analoguing has taken place in the pursuit
of historically important targets. While these databases have undoubted value
particularly in areas associated with the historically important targets, the barren
regions of property space make them far from ideal for discovering new leads.

An awareness of apparent large gaps in their databases, often measured by
conducting a “diversity audit” study, have led companies to inject new, often
acquired, compounds with significantly different chemical properties into their
corporate databases. This retrospective correction can give better coverage of
property space and lessens the risk of missing areas where biological activity could
be detected (indicated in Figure 1 by the dashed line). As an aside, it should be
noted that not all of the thousands of dimensions of property space are relevant to
biological activity. Martin,'! for example, suggests that 16 properties are required
to describe the side chains of peptoids. The relevance (and validity) of the descrip-
tors of properties used in the Optiverse design are discussed later.

Rather than retrospectively correcting an existing library of compounds, the
design process associated with Optiverse compounds sets out to make, as far as
chemical accessibility and availability dictates, a uniform coverage of the chemical
property space. This is illustrated in Figure 1b. In order to obtain this blanket
coverage, decisions have to be made regarding the minimum acceptable “distance”
between compounds to avoid filling up the space with largely redundant analogue
compounds. (“Redundant” is used in a lead discovery sense, but not necessarily in
a lead follow-up process, such as analoguing, where similar compounds may be
desirable.) This distance is represented in Figures 1a and 1b by circles around each
compound, and corresponds to an exclusion region of properties around each
compound.

In a previous reference, this was referred to as a “radius of similarity,” but it is
perhaps more appropriately described as a “neighborhood region,” since a radius
only applies to the depiction of a circle. In terms of Figure 1, for any two circles to
overlap would mean that the corresponding compounds would have properties that
were too similar and would thus be considered to contain redundant property
information. Exactly what these distances relate to in terms of descriptors of
chemical diversity is discussed later. Suffice to say, for Figure 1, use of the
neighborhood principle, which simply states that small changes in structure corre-
spond to small changes in bioactivity,'> permits a finite rather than essentially
infinite number of Optiverse compounds to be spread out across property space
thereby maximizing the likelihood of detecting biological activity for a given
expenditure of resources.

All Optiverse compounds are designed and synthesized using reactions that have
been pre-validated for high-throughput chemistry and in terms of available re-
agents. High-throughput synthesis protocols are used to combine reagents in single-
and (predominantly) multistep reactions, utilizing protection/deprotection chemis-
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try where necessary. As is common in high-throughput chemistry experiments,
“scaffolds” or “cores” are used to generate classes of compounds which are
considered to be biologically important and which give rise to sufficient numbers
of diverse structures. An ethylene diamine scaffold, for example, is relatively
common in drugs; the NCCN fragment appears in more than 20% of drugs. While
some of the reaction protocols remain proprietary and thus cannot be discussed
here, several “simple” reactions such as amidation, esterification, epoxidation, and
reductive amination'? are also utilized. Experimental details pertaining to the
high-throughput synthesis and quality control testing of Optiverse compounds is
beyond the scope of this review, but are described in detail elsewhere. !

The assertion that the use of such straightforward chemical reactions gives rise
only to simple and obvious compounds is not at all the case, in the experience of
the authors. Despite depending largely on the chemical suppliers for reagents, the
complexity of these starting materials alone can allow access to some surprisingly
complicated structures, even via single-step reactions. Furthermore, one has only
to compare Optiverse molecules with databases of drugs to see that it is possible to
generate close analogues or, more rarely, the identical structures from commercially
available starting materials and high-throughput chemistries. (At the time of writing
there are around half a dozen “accidental drug” structures in Optiverse.)

A point made earlier is worth restating here: that is, our dependence on the
availability and price of commercially available reagents is more pronounced in the
realms of high-throughput chemistry, and will have a more profound influence on
the regions of property space that are explored. In the search for new leads, we must
at least have an awareness that we are looking largely in regions of property space
that are shaped and bounded by what is available and what is affordable. In terms
of Figure 1b, this translates into gaps in an otherwise more uniformly covered
property space.

Compounds are added to the Optiverse library on a reaction-by-reaction basis. A
scheme illustrating the overall design process for a reaction involving the coupling
of two groups of reagents to a series of scaffolds (e.g. diamines) is given in Figure
2. This process differs slightly to that reported previously* in that all relevant
reaction products are now utilized in the design, rather than carrying out a formal-
ized preselection of reagents first. This is possible because a new and proprietary
tool called ChemSpace'* which is able to build and process libraries of molecules
in many orders of magnitude faster than conventional database software. In essence,
from a knowledge of the chemistry in each reaction and the starting materials,
ChemSpace allows the definition of a virtual library of candidate molecules that
are all synthetically accessible.

Our design process calls for ab initio specification of all reaction products for
direct use in subsequent molecular selection (diversity) processes. Other ap-
proaches base the selection of compounds for synthesis solely on reagent properties.
Thus the diversity of the library is based on reagent properties rather than those of
the final products. Although this is inherently easier to carry out it can detrimentally
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Figure 2. A scheme depicting the Optiverse library design for a two-step reaction,
where symbols denote generic reagent classification.

affect the quality of the library. Reagent-based versus product-based selection is
discussed further later in the chapter.

The first step in the Optiverse design process is to collect all the available reagents
within each class (symbols represent reagent classes in Figure 2). Although the
numbers of available reagents amassed can be in the tens of thousands, there are
fewer after unsuitable and unavailable materials have been filtered out. Unsuitabil-
ity is judged mainly in terms of structure (incompatible groups, undesired chemical
reactivity, inappropriate groups) and molecular properties (excessive lipophilicity
and molecular weight), though the options to restrict other properties such as
reagent price and availability are also possible.

In step two, the reagents are used by ChemSpace to build all possible reaction
products within the bounds of the defined chemical equation. This defines virtual
libraries containing hundreds of thousands to hundreds of millions of synthetically
accessible molecules. In the third step, a number of operations are carried out. First,
ChemSpace ensures that the molecular weight and calculated log P values (e.g.
CLOGP") are within acceptable thresholds, viz. < 750 AMU and -2 < CLOGP <
7.5, respectively. Studies have shown that most published drugs and drug-like
compounds lie within these bounds.* Subsequently, molecular diversity calcula-
tions are undertaken to select a representative diverse subset from the virtual library
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using both 2-D and 3-D descriptors. The subset is then used as a basis for the
construction of the synthesis arrays, denoted as step four.

Clearly a critical factor in the design process is the type of compound selection
process (molecular diversity) being carried out and indeed the selection of molecu-
lar descriptors. The 2-D descriptors adopted are Unity 2-D molecular fingerprints
which are part of UNITY software.'® These encode the presence of all molecular
fragments of length 2—6 atoms contained within each structure in the form of “bits.”
In total, there are 988 bits that may be set by molecular fragments, and the
distribution of these bits gives a fingerprint encoding of all structures. The 3-D
descriptor used, called “topomeric field,” in essence measures the shape of the
molecules in a fashion similar to that of CoMFA 3 17-1° Both descriptors are utilized
simultaneously via a normalizing factor. Discussions of neighborhood properties
in this chapter will be restricted mainly to the 2-D fingerprints, though equivalent
analyses for the topomeric fields was also carried out.

Our approach to selecting a diverse subset is based on utilizing a minimum
similarity between each molecule and all other molecules in the virtual library. For
the 2-D fingerprints, the similarity is measured by a Tanimoto coefficient® which
measures similarity on a pair-wise basis. A Tanimoto coefficient for any pair of
molecular structures lies in the range of zero (dissimilar) to one (similar). It is
defined as the ratio of the number of common bits (in this case molecular fragments)
set in two molecules divided by the number of bits set in either.

It is on the Tanimoto scale that we choose to estimate our neighborhood regions
corresponding to the circles in Figure 1. Studies of 20 datasets drawn from recent
references (listed in ref. 9) were used in conjunction with an array of molecular
descriptors to test the principle of neighborhood behavior, whether small changes
in biological activity between pairs of compounds produce only small changes in
molecular descriptor.!? The aim of these studies was to validate the choice of
descriptor used to measure molecular diversity and uniqueness.

The studies found that 2-D fingerprints ranked among the best at reproducing
this neighborhood behavior. This is illustrated in Figure 3 for one of these datasets!
where pair-wise activity differences are plotted against 2-D fingerprints “differ-
ences,” Tanimoto coefficients (left plot) and against random number differences
(right plot). While the right plot exhibits no apparent relationship between the
descriptor and the activity, neighborhood behavior is clearly evident for the finger-
prints. The left plot of Figure 3 clearly shows that a lower right triangular subdivi-
sion of the graph is heavily populated while the upper left triangular region is almost
empty.

Figure 3 indicates that large changes in bioactivity comparing two compounds
with dissimilar activities are produced only by larger differences in structure
(numerically smaller Tanimoto coefficients) only. (Note that the direction of the
x-axis on this graph is reversed compared with others in this paper.) However small
changes in bioactivity (comparing two compounds with similar activities) can result
from smaller or larger changes in structure (larger or smaller Tanimoto coefficients,
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Figure 3. Two plots to illustrate adherence to the neighborhood principle. The left
hand plot compares pair-wise activity differences with the corresponding Tanimoto
coefficients. The right hand plot compares pair-wise activity differences with differ-
ences between random numbers assigned to each molecule.

respectively). Large structural differences that apparently induce minimal differ-
ences in activity are consistent with the fact that some structural alterations may
not be part of or affect the pharmacophore.

Calculation of the slope in the left hand Figure 3 plot is described in ref. 5. In
essence, it corresponds to a slope which maximizes the density of points in the
lower right triangle (strictly a trapezoid®). This plot also indicates that for this
dataset an activity difference of ca. 2 log units corresponds to a Tanimoto coefficient
of 0.85. While it was found that 2 log unit differences in activity from different
biological tests in the literature datasets gave rise to significantly different activity
and descriptor plots, it was clear overall that an activity difference of ca. 2 log units
corresponded roughly to a Tanimoto coefficient of 0.85. This corresponds to our
neighborhood region of similarity, depicted by the circles in Figures 1 and 3. Hence
this is our measure of structural uniqueness: any two compounds with a Tanimoto
coefficient of >0.85 are considered nonunique, thus one must be discarded.

The selection of a Tanimoto coefficient corresponding to a 2 log unit difference
in activity between a compounds in the test studies effectively equates to a
resolution of our bioactivity space. We consider a 2 log unit “resolution” to this
space to be ideal for searching for lead structures. Note that two independent
research groups arrived at similar Tanimoto values in slightly different studies.
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Brown,?? following earlier work by Willett,” published results that indicated that
85% of compounds having a Tanimoto coefficient of 0.85 to any active compounds
are themselves active. Taylor? in a simulation study adopted a Tanimoto coefficient
of 0.80 as a threshold to distinguish similar from dissimilar compounds and was
more recently adopted in related studies by Delaney.?

To have chosen a bioactivity resolution of say 1 log unit in our studies would
have assigned a Tanimoto coefficient of 0.90-0.95 between molecules which would
in essence have halved the radii of our circles. An obvious consequence of this
would have been to increase the number of possible “unique” compounds that could
have been synthesized and added to Optiverse by a factor of 10 or more. However,
visual inspection of a such a set of molecules suggests that a 1 log unit threshold is
too permissive in a lead searching program: a pair of structures with a neighborhood
region of >0.90 typically differ at a single point of substitution. Such small
variations are of course more important in the context of a lead explosion program
(discussed later) where we may wish to ensure that we stay within the structural
neighborhood of an identified lead. In addition, a smaller sampling distance
between compounds might decrease the chances of missing activity as a result of
false negatives in screening. However, many times more compounds would have
to be synthesized and tested to search the same property space.

Alternatively, a coarser pair-wise activity difference of say 3 log units could have
been adopted. This would have given rise to a neighborhood distance of 0.75-0.80
(larger radii of the circles), which would have reduced the number of compounds
in Optiverse by a factor of 10 or more. Here the distance between compounds would
have been unacceptably large, and the risk of missing entire regions of bioactivity
between compounds would be much higher. Thus the selection of a neighborhood
region of 0.85 for Optiverse design is a compromise in the sense that it dictates the
number of compounds that can be considered unique in Optiverse. However, it also
places the boundary to similarity between Optiverse structures typically beyond
minor substituent changes, at a point where activity differences are unlikely to be
as small as 2 log units. It is noted that in analogous neighborhood principle studies,
for the topomeric field descriptor we estimate a neighborhood region value of 91
kcal/mol (corresponding to a Tanimoto coefficient of 0.85 for fingerprints).

An alternative metric to describe 3-D properties of molecules is discussed by
Ashton et al.?® In their approach, a pharmacophore fingerprint is used in conjunction
with conformational searching to determine possible 3-D shapes that molecules can
adopt. Tools from Tripos and CDL are available to carry out this type of analysis.
However as with other methods there are limitations, the completeness of confor-
mational searching being one. Perhaps the most important limitation of the ap-
proach is that it has a tendency to pick the most flexible molecules (that set the most
pharmacophore bits). In a lead discovery experiment, following up on flexible
molecules can be a long and sometimes fruitless process.

It is perhaps also appropriate to mention at this juncture Pearlman’s DiverseSo-
lutions?”® approach to measuring diversity. Among other capabilities it defines a
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method, referred to as the BCUT approach, which utilize atomic charge, po-
larizability, hydrogen bond donors, and acceptors plus several others to describe
molecules. The best of these descriptors are then selected from an analysis of the
full set of compounds and used subsequently to make a diverse subset selection.

Returning to the Optiverse design process, with the 0.85 definition of a neigh-
borhood region for each product structure, it now becomes possible to ensure that
there are no two structures that are too similar, thereby eliminating all products that
are essentially redundant. With this assurance of diversity and uniqueness it is now
possible to complete the last operation in step four of the scheme depicted in Figure
2. Thus for each set of theoretical reaction products resulting from each modeled
reaction, a blanket coverage of structures spread out across structural property space
as illustrated in Figure 1 is possible. The similarity/dissimilarity threshold of 0.85
is also used to determine if any structures from the theoretical reaction products are
similar to compounds that have already been synthesized and added to the Optiverse
library. Typically a small percentage of structures from each designed reaction is
eliminated for this reason.

It is noted that several of the filtering steps have the added consequence of
removing the purely combinatorial-based form to the library. One has to balance
two competing priorities: synthesis efficiency and screening value. The former
makes it easy to generate large libraries, while the latter takes a more accurate
measure of molecular properties by eliminating inappropriate product molecules
and thus facilitates the specification of a better library.

On the other hand, high-throughput experiments optimized for synthesis effi-
ciency are compatible with reagent-based selection and diversity. However, this
approach was not favored for Optiverse or LeadQuest design mainly because
preliminary tests along with independent studies by Gillet? showed that using only
reagent properties could sometimes make a poor selection of the compounds for
synthesis. An example of this is given in Figure 4. In this figure markedly different
commercially available aldehydes and amines can react in a reductive amination
experiment to give identical products. It is therefore possible to couple pairs of
dissimilar reagents to give products that are similar or even identical. Thus reagent-
based, while ensuring the appropriateness of reagents, cannot guarantee selecting
the best reaction products.

Product-based selection can also have difficulties. Notably, to design an idealized
library might require synthesis of large numbers of “singleton” compounds where
the advantages of high-throughput array-based synthesis are lost. To overcome this,
reagents or intermediates have to be arranged into smaller groups that facilitate the
definition of synthetic subarrays whereby, for example, a subset of aldehydes react
with a subset of amines. Synthetic efficiency is determined by the smallest array
size that one considers practical. For single step chemistries, this is all the way down
to 1-by-1 combinations. For multistep chemistries, where time-consuming synthe-
sis of intermediates may be necessary, larger arrays such as 1 X 8 or greater are often
more practical.
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Figure 4. An example of the use of diverse reagents resulting in the synthesis of the
same product (supplier IDs are given in the boxes).

Another key element in the design of the Optiverse library is that the selection
of molecules for synthesis is based on a similarity hypothesis. This is in essence
the antithesis of diversity-based selection which is in part why we have used the
term “diversity” sparingly in this chapter. Most diversity approaches need to define
or at least estimate how large the associated chemical universe is prior to selecting
compounds. Those selected first are typically “chemical oddball” compounds since
they are taken from the extremes with later selections representing more “reason-
able” compounds. This can complicate the library design process since atypical
compounds may be more difficult to work with or may result in undesired biological
activity. Clark suggested a means to bias the selection of compounds towards the
middle of cloud of molecules through a method called OptiSim.*® The method
makes selection of compounds on the basis of randomized subsets which are less
likely to choose from the extremes than normal diversity methods and thereby gives
rise to better libraries.

The scope for expansion of the Optiverse library is not based on defining the
boundaries to a chemical structure space. Rather, application of the neighborhood
principle ensures that compounds that are not too similar to each other are chosen.
Conceptually, the Optiverse and LeadQuest libraries grow outwards at the dictate
of synthetic feasibility and reagent availability factors rather than grow inwardly
by filling interstitial spaces between compounds as is implicit in many diversity
based methods. We believe this to be a more solid foundation for synthesizing
compounds libraries. Medicinal chemistry, after all, is founded on describing small
similarities between analogues rather than large dissimilarities between unrelated
compounds.
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Synthesized libraries of compounds such as Optiverse are not the only source of
new leads. Natural products also play an important role in lead discovery. There are
numerous examples where natural products have led to the discovery of new drugs.
It is also clear that they represent an inexpensive source of nature’s molecular
diversity in a lead discovery program. However, a key limitation that must be
overcome if leads are to be developed into drugs is they are usually difficult to
synthesize, thereby making it more resource-intensive to generate related com-
pounds with better properties.

Another important source of chemical diversity may come from chemistry
research programs in academia. These are again likely to be complex structures
more often resulting from extended multistep reactions that can be difficult to
reproduce. Thus, synthetic accessibility should not be overlooked because it often
determines how easily a lead can be followed up. The importance of the design of
libraries of compounds to the lead follow-up process is discussed in more detail in
the following sections.

The overall aim of a lead discovery experiment is to acquire new leads by
screening an appropriate set of compounds. Thus, we want to get into the “neigh-
borhood” of property space where detectable activity is located. A design process
must therefore increase the probabilities of finding a lead by taking into account
what is already known about those properties when constructing a library of
compounds. Alternatively, where no specific property information is available, the
design process needs to cover relevant regions of property space as efficiently as
possible. Generally, it is improbable that initial leads found in a lead discovery
program will have properties directly suitable for drug development, but this won’t
be known until we have examined more fully the appropriate region of property
space. Usually this is done via synthesis of compounds containing functionalities
that are related to the lead. Such explosion of compounds around a bioactive starting
point is discussed in the next section.

IV.  LEAD EXPLOSION: FOLLOWING UP ON A LEAD
COMPOUND

For many organizations actively involved in lead discovery and development
programs, the rate-limiting step is not always finding hits in HTS (or other testing
protocols) or converting these to qualified leads. Informal discussions indicate that
pharmaceutical and biotechnology companies have numerous leads that have
proven difficult to follow up. One of the main obstacles is being able to convert the
lead compound into a set of (bioisosteric) analogues—being able to develop a
suitable synthetic route to the lead compound and related structures, of course,
without even the guarantee that bioactivity in these analogues will be preserved or
enhanced.
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Since Optiverse compounds are all synthesized rather than simply acquired from
various sources, synthetic information from at least one synthetic route relating to
each structure is always available and becomes a valuable asset in following up on
leads. In such circumstances, one may be in a position to begin synthesis of lead
analogues almost immediately, particularly if available reagents are well suited to
the analoging process.

Perhaps more important from a lead follow up perspective is that Optiverse
compounds represent the proverbial “tip of the iceberg” in that only a small
proportion of compounds that could have been synthesized are actually synthesized.
A large proportion of potential compounds are not considered for synthesis due to
their being too similar to other synthesis candidates or compounds already in the
library. Even within a given reaction set there can be upwards of a thousand
alternative molecules for every Optiverse compound, generally involving minor
substituent variations. There is a good chance therefore that some of these may be
much more active than the Optiverse compounds first found to exhibit the desired
bioactivity.

To look for these alternative molecules one has to, in a sense, reverse the
neighborhood region principle. Instead of identifying only those structures that
have large enough dissimilarities from one another, one searches for structures that
are within some limit of similarity. In terms of 2-D fingerprints, structures could be
identified that have Tanimoto similarities greater than 0.85 to known active com-
pounds. In terms of the depiction of the Optiverse process in Figure 1b, alternative
compounds would be sought inside the circles associated with Optiverse com-
pounds rather than restricting ourselves to the more distant compounds outside
these circles.

This explosion of compounds around a given lead or leads is depicted in Figure
5. In this figure, we have essentially zoomed in to the “interesting” region of
property space where bioactivity has been detected. From a knowledge of the active
compounds, we are thus in a position to generate large numbers of alternative
structures for each active compound. Experience has also shown us that widening
the neighborhood region (to Tanimoto values of say 0.70) around each active lead
is sometimes prudent since it allows the inclusion of a wider variety of chemical
structure, particularly for patent filings.

Keeping track of all possible compounds that could have been synthesized from
more than just a single reaction is not necessarily an easy task. Some sort of
repository is required to process potentially billions of molecules. We do this in
terms of a virtual database defined using ChemSpace which currently contains
structural and property information relating to more than a trillion of such reaction
products. Coupled to this, ChemSpace provides an ultrafast search engine that
allows us to carry out similarity searching in realistic time periods, thus enabling
us rapidly to identify potential synthesis targets for analoguing programs.

The lead explosion process works by comparing the structures of the lead
compounds with those in ChemSpace followed by compiling a list of ChemSpace
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Figure 5. A depiction of lead explosion where Optiverse compounds (stars) are
supplemented by structurally similar ChemSpace structures (diamonds).

structures that are similar to the leads. Two-dimensional fingerprints and topomeric
fields, which have been shown to obey the neighborhood behavior rule,' are
especially valuable in this operation. It is also possible and sometimes desirable to
bias results towards the biological targets from which the leads were detected.
Biasing may include searching only for structures that contain specific functional-
ity, applying intergroup geometric distance constraints, and restricting the range of
CLOGPs. Additionally, different similarity studies can be carried out in terms of
the same compounds but against different targets, especially where selectivity is
important. Even after applying such properties to further restrict the virtual library
compounds being considered, the number of similar molecules within the neigh-
borhood regions of actives may still number in the thousands or millions. It may
then be necessary to use molecular selection calculations once again to choose one
or more representative subsets.

Frequently, it is desirable to carry out lead explosion studies in a series of
successive steps whereby the information generated from earlier steps is incorpo-
rated into the design and selection of subsequent subsets. One major obstacle
associated with this feedback approach to lead analoguing is the dependence on
reagent ordering and delivery, since typically all reagents within a synthesis array
are required before synthesis can commence. Realistically, the waiting time of for
all reagents to be delivered is 4 to 6 weeks, but can be even longer for some suppliers.
Longer waiting times are also realized where starting materials have to be synthe-
sized in-house.

Since a lead explosion program involves a much more intensive examination of
a localized area of property space of established relevance, it gives one a better
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chance of obtaining acompound with optimal properties to progress to development
as was the case for researchers at Eli-Lilly.3 At the very least, with the assumption
that the properties and descriptors used to select these compounds are valid, HTS
or perhaps other more quantitative testing may reveal activity variations that permits
the definition of QSAR and more complete pharmacophore maps.

A lead explosion experiment is a knowledge-generating experiment that utilizes
high-throughput chemistry methods rapidly to generate lead-related compounds.
However, the fact that commercially available reagents are used in conjunction with
reaction protocols amenable to high-throughput synthesis must not be overlooked.
This does limit the areas of property space in a lead explosion experiment to those
whose starting materials are most immediately accessible. While this may permit
us to find good compounds, there is still a realistic chance that even better
compounds lie somewhere in property space that is is not immediately accessible
to a lead explosion or other high-throughput chemistry experiment. To remain in
the domain of high-throughput chemistry, to access these areas of property space,
we must consider synthesizing the appropriate starting materials or defining reac-
tion protocols for new chemistries. The latter may require that we adopt more a
more stepwise synthesis and testing procedure that rests in the domain of conven-
tional medicinal chemistry. This takes us to a third design paradigm—lead refine-
ment.

V. LEAD REFINEMENT: HONING THE PROPERTIES

This section need not be long since it in essence represents a paradigm that has
driven pharmaceutical and related research for many decades—the premise that
small changes in structure induce proportional changes in bioactivity in a logical
and hence exploitable way.!?

Figure 6, which propagates the same theoretical design as in Figures 1 and 5,
illustrates how a lead refinement process would relate to leads generated from a
lead discovery program and compounds synthesized in a subsequent lead explosion
experiment. The contouring of bioactivity is used to illustrate the point that more
structure—activity information has been generated from the lead explosion experi-
ment and indeed that better compounds can be obtained.

In a lead refinement paradigm, one relies on empiricisms that are sometimes
formalized in models such as QSARs and pharmacophores, or sometimes “en-
coded” in the mind of an experienced medicinal chemist. The compounds made in
a lead refinement experiment tend to be even more focused on a given region of
property space, and this may require different chemistries in order to access. The
types of structural modifications suggested to be beneficial may not however be
amenable to high-throughput chemistry, nor may the starting materials be available.

Of course, there may be factors other than efficacy that become increasingly
important at this stage, including selectivity and bicavailability. Also, the leap from
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Figure 6. An illustration of lead refinement where new analogue compounds
{squares) are specifically made from a knowledge of structure-activity to obtain the
best properties. Optiverse compounds are represented by stars and ChemSpace
structures by diamonds.

in vitro to in vivo systems often occurs here, which in itself can have a profound
effect on the types of compounds designed and indeed the directions of the research
project. Thus, since the numbers of compounds will typically be smaller at this step
and may involve a number of distinct synthesis routes; lead refinement may well
proceed via more conventional synthetic chemistry and not by means of high-
throughput synthesis methods.

We do not therefore foresee combinatorial chemistry or other variants of high-
throughput chemistry as a method universally to displace more conventional
“round-bottom flasked” chemical synthesis. Both have a role to play in the discov-
ery of new drugs. As far as molecular design is concerned, in a lead refinement
program emphasis generally moves away from the construction of libraries to the
modeling of individual molecules or molecular interactions.

VI. DESIGNED LIBRARY COMPARISON WITH CURRENT
DRUGS

We have asserted that explicit design of compound libraries will enhance one’s
ability to discover new leads of value in pharmaceutical and related research.
However, categorical proof of whether or not this is the case is difficult to present.
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Simply finding leads from HTS or other assays is insufficient evidence since it is
conceivable that almost any reasonably sized collection of compounds can yield
active compounds. Moreover, leads from a designed library can improve the
probability of finding bioactivity but will not necessarily give rise to compounds
of higher efficacy or in larger numbers than those from other libraries.

While proprietary leads with <10 nm activities in Optiverse have been detected
for client companies by Panlabs,’ the deliberate lack of bias in Optiverse towards
any specific target or therapeutic area makes it unlikely that the highest levels of
activity will be found.

Stated briefly, the Optiverse library has been designed utilizing available reagents
and reactions amenable to high-throughput synthesis, to produce structures that are
similar but not too similar (for patent reasons) to known drugs. Figure 7 shows two
distributions corresponding to comparisons between Optiverse and the Patent Fast
Current Drugs®' (shaded) and between Maybridge compounds*? and Current Drugs
(dotted line). Each distribution represents the Tanimoto similarities of the nearest-
neighbor compound in Optiverse or Maybridge to Current Drugs. It is evident that
the Optiverse/Current Drugs distribution is centered around 0.65 (indicating that
on average the Tanimoto similarity for an Optiverse compound to a Current Drug
compound is 0.65), while the Maybridge/Current Drugs distribution lies at ca. 0.50.

Since many of the compounds in Optiverse are based on Maybridge reagents
which are used extensively in many discovery research programs and not just as

Opt80k

— =— Maybridge
Related Analog

Percentage of compounds

00 02 03 04 05 0.6 07 08 09 1.0
Tanimoto coefficient

Figure 7. Similarity plot comparing the distribution of the nearest Optiverse com-
pounds to Current Drugs®' (shaded) and Maybridge®? compounds to Current Drugs.
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starting materials, it is evident from this plot that employing a rational design, such
as is used for Optiverse can result in libraries of compounds that are inherently more
drug-like in nature. We suggest, therefore, that such a library would have a higher
probability of finding new leads, not just in the therapeutic areas to which existing
drugs belong, but also in new areas. Also, we suggest that purely random libraries
of compounds, if such libraries exist, would likely yield fewer or perhaps no good
leads in screening. This assertion is based on the assumption that too many of the
compounds would contain molecular structures and have properties that would be
irrelevant to drug discovery.

The percentage of Optiverse compounds above the 0.85 neighborhood threshold
is around 0.5% (~400 compounds) which is a relatively small part of the library.
Arguably, one would not want to have too many compounds this similar to known
drugs for patent reasons, as stated earlier. This makes the Tanimoto range below
0.85 more interesting for the discovery of new leads since it suggests that Optiverse
compounds are sufficiently different to have exploitable properties. By inspection
of pairs of nearest neighbors in the range of 0.70-0.85 (~4000 compounds), we
find that structural differences fall roughly into two categories: molecules with the
same backbone structure but with different pendant groups attached, or molecules
have differing backbones but with the same pendant groups.

We consider that Optiverse compounds for which Tanimotos are <0.7 to the
Current Drug structures will have structural differences that are larger and more
significant. However, it should be noted that the structural building blocks that
define these Optiverse compounds are no different from many drug structures.
These differences arise largely from significantly different arrangement of func-
tional groups.

A final comparison study pulled four drug structures chosen from thousands of
possibilities from the database for which there were Optiverse neighboring struc-
tures with Tanimotos >0.7 using an arbitrary search query that specified that the
drug structures should contain two or more nitrogen atoms. These four comparisons
are given as examples in Figure 8. It should be stressed that the pairs of structures
in Figure 8 do not represent the most similar Optiverse/Current Drug pairs, though
they are representative of the types of structural similarity that corresponds to
Tanimotos in this range.

Clearly the structural similarity to a class III anti-arrhythmia compound devel-
oped by Searle®® is very high, differing only by a p-methoxy group, reflecting the
highest Tanimoto in Figure 8. It should be noted that the corresponding Optiverse
compound was made by a single-step amidation reaction, one of the simplest
Optiverse reactions. A subsequent scan of ChemSpace indicated that the actual
anti-arrhythmic compound was indeed part of the virtual library defined for
Optiverse and that the corresponding Optiverse compound in Figure 8 was chosen
as representative of the neighborhood. This implies that a follow-up lead explosion
study would have identified the Current Drugs-quoted structure. Discussions with
Searle chemists** who developed these compounds indicated, not surprisingly, that
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Figure 8. Examples of four “typical” drug/Optiverse comparisons for Tanimoto
coefficients in the range 0.70 to 0.90.

they had indeed made the Optiverse compound as part of their anti-arrhythmic
research and that it too was active, which indicates that the neighborhood principle
using 2-D fingerprints is valid for at least some of these anti-arrhythmia compounds.
This was also evident from their issued patent.*?

Vil. CONCLUSIONS

A library design process used in association with high-throughput chemistry and
HTS sets out to make knowledge- and experience-based decisions regarding the
selection of compounds. In each of the lead discovery, explosion, and refinement
paradigms, an efficient and effective design, using good estimates of important
properties, allows us to look at a far greater number of potential molecules than it
is possible to synthesize. In essence, a good design process should set out to bias
the selection of compounds towards those that are appropriate for screening, taking
into account synthetic limitations. We assert therefore that compound library design
is an essential component that must not be overlooked in any high-throughput
experiment which seeks to facilitate the progression from lead discovery to clinical
candidates.
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All too often in lead discovery programs we have to begin the search for bioactive
compounds with little knowledge of the target and perhaps only past experience,
derived from other targets, to guide us. High-throughput screening and synthesis
methods allow us to make and test many more compounds, respectively. These large
arrays of compounds though are almost infinitesimal in comparison with the
number of compounds that could be made, even using available reagents in
conjunction with reaction protocols already amenable to high-throughput synthesis.

With no prior target information, we ideally want to start our search for bioac-
tivity by considering as wide a range of relevant properties as possible. Therefore
there is a very real need in a lead discovery program to be as selective as possible.
We need to choose a sufficient number of compounds to sample desirable ranges
of chemical properties. Molecular diversity is not the only issue in this selection
process. We also have to ensure that the compounds contain useful and relevant
structural information and that compounds are not too similar to each other to avoid
over-sampling in localized areas of property space. These factors are key to the
designs of the Optiverse and LeadQuest libraries and should in our opinion be part
of any library design process.

Once a lead is found, we have to focus in our search of property space as rapidly
as possible to understand structure—activity relationships and perhaps build phar-
macophore maps. To do this, we need to design more compounds to explore ranges
of properties centered around our lead. This explosion of compounds is a knowl-
edge-gathering process which, when the compounds are tested, should increase the
understanding of bioactivity. By application of the neighborhood principle to
eliminate similar molecules, any molecules selected for synthesis will likely have
several hundred or a thousand similar structures that are stored in a virtual library.
These often represent an ideal starting point for lead follow-up.

Lead explosion and other directed synthesis methods may uncover better com-
pounds, but these may not be the best. Further lead refinement may be necessary,
more likely using chemistries that are less amenable to high-throughput methods,
to design compounds which will enhance the properties still further. This activity
still lies firmly in the domain of conventional medicinal chemistry.
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ABSTRACT

A three-dimensional molecular mode] of the human thrombin receptor (TR; PAR-1),
a member of the seven-transmembrane G-protein-coupled receptor (GPCR) superfa-
mily of glycoproteins and the first GPCR to have a tethered-peptide ligand (ref. 7),
was constructed by using de novo computer-based modeling techniques. Because of
numerous shortcomings associated with the use of the bacteriorhodopsin template for
building GPCR models, we employed an alternative modeling strategy involving
GPCR alignment and topological properties, as first described by Moereels (ref. 10).
To initiate assembly of the seven-helix bundle for PAR-1, we relied on specific,
conserved residues in the transmembrane (TM) domains, which in this instance are
Asn-120 in TM1, Asp-148 in TM2, and Asp-367 in TM7. The side chains of these
residues then comprise a hydrogen-bonding network that orients the three helices so
that they are properly positioned to interact with each other. The energy-minimized
three-helix bundle (TM1-TM2-TM7) served as a cornerstone for assembly of the
complete seven-helix bundle, through systematic addition of TM3 through TM6
involving suitable orientation followed by limited translation, rotation, and tilting.
The three extracellular (EC) loops were added to the energy-minimized, seven-helix
construct via loop-search routines, and the disulfide bridge between two GPCR-con-
served cysteines on loops EC1 and EC2 was formed using the protein manipulation
software program SCULPT. Finally, part of the extracellular N-terminus, from Tyr-95
(at the extracellular end of TM1) to Asn-75, was attached to the receptor. The known
structure—activity relationship surrounding the thrombin receptor agonist peptide
motif SFLLRN, coupled with the results from our receptor-based, site-directed
mutagenesis, were used to define and enhance our computer-generated, energy-mini-
mized models of the ligand-bound thrombin receptor. We examined the acidic
residues in the three extracellular loops (seven total: D167 and E173 in EC1; E241,
D256, E260, and E264 in EC2; and E347 in EC3) to identify electrostatic interactions
that could account for the ammonium N-terminus and/or the Arg residue of SFLLRN.
When both EC1 acidic residues were mutated to Ala, there was no change in receptor
functional responses. However, when all four acid residues in EC2 were mutated to
Ala, there was a significant reduction in receptor activation in the presence of
thrombin or agonist peptide. When the single acidic residue in EC3 was mutated to
Ala, reduced functional activity was also observed. Contrary to published observa-
tions (refs. 20 and 24), we were unable to find an important role for Glu-260 (E260A
mutant TR), whereas replacement of Asp-256 (D256A mutant TR) had a significant
effect on receptor function, especially in response to the TR-agonist peptide
SFLLRNP-NH; (TRAP-7). Our mutagenesis work also confirmed the importance of
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the peptide triad Asn-120/Asp-148/Asp-367 (viz. refs. 10 and 18) and the C-175/C-
254 disulfide bridge (viz. ref. 25) in receptor function. On the basis of our studies,
we suggest that the ammonium group at the N-terminus of the peptide ligand interacts
with the carboxylic acid side chain of Glu-347, at the extracellular surface of TM7,
and that the aromatic ring of the ligand’s critical Phe residue binds within a hydro-
phobic pocket on the receptor defined by the side chains of Phe-182, Leu-340,
Tyr-337, and Phe-339.

I. INTRODUCTION

The G-protein-coupled receptors (GPCRs) represent a large superfamily of cell-
surface glycoproteins that are activated by diverse small and large molecules,
including biogenic amines, peptides, and proteins; moreover, such receptors are
responsible for the action of a wide variety of drug molecules.! Although the
three-dimensional (3-D) structure of a GPCR in the presence of its endogenous
ligand could be a valuable tool for drug design, experimental structures for these
membrane-bound proteins are virtually unknown, for obvious reasons. Given the
current inadequacies of X-ray crystallographic and NMR techniques for the struc-
tural analysis of GPCRs, computational methods have emerged as the principal
alternative.

Molecular modeling of a GPCR comes under the aegis of a protein-folding
problem, where the final structure happens to be membrane-bound. Such protein
structures are characterized by a recurrent helix—loop—-helix motif with seven
transmembrane-spanning regions, presumably assembled in a seven-helix bundle
topology. This view has been supported by the only available three-dimensional
structures for seven-helix transmembrane proteins, those of bacteriorhodopsin
(1BRD),? the atomic coordinates of which define seven helices without loops, and
of halo-rhodopsin.>*® Both of these receptors are retinal-binding, photoresponsive
proton pumps whose structures were solved with substantial difficulty by electron
cryomicroscopy (resolution of ca. 7-9 A). In a recently refined structure of
bacteriorhodopsin (2BRD),* having a resolution of 3.5 A, one helix (helix D) was
moved toward the cytoplasm by nearly 4 A compared to the earlier set of coordi-
nates (1BRD). Although this newer model provides an improved template for
studying how retinal docks into the protein, it departs significantly from the earlier
complex.

For several years, many types of GPCRs have been computationally modeled on
the basis of the low-resolution 1BRD structure, despite fairly poor protein sequence
homology (under 20%) between bacteriorhodopsin and diverse GPCRs within the
superfamily. Most of these cases have involved the construction of biogenic amine
receptors,5 the largest and most well-studied subfamily of GPCRs. From site-
directed mutagenesis, chimeric mutagenesis, and fluorescence labeling, the small
organic ligands for these receptors have been found to bind within the transmem-
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brane (TM) regions and, for the most part, not to interact directly with the
extracellular (EC) surfaces of the receptors. In fact, most published 3-D models of
biogenic amine receptors do not possess the connecting loops between the helices
nor the N-terminal extension that precedes transmembrane helix one (TM1). On
the other hand, GPCRs that have peptides as their natural ligands are more likely
to involve extracellular surfaces, at least in their initial binding modes. In fact, a
key role has been demonstrated for the extracellular domains of GPCRs, the
N-terminal extension, and the three loops in binding and activation with endo-
genous peptide ligands.®

Others have used both the electron microscopy structural data for rhodopsin®
and models of human rhodopsin®®* as templates for constructing GPCR models. In
1995, Herzyk and Hubbard*® constructed a template for thodopsin that they claimed
could be used as a starting point for the development of other GPCR models. This
rhodopsin template was generated by using a set of geometrical and structural
restraints derived from both experimental and theoretical data. The experimental
data, which included 2-D information from the electron microscopy and neutron
diffraction studies on rhodopsin, were used to identify the locations and tilts of the
helices in the seven-helix bundle. The theoretical data, which included multiple
sequence alignments and calculations of periodicity in hydropathy, were used to
determine the orientations of the helices with respect to the facing of side chains
either towards the outside lipid-exposed face or towards the inside buried face.
Additional experimental and theoretical constraints were used as input for the
generation of their initial model. This model was then refined by using a combined
simulated annealing/Monte Carlo optimization technique to create a family of
configurations of helices. This family was then analyzed further, helices were
assigned to their 2-D images from the projection maps, and the different groups of
restraints were applied to the model. They applied their methodology to the
bacteriorhodopsin sequence, and found that the rms deviation between the resulting
model and the EM structure for bR was 1.8 A.

In summary, the rule-based techniques of Herzyk and Hubbard®® allowed for the
construction of a model or structural template that could serve for the modeling of
other GPCRs. This template, however, is not currently available through public
databases, so it has proved difficult to assess the quality of a thrombin receptor
model built according to this structural model. Furthermore, as the authors suggest,
the quality of the final GPCR model built with their methodology is highly
dependent on the availability of experimental and theoretical restraints. The authors
a]lude to the mutagenesis data available for bR and rhodopsin, where the mutations
directly affect the spectral characteristics of the ligand retinal. By contrast, muta-
tions in most other GPCR systems have only indirect effects on the respective
ligands. Nonetheless, Du et al.>3used the rhodopsin model of Herzyk and Hubbard
to construct a model of the human neuropeptide Y1 receptor, the coordinates of the
rhodopsin template being personally provided to Du by Herzyk.
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Baldwin and Schertler’® also constructed a template for the transmembrane
helices in the rhodopsin family of GPCRs. Their model was derived from alignment
information on some 500 sequences in the rhodopsin family. Their helix packing
rules were derived from the 3-D density maps of frog rhodopsin determined by
electron cryomicroscopy. Since neither the Herzyk/Hubbard® nor the Bald-
win/Schertler models are publically available for comparison, it is not clear what
the differences are between them. One notable point of controversy between the
two studies lies in the helix packing between TM regions 1, 2, and 7. There are three
conserved amino acid residues, one from each of these regions, the side chains of
which are proposed to be in close proximity to each other. A direct interaction
between two of these residues was experimentally supported for the GnRH recep-
tor.'® Du et al., who utilized the Herzyk-Hubbard™ template in their study of the
neuropeptide Y1 receptor, support these interhelical interactions and claim that
Asp-86 of TM2 and Asn-316 of TM7 lie adjacent to each other in their model.
Baldwin and Schertler, however, do not observe this analogous interaction in their
rhodopsin-family template. They noted that the a-carbon positions for the con-
served Asp in TM2 and Asn in TM7 are too far apart (10.4 A) for there to be any
hydrogen bonding between the side chains of these residues. They also question
the experimental findings for the GnRH receptor that support the direct interaction
between the Asp in TM2 and the Asn in TM7, and suggest that the mutational
findings reported by Zhou et al.!® must be attributable not to hydrogen bonding
between the side chains, but to a more complex network of other interacting
side chains. Given this controversy between the two rhodopsin templates, it is
difficult to say whether or not they would serve as a worthwhile basis for the
construction of new GPCR models. Only when the experimental coordinates
for the high-resolution structure of rhodopsin become available will this con-
troversy be settled.

We have been interested in the thrombin receptor (TR, PAR-1), a novel type of
GPCR that mediates the cellular actions of o-thrombin, a trypsin-like serine
protease important in blood coagulation and hemostasis. The thrombin receptor is
particularly notable because of its activation by proteolytic cleavage of an unusually
long extracellular N-terminal peptide chain, between Arg-41 and Ser-42, to expose
a new N-terminus that bears the agonist motif SFLLRN (TR 42-47; human se-
quence) (Figure 1).”® Thus, the thrombin receptor is the first GPCR identified that
is activated by a protease (protease-activated receptor 1, or PAR-1) and that has an
intramolecular mechanism of ligand activation, via a “tethered-peptide” epitope.
There are now two other members of this class of GPCRs: protease-activated
receptor 2 (PAR-2),” which can be activated by trypsin and possesses the N-termi-
nal recognition sequence SLIGKV (human; SLIGRL in mice) and protease-acti-
vated receptor 3 (PAR-3), which is a second thrombin receptor and possesses the
N-terminal sequence TFRGAP (human).*® Because of the significant role expected
for the extracellular loops and the N-terminal extension in binding of the peptide
ligand, incorporation of these domains is crucial for constructing a ligand-receptor
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Figure 1. Diagram of the human thrombin receptor, viewed edge-on, showing the
sequence around the proteolytic cleavage site (LDPR-SFLLRN) in the long extracellular
amino-terminus and the seven transmembrane domains (TM1-TM?7).

3-D model for the first-known thrombin receptor (PAR-1). To accommodate the
positioning of the helices toward or away from the cytoplasmic side of the receptor,
which would directly affect the positioning of the extracellular loops with respect
to each other, we needed to develop a receptor model that addressed the packing
and tilting of helices in an initial seven-helix bundle assembly. Subsequent elabo-
ration resulted in a model containing the extracellular loops with a key disulfide
bridge, a significant part of the N-terminus, and an agonist hexapeptide ligand. This
paper presents our computational and mutagenesis studies directed toward estab-
lishing a useful 3-D working model of the ligand-bound thrombin receptor (PAR-1).
As a consequence, we were able to identify some intermolecular interactions that
may contribute to activation by the tethered ligand domain, ultimately leading to
thrombin receptor-mediated signal transduction.

1. CONSTRUCTION OF A WORKING MODEL OF PAR-1

A. Model-Building Strategy and Assembly of the Seven-Helix Bundle

Initially, we attempted to build a 3-D homology model of the transmembrane
regions of the human thrombin receptor from the structure of 1BRD, which is
available from the Brookhaven Protein Database. Unfortunately, the suboptimal
placement of several amino acid side chains resulted in severe deviations from
structural standards for membrane-bound receptors with a seven-helix bundle
topology (Figure 2). For example, carboxylate and ammonium groups on amino
acid side chains at a mid-helix location were directed into the membrane, rather
than toward the inside of the helix bundle, and the hydrophobic packing between
some helices was either poor or nonexistent.
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Figure 2. End-on view of the GPCR seven-helix bundle topology, showing the
counterclockwise (left) and clockwise topologies, with the helices assembled in
sequential order.

Therefore, we opted to employ a de novo GPCR modeling strategy, via a
methodology originally developed by Moereels'” and applied to the construction
of a very reasonable model of the 5-HT2 (serotonin-2) receptor. This approach,
which diverges from the bacteriorhodopsin-based homology modeling used by
many other researchers, relies on specific, conserved residues in the transmembrane
(TM) domains, referred to as “receptophores”.!® Three key residues, drawn from
the set Asp, Glu, Asn, and Gln are present in TM1, TM2, and TM7, and are aligned
such that the carboxylate and amide side chains comprise a hydrogen-bond network
for holding the three helices together. For the thrombin receptor, these residues are
Asn-120 in TM1, Asp-148 in TM2, and Asp-367 in TM7 (Figure 3). The energy-
minimized three-helix bundle (TM1-TM2-TM?7) forms a cornerstone for con-
structing the ultimate seven-helix bundle of the GPCR. After the TM1-TM2-TM7
triad is assembled, the seven-helix bundle is arrived at by systematically adding
TM3 through TM6 with minor reorientation and energy minimization. When
viewed from the extracellular surface, the helices that comprise the seven-helix
bundle were added sequentially to the TM1-TM2-TM?7 triad to generate a coun-
terclockwise arrangement. Although it is not known for sure whether this counter-
clockwise disposition of helices exists in GPCRs, it has been widely accepted as
the most probable. In this vein, Kontoyianni et al.! constructed models of the B,
adrenergic receptor and proposed two general bundle classes-—a clockwise and a
counterclockwise model. They claimed that both models were consistent with most
available experimental data, but that their clockwise model better explained the
stereoselective ligand binding data. However, Schwartz and coworkers!? pointed
out that, although the cryomicroscopy structures of bacteriorhodopsin and rhodop-
sin do not reveal definitively the clockwise versus counterclockwise nature of the
seven helices in a given bundle, much evidence favors the counterclockwise
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Figure 3. Key hydrogen-bonding network between side chains of the GPCR-con-
served amino acids: Asn-120 (TM1), Asp-148 (TM2), and Asp-367 (TM7) for human
thrombin receptor.

arrangement. They cited the work of several research groups, primarily predicated
on reciprocal mutational studies, in support of both the spatial proximity of
GPCR-conserved residues in transmembrane regions that are presumed to face each
other and the counterclockwise orientation of helices one through seven. In our
studies on PAR-1, we adopted this counterclockwise arrangement of the helices.
Protein sequence alignments of the transmembrane regions within a GPCR
subfamily containing the thrombin receptor from human and other species (ham-
ster,!” rat,!* X. laevis,'> and mouse'®) revealed the conservation of key amino acids
inTM1, TM2, and TM7: Asnin TM1, Aspin TM2, and Asp or Asnin TM7, allowing
for assembly of the cornerstone (Figures 46, alignments). Recently, Moereels et
al.'’ identified 10 conserved key residues distributed throughout the transmembrane
regions and loops in a GPCR subfamily of 113 neurotransmitter and opioid
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receptors. Since these amino acids were conserved throughout a large subfamily of
the GPCRs, they were deemed important for architectural and structural reasons.
Two of the amino acids included in this classification are Asn in TM1 and Asp in
TM2. The TM7-conserved Asp (Asn in the thrombin receptor family), although not
included in the Moereels’ classification scheme, is present in many other peptide—
ligand GPCRs. Weinstein and coworkers'® have experimentally validated the spatial
proximity of such GPCR-conserved residues in TM2 and TM7 in reciprocal
mutation studies. The conserved Asn and Asp residues in TM2 and TM7 of the
GnRH receptor were found to interact with each other, presumably with their side
chains arranged in a hydrogen-bonding network that holds the two helices together.
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Figure 4. Amino acid sequence alignment of thrombin receptors and PAR-2s from
different species along TM1, intracellular loop 1 (IC1), TM2, extracellular loop 1 (EC1),
TM3, and IC2, with the highly conserved “recepto-phore” residues. Legend for amino
acid color-code: blue = basic, including histidine; red = acidic; orange = hydroxyl-
bearing; glutamine, and asparagine; white = aliphatic hydrophobic, glycine, and
methionine; green = phenylalanine, tyrosine, and tryptophan; yellow = cysteine;
magenta = proline.
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Figure 5. Amino acid sequence alignment of thrombin receptors and PAR-2s from
different species along TM4, EC2, and TM5. (See caption to Figure 4 for more details.)

Although the GnRH receptor contains a conserved Asn in TM1, this TM1 residue
was not included in Weinstein’s study.

Our mutational studies with this helix triad of the thrombin receptor focused on
key amino acids in TM1, TM2, and TM7 to explore the possibility for spatial
proximity of Asn-120 in TM1, Asp-148 in TM2, and Asp-367 in TM7 (Figure 7
and Table 1). When Asp-148 in TM2 was mutated to Ala, a loss in receptor function
occurred for both treatment with thrombin or the agonist peptide SFLLRNP-NH,
(TRAP-7), possibly due to disruption of a hydrogen-bond network involving
Asp-148, Asn-120, and Asp-367. However, when Asp-148 was mutated to Asn,
wild-type receptor activity was observed with thrombin or TRAP-7. In this case,
the amide-containing side chain of Asn could compensate for the carboxylic acid
side chain of Asp, while participating in a hydrogen-bonding network. The Ala
mutation for the Asn-120 residue in TM1 caused changes in receptor activity that
paralleled those observed for the TM2-conserved residue in that there was a loss in
receptor function in the presence of both thrombin and TRAP-7. The effect of the
N120D mutant was not nearly as substantial as that of the N120A mutation, causing
only a minor decrease in thrombin receptor activation in the presence of both
agonists. Similar mutations in the TM7 area included D367A, which caused the
same reduction in receptor activity that was noted for the TM2 mutant, and D367N,
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Figure 6. Alignment of thrombin receptors and PAR-2’s along TM6, EC3, and TM7.
(See caption to Figure 4 for more details.)

which retained wild-type activity. The double mutant D148N and D367N also
caused a loss of receptor function. These results support a requirement for at least
one acidic residue in the hydrogen-bonding network, similar to the findings of
Weinstein.'® Disruption of this network by individual Alareplacements also caused
a loss of receptor function. Our results, coupled with those of Weinstein,'® support
the spatial proximity of Asn-120, Asp-148, and Asp-367, probably amidst a
hydrogen-bonding network, and establish a foundation for de novo thrombin
receptor model building, a la Moereels.!%17

From a procedural standpoint, the start and stop residues of each of the seven
helices was first identified by hydropathy analysis by using Kyte-Doolittle'®
hydropathy indices. Each of the seven helices was then built individually, essential
hydrogens were added, and the peptides were minimized with the Kollman United
Atoms force field within the Sybyl software suite (Tripos Associates, Inc.). Typi-
cally, steepest descent was used initially as the minimization method (25-50
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Figure 7. Spatial arrangement of the GPCR-conserved amino acids Asn-120 (TM1),
Asp-148 (TM2), and Asp-367 (TM7).

Table 1. Receptor Mutagenesis Data (WT = Wild-Type Activity)

Calcium Efflux Calcium Efflux
Mutants ECsy (Thrombin, nM) ECsy (SFLLRNP-NH,, uM)
Wild-Type Receptor 0.01-0.1 0.1
N-Terminus
K76A WT WwT
P79A WT WT
K82A WT WT
P85A WT WT
F87A WT WT
188A >10 >4
S89A WT >40
S93A WT WT

(continued)
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Table 1. (Continued)

Calcium Efflux Calcium Efflux
Mutants ECsq (Thrombin, nM) ECsy (SFLLRNP-NH,, uM)
L96A WT 1-10
Y95A WT WwT
T97A WT WT
D9IN WT WT
EC1
D167A/E173A WT 0.1-1.0
EC2
E241A/D256A/E260A/E264A >1.0
E241A 0.1-1.0 0.1-2.0
D256A 0.1-1.0 >40
EC2
N259A >1.0 >2.0
N259P 0.1-1.0 >2.0
E260A WT 0.1-2.0
E264A WT wT
EC3
E347A 0.1-1.0 >50
E347S 0.1-1.0 >40
E347Q >6 >40
TM2
F182A WT WwT
TM6
L340A WT WT
Y337A WT >2
F339A WT WwT
TM2/TM6
F182A/Y337A >10 >40
Disulfide Bridge
C1755/C2548 >10 >40
C175S 1.0 >40
C2548 >10 >40
H-Bond Network
TM1 N120D WT ' WT
TM1 N120A 0.2-0.4 >40
TM2 D148N WT WwT
TM2 D148A >10 >40
TM7 D367N WT WT
TM7D367A >10 >40

TM2/TM7 D148N/D367N 1.0 2.0
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iterations), followed by the conjugate gradient minimization method, until the
minimum energy change between iterations was 0.001 kcal/mol. Helices one, two,
and seven of the thrombin receptor were placed in three separate Sybyl work areas
and a model of the serotonin-2 (SHT2) receptor (atomic coordinates supplied by
H. Moereels) was placed in a fourth work area. Then, helices one, two and seven
of the SHT?2 receptor were overlaid with the same helices of thrombin receptor, so
that the three conserved amino acids of thrombin receptor, Asn-120, Asp-148, and
Asp-367, were fit to the corresponding conserved amino acids of the SHT2 receptor,
Asn-92, Asp-120, and Asn-376. This alignment routine allowed for proper orien-
tation of these architecturally important building blocks within the protein, such
that the side chains of these complementary residues could interact with each other
in a hydrogen-bonding array. Before merging helices one and two, the remaining
groups along the helical axes were inspected in 3-D, and the helices were moved
and rotated as necessary to relieve unfavorable interhelical steric interactions, while
retaining the hydrogen-bonding network between Asn-120, Asp-148, and Asp-367.
After helices one and two were merged and energy-minimized, helix seven was
merged to the helix 1,2 ensemble to provide the starting TM 1,2,7 cluster, which
was again energy-minimized. The remaining helices were then attached, one at a
time to the nucleus of TM 1,2,7 triad (in the order: TM3, TM6, TMS, TM4) with
limited manipulation (translation, rotation, tilting) to achieve optimal interhelical
contacts. Each helix was manipulated to attain maximal hydrophobic packing of
the aromatic and aliphatic side chains of the helices and to avoid strongly unfavor-
able steric situations. Polar groups were made to point inwards toward the core of
the helix bundle, unless they were situated at the ends of the helices, where they
could interact, at least hypothetically, with phospholipid head-groups at the mem-
brane surface. The predominant forces that held the helices together were hydro-
phobic packing between aromatic and aliphatic side chains. This furnished a
seven-helix bundle topology related to that presented in Figure 2.

B. Addition of the Extracellular Loops

With the seven-helix bundle construct in hand, we turned our attention to
incorporation of the three extracellular (EC) loops. The cytoplasmic loops were
disregarded because they would not be involved in molecular recognition between
the receptor and the SFLLRN ligand. Extracellular loop 3, the smallest of the three
EC loops, was added first via the loop-search routine in the Biopolymer mode of
Sybyl. The loop backbone choices found in the Brookhaven PDB were examined
in 3-D and selected on the basis of their fit to the overall protein structure. After the
side chains were added to EC3, some of them had to be rotated to avoid unfavorable
steric interactions with other parts of the protein. Then, the entire protein was energy
minimized. Extracellular loop 1 was then added, followed by EC2, and each time
the loop selection was made after analyzing the protein in 3-D. Side chains of amino
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acids in the loops that were less than 2 A away from other atoms in the protein were
rotated as needed, and the entire protein was energy minimized.

C. Formation of the Disulfide Linkage between EC1 and EC2

A disulfide bridge between extracellular loops one and two had to be incorporated
into our model. This disulfide bridge involved the two GPCR family-conserved Cys
residues that occur at the border of EC1 at the top of TM3 and in the middle of EC2.
In the thrombin receptor, these correspond to C175 (EC1) and C254 (EC2). The
SCULPT molecular modeling software package?® was used to manipulate these
two loops so that the Cys side chains could be brought into close enough proximity
to each other to form a disulfide bond. The starting distance between the Co carbons
of the two Cys residues was around 21 A, quite far from the optimal Ca~Co
distance of 5.5-6.0 A. Prior to formation of the disulfide bridge, the Sybyl-format-
ted protein structure was written out as a PDB (protein database) file for transfer to
the SCULPT environment. Within SCULPT, the entire protein was “frozen”, then
the residues that comprise EC loops 1 and 2 were “thawed”, thus allowing for
manipulation of each loop as a unit without breaking any covalent bonds. As the
loops were moved toward each other, the C175/C254 Ca—-Ca distance became
gradually shorter, approaching the optimal 6 A distance. While the loops were being
manipulated, the energy of the entire protein was continually updated to the screen
by the SCULPT force field, and high-energy shells were displayed on those regions
in which bad contacts were being generated, thus guiding the user through specific
movements of the loops. When near-optimal Co—Cot (5.6 A) and S-S (2.3 A)
distances were achieved in SCULPT, and the energy was —909 kcal/mol, the final
SCULPT structure was written out to a PDB file and read into SYBYL. The
disulfide bond was then formed in the Biopolymer mode within Sybyl, since
covalent bonds cannot be formed within the SCULPT environment; the resulting
structure was energy-minimized. The final structure from SCULPT was already
low in energy as measured by the Tripos force field (-1400 kcal/mol), although it
was further minimized using the Kollman United Atoms force field. The protein
required only 500 iterations of conjugate gradient minimization using the Kollman
United Atoms force field to achieve a minimum energy change of 0.001 kcal/mol
between iterations. The final energy in the Sybyl environment was —2520 kcal/mol.
Although the overall energy for the complex was relatively low, there were still
some violations of phi—psi space in regions around the conserved cysteine residues.
The complex required further relaxation with molecular dynamics to relieve these
constrained regions, which could have arisen from the loop pulling during the
SCULPT manipulation.

D. Mutational Analysis and Addition of the N-Terminal Extension

The extracellular N-terminus of the thrombin receptor has been demonstrated to
be important for the binding of the endogenous, tethered peptide-ligand,
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SFLLRN.! The cleaved human thrombin receptor has an extracellular N-terminus
of approximately 55 amino acids (before the beginning of TM1 and up to the
SFLLRN motif). Given also the key role of the extracellular epitopes in other
peptide—ligand GPCRs, we were interested in examining the role of the N-terminus
of the thrombin receptor, in addition to its extracellular loops.

The analysis of chimeras of the human and Xenopus laevis thrombin receptors
demonstrated the significance of the extracellular domains.!> The tethered-ligand
agonist motif for Xenopus receptor, TFRIFD, is quite different from the motif of
the human thrombin receptor, SFLLRN. This difference is responsible for the
specificities of the agonist peptides on their respective receptors, and was exploited
to gain valuable information about the localization of the binding site for SFLLRN.
In these studies, ° epitopes from the amino terminus and all three extracellular loops
of the Xenopus receptor were substituted with the corresponding sequences from
the human thrombin receptor. This chimera, in which the Xenopus thrombin
receptor’s entire extracellular surface (all three EC loops and the N-terminus), were
replaced with the human thrombin receptor’s sequence, caused a 3 log potency gain
for SFLLRN and a 3 log loss for TFRIFD. Additional chimeric mutagenesis pointed
more specifically to the N-terminus and the second extracellular loop (EC2). Since
these changes contributed significantly to the changes in specificity observed for
the ligands with their respective receptors, we focused our 3-D-docking experi-
ments on the interface between the loop regions and the N-terminus, with some
involvement from the border regions between the loops and transmembrane do-
mains.

Given the functional importance of at least part of the N-terminal extension, that
closest to TM1, we decided to append the amino acid residues from Tyr-95 to
Asn-75. The Protein Build command in the Biopolymer mode of Sybyl was used
to attach this peptide epitope onto the protein in an extended conformation (with
the Biopolymer Conformation Set command). Individual bonds were rotated to
bring the N-terminal extension above the plane of the extracellular loops, thus
allowing enough space for the agonist peptide SFLLRN to dock within the extracel-
lular region between the loops and the N-terminus of the receptor.

After the model was assembled, SFLLRN was built in a “turn-like” geometry
(Biopolymer Conformation Set command; 3,, helix), again using the Protein Build
command within the Biopolymer mode of Sybyl. Both extended and turn geome-
tries were investigated for the docking of SFLLRN to the receptor, but the turn
geometry appeared to be superior, fundamentally on inspection and on the basis of
the correlation of site-directed mutagenesis results to our 3-D model.

At this point, we had assembled a preliminary model of the human thrombin
receptor that contained all three extracellular loops linked to the seven TM domains,
as well as the N-terminus out to residue 75. Docking studies with agonist peptide
SFLLRN, and additional mutagenesis experiments, were carried out in parallel.
Measurement of the effects of site-specific mutations in human PAR-1 identified
several key amino acids of the receptor as being important for activation (Table 1),
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and aided our understanding of the binding mode for the SFLLRN/thrombin
receptor complex. In addition, published studies describing the effects of chimeric
constructs between extracellular epitopes of human PAR-1 and human PAR-2%221:22
were utilized to refine our molecular modeling.

PAR-2 is also activated by cleavage of its N-terminal domain and its agonist
peptide sequence, SLIGKYV, is quite different from the human agonist peptide
sequence. Although SFLLRN can activate PAR-2, SLIGKV has little activity at the
human thrombin receptor.?? By analogy to the Xenopus/human thrombin receptor
chimera studies, these specificity differences can be exploited to learn more about
possible docking interactions of SFLLRN to the human thrombin receptor. The
work of Gerszten et al.!® with the Xenopus receptor, and subsequently of Lerner et
al.2? with the PAR-2 receptor, demonstrated that the entire extracellular face of this
GPCR subfamily of protease-activated receptors is responsible for activity and,
more specifically, that EC2 is a major determinant of agonist specificity. Earlier
studies with antibodies?> also showed that the extracellular domains are important
for receptor function.

E. Point Mutation of the Acidic Residues in the Extracellular Loops

The N-terminal ammonium group of SFLLRN that is revealed on proteolytic
cleavage is important for receptor activation. Systematic structure—activity studies
with thrombin receptor-activating peptides have pinpointed the critical components
of the side chains that furnish key information for modeling purposes.?* The
minimum sequence length is five amino acids (SFLLR): the Phe residue at position
2 is crucial for activity, while an N-terminal free amino group, a basic or aromatic
residue at position 5, and a bulky aliphatic residue at position 4 are moderately
important; and a p-fluorophenylalanine at position 2 yields agonist peptides with a
significant increase in potency.” Since chimeric mutagenesis has established that
the extracellular region of thrombin receptor is sufficient for agonist activity, we
examined the contribution of the acidic residues in the three extracellular loops of
the human thrombin receptor. We hoped to identify electrostatic interactions that
could account for both the ammonium N-terminus and the Arg residue of SFLLRN.
Seven acidic residues are distributed throughout the extracellular loops in human
PAR-1: two in EC1 (D167 and E173), four in EC2 (E241, D256, E260, and E264),
and one in EC3 (E347). When both EC1 acidic residues were mutated to Ala, there
was no change in receptor functional responses to either human o-thrombin or
SFLLRNP-NH, (Table 1). However, when all four acid residues in EC2 were
mutated to Ala, there was a significant reduction in receptor activation in the
presence of thrombin or TRAP-7. When the single acidic residue in EC3 was
mutated to Ala, reduced functional activity of the receptor in the presence of each
agonist was also observed. Results from these Ala replacements pointed to loops
EC2 and EC3 as potential agonist peptide binding loci.
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Further studies involving individual mutations of each of the acidic amino acids
in EC2 to Ala, showed that only Asp-256 had a major effect on the functional
response to agonist peptide (TRAP-7), with a modest response to thrombin itself
(Table 1). The E264A mutant behaved like the wild-type receptor in response to
both TRAP-7 and thrombin, E260A behaved like the wild-type receptor in response
to thrombin but was modestly affected in response to TRAP-7, and E241A was
modestly affected with both thrombin and TRAP-7. From these data, the most
notable amino acid is Asp-256, which is conserved in human, rat, mouse, and X.
laevis thrombin receptors, as well as in mouse and human PAR-2. Asp-256 is also
only two positions away from the GPCR family-conserved EC2 Cys residue, which
is presumably involved in a key disulfide bridge with a Cys in EC1 (Cys-175); the
Asp and Cys occur in the PAR family-conserved sequence ITTCHD. Alignments
of this subfamily of thrombin receptors against other peptide-ligand and biogenic
amine-ligand GPCRs revealed that, although this Cys is present in all receptor
protein sequences, the Asp is absent at this corresponding position in EC2 for all
GPCRs except thrombin receptors. This is encouraging in that conservation among
a small subfamily of GPCRs suggests a functional and/or binding significance for
a receptor epitope. Conservation among the superfamily of receptors, on the other
hand, is thought to confer architectural significance to the protein, like the con-
served cysteines comprising the disulfide bridge between EC1 and EC2.

The choice of negatively charged amino acids on the extracellular face of the
receptor that are potentially involved in an interaction with the Ser-42 ammonium
group was now narrowed down to either Asp-256 or Glu-347. This warranted
further single-point mutagenesis studies to select from these two acidic residues,
as well as an examination of alternative binding conformations for SFLLRN in our
model. When Glu-347 in EC3 was mutated to Gln, a dramatic reduction in receptor
function occurred for both thrombin and the agonist peptide. The E347A and E347S
mutations also caused a significant reduction in function. These data provide strong
support for an electrostatic interaction between the carboxylate side chain of
Glu-347, the only acidic residue in EC3 (at the end of TM7), and the Ser N-terminal
ammonium group of the ligand. We ruled out having just a hydrogen-bonding
interaction between the ammonium group and the carboxylate of Glu-347 because
Ser or Gln at position 347 were not adequate for receptor function.

Inspection of our 3-D model of the thrombin receptor suggested that the Glu-
347/Ser-42-NHj interaction is superior to one involving Ser-42-NH,;+ and Asp-
256 in EC2. This was partly because the disulfide bridge involving Cys-254 created
a constraint that anchored Asp-256 away from the junction between EC1 and EC2,
and away from the transmembrane interface (Figure 8). With SFLLRN in a
turn-type conformation, the Asp-256 side chain was pointed towards the N-terminal
extension in the receptor model. This important acidic residue might interact
directly with a basic side chain within a segment of the receptor N-terminal peptide.
However, since alanine mutations for Lys-76 or Lys-82 yielded receptors with
wild-type behavior, these amino acids apparently do not interact with Asp-256.
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Figure 8. Disulfide bridge between EC1 and EC2 involving Cys-175 and Cys-254.

Further Ala scanning of the basic amino acids in the receptor N-terminal portion
(e.g. Arg-70) may help to address this issue.

It is noteworthy that the E260A mutant thrombin receptor behaved like wild-type
receptor in the presence of thrombin, and nearly so with the agonist peptide. Thus,
this residue was discarded as a meaningful interacting group with the agonist
peptide. By contrast, Nanevicz et al.?® identified Glu-260 as an important amino
acid and proposed that the Glu side chain could interact as a counterion with the
terminal ammonium group of Arg-46 of the agonist peptide. Their studies also
revealed that SFLLEN did not interact with the wild-type human thrombin receptor.
In contrast, when the E260R mutant receptor was tested in the presence of SFLLEN,
receptor function was restored. This complementarity supports an interaction
between Arg-46 and Glu-260; however, a possible role for the N-terminal ammo-
nium group of the agonist peptide was unfortunately not addressed.? Since the Arg
residue of SFLLRN can be effectively replaced by a nonbasic Phe residue (such as
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with the X. laevis peptide TFRIFD or SFLLF?®), a strong charged interaction is
apparently not required at this end of the agonist peptide sequence. Thus, the
importance of Glu-260 to agonist—receptor interaction is currently unclear.

F. Mutational Analysis of the Extracellular Disulfide Bridge between EC1
and EC2

In nearly all GPCRs, there are two conserved Cys residues, one preceding
transmembrane region three, and one preceding transmembrane region five; occur-
rence in these locations would place the Cys residues within EC loops 1 and 2. It
has been postulated, and even experimentally validated for certain GPCRs,”’ that
these two conserved cysteines are covalently bonded through an intramolecular
disulfide bridge. The incorporation of a disulfide bridge between these two EC
loops would conformationally constrain this region of the receptor and provide a
more appropriate 3-D model for ligand docking studies.

We sought to validate this proposed disulfide bridge for the thrombin receptor by
replacing Cys-175 and Cys-254 with serine residues to give the double mutant
C1755/C254S and the single mutants C175S and C254S. Functional activity, as
measured by calcium efflux, was altered in the case of the double mutant
C1755/C254S for thrombin or SFLLRNP-NH, as agonists (Table 1), suggesting
some disruption of the loop geometries leading to a reduction in activation in the
absence of the bridge constraint. In addition, the calcium efflux activity was reduced
for the single mutant C254S with each agonist. However, in the case of the single
mutant C175S, the reduction in calcium efflux activity was observed only with
TRAP-7 and not with thrombin itself. This wild-type activity observed for the
C175S mutant receptor in the presence of thrombin is puzzling. Nonetheless, the
other supporting data for the importance of the disulfide bridge between loops EC1
and EC2 are very encouraging, and recommend incorporating this feature into the
3-D model.

G. Site-Directed Mutagenesis Procedures

A cassette-replacement approach was used to facilitate the introduction of amino
acid mutations at various sites of the thrombin receptor. First, unique endonuclease
restriction enzyme sites were generated at several positions within the thrombin
receptor cDNA by mutating the nucleotide sequences. Second, the polymerase
chain reaction (PCR) with primers encoding for the desired mutations was used to
generate the cDNA cassette with the appropriate endonuclease restriction enzyme
sites for replacement of the wild-type sequence. The locations for the introduction
of the sites were chosen based on two requirements. They needed to be at or near
regions of the cDNA sequence that codes for amino acids at junctions of transmem-
brane domains and extracellular loops. Also, introduction of the sites did not alter
the amino acid sequence of the protein. The site-directed mutagenesis method of
Kunkel et al.?® was used to introduce the mutations required for generating the
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endonuclease restriction sites. The presence of the mutation and the fidelity of the
substituted region were confirmed by sequence analysis of both strands of the
cDNA.

The effects of the mutations on functional responses were determined on throm-
bin receptors that were expressed in Xenopus oocytes. Agonist-stimulated calcium
efflux with human o-thrombin (10 nM) and SFLLRNP-NH, (40 uM), as described
previously,”? was employed to determine the functional responsiveness of the
receptor.

Expression levels of the mutant thrombin receptors were determined in tran-
siently transfected COS cells by assaying the level of surface expressed thrombin
receptors by FACS analysis, usually for mutant receptors that showed a significant
diminution of function. COS cells were transfected by calcium phosphate—-DNA
co-precipitation®® with 10 ng of DNA. The transfected cells were analyzed by FACS
48 h after transfection. A monoclonal antibody specific for the amino terminal
region was used as the primary antibody to detect thrombin receptors present on
the surface of the cells.>! A FITC conjugated goat anti-mouse IgG was used as a
secondary antibody. Expression levels of the mutant receptors were determined
relative to expression levels of wild-type controls. Expression-level data (% of
control) for some of the mutant receptors are listed in Table 2 (wild-type thrombin

Table 2. Relative Expression Levels of Mutants as Measured
in Transiently Transfected COS Cells

Mutants Expression (%)
Wild-type receptor 100
Vector control 3
P8SA 80
I88A 100
S89A 100
L96A 100
N120A 50
DI148A <10
C1758 80
F182A 92
C254S 48
D256A 100
Y337A 100
E347A 100
D367A <10
C1758/C254S 72
D148N/D367N 80

F182A/Y337A 100
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receptor = 100%; vector control = 3%). Attempts to quantify thrombin receptor
expression levels in oocytes were unsuccessful. Therefore, relative expression
levels of the mutant thrombin receptors were measured in transiently transfected
COS cells.

I1l. LIGAND-RECEPTOR INTERACTIONS

A. Hydrophobic/Aromatic Pocket

Coincidentally, by aiming the peptide N-terminal amino group in our 3-D
ligand—receptor complex toward Glu-347, rather than Asp-256,32 we identified a
hydrophobic pocket as a possible component for interaction with Phe-43 in the
agonist peptide motif. This hydrophobic cluster involves residues Phe-182, Leu-
340, Tyr-337, and Phe-339 (Figure 9). Assignment of the stop and start residues for
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Figure 9. Hydrophobic cluster involving Phe-182 (magenta), Leu-340 (orange),
Tyr-337 (red), and Phe-339 (magenta) of the human thrombin receptor complexed
with the Phe residue (white) of the agonist peptide.
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the transmembrane helices, via Kyte—Doolittle hydropathy analysis,!” placed these
four residues near the tops of the respective transmembrane regions. Since the
peptide structure—activity relationship for SFLLRN indicates that Phe-43 is the
most critical element in the agonist peptide for agonist function,?*? it was crucial
to have an involvement of the benzene ring of the side chain with a recognition
domain in the receptor. The hydrophobic pocket was consistent with our imposed
conformation for bound SFLLRN—a bent conformation resembling a 3, helix,
since the extended structure had Phe-43 in an arrangement that could not suitably
reach the transmembrane cavity (the peptide just lies across the extracellular
surface). The extended conformation of SFLLRN is disfavored because it does not
allow interactions with any transmembrane amino acids, and might therefore not
be able disrupt interactions internal to the receptor that could propagate through the
membrane for signal transduction. Interactions solely with loop residues would
probably not be strong enough to cause the necessary helix shifts.

To test the hydrophobic cluster hypothesis, Phe-182, Leu-340, Tyr-337, and
Phe-339 were individually mutated to Ala, and the receptor functional activities of
the mutants were measured. Only one of these mutants, Y337A, showed any effect
on function, and that effect was seen only in the presence of agonist peptide, but
not with thrombin as agonist. However, the double mutant F182A/Y337A demon-
strated a marked reduction in functional activity with both thrombin and the agonist
peptide. This finding lends support to the existence of a hydrophobic region for
interaction with Phe-43. It may be that the Ala side chain for a single replacement
can still contribute a sufficient hydrophobic surface to the binding pocket, but that
such compensation is no longer possible when two aromatic side chains are
replaced.

B. Interactions of the N-Terminal Extension

A moderately important amino acid in the agonist peptide is Leu-45 in position
four (SFLLRN). This position seems to require a bulky, hydrophobic side chain.
Maintaining the two interactions already set up in the agonist peptide/receptor
complex, the terminal ammonium group with the Glu-347 carboxylate ion and the
Phe-43 benzene in the hydrophobic pocket, another docking interaction was
probed. With SFLLRN in a “turn-like” conformation, and with the electrostatic and
hydrophobic interactions already set up, Leu-45 seemed poised to interact with
Phe-87 of the N-terminal extension of the receptor. An Ala scan of the N-terminal
extracellular surface, however, revealed that the F87A mutant, behaved like wild-
type receptor in the presence of thrombin or agonist peptide. Only one Ala mutation
in the N-terminus, I88A, caused a dramatic reduction in receptor function with
thrombin and peptide agonist, possibly reflecting some contact between Leu-45
and the residue adjacent to Phe-87 in the N-terminus. During the course of our work,
Nanevicz et al.”® reported mutagenesis studies involving human/Xenopus thrombin
receptor chimeras. The human and Xenopus thrombin receptors respond only to
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their own agonist peptide motifs, SFLLRN and TFRIFD, respectively. These
workers found that merely two substitutions in the Xenopus receptor, a Phe for
Asn-87 in the N-terminus and a Glu for Leu-260 in EC2 (the homologous native
human amino acids), caused a switch in specificity to the human agonist. Although
our F87A mutational data do not validate our proposed Leu-45/Phe-87 interaction,
the I88 A mutant results from our laboratories and the N87F/L260E double mutation
results from Nanevicz et al.?® help to support a hydrophobic interaction of Leu-45
with a confined section of the N-terminus. The F87A mutant may still provide a
hydrophobic enough environment for the Leu-45 isopropyl group to maintain
agonist activity.

IV. CONCLUSION

We have constructed a three-dimensional theoretical model of the human thrombin
receptor (PAR-1) based on de novo modeling techniques involving computer—
graphical model construction in conjunction with site-directed mutagenesis. Our
modeling strategy was predicated on sequence conservation among the GPCR
superfamily and certain rules for helix—helix packing. The agonist peptide was set
to a turn-like conformation and docked into the receptor at a region which included
the extracellular loops, the receptor N-terminus, and the extracellular surfaces of
selected transmembrane helices. The disulfide bridge constructed between EC1 and
EC2 constrained the extra-cellular space such that binding orientations for the
agonist peptide were limited.

Manual docking operations and energy minimization led to a few hypotheses for
the binding of SFLLRN to the thrombin receptor. The model that was most closely
correlated with the results of site-directed mutagenesis experiments and functional
activity data involved two important interactions between the peptide and the
receptor. The first was the hydrophobic interaction of the SAR-critical Phe-43 of
the agonist peptide with the side chains of Phe-182, Leu-340, Tyr-337, and Phe-339.
The second was the electrostatic interaction of the N-terminal ammonium group of
the agonist peptide, also very important in the SAR profile, with Glu-347 in EC3.
Although the Arg-46 residue is also relevant, it did not appear to interact with any
charged carboxylate side chain in our model. This brought us to suppose that the
trimethylene segment of Arg-46, rather than its charged guanidinium group, might
be responsible for the loss of functional activity observed when the Arg residue is
replaced by Ala in the agonist peptide. This outcome is consistent with the
observation that replacement of Arg with Phe or citrulline substantially retains
agonist potency.?*

Overall, our results provide a working hypothesis for the molecular recognition
that occurs between the human thrombin receptor (PAR-1) and its agonist peptide
SFLLRN. Similar features may contribute to the interactions of the X. laevis
homologue of PAR-1 with TFRIFD and of human PAR-2 with SLIGKY, although
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future modeling studies are needed for an assessment of these systems. Such
structural information can be exploited to assist the design of novel peptide and
nonpeptide modulators of protease-activated receptors. In particular, given the fact
that thrombin-induced platelet activation and cell proliferation are important to
vascular disorders, such as thrombosis and restenosis, thrombin receptor antago-
nists are a prime drug discovery target.
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ABSTRACT

This review chronicles the strategies and hurdles encountered in farnesyl transferase
inhibitor drug discovery programs, with the major focus on substrate-based inhibitor
design. Recently reported enzyme structure studies and their potential impact on drug
design are also discussed. The anti-proliferative effect that FTIs exhibit in both
genetically engineered and human tumor cell lines suggest that this type of drug may
be efficacious in treating certain cancers.

I. INTRODUCTION

Following the discovery that the protein product of the ras oncogene is a substrate
for the enzyme farnesyl transferase (FTase), there has been considerable interest in
exploring the utility of an FTase inhibitor (FTI) in suppressing tumor growth. FTase
became an attractive target by virtue of biochemical studies which showed that of
several posttranslational processing steps, only farnesylation of Ras was absolutely
required for its biological activity.!~® The approaches taken to discover and optimize
FTIs are fairly representative of the strategy and tools available to pharmaceutical
research in the 1990s and include: screening sample collections and natural prod-
ucts; utilizing substrate-based inhibitor design; employing molecular modeling to
generate pharmacophore models and ideas about enzyme-bound inhibitor confor-
mation in conjunction with NMR and crystallography; and last but not least,
synthesizing single compounds and/or libraries of compounds for testing. In this
review we will be summarizing the strategies and tactics which resulted in the
identification of several classes of highly potent FTTs.

Il. BACKGROUND

Ras is part of a cell signal-transduction pathway relaying extracellular growth
signals to nuclear target proteins which are involved with transcriptional activa-
tion.”® Regulatory signaling is accomplished through a complex series of protein—
protein interactions spanning the region from the exterior surface of the cell
membrane to the nucleus. In order for Ras to function in the cell, it must be
associated with the cell membrane. Farnesylation of Ras allows the protein to
associate with the interior of the cell membrane, either through nonspecific lipid-
lipid association or via a specific interaction with a membrane-bound farnesyl



Farnesyl Transferase Inhibitors 275

protein receptor. Blocking Ras farnesylation renders the protein cytosolic, abrogat-
ing its biological activity.’

Ras is a member of the small-GTP binding protein family (molecular weight
~21,000); the Ras—GTP complex interacts with its effector proteins, e.g. the
threonine—serine kinase Raf,'®!! to propagate a growth signal. Ras—GTP is con-
verted to the inactive Ras-GDP form via interaction with the GTPase activating
protein (GAP).!>-16 Conversely, Ras—GDP is reactivated to its GTP-bound form by
nucleotide exchange factors (NEFs) in response to stimulated cell-surface growth
factor receptors.!”-2° Mutations in the Ras protein cause cellular transformation
(that is, acquisition of the properties of a cancer cell) and generally occur in regions
associated with GAP and nucleotide binding, impairing hydrolysis of GTP to GDP.
In this way Ras becomes constitutively activated; extracellular growth signals no
longer affect signaling through the Ras protein, and signaling through Raf is
unregulated.?! Since a fair percentage (30-35%) of human tumors harbor mutations
in the ras gene,”>” the use of an FTI to prevent Ras membrane association and
block ras-dependent tumor growth could have a significant impact on the disease.

Several major issues loomed at the outset of farnesyl transferase inhibitor
programs. In terms of biology, investigators needed to demonstrate growth inhibi-
tion by an FTT in ras-transformed cells in vivo, and to correlate this with the extent
of protein prenylation inhibition. Efficacy in suppressing ras-dependent tumors in
animal models needed to be demonstrated; a key point was whether tumor growth
could be blocked without significant toxicity to normal cells. With respect to
chemistry, suitable drug candidates needed to be discovered and developed. Perhaps
as a testament to the complexity of the problem, all of these issues continue to be
studied in some form. There has been, however, encouraging progress towards
obtaining a drug which inhibits tumor growth via farnesyl transferase inhibition.

Prenylated proteins have characteristic C-terminal sequences. For example, the
three allelic Ras proteins (H-Ras, K-Ras, and N-Ras) expressed in mammalian
tissues contain a C-terminal tetrapeptide which begins with cysteine, and ends with
either methionine or serine. This part of the molecule is referred to as the “CaaX
box” where C = cysteine, a = an aliphatic amino acid, and X = a prenylation
specificity residue. The first step in the posttranslational processing of Ras proteins
utilizes FTase and farnesyl diphosphate (FPP) to covalently attach a farnesyl group
to the cysteine thiol of the CaaX box. While subsequent processing events involve
proteolytic removal of the aaX tripeptide and methylation of the resulting C-termi-
nal carboxylate group, only the farnesyl modification is required for mutant Ras
proteins to associate with the cell membrane and transform a cell. 20

Alternative prenylation pathways also exist. The geranylgeranyl transferase
enzyme (GGTase) utilizes GGPP to preferentially transfer a geranylgeranyl group
to proteins possessing a CaaX box where X is leucine or phenylalanine; therefore
one of the prime determinants for farnesylation vs. geranylgeranylation lies with
the identity of the X residue. Selective inhibition of FTase vs. the closely related
GGTase was judged to be highly desirable, since the majority of prenylated proteins
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are geranylgeranylated, and fewer side effects might be realized with a selective
FTL

Upon the initiation of screening programs, a number of polycarboxylic acid
natural products such as zaragozic acid were found to be quite good inhibitors of
FTase. The mechanism of inhibition generally involved competition with FPP, but
not Ras, substrate. Since FPP is also utilized by many other enzymes, a decision
was made early in our program to pursue Ras-competitive enzyme inhibitors in
order to stack the deck in favor of greater specificity. Indeed, zaragozic acid is also
an excellent inhibitor of the FPP-utilizing enzyme squalene synthase. As our main
focus was to develop Ras-competitive FTIs, we will be reviewing for the most part
Ras-competitive inhibitors in this chapter. Synthetic and natural product FPP-com-
petitive inhibitors, as well as FTIs of unknown mechanism, have been discussed in
earlier reviews. 226

ll. FTI DESIGN BASED ON THE RAS CaaX BOX

A. Tetrapeptide Inhibitors

It turned out that tetrapeptides based on the CaaX sequence of a variety of
mammalian and yeast proteins inhibited farnesylation of the full length parent
proteins, mostly by acting as alternative substrates (Table 1).2-% Tetrapeptides
corresponding to the C-terminal sequences of H-Ras (CVLS), K, ,-Ras (CIIM) and
its alternative splice product K,5-Ras (CVIM), as well as N-Ras (CVVM) were all
inhibitors of FTase. Studies on the structure—activity relationships (SAR) of
tetrapeptide FTIs provided fertile ground for the cultivation of several generations
of inhibitors. In these early substrate-based inhibitors, the N-terminal amino acid
of the tetrapeptide had to be cysteine in order for the tetrapeptide to be active.
Alkylation of the sulfhydryl group in CVIM with iodoacetamide abolished inhibi-

Table 1. CaaX Tetrapeptide Inhibition of FTase and

GGTase
ICs (uM)

CaaX FTuse GGTase I
CAIM 0.13 99
CAIA 10 450
CAIS 12 340
CAIT 22 140
CAIL 18 10
CVIL 11 23

CVIM 0.09 32
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tory activity, suggesting a critical role for the thiol group in binding to the enzyme.?®
Similarly, replacing cysteine with serine, asparagine, or glutamic acid decreased
activity by 4 orders of magnitude.?’® As substrates, however, peptide inhibitors
such as CVIM were converted to S-farnesylated products which were poorer
enzyme inhibitors, thus leading to metabolic inactivation of the tetrapeptide inhibi-
tor in vivo.?® The identification of nonsubstrate peptide FTase inhibitors opened the
door for the rational design of FTIs. One key discovery centered around the
observation that Ca, a,X peptides having an aromatic residue at the a, position were
inhibitors, but not substrates, of FTase. The peptides CVEM, CVYM, and CVWM
inhibited FTase prenylation of H-Ras with ICs between 25-400 nM but were not
turned over, suggesting that a nonproductive binding mode was accessible by these
thiol-containing inhibitors.*! Additional studies demonstrated that substrate vs.
nonsubstrate specificity was also determined by the presence or absence of an
acylated N-terminal amino group®**2*? as well as the degree of steric bulk adjacent
to the cysteine thiol.>! In these compounds, affinity for FTase required the presence
of both an N-terminal thiol and C-terminal carboxylic acid, as in -the protein
substrate.

Because farnesyl transferase is an intracellular enzyme, a major hurdle to
surmount involved the demonstration of activity in cell culture. An assay measuring
the extent of Ras prenylation in NIH 3T3 cells was used to determine the effect of
FTase inhibitors on the prenylation state of newly synthesized, metabolically
labeled Ras protein. Since the farnesylated fully processed peptide migrates differ-
ently on SDS-PAGE than the non-farnesylated protein, the extent of Ras processing
inhibition can be determined. In the presence of 100 uM CIFM, approximately
10-30% of v-H-Ras protein is unprocessed after 20 hours. In vitro, CIFM inhibits
FTase with an IC; of 27 nM, so it is over 4000-fold less effective in blocking H-Ras
farnesylation in cell culture. The tetrapeptide CIFM was unstable when incubated
with cytosol derived from NIH 3T3 cells, most likely due to its degradation by
aminopeptidases. The susceptibility of peptides to proteolytic degradation via
peptidase activity is a well-known limitation of their use as therapeutic agents in
vivo.

B. Isosteric Replacement of Tetrapeptide Amide Bonds

To stabilize the tetrapeptide to aminopeptidase activity, amide bonds were
reduced to the corresponding amines. A key observation was that modification of
some of these peptide bonds negated the ability of a compound to serve as a
substrate; unlike before, this was independent of the identity of the a;a, amino acids.
While the peptide CIThS 1a was a good substrate for FTase, reduction of the first
two amide bonds (cysteine, and a;-isoleucine) produced compound 1d which was
a potent inhibitor (IC5, 20 nM) but was not a substrate (Table 2).3* Reduction of
only one amide bond to give compounds 1b and 1c¢ was also well tolerated in terms
of inhibition potency, but both compounds were now substrates for FTase. This
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Table 2. Inhibition of FTase by Tetrapeptides Incorporating Reduced Amide Bonds

HS
Ho H
N H
HN N\;)LN ~%04
X /-j H Z

0 X _oH
Flase GGTase I FTase
Compound X Y ICso(nM) ICsy (nM) Substrate®
1a 0 0 330 ND ND
1b H, ) ) 8,000 s
Ic o H, 150 ND $
1d H, H, 20 45,000 N

Note: *ND = Not determined; S = substrate, N = nonsubstrate.

suggested that the presence of an amide bond was necessary, but perhaps not always
sufficient, for substrate activity. Reduced amide bonds were also systematically
introduced into CIFM (see Table 3).33* Reduction of the C-I or the C-I and I-F
amide bonds gave 2a and 2c¢, respectively, both of which were more potent than the
parent tetrapeptide; similar results were also obtained with backbone modifications
of the closely related CVFM tetrapeptide.>* Moreover, by virtue of incorporation
of phenylalanine at a, and/or its backbone modifications, 2¢ was not a substrate for
the enzyme. Most significantly, however, it was demonstrated that the doubly
reduced peptide isostere 2¢ was stable to incubation with NIH 3T3 cell lysates, in
contrast to the parent peptide.’® Despite the resistance of 2c¢ to intracellular
degradation, the ratio of ICss for Ras processing and FTase inhibition was still
20,000, so it appeared that additional factors were restricting cell activity.

Prodrug CaaX Analogues Show Increased Cell Activity

It seemed reasonable to expect that the ionized carboxylic acid was limiting cell
penetration and adversely affecting the biological activity of FTIs in cell culture. A
strategy relying on masking the negative charge with a metabolically labile group
was used to increase cell membrane penetration. An ester of the carboxylic acid
would allow the molecule to move freely through the cell membrane; once inside,
the ester would be hydrolyzed by intracellular esterases to the carboxylic acid.
Applying the prodrug strategy to the reduced peptide isosteres 2a and 2c, the esters
2b and 2d increased cell membrane permeability as measured by their enhanced
ability to block Ras farnesylation in cell culture.3* The IC,,s for inhibition of Ras
processing in cell culture by the esters 2b and 2d were now only 200-500 fold
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) 0 R
R R R e
/H R O *

higher than the in vitro IC4s of the parent carboxylic acids 2a and 2¢, even though
ester 2b was 1500-fold less active than its parent carboxylic acid 2a at inhibiting
FTase. Homoserine as the C-terminal amino acid can be masked as the homoserine
lactone 3.>> While the hydroxy acid 1d was essentially inactive in cell culture at
100 pM, at a similar concentration the lactone 3 inhibited 50-90% of Ras process-
ing (Table 3). The lactone itself is a relatively poor FTase inhibitor (ICs, 280 nM),
but once inside the cell, hydrolysis to the hydroxy acid 1d liberates a compound 10
times more potent.

Table 3. Inhibition of FTase In Vitro and In Vivo by Tetrapeptides Incorporating
Reduced Amide Bonds

HS
1 e S QL
HaN 7N " “OR

o] =\/SCH3
Inhibition of Ras
Processing in Cells®
FTase
Compound X R ICso(nM) CTE®(uM) Dose (uM) Score®
2a (¢] H 18 >100 100 +/—
2b o C,H;s 30,000 10 10 +/—
2c H, H 5 >100 100 +-
2d H, CH, ND4 1 1 +-
1d — — 20 >100 100 —
3 — — 280 >1,000 100 +++
lovastatin — — — — 15 +++

Notes: *Highest nontoxic concentration of inhibitor in cultured NIH 3T3 cells as determined by viable staining with
MTT.
bInhibition of post-translational processing of v-Ras protein in cultured NIH3T3 cells.
Scoring: +++, 290% inhibition; +, 30-60% inhibition; +/—, 10-30% inhibition.
4ND = not determined.
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Having demonstrated that FTIs can indeed block Ras processing in cell culture,
it was crucial to demonstrate that this translated into growth inhibition of Ras
transformed cells. One of the main phenotype changes occurring in cancerous cells
is the ability to sustain anchorage-independent growth. While normal cells are
quiescent when suspended in soft agar, transformed cells grow and form colonies
under the same conditions. To ascertain its activity in a growth inhibition assay,
lactone 3 was incubated with H-Ras transformed NIH 3T3 cells suspended in soft
agar. In the first demonstration of this activity, colony formation was inhibited by
3 in a dose-dependent manner.>3 Suppression of Ras-dependent cell growth was
achieved with approximately 1 mM 3. The same concentration of 3 had no effect
on the growth properties of v-Raf or v-Mos transformed cells, but since neither of
these proteins requires farnesylation to effect transformation and both act inde-
pendently of Ras, the Raf and Mos cell lines should be insensitive to the effects of
FTIs.36-%

The cellular effects of FTase inhibition with 3 were observed with concentrations
5000-50,000 higher than the in vitro IC, for FTase inhibition by carboxylic acid
1d. Incomplete hydrolysis of the lactone in vivo could be partially responsible for
this discrepancy in activity. However, it was also found that the lactone prodrug
used in the context of the doubly reduced peptide isostere, i.e. 3, was chemically
unstable at physiological pH. Rapid cyclization to the diketopiperazine 5 signifi-
cantly reduced FTase inhibitory activity.*® Simple N-alkylation of the reactive
secondary amine to give 4 led to loss of activity vs. FTase. To simultaneously protect
the compound from both metabolic inactivation (via peptidases) and chemical
instability, isosteric replacements of the second amide bond other than methylene~
amino were explored. Since the second amide bond in the tetrapeptide inhibitors
could be reduced without loss of activity in vitro, peptide bond replacements which
were both rigid (olefin) and flexible (alkyl, ether) were synthesized.

Olefin Amide Bond Isosteres

The E-olefin was prepared as a trans-amide bond replacement. A number of
compounds incorporating substituents to mimic both natural and unnatural amino
acid sidechains were prepared by adapting chemistry developed by Ibuka for the
synthesis of E-olefin peptide isosteres (see Scheme 1).%**! The key step involved
anti-Sy2 displacement of vinyl mesylate 8 by boron trifluoride-activated cuprate
addition. Compounds containing butyl, propyl, and benzyl substituents at the allylic
positions to mimic the a, and a, sidechains produced potent FTase inhibitors (Table 4).
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a-c NH__A d-h
Boc NH\;)LN(CH3)OCH3 Boc . P
1

R R!
6 7
OMs w @ R, 9
Boc NH.__~ i
oc HMN\E)J\OCH:; i BocNH\i/\/HrN\E)J\OCHS
R’ o = R 0 =
8 SCHs s SCH,
HS w2 o
i )\/H H
A N
HN \_;/\/H(N\g)LOH
R o] _ﬁ
10 SCHs

Scheme 1. Synthesis of Olefin Isosteres of CaaX Analogues. a) (CH3)2C= CHMgBr;
b} NaBH4; ¢) Ac20; d) O3, (CH3)2S; €) PhaP=CHCO2 CH3; ) LiOH; g) EDC, HOB,
L-methionine methyl ester; h) CH3SO2Cl; /) RZMgCuCNCI-BF3; J) HCl; L-N-Boc-S-
tritylcysteine aldehyde, NaCNBH3; k) TFA, (C2Hs)3SiH; /) NaOH.

Table 4. Inhibition of FTase In Vitro and in Vivo by CaaX Analogues Incorporating

an Olefin Amide Bond Isostere

HS)\/H R2 y o
N
HoN \_;/\/'\[(N\_;)J\OFP
R o ¥
10 \l

SCH3
Inhibition of Ras
FTase Processing in Cells®
Compound R! R R ICsy(nM) CTE®(uM) ICso (uM)
10a 2-(R)-C4Hy Bn H 1.9 ND* ND
10b 2-(R)-C4Hq Bn CH;, 80 25 1
10c i-C3Hy i-CGH; H 4.5 ND ND
10d i-C3Hy i-C3H;  i-G3H, ND 50 0.10
10e 2-(R)-C4Hg i-CGH; H 20 ND ND
10f 2-(R)-C4Hy i-C;H;  i-C3H, ND 25 0.10
Notes: *Highest nontoxic concentration of inhibitor in cultured NIH 3T3 cells as determined by viable staining with

MTT.
*Inhibition of post-translational processing of v-Ras protein in cultured NIH 3T3 cells.
°ND = not determined.
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Table 5. Inhibition of FTase In Vitro and In Vivo by CaaX Analogues Incorporating
an Ethylene Amide Bond Isostere

HS )
R (o]
H H
HzNj\,(NMN\.:)LOH
X R 0 =
FTase
Compound X R! R? ICsy (nM)
11a H, 2(R)-C,Ho i-C;H, 470
11b H, 2-(R)-C4H,q Bn 40
11c o i-C;H; Bn 26
11d (o] H Bn 20
11e H, H H 20,000

Many of the olefin isosteres displayed good activity in cell culture. Inhibition of
Ras processing in v-H-Ras transformed NIH 3T3 cells was dramatically improved
over the earlier peptide and methylene—amino pseudopeptide inhibitors, reflecting
both the enzymatic and chemical stability of the linking element relative to the
earlier compounds. Compounds 10d and 10f blocked v-H-Ras processing in NIH
3T3 cells with IC, values of 100 nM, only 5 to 20-fold higher than the ICys for
FTase inhibition of their respective parent acids in vitro. This level of inhibition of
cellular Ras processing was unprecedented, and represented approximately a
1000-fold improvement over 3. Catalytic hydrogenation of olefin intermediate 9
was used to generate the alkane analogues (Table 5). Compounds incorporating
both a, and a, side chains experienced a 10—20-fold decrease in potency relative to
the parent alkene, suggesting that the double bond plays a positive role in terms of
conformational bias (compare 11a and 11b with 10e and 10a). In the olefin series,
replacing the a, substituent with hydrogen decreased affinity approximately 10-
fold; in contrast, removing the a, substituent had no effect on potency in the alkane
series (compounds 11c and 11d, Table 5). By incorporating either methionine or
homoserine at the C-terminus, the carbon isosteres selectively inhibited FTase vs.
GGTase. As in the methylamino pseudotetrapeptides, these modifications to the
peptide backbone yielded inhibitors which were not substrates for the enzyme.

Methylene—Oxy Amide Bond Isosteres

The methyleneoxy peptide isostere was also used to replace the a;—a, amide
bond. The requisite ether isostere dipeptides were synthesized according to Scheme
242 High levels of 1,4-asymmetric induction were observed in the alkylation of
morpholinone 14; pseudo-allylic A, ; strain in acylmorpholinone 14 caused the
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OH

O (0}
a,b L c L d
NH, N™ ~0 N™ ~0O
H éoc
14

0
p— N\./lkoa 18a R=H
H 18b R = CH,
18¢ R= i-CgHy
SO,CH,

Scheme 2. Synthesis of Methylene-Oxy Isosteres of CaaX Analogues. a) CICH2COClI,
EtsN; b) NaH, THF; ¢ Boc20, DMAP; d) NaHMDS, THF/DME -78°C; ) NaHMDS,
THF/DME -78°C; NH4Cl(aq) -78°C; f) LIOOH, THF/H20

isobutyl group to assume an axial disposition, thus directing the incoming electro-
phile to the opposite face. Kinetic quench of the enolate derived from the initial
alkylation product 15 served to invert the stereochemistry of the substituent, giving
in the final product the stereochemistry associated with the natural or L-amino acid.
The resulting methylene-oxy peptide isostere produced the potent FTase inhibitor
18a, IC,, 2 nM (Scheme 2).* In cell culture, the isopropyl ester prodrug 18c
blocked the posttranslational processing of H-Ras with an IC, between 0.100-1
UM, and suppressed colony formation of H-Ras transformed cells in soft agar at a
minimum inhibitory concentration (MIC) of 1 uM.*

The FTase inhibitor 18a and its prodrugs were used to explore more of the
biological consequences of FTase inhibition. At a concentration of 1 pM, the
prodrug 18c inhibited the anchorage-independent growth of H-ras-, but not raf-,
transformed cells.* Aside from showing efficacy in genetically engineered cell
lines, it was important to demonstrate efficacy in the presence of multiple genetic
defects such as are present in human tumors. At a concentration of 20 uM, 18c
inhibited the colony formation in soft agar of approximately 70% of 60 human
tumor cell lines tested (Table 6).*> An encouraging result from this experiment was
that cells with multiple genetic defects responded to treatment. Unexpectedly,
however, efficacy did not correlate with ras mutational status. Cell lines with either
wild-type or mutant ras were sensitive as well as refractory to treatment with 18c.
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Table 6. Inhibition of Human Tumor Cell Line Anchorage-Independent Growth by

the FTI 18¢®

Cell Line Type Growth Inhibition® Ras Mutation®
PSN-1 Pancreatic + Ki-R12
Colo 205 Colon + wt
DLD-1 Colon - Ki-D13
MDA MB 468 Breast + wt
HeLa Cervical - wt
LoVo Colon + Ki-D12
L.S180 Colon - Ki-D12

Notes: *From ref. 45,
by denotes ICy, <20 pM; “=" denotes IC5;, >20 uM.
°Ki = Kirsten Ras (K-Ras), wt = wild-type.

This may be a consequence of mutations occurring upstream (FTI-sensitive pheno-
type), downstream (FTI-insensitive phenotype), or independent of Ras signaling.

In addition to Ras, a number of other proteins are known to be substrates for
FTase (many of unknown identity or function, determined by 2-D gel shift experi-
ments in the presence and absence of FTT); these may also play a part in determining
relative susceptibility to FTase inhibition.*® In particular, RhoB, a farnesylated
protein involved with the formation of actin stress fibers and cytoskeletal organi-
zation, has been implicated in the growth-inhibitory consequences of FTase inhi-
bition.*”*8 Another study using the FTI 19 found that growth inhibsition in soft agar
of a panel of human tumor cell lines correlated with the mutational status of the H-
and N-Ras proteins, but not with K-Ras mutations.* In this study also, cells with
genetic defects in addition to ras were sensitive to FTase inhibition.

0O

n\/U\OH

X SCH,

C. Conformationally Constrained Tetrapeptide FTls

Introduction of the conformationally constrained amino acid tetrahydroisoqui-
nolinecarboxylic acid (TIC) into the Ca,a,X motif produced potent FTIs. Incorpo-
rating TIC at a, gave FTTs 20a—c, with IC, values ranging from 0.6-20 nM (Table
7).3%52 The carboxylic acids 20c and 21 inhibited the anchorage-independent
growth of H-Ras transformed NIH 3T3 cells with IC,, values of 5 uM and 190 nM,
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Table 7. Inhibition of FTase By Tetrahydroisoquinoline (TIC) CaaX Analogues

RMI({?Q% Mﬂ;ﬁ;’j

21

FTase
Compound R X ICsy (nM)
20a Ac (o) 1
20b Lysyl 6] 20
20c H H, 0.6
21 — — 2.8

respectively. The potency of 21 in soft agar was particularly striking, since a prodrug
ester was not required for excellent activity in cell culture.

D. Nonpeptide Replacements for the a;az Dipeptide

An important area of research evolved to elucidate the gross structural require-
ments for high enzyme affinity. Two different and complementary designs were
reported where the central a,a, dipeptide was completely excised and replaced with
arigid spacer template. Both models sought to impose conformational restrictions
on the relatively flexible tetrapeptides and pseudotetrapeptide inhibitors, in order
to specifically orient the critical thiol- and carboxylate-binding elements. However,
while one model sought to constrain the inhibitor in an extended conformation, the
other was designed to mimic a turn conformation bringing the carboxylate and thiol
groups in close proximity to each other.

FTase was known to be a zinc metalloenzyme, and it was known that the zinc
was essential for catalytic activity.?> It was attractive to speculate that the FTI
cysteinyl thiol group functioned as a zinc ligand in the enzyme—inhibitor complex.
Since the carboxylate group was also required for high binding affinity, it was
possible that it was functioning as a second zinc ligand. This model was structurally
analogous to the CXXC motif found in X-ray crystal structures of zinc-binding
proteins and zinc—peptides, wherein the two cysteine thiols coordinate a single zinc
cation. The Ca,a,X tetrapeptides would need to assume a turn conformation in order
to bring both putative ligands in close proximity to each other. Somewhat later,
transfer NOE NMR studies supported the hypothesis that the peptides were binding
in some type of turn conformation (vide infra).>*>>

A suitably functionalized benzodiazepine was designed to provide a scaffold for
the correct positioning of thiol and carboxylate groups, according to the turn
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Table 8. Inhibition of FTase By Benzodiazepinone CaaX Analogues

N7 O SCH,

HNju\[( 2

!
s~ RO N “com
FTase
Compound Stereochemistry R ICsy (nM)
22a S H 415
22b R H 440
23a S CH, 370
23b R CH, 0.8
model.*® The a,a, dipeptide was replaced with 3-amino-1-carboxymethyl-5-

phenylbenzodiazepin-2-one. The diastereomeric benzodiazepines 22a and 22b
were separated chromatographically, and inhibited FTase with IC4s of 415 and 440
nM (Table 8). N-Methylation of the pendant amino group selectively increased the
activity of the R isomer 23b to 0.8 nM, suggesting that a cis-amide bond coupled
with the correct stereochemistry was necessary for high activity. This compound
was not a substrate for farnesylation, and was selective for inhibition of FTase over
GGTase. The methyl ester prodrug of 23b suppressed protein farnesylation in cell
culture at concentrations 10-fold lower than the parent carboxylic acid, and inhib-
ited 90% of the growth of H-ras transformed cells in monolayer culture at a
concentration of 25 uM. Thus, a highly active benzodiazepine inhibitor incorpo-
rated a rigid template which could mimic a peptide backbone turn conformation.
A second approach was designed to test whether an extended conformation was
compatible with enzyme binding. Unplugging the central dipeptide from Ca,a,X
and inserting a meta-substituted aminobenzoic acid or aminomethylbenzoic acid
gave 24a-c, which although lacking the amino acid sidechains of the central
dipeptide, still inhibited FTase with ICy, values of 100-6450 nM (Table 9).57 The
para-substituted analogues 25a—c also exhibited potencies in the 50-2550 nM
range. In 24 and 25, the IC;, depended on the overall distance between the thiol
and carboxylic acid groups, as well as the presence of a cysteine amide bond. In
the frame-shifted 26, the reduced amide bond isostere 26b was more potent than
the amide bond-containing 26a.*! These observations indicated that small changes
in the backbone structure were capable of dramatic effects on activity. Substituting
5-aminopentanoic acid for a,a, gave an inactive compound, suggesting either that
the alkane analogue was too flexible or that the aromatic template is itself a binding
element. As observed in other series, these modifications to the peptide backbone
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Table 9. Inhibition of FTase By Benzamide and Phenylacetamide CaaX Analogues

b L L

\/SCHs
HN \)]\
m(l( L
O X _SCH,
SCH;4
X o}
HzN\/”\ OH
Hs” 26 °
Compound X n FTase ICsy(nM)
24a (6] 0 6,450
24b (0] 1 100
24c H, 1 1,200
25a (6] 0 50
25b (0] 1 2,550
25¢ H, 0 200
26a (0] — 3,300
26b H, — 240

produced compounds which were not substrates for the enzyme, and the C-terminal
methionine provided specificity for inhibition of FTase over GGTase. Inhibition of
Ras processing in cell culture was demonstrated with high concentrations (500 uM)
of the methyl ester prodrug of 24b.>

To maximize hydrophobic interactions with the enzyme, an additional aromatic
residue was introduced, yielding biphenyl 27a (Table 10). This compound was an
extremely potent inhibitor of FTase (ICs, 0.5 nM) with modest selectivity vs.
GGTase (IC5, 50 nM). 5 The methyl ester 27b also exhibited good potency in cell
culture, inhibiting Ras processing in H-ras transformed NIH 3T3 cells with an ICy,
of 100 nM. The activity of the rigid aromatic template unequivocally demonstrated
that an extended conformation was at least one of the preferred binding modes of
thiol-carboxylate inhibitors.

A napthalene ring was also used to replace the a, a, of Ca,a,X with arigid spacer
element. Both 1,5 (28, IC;, 5.6 nM) and 1,6 (29, IC,, 1.8 nM) isomers were quite
potent FTTs, further confirming that at least one binding mode of CaaX analogs
utilized an extended conformation.®
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Table 10. Inhibition of FTase With Biphenyl CaaX Analogs

R
30
Inhibition of Ras

FTase Processing in Cells
Compound R ICsy (nM) ICso (M)
27a H 0.5 ND?
27b CH; ND 0.100
30a COH 150 ND
30b CH,4 765 100

The entire C-terminal a,a,X tripeptide could also be replaced with biphenylcar-
boxylic acid, giving 30a (IC, 150 nM), a compound which no longer incorporated
any amide bonds.®! Since the specificity-determining C-terminal residue is no
longer present in 30a, it is interesting to note that selectivity is observed with respect
to GGTase inhibition (IC5, 100 uM). In contrast, substituting leucine for the
methionine of 27a gave a compound which preferentially inhibited GGTase I (IC,
5 nM) over FTase (IC, 25 nM).%2 It may be that specific residues such as leucine
act as a‘'signal sequence for binding to GGTase, but that in their absence the default
is selective binding to FTase.

Inserting a spacer element between the biphenyl rings of 30a produced a series
of diaryl ethers 31 and 32. In this series, both the meta,meta (31a-b) and para,meta
(32a-b) analogues preferred a reduced cysteinyl amide bond (Table 11).% The
meta,para and para,para analogues behaved similarly, although these isomers were
on average 10-fold less active than 31 and 32.

Two interesting observations were that replacing the carboxyl group of 30a with
a methyl group only resulted in a fivefold loss of potency (30¢ IC5, 765 nM), and

HS

HeN

HS j\/NH
L0y (D
HoN 0 SCHa 0 SCH3
& Lo &L
H 0o o
29

28
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Table 11. Inhibition of FTase With Diaryl Ether CaaX Analogues

HS HS
H H
N
Mot oL
X X o R
31

32

Compound X R FTase ICsy (nM)
31a 0 CO,H 6,900
31b H, CO,H 250
31c H, CH, 330
32a (o) CO,H 16,000
32b H, COH 403
32¢ H, CH;,4 615

replacing the carboxylic acid group of 31b or 32b with a methyl group had no effect
on potency (31c and 32c). This is in stark contrast to earlier compounds, which
typically lost 100-fold in potency when the carboxylate was modified or de-
leted.®"%3 Since it was speculated (later proven, vide infra) that the carboxylate
participated in a specific ionic binding interaction with the enzyme, 30a, 31b, and
32b most probably were not optimally positioning their carboxylate groups to take
advantage of this interaction. As will be discussed in more detail below, it was found
that a carboxylic acid was not an absolute requirement for significant inhibition of
FTase after all, and the overall activity of the des-carboxylates 30b, 31c, and 32¢
(IC,s between 330 and 765 nM), can be viewed in this light as well.

E. Functional Group Limitations with CaaX Analogue Drugs

Designing inhibitors of FTase based upon the structure of its substrates enabled
much of the early biochemistry and cell biology of FTase inhibition to be elucidated.
The first demonstrations of inhibition of Ras processing in vivo,%* the selective
inhibition of anchorage independent growth in ras-transformed cells,’>* and
efficacy in a mouse model*® were all achieved with inhibitors designed to mimic
and exploit the essential binding elements of the enzymatic substrates. These
milestones were tremendously informative in ascertaining and understanding the
potential of FTTs as antitumor agents. As important as these early compounds were
to the development of the field, several serious drawbacks would ultimately limit
their potential as drugs. Among these, poor pharmacokinetics in several animal
species proved difficult to overcome. Moreover, there were concerns about potential
thiol-related adverse effects, especially given that large doses of drug were gener-
ally required to see efficacy in vivo (vide infra). While improved pharmacokinetics
would eventually lead to lower doses, it was clear that the optimal situation would
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be to have an FTI which was neither peptidic in nature, nor dependent upon a thiol
or carboxylate group for activity. Progress towards this goal is summarized in the
following sections.

IV. TRUNCATION AND CONSTRAINT OF Cata2X
ANALOGUES

While extremely potent Ca,a,X analogue inhibitors were being designed as pro-
drugs, the inherent limitations of this approach spurred research into FTIs lacking
a carboxylic acid. Instead of trying to fine-tune complex pharmacokinetic parame-
ters with the appropriate choice of prodrug, it was of considerable interest to obtain
FTIs which did not require a prodrug at all for cell permeability.

C-Terminal truncation of pseudotetrapeptide 2a (C(¥'CH,)IFM) by deletion of
the methionine residue proceeded through pseudotripeptide amide 33a
(C(YCH,)IF-NH,) to pseudodipeptide phenethylamide 33b (C(¥CHp)IF-
NHCH,CH,Ph) (Table 12).5 While the potency of these truncated C-terminal
amides was significantly less than that of the parent carboxylic acid 2a, the structure
had been considerably simplified. Reduction of the remaining amide bond in 33b
resulted in a 10-fold decrease in potency. Deletion of either the sulfhydryl or
primary amino group in 33b resulted in a complete loss of activity. SAR studies on
phenethyl amide 33b included examining variations on the easily modified amide

Table 12. Inhibition of FTase By Pseudodipeptide Amides

HS HS o
2 j\/H\/u\
H N .R
H N < N
HzNj\/N\;)LN R 2 i OH
H H /ﬁ
N = "

Inhibition of Ras
Flase GGTase I Processing in Cells® ICs,
Compound R ICsq(nM)  ICso(nM)  CTE® (uM) (uM)
2a — 18 310 >100 >100
33a CO,NH, 2,100 ND¢ ND ND
33b H 707 100,000 10 >10
3Ma 2,3-Cl,Bn 23 6,800 5 >5
34b 2,3-(CH;),Ph 40 8,200 10 10

Notes: *Highest nontoxic concentration of inhibitor in cultured NTH 3T3 cells as determined by viable staining with
MTT.

*Inhibition of post-translational processing of v-Ras protein in cultured NIH3T3 cells.
°ND = not determined.
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N-substituent. A 30-fold improvement in potency was achieved when the phenethyl
amide was replaced by 2,3-dichlorobenzylamide giving 34a, or by 2,3-dimethyl-
phenylamide to give 34b. The dipeptide amide 34a was the first example of a
compound lacking the specificity-determining X residue which nonetheless selec-
tively inhibited FTase vs. GGTase (IC5;23 nM vs. 6.8 uM). Because of nonspecific
cytotoxicity, the most potent compound reported, 34a, could not be tested at a high
enough concentrations in cell culture to observe inhibition of Ras processing. The
somewhat less potent 34b clearly inhibited Ras processing in cell culture at its
maximally tolerated concentration of 10 uM.

The pseudodipeptide amides represented a major advance in the substrate-based
design of FTIs. They removed the metabolic liability of the prodrug, were cell
active, and were considerably simpler chemically. However, the majority of
pseudodipeptide amides were not potent enough and too cytotoxic to demonstrate
activity in cell culture. Although the potency issue was perceived as solvable, the
dark cloud of nonspecific cytotoxicity hovered over this particular class of com-
pounds like an unwelcome visitor. Changes to the molecule which virtually
destroyed FTase activity had no effect on the level of cytotoxicity, indicating that
the observed toxicity was unlikely to be mechanism related.

The introduction of a conformational constraint was considered as a way to
improve the intrinsic potency of the conformationally flexible pseudodipeptide
inhibitors. Unfortunately, no structural information existed on binding conforma-
tion and no preferred low-energy conformation was evident, save for the frans-am-
ide bond. Since the sulfhydryl and primary amino groups were absolutely required
for activity, it seemed prudent to allow more conformational degrees of freedom in
this region of the molecule and to direct initial effort towards constraining the
peptide amide portion of the molecule. One of the first modifications considered
was forcing an approximately extended conformation in this part of the molecule,
as shown in Eq. 1. To accomplish this, an ethylene bridge was introduced into 35

H > o)
HZN\/\NJY” S L )

H H H
H o i
Hs” \) HS/

between the amide and secondary amine nitrogens, forming keto piperazine 36.
This conformational constraint promptly led to a 10-fold decrease in potency (from
900 to 9000 nM).% Comparing piperazine 36 with 35, however, it was apparent
that in 36 the amide bond was constrained in the geometry corresponding to a
cis-amide bond in 35. Simply translocating the carbonyl group to the other side of
the ring, i.e. 37, increased potency by two orders of magnitude (IC,, 88 nM). In 37
the relative relationship between the butyl substituent and the carbonyl group more
approximated their relationship in the trans-amide acyclic inhibitors. The increased
activity may be the result of a specific interaction between the carbonyl group of
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the inhibitor and the enzyme, or alternatively it may reflect conformational influ-
ences on the pendant benzyl group. In any case, the constrained analogue was able
to adopt a conformation compatible with good enzyme affinity. Moving the
carbonyl group to an exocyclic position gave N-acylpiperazine 38 (IC5, 24 nM) and
an approximate fourfold further improvement in potency. SAR studies were pur-
sued by truncation of the butyl substituent, which led to progressive loss of activity
for the propyl, ethyl, and methyl analogues, consistent with this group occupying
the a, binding pocket. Improvements in potency were realized by varying the N-acyl
substituent (Table 13). The ortho-toluamide 39 was essentially equipotent to the
unsubstituted benzamide 38, but mera-substitution as in 40 increased potency

Table 13. Inhibition of FTase By N-Acylpiperazines

O
HS N A
v Ar
NH,
Inhibition of Ras

FTase Processing in Cells®
Compound Ar ICsq (nM) ICsp (WM)
38 Ph 24 ND®
39 0-CH;3Ph 27 ND
40 m-CH;Ph 4 0.5
41 p-CHyPh 5,000 ND
42 2,3-(CH3),Ph 3 0.5
43 1-naphthyl 1 0.5
44 2-naphthyl 450 ND

Notes: *Inhibition of posttranslational processing of v-Ras protein in cultured RAT-1 cells.
’ND = not determined
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Table 14. Effect of N-Acylpiperazine FTase Inhibitors on Anchorage Independent
Growth of ras- and raf-Transformed Cells

CHa—X
(o]
HS N N
U0
o O
Soft Agar MIC® (uM)

FTase ICs
Compound X (nM) CTE*® (uM) ras raf
43 CH, 1 10 10 >10
45 (¢] 3 =100 10 >50

Notes: *Highest nontoxic concentration of inhibitor in cultured NIH 3T3 cells as determined by viable staining with
MTT.

"Minimum inhibitory concentration (MIC) required to achieve a reduction in size and number of colonies of
RAT-1 v-ras or RAT-1 v-raf-transformed cells in soft agar (relative to vehicle).

sixfold. In contrast, para-substitution was poorly tolerated (41, IC4, 5000 nM). The
most potent analogue was the 1-naphthoyl derivative 43, which had an ICs; of 1
nM, an overall 25-fold improvement in intrinsic activity over the psuedodipeptide
inhibitors. These compounds were not substrates, and were selective for FTase
inhibition vs. GGTase inhibition.

Analogous improvement in inhibition of Ras processing and Ras-dependent cell
growth compared to the pseudodipeptides was also observed. Piperazine 43 blocked
Ras processing with an IC, of 0.5 uM (Table 13), and inhibited H-ras transformed
cell growth in soft agar with an MIC of 10 uM (Table 14). Inhibition of the control
Raf-transformed cell line exhibited an MIC >10 uM, the highest concentration
tested since nonspecific cytotoxicity was apparent in a nontransformed cell line at
concentrations >10 uM. A related compound, methoxyethyl ether 45, was as
potent as 43 in cell culture vs. ras-transformed cells, but did not exhibit
nonspecific cytotoxicity up to 100 uM, and did not inhibit Raf-transformed cell
growth at >50 pM. Although the cell potency of N-acylpiperazine FTIs were
not yet as good as the most potent prodrugs, it at least demonstrated that
compounds lacking a carboxylic acid could be as potent as the best CaaX
analogues in vitro.

V. CYSTEINE SURROGATES IN Caia2X FTls

FTIs requiring the presence of a thiol group for high inhibition potency have been
described so far. There was also a significant effort to remove or replace the thiol
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group in our inhibitors. Although therapeutic agents containing thiol groups exist,
as a class they have a tendency to exhibit undesirable side effects.%” It seemed
reasonable that the thiol group was acting as a ligand for a zinc ion embedded near
or at the active site of FTase, even though direct evidence for such an association
was not obtained until sometime later.®® Other potential zinc ligands such as
imidazole and alkoxy groups; phosphinic, phosphonic, hydroxamic, and carboxylic
acid groups were either incorporated into FTTs in place of the thiol, or examined in
the context of bisubstrate inhibitors.

The histidine-containing tetrapeptide HVFM (IC, 6.8 uM) was substantially less
active than the corresponding cysteine-containing peptide CVEM (ICs, 37 nM) in
FTase inhibition.*® As discussed earlier, replacing phenylalanine in CVFM with
tetrahydroisoquinolinecarboxylic acid (TIC) improved potency 37-fold,> and the
same substitution was examined in the histidine series.®> While the potency of 46
increased approximately 10-fold relative to HVFM, deleting the N-terminal pri-
mary amino group of 46 led to a substantial increase in potency; nearly 4 orders of
magnitude relative to HVFM (Table 15). Thus 47 was prepared by appending
imidazoleacetamide to the N-terminus of Val-Tic-Met, giving a very effective
inhibitor with an IC,, of 0.8 nM. The mechanism of inhibition was not reported.
As the free carboxylic acid, 47 inhibited Ras processing with an IC; of 5 uM, and
suppressed colony formation of H-Ras transformed NIH 3T3 cells in soft agar with
an ECs, of 3.8 uM.

In an experiment where CVIM inhibited Ras farnesylation by FTase with anICy,
of 150 nM, the serine analogue SVIM was inactive (IC5, >100 pM).>! Assuming
the thiol was binding as the thiolate anion, the inactivity of the serine analogue
could be accounted for by the large difference in pK,s between a mercapto group

Table 15. Tripeptide FTIs Incorporating Imidazole as a Cysteinyl Replacement

0
N N N SCH,
O S OH
N z 0% N
H o

Flase ICsy GGTase ICs; Soft Aiar ECy
Compound Z n (nM) (nM) MTD? (uM) (wM)° H-ras
46 NH, 1 520 >360,000 2150 100
47 H 0 0.8 234 =150 3.8

Notes: "Maximum tolerated dose (MTD) of inhibitor in cultured NIH 3T3 cells as determined by viable staining
with MTT.

YEffective concentration (EC) required to achieve a 50% reduction in size and number of colonies of RAT-1
v-H-ras transformed cells in soft agar (relative to vehicle).
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Table 16. Tripeptide FTIs Incorporating Phenol as a
Cysteinyl Replacement

X
\’l h © M
x N N
: N ;o
° © o

Compound X FTase ICsy (nM)
48 2-CH >360,000
49 3-OH 29,000
50 4-OH >360,000

(pK, 10.3) and a hydroxyl group (pK, 15.5). Decreasing the pK, of the alkoxy group
was adopted as a strategy to obtain nonthiol inhibitors, leading to phenol (pK,
~10) and substituted phenol FTIs. The cysteine residue of CVLS (ICs, 3 uM)
was deleted and replaced with ortho-, meta- and para-hydroxybenzamide to give
compounds 48-50 in Table 16; in this series, only the meta-isomer 49 had measur-
able activity.”® A similar strategy replaced the cysteine residue in CVFM (IC5, 37
nM) with hydroxybenzyl substituents (Table 17).”! In this series, the ortho-hy-
droxybenzyl isomer was the preferred regioisomer (52, IC4, 2.4 uM); activity could
be improved 10-fold by placing either a 5-chloro (56 ICy, 0.5 uM) or 5-bromo
substituent (57 ICs, 0.45 uM) onto the phenol ring. It is possible that the further

Table 17. Tripeptide FTls Incorporating
Hydroxybenzyl as a Cysteinyl Replacement

HUBEES:
Y/\ N\=)Lu \3)1\0"‘
A O X _-SCH,
Compound X Y FTase ICsp (nM)
51 H H 21,000
52 2-OH H 2,400
53 3-OH H 13,000
54 4-OH H 17,000
55 2-OH 5-F 1,600
56 2-OH 5-CI 500

57 2-OH 5-Br 450
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decrease in IC;, was due to additional lowering of the phenol pK, by halogen
substitution, but if this were the case, the fluoro analogue 55 (IC, 1.6 uM) should
have been the most potent analogue. Since 55 was the least potent of the halo
analogues, it is likely that the chloro and bromo substituents were themselves
contributing to enzyme binding.

FTase binds to both FPP and the Ras protein in order to catalyze the transfer of
the farnesyl group to the cysteine thiol of the Ras CaaX box. Consideration of the
reaction mechanism led to the synthesis of a number of bisubstrate and transition
state mimetic FTIs with the intent of eliminating the requirement for a free thiol,
with all its attendant chemical and biological liabilities. A hypothetical model for
thiol alkylation catalyzed by FTase involves attack of the cysteine thiol on FPP in
areaction with considerable Sy1 character, but proceeding with complete inversion
of configuration at the prenyl reaction site (Figure 1).”>”® Since both magnesium
and zinc are required for enzymatic activity,” it is possible that the magnesium
coordinates with the FPP diphosphate oxygens to activate the diphosphate as a
leaving group. The zinc may be important in binding the thiol group in the proper
orientation to capture the allylic cation generated by dissociation of the diphosphate
group. Several types of bisubstrate analogues were prepared incorporating a far-
nesyl group to occupy the isoprenoid binding site and a peptide to occupy the Ras
protein a,a,X binding site. The two pieces were connected via a tether or spacer
element, forming a bisubstrate inhibitor. If the tether contained a phosphate or
phosphate mimic the compound could potentially function as either a bisubstrate
inhibitor or a transition state mimic, depending how the inhibitor bound relative to
the true transition state.

Farnesylphosphonyl and farnesylphosphinyl groups were appended to the N-acy-
lated tripeptide VVM to give compounds 58a-b (Table 18).7475 Both compounds
were 6 nM inhibitors of FTase in vitro, with greater than 1000-fold selectivity for
inhibition of FTase vs. GGTase. Although the parent carboxylic acids did not affect
the growth of H-ras transformed NIH-3T3 cells, a methyl ester prodrug 58c
completely suppressed colony formation in soft agar at a concentration of 100 uM.

Mg4>+
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O-P.
5107110
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Figure 1. Active site model of protein farnesylation catalyzed by FTase (from ref. 76).
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Table 18. Bisubstrate FTls Incorporating Both Farnesyl
and Peptide Binding Motifs

Y\/Y\/j/\)’(x/\[r“\)\ J::(\ \/U\OR

- SCH;

X X X ”/\/\[]/N\E)J\” N\Q)LOR
0 AL o} ~o

A N\)LJ¢¢LOR

-SCHs
60
Compound X R FTase ICsp (nM)
58a (0} H 6
58b CH, H 6
58¢c CH, CH; ND
59 — H 33
60 — H 180

In contrast, growth inhibition of H-Ras-CVLL (a genetically engineered substrate
for GGTase; the geranylgeranylated form is biologically active) or myristoylated
H-Ras (transforms cells independent of farnesylation) transfected NIH 3T3 cells
was not observed with 58c¢ in soft agar. Analysis of total cellular extracts showed
inhibition of Ras protein processing only in the cell lines which were sensitive to
the effects of 58¢ in soft agar.

Similarly designed bisubstrate inhibitors utilized a carboxylic acid as a sulfhydry!
mimic in analogy to the design of inhibitors of the zinc metalloenzyme angiotensin
converting enzyme.’® The farnesylated y-Glu-Val-Leu-Ser 59 had an ICs, of 33 nM,
which is 10-fold more active than the sulfhydryl-containing tetrapeptide CVLS.
Although the carboxylic acid was originally included as a sulfhydryl mimic, it could
also be mimicking the negatively charged phosphate, especially in concert with the
adjacent amide carbonyl group. Another bisubstrate analogue utilized a hydroxamic
acid to link the lipid and protein segments, in an effort to suitably position another
zinc ligand.”” The most potent analogue, 60, had an IC,, of 180 nM. Activity in cell



298 THERESA M. WILLIAMS and CHRISTOPHER ). DINSMORE

culture was not reported for the carboxylic acid or hydroxamic acid bisubstrate
inhibitors.

Kinetic analyses of these bisubstrate inhibitors were not reported, and so it is not
clear if the inhibitors in fact competed with both protein and lipid substrates for
binding to the enzyme. If the bisubstrate FTIs were competitive with FPP binding,
the protein part of the inhibitor might be expected to confer specificity to FTase
inhibition relative to other FPP-utilizing enzymes. In this way drug-related side
effects which might result from blocking FPP utilization by a variety of enzymes
could be avoided. However the current generation of bisubstrate inhibitors does not
have comparable activity to other classes of FTIs in a variety of cell culture
experiments. Despite their theoretical interest, the high molecular weight and
attendant prospects of poor pharmacokinetic profiles make the bisubstrate ana-
logues less attractive drug candidates than other classes of FTIs.

VI. FTis WITHOUT CARBOXYLATE OR THIOL GROUPS
A. Peptides

The combined advantages of a non-carboxylate FTI and a non-thiol FTT repre-
sents the Holy Grail of farnesyl transferase inhibitors. The power of random or
directed screening of collections and libraries of compounds is evident in the first
reports of non-carboxylate, non-thiol FTIs. Pentapeptide 61 was one of the first
reasonably potent FTIs lacking both a carboxylic acid and thiol group; it was
identified through screening of a peptide library.”® Pentapeptide 61 specifically
inhibited FTase (IC5, 10 nM, 30 mM phosphate buffer) vs. GGTase (IC4, 1.25 uM),
but was inactive in cell culture. The working hypothesis that cell activity was
precluded by high molecular weight (MW 976) led to the synthesis of smaller, lower
molecular weight analogues. The compound 62 (MW 676) was essentially equipo-
tent with 61 in vitro, but was shown to inhibit Ras processing in H-ras transformed
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Ratl cells at a concentration of 25 uM. Interestingly, the mechanism of inhibition
of these compounds has been reported to be competitive with FPP substrate, and
non-competitive with respect to the Ras substrate. A surprising observation was that
the ICs, values for many of these compounds depended on the concentration of
phosphate anion in the assay. In the absence of phosphate, 61 and 62 had IC; values
of 1.6 and 6.1 puM, respectively, vs. FTase. In the presence of added phosphate (5
mM), the ICy, values decreased to 160 and 165 nM, respectively. Kinetic analyses
indicated that the inhibitors and phosphate anion were binding synergisticaily to
FTase. Despite this interesting kinetic profile, the substantial peptide character of
62 and related compounds, in addition to the relatively weak Ras processing
activity, indicate that further modifications are warranted to obtain a suitable drug
candidate.

B. Nonpeptides

A screening program also led to the discovery that tricyclic compounds related
to Loratadine were FTIs.” Unlike 61 and 62, kinetic studies demonstrated that 63a
competed with Ras and not FPP for FTase binding, showing that it was possible to
eliminate the thiol and carboxylate moieties from a Ras-competitive inhibitor. In
vitro, 63a inhibited FTase with an IC,, of 280 nM while in vivo, Ras processing in
H-ras transfected Cos-7 monkey kidney cells was inhibited with an ICy, of 3 uM
(Table 19). Compound 63a was not an inhibitor of GGTase (IC5,>114 uM) and as
such, inhibition of Ras processing in a cell line transfected with the artificial
GGTase substrate H-Ras-CVLL had an IC4,>11.8 uM. Monolayer growth of H-ras
transformed cells was suppressed with an IC,, of 1-4 uM, which was very similar
to the ICy, for inhibition of Ras processing and about 10-fold higher than the in
vitro ICy,. This is in contrast to earlier thiol-containing and ester prodrug FIIs
which typically exhibited 2002000 fold differences between in vivo and in vitro
potency. The improved in vivo/in vitro potency ratio for 63a could be attributed to
increased stability and/or increased membrane permeability. Related compounds
64 and 65 showed similar levels of inhibition, with the resolution of 65 revealing
that greater activity resided in the S-isomer (65b, IC, 140 nM) than in the R-isomer
(65¢,IC;, 490 nM; Table 19).%2° Addition of a methyl group to the pyridine ring of
63a gave 63b, which was sevenfold more active than 63a in vitro (ICs, 40 nM),
and threefold more active than 63a in blocking Ras processing in Cos-7 monkey
kidney cells (IC5, 1 uM).8! Removing the pyridylacetamide group of 63a and
replacing it with either aminoacetyl or sulfonamide functionality generally led to
decreases in intrinsic potency.®?

Pharmacokinetic studies of 63a and 65a in mice demonstrated that the com-
pounds had modest bioavailability (21% and 13%, respectively) but short plasma
half-lives (t,,, <10 min).¥’ While pharmacokinetic parameters in other species have
not been reported, it seems likely that issues relating to the absorption, distribution,
metabolism, and excretion of this first generation of tricyclic inhibitors needs to be
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Table 19. Tricyclic Nonpeptide FTIs: 8-Chlorobenzocycloheptapyridine
Substituted Piperazine and Piperidine Analogues

®
N “ lN N Z IN
o = o =
63 64 65
Inhibition of Ras
Flase Processing in Cells®
Compound R Stereochemistry  ICsy(nM) GGTase ICs; (nM) ICsy (UM)
63a H NA® 280 >114,000 1-3
63b CH, NA 40 40,000 1
64 H R,S 160 >46,000 1.2
65a H R,S 180 >46,000 3.7
65b H S 140 ND® ND
65¢ H R 490 ND ND

Notes: “Inhibition of H-Ras processing in Cos-7 monkey kidney cells.
YNA = not applicable; ND = not determined.

addressed in order to obtain a suitable oral drug candidate. The tricyclic FTIs 64
and 65a showed efficacy in a mouse tumor model (nude mice inoculated with the
human colorectal tumor cell line containing the K-Ras mutation) when adminis-
tered orally at a dose of 100 mg/kg twice daily.

VIl. STRUCTURE AND FUNCTION OF FTase: POTENTIAL
GUIDES FOR THE DESIGN OF NOVEL FTls

An accurate representation of enzyme structure, although not essential for the
design of small molecule enzyme inhibitors as drugs, can be a remarkably powerful
guide. While some drug discovery programs have employed an understanding of
active site structure to aid in the development of potent ligands, essentially the
opposite has been the case for farnesyl transferase inhibitor design. Our knowledge
to date of the binding interactions between the CaaX substructure of Ras and the
catalytic site of FTase has been largely inferred from the structure—activity relation-
ships of CaaX mimetic ligands. Clarification of FTase structure and function
continues to mature, but the advance of FTase inhibitors toward the later stages of
development might precede our ability to employ detailed structure-aided design.
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Farnesyl protein transferase is a zinc-containing enzyme containing nonidentical
a- and B-subunits which are 48 kDa and 46 kDa in size, respectively.®>5* While
both subunits are required for catalytic activity of FTase, the 3-subunit fulfills the
role of binding to both the protein and FPP substrates. Kinetic studies have revealed
that bovine FTase appears to bind the Ras and FPP substrates in a random sequential
mechanism, while the human enzyme employs the sequential binding of FPP prior
to Ras.®>-87 The chemical mechanism for the farnesyl transfer to the thiol moiety
of the cysteine residue has been characterized as an electrophilic alkylation, rather
than nucleophilic displacement.” The presence of one enzyme-bound zinc ion is
required for FTase activity as well as protein substrate binding, but not for iso-
prenoid binding.>® A recent study of metal coordination within FTase was per-
formed using the Co?* rather than Zn®*-substituted form, a catalytically active
species.®® Optical absorption spectroscopy of the ternary complex, Co®*—
FTase-FPP-TKCVIM, indicated metal binding to both the thiol group of the CaaX
substrate and to the prenylsulfide product, suggesting its presence at the enzyme
active site and by inference implicating a catalytic rather than structural role for
zinc. The function of Mg?* ion however, required in millimolar concentration for
enzyme activity, is less clear,*%>

A recent X-ray crystal structure of rat FTase, which shares 97% sequence identity
with the human enzyme, has significantly enhanced our three-dimensional view of
the mammalian enzyme and its interactions with the FPP and protein substrates.®®
The secondary structure is comprised of two unusual domains. The crescent-shaped
o-domain, which envelops part of the B-subunit, is an arrangement of seven
successive pairs of 0-helices grouped in right-handed antiparallel coiled coils which
are folded into a double-layered right-handed superhelix. The B-subunit is made up
of 12 o-helices which are folded into an o—a-barrel. Near the interface between
the two subunits is the distorted pentacoordinate zinc ion, ligated by the conserved
residues Asp-279f (in bidentate fashion), Cys-299p, His-362, and a well-ordered
water molecule. Cross-linking studies of photoactivatable FPP and CaaX peptide
substrates have revealed that binding occurs in the B-subunit.#+% It is interesting
to note, therefore, that the crystal structure reveals two clefts in the 3-subunit which
intersect at the zinc-bound active site, and have inner surface properties which
complement the structures of the enzyme substrates. One cleft, parallel to the rim
of the a—a-barrel, is lined with hydrophilic positively charged residues, and is
thought to bind the CaaX motif of the Ras substrate. A second cleft formed by the
hydrophobic cavity down the center of the o—0-barrel is just deep enough to
accommodate the farnesyl chain of FPP, but appears too shallow to enable binding
of GGPP.

The cocrystallization of an enzyme and inhibitor can give invaluable information
with regard to specific intermolecular contacts which may be exploited in new
compound design. Although a CaaX substrate or mimetic was not bound in the
active site of the crystallized rat FTase, an interesting crystallization artifact enabled
some degree of speculation about the mode of binding which FTIs may exploit.
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The nine-residue C-terminus of a neighboring enzyme’s f3-subunit was found to
insert itself into the hydrophilic cleft at the active site. Thus, although the last four
residues of the bound sequence Ala-9f-Val-Thr-Ser-Asp-Pro-4f3-Ala-Thr-Asp-18-
CO,H bear little resemblance to CaaX, some mimicry of normal CaaX peptide
binding was suggested. Notably, a hydrogen bond between the CO,H-terminus and
Lys-164c was consistent with the previous finding that this residue’s mutation
disabled FTase activity.’! In addition, Pro-4f of the nonapeptide, which would
correspond to the reactive cysteine of CaaX, is directly adjacent to both the zinc
ion and the presumed cleft for the FPP binding. Finally, an additional observation
which may have implications for FTase inhibitor design was that the Pro-4p-Ala-
Thr-Asp-1B-CO,H sequence had adopted a type I B turn, reminiscent of earlier
NMR-based structure determinations for FTase-bound CaaX peptides (vide infra).

The insertion of the C-terminal FTase nonapeptide sequence into the active site
crystal structure, while provocative and compelling as a potential CaaX structural
mimic, may in principle present a significant caveat to an interpretation of the
critical interresidue interactions which may govern the specific binding of an
enzyme inhibitor to FTase. Indeed, recent site-directed mutagenesis studies of
several conserved residues in the B-subunit of human FTase”? suggests that artifac-
tual perturbation of the rat crystal structure active site should be considered. While
independent point mutations of the three residues found to ligate the zinc ion in the
crystal structure were deleterious to enzyme activity as one might expect,®% an
additional FTase mutant affD359A was defective in Zn?* binding, even though
Asp-359f did not appear to be a zinc ligand in the rat crystal structure. Instead,
Asp-3598 had formed a direct interaction with Thr-7f of the bound nonapeptide
C-terminus. The seemingly conflicting data may suggest that Asp-359 has a direct
or indirect effect on zinc binding.

Mutational studies to identify residues which interact with the C-terminal CO,H
of CaaX mimetic FTIs also suggest that the crystal structure interpretation of the
molecular basis for CaaX recognition by FTase may warrant modification. Whereas
the crystal structure implicated Lys-164a, Arg-291f, and Lys-294f in binding to
the terminal Asp-1B-CO,H residue of the bound nonapeptide, the X-residue speci-
ficity of a CaaX substrate was found to be affected by mutations of the more distal
Tyr-362f residue in yeast FTase (homologous to Tyr-361@ in rat and human
Fl‘ase).94 In fact, mutations at this site were found to switch the protein substrate
specificity to that of GGTase I. Furthermore, another amino acid (Arg-202p) located
adjacent to Tyr-3618 in the crystal structure has been found to interact with the
CaaX carboxylate.”? From the X-ray crystal data, Arg-202f had been postulated to
be the residue which interacts with the phosphate moieties of FPP. However, a
structure—activity relationship study of a series of carboxyl- and non-carboxyl
containing FTIs using the human FTase aJR202A mutant revealed the residue’s
role in binding to the C-terminus of CaaX. While carboxylic acid containing FTIs
exhibited significant reduction in inhibitory activity toward R202A-FTase relative
to the wild-type enzyme, the non-carboxylates were insensitive to the mutational
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Table 20. Inhibition of Wild Type and afR202A FTase by Carboxyl-Containing
and Non-Carboxyl-Containing FTase Inhibitors

SMe
FTase IC5o (nM)
Compound Wild Type R202A Mutant Ratio R202A/wt
CVFM 45 11,000 244
18a 3 290 94
66 1,600 6,200 4
45 3 3 1

change (Table 20). Furthermore, the lower IC, value for a C-terminal carboxylate
derivative (18a) in comparison to alcohol derivative (66) is consistent with the
X-residue carboxylate binding to Arg-202f3 through an ionic interaction.

Prior to the publication of the FTase crystal structure, only indirect methods for
probing the enzyme active-site structure had been accomplished. Among these, two
reports described NMR studies to elucidate the structural conformations of enzyme-
bound inhibitors. The two-dimensional nuclear Overhauser effect spectroscopic
technique (TRNOESY) is well suited for elucidating the bound structures of
relatively weakly bound inhibitors, since fast exchange of the ligand with the
macromolecule enables transfer of the negative NOEs from the bound state to the
resonances of the unbound species in solution, where they can be observed. The
NOE data is converted to hydrogen—hydrogen internuclear distances which serve
as constraints in subsequent computer modeling experiments.

In an initial study,> the heptapeptide KTKCVFM (K; 4.5 uM) was employed as
a mimic of the K-Ras protein. Several intraresidue TRNOEs were found in the
terminal tetrapeptide sequence, including the notable NH/NH,,, interactions at
Val-Phe and Phe-Met, as well as between the Val-Phe sidechains. After incorpora-
tion of the distance constraints, semiquantitative and qualitative manipulations
provided a structure which adopts a type I B-turn about the CVFM fragment,
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aligning the Cys and Met residues in proximity to each other. A subsequent report
described the TRNOE-derived structures the peptide inhibitor CVWM (IC,, 525
nM) and the peptidomimetic 66 (IC,, 1.6 uM) in a study designed to correct for
nonspecific binding to nonactive site regions of the FTase enzyme.”> Following a
computer search of all conformations accessible within the entire set of TRNOE
distance constraints, a variety of structures containing reverse turns, extended
structures, and half turns was found for both inhibitors. A ligand competition
experiment using the tightly binding 18a (IC,, 2 nM) enabled the identification of
those TRNOES derived only from the active site-bound ligand conformations. In
the adjusted structures, both of the inhibitor backbones were found to adopt
nonideal reverse turn conformations most closely approximating a type III B-turn
(Figure 2).

The potential for the NMR structural studies to explain existing SAR of earlier
inhibitors and to provide a basis for the design of improved compounds is, in
principle, quite considerable. The implication that the cysteine thiol and carboxylate
groups of CaaX bind to the same or adjacent features in the active site may bring
to mind a host of B-turn mimetics as templates for preparing new FTTs. Indeed,
SAR within the series of benzodiazepine a,a, dipeptide mimetics (vide supra),
which demonstrated the value of a cis-amide conformation to inhibitory activity,
are consistent with this design approach.> In a related study,” replacement of
phenylalanine in acetyl-CVFM with L-1,2,3 4-tetrahydro-3-isoquinolinecar-
boxylic acid (TIC) was argued to aid in constraining the backbone in a turned
conformation, providing a 20-fold boost in potency.

The notion that FTase-bound CaaX inhibitors adopt turned conformations is not
without controversy, since several studies have implicated extended conformations,
and thus a more distant relationship between the thiol and carboxylate moieties. In
fact, a different interpretation with regard to the influence of the TIC constraint on
conformational control was offered based on molecular modeling studies of

8
d

P

Figure 2. Best-fit superposition (cross-eyed stereoview) of the FTase-bound confor-
mation- of CVWM (dark) and 66 (light) as determined by 1H NMR transferred NOE
spectroscopy.
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KCa,a,M pentapeptides.>! Molecular dynamics simulations (with the C- and
N-termini uncharged to avoid artifactual turn conformations) gave a population of
KCV(TIC)M conformers consisting mostly of extended (80%), and to a lesser
extent bent (10%) and turned (10%) structures. Subsequent analysis of a series of
similar pentapeptides, spanning a wide range of conformational distributions (%
extended structures), revealed an interesting direct relationship to enzyme activity.
Thus, the progression of a,a, replacements from Val-Phe to Val-TIC to (N-Me)Val-
TIC gave increasingly potent FTIs with increasingly higher proportion of extended
conformations. This same conformational issue had been probed in a comparison
of FTIs where aja, is replaced by 3-aminomethylbenzamide (24b, IC5, 100 nM)
and 4-aminobenzamide (25a, IC,, 50 nM; vide supra).’’ Both analogues are able
to maintain a similar degree of separation between the sulfhydryl and carboxyl
groups, analogous to the 10.8 A distance found for the extended conformation of
CVIM. Although their inhibitory activities are similar, the flexibility of the spacers
is very different; it is not possible for the more extended 25a to adopt a B-turn
conformation.

Regardless of any similarity or dissimilarity of the TRNOE-derived FTase bound
structures to existing structural series of FTTs, their use as guiding tools in the search
for novel structures with improved biological properties has ample merit. It is
worthy of note, for example, that although C-terminal polar groups presumably
played an important role in the binding and orientation of the turned CaaX NMR
substrates (perhaps by interacting with Arg-202p), the resulting structures could
nonetheless be applied to a search for the highly desirable non-carboxyl-containing
FTIs which might share only a portion of the same binding interactions. An overlay
of highly potent non-carboxylate 455 with the CVWM TRNOE structure™ illus-
trates the overlap of cysteine residues, a,-hydrophobic residues, and the aromatic
groups (Figure 3).

31 -

)

Figure 3. Best-fit superposition (cross-eyed steroview) of the FTase-bound conforma-
tion of CYWM (dark) and energy-minimized 45 (light) as determined by 'H NMR
transferred NOE spectroscopy (see ref. 113).
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The same CVWM NMR structure was found to fit within a pharmacophore model
generated from a series of non-carboxylate non-thiol tricyclic FTIs using the
Catalyst computer program.*° Although the goal of elucidating a potential similarity
between the binding mode of the tricyclic compounds (e.g. 65a) and that of peptide
inhibitors (e.g. CVWM) requires further study, a nice overlay within four hydro-
phobic regions and one hydrogen bond acceptor region was achieved. At the very
least, the notion that the bound conformation of a peptide inhibitor can mimic a
three-dimensional database of nonpeptides was validated. This suggests that the
converse should hold; use of the active site structures may play an important role
in the design of structurally unique compounds with improved biological proper-
ties.

VIII. BIOLOGICAL CONSEQUENCES OF FARNESYL
TRANSFERASE INHIBITION

A. Anti-Proliferative Effect of FTls in Animal Tumor Models

Two animal models of Ras-dependent tumor growth were used to evaluate the
efficacy of prodrugs of 18a in vivo. Nude mice, which are deficient in T-cells and
therefore lack a cell-mediated immune response, were subcutaneously implanted
with ras-transformed cells which multiply to form a tumor. Treatment with FTase
inhibitor 18b (20 mg/kg, administered once daily s.c.) was initiated 2 days follow-
ing tumor cell implantation, and continued for 5 days. After cessation of treatment,
the tumors were allowed to grow for an additional 6 days before harvesting. For
mice with tumors derived from either the H-, K-, or N-ras oncogenes, 18b was
found to reduce tumor size by 58-66% compared to vehicle-treated control ani-
mals.” The average tumor weight in 18b-treated mice injected with raf- or
mos-transformed cells, however, was not statistically different from the control
tumors.

A number of other FTIs have been reported to inhibit tumors containing ras
mutations in nude mice. The tumors were derived from either genetically engi-
neered cell lines or human tumor cell lines which contain a Ras mutation. FTIs
which are active in this model include: 18¢,* 45 ,66 19, 27a,96 21,52 64, and 652.%0
Most of these compounds had to be administered at high doses in order to observe
a statistically significant inhibition of tumor growth. The high doses might simply
be reflective of poor pharmacokinetics in mice. Indeed, 65a had an i.v. half-life of
less than 10 min in nude mice.%

A second animal model uses H-ras transgenic mice (Oncomouse™) which
spontaneously develop mammary and salivary tumors.”” This model is considered
to be more relevant to human cancer in that tumor initiation and growth is
endogenous, in contrast to nude mouse tumor explants. Mice with palpable tumors
between 50 and 350 mm? were treated with either the ester prodrug 18¢ (40 mg/kg,
once daily, s.c.) or vehicle, and the size of the tumors monitored over time.** While
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tumors steadily increased in size in the control group, treated animals experienced
adecrease in tumor size. Averaged over a 30 day treatment period, the control group
of mice experienced a 16 mm>/day mean growth rate for their primary tumors, while
18c-treated mice showed —5.4 mm*/day mean growth rate. Upon cessation of
treatment the tumor would reappear; this “new” tumor was responsive to renewed
treatment with drug. The relatively high dose more than likely reflects poor
pharmacokinetics in mice; even at these high doses, however, adverse effects on the
mice were not noted.

B. The Relationship Between GGTase and K-Ras Tumor Growth

As mentioned above, selective inhibition of FTase vs. GGTase was pursued to
avoid affecting the major pool of prenylated proteins. Under normal physiological
conditions, H-Ras, K, ,-Ras, K,5-Ras, and N-Ras proteins are exclusive substrates
of FTase. While H-Ras, K-Ras, and N-Ras share sequence homology and are
similarly processed, mutations found in human cancer most frequently occur in the
K-ras gene. For technical reasons, many early studies utilized H-ras transfected
cells under the assumption that the different Ras proteins would behave similarly
biochemically. As research progressed, it was observed that cells transformed by
K, p-ras were less sensitive to growth inhibition by FTIs 23¢, 27b, or 18c, than cells
transformed by H-Ras.?**® One explanation for this difference is that the K 5-Ras
protein has 20-fold higher affinity for FTase than H-Ras, and therefore should be
less sensitive to the effects of FT1s in vivo.*>!® A second scenario is also plausible,
however. Genetic studies in yeast found that some of the preferred substrates for
FTase can be cross-prenylated by GGTase under certain conditions.'” The K, ,-
Ras, K,z-Ras, and N-Ras isoforms can in fact be geranylgeranylated by GGTase,
albeit 5- to 400-fold less efficiently than they are farnesylated by FTase.”®!® When
farnesylation by FTase is blocked in cells, the alternative geranylgeranylation
reaction occurs. Since geranylgeranylated forms of Ras were also capable of
inducing cell transformation,®%%1%2 jt was suggested that geranylgeranylation of
K,p-Ras by GGTase provided a mechanism for cells harboring a K,5-Ras mutation
to escape growth inhibition by an FTI. In fact, direct chemical evidence for the
occurrence of the cross-prenylation reaction in vivo has been obtained with the FTTs
63a and 19.1%1% The impact of cross prenylation on tumor biology remains to be
fully elucidated, however. Coadministration of FTI 27a and a selective GGTI to
nude mice inoculated with K,;-Ras-containing human tumor cell lines did not
result in an enhanced antitumor activity relative to the FTI alone.!% As mentioned
above, the selective FTI 18b inhibited the anchorage-independent growth of a
variety of human tumor cell lines independent of the mutational status of the Ras
protein. Since 2-D gel studies showed that the FTI 23¢ blocked the prenylation of
at least 18 different proteins,* it is quite possible that other substrates for FTase are
involved in the anti-proliferative effect of FTIs, and that the relative sensitivity of
these substrates towards FTIs plays a crucial role in determining efficacy in vivo.
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C. Effect of FTIs on Nontumor Tissue

Early studies in the field indicated that Ras-transformed cell growth could be
inhibited by an FTT at concentrations well below that which caused cell death in
normal cells. This experiment compared the MIC for growth inhibition of H-ras
transformed cells in soft agar with the concentration of FTI compatible with 290%
cell survival of a nontransformed cell line [the concentration which represents the
cytotoxic endpoint (CTE)]. One explanation for this phenomenon may lie in the
observation that the pool of unfarnesylated and cytosolic H-Ras competes with the
membrane-bound farnesylated form for binding to its effector protein Raf. Seques-
tering Raf away from the cell membrane effectively negates its biological activity,
and disrupts the signaling pathway. This dominant-negative effect of unfarnesylated
Ras with activating mutations might be more pronounced than with normal unfar-
nesylated Ras, especially since the mutant cytosolic Ras would exist predominately
in the GTP-bound form (the form which complexes Raf) due to its impaired GTPase
activity.

In addition to the CTE assay, a second measure of specificity was provided by
the selective growth inhibition of ras-transformed cells vs. control cell lines which
should be insensitive to the effects of an FTI. For example, cell lines transformed
with proteins that are not part of the Ras signaling pathway, or which are part of
the Ras signaling pathway but which operate downstream from Ras, should not be
affected by an FTL This type of selectivity was demonstrated for a number of
different prodrugs using H-ras transformed cells and either mos- or raf-transformed
cells.

Based upon the above observations, it appeared that FTTs could selectively inhibit
the growth of only ras-transformed cells while not affecting normal cells. Since
most cancer chemotherapeutic agents kill both normal and tumor cells, it appeared
that an FTT might be efficacious at impeding tumor growth with fewer mechanism-
related side effects.

In mouse efficacy studies, treating animals with high doses of FTIs did not
engender signs of toxicity or ill health. At the dose levels required to achieve
efficacy, 18¢ had no visible effect on animal health, in contrast to doxorubicin, one
of the mainstays of antitumor therapy and a classic cytotoxic drug.** As normal Ras
proteins (and other farnesylated proteins) participate in cell processes, the greater
sensitivity of tumor tissue (vs. normal tissue) to the antiproliferative effects of FTIs
has yet to be unequivocally accounted for, but several hypotheses have been
advanced.!% Susceptibility to FTIs would depend on the exact nature of the protein
substrate. While H-Ras is one of the most sensitive substrates, lamins A and B
(structural proteins in the cell nuclear membrane which are farnesylated) required
higher concentrations of FTIs 23c and B581 (the Ile— Val analogue of 2¢) to achieve
similar levels of processing inhibition.3*!?7 It is also not known what degree of
farnesylation is required for maintenance of normal function, and indeed this
probably varies among protein substrates. Additionally, cross-prenylation by
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GGTase I may rescue the functions of some normally farnesylated proteins or
redundant signaling pathways might be able to circumvent the Ras/MAP kinase
pathway.

The effect of FTIs on retinal function also needs to be carefully examined. Several
proteins involved in retinal signal transduction are farnesylated in vivo, presumably
by FTase. These include rod cell cGMP phosphodiesterase a-subunit, %1% rod cell
transducin y-subunit,”o‘111 and rhodopsin kinase.!'? Since the retina consists of
terminally differentiated, nondividing cells, the anti-proliferative properties of FTIs
should be inconsequential. Visual function could possibly be affected by alterations
in the prenylation of proteins involved in retinal signal transduction, although any
changes of this sort should be reversible.

IX. CONCLUSIONS

Both pharmaceutical and academic research have led to a substantial amount of
progress both in the design and discovery of FTIs, and in the elucidation of the
biological consequences of FTase inhibition in vitro and in vivo. In this complex
area of research, surely there await additional major discoveries relating to protein
prenylation and tumor growth. Despite the success of FTIs in treating tumors in
mouse models, however, the final gauge of success lies with controlling human
cancer. With the evolution of better and more powerful FTIs, hopefully the clinical
outcome will be the ultimate validation of farnesyl transferase inhibitors as antitu-
mor agents.
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