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Preface

Describing the intrinsic attraction of basic research in organic synthesis, Elias J.
Corey, Nobel Laureate in 1990, wrote in 1988: “The appeal of a problem in
synthesis and its attractiveness can be expected to reach a level out of all proportion
to practical considerations, whenever it presents a clear challenge to the creativity,
originality and imagination of the expert in synthesis” [1].

A few years earlier, Vladimir Prelog, Nobel Laureate in 1975, had expressed
a similar opinion in his typical laconic way: “Any problem of organic chemistry
is a scientific challenge if observed by scientific eyes” (According to notes made
by V. §unjic’ after a conversation at the Burgenstock Conference on Stereochem-
istry, 1972). Creativity and scientific challenge in synthetic organic chemistry, in
particular, because of its frequent broad application, are repeatedly recognized
by many others, organic and other chemists and even scientists from the other
disciplines.

During 25 years of teaching an undergraduate course on “Synthetic Methods in
Organic Chemistry” and a graduate (Ph.D.) course on “Stereoselective (previously
asymmetric) Synthesis and Catalysis in Organic Chemistry”, at the Faculty of
Natural Sciences and Mathematics, University of Zagreb, one of us (Vg) encoun-
tered an interesting phenomenon. The undergraduate course, mostly based on
retrosynthetic analysis using the problem-solving approach introduced by Warren
[2, 3] and elaborated by others [4—7], differed in its pragmatic approach from the
graduate course, which was based on the discussion of exciting chemistry in
original papers and monographies [8—14]. There was a notably different response
of the students during these two courses. While the undergraduates participated
intensively in discussions of possible retrosynthetic paths and proposed new synth-
eses, the graduates, in spite of the inclusion of up-to-date, exciting examples of
non-catalytic, catalytic and biocatalytic stereoselective transformations, were less
inclined to interact. Obviously, the future “experts in synthesis” (Corey) greatly
preferred lectures in which target structures were well defined, and the complex
synthetic problem was clearly defined. This is the basic premise of the current
monograph.
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The concept of this book was born out of our joint experience in teaching and
research in academic institutions on the one hand, and our combined, more than 40
years participation in research projects in small and large pharmaceutical compa-
nies on the other. The volume collects together exciting achievements in synthetic
organic chemistry, as they appeared during the development of target molecules,
mostly chiral, enantiopure drugs. Fifteen target structures are selected to demon-
strate these synthetic achievements, some of them are established drugs, the others
are candidates for drugs under clinical research, one a natural product with broad
application and one a library of lead molecules. In the introduction, we describe the
various stages of research towards a new drug entity (NDE), as organized within the
innovative pharmaceutical industry. The search for hits, improvement of biological
properties from hits to leads and selection of clinical candidates are outlined,
followed by the various phases of clinical research.

The sequence of chapters is roughly based on the (potential) clinical indications,
but each chapter is complete in itself. The chapter abstracts are structured to enable
the interested reader to easily identify the synthetic achievements and biological
profile of the specific compound or structural class presented. These include
mechanistic and stereochemical aspects of enantioselective transformations, new
methodologies such as click chemistry, multi-component syntheses and green
chemistry criteria, as well as brief information on the biological targets, mechan-
isms of action and biological and therapeutic profiles of target structures. Presenta-
tion of synthetic chemistry in each chapter is guided by the concept inherent in
modern organic chemistry, that mechanistic organization ties together synthesis,
reactivity and stereoelectronic structures of the key reagents or intermediates [15].

In the chemical schemes in this book, all specific, defined compounds or
chemical entities are consecutively designated with Arabic numbers, while general
formulae are listed with Roman numbers.

We are very grateful to the support and assistance provided by the publisher,
Springer, particularly that from Dr. Hans-Detlef Klueber and Dr. Andrea Schlitzberger.
Finally, we hope you, the reader, will find much to interest and inform you as you
browse through the book, both initially and as a subsequent reference text.

Zagreb, Croatia Vitomir §unjic’
February 2011 Michael J. Parnham
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Chapter 1
Organic Synthesis in Drug Discovery
and Development

Abstract The discovery and development of a new drug entity (NDE) to become a
marketable drug is a complex, costly and time-consuming process. It is subject
to increasingly stringent regulations and high attrition, which squeeze the time avai-
lable both for the development and sale of the final product within the remaining
window of patent coverage.

Organic synthesis of NDEs is challenged by the creation of novel, biologically
active, safe and suitably targeted molecules and the improvement of lead com-
pounds, as well as by the need to scale up compound quantities for safety and
clinical studies. Even though natural and biologically derived drug molecules are
en vogue, small synthetic molecules are preferable for oral drug administration and
organic synthesis is required to modify natural compounds.

Biologically orientated synthesis can generate compounds with multiple activ-
ities. The industrial use of genomics research to identify potential target proteins
and of high throughput screening to test compounds, including synthesized libraries
of DNA sequence-programmed small molecules, all increase the chance of identi-
fying totally new NDEs.

Chirality of NDEs is crucial because of the three-dimensional nature of
biological target molecules and 68% of the top 200 marketed drugs are optically
pure. Consequently, the stereoselective approach to drug molecules will remain
important for many years to come.

1.1 Introduction

The complexity of the process leading to the marketing of a new drug entity (NDE)
and its introduction to therapy is well recognized. As a matter of fact, complexity
has become synonymous with high risk and frequent failure, or attrition, in search-
ing for an NDE. Currently, innovative pharmaceutical companies that are focused
on the development of NDEs are facing huge financial and organizational problems.
This is related to the decreasing likelihood of being able to introduce successfully a
“blockbuster”, or “$1 billion drug” to the world market. This situation is, in part, the
consequence of the ever more stringent requirements of regulatory authorities in
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developed countries, primarily of the Food and Drug Administration (FDA) in the
USA, concerning the required documentation for all phases of preclinical and
clinical investigations of an NDE. In addition, the diseases for which new therapies
are still needed are now generally complex chronic diseases, which are difficult to
categorize and require long-term, safe drug treatment.

These factors also enhance the risk of investment in long-term NDE-orientated
research and development (R&D) due to the prolonged period between the first
patent application and the appearance of the drug on the market. Consequently, the
number of new first-in-class drugs that have reached the market in the last decade
has been steadily declining. As a result of new technological developments, interest
and investment in biological (protein-based) drugs is increasing, partially because
of their relative specificity and the expected higher price, which companies can set
following their introduction to the market (see also Sect. 1.2). However, this
approach too has its limitation as biologicals cannot usually be given orally and
the pressure of reimbursement agencies is likely to reduce pricing in the future.

An NDE is expected to meet an unmet medical need or to improve therapy where
existing drugs have proved ineffective due to lack of efficacy, development of
resistance or tolerance, to unexpected toxic side-effects, or have shown incompati-
bility with other drugs. New pathological states or diseases are also being continu-
ously revealed and require effective therapy.

In spite of all these incentives to the development and marketing of new drugs,
the success rate is decreasing. Rapid progress in the sophistication of the technical
and analytical methods used to monitor all NDE development steps has resulted in
clearly safer drugs. But, at the same time, this has further contributed to the delay in
the introduction of drugs to the world market. The span between the first patent
claiming biological activity of the new chemical entity and its introduction to the
market has been prolonged from less than 68 years in 1970-1990 to over 15 years
today. Two economic drawbacks for innovative pharmaceutical companies have
been the inevitable consequences: much higher investment is needed for the whole
R&D process, and the periods available for exploration of the original drug under
patent protection and for recovering this investment with drug sales are now much
shorter.

In the next three sections, we briefly present some characteristics of the R&D
process in the pharmaceutical industry and the specific approaches that are being
taken to confront the scientific and organizational problems.

1.2 Synthetic Organic Chemistry in Pharmaceutical R&D

The discovery of a drug has always depended on creative thinking, good science
and serendipity. Due to the ever more stringent criteria that need to be satisfied for
the introduction of an NDE to the market, drug discovery has always had a high
attrition rate. A key goal is therefore to reduce this attrition rate by transforming
drug discovery into a high-throughput, rational process. This is possible at some
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specific early stages during drug discovery, particularly with biological assays that
identify numerous hit compounds and when the data accumulated support progress
towards synthesis of a limited number of lead compounds.

To provide background information for the role of synthetic chemistry, some
aspects of the R&D process in innovative pharmaceutical companies deserve
comment. The complexity of the usual multidisciplinary research process in devel-
oping an NDE is presented schematically in Fig. 1.1.

The organizational and value chain in pharmaceutical R&D requires that a wide
range of activities are interconnected, some of them loosely, the others strongly
integrated. Individuals prepared to champion this progression are crucial, and they
are recruited from among the scientists and physicians involved.

The importance of synthetic chemistry in the research shuttle arises from the
need to access promptly the progressively increasing amounts of active substance
or active pharmaceutical ingredient (API) that are required. This becomes most
essential when approaching crucial activities such as safety studies (toxicology in
animal species), and the development of suitable dosage forms and testing in human
beings (clinical phases I-III). Lack of well-planned, timely delivery of reproducibly
standardized API can result in long delays in the progression of the new product to
the market, mainly by failing to arrive on time at the milestones of nomination for
selection of a clinical candidate (CC) or a candidate drug (CD) [1]. The require-
ments for active substance at various points along the R&D shuttle process are
presented in Fig. 1.2.

Prenomination CD selection PoC Submission of file
. a a PY
:nai:gﬁ:a d lead cDh concept development launch life-cycle
identification optimization fiprenominationj§ testing for launch phase support
v hd v el
| |

clinical studies postmarket surveillance

on humans (phase IV)
(phases I-lll)
"Classical"
trigger point
New concept: CD = candidate drug
quick reach of PoC PoC = proof of concept

Fig. 1.1 R&D “shuttle” for delivering an NDE

in vitro tests, lead in vivo tests in vivo safety clinical studies  launch 1st year market
hit-to lead optimization | CC selection studies on humans phase
1-10 mg 10-100mg 10-100g 1-5kg 5-100kg >100 kg-tons

Fig. 1.2 Requirements for active compound along the R&D process
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This scheme outlines the exponential requirements for the active substance over
a period of approximately 10 years. The critical period for the research chemists on
the project, however, lies between the selection of the lead and the clinical candi-
date. In this period, scale-up to kg production is undertaken for the process that was
previously used for mg preparation. Besides the usual modification of the separate
synthetic steps, often the complete synthetic scheme needs substantial modification
to enhance efficiency, expressed as the average yield of the process, and to reach a
reproducibly high level of purity of the final product. At this stage, initial consider-
ation of the requirements for the future multi-kg production process is made. This
includes planning the technological, ecological and economic aspects of the future
process. The subsequent large-scale synthesis of API for clinical trials, these days,
is usually contracted out to a specialized manufacturing company, for whom the
research chemist will provide technical details.

Lead generation and, to a greater extent, lead optimization are the processes that
make the most creative demands on the synthetic organic chemist. Lead generation
is the process by which a series of compounds is identified that has the potential
to be developed into a drug. Creativity is not only demanded in synthesizing
a compound with the desired biological activity. The molecule must also have
suitable physical properties for the route of administration planned, exert little or no
toxicity and on administration, must be taken up efficiently into the body and
distributed at adequate concentration to the desired site of action (pharmacokinetic
properties).

The shuttle model in Fig. 1.2 is particularly challenged by the high attrition of
the potential drug entities in the course of R&D process. Attrition of potential NDEs
(termination of research projects due to their failure to satisfy the criteria set up for
the different phases of the shuttle process) has various causes. Among them are
toxicity in non-human tests (35%), lack of clinical efficacy (18%), unacceptable
clinical safety (15%), together with unsatisfactory pharmacokinetic (PK) and bio-
availability properties (9%). These data indicate that proof of concept (PoC) and
clinical studies in humans are the stages at which most potential drugs fail to satisfy
the criteria. Although synthetic chemistry is not directly involved in these activities,
it is the basis for the unsuitable biological properties of the chemical entity. The
only way to overcome the deficiencies is to design and synthesize new lead
molecules.

Together with the identification of biological targets and lead optimization, the
chemical synthesis of novel compounds forms one of the key steps in drug discovery
(Fig. 1.1). According to Gillespie [2], the attributes of a high-quality lead com-
pound are:

— Its synthetic tractability

— The patentability of the series around the lead

— Availability of chemistry space for optimization

— Acceptable solubility, permeability and protein binding

— Lack of inhibition of cytochrome P450 (CYP; family of enzymes responsible for
oxidative drug metabolism)
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— Lack of inhibition of human ether-a-go-go related gene (hERG; a gene that
codes for a potassium ion channel in the heart, inhibition of which can cause
cardiac arrest)

— Acceptable absorption—distribution—metabolism—excretion (ADME)

— Its confirmed interaction with the biological target (e.g. by X-ray or NMR)

— Defined apparent structure—activity relationship (SAR)

— Its confirmed biological activity in vivo

However, natural compounds, which represent a rich source of new NDEs as
discussed in Sect. 1.3.1, do not usually conform to these criteria.

Selection of the CD is shown as the “classical” trigger point in Fig. 1.1.
According to the most recent concept, the CD should be moved forward as soon
as possible to “prenomination” which commits the R&D organization to rapid
attainment of the PoC in humans. Prenomination at such an early stage sets a new
challenge to synthetic chemistry to provide the active substance in sufficient
quantity and purity.

Without underestimating any step in the process of the R&D shuttle, demands on
the first stages, prior to prenomination, make it increasingly important to get the
concept right from the beginning and avoid costly late attrition. This depends
largely on the skill and creativity of medicinal and synthetic chemists.

1.3 New Concepts in the Drug Discovery Process

Traditionally, synthetic chemistry in drug discovery has been the main source of
new structural classes for biological testing of any kind. Analogue-based drug
design, presented in a systematic manner in a recent monograph [3], was the leading
concept. Since analogy plays an important role in applied research, it is not
surprising that it became a crucial strategy in medicinal chemistry. According to
the authors of the recent book, a specific aspect of this approach involves a search
for a structural and pharmacological analogue (also called a full analogue) of an
existing drug as a lead compound. It is also a pragmatic approach, since the
therapeutic target has already been validated, although the project will race against
unknown competitors who may start from the same scaffold at about the same time.
On the other hand, it is not a simple research method, but a way of thinking that uses
a combination of modern in silico and in-solution experimental methods. A number
of stand-alone drugs taken as starting points for this approach are discussed in the
monograph [3].

As biological targets for drugs are complex three-dimensional molecules, it is
almost axiomatic that chiral compounds may be potential drugs, and synthetic
methods leading to optically pure compounds represent the most important syn-
thetic armamentarium. Chiral drugs in an optically pure form are present in 68% of
the top 200 brand-name drugs, and in 62.5% of the top 200 generic drugs [4].
The importance of stereochemistry in drug development and medical application
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is further illustrated by the fact that among the ten highest-selling drugs over the last
decade, nine are chiral compounds, representing a $53.5 billion market in 2004 [5].
The chiral nature of most drugs on the market and of those under development, thus,
more than justifies the scope of this book. Its importance is reflected in the numerous
modern, stereoselective transformations that have been invented or improved to
synthesize chiral drugs. In fact, the percentage of commercially available, single-
enantiomeric drugs increased from 10% before the 1990s to around 37% in 2005,
when the sales of this type of pharmaceutical product amounted to US$225 billion
(2005 prices) [6].

The scientific and commercial value of synthetic organic chemistry research
seems to have been underestimated in the recent decades dominated by molecular
biology, genomics, products from exotic natural sources, and so on. However, it was
recently stated that synthetic methods still attract most of the attention of the reader-
ship of many leading American Chemical Society (ACS) chemical journals [7].
Thus, five of the top ten most requested articles in the CAS Science Spotlight are
from J Am Chem Soc and all refer to synthetic methods. The first four papers refer
to reactions that are suitable for work on a large scale. The author concluded that
nowadays, the fine chemicals industry and pharmaceutical industry generally rely
on university research to discover new reactions, which are then adapted to indus-
trial processes. The chapters in this book report many such examples.

In a recent feature article, authors from Roche reported the results of an
exploratory interview, in which selected scientists were asked to take extreme
positions and to derive two orthogonal strategic options: chemistry as the traditional
mainstream science or chemistry as the central entrepreneurial science [8]. The
outcome was that small molecules are still considered to be the only viable
therapeutic options for oral drug delivery. Specific therapeutic opportunities were
also identified for differentiated small molecules for indications in which large
molecules face distribution barriers. These include targets within the central ner-
vous system (CNS) and intracellular targets in general. So, synthetic chemistry
appears to have a bright future.

1.3.1 The Impact of Natural Products on Modern Drug Discovery

Non-chemical synthetic processes, such as extraction and isolation from plants,
biocatalysis, monoclonal antibody production, plant cell culture, gene modification
and fermentation, also complement chemical synthesis as a source of new drug
entities. In fact, synthetic organic chemistry is frequently required to modify the
original natural product. The synthetic organic chemist is able to view the com-
plexity of target molecules, whether synthetic or natural, in terms of the number of
functional groups/molecule, the number of stereogenic centres with defined abso-
lute configuration and the conformational flexibility of the molecule. This “qualita-
tive picture” of molecular complexity has been reduced to numerical dimensions
for medicinal chemists. For instance, Wenlock has deduced numerical criteria from
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the percentage of marketed drugs with “drug-like” properties [9]. Emphasizing the
mean values for molecular weight, flexibility, log P and H-bond donors and acceptors
of marketed drugs, he drew the following conclusions:

— Dimension: 90% of marketed drugs have a molecular weight of 473 or less
(mean 337)

— Flexibility: 90% of marketed drugs have 11 or fewer rotatable bonds (mean 5.9)

— Log P: 90% of marketed drugs have a log P < 5.5 (mean 2.5)

— H-bond donors: 90% of marketed drugs have <4 (mean 2.1)

— H-bond acceptors: 90% of marketed drugs have <8 (mean 4.9)

These principles can be applied across a wide range of chemical structures.
Within the field of chemical synthesis, however, there are two main approaches to
NDE:s. The first and broadest approach is to target small, potentially biologically
active synthetic molecules, based on structure-activity designs, as discussed in the
previous section, followed by synthesis and testing. The second approach targets
natural products, as the source of biologically active molecules, to synthesize
molecules that often act at quite different receptors from those of the parent natural
products. In this way, organic synthesis plays a crucial role in expanding the
diversity of new compounds from natural product.

Although many traditional drugs were originally obtained from plants, there
have been times when large pharmaceutical companies were reluctant to initiate
projects based on chemical modification of natural products, because of the addi-
tional challenges of isolation and amenity to synthetic modification. Now, with the
options for available active structural scaffolds becoming more complex, we have
entered a period of renewed enthusiasm. Some aspects of this approach to modern
drug discovery will be analyzed briefly here.

There are two important arguments in favour of synthetic modification of natural
products:

— Natural products are amenable to further improvement, whether in terms of
efficacy and selectivity for the biological target or the achievement of optimal
pharmacokinetic properties

— Natural products address a different area of chemical space to that of synthetic
molecules

This latter statement implies that significant differences exist in the molecular
architecture produced by nature in comparison with the synthetic molecules of
medicinal chemistry [10, 11]. Nature diversifies by taking a limited number of
building blocks and partitioning them into a multitude of pathways. The synthetic
chemist, on the other hand, fills the chemical space with numerous new compounds
by repeating a reliable sequence of reactions over and over again, while changing
the starting structures.

Whichever route one takes, the opportunities for innovation are immense. In
terms of biological space, structural restrictions are provided by possible active target
sites. The human genome consists of 3 x 10* genes, of which only a small fraction is
targeted by current therapeutics [12, 13]. Conformational changes, mutations and
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post-translational modifications all diversify the targets and this is only in terms of
proteins. On the other hand, chemical space is infinite, and there are an estimated
10°° organic compounds with a molecular weight of <500 [14]. Our limited
understanding of the areas of chemical space best suited to interact with biological
space (i.e. the physico-chemical properties that enable interactions with biological
receptors to occur) is the major barrier to the development of new drugs.

In this context, it is important to mention that various attempts have been made
in recent years to surmount this barrier, particularly using statistical analysis to
define descriptors for small-molecule, drug-like space. The most familiar approach
is Lipinski’s “Rule of Five” that predicts oral absorption on the basis of values
containing 5 for log P, molecular weight and H-bond donors and acceptors [15].
Other approaches consider the importance of parameters such as the number of
rotatable bonds and polar surface area (PSA) [16].

In conclusion, the main issue with synthetically modified natural compounds is
that of their restricted “drug-like” properties, in particular, their limited solubility
due to their dimensions, large molecular weight and high hydrophobicity (lipophi-
licity). Nevertheless, in the period 1981-2006, among a total of 1,184 new chemical
entities (NCE) that were approved, 52% had a natural product connection, 30%
were synthetic and 18% were biological [17].

1.3.2 Biologically Orientated Synthesis in Drug Discovery

Several new paradigms, including biologically orientated synthesis and genomics,
have been incorporated recently into the drug discovery process. The novel concept
of biologically orientated synthesis, introduced in 2005 by Waldmann et al.
[18, 19], is based on the following three essential aspects:

(a) Natural products represent pre-validated lead structures for medicinal chemis-
try and pharmacological activity

(b) The recognition that only a limited number of binding-site topologies for small
molecules exist across all protein families

(c) Synthesis of target compound libraries is based on the two former premises,
guided by biologically derived structural principles and the biological charac-
teristics of the system to be investigated

This concept is illustrated schematically in Fig. 1.3 [20]. This diagram sum-
marizes the discovery of new modulators of both cell cycle progression and viral
entry. The crux of the whole concept is the observation that Nature pairs non-
peptide small molecules with relevant protein receptors, and the number of binding-
site topologies for small molecule ligands across all protein families is limited.
Phenotypic screening of the library of enantiopure o,B-unsaturated-6-lactones
was exceptionally successful and has identified potent modulators of the two
unrelated biological processes. In one case, the compounds are inhibitors of cell
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Fig. 1.3 Biologically orientated synthesis exemplified

cycle progression (potential anticancer drugs), and in the second case, inhibitors of
viral cell entry (potential antiviral drugs).

This approach is expected to improve and speed up the development of NDEs in
many other therapeutic fields [21].

1.3.3 Incorporation of Genomics and DNA-templated Synthesis
into Drug Discovery

Another new concept is based on the premise that successful incorporation of
genomics into the drug discovery process is critical for the long-term survival of
innovative pharmaceutical companies [22, 23]. Until recently, the main approach
of large companies was to identify a relatively non-specific target for medicinal
chemistry that would potentially lead to a drug, which could be marketed for a wide
variety of diseases and thus recover R&D investment across a broad area. Increased
understanding of disease pathology, individual patient responses and the ability to
target disease processes more specifically, has made the “blockbuster” approach
less attractive and too expensive. Evaluation of specific gene targets allows the
industry to define the role of the gene in disease at the same time as searching for
a suitable drug to interact with the expression of the gene. To understand this
statement, one has to take into account that innovative pharmaceutical companies
worldwide can presently progress with approximately 50-100 new biological
targets a year [24]. Knowledge of the detailed structure and function of the
biological target, and its relevance to specific diseases, is crucial to the design of
agonists or antagonists as therapeutic agents for specific pathological processes.
Shortage of tractable biological targets and reliable methods for their selection are
among the main obstacles in the search for new drugs. Therefore, it is clear that
identification of genes relevant for specific diseases is crucial for “industrialization”
of the drug discovery process [25].



10 1 Organic Synthesis in Drug Discovery and Development

The drug discovery approach based on genomics uses gene targets, discovered
either by bioinformatic analysis (mining) of databases, characterization of mutant
genes responsible for interesting phenotypes in animal models, or determination of
disease genes by association of linkage studies in man. Figure 1.4 summarizes key
components of the genomics-based drug discovery process.

This process is characterized by cloning of target genes followed by expression
of the protein coded for by the gene and its configuration into a high-throughput
screen (HTS) for interacting compounds. These steps are carried out in parallel with
the generation of chemical databanks using combinatorial chemistry, and to a
certain extent also parallel synthesis. The hallmark of genomic-based drug research
is the use of target validation methods. This involves gene transfer and knockout
studies in animals to determine its function as well as translational medicine studies
to link the experimental data to the function of the gene in normal human health and
disease pathology. This increases confidence in the disease relevance of the target
gene.

A closely allied concept is that of DNA-templated organic synthesis (DTS)
[26-28]. It is based on the translation of nucleic acid sequences into corresponding
synthetic compounds, and is primarily used in the creation of libraries of DNA
sequence-programmed small molecules. DTS does not require adjacent functional
groups to proceed efficiently [29], can mediate sequence-programmed multistep
syntheses of small molecules [30], and can enable reaction pathways that are
impossible to achieve by conventional synthetic strategies [31]. This principle
was shown to be particularly valuable in the selection of a library of macrocyclic
compounds [32].

The final steps in Fig. 1.4 are the same as those in the non-genomic driven
research in drug discovery presented in Fig. 1.1. Research is therefore currently
focused on the initial steps, where opportunities for novel approaches exist. Non-
chemical synthetic methodologies, such as virtual screening of virtual libraries [33],
molecular modelling of receptor-ligand (agonist or antagonist) complexes
[34], genomics [35], combinatorial chemistry [36], in silico target fishing [37] and
proteomic approaches are regarded as particularly promising in drug discovery [38].

High-throughput
‘=° — [

——) |Lead compounds| ——>

Clinical
candidate

Combinatorial Chemical .
chemistry —— | Jatabanks | = |Hit compounds

Fig. 1.4 Cloning of target genes followed by protein expression and configuration into HTS,
parallels combinatorial chemistry to hit generation on the pathway to lead compound and clinical
candidate
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1.4 Conclusion

In spite of the highly structured nature of drug research, it has been stated repeat-
edly that projects in this area are less foreseeable and more risky than sending a
space shuttle to a distant planet many light-years from Earth. More than in any other
field, such research needs the involvement of individuals who are prepared to
champion its progression.

Consequently, the economics of R&D on NDEs is under continuous challenge
and re-evaluation. In 2006, only 18 new medical entities (NME) were approved by
FDA, the same number as in 2005; the decrease in approvals is a direct result of the
reduced number of new drug applications [39]. Analysis of the cost of an approved
NME, by the Boston Consulting Group, yielded a figure of $881 million, which is in
good agreement with the estimate of $802 million by DiMasi et al. [40]. With the
costs of bringing a new therapeutic agent or NDE to the market now estimated at
approximately $2 billion, the drug discovery industry is under increasing pressure
to improve the efficacy, selectivity, efficiency and economics of R&D [41].

The “blockbuster business model”, introduced by pharmaceutical companies a
few decades ago, is orientated towards the development of high market-volume
drugs. However, the potential for withdrawal of blockbuster drugs from the
market for safety reasons has become a key driver for the search for alternative
models [42].

Specificity, selectivity, safety and disease relevance have all increased in impor-
tance as factors in the search for the leading new drugs of the future. As we have
seen, chirality has been a characteristic of selectively acting drugs for many years.
The inclusion of stereoselectivity into the synthetic chemistry for complex mole-
cules occupying novel chemical space will remain an essential attribute of research
on NDEs for many years to come.
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Chapter 2
Aliskiren Fumarate

Abstract

Biological target: Aliskiren is a direct inhibitor of the protease renin, secreted by
the kidney, which forms angiotensin I from angiotensinogen. Further metabolism
by angiotensin-converting enzyme generates angiotensin II, which is a vasocon-
stricting agent that also regulates adrenal cortical aldosterone production and
thereby renal salt retention. This in turn regulates blood pressure.

Therapeutic profile: Aliskiren is used, either as monotherapy or in combination
with other antihypertensive drugs, for the oral treatment of high blood pressure.

Synthetic highlights: Synthetic strategies are often based on visual imaging of
a target structure. Using different Dali-like visual representations of a target molecule,
creative retrosynthetic considerations can then lead to the selection of starting com-
pounds from Nature’s chiral pool. In this way, imaging of the folded form of a key
intermediate revealed L-pyroglytamic acid as a convenient chiral starting material in a
“Daliesque synthetic route” to aliskiren. Fine-tuning of the chiral ligand for the Rh
complex, which catalyses the hydrogenation of the selected substrate, resulted in
extreme enantioselectivity for the critical step in aliskiren synthesis.

2.1 Introduction

Aliskiren (1, 2S,4S,5S,7S)-5-amino-N-(2-carbamoyl-2,2-dimethylethyl)-4-hydroxy-
7-{ [4-methoxy-3-(3-methoxypropoxy)phenyl]methyl } -8-methyl-2-(propan-2-yl)non
anamide, in the form of the fumarate salt, was approved in the US in March 2008 as a
first-in-class anti-hypertensive agent (Tekrurna®™, Novartis/Speedel). It is known as
Rasilez® outside the US and was approved in the EU in August 2008 [1].

Me_  Me
OH by Me Me COOH
NH o o}
HO Moo B HOOC
Me Me
1 aliskiren fumarate
V. §unjic’ and M.J. Parnham, Signposts to Chiral Drugs, 13

DOI 10.1007/978-3-0348-0125-6_2, © Springer Basel AG 2011
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The drug received FDA approval for the oral treatment of high blood pressure as
monotherapy or in combination with other anti-hypertensive medications.

2.2 Renin and the Mechanism of Action of Aliskiren

The target enzyme of aliskiren is renin (EC 3.4.23.15) and the drug is the first direct
inhibitor of this enzyme [2, 3], in distinction to the older ACE inhibitors, which
provide incomplete suppression of the renin—angiotensin—aldosterone system
(RAAS) (Fig. 2.1).

Renin is a protease, secreted by blood vessels in the juxtaglomerular apparatus of
the kidney, under various physiological stimuli, including a decrease in renal
perfusion pressure (regulated by blood pressure), thus controlling filtration of fluid
through the kidney. Acting on its substrate, the plasma protein, angiotensinogen,
renin forms angiotensin I, which is further converted (by angiotensin converting
enzyme, ACE) to form angiotensin II. Binding to AT, receptors, angiotensin II
stimulates growth of vascular tissue, vasoconstriction (directly and by stimulating
noradrenergic nerves) and salt retention (by stimulating aldosterone release from the
adrenal cortex and increasing Na* reabsorption by the kidney). Older anti-hypertensive
agents include the ACE inhibitors and AT receptor antagonists.

The inventors of aliskiren employed a combination of crystal structure analysis
of renin-inhibitor complexes and computational methods to design novel renin
inhibitors without the extended peptide-like backbone of previous inhibitors.
In order to understand the interactions of aliskiren at the active site of renin, the

| Renal
/— perfusion pressure
| Glomerular
filtration \' /

Renin
e
release

Angiotensinogen Angiotensin |

l et ACE inhibitors
e Angiotensin Il
AT,-R antagonists

Fig. 2.1 Control of renin [ 4\ \

release and action of

angiOtenSin I (mOdiﬁed [Vascular growlh] [Vasoconstriction] [ Salt retention ]
from [4])

| Tubular
[Na']
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Fig. 2.2 Schematic

presentation of the
enzyme—substrate complex HyN 4|‘P3 | P2 | Py | Py | Py | P'3~|7 COOH

of papain with a bound
SIEESENEEAE
enzyme active site

hexapeptide
schematic presentation of enzyme—substrate complexes of peptidases introduced by
Schecter [5] can be applied to renin-catalysed reactions (Fig. 2.2).

Thus, the active site of the enzyme is composed of seven sub-sites, S1-S4 and
S1-S3’, located on either side of the catalytic site, indicated by the bold arrow.
Substrate amino acids P are counted from the point of cleavage on both sides of
the site, and thus they are numbered in the same way as the sub-sites they occupy.

Using this scheme, a molecular modelling method was developed, in order to
substitute earlier peptide inhibitors with a compound lacking the P1-P4 spanning
backbone that would optimally fit the hydrophobic surface of the large S3-S1
cavity of renin Fig. 2.3 [6].

Figure 2.3 shows the binding of aliskiren to renin in relation to the enzyme
specificity pockets, S4—S2’. Superimposition of the peptide inhibitor CGP 38560A
reveals how very different the binding interactions of aliskiren are compared to the
older peptide.

CGP 38560A

Aliskiren acts as a transition state mimetic, inhibiting renin via hydrogen
bonding of both the central hydroxyl group and the amino function to the catalytic
Asp32 and Asp215 residues in the S1-S3 pocket [7, 8].

Thus, one of the important interactions of aliskiren at the active site is con-
tributed by the alkylether aromatic side-chain, which is accommodated within a
distinct sub-pocket S3. This pocket is orientated perpendicularly to the substrate
binding cleft of renin, which is not occupied by substrate-derived inhibitors, such as
CGP 38560 [9]. The methoxypropoxy side chain in aliskiren 1 appears to be
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Fig. 2.3 Superimposed
binding of aliskiren (purple)
and peptide inhibitor CGP
38560A (green) to the active
site of human rennin
(reproduced from [6], with
the permission of Academic
Press)

optimal with regard to length and the position of the distal ether oxygen, as the
H-bond acceptor from Tyr 14 of the S3 sub-pocket.

Within the central backbone of aliskiren, the vicinal amino and hydroxyl groups
at the two stereogenic centres (both in the S-configuration) contribute to the hydro-
gen bonding with the catalytic As 32 and Asp 215 residues. Extensive modification
of the P2’ region, the subunit on the terminal carboxylic group, led synthesis from a
lipophylic n-butyl side chain, via a basic group, to a terminal carboxamide group and
the insertion of geminal methyl groups. The terminal carboxamido group, as a
consequence, became involved in the H-bonding interaction with Arg 74, while
the geminal dimethyl group provided hydrophobic interactions with the S2’ site of
renin. As a cumulative effect of all these binding contributions, an increased affinity
of aliskiren was achieved to within the sub-nanomolar range (ICso 0.0006 nM) [8].

2.3 Structural Characteristics and Synthetic Approaches
to Aliskiren

Aliskiren is representative of compounds with general structure I, varying in the
nature of the aromatic substituents, the amide moiety, and alkyl groups, representing
a novel carbon backbone with unique binding affinity to renin.

OH R4

R2 NHR;

NH, O
R1 R3
R;, R, = methoxy, methoxyethoxy, etc.
R, R, = methyl, isopropyl
Rs = alkyl, aminolakyl, etc.
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While the structure-based design of aliskiren is straightforward, synthesis of this
highly flexible molecule with four stereogenic centres remains a formidable task.
Synthetic approaches to aliskiren are numerous, and have been reported in a
number of patents [9—12] and original papers [13-21]. Here, we present two routes
to the chiral drug. Because of their conceptual and methodological differences, the
two routes demonstrate instructively how a complex target molecule, such as
aliskiren, offers great opportunity for creative synthetic organic chemistry.

The first strategy is characterized by imaginative retrosynthetic analysis [22] that
leads to the natural chiral agent, L-pyroglutamic acid. The second strategy makes
use of a chiral organometallic complex, designed for highly enantioselective
hydrogenation of the strategic intermediate in the critical synthetic step. As such
it represents an instructive example of the modern concept of fine-tuning of chiral
ligands in organometallic catalysis. On the path to aliskiren, catalytic hydrogena-
tion of the C=C bond in the strategic prochiral substrate is achieved using an Rh
complex with a bidentate diphosphine ligand, thus creating a chiral environment
constituted by the three ferrocenyl units [23].

Before considering these two novel approaches in detail, Schemes 2.1 and 2.2
present the original and one of the most explored routes to aliskiren, which was
developed by the originator of the active substance [9].

These schemes show how complex a synthetic project can become in order to
supply a new drug. The synthetic route outlined in these two schemes is character-
ized by a large number of steps, a diversity of reagents and effective chirality

Me __Me i Me . -Me i Me - Me
KKOEt + Cl~_Cl CI\/\/\LKOEt Cl\%\/\LKOH
o) 0

(e}
cinchonidine
Me M
Me (o] ifi © Yo iv Me - Me
1’( 0 + Clu~ ! — Cli N —— C|\¢\/\L’(0H
. o 3
o 3 Ph
Ph
v Me __Me vi Me __Me o
— CI\/\/\LKCI — g NM > cl
# Z ®2 * OMe
(e} (e} MeO
Me __Me 0
vii o _ N(Me)2 i o) ., _Me
>~ viii >~ "
OMe o OMe Me
MeO MeO

—— Scheme 2

Reagents and conditions: i. N-BuLi, DIA; ii. NaOH, ag. EtOH; jii. LIHMDS/THF;
iv. Ag. LiOH; v. (COCI),; vi. Me,NH, pyridine;
vii. Mg(0), THF; viii. H;PO,, NBS.

Scheme 2.1 Initial steps on the synthetic route to aliskiren
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oH CONMe,
, Me
z I/
Br Me
Me Me
OAc o) /o
i ™~9 CONMe, ;, O Me
OMe Ng OMe N3 Me
MeO Me” “Me MeO Me Me

Me Me
OH Me Me

Me Me o) N NH
+ H.N v,vi K\/ N\)Kn/ 2
2
NN OMe NH, O O
o MeO Me”™ "Me
aliskiren 1

Reagents and conditions. i. MeoNH, Et,AICI; ii. AcyO; iii. NaNg; iv. TsOH;
v. TEA, D; vi. Pd-C/Ho.

Scheme 2.2 Final synthetic steps on the route to aliskiren

transfer. This pathway had to be scaled up to the production level, yet still meet the
requirements for large quantities of active substance with high chemical and
stereochemical integrity.

2.3.1 Strategy Based on Visual Imagery, Starting from Nature’s
Chiral Pool: A Dali-Like Presentation of Objects

The first synthetic approach to be considered in more detail was designed and largely
completed by Hanessian et al. at the University of Montreal. The authors started from
retrosynthetic analysis of the generic backbone structure 1 (Scheme 2.3) [21]. They
noticed that compound II, when presented in its “folded” form IIA, visually overlaps
better with the bicyclic lactam 2!

Further retrosynthetic steps in this Scheme led to the logical synthetic equivalents
3-6, likely to be available in the (reverse) synthetic pathway from L-pyroglutamic
acid, a chiral building block from Nature. Each synthetic step in this scheme, however,
required innovative use of a specific reagent. These innovations included hydrolysis
and hydrogenolysis of the two C-N bonds in 2 to obtain 1, diastereoselective
reduction of the ketone carbonyl group in 3 to obtain 2, and arylation of the
pyrolidone 6 to obtain 5 via diastereoselective addition of a phenyl group to the
intermediary iminium ion.

Once the bicyclic lactam 2 had been assembled, it was only necessary to cleave
two C—N bonds to reveal the acyclic form of the target structure II. This situation
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0 N
COHNR,
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6

L-pyroglytamic acid

Scheme 2.3 Retrosynthetic analysis of the backbone structure of 1

RO} HO )‘ ,
i i 2 iv

07 NN CooMe e MeO~ N~ GoOMe
|
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|
| Cl—
Boc R Boc
11 iso-propenyl
12 iso-propyl

Reagents and conditions: i. LIHMDS, —78 °C, THF, then acetone; ii. TMSCI, imidazole, DCM;
iii. DIBAL, =78 °C, THF, then MeOH, pTSA,; iv. MsCl, DMAP, Et3N;
separation of minor syn-isomer; v. Hy, Pd/C, EtOAc, NaHCOyg;
vi. PhMgBr, CuBr-Me,S,BF3-OEty, THF; vii. LIOH, THF/H,0;
viii. HCI, dioxane.

13 14

Scheme 2.4 1-Pyroglutamic acid as the starting point for the chiral building block 14, with the
“wrong” stereochemistry

resembles the concealed imagery of some of the paintings of Salvador Dali,
permitting the objects to be seen in more than one way. Therefore, the authors
named this route the “Daliesque synthetic plan™ [21]!

The first hurdle to be overcome in this synthetic plan was the introduction of the
2R-isopropyl group and /S-phenyl group, with the unfavourable relative cis-stereo-
chemistry, starting from suitably protected L-pyroglutamic acid (Scheme 2.4) [21].
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Nearly all steps in this scheme required significant departure from the «standard»
conditions or reagents! Thus, introduction of iso-propryl group by alkylation of
Li-enolate with iso-Prl failed due to low reactivity of the sec-halide. Alkylation by
acetone provided a successful detour and intermediate 8 was obtained as a 5:1
antifsyn mixture. On protection, as TMS ether 9, and reduction with DIBAL-H,
diastereomeric hemiaminals were obtained and, without isolation, treated with acidic
methanol, thus permitting isolation of pure diastereomer 10. En route to introduction
of the isopropyl group, mesylation of 10 and conversion to the iso-propenyl unit in 11
was completed regioselectively. On hydrogenation to iso-propyl in 12, arylation of
this intermediate surprisingly afforded the undesired 4,5-cis product 13 with the
unexpected, “wrong” diastereoselectivity. The authors concluded that this outcome
was the result of nucleophilic attack from the site opposite to the 2-carbomethoxy
group, which is expected to co-ordinate Grignard reagent and orientate it to the trans-
position in relation to the iso-propyl group. They argued that co-ordination of an
excess of Grignard reagent causes steric repulsions which counterbalance the effect
of the 4-i-propyl group. Deprotection of N-Boc and the ester group afforded the
crystalline product 14, whose structure and “wrong” stereochemistry were ascer-
tained by single-crystal X-ray crystallography.

To avoid formation of the 4,5-cis intermediate 13, the authors decided to
introduce a phenyl group prior to deoxygenation of the fert-alkohol 10, counting
on its co-ordinating ability, as outlined in Scheme 2.5.

In this strategy, the nucleophile, phenide anion, was expected to approach the
iminium ion from the side opposite to the bulky metal-alkoxide complex, provided
excess of the reagent was used. Treatment with five equivalents of the phenyl-
magnesiocuprate reagent afforded 4,5-trans-substituted 15 with 80% diastereoseo-
meric excess (% d.e.). The next steps proceeded as expected. The structure and
correct stereochemistry of the target compound 18, isolated as the hydrochloride,
were again confirmed by X-ray crystallography.

HO O
j,, , Phl\/@,, HO}
i |
D™ | ] T
\+
MO N~ CooMe /’ N7 COOMe N~ CoOMe

B - B
4o Th oc Boc .5

J J,

i i - v,
i, . .
COOH
N Coome N CoOMe NA, O
Boc Boc [of
17 18

16

Reagents and conditions: i. PhMgBr, CuBr-Me,S, BF;-Et,0, THF; ii. MsCl, DMAP, Et;N,
iii. Hy, 10% Pd/C; iv. LiH, MeOH/H,0, 95%.

Scheme 2.5 “Inverted tour” to the building block 18 with “correct” stereochemistry
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Reagents and conditions: i. TFA, benzene; ii. BOPCI, Et;N, i-Pr,NH, HOoC(CH,),CO,Bn;
iii. Na-tert-pentoxide, THF, —20 °C, then H,, 10% Pd/C; iv. L-selectride, -78 °C,
THF; v.conc. HCI, MeOH, reflux, then Boc,O; vi. LIHMDS, -78 °C, THF,
then acetone; vii. PCl;, DCM; viii. H,, 10%Pd/C, EtOAc; ix. NH,CHMe,,
AlMe;, DCM; x. H,, 10% Pd/C.

Scheme 2.6 Final steps leading to the aliskiren congener 25

From the intermediate 17, the aliskiren congener with an iso-propylamide unit,
prototypical target 25, was obtained according to Scheme 2.6 [21].

Along the pathway shown in Scheme 2.6, another departure from the original
retrosynthetic concept, presented in Scheme 2.3, was required. This concerned
steps v and vi, in which frans-cyclization of the 6-membered lactame to the
5-membered lactone was achieved, followed by alkylation of the enolate with
acetone (step vi), analogous to the procedure in Scheme 2.4. This step proceeded
with the correct diastereoselectivity, enabling completion of the synthesis of target
25, a close structural congener of aliskiren.

2.3.2 Fine-Tuning of the Chiral Ligand for the Rh Complex:
Hydrogenation of the Selected Substrate with Extreme
Enantioselectivities

The intermediate structures of general formulae III, either racemic or in the

optically pure form, are required on many routes to aliskiren (Scheme 2.7a).
Synthetic pathways to optically pure derivatives have made use of a variety of

different methods: resolution of racemic acid III (X = COOH) [22], alkylation of
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Scheme 2.7 (a) From the key intermediates III to aliskiren (b) Enantioselective hydrogenation
leading to 27

chiral auxiliary with bromobenzyl congener of III to give optically pure amide
(X = CONHR¥*) [23, 24] and enantioselective hydrogenation of unsaturated pre-
cursor (X = CH,OH, C=C bond in a, B-position), with Rh complexes of chiral
phosphines. This last reaction proceeded with limited enantioselectivity, however,
when earlier, commercially available chiral ligands were used [25, 26].

In view of the easy access to prochiral a-substituted cinnamic acids, specifically
to compound 26 in Scheme 2.7b, its enantioselective hydrogenation to the chiral
dihydro-derivative, (2R)-2-[3-(3-methoxypropoxy)-4-methoxybenzyl]-3-methyl-
butanoic acid 27, represents an appealing step on the path to aliskiren. Optically
pure acid 27 is a valuable intermediate in the novel routes, being a departure from
those in Schemes 1.1 and 1.2. Generally, chiral a-substituted dihydrocynnamic acid
derivatives, structurally related to 27, are key intermediates in the synthesis of
many bioactive compounds, including renin inhibitors [27], B-secretase inhibitors
[28], enkephalinase inhibitors [29] and opioid antagonists [30]. In spite of the
significant progress achieved in asymmetric hydrogenation of a wide range of
substrates with an internal C=C bond, enantioselective hydrogenation of a-alkyl
cinnamic acids remains a challenge [31, 32]. The main reason for the low enantios-
electivity in the hydrogenation of some substrates with a C=C bond (achieved with
Rh-complexes of most known chiral phosphines) lies with the lack of additional
functionality in such substrates, preventing their co-ordination to metal as bidentate
ligands. As presented in Fig. 2.4, substrates with the general formula IV, such as
enamides (Z = NH) and enolacetates (Z = O), can co-ordinate to the metal via
the n-electrons on the carbonyl oxygen and the m-electrons of the C=C bond.
a-Substituted cinnamic acids lack such functionality at the B-position to co-ordinate
with the metal, and their small-ring chelates with the general formulae V are
stereoelectronically unfavourable.

Based on these considerations on the existence of complexes IV and V, Chen,
McCormick et al. have developed a new concept of ferrocene-based chiral ligands
[33, 34]. These authors designed and completed stereoselective synthesis of the
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Scheme 2.8 Synthesis of bidentate P, P-ligand, TriFer

ferrocene-based C,-symmetric diphosphine ligand, TriFer, characterized by the
basic amino groups at the “periphery” of the ligand. They also reported on its
application to the first highly enantioselective hydrogenation of a-alkyl cinnamic
acids [35, 36]. Synthesis of ligand TriFer is outlined in Scheme 2.8, and starts from
readily available ferrocenyl amine (R)-28 [35].

Ligand TriFer is the first example of a C,-symmetric diphosphine that combines
C-, P-central and planar chirality. Indeed, it is astonishing how straightforward and
short is the synthesis of such a complex molecular assembly!

More importantly, the authors achieved unprecedented enantioselectivites in
the Rh(TriFer)-catalysed asymmetric hydrogenation of 26, a key intermediate in
the syntheses of aliskiren (Scheme 2.7b). The conditions and results are given
in Table 2.1.

Hydrogenation of 26 in the presence of an Rh catalyst, generated in situ from Rh
(COD),BF; (0.1 mol%, COD = cycloocta-1,5-diene) and ligand TriFer in MeOH,
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Table 2.1 Enantioselective hydrogenation of 26 to aliskiren intermediate 27

(e} COOH o COOH
LT LT
oM
OMe MeO e MeO
26 27

i. Hy-50 barr, Rh(COD),BF,/TriFer, MeOH

Entry Substrate/catalyst Mol of substrate t(h) e.e. (%)
1 500 0.16 13 99.6
2 500 0.16 5 99.3
3 1,000 0.55 4 98.6
4 2,000 0.55 4 98.4

Fig. 2.5 Substrate—catalyst
complex in the asymmetric
hydrogenation of a-alkyl
cinnamic acids with
Rh(TriFer) complex

Rh
Fe
Me,N o H
Me

gave 27 with unprecedented enantioselectivities of up to 99.6% e.e., and over 99%

conversion.

To account for the extremely high enantioslectivities in the hydrogenation of an
otherwise “hard” internal C=C bond with the Rh(TriFer)-complex, the authors
proposed a specific secondary interaction of the ligand with the unsaturated sub-

strate, as schematically presented in Fig. 2.5

[35].

According to the generally accepted mechanism of enantioselective hydrogena-
tion by Rh complexes, co-ordination of the substrate to the solvated Rh complex to
form the bidentate catalyst—substrate complex, outlined in Fig. 2.5, was invoked.



2.3 Structural Characteristics and Synthetic Approaches to Aliskiren 25

Unlike enamides and enol-acetates IV in Fig. 2.4, a-alkyl cinnamic acids lack such
functionality at the B-position to co-ordinate with the metal. The authors proposed a
dimethylamino moiety in the ligand TriFer to serve as the second interaction centre
via electrostatic interaction with the carboxylate unit.

The results of this study confirmed the heuristic value of the well-known
quadrant rule [36], which accounts for the origin and bias of enantioselectivity in
hydrogenation with complexes of ligands with C, symmetry (Fig. 2.6) [35].

This rule invokes steric hindrance in the two opposite quadrants as the origin of
enantioselection, as presented in Fig. 2.6 for two equatorial 2-(dimethylamino)
ferrocen-1-yl groups (DMA-Fc) [35]. The configuration of the Rh(TriFer) complex,
S- at ferrocenes and P-atoms, R- at C-atoms, favours the approach of the substrate so
as to minimize steric interactions with the large DMA-Fc group, as in TS-1 in Fig. 2.6,
yielding the R-enantiomer of a-alkyl-B-aryl carboxylic acid as the major product.

4 MeN

(Rc,Rc. Ske: Ske: Sp, Sp)—Rh complex

TS-1 TS-2
favored disfavored
X H®
Me,N
20 @

repulsion

Ar/\H‘\OH Ar/\)J\OH

Fig. 2.6 Transition-state models for the asymmetric hydrogenation of a-substituted cinnamic
acids catalysed by the (Rc,Rc,Sge,Sre,Sp,5p)-Rh(TriFer) complex (reproduced from [35], with the
permission of J. Wiley & Sons Inc.)

)
Tun
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This second route to aliskiren elegantly demonstrates how accumulated knowl-
edge on the topology of the catalytic complex and the existing secondary interactions
promote the design of the optimal catalytic system for hydrogenation of the specific
substrate. The key intermediate, prochiral carboxylic acid, is an otherwise difficult
substrate to achieve high enantioselectivity. Once this conceptual synthetic problem
had been solved by the use of the fine-tuned catalyst, catalytic enantioselective
hydrogenation was subsequently applied successfully in the large-scale process for
the commercial synthesis of aliskiren.

2.4 Conclusion

The number of synthetic methods and the way in which they can be combined to
synthesize the target structure is limited only by the imagination of the chemists.
The two main approaches to the construction of a complex chiral molecule with
multiple stereogenic centres depend either on an original starting compound
obtained from a natural source or on an initial enantioselective catalytic step. As
described in this chapter, the signposts to aliskiren fumarate are based on both these
approaches. The first strategy starts from L-pyroglutamic acid and is based on visual
imagery in synthesis planning, akin to a Dali-like presentation of the objects. The
second strategy, based on the pragmatic concept of producing a key chiral interme-
diate with over 99% e.e., resulted in an inventive, large-scale catalytic process with
a turnover number (TON) of >5,000.
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Chapter 3
(R)-K-13675

Abstract

Biological target: (R)-K-13675 is a 2-aryloxy-propionic acid derivative with
specific agonist activity at the peroxisome proliferator-activated receptor o (PPAR®),
a transcription factor regulating lipid metabolism.

Therapeutic profile: 1t is a lead candidate compound for development by Kowa,
Japan, as a cholesterol-lowering drug.

Synthetic highlights: A critical step in the synthesis of the compound involves
non-hydrolytic anomalous lactone ring-opening by TMSI. To avoid racemization,
the Mitsunobu reaction was applied in the formation of the ether bond. Optimization
of the Mitsunobu reaction was finally achieved without loss of enantiomeric purity.

3.1 Introduction

Compound (R)-K-13675 (1, (R)-2-[3-(benzoxazol-2-yl)[3-(4-methoxyphenoxy)
propyl]amino)methyl)phenoxy]butanoic acid) is a member of the class of peroxi-
some proliferator-activated receptor o (PPARa) agonists.

Q?Ut“

(R)-K-13675 (1)

3.2 Peroxisome Proliferator-Activated Receptor o Agonists

Peroxisomes are intracellular cytoplasmic organelles and the major sites for enzy-
matic oxidation, including that of fatty acids. The proliferation of peroxisomes is
stimulated by free fatty acids and some metabolites of arachidonic acid, which are
ligands for nuclear receptor proteins, the PPARs. These, in turn, are a family of
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transcription factors for a wide variety of genes that regulate cellular differentiation,
development and metabolism. They include PPARa (mainly regulating lipid metab-
olism), PPAR and PPARY (mainly involved in glucose metabolism). The members
of the PPAR receptor family, therefore, represent very attractive biological targets,
as they play central roles in maintaining cellular and whole-body glucose and lipid
homeostasis. Their identification opened up a new approach to the treatment of
altered metabolic homeostasis, as occurs in atherosclerosis, diabetes and obesity [1].
Through activation of PPARa, pharmacological agonists lead to a decrease in
triglyceride levels and an increase in high-density lipoprotein (HDL)-cholesterol
in humans [2, 3].

3.2.1 -Phenylpropionic Acids

One of the early approaches to the development of selective agonists for PPARa
was initiated by Casimiro-Garcia et al. [4, 5]. They observed, for the phenylpro-
pionic acid-based class of PPARo/y dual agonists, that specific modifications of the
linker reduced potency for binding and activation of PPARYy, while maintaining
high activity at PPARa. Generally, these structures are characterized by the pres-
ence of a hydrophilic, carboxylic head, a central phenyl ring, a linker of specific
composition and flexibility, and the lipophilic tail. Such a topology enables agonists
to accommodate to the curved active site of PPARs, and to offer binding interac-
tions with key amino acid residues. This highly schematic concept was the starting
point taken by many groups for the synthesis of specific classes of agonists.

The initial researchers identified the S-enantiomer of compound 2 as a potent human
(h) PPARo/y dual agonist, among a series of closely related structural analogues [5].

o_ _Me COOH
< > <\ | N N—
Nm ’\\l

NQ
(S)-2

The high potency for binding and activation of both hPPAR subtypes, observed
for 2, was explained on the basis of numerous interactions at the ligand binding
domain (LBD), that were derived from crystallographic data, presented in Fig. 3.1
[5]. The interactions between 2 and PPARy-LBD occur mainly between the car-
boxylate head group and “charge clamp” residues, His323 and Tyr327 in helix 6,
His449 in helix 11, Tyr473 in helix 12 and Ser289 in helix 3, forming a network of
hydrogen bonds. The phenyloxazole tail reaches into the hydrophobic pocket
formed by Val339, Ile 341, Met348, 11291 and Leu353. An important H-bonding
interaction between the triazole N(2) and His440 in PPARa was obtained from the
model, in which compound 2 was superimposed onto the active site of human
PPARGa, and corresponds to the interaction of triazole N(2) and His449 in PPARY.
This latter interaction contributes to a 26-fold and 61-fold increase in potency of
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Fig. 3.1 Three-dimensional presentation of dual agonist 2 bound in the ligand binding pocket of
human PPARY (reproduced from [5], with the permission of Elsevier Inc.)

S-2 for PPARa and PPARY over its R-enantiomer, since only in the former is the
triazole unit correctly orientated spatially towards the His449 imidazole unit.
3.2.2 «a-Alkoxy-B-Arylpropionic Acids

Another group of dual hPPARa/y agonists is represented by a-alkoxy-B-arylpro-
pionic acids, with the general formulae I-IV [6, 7].
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The first three structural classes are characterized by a polycondensed aromatic
ring, the fourth by an ortho, ortho’-disubstituted phenyl ring, and all four classes by
a flexible linker between the 2-phenyloxazole and the O-atom in the para-position
to the propionic acid unit.

A highly simplified model, common to the structures I-IV, is presented in
Fig. 3.2. Importantly, the authors concluded that the linkers can be branched due
to the Y-shape of the LBD in PPARs. This model led to a large number of highly
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- aromatic
linker unit linker

carboxylic
acid A
tail

Fig. 3.2 Simplified topology of hPPAR agonists I-IV

Fig. 3.3 X-Ray structures (a) of compound 3 bound to hPPAR«; (b) bound to hPPARY (repro-
duced from [7] with the permission of Elsevier Inc.)

specific, dual hPPARo/y agonists. The two lead molecules, 3 and 4, representatives
of classes I and IV, respectively, together with their binding to the LBD of PPAR«
and PPARY, are presented in Figs. 3.4 and 3.5.

Me

COOH
H OEt
0

N
O
o Me

(S)-3

In Fig. 3.3, the binding of 3 to both PPARSs is shown, and in Fig. 3.4, the binding
of 4 to the same couple of receptors is shown.

It can be seen that both lead molecules adopt a largely bent conformation,
adapting to the curved binding pocket. However, besides this general topological
characteristic of the complex, the figures indicate a number of binding interactions
which engage AA residues in a similar way to that shown in Fig. 3.2. It is also
interesting to note that, for compounds 2—4, the S-configuration was assigned, and
for compound 1, the R-configuration. This was the consequence of their priority
according to the Cahn-Ingold-Prelog (CIP) nomenclature [8], although all of them
have the same spatial orientation of substituents on the stereogenic centre.
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Fig. 3.4 X-Ray structures (a) of compound 4 bound to hPPARw; (b) bound to hPPARY
(reproduced from [6] with the permission of Wiley-VCH Verlag GmbH & Co. KgaA)

Fig. 3.5 2-Aryloxy-3 phenyl

O. _COOH O COOH
propanoic acids V and lead ©\O/©/ \<H
compound (S)-5 X

\" 5

X = O, CH,, NHMe, CH,CH,, etc.

The importance of the absolute configuration at the single stereogenic centre in
3 and 4 for their selective binding is evident from potency (ECs() data. For enantio-
mers of 3, ECs, values demonstrated that the S-enantiomer possesses significantly
higher functional activity at o- and y-receptors, and percentage activation data
revealed that it behaves as a full agonist at both receptors [7]. The R-enantiomer
of 4 proved to be almost inactive, as was also the case with the R-enantiomers of
other tested compounds, thus confirming the importance of proper spatial orienta-
tion at the stereogenic centre in all agonists of this class [6].

3.2.3 a«a-Aryloxy-f3-Phenyl Propionic Acids

Another example of dual PPARa/y agonists, namely, compounds with the general
formula V, for which enantiomers with inverse spatial orientation demonstrated
improved potency, is shown in Fig. 3.5.

These compounds belong to the class of a-aryloxy-f-phenyl propionic acids, the
first dual PPAR inhibitors with an aryloxy group on the a-carbon in relation to the
carboxylic group, represented by the lead compound, (S)-5.

The first report of the synthesis and activity of these compounds as PPAR agonists
concerned the biphenyl derivative 6 (Fig. 3.6) and its congeners [9, 10]. The crystal
structure and activity of the two enantiomeric forms of 6, complexed with the ligand-
binding domain (LBD) of PPARy, provided a molecular explanation for their differ-
ent potency and efficacy. Docking of the S-6 enantiomer in the PPARy-LBD was
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Fig. 3.6 Formula of 6, and hydrogen bond networking of (5)-6 in complex with PPARY (repro-
duced from [10], with the permission of the American Chemical Society)

performed to examine its different sub-type pharmacological profile. Moreover, the
structure of the complex with the S-enantiomer revealed a new binding region of the
PPARy-LBD, not previously observed with other ligands.

The S-enantiomers of the 2-aryloxy derivatives 5§ and 6 exhibited ECs, values
of 0.15 pM and 0.22 pM, respectively, on PPARo, whereas in both cases, their
R-enantiomers proved inactive at the tested concentrations [6—11].

Thus, compounds § and 6, two lead molecules within the class of hPPAR
2-aryloxy-3-phenyl propionic acid agonists, exhibit opposite enantiopreference
for compound 1, the main object of our consideration in this chapter, which is
also an 2-aryloxy-propionic acid derivative. Since, no details of the structure of the
complex of 1 and the LBD of hPPARs were reported, it can be assumed that the
absence of a phenyl group at position C(3) in 1 somehow results in inverse steric
requirements for this agonist at LBD, when compared with its 3-phenyl congeners,
5 and 6. Since, the route to enantiomerically pure (R)-1 includes a number of original
synthetic solutions, a detailed discussion of these is presented in later sections.

3.2.4 Oxybenzoylglycine Derivatives

Finally, a class of PPARa selective agonists, the oxybenzoylglycine derivatives VI,
was reported [12]. These compounds are characterized by replacement of the -C
atom, in relation to the carboxylic group, by an N-atom, and by varying the
structure and position of the linker between the benzylic and heterocyclic unit.

o_ _Me o._Me
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These compounds were also studied by combining structural and molecular
biological methods, and the hPPARa selective lead compound 7 (BMS-687453)
emerged from these studies. Its EC5o was 10 nM for hPPARa, and it exhibited 410-
fold selectivity versus hPPARYy. The X-ray co-crystal structure of 7, in complex
with PPARa LBD, was also determined [12].

Intensive structural-biological activity relationship (SAR) programmes have
been developed for PPAR agonists [13, 14] and (R)-K-13675 (1) emerged as the
lead from one of these projects [15]. Design of this and the related structures was
based on the assumed interaction at the roughly Y-shaped binding site of PPARa,
expecting an interaction of the aromatic ring with the hydrophobic binding pocket,
and of the carboxylic group with specific, basic amino acids [16].

In the next section, the synthetic highlights along the path to this lead structure
and its analogues are described, in particular, non-hydrolytic, anomalous lactone
ring opening, and stereo-uniform formation of the ether bond at the stereogenic
centre through application of the Mitsunobu or Williamson-type reaction.

3.3 Non-hydrolytic Anomalous Lactone Ring-Opening

As stated in the introductory chapter, research towards a new drug entity (NDE) is a
shuttle process, in which synthetic organic chemistry is often the initial step. As the
research process advances, the targets and methods of synthetic organic chemistry
are modified to deal with the increasing substance quantities required.

According to standard terminology, compound 1 is a lead compound, and follow-
ing the internal company documentation system, defined by a code number. Inventive
synthetic solutions leading to this target compound circumvent several obstacles
posed by its specific structure. Compound 1 is characterized by the branches at
the N-atom on C(2) of the benzoxazole ring and the aryl-alkyl ether bond, which
links the chiral (§)-2-hydroxybutanoate unit at its stereogenic centre. The Y-shaped
molecule of 1 has a hydrophobic aromatic unit at one end and a hydrophilic carboxylic
group at the other. Reaction conditions and specific reagents for completion of the
synthesis of (R)-K-13675 (1) are presented in Scheme 3.1 [15].

The initial steps i—iv in Scheme 3.1 comprise standard C—O and C-N bond-
forming reactions, enhancing the molecular complexity of the intermediates until
Y-shaped 12 is obtained. Important synthetic events then follow these steps.

In the succeeding steps, we first encounter ether bond formation between 12 and
13, at step v, which proceeds with inversion of the configuration at the stereogenic
centre in the chiral building block 13. Anomalous lactone ring opening in 14, step vi, is
a key step in the whole process and will be discussed in more detail. Hydrogenolysis
of iodine in 15 leads to the (S)-2-hydroxybutanoate unit in the final product, 1.

Step vi is particularly “obscure”. It is not apparent to the usual retrosynthetic
analysis and requires the imagination of an experienced synthetic chemist. It is
crucial to the synthetic direction, however, offering an elegant solution to the key
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Reagents and conditions: i. Triton B, acrylonitrile; ii. BH;-THF, THF; jii. 3-hydroxybenzaldehyde, NaBH,, MeOH;
iv. 2-chlorobenzoxazole, Et;N, MeCN; v.DEAD, toluene, r.t.; vi. TMSI, EtOH, CHCI,;
vii. Hy,, 10% Pd/C, Et;N, EtOH; viii. 4M NaOH, EtOH.

Scheme 3.1 Overall synthetic route to the anticholesterolemic agent 1, (R)-K 13675

Table 3.1 Bond dissociation energies (BDE) for selected C—H, C—C and C—O bonds

BDE (C-0)"7 kcal/ BDE (C-H)'® kecal/ BDE (O-R)'° R keal/
mol mol mol

CH;0-COCH; 97

CH;—OCHj; 81  H-C(OiPr, Me, Me) 93.9 o Me 61.6

CH;-OH 91  H-C(COOEt, Me H) 95.6 —CH,CH=CH, 55.6

CH;C(=0)-OH 106 O —CH,Ph 53.8

CH;0-CH,-CH; 83.3

step, the selective cleavage of the CH,—O ether bond in the presence of a C(=0)-O
ester bond, generally considered to be easily cleaved.

In order to explain the rationale behind such regioselective bond cleavage,
the reactivity of the two bonds under consideration must be taken into account.
The reaction is governed by the inherent electronic properties of the bonds, their
bond dissociation energies, and by the nature of the reacting partner. Table 3.1
summarizes the reported bond dissociation energies (BDE) for some C-H, C—C and
C-0 bonds relevant to this reaction.

The first set of data is taken from an earlier compilation, in which BDEs were
correlated to IR stretching frequencies [17], the second set was estimated along
with radical stabilization energies (RSE), determined by ESR spectroscopy [18],
and the third set was determined by electrochemical reduction of naphthyl-alkyl
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ethers [19]. They are instructive in that they reveal a high BDE for the C-O ether
bond in esters and dialkyl ethers, comparable to that for the C—H bond, but
significantly lower than the BDE in aryl-alkyl ethers. An additional property of
the ether RCH,—O bond is its relatively low polarization, in relation to the high
polarity of the RC(=0)-O bond, due to the well-known stabilization of the acyl
cation. Gas phase dissociation energies for CH;COBr (151.1 kcal/mol ") and rert-
BuBr (148.7 kcal/mol ') indicate that CH;CO" has comparable stability to that of
the fert-butyl cation. Acyl cations are stabilized by a canonical form containing a
triple bond R-C*=0 <> R—-C=0" and are linear; however, much of the positive
charge is located on the carbon atom [20].

Polarization, charge distribution or atomic coefficients of the C—O bond are
decisive for heterolytic bond splitting by nucleophiles [21]. Homolytic bond
splitting, instead, is related to radical stability and reactivity, which in turn depends
on spin density, spin polarization, delocalization of the free electron and hyper-
oconjugation [22, 23]. Essential to all these radical reactions is the one-electron
transfer from the trigger, typically under photochemical [24], (in the presence of
sensitizer) [25], or electrochemical conditions [26].

A closely similar reaction to radical-type splitting is the non-hydrolytic cleavage
of the C—O ether bond in VII, promoted by organic molecules, such as trialkylsilyl
iodides, which act as strongly oxophilic Lewis acids. Indeed, co-ordination of
Lewis acids strongly polarizes ether C—O bonds, as exemplified by trimethyliodo-
sylane (Scheme 3.2). A mixed mechanism may be operative in this reaction,
whereby, after fast and reversible formation of silylated oxonium ion VIII, substi-
tution by iodine anion occurs either by Sy2 or Sy1 (Syi) mechanisms. As a result
alkyl iodides and silyl-alcohols IX and X are formed, depending on the susceptibil-
ity of the ether bond, or the nucleophugal properties of the R or R’ group.

This scheme shows that specific knowledge of the preferred reactivity of the
specific functionality, in the presence of the selected reaction partner, is needed in
order to anticipate and design an “obscure” transformation, such as the “anoma-
lous” splitting of the C—O bond in lactone 14, which occurs at step vi in Scheme 3.1.

Since the lactone of 2-4-dihydroxybutyric acid 13 is easily available from L-
malic acid 16 [27], the authors focussed on exploiting this chiral building block. In
the initial phase of the project, they improved the preparation of 13, according to
Scheme 3.3, by eliminating TFA in the cyclization of 18-13 (step iii), which
represents the major technical burden in large-scale production. The use of the

ROSiMe, + Rl
i low
fast SiMe, S| ) IX
o) equilibrium +6 - Sn2orSyi
R R + MessH —_— R~ ~ R - . or
Vi 1} VIl Rl + R)'(OSiMe3

Scheme 3.2 Mechanism of non-hydrolytic cleavage of the ether C—O bond by trimethylsilyl
iodide
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Reagents and conditions: i. Me,CO/H",A; ii. BH;.SMe,, THF, =10 °C;
iii. Amberlyst 15, DCM, r.t.

Scheme 3.3 Large-scale production of (§)-2-hydroxybutyrolactone 13

Amberlyst 15 resin in step iii provided lactone 13 in nearly 90% yield and >99%
e.e., in other words, without loss of enantiomeric purity.

Having discussed the approach to the chiral building block 13, we can now turn to
the analysis of the overall Scheme 3.1. Whereas the steps from 8 to 12 in this scheme
were achieved using standard protocols, formation of ether 14 required specific
conditions. A coupling reaction between phenol 12 and derivatives of 13, with the
activated OH group as the mesylate or tosylate — one of the classic approaches to aryl-
alkyl ethers [19, 28, 29] — resulted in unsatisfactory yields and significant loss of
enantiomeric purity. This was due to base-catalyzed racemization, at the o-carbon
relative to the lactone carbonyl group. To overcome this problem of racemization, the
authors successfully applied the Mitsunobu reaction for direct coupling of phenol 12
and the non-activated alcohol 13.

3.4 Mitsunobu Reaction in the Ether Bond Formation

The general scheme of the Mitsunobu reaction in the synthesis of aryl-alkyl ethers
reveals the complexity of the reacting system (Scheme 3.4).

It illustrates the extremely low atom utilization or “atom economy”, usually
expressed as the E-factor, of the process [30]. Quenching of 1 mol of water results
in two large side-products, the hydrazodicarboxylic ester and triphenylphosphin-
oxide. The Mitsunobu reaction requires two expensive reagents, a phosphine and a
diazo ester. On the other hand, this is compensated for by the use of unmodified,
weak nucleophiles phenol or carboxylic acid and an alcohol. The reaction product is
difficult to separate from the excess of starting materials and reagents, and the
reaction side-products. Despite this apparent lack of economy, the Mitsunobu
reaction is popular in organic synthesis because of its scope, stereo-defined route
and mild reaction conditions. Due to the large quantities of by products, the
Mitsunobu reaction is also “famous for its separation headache” [31]. Numerous
modified reagents and separation techniques have been developed to facilitate
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Scheme 3.4 General scheme Ar-OH + HO-R' + EtOOC-N=N-COOEt + PhsP —>
of the Mitsunobu reaction

> A—O-R' + EtOOC-NH-NH-COOEt + PhsP-O
Phl(OAG),
EtOOC_ _COOEt Xl EtOOC_ _COOEt
i ) i
XI Phl + 2 AcOH Xill
+ +
O—PPh; PPh,
EtOOC_ _COOEt
N
+ PPH,

R'COOH + ROH 7~ TN\ RCOOR

Scheme 3.5 Organocatalytically promoted Mitsunobu-type esterification

isolation of the product. Among the most promising modifications of the Mitsunobu
reaction is the use of polymeric phosphine reagents [32], and a reaction system in
which both the required phosphine and azo reagents are attached to individual
polymers [33].

Recently, significant progress has been achieved by using an organocatalyst in
the Mitsunobu-type esterification, according to the reaction cycle presented in
Scheme 3.5 [34].

This reaction cycle is characterized by the use of hypervalent iodine species XII
as the stoichiometric oxidant and a catalytic quantity, around 0.2 mol, of the
oxidizing azo reagent XIII. The benefit of using XII is that the by-products,
iodobenzene and acetic acid, are relatively simple to remove, while at the same
time, the amount of hydrazine by-product XI formed is dramatically reduced.
Under optimized conditions, the authors obtained aryl-carboxylic acid esters with
chiral alcohols in 65% yield and with 100% e.e.

Mechanistic details and the stereochemistry of the Mitsunobu-type ether bond-
forming reaction are given in Scheme 3.6.

An important aspect of this unique ether-bond-forming reaction lies in the
formation of the alkoxy-phosphonium cation XVII by the less acidic alcohol as
the weak nucleophile, from which XVIII is obtained. In the next step, inversion of
configuration occurs in XVIII, in attack on the stereogenic C-atom by alkoxide
generated from the more acidic alcohol or phenol.

This mechanism also explains the inversion of configuration at the o-C-atom of
lactone 14 in Scheme 3.1, and the formation of the open-chain intermediate 15, with
the (R)-configuration and 99% e.e. optical purity that is maintained in the final
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Scheme 3.6 Mechanism and stereochemistry of the ether bond formation in the Mitsunobu
reaction
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product. The authors improved the process by substituting polar solvents for
toluene, keeping the reaction temperature at around 30°C, and by selecting diiso-
propyl azidocarboxylate (DIAD), as the coupling reagent. Under optimized condi-
tions, 77% yield and 97% e.e. of 14 was obtained on a 0.5 kg scale. This protocol
provided the key intermediate with high chemical and optical purity under control-
lable conditions.

In the next step, the anomalous ring opening of the lactone in 14 is achieved,
more detailed discussion of which is given in Sect. 3.3. Splitting of the CH,—O bond
to generate intermediate 15 was performed with iodotrimethylsilane [35]. Origi-
nally, it was assumed that this reagent effects ring opening of lactones via the cyclic
transition state, in which carbonyl oxygen atom is complexed by silicon via the
vacant d-orbitals (Fig. 3.7) [35].

However, using a standard protocol, the authors met with difficulties in complet-
ing this transformation, compound 15 was obtained in low yields after extended
reaction times. Subsequent to a helpful discovery, the authors modified the protocol;
using five equivalents of ethanol in chloroform at room temperature, significant
improvement in the isolated yield of 15, up to 97%, was achieved. Importantly,
together with the ring opening of XXII, the carboxylic ester XXIV was formed,
suggesting a new mechanistic path for lactone ring opening, as outlined in
Scheme 3.7.
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Scheme 3.7 Mechanism of MegSil  H—OEt
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Reagents and conditions: i. TMSI/n-BuOH, DCM, —20 °C, 1h, r.t., 3h; ii. 10%Pd/C-H,, EtOH, r.t., 16h
iii. Tf,O, 2,6-lutidine, DCM, =20 °C, 3h, 98%.

Scheme 3.8 Large-scale synthesis of triflate ester 21

This tandem reaction proceeded at 20°C, whereas in the absence of alcohol, it
required reflux conditions in acetonitrile [36].

In the penultimate step of Scheme 3.1, hydrogenolysis of 15 was carried out in the
presence of triethylamine and 10% Pd/C, under hydrogen atmosphere, affording the
intermediary ester in 99% yield. Since, at higher pressures, parallel hydrogenolysis
of benzylic C-N bond and partial reduction of the benzoxazole unit occur, larger
quantities of catalyst and ferf-amine as the promoter were required. In the absence of
tert-amine, hydrogenolysis of the C—I bond was hampered due to deactivation of the
catalyst by the iodide ions generated. Finally, hydrolysis of the intermediary ester,
under standard basic conditions, furnished target compound 1 in 90% yield, without
observable racemization at the o-position and formation of the o-hydroxy carbox-
ylic acid unit.

It is interesting to note that the inventors of (R)-K-13675, in the first reported
synthetic approach, targeted the racemic compound 1, and contracted separation of
the enantiomers by preparative chiral chromatography to the expert company in this
field, Diacel Chemical Indistries Ltd. [37]. Continuing scale-up investigations, the
authors succeeded in replacing the Mitsunobu method, in the ether bond-forming
reaction, by the technically much more simple use of triflate 21, prepared on a kg
scale from (S)-n-butyl-2-hydroxybutanoate 20 (Scheme 3.8) [38].

In the final steps of the synthetic pathway, Williamson-type ether bond formation,
with inversion of configuration at the stereogenic centre, followed by hydrolysis of
the ester group, completed the large-scale production of (R)-1 (Scheme 3.9) [38].
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Reagents and conditions: i. K,CO4/MeCN, r.t., 22h; ii. 4M aq. NaOH/EtOH, r.t., 1.5 h, 75% (two steps).

Scheme 3.9 Improved large scale synthesis of (R)-1

3.5 Conclusion

In conclusion, the multistep synthesis of (R)-K-13975, presented here, is a typical
example of improvement of the critical synthetic steps in new drug synthesis to
provide robustness, i.e. reproducibility of the process, easy separation of the
product, and the required high yield. This is always a challenge for the synthetic
organic chemist when a structurally well-defined lead molecule emerges and a
workable synthetic route is needed. In view of the expectation that lead compound
(R)-1 would be required in multi-kilo quantities, the synthetic chemists developed a
process, presented in this chapter, that meets many criteria for alternative scale-up.
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Chapter 4
Sitagliptin Phosphate Monohydrate

Abstract

Biological target: Sitagliptin is a f-amino acid-derived inhibitor of dipeptidyl
peptidase 4 (DPP4), a serine protease with membrane cell-signalling and soluble
N-terminal proline peptidase activity. As a result, sitagliptin inhibits the in vivo
degradation of the incretins, such as glucagon-like peptide-1 (GLP-1), which are
endogenous glucoregulatory peptide hormones that regulate the production of insulin
and blood glucose concentration.

Therapeutic profile: Sitagliptin is used in the treatment of type 2 diabetes
mellitus.

Synthetic highlights: With C-acyl mevalonate as the N-acylating agent, a one-
pot, three-component procedure was used for the preparation of the B-keto amide
intermediate and complete stereoselectivity was achieved in conversion to the
B-enamino amide. Highly enantioselective hydrogenation of the unprotected
B-enamino amide was then developed using Josiphos-ligands. For large-scale
production, ammonium chloride proved to be an effective promoter of catalytic
enantioselective hydrogenation.

4.1 Introduction

Sitagliptin phosphate monohydrate (1, 7-[(3R)-3-amino-1-0x0-4-(2,4,5-trifluoro-
phenyl)butyl]-5,6,7,8-tetrahydro-3-(trifluoromethyl)-1,2,4-triazolo[4,3-a]pyrazine
phosphate monohydrate, Januvia®™) is an oral hypoglycaemic drug, an inhibitor of
the dipeptidyl peptidase-IV (DPP4) enzyme. It is widely used in the therapy of type
2 diabetes mellitus [1, 2].

_N *H;PO,
N

k/N\/( "H,0
CF,4

1 sitagliptin phosphate monohydrate
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4.2 Endogenous Glucoregulatory Peptide Hormones
and Dipeptidyl Peptidase IV (DPP4) Inhibitors

Glycaemic control is crucial in the therapy of type 2 diabetes mellitus. Physiologi-
cally, insulin, produced by the B-islet cells in the pancreas in response to an increase
in blood glucose concentrations, facilitates the clearance of blood glucose, acting
on specific insulin receptors to increase glucose uptake into the liver, muscle and fat
cells and stimulating lipid metabolism. An important stimulus to this insulin
production is provided by gastrointestinal hormones, such as gastrin, secretin and
incretins. The incretins, glucagon-like peptide-1 (GLP-1) and gastric inhibitory
peptide (GIP), produced by the intestinal mucosa, stimulate insulin production by
pancreatic B-cells after eating, even before blood glucose begins to rise [3]. GLP-1,
as the active GLP-1 (7-36) amide, activates specific G-protein-coupled receptors.
However, like GIP, GLP-1 is rapidly degraded in vivo to an inactive metabolite by a
serine protease, dipeptidyl peptidase-4 (DPP4), also known as adenosine deaminase
complexing protein 2 or CD26 [4]. DPP4 is a complex protein molecule that occurs
either as a transmembrane or cell-anchored glycoprotein or as a soluble form in
circulation. Both forms cleave X-proline dipeptides from the N-terminus of poly-
peptides. Substrates include many proline or alanine containing peptides, including
growth factors, chemokines, neuropeptides and vasoactive peptides. Expressed on
the surface of most cell types, as CD26, DPP4 mediates immune regulation, signal
transduction and apoptosis.

In view of the essential role of DPP4 in the control of GLP-1 activity and glucose
homeostasis, it seemed an obvious step to search for small molecule inhibitors of
DPP4, which would increase the half-life of active GLP-1 and prolong the glucor-
egulatory effect of this incretin. Several small molecule inhibitors of DPP4 were
designed and have proved effective in preventing degradation of GLP-1 in vivo,
lowering blood glucose in the first preclinical studies [5]. Subsequently, proof-
of-concept (PoC) for the efficacy of DPP4 inhibitors as antidiabetic agents in humans
was provided with NVP DPP728, a first-generation small molecule inhibitor [6].

NC.

N (0]
' R
N N
H
NVP-DPP728 NC

The intensive research that followed resulted in several small molecule DPP4
inhibitors, which all improved glucose tolerance in diabetic patients. Inhibition of
DPP4, thus, emerged as a new potential therapeutic approach to the treatment of
type 2 diabetes [7].

Although many effective DPP4 inhibitors contain an o-amino acid moiety [8],
the B-amino acid-based inhibitors proved to be the most interesting [9]. Sitagliptin
phosphate monohydrate (1) is an outstanding representative of this latter group of
DPP4 inhibitors.
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Fig. 4.1 Sitagliptin (yellow)
and valine-pyrrolidine
(green), bound to DPP4.

The interactions of sitagliptin
with DPP4 (dotted lines)

are discussed in the text
(reproduced from [10],

with the permission of the
American Chemical Society)

X-ray crystal structure determination shows that sitagliptin binds to the active site
of DPP4, so that the amide moiety assumes the opposite orientation to that reported
for R-amino acid-containing substrates and inhibitors (Fig. 4.1) [10]. The superim-
position of compound 1 (yellow) and the substrate analogue, valine-pyrrolidine
(green), demonstrates this opposing orientation of the amino carboxylic moiety in
the two compounds. The 2,4,5-trifluorophenyl moiety fully occupies the S1 hydro-
phobic pocket, the (R)-f-amino group interacting with the side chains of a tyrosine
(Tyr662) and two glutamate residues (Glu205 and Glu206) with a total of four
hydrogen bonds. This interaction is analogous to the binding of the N-terminus of
the substrate to DPP4 and is consistent with data showing that the (S)-enantiomer of 1
is much less potent; (S)-1, ICsq 440 nM; (R)-1, ICsy 18 nM. One water molecule
bridges the carboxylic oxygen and the hydroxyl of Tyr547. Several other water-
mediated interactions are also present between the nitrogen atoms of the triazolopi-
perazine unit and protein atoms. The pocket that accommodates the trifluoromethyl
moiety in 1 is quite tight, and a significant loss in potency is observed when the
trifluoromethyl is replaced by larger substituents [10, 11].

All these structural data on the interactions at the active site of DPP4 revealed
(R)-1 to be the champion in the design of potent inhibitors of this target protein. The
most important aspects of the synthetic chemistry behind this biological achieve-
ment are presented in the next section.

4.3 Synthesis with C-acyl Meldrum’s Acid as the N-Acylating
Agent

Sitagliptin was discovered through optimization of B-amino acid-derived inhibitors
of DPP4, particularly in relation to metabolic stability and the pharmacokinetic
properties of its predecessors 2 and 3 [10].
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An aspect of this strategy consisted of the replacement of a piperazine moiety
with a metabolically robust heterocycle, in particular, by constructing fused hetero-
cycles. From the synthetic point of view, however, the most challenging task was
the introduction of a stereogenic centre bearing the amino group in the R-absolute
configuration. Here, we consider the critical aspects of the enantioselective hydro-
genation of -enamine precursors.

Exploration of the synthetic routes to sitagliptin reveals how catalytic asymmetric
hydrogenation of unprotected B-enamides to enantiopure -amino acid amides was
discovered. First, we consider the whole synthetic route to the key precursor 13
(Scheme 4.1).

A plethora of inventive synthetic solutions are available for the specific steps
presented in Scheme 4.1. We focus on those that appear to be the most interesting.

The approach to 3-trifluoromethyl-tetrahydro-1,2,4-triazaolo-/4,3-a/-pyrazine
(3-trifluoromethyl-1,2.4-triazaolo-piperazine), the heterocyclic portion of the sita-
gliptin molecule, requires construction of the annulated ring on 2-chloropyrazine
4 to yield the intermediate 7. The latter is selectively hydrogenated in step iv to 8,
maintaining the five-membered heteroaromatic ring.

To complete this route to 13, some unprecedented synthetic solutions were
achieved. Starting from 2,4,5-trifluorophenylacetic acid (9) and Meldrum’s acid (10),

H H .
N Cl_i' N/\rN\NH2 ji N N. NH i N4\|/ Y HN/\F .
bN bN s - O/o)\cp - R/N \( — %N\/(

4 CF,

F 9 10 " 3
F F
N/\FN‘ X N/\FN‘
N
F 12 K/N\/( F 13 k/N\/(N
CF, CF

Reagents and conditions: i. Neat NH,NH,.xH,0, 120 °C, 45 min; ii. (CF,CO),0, 0 °C, to r.t.; iii. PPA 140 °C, 18 h;
iv. Hz, 10% Pd/C, EtOH; v. PivCl, DMAP/IPEA + TFA, 50 °C; vi. 11:8:IPEA (1:1:2 mol), 70 °C;
vii. NH;OAc, MeOH, reflux

Scheme 4.1 Synthetic route to the key precursor 13
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the tricarbonylic intermediate 11 was obtained in step v in 95% yield and with
97% conversion. This result required fine-tuning of the reaction conditions; 1.0
equivalent of pivaloyl chloride and 2.1 equivalents of IPEA were used to form the
acyl chloride of 9. This ratio proved sufficient to neutralize HCI and 11 (pKa 3.1)
was generated in this reaction. The tricarbonylic compound 11 is a hidden, or
masked, 3-keto-carboxylic acid. On addition of 1 equivalent of triazole 8 as the
hydrochloride, decarboxylation of 11 and acylation of 8 proceeded in the same pot;
98% conversion to 12 was achieved within 6 h at 70°C.

The chemical events in these last steps were carefully studied using physicochemi-
cal methods, online IR monitoring and kinetic measurements (Scheme 4.2). The
detailed kinetic analysis offered mechanistic evidence for the intermediacy of
a-oxoketene 11B on the path to PB-ketoamide 12. This study has also ruled out
other possible reaction pathways proposed in the literature, among them addition—
elimination via aminal 11A [12]. Although intermediate 11B was not directly
observed, even when a special IR probe (Sicomp) was used, its presence is consistent
with kinetic results that revealed the decarboxylation step to o-oxyketene 11B as
being rate-limiting. There was no accumulation of 11B and its steady-state concen-
tration was very low, since amination of ketene is a very fast reaction [13]. This
accumulated knowledge suggested the possibility of merging steps v and vi into a one-
pot, three-component procedure for the preparation of the B-keto amide 12 [14].

In step vii, the Z-isomer of the N-unsubstituted B-enamino amide 13 was
obtained with complete stereoselectivity, presumably due to the strong hydrogen
bonding in the product. This outcome had two important implications for the
overall process. First, the unsubstituted f-enamine was clearly the targeted sub-
strate for enantioselective hydrogenation, since all previous processes were based
on the fact that the N-acyl derivatives required two additional steps, protection and
de-protection. Second, the stereochemical homogeneity of the Z-isomer would be
expected to confer a higher enantiomeric bias during hydrogenation than would a
Z/E mixture of 13.

Scheme 4.2 Possible pathways in the formation of -ketoamide 12 via Meldrum’s acid adduct 11
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4.4 Highly Enantioselective Hydrogenation of Unprotected
B-Enamino Amides and the Use of Josiphos-Ligands

In view of the extensive application in the life sciences of B-amino acids, as
components of biologically active peptides and small molecule pharmaceuticals
[15], a great deal of research in organic synthesis has been focused on simple,
practical and scalable methods for their preparation in an optically pure form [16,
17]. But, because of the obligatory use of N-acyl-f-enamines, on the one hand, and
their fast equilibration into an E/Z mixture, on the other, their asymmetric hydro-
genation failed, for a long period, to be utilizable in the large-scale preparation of
enantiopure J-amino acids and their derivatives [18—20]. For this reason, in spite of
its inherent efficiency and atom economy [20], catalytic asymmetric hydrogenation
remained under-explored for the preparation of f-amino acids. A breakthrough was
achieved when a method was discovered for the hydrogenation of the free -
enamine 13 [21, 22]. Contrary to the accepted opinion that the N-acyl group is a
pre-requisite for effective hydrogenation, the authors successfully hydrogenated [3-
enamine 13 using a catalytic complex that co-ordinates enamine in the Z stereoform.

The search for an effective catalytic metal-ligand complex started with the
random screening of commercially available ligands [21, 22]. In a joint effort
between the Catalysis Laboratory at Merck and Solvias AG, a company with
world-renowned expertise in the field of asymmetric hydrogenation, the asymmetric
hydrogenation of 13 was pushed to the limits of its performance. Dozens of ligands
and additives were screened, along with the usual parameters such as solvent,
temperature and pressure; the optimized reaction is depicted in Scheme 4.3 [22-24].

>95% conv.
95% e.e.

Optimized reaction conditions:

Catalyst: 0.15 mol% /Rh(COD),Cl/, Pt-Bu2
0.32 mol% tBu-Josiphos
P(p -CF3-Ph)2

Promoter:  0.30 mol% NH,CI
Solvent: MeOH

Temp., time: 50 °C, 18 h
Pressure: 150 psig

tBu-Josiphos

\ J/

Scheme 4.3 Optimized conditions for enantioselective hydrogenation of 13 to sitagliptin, R-1
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Me Me E
16
((S)-BINAP)RuCI, ((S,5)-Me-DUPHOS)Rh(COD)BF, (R,R)-Et-FerroTANE/Rh(COD)BF,
yield % 0.9 yield % 71.4 yield % 77.0
ee% -- ee% 9.3 e.e.% 88.0
Me
@/‘\P(t Bu)2 @/‘\Pt-suz ©/LP(t Bu)2
P(p -CF3-Ph)2 Fo TPhy P(p -CF3-Ph)2
18 19 20
(R)-(S)-1/Ir(COD)CI/, (R)-(S)-r(COD)C/, (R)-(S)-I/Rh(COD)CI/,
yield % 2.8 yield % 11.2 yield % 93.7
e.e.% -- e.e% 84.7 e.e.% 96.1

Fig. 4.2 Ligands tested in Ru, Rh and Ir complexes for enantioselective hydrogenation of
enamino-ester 15, and e.e.s obtained

The huge differences in yield and enantioselectivity achieved with some well-
known and frequently used bidentate phosphines in screening experiments with the
prochiral enamine substrate, methylester 14, are remarkable (Fig. 4.2) [21].

By far, the best results were obtained with Ir- and Rh-ferrocenophosphines 19
and 20, which contain Josiphos-type, often cited as Solvias Josiphos ligands [23,
24]. Oddly, the Rh complex of the ligand 20 was highly reactive and selective in
performing hydrogenation of ester 14, while its Ir complex 18 proved to be non-
selective. Mechanistic studies did not reveal the detailed structure of the catalytic
complex, but the accumulated results reveal the intriguing possibility that the imino
tautomer is the reactive species in the Rh complex 21 [21, 25].

When amide 13 was reduced in MeOH with D, using the catalyst [(COD)
RhCl,], incorporation of deuterium was observed only in the P-position
(Scheme 4.4). This finding suggested 21 as the reactive complex, prior to the Rh-D
insertion step, a mechanistically analogous situation to that with B-ketoamide
hydrogenation [26].
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Scheme 4.4 Site-selective incorporation of D-atom reveals the intermediacy of a reactive imino
complex
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4.5 Ammonium Chloride, an Effective Promoter of Catalytic
Enantioselective Hydrogenation

The final improvement in the hydrogenation step was achieved before the large-
scale process was set up, enabling production of ~20,000 tons of sitagliptin by 2007
[22]. In Scheme 4.3, 0.3% of ammonium chloride is indicated as the promoter of
asymmetric hydrogenation. A positive effect of the inorganic salt was observed
when the significant variability in the e.e. and yield was traced to the content of this
salt in the various batches of the B-enamine amide 13 [27].

In a separate experiment, a very strong correlation between the concentration
of ammonium chloride (up to around 500 ppm), on the one hand, and e.e. and
conversion, on the other, was observed (Fig. 4.3) [27].

Data shown by circles in the figure correspond to percent conversion, as measured
by liquid chromatography (LC). Data points marked by squares correspond to
percent enantiomeric excess, as measured by LC of the areas under the peaks for
the R-enantiomer of sitagliptin free base. Since solutions of ammonium chloride are



References 53

Fig. 4.4 Levels of dimer-like 8
product 22 observed with
increasing concentrations of
ammonium chloride in the 6
hydrogenation solution 5
(reproduced from [27], with £
the permission of the Do 41
American Chemical Society) i

1)

< 24

0 4
0 1000 2000 3000 4000 5000
ppm NH,CI

weakly acidic, the authors concluded that the correlation between apparent pH and
reaction performance may be due to the positive perturbation of enamine—imine
tautomerization, so that the equilibrium is shifted in a subtle way to the imine form.
The disappearance of the positive effect above 500-1,000 ppm was explained by
the promotion of Michael-type addition, a side-reaction leading to the dimer-like
by-product 22. Figure 4.4 shows that if the amount of ammonium chloride present in
the reaction is too high, the formation of a dimer-like 22 between enamine amide 13
and sitagliptin 1 reaches a level at which yield of sitagliptin is curtailed [27].

4.6 Conclusion

This study illustrates the fact that many variables, some of them unexpected, may
influence a sensitive chemical transformation. When the reaction involved repre-
sents the key step in a production process, as shown for the enantioselective
hydrogenation of 13 to sitagliptin 1, optimization of the technological process
requires the combined use of synthetic, analytical and physicochemical studies,
often based on the serendipity and the imagination of the synthetic chemist.
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Chapter 5
Biaryl Units in Valsartan and Vancomycin

Abstract

Biological target: Valsartan is a non-peptide, biaryl antagonist at the angiotensin
Il type 1 (AT1), G-protein-coupled receptor. It, therefore, blocks the stimulation of
vasoconstriction, aldosterone release and salt retention by the kidney, leading to a
fall in blood pressure.

Vancomycin is a glycopeptide antibiotic originally isolated from Streptomyces
orientalis. It blocks the formation of the bacterial cell wall protein murein by
forming a complex with p-alanyl-p-alanine.

Therapeutic profile: Valsartan is a leading drug for the treatment of hypertension.

Vancomycin is a broad spectrum antibiotic, administered intravenously for the
treatment of Gram-positive bacterial infections resistant to other antibacterials.

Synthetic highlights: The Cu-promoted catalytic decarboxylative, biaryl synthe-
sis of valsartan is an example of biomimetic, aerobic decarboxylation and enables
C—C bond formation in aqueous solution. The chiral variant of biaryl synthesis is
exemplified by the stereoselective approach to the axially chiral biaryl system
present in vancomycin.

5.1 Introduction

Valsartan (1, (S)-3-methyl-2-[N-({4-[2-(2H-1,2,3 4-tetrazol-5-yl) phenyl]phenyl}
methyl)pentanamido]butanoic acid, generic name Diovan®™, Novartis) is a repre-
sentative of a therapeutic class of non-peptidic angiotensin II-(AT1) receptor
antagonists, the sartans, developed for the treatment of hypertension. With US
$4.2 billion global sales, valsartan holds the largest hypertension market share [1].

i
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1 valsartan
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5.2 Angiotensin AT1 Receptor, a G-Protein-Coupled Receptor

Hypertension is the most prevalent disease in developed countries, with approxi-
mately one billion cases worldwide [2]. Various classes of antihypertensive agents
have been introduced into therapy over the last 3040 years. Yet hypertension
remains an under-treated disease and a major health problem worldwide. Valsartan
has become an outstanding representative of the angiotensin II type 1 (AT1)
receptor antagonists, which are highly effective at reducing blood pressure and at
the same time exhibit both renoprotective properties and placebo-like tolerability
[3]. They, thus, provided a considerable advance over the earlier angiotensin
converting enzyme inhibitors, which inhibited angiotensin II formation, but
resulted in coughing due to the concomitant formation of the peptide mediator,
bradykinin. The biological target of the newer antihypertensive drugs is the angio-
tensin AT1 receptor (see Fig 2.1, Chap. 2) that belongs to the largest human gene
superfamily, the G-protein-coupled receptors (GPCRs) [4]. The GPCRs include
around 30% of all drug targets so far investigated, and approximately 30% of all
prescription drugs act on GPCRs [5].

The renin-angiotensin-aldosterone system (RAAS) is a proteolytic cascade of
enzymes that plays an important role in the regulation of blood pressure, and is also
involved in the pathogenesis of hypertension. The RAAS is initiated by the release
of renin from the kidney, as discussed in Chap. 2 on aliskiren. Renin is responsible
for the conversion of angiotensinogen to the inactive decapeptide, angiotensin I,
which in turn is cleaved by angiotensin-converting enzyme (ACE) to produce the
octapeptide, angiotensin II (AnglIl), the main effector hormone of the RAAS [6, 7].
AnglI plays a key role in the pathophysiology of hypertension, and exerts most of
its biological functions by activating selective membrane-bound receptors.

Two distinct types of Angll receptors have been identified; type 1 or AT1, and
type 2 or AT2. AT1 is a 359-amino acid protein, while AT2 consists of 363 amino
acids [8]. The AT1 receptor mediates virtually all known physiological actions of
Angll in cardiovascular, neuronal, hepatic and some other cells, while the AT2
receptor appears to be a negative regulator. The interaction of Angll with the AT1
receptor induces a conformational change which activates several effector systems.
This receptor is therefore the most direct biological target in the design of inhibitors
of the RAAS system. The discovery of losartan and eprosartan, the first potent
Angll antagonists, stimulated the design of a large number of their congeners,
known as sartans 9, 10].

Knowledge of the 3D structure of the AT1 receptor would be of great help in
studying receptor—antagonist interaction, as well as in the rationale design of new
sartans as highly specific ligands. However, because GPCRs are membrane-bound
proteins, their high-resolution structural characterization has still not been
achieved. Recently, though, studies were performed to investigate the characteri-
stics of the binding site of the human AT1 receptor, based on the construction of a
homology model, to which various types of sartans were docked [11-13].
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The structural features that determine the pharmacophoric segment of sartans
have also been examined by combination of quantitative structure-activity rela-
tionship (QSAR) and conformational analysis. The results show that the site of
action for sartans as AT1 antagonists include amino acids Lys199, Val108 and
His256 located in the mesophase of membrane lipid bilayers [14].

The conformational properties of valsartan have been analyzed both in solution
and at the binding site of the AT1 receptor. These studies revealed two low energy
conformations of valsartan in solution, cis/trans around the amide bond in the ratio
of approximately 40:60, while the majority of the docked molecules at the AT1
receptor are bound in the trans conformation [15]. A schematic presentation of
some of the important interactions of valsartan with the AT1 receptor is given in
Fig. 5.1 [16].

Figure 5.1 reveals the interactions between valsartan and Ser105, Ser109 and
Lys199 in the AT1 receptor. In this conformation, Ser109 and Lys199 bind to the
phenyl-tetrazole group of valsartan. Lys199 binds to the tetrazole group by an ionic
H-bond and to the phenyl group by cation-n interaction. Ser109 binds to the phenyl
group by OH-r interaction, and Ser105 is assumed to bind to the carboxylic group
of valsartan at a distance of 2.9 A. It is worth noting that the cation-r interaction of
Lys199 and the OH-r interaction of Ser109, represent important contributions to
the recognition of this small molecule at the protein binding site [17, 18]. All these
data reveal the convergent interactions of valsartan at the active site, which
contribute to the free energy of binding of —12.24 kcl/mol, and an inhibition
constant of 1.06 x 107° [16]. On binding, valsartan stabilizes the AT1 receptor
in a closed-up, inactive conformation (B), and the authors proposed for valsartan an
inverse agonistic effect, emphasizing a more important role for this effect than was
initially thought [16, 19].

A more recent molecular modelling study by the same authors, of the binding of
valsartan and some other sartans, suggested the presence of binding sites in
transmembrane domains (TM) 3,5 and 7 of the AT1 receptor (Fig 5.2a) [20].

Within these three domains, the amino acids responsible for binding interactions
are Serl09 of TM3, Ly199 of TMS and Asn295 of TM7 in the AT1 receptor.
Figure 5.2b illustrates these interactions in a 3D model, and in many details
corresponds to the findings presented in Fig. 5.1. This is particularly the case
with the conformation of the biphenyl unit in the bound valsartan; both models
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Fig. 5.2 (a) Scheme of binding of valsartan to the AT1 receptor. H-bonding is indicated by dotted
lines and trans-membrane receptor domains by ellipses. (b) Lateral view of valsartan-AT1
(reproduced from [20] with the permission of Elsevier)

reveal the nearly orthogonal position of the two phenyl rings. However, while the
tetrazole unit in the first model is exposed towards Lys199, in the second one, it
forms a hydrogen bond with Asn295. The authors finally concluded that Lys199 is
more important for the interaction with the carboxylate group and that the tetrazole
moiety would commonly interact with Asn295 in TM7 [20].

These, sometimes ambiguous, considerations reveal the difficulties in construct-
ing a substrate—enzyme complex at the active site without knowledge of the X-ray
structure of the enzyme. In the case of GPCRs, as membrane-bound proteins,
crystallographic data are not available, and therefore, modelling of the complex is
based on the active-site structure obtained by homology modelling. In such cases,
design of biologically more potent compounds might be less straightforward.
Nevertheless, correlation for drug-like compounds of high biological activity with
specificity and a concerted interaction at the binding site, as well as determination
of requirements for the recognition of binding interactions is nowadays crucial for
successful drug design. Sartans are one of the best examples of achievements in
rational drug design.

In part, due to their prolonged therapeutic administration, antihypertensive drugs
need to be essentially devoid of side effects. In this respect, it is of considerable
interest that AT1 receptor blockade by valsartan reduces diabetogenic factors,
including plasma free fatty acid levels by facilitating their uptake by adipocytes,
as well as reducing inflammation and oxygen radical production. Therefore, val-
sartan not only attenuates hypertension but also reduces triggers to metabolic
disturbances, which are risk factors for hypertension [21]. Combined therapeutic
use of B-blockers, ACE inhibitors and valsartan mutually affects signalling through
the B-adrenergic receptor and AT1 receptor in chronic heart failure [22]. However,
there is no evidence that this translates into adverse effects on disease outcome.
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Most of the beneficial effects provided by valsartan appear to be related to a
complete blockade of the angiotensin AT1 receptor. The mechanisms for these
beneficial effects of valsartan as an angiotensin II receptor blocker have been
studied in model systems and in humans [23]. It was found that valsartan
maintains glomerular filtration rate and glomerular pressure and it has been
proposed that this might explain the favourable renal outcome with AT1 receptor
blocker therapy [24].

5.3 Cu-Promoted Catalytic Decarboxylative Biaryl Synthesis,
a Biomimetic Type Aerobic Decarboxylation

The stereogenic centre in valsartan has the S-configuration and is introduced with
L-valine as the building block. However, the formation of the aryl-aryl bond
represents the key step in the synthesis of many sartans. The biphenyl unit in
valsartan 1 and other sartans is a common structural element, and proved to be
essential for binding affinity to the receptor and for oral bioavailability. When the
barrier for rotation around the central bond is high enough, axially chiral enantio-
mers can be separated. Some examples of biologically active compounds, intended
to illustrate the significance of the biaryl structural motif, are presented in Fig. 5.3.

In addition to the two sartans, losartan and telmisartan, a biaryl unit is present
in the agrochemical, boscalide; the antibiotic, biphenomycin; and many natural
axially chiral polyhydroxy-biphenyls and binaphthyls. Two examples are given in
Fig. 5.3. Due to the impeded rotation around the central bond, the last two
compounds are configurationally stable.

In recent years, classical methods for biaryl syntheses have been replaced almost
completely by mild and selective organometallic complex-catalyzed coupling reactions.
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Fig. 5.3 Representative biologically active compounds with a biaryl unit
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Among the well-known traditional synthetic approaches to biphenyl derivatives are,
first of all, Ullmann-type coupling [25], then the Scholl reaction [26], the Gomberg—
Bachmann reaction [27, 28] and their modifications. All of these suffer from the
harsh reaction conditions and low yields of unsymmetrically substituted biaryls,
making impractical any approach to biaryls with chemically or configurationally
sensitive units. Accumulated physicochemical data and mechanistic considerations
have revealed that these methods are ineffective at lowering the energy barrier fo
synthesis of aryl-carbanion equivalents as nucleophiles. An effective solution to this
problem was found in the mild and catalytic cross-coupling reactions promoted by
organometallic species, such as organo-copper, -zinc, -tin and -magnesium com-
plexes [29, 30]. Nowadays, these reactions constitute a generally applicable strategy
for the synthesis of biaryls. They all have in common facilitated insertion of metal
into the aryl-halide bond as a step towards synthesis of the active complex. This
activation of the nucleophile is a key step, while an electrophilic partner is selected to
match the electronic requirements of the nucleophile.

A particularly effective and selective method for coupling to biaryls, with the
general formula VII, is referred to as the Suzuki—-Miyaura reaction (Scheme 5.1) [31].

This method consists of coupling of arylboronic acids IV with aryl halides V,
activated as Pd-complexes VI. It has been improved continuously over the last
decade, and has reached a high level of performance, both on the laboratory and
industrial scale [32, 33]. However, even the Suzuki-Miyaura reaction suffers from
a drawback common to all cross-coupling reactions; it requires stoichiometric
amounts of expensive organometallic compound, in this specific case, arylboronic
acid III. This reagent must be prepared from sensitive Grignard-type precursor II
under anaerobic and anhydrous conditions. To achieve such couplings on an
industrial scale, formation of the organometallic partner became the most serious
issue, as observed in the production of a boscalide intermediate (~1,000 t/a), one
of the largest industrial applications of the Suzuki—Miyaura reaction [34, 35]
(cf. Sect. 5.4).

Recently, the synthetic breakthrough in this field came only from the work of
Goossen and his group [36, 37]. These authors started with an imaginative concept,
based on the observation that living organisms, which cannot provide an inert and
dry environment, have evolved to generate carbanion equivalents by enzymatic
decarboxylation in aqueous medium of ubiquitously available arylcarboxylic acids.
Bearing this in mind, Goossen et al. designed an efficient catalytic system with
a dual capability: to facilitate strongly endothermic extrusion of carbon dioxide

: Br Mg(0) MgBr g(oR), : B(OF%)ZHCIaq : B(OH),
—— — _—>'
1 R1 I R1 1} R1 v R1 + —
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—_— R1
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v Re \L R2

Scheme 5.1 General scheme of the Suzuki—Miyaura reaction
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from aryl carboxylates, forming stable aryl-metal compounds, and to mediate
cross-coupling of these species with Pd(II) complexes as aryl electrophiles.

The proposed reaction mechanism of this catalytic process is outlined in
Scheme 5.2 [38].

Copper was selected as the metal of choice for the decarboxylation step, IX to X,
as it is widely used in protodecarboxylation procedures [39]. However, taking
into account the known, limited catalyst productivity and selectivity of copper in
Ullmann-type coupling [25], the authors decided to use a second metal for the cross-
coupling step. Here, palladium turned out to be the best choice, as it is known for
efficient mediation of a large number of two-electron cross-coupling reactions [40].

In the left cycle of Scheme 5.2, anion exchange takes place and the Cu(Il) ion in
the intermediate IX is believed to co-ordinate to the aromatic m-system. Then,
the Cu ion inserts into the C—C(O) bond with extrusion of CO,, and shifts to the aryl
m-system to form the stable aryl-copper intermediate X. In the parallel cycle, aryl
halide XI adds oxidatively to the palladium catalyst to form the Pd(II)aryl complex
XII. In the next step, an exciting interplay between two catalytic cycles takes place,
resulting in transmetallation to the intermediate XIII, that is, transfer of the aryl
group from copper to palladium with liberation of the Cu(Il) halide. Reductive
elimination, in the final step, affords the targeted biaryl XIV, regenerating the initial
Pd(0) species and restoring the catalytic cycle for palladium. The reaction of copper
halide with fresh alkali metal carboxylate, through anion exchange, closes the
catalytic cycle for copper.

Synthesis of valsartan represents one of the synthetic highlights on the basis of
this methodology, and is outlined in Scheme 5.3 [41].

This apparently simple synthetic route has some hidden pitfalls. Already in the
first step, decarboxylative metallation of 2-cyano benzoic acid (3), an extremely
resistant substrate due to competing co-ordination of cyano group to copper, has the
required catalytic system consisting of Cu(II)O and 1,10-phenantroline as bidentate
N,N-ligand for Cu(Il) ions. This catalytic system proved particularly effective in
the specific solvent mixture NMP/quinoline (2:1). Yields of 4 up to 80% were

R2
=§ E/M/+ LPd X \} Xi
X
L,Pd®
O R2
O 4

IMPX L,Pd
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vin IMF* = [Cu(IX T/ @ Xl X

Scheme 5.2 Coupled catalytic cycles in Goossen et al’s synthesis of biaryls
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Scheme 5.3 Synthesis of valsartan, based on decarboxylative biaryl synthesis

obtained at elevated temperatures without observable formation of side-products.
Note the sensitive dimethylacetal unit in 2. Whereas reductive amination of 4-5
proceeded under standard conditions with a 90% yield, another obstacle appeared
in the last step — formation of the tetrazole ring in 1 from the intermediate 6.
1,3-Dipolar addition of azide anion to arylnitrile 6 proved troublesome until the
authors surmounted the limited reactivity of tri-n-butyl-tin chloride and sodium
azide by adding tetra-n-butylammonium bromide. The mechanistic rationale
behind this promotional effect of quartenary ammonium bromide was not explained
by the authors. It may reside in the promoted formation of n-BusSn-N3 via more
reactive n-Bu;Sn-Br, formed in equilibrium with initial tin chloride.

In conclusion, an innovative route to valsartan that comprises decarboxylative
biaryl coupling afforded this antihypertensive drug in approximately 40% overall
yield, which compares favourably with all other reported routes. This approach was
the result of meticulous synthetic experimental work. Professor Goosen stated that at
the beginning of the project, one of his collaborators had “performed close to 2000
test runs for the model reaction. .. before he observed the desired product in more
than trace quantities” [42]. The route to the “dream reaction” was extensively
explored by Goosen’s group. Fine-tuning of many parameters in the Cu(Il)-catalyzed
decarboxylative biaryl synthesis was performed [38, 41] and the final results were
impressive

— Biaryl synthesis can be achieved with activated and non-activated aryl-carboxylic
acids, using second-generation catalysts, based on the Cu(Il) 1,10-phenanthroline
complex.

— Direct coupling of various aryl, heteroaryl and vinyl carboxylic acids with aryl
iodides, bromides and even chlorides is possible.



5.4 Stereoselective Approach to the Axially Chiral Biaryl System; the Case of Vancomycin 63

— The scope and potential economic impact of this decarboxylative biaryl cou-
pling is demonstrated by the synthesis of over 40 biaryls, some of them with
substantial industrial relevance.

5.4 Stereoselective Approach to the Axially Chiral Biaryl
System; the Case of Vancomycin

As mentioned in the introduction, optically pure biaryl derivatives are present in a
number of natural products of various origins and have a wide range of biological
properties [43]. By far, the most important representative of biologically active
compounds with axially chiral biaryl unit is vancomycin (7), a clinically used
glycopeptide antibiotic from Streptomyces orientalis [44].

7 Vancomycin

Vancomycin is a broad spectrum antibacterial, which acts to inhibit the con-
struction of the bacterial cell wall by forming a complex with p-alanyl-p-alanine,
required for the synthesis of an essential membrane protein, murein. The antibiotic
is administered by infusion and is most commonly used to treat infections with
organisms that are resistant to other commonly used antibacterials. Today, this is
frequently the case with Gram-positive bacteria such as Staphylococcus aureus.

Axial chirality of biaryls, also known as the atropisomerism phenomenon, arises
from hindered rotation around the central single bond (Scheme 5.4).

R R
Scheme 5.4 Schematic R2 R3
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between enantiomeric biaryls R1 R1
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Configurational stability is usually ensured by the presence of at least two bulky
substituents in the ortho positions [45].

As creative as coupling to biaryls based on catalytic decarboxylation in aqueous
solution may appear, no report has yet appeared on its application to obtain axially
chiral biaryls in the enantiopure form. This chapter therefore would be incomplete
without a brief discussion of selected synthetic methods leading to enantiomerically
pure biaryls.

Total syntheses of vancomycin aglycone have been reported by outstanding
synthetic teams [46—48], all of whom encountered stereoselective construction of
the axially chiral A-B biaryl ring system as an essential problem. One of the
most efficient solutions to this problem was reported by Uemura et al. [49-51],
and comprises the use of a planar chiral arene chromium complex in the
Suzuki—Miyaura cross-coupling reaction.

Before embarking on a more detailed discussion of this approach, let us first
consider other chiral variants of the Suzuki-Miyaura reaction in the synthetic
approach to enantiopure biaryls XVII (Scheme 5.5).

In spite of some of the drawbacks mentioned in Sect. 5.3 of this chapter, the
Suzuki—Miyaura reaction is certainly the most widely used method for stereoselec-
tive construction of the central bond in biaryls. This method can be classified into
diastereoselective (a and b) or enantioselective (c¢) variants (Scheme 5.5). The
former two characterize chiral information present in one of the reacting partners,
XV or XVI. In case a, this involves planar-to-axial induction of chirality from XV
to XVII, while in case b, central-to-axial chirality is induced from XVI to XVII.
The enantioselective method c involves two achiral partners X VIII and XIX, while
the chiral ligand in the palladium complex contributes chiral information to the
reacting system.

In elucidating a synthetic pathway to enantiopure biaryl 14, the key intermediate
on the pathway to vancomycin, Uemura et al developed a powerful diastereo-
selective approach, corresponding to method a in Scheme 5.5. The most important
aspects of this approach are presented in Schemes 5.6 and 5.7 [49-51].

Scheme 5.6 outlines the stereoselective approach to the enantiopure, planar
chiral key intermediates, 2-bromo-3,5-dimethoxy-benzaldehyde Cr(CO); com-
plexes (+)-9 and (—)-9, as planar chiral coupling partners [50]. The elegance of

R2

R R
R2. c
chiral

R3 organometal R1 R3
Xvii catalyst Xvill XIX

xvi R1

Stereoselective modes of Suzuki-Miyura coupling: a and b diastereoselective, ¢ enantioselective

Scheme 5.5 Alternative variants of Suzuki-Miyaura reaction
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Scheme 5.7 Final steps in Uemura’s route to the biaryl unit in vancomycin

this approach resides in the transfer of centro-chirality in the intermediary acetals
8 and 10 to planar chirality in (+)-9 and (—)-9, respectively. Acetals 8 and 10 are
derived from (§)-1,2,4-butantriol and a-p-glucopyranoside, respectively. Transfer
to planar chirality of bromo-aldehyde 9 is completed by diastereoselective ortho-
lithiation and subsequent bromination. In the lithiation step, two diastereotopic
protons H, and H, in 8 and 10, respectively, are removed and the resulting
Li complexes of aryl carbanions are brominated.
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The enantiomerically pure chromium complex 13, with the correct absolute (S)-
configuration around the central bond, has been used in the construction of 15, one
of the key chiral building blocks in vancomycin (Scheme 5.7).

This multi-step scheme illustrates the synthetic efforts that have been invested in
the construction of homochiral biaryl 15 without loss of enantiomeric purity. It
covers many significant modern synthetic reactions: diastereoselective cyanation,
of the carbonyl group in (+)-9 in step i, promoted by anti-orientation of the carbonyl
oxygen to the ortho-substituent as the result of a stereoelectronic effect [52];
oxidative removal of the Cr(CO); group in 13 (step vi) and stereoselective azidation
with inversion of the configuration (step vii). For more details, the interested reader
should consult the cited literature.

In summary, the chiral economic and, at the same time, aesthetic aspect of
Uemura’s process, consisting of the dual control of stereoselectivity, is outlined
in Scheme 5.8.

The planar chiral tricarbonyl(2,6-disubstituted bromobenzene)chromium com-
plex XX can be coupled with the ortho-substituted phenylboronic acid derivative,
either under kinetic or under thermodynamic control. The former can be achieved in
refluxing aqueous methanol, and leads to a syn-relationship between the bulky
tricarbonylchromium group and the ortho-methoxy group in XXI. Completing the
same reaction in a higher boiling solvent, for example, toluene or xylene, or heating
of the syn-product in a higher boiling solvent, causes isomerization to the thermo-
dynamically stable anti-isomer XXIII. Most importantly, axial chirality in both the
syn- and anti-product has the same configuration. This has great practical conse-
quence on elimination of the tricarbonylchromium group, both coupling products
can be converted to an identical vancomycin precursor with the general formula
XXIV.

syn-selective

coupling

(kinetically controlled!)
- -

MeOH/water/reflux

Cr(CO) XXIV
Cr(CO), O 3 /

Br toulene or xylene/reflux

OMe < > ["OMe

OMe anti-selective OMe OMe
coupling
XXH (thermodynamically controlled!) xxin

Scheme 5.8 Overall scheme of Uemura’s approach to synthesis of the key biaryl intermediate of
vancomycin
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5.5 Conclusion

Axially chiral diaryls are a ubiquitous structural motif and frequently targeted
intermediates in the multi-step synthetic approach to natural products and their
congeners. The therapeutic importance of these compounds has been rediscovered
recently and some new heuristic concepts have emerged [53, 54].
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Chapter 6
3-Amino-1,4-Benzodiazepines

Abstract

Biological target: 3-Substituted 1,4-benzodiazepine-2-one (1,4-BZD) molecules
are privileged structures, in that minor changes can produce a wide variety of
biological actions. 1,4-BZD drugs have been developed that target a variety of bio-
logical ligands. Here, four exemplary 3-amino substituted structures are discussed,
three of which inhibit y-secretase, an enzyme that cleaves amyloid precursor
protein (APP) to form amyloid-f-peptide (A) deposits in the brain of Alzheimer’s
patients. The fourth, 1,4-BZD, L-768,673, is a potassium channel inhibitor that
delays the initiation of the cardiac action potential.

Therapeutic profile: y-Secretase inhibitors are recently identified candidate
molecules for use in the therapy of Alzheimer’s disease. Potassium channel block-
ers are under investigation for several indications; L-768,673 is a potential anti-
arrythmic agent.

Synthetic highlights: Racemization and enantiomerization are two consequences
of configurational instability. Enantiomerically enriched 3-amino-1,4-BZDs have
been generated via crystallization-induced asymmetric transformation. Enantio-
merically pure target products have been obtained by asymmetric Ireland—Claisen
rearrangement, highly enantioselective rearrangement of prochiral allylic esters to
1,2-disubstituted carboxylic acids and hydroboration of the terminal C=C bond, an
efficient anti-Markovnikov hydratation process.

6.1 Introduction

3-Substituted 1,4-benzodiazepine-2-ones (1,4-BZDs) have been extensively inves-
tigated as structural scaffolds for drug development. They represent the prototypical
“privileged structure”, according to which minor changes in structure produce a
host of different pharmacological profiles [1, 2]. Figure 6.1 shows some representa-
tive 1,4-BZD structures, their respective biological targets and their therapeutic
profiles.

In this chapter, we discuss the design and synthesis of four representative lead
compounds 1-4, which are excellent examples of the pharmacological diversity

V. §unjic’ and M.J. Parnham, Signposts to Chiral Drugs, 69
DOI 10.1007/978-3-0348-0125-6_6, © Springer Basel AG 2011
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Fig. 6.1 Selected 1,4-BZD structures, their biological targets and therapeutic profiles

among 3-amino-1,4-BZDs. The first three compounds 1-3 exhibit y-secretase
inhibiting activity, while compound 4, an anti-arrythmic drug candidate, is an
inhibitor of the slowly activating delayed rectifier potassium channel.
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6.2 3-Amino-1,4-Benzodiazepine Derivatives as y-Secretase
Inhibitors

CF3

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder, which over
a period of time leads to dementia, of which it is the most common cause,
accounting for 60-70% of cases. The disease is associated with an as yet unex-
plained build-up of extracellular proteins in the brain, including so-called tangles
(deposits of the protein, tau) and plaques, formed by deposits of the amyloid-f§
peptide (AP) [3, 4]. This peptide, in its soluble form or when aggregated into
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oligomers, fibrils and plaques, is responsible for neuronal toxicity and cell
death [5]. AP is produced by the stepwise cleavage of natural proteins by the
membrane enzyme [-secretase.

v-Secretase is a complex of four different structural proteins and a non-essential
regulatory protein, CD147. It is an integral membrane protease that cleaves a variety
of transmembrane proteins, including amyloid precursor protein (APP) and the bio-
logically broadly distributed membrane signalling protein, Notch. Substrate recogni-
tion by the enzyme occurs by binding of the N-terminus of the substrate to one of the
four sub-units, nicastrin. The substrate is transferred to a water-containing active site,
containing the catalytic aspartate residue, and which carries out hydrolytic cleavage
within the hydrophobic environment of the cell membrane. The active site is flexible,
since the enzyme is able to cleave APP at multiple locations to generate several A}
peptide isoforms, 39—42 amino acids in length. y-Secretase is, therefore, an attractive
target for development of novel synthetic inhibitory drugs with potential for the
treatment of AD and several small molecule drug candidates are under investigation
[6, 7]. Undesirable side effects are an issue, probably because the enzyme hydrolyses
a variety of functional proteins. Very recently, a y-secretase activating protein
has been identified, which only stimulates AP formation, suggesting a possible new
approach to selective inhibition of AP production [8].

6.3 Configurational Stability: Racemization
and Enantiomerization

Configurational or optical stability is crucial for any chiral compound intended as a
drug substance. In view of the different behaviour of enantiomers in a chiral
environment, which is regularly present in all compartments of the living organism,
the requirement for optical stability is obvious. It is important to note that the chiral
environment in biological fluids, either intra- or extracellularly, is generated by the
presence of soluble chiral molecules. Insoluble, chiral biopolymers and cell con-
stituents facilitate chiral recognition at the solid-liquid interface.

Racemization of an optically active compound is a well-known thermodynami-
cally favourable process that forms a racemic mixture. Racemization is a conse-
quence of the limited configurational stability of the stereogenic centre in chiral
compounds. This process can be followed using various chiral methods that allow
the determination of the time-dependent ratio of two enantiomers. The most
frequently used methods are polarimetry and liquid chromatography (LC) gas
chromatography (GC) on chiral stationary phases (CSPs). The importance of the
CSP-based chromatography in supplying the required data is clearly emphasized in
the policy statement of the US Food and Drug Administration (FDA). This world-
leading agency demands unambiguous data on the configurational stability or
“stereochemical integrity” of pure enantiomers of chiral drugs and examination
of the “potential for the interconversion of the individual isomers” [9].
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Enantiomerization is another, less known consequence of low configurational
stability, and represents interconversion of two enantiomers in a racemic mixture.
Generally, enantiomers of 3-substituted 1,4-benzodiazepines I, present in a racemic
mixture, may easily interconvert (Scheme 6.1).

Thermodynamic control of the 1:1 ratio of enantiomers in the racemic mixture
does not preclude, however, interconversion of the enantiomers at a defined rate,
which can be monitored by chiral means [10, 11]. The most efficient method for
determination of kinetic parameters of enantiomerization is chromatography on
CSPs. When a racemic mixture of configurationally unstable enantiomers is eluted
on CSP and separation into two well-defined peaks is achieved, a change in the
chromatographic conditions (e.g. the chemical property of the CSP, flow rate, pH of
the eluant or temperature) can provoke substantial changes in the eluation profile.
This means that originally well-separated peaks become less well separated, then
form a plateau, and finally collapse into one peak. Using either simple equations or
sophisticated programmes, kinetic and thermodynamic parameters for enantiomer-
ization can be determined to various degrees of accuracy [12, 13].

This process is exemplified by enantiomerization of the 3-carbethoxy-1,4-
benzodiazepine derivative 5 (Scheme 6.2) [14].

Enantiomerization is promoted by the basic groups on the CSP and at a defined
flow rate, with first-order kinetics and a ¢, of approximately 14 and 22 min for the
two enantiomers [14]. At first glance, it may seem surprising that two enantiomers
interconvert with different rates. However, this is easily explainable by the chiral

A L ¢
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() O (- O

!

A
I

Scheme 6.1 Schematic presentation of enantiomerization process for (£)-I

Me
o
N—" on cooa
cooa + (39)4()5 =— O + (BR-+)5
cl cl _N  OEt CI
| (3R)-(+ } O 3S)-(-

(#)-5

Two different enantiomerization rates -5
in chiral environment on CSP!

(+)-5 ti2 14.1 min
(-)-5 t12 22.2 min

Scheme 6.2 Enantiomerization process of ()-5 and half-lives for two enantiomers
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environment, in which two enantiomers generally behave as different chemical
entities. Such an environment is present during chromatographic separation on the
surface of a chiral stationary phase at which bound enantiomers undergo inversion
of configuration.

Low configurational stability is used in various inventive modes to recycle
“wrong” enantiomers of intermediates for chiral drugs. Recycling of (3R)-6 into
(35)-6 is an important aspect of the process for production of the target compound
(35)-1, another example of which we shall consider in Chap. 7 (Sertraline).

Compound (35)-6 is a key building block for the 3-acylamino derivative 1,
a highly potent y-secretase inhibitor for potential use in Alzheimer’s disease. The
structures of all the target compounds 1-3 are characterized by three stereogenic
centres and an amide bond that connects the 1,2-diaryl carboxylic acid subunits to
the (35)-NH, group. On the other hand, target structure 4 lacks the two stereogenic
centers in the carboxylic subunit.

6.4 Crystallization Induced Asymmetric Transformation

Among chiral 1,4-BZDs, 1-methyl-3-amino-1,4-benzodiazepin-2-one (6; Scheme
6.1), represents a particularly interesting structure, syntheses of single derivatives
and libraries aimed at specific biological targets having been studied by various
teams [15—17]. Synthetic and biological research in the field of 1,4-benzodiazepines
were triggered in the early 1960s by the group of Sternbach at Hoffmann-La Roche
Research Division, Nutley USA [18]. A synthetic approach to the racemic com-
pound 6 was first reported by S. C. Bell et al. from the Roche team, and was
achieved according to Scheme 6.3 [19].

Compound 6 and most of the 3-substituted 1,4-benzodiazepin-2-ones share an
important sterochemical characteristic, namely, low configurational stability of the

z-=
[

I\I/Ie
_0 (0]
iii
x eel
=N =N,
o]

Me

iv,v vii
E— 0 OH — CI —
—N

Reagents and conditions: i. CIOCCH,Br/py; ii. NHy/EtOH; iii. ACOH/H,0,;
iv. Ac,0/D, v. KOH in EtOH/H,0 vi. SOCI,/D; vii. NHy/EtOH

Scheme 6.3 Classic synthesis of a racemic 3-amino-1,4-benzodiazepine derivative 6
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Scheme 6.4 Crystallization induced asymmetric transformation of (&4)-1-methyl-3-amino-5-
phenyl-1,4-benzodiazepine (6) into the (3S)-enantiomer

stereogenic centre at C(3). This property permits an important process to be employed
for the synthesis of optically pure (35)-6, the key intermediate in the synthesis of a
number of biologically active 1,4-benzodiazepine derivatives. This process is known
as crystallization induced asymmetric transformation, and allows for 100% yield of a
single enantiomer on separation of the racemic mixture! It is outlined in Scheme 6.4
for transformation of racemic 6 into the (35)-6 enantiomer [20].

The elegant process, developed by Merck chemists [20], involved a catalytic
amount of aromatic aldehyde. This facilitates racemization of the “wrong” enan-
tiomer (3R)-6, in solution at ambient temperature, via an aldimine intermediate,
which possesses a significantly more acidic C(3)-H (pKa ~ 12) than the parent
amine (pKa ~ 20). Due to the significantly lower solubility of its (+)-camphor-10-
sulphonic acid (CSA) salt, the desired enantiomer, (35)-6, continuously crystallizes
from the system in equilibrium. This efficient one-pot resolution-racemization
process has been used on a multi-kilo scale, affording (35)-6 for production of
various biologically active compounds.

6.5 Asymmetric Ireland-Claisen Rearrangement

Synthetic highlights on the pathway to the optimized leads 1-3 provide instructive
examples of the intensive engagement of batch-wise synthetic chemistry at a
relative early stage of lead optimization for future NDEs, as presented in Fig. 1.2.

With the availability of an efficient method for the synthesis of enantiomerically
pure (35)-4, a multidisciplinary team at Merck Sharp and Dohme Research and
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Reagents and conditions: i. Mel, K,COg,DMF; ii. DIBAL-H,, THF, —10 °C; iii. 4-fluorophen acylchloride, Et;N, DCM, 0 °C;
iv. BBrg,Et3N, toluene, —78 °C; v. 40 bar H,, Pd/C, EtOH; vi. EDAC, HOBt, DCM.

Scheme 6.5 Synthetic route to a y-secretase inhibitor 1

Merck Research Laboratories designed and prepared a class of highly potent 1,4-
benzodiazepines with y-secretase inhibitory activity that incorporated a substituted
hydrocinnamide unit at C(3) in (35)-1 (Scheme 6.5) [21, 22].

In developing a route to the target molecule 1, an original approach was taken to
obtain an enantiopure building block, based on the asymmetric Ireland—Claisen
rearrangement [23]. In the presence of the catalyst 9, prochiral allylic ester 8 was
converted, in a pericyclic process, into 2,3-aryl-4-pentenoic acid 10 with the
defined (2R,3S)-absolute configuration. The actual reactive species was the enolic
form 8A, which rearranges in a pericyclic 4n + 26 reaction, promoted by the
organocatalyst introduced by Corey et al. [23] for highly enantioselective rear-
rangement of allylic esters. This rearrangement has been reviewed [24], as a
milestone in the development of chiral variants of pericyclic reactions.

The mechanism of the rearrangement of the allylesters I, promoted by the
catalyst 9, is shown in Scheme 6.6. E/Z-Diastereoselectivity of this process is
determined by the topology of the intermediate boron enolate II in its preferred
geometry. The enantioselective formation of (25,35)-III is governed by the abso-
lute (S,S)-configuration of the bis-aryl-sulphonamide unit in the boron reagent 9A.

According to Corey’s early study, the E/Z ratio in this reaction is usually over
90:10, and for transformation of 810 it reaches 99:1 [23]. Since in this rearrange-
ment, the terminal C=CH, bond is formed, no diastereoselectivity around the
unsaturated C=C bond can be expected. To optimize the yield and e.e. of 10,
the authors modified the original protocol so that addition of the ester 8 to the
bromoborane catalyst in step /v was carried out at —78°C, and after 1 h stirring at
this temperature, the reaction was continued at ambient temperature for 16 h [22].
Following this protocol, approx. 80% yield of the (2R,35)-E-isomer of 10 with
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Scheme 6.6 Mechanism of asymmetric Claisen rearrangement of allyl esters catalyzed by chiral
bis-tosylamide 9

>99% e.e. was achieved! In the final steps, reduction of the C=C bond in 10 was
performed, and acylation of (35)-5 with 11 afforded the target compound 1, the first
representative of a novel class of B-secretase inhibitors. This compound exhibited
inhibitory activity at nanomolar concentrations (see Table 6.1).

6.6 Hydroboration of the Terminal C=C Bond:
Anti-Markovnikov Hydratation

To obtain more potent lead compounds, two modifications of this structure were
anticipated. The synthetic approach to 2 and 3 requires site-selective transformation
of structurally complex 3-acylamino-1,4-benzodiazepine precursors, as outlined in
Schemes 6.7 and 6.8.

The first step in Scheme 6.7 represents anti-Markovnikov-type hydratation of
the terminal C=C bond in 10 to obtain 12. This transformation requires addition of
elements of water so that the electronegative OH group appears on the more
electronegative terminal C-atom and the proton on the more positive internal
C-atom; in other words, an obvious mismatch of charges is present [25].

The old synthetic problem of anti-Markovnikov hydratation of the terminal
C=C bond, to obtain the prim-alcohol 3 from 13, was elegantly solved by hydro-
boration (Scheme 6.8) [26]. Because of its general importance, the mechanism of
this process is outlined in Scheme 6.9, and the energetic profile in Fig. 6.2.

Hydroboration of alkenes was first developed by Brown [26, 27], a Nobel
laureate for his contribution to the organic chemistry of boron. The process is
based on a multi-step reaction. This consisted of syn-addition of borane to the
C=C bond to form IV, followed by peroxide attack and Bayer-Williger-type
rearrangement of the intermediate boron-peroxide V-VI, and finally hydrolytic
splitting of the boronate ester VII to the prim-alcohol VIII, as outlined in
Scheme 6.9.
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iv. 40 bar H,, Pd/C, MeOH; v. (35)-5-N(1)H, EDAC, HOBt, DCM; vi. TBAF, AcOH, THF, 40 °C.

Scheme 6.7 Final steps in the synthesis of y-secretase inhibitor 2
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Scheme 6.8 Final steps in the synthesis of y-secretase inhibitor 3
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Scheme 6.9 Mechanims of hydroboration; anti-Markovnikov addition of elements of water to the
terminal C=C bond
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The driving force for this process is found in the preferred formation of the prim-
alkyl borane IV, due to the preferred addition of the electropositive boron atom to
the terminal, more electronegative C-atom of the C=C bond. An opposite charge
distribution occurs during addition of H-OH to the double bond, favouring interac-
tion of the heteroatom with the internal C-atom. Relative energies of all species
along the reaction coordinate of hydroboration are presented in Fig. 6.2 [28].

The calculated reaction coordinate reveals higher stability and lower energy of
the transition state alkyl borane on the prim-C-atom than on the sec-C-atom,
although the energy content of the product prim-alcohol is higher than that of the
sec-alcohol. The whole process is a typical example of a kinetically controlled
reaction.

Achiral and chiral dialkyl boranes, most frequently used in hydroboration reac-
tions are given in Fig. 6.3.

Chiral boranes are easily available from the chiral pool of Nature, specifically
from terpenes and sesquiterpenes, as indicated by the retrosynthetic arrow in the
Fig. 6.3. They enable enantioselective hydroboration of alkenes in which a stereo-
genic centre is generated on addition of an hydride ion. This important synthetic
aspect of oxidative hydroboration, however, is beyond the scope of this chapter.

On completion of hydroboration in step i7, in Scheme 6.7, all remaining steps on
the path to 2 (iv—vi) consist of the manipulation of the benzylic protecting group and
coupling to benzodiazepine (35)-4-N(1)H to yield the desired target lead com-
pound.

The route to the third target molecule 3, Scheme 6.8, involves the critical step of
ozonolysis of the C=C bond in the intermediate 13, coupled to reduction of the
intermediary aldehyde by the borohydride [29]. This two-step, one-pot reaction is

reactants intermediates products
M HO "
=
Y ' 17 kJ/mol
Energy +BHg TSR BH, .V«:-’ii'-—-’ _____________ —
6 kJ/mol ™ - N
| HoB " OH

Reaction coordinate

Fig. 6.2 G3MP3 energies and the reactant charges for addition of BH3 to propene and conversion
to propanol-1 (modified according to [28])
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Fig. 6.3 Most frequently used achiral and chiral boranes in hydroboration of alkenes

Table 6.1 y-Secretase inhibitory activities of selected 2’,3'-dia-
rylcarboxylic amides of 3-amino-5-phenyl-1,4-benzodiazepin-2-

ones

Compound ICs9 £ SD (nM)
1 212 + 160

2 35+ 23

3 0.06 + 0.03

performed with complete site-selectivity, i.e. without cleavage or reduction of any
other unsaturated functionality, and has allowed the preparation of the target
compound 3 with one C-atom shorter side-chain than in 1 and 2.

The rationale behind the modification of the structure of the first lead compound
1, by introducing the terminal hydroxyl group in 2 and 3, is discussed in detail in the
original papers [21, 22]. The biological results for the three selected lead molecules
are reported in Table 6.1. It is clear that systematic optimization of hydroxylated
derivatives yielded highly potent compounds. Approximately 10*-fold enhanced
biological activity of 3 in comparison to 1 was the result of well-targeted modifica-
tion of the chiral carboxylic acid unit on the C(3) of the 3-amino-1,4-benzodiazepine
counterpart.

6.7 Crystallization-Induced Asymmetric Transformation
in the Synthesis of L.-768,673

A second example of crystallization-induced asymmetric transformation of a
3-amino-1,4-benzodiazepine derivative is illustrated by the key step in the highly
convergent synthesis of 4 (L-768,673), an anti-arrhythmic drug candidate [30, 31].
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Compound 4 is an inhibitor of the slowly activating delayed rectifier K(+)
current which repolarizes the cardiac ventricular cell membrane. As a result, the
refractory period of the spontaneously contracting heart muscle is prolonged and
the cardiac action potential is delayed. This helps to reduce the potentially fatal
cardiac ventricular fibrillation which can result from ischaemic heart damage,
leading to myocardial infarction.

Structurally, compound 4 is a 1-trifluoroethyl-(3R)-amino-1,4-benzodiazepine
derivative, N-acylated by the strongly lipophilic 1,4-bis-trifluoromethyl-phenyla-
cetyl group. It is interesting to observe that the (3S) enantiomer of 1-trifluoroethyl-
3-amino-1,4-BZD is present in 4, whereas the (3R) enantiomers of its N-alkyl
congeners are preferred in the y-secretase inhibitors 1-3!

The synthetic route to the intermediary (3R)-amino derivative 16, including
crystallization induced asymmetric transformation as the key step, is presented in
Scheme 6.10.

Two details in the above scheme are worth mentioning. Initial attempts at nitrosa-
tion of 1,4-BZD ring at C(3) with isoamyl nitrite, the most frequently used agent,
failed, due to concomitant attack by isoamyl alkoxide on the oxime. Indeed, when the
sterically more crowded #-butyl nitrite (t-BuONQO) was substituted for isoamylnitrite
oxime, 15 was obtained reproducibly in 85% isolated yield. Second, the effective
resolution of racemic 16 was completed with (R)-(—)-mandelic acid. For complete
conversion of the racemate to the mandelate of (3R)-16, however, 1-2 mol equiva-
lents of water in iso-propylacetate were required, in addition to the salicaldehyde
derivative, whose function is explained in Scheme 6.2. On isolation and structural
determination, it became clear that the mandelate of (3R)-16 crystallizes as the
hydrate.

Comparison of the conditions for crystallization-induced asymmetric transfor-
mation of 4 and 13, which differ in the CH3 and CH,CF; group at N(1), reveals
how considerable serendipity and experience must be invested in solving specific,
non-trivial problems on the path to chiral drugs in an optically pure form.

In the final step, acylation of (3R)-16 by 24-trifluoromethyl-phenylacetic
acid was completed under standard conditions, in 92% yield and, more importantly,
without any significant racemization; the e.e of the final product, (3R)-4, was
99% [31].

rCF3 r(;F3 rc;|=3 rCF3
o o o o

i N i N i, iv H

CCT = Ol Ol 2 LT

=N —=N —N —N 2
O 14 O 15 O (+)-16 (3R)-16 O

Reagents and conditions: i. t-BUONO,t-BuOK, THF/toluene, =40 °C, 5h, 95%; ii. 5% Ru/C, H,, 40 psi, 70 °C, 90%;
iii. 3,5-dichlorosalycaldehyde 2 mol%, water 1.5-2.0 mol equiv.,(R)-mandelic acid,
iv. FPrOAc, r.t. 24 h, 92% yield, 99.4% e.e.

Scheme 6.10 Synthesis of (3R)-16, the chiral key intermediate for the anti-arrhythmic agent 4
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6.8 Conclusion

Design of new lead molecules offers to the synthetic organic chemist immense
opportunities for creative synthesis. Design of the target lead structures, however,
requires critical discussion with molecular biologists, pharmacologists and other
members of a multidisciplinary team. The many elegant synthetic solutions that
resulted in the lead compounds 1-3, with a hydrocinnamide side chain at the C(3)-
NH, of the 1,4-benzodiazepine scaffold, illustrate the often high requirements
demanded of the structure of selected leads. In spite of such creative synthetic
contributions at the hit-to-lead stage in the development of a chiral NDE,
subsequent steps, in particular those involving ADME studies and toxicity data,
often hamper further development. The team approach is called for and further
structural modifications may be required with a costly repetition of the iterative
discovery cycle. Consequently, the medicinal chemist is called upon, not only to
find unusual solutions to demanding, potentially chiral structures, but to contribute
to biologically potent and specific compounds which are easily absorbed and
distributed in the body without inducing undesirable toxicity. The challenge is
great!
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Chapter 7
Sertraline

Abstract

Biological target: Sertraline is an aryl-substituted tetrahydronaphthalene deriv-
ative which selectively inhibits the plasma membrane serotonin transporter (SERT)
and thereby blocks serotonin re-uptake from the neuronal synapse.

Therapeutic profile: As a selective serotonin reuptake inhibitor (SSRI), sertraline
is a widely used drug for the treatment of depression and anxiety-related disorders.

Synthetic highlights: A variety of pathways have been taken in the synthetic
approach to sertraline. These include stereoselective reduction of ketones and
imines under kinetic and thermodynamic control, using diastereoselective or enan-
tioselective catalysts and reagents, desymmetrization of oxabenzonorbornadiene
followed by the Suzuki coupling of arylboronic acids and vinyl halides and
Pd-Catayzed (Tsuji-Trost) coupling of arylboronic acids and allylic esters. For
the production of sertraline, the simulated moving bed (SMB), a cost-effective
technology, has been introduced.

7.1 Introduction

Sertraline hydrochloride [1, (1S,45)-1-methylamino-4-(3'4’-dichlorophenyl)-tetra-
hydronaphthalene, Zoloft™)] is an inhibitor of serotonin re-uptake, and an important
pharmaceutical agent for the treatment of depression as well as dependency- and
other anxiety-related disorders [1, 2].

NHMe

(L e
I Cl

1 Cl

V. §unjic’ and M.J. Parnham, Signposts to Chiral Drugs, 83
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7.2 Synaptosomal Serotonin Uptake and Its Selective
Inhibitors (SSRI)

Serotonin (5-hydroxytryptamine, 5-HT) occurs in the intestinal wall, where it
regulates motility and secretion; in blood platelets, where it modulates platelet
aggregation and vascular blood flow; and in the CNS, where it acts as a neurotrans-
mitter in areas of the midbrain. At least seven different receptors for serotonin have
been characterized, which mediate a wide variety of different physiological effects.
Depression and anxiety are thought to be the result of actions on 5-HT 5 receptors
in the brain limbic system. Following release from neurons by a depolarizing action
potential at central synapses, the activity of 5-HT is terminated by neuronal
reuptake. This is performed by a synaptic membrane amine transporter protein,
specific for 5-HT, which also co-transports sodium and chloride ions to repolarize
the neuronal membrane.

Sertraline belongs to the group of selective serotonin reuptake inhibitors
(SSRIs), the most commonly prescribed group of anti-depressants which have
revolutionized the treatment of depression and anxiety disorders. They exert their
effects by inhibiting the plasma membrane serotonin transporter (SERT). This
group of drugs includes fluvoxamine (Luv0x®), fluoxetine (Prozac®), paroxitene
(Payil®) and citalopram (Celexa™), Fig. 7.1. All of them differ structurally and
pharmacologically from the earlier monoamine oxidase inhibitors (MAQOs) and
tricyclic antidepressants (TACs, illustrated below by amitriptyline).

SSRIs and sertraline in particular, represented a significant advance over the
frequent adverse effects of the earlier drug classes [3]. Further progress in this field
has been achieved with dual- and triple-uptake inhibitors, which inhibit the uptake
of serotonin, dopamine and adrenaline, three neurotransmitters that are most closely
linked to depression [4].

C@ /%\/\ N(CH,)
fluoxetine citalopram

amitriptyline OMe

ﬁ N—O
O -
. NH,
paroxetine

fluvoxamine

Fig. 7.1 Some representatives of selective serotonin reuptake inhibitors (SSRIs)
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7.3 Action of Sertraline and Its Protein Target

The difference in biological properties between cis-and trans-diastereomers of 1,
and in particular between (1S5,45)- and (1R ,4R)-enantiomers of cis-1 is well docu-
mented, and enabled the selection of (15,45)-1 for further progression as a drug
[5, 6]. Early comparison of the structure of the potent and chiral serotonin uptake
inhibitor (1S,4S5)-sertraline with that of the chiral conformer of (R)-fluoxetine
indicated a close three-dimensional correspondence. This suggested that the
conformer of (R)-fluoxetine, rather than the mirror image conformer, is the form
which binds to the receptor in the absolute conformation, similar to those adopted
by (15,45)-sertraline [7]. Recently, the structure was reported of the binding site in
the LeuT-sertraline complex (Fig. 7.2) [8]. LeuT is the bacterial homologue of
the human membrane serotonin transporter (SERT), which allowed the crystal
structures of four SSRIs, including sertraline, to be studied.

Due to the high degree of homology between human SERT and bacterial LeuT
[9], X-ray data obtained for the sertraline complex with the bacterial protein
allowed conclusions to be drawn on the binding interactions that are important
for its inhibitor activity. Structural data for the three LeT-SSRI structures revealed
common conformational characteristics of the bound drugs, in particular, that
specificity of SERT for SSRIs is dependent on the interaction of the drug halogens
with the protein halogen binding pocket (HBP). The amino acid sequence in this
pocket, indicated in Fig. 7.2, is highly conserved between LeT and SERT, further
supporting the value of the bacterial protein model. Notably, in the bound sertraline
molecule, the dichlorophenyl ring is approximately perpendicular to the tetrahy-
dronaphthalene ring, which is tilted slightly from the membrane plane. The amine
nitrogen forms a salt bridge with the carboxyl group of Asp404, and simultaneously
interacts with the back-bone oxygen of Asp401 via a bound water molecule, as
evidenced in Fig. 7.2. The dichlorophenyl ring in the bound sertraline molecule is
rotated around the C4—C13’ bond by 180° compared to the unbound molecule [10].

Fig. 7.2 Stereoformula of sertraline and X-ray structure of LeuT-sertraline complex (reproduced
from [8], with the permission of the Nature Publishing group, a division of Macmillan Publishers
Ltd.)
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The sertraline molecule is rather rigid, indicating that the drug molecule main-
tains its low-energy conformation upon binding to its protein target. Since the
absolute conformation of an unbound organic molecule is defined by the sign of
the dihedral angles, and these are directed by the absolute configuration of the
stereogenic centre(s), it is obvious why usually one enantiomer adopts the reactive
conformation at the binding site. (15,4S)-Sertraline is a good example of such
stereorecognition by the biological receptor, and all efforts made to synthesise the
pure enantiomer, as described in the following sections, are clearly understandable.

7.4 General Synthetic Route

The structure of sertraline is characterized by two stereogenic centres with absolute
(15,4S) configuration and relative cis-configuration. The compound can be obtained
from an enantiomerically pure natural chiral compound, as presented in Sect. 7.7.
However, a more effective approach was initiated from achiral materials by
transforming them diastereoselectively, followed by chiral separations of the enan-
tiomers [11].

Before discussing the stereochemical issues of the individual steps, the overall
synthetic route is presented in Scheme 7.1, in which the absolute configurations at
the stereogenic centres are not shown. It is important to note that 4 and S are racemic
while target compound 1 comprises two diastereomeric racemates which can equil-
ibrate in an epimerization process, based on amine-imine redox equilibrium at C(1),

Scheme 7.1 General synthetic route to sertraline
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or on the base-catalyzed epimerization at C(4). Synthetically useful aspects of both
processes will be discussed.

It is estimated that about 20% of all drugs contain at least one stereogenic centre
linked to an amino group, as in sertraline. There is thus an enormous demand for
new methods for the enantioselective synthesis of chiral amines in an optically pure
form, and for racemisaton processes that can recycle the “wrong” enantiomer.
Some of these methods were successfully applied along the pathway to sertraline,
and in this chapter examples of these highly inventive approaches are given.

7.5 Stereoselective Reduction of Ketones and Imines
Under Kinetic and Thermodynamic Control

The first three examples of catalytic processes developed for (15,4S5)-sertaline are
characterized by the use of metals as the catalysts in various synthetic transforma-
tions (Sect. 7.5.1-7.5.3). In the fourth example, chiral oxazaborolidine is used as
the reducing agent (Sect. 7.5.4).

The most direct route to rac-tetralone 4, namely, arylation of o-naphthol (2)
with 1,2-dichlorobenzene (3) mediated by aluminium chloride, is depicted in
Scheme 7.1. The mechanism of this highly interesting C—C bond-forming reaction
involves the formation of a strong carbocation-like species on co-ordination of
AlClI; to the carbonylic tautomer of 2, and its arylation by dichlorobenzene. This
racemic ketone is the starting material for all the routes that are described below.

7.5.1 Diastereoselectivity of Hydrogenation of rac-tetralone-
Methylimine: The Old (MeNH,/TiCl,/Toluene) Method
Is Improved by Using MeNH ,/EtOH-Pd/CaCQ03, 60—-65°C
in a Telescoped Process

Traditionally, condensation of 4 with methylamine was promoted by TiCl, in
toluene with an excess of methylamine, producing the hazardous by-products,
titanium dioxide and methylamine hydrochloride [12]. An extremely simple, inno-
vative approach was recently described that provides conversion of 5-1 and avoids
this disadvantage [13]. It relies on the low-solubility of imine § in alcohols, driving
the reaction equilibrium towards the final product. The reaction is performed in
a pressure vessel at 60-65°C providing >95% conversion to 1.

This inventive step is followed by diastereoselective hydrogenation of 5 to otherwise
thermodynamically less stable cis-1 (in the racemic form), using Pd/CaCO3 (1% w/w).
This improves diastereoselectivity by up to 95% d.e., well above the 80% previously
achieved. Moreover, this catalyst was found to perform best in alcohols, providing the
conditions for development of a “telescoped process”. This process is characterized by
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the use of the same solvent and one reaction vessel for completion of the three steps;
transformation of 4-5 and § to rac-1 and resolution of rac-1 by crystallization with
mandelic acid.

7.5.2 Kinetic Resolution of Racemic Methylamine:
Hydrosilylation by (R,R)-(EBTHI)TiF ,/PhSiH;
Catalytic System

Another highlight on the synthetic route to sertraline is the kinetic resolution of
rac-imine 5 by hydrosilylation with the (R,R)-(EBTHI)TiF,/PhSiH; catalytic
system, according to Scheme 7.2 [14].

Both (R,R) and (S,S) enantiomers of ethylenebis( nj-tetrahydroindenyl )titanium
difluoride (EBTHI)TiF,, were developed by Buchwald et al. and used in many
efficient enantioselective hydrogenations of ketones [15] and imines [16]. The
utility of this process was demonstrated in the enantio- and diastereo-selective
preparation of sertraline according to Scheme 7.2. The enantioselectivity and
yield in this reaction ranged between 90 and 96% e.e. and 40-50%, respectively.
The yield is based on the racemic 5, and amounts to 76-96% when based on the
(4S5)-enantiomer. Workup in this reaction requires chromatographic separation of
(15,49)-1, from the (4R)-ketone 4. Later, in Sect. 7.5.4, we shall discuss an
independent research project that resulted in the efficient recycling of the
“wrong” enantiomer of this ketone.

The key mechanistic aspects of the reaction are outlined in Scheme 7.3.

Activation of the (R,R)-(EBTHI)TiF, complex by PhSiH; leads, in the first step,
to the Li, TiH complex. Initial insertion of the imine in the Ti—H bond is followed by
proton-transfer and departure of the chiral intermediate II, followed by formation of
the Ti-N bond in V and the chiral product IV. The cycle is completed by the
intervention of phenylsilane and regeneration of the L, TiH catalytic species. High
enantioselectivity of the hydride transfer is controlled by the steric demand of the
chiral ligand in the titanocene complex, in which diastereotopicity of the two sites
of the C=N bond assures stereoselection.

NHMe (0]
(R,R)-(EBTHI)TiF, (2.5-4 mol%)
PhSiH; (1 equiv), THF
workup +
1 ‘ c 4 j/: ~Cl
Cl Cl

Scheme 7.2 Enantioselective hydrogenation of rac. imine 5 to (15,4S5)-1
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Scheme 7.4 Mechanism of hydride transfer via Li,TiH-imine complex

Another mechanistic proposal argues that the formation of the intermediary II is
thermodynamically driven by formation of the Ti—H bond due to cleavage of the
Ti—F bond (ca. 140 kcal/mol) and formation of an Si—F bond of unusually high bond
energy (150-165 kcal/mol) [17]. The final 6-bond metathesis and formation of VII
is outlined in Scheme 7.4, in which a water molecule is invoked to split the Si-N
bond in the last step to the chiral amine IV.

It is important to note that the reaction outlined in Scheme 7.2 does not involve a
simple kinetic resolution, in which one enantiomer reacts faster than the other
without the creation of a new chiral centre. Instead, a chiral centre at C(1) in 5
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allows the formation of two diastereomeric racemates. Remarkably, the chiral
reducing agent selects the (4S) enantiomer of § and reduces the imino unit in a
cis-fashion, affording (15,45)-1, only a single stereoisomer of four different possi-
bilities! The authors achieved high stereoselectivity in favour of the (15,4S)-cis-
diastereomer; d.e.s were found between 98 and 99% [14].

7.5.3 Catalytic Epimerization of the Trans- to the Cis-Isomer
of Sertraline

Generally, racemization of chiral sec-amines can be represented as shown in
Scheme 7.5.

In these equilibria, both enantiomers interconvert via the prochiral intermediate,
and are present in equal quantities, irrespective of the enantiomer that is in excess at
the beginning of the process. When racemization of the “wrong” enantiomer is
coupled with further conversion of the “right” one from the resulting mixture, this
tandem transformation is named dynamic kinetic resolution (see also concluding
statement of the Sect. 10.4.2).

While many heterogeneous catalysts and some homogenous catalytic complexes
are known to racemize optically active sec-alcohols via corresponding ketones
[18, 19], there is little precedence for the racemization of amines [20, 21]. More-
over, most of them do not meet industrial criteria for turn over number (TON), price
of the catalyst, loading capacity of the catalyst or reaction conditions, in particular
when high temperatures are required.

Recently, it has been reported that a SCRAM catalyst can dehydrogenate a
“wrong” (1R 4R)-enantiomer of sertraline to the imine, which depending upon the
reaction conditions, is then reduced back to the amine [22]. The whole process for
epimerisation of the “wrong” enantiomer of sertraline is presented in Scheme 7.6.

Sertraline is an interesting case whereby epimerization of the sec-amine is under
thermodynamic control, affording a more stable trans-diastereomer with up to 90%
d.e. and the correct (1S5) configuration at the stereogenic centre bearing the amino
group. Since the second stereogenic centre at C(4) can be equilibrated with a strong
base, a technological process has been devised in which the three “waste” isomers
from sertraline production can be racemized and turned into the (1S5,4S5)-enantio-
mer, present in the drug substance.

It is important to note the delicate nature of SCRAM-type catalysts. When an
analogous complex with the chloride anion as the ligand was used, ~120-fold

H;<NHR" —H, l\fR' +H, H. NHR"
R R' R)\

Scheme 7.5 General scheme of redox-type racemization of imines

R’ R R'
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Scheme 7.6 SCRAM-catalyzed epimerization of (1R, 4R)-1 to (15,4R)-1 and recycling

decrease in the rate of racemization was observed. Such a large effect of the anionic
ligand on the catalytic activity can be explained by the effective positive charge on
the metal, that is, its ability to act as a Lewis acid and to accept/donate hydride ion.
The high rate of this reversible, first-order redox process for sertraline, with a #1,, of
22 min, makes this process highly attractive for the large-scale epimerization of
(1RA4R)-1 [22].

7.5.4 Stereoselective Reduction of Tetralone by Chiral
Diphenyloxazaborolidine

There are numerous methods for asymmetric reduction of aryl-alkyl ketones
[23, 24]. Stereoselective reduction of racemic ketones, substrates that already
possess one stereogenic centre, is diastereoselective if one configuration prevails
at the newly created stereogenic centre. Diastereoselectivity of reduction is con-
trolled by the stereogenic centre already present, but it can be controlled twice when
a chiral reducing agent is used. A favourable or matching situation appears when
the chiral reducing agent, or catalyst, enhances enantioselectivity; otherwise “mis-
match” of the two controllers lowers diastereoselectivity. To avoid the second and
favour the first relation, usually a “trial and error” approach is required, applying
both enantiomers of the reagent or catalyst. Nowadays, in silico design of the
transition state structures facilitates selection of the reagent, or catalytic system
with the “correct” absolute configuration.

This situation was faced when the sertraline precursor rac. ketone 4 was reduced
(Scheme 7.7). Two diastereomers were separated by crystallization and the “right”
diastereomer (1R,4S5)-6 converted to sertraline via the (45)-ketone 4, then the imine,
and finally cis-diastereoselective hydrogenation was carried out.

Generally, benzylic-type alcohols, such as 6, can be re-oxidized to ketones
by various methods [25, 26]. Racemic ketone 4 is reduced by the chiral
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Scheme 7.7 Stereoslective reduction of rac. ketone 4 and recycling of the “wrong” diastereomer

diphenyloxazoborolidine with 95% d.e to the preferred (1R,4S)-diastereomer 6. Such
a high diastereoselectivity was achieved within the framework of a research project
which combined a synthetic study and ab initio calculations to determine the rela-
tionship between the oxazaborolidine structure and diastereoselective bias [27].
Sixteen oxazaborolidines were synthesized and tested for the stereoselective reduc-
tion of tetralones! This study revealed that the primary requirement of a catalyst to
generate high diastereoselectivity was to completely block one face of oxazaboroli-
dine, and led to the invention of the catalyst in Scheme 7.7. Along with the
“telescopic process” described in Sect. 7.5.1 this process was competitive for indus-
trial scale production until the SMB-based process, described in the Sect. 7.8, was
developed.

7.6 Desymmetrization of Oxabenzonorbornadiene, Suzuki
Coupling of Arylboronic Acids and Vinyl Halides

This section describes an original, multistep synthesis pathway to sertraline, as
outlined in Scheme 7.8 [28, 29].

This approach is based on the chiral dihydronaphthalene motif, represented by
compound (R)-8. Generally, this motif is found in a number of biologically active
molecules and therefore it is a chemically “privileged structure” in the sense of
being a starting point for the identification of a lead compound for evaluation [30].
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Scheme 7.8 Enantioselective synthesis of sertraline based on desymmetrization of oxabenzonor-
bornadiene 7 and Suzuki coupling to (R)-12

In Chap. 6, we have already considered 1,4-benzodiazepines as a group of
“privileged structures”, but defined in a somewhat different way [31].

The bicyclic structure 7 is desymmetrized by reductive C—O bond splitting in
the presence of the Ni complex of (S)-BINAP and diisobutylalumium hydride
(DIBAL-H). This couple ensures enantioselective hydrometalation-elimination from
one of the enantiotopic carbon atoms in the bridge to the C-O bond, affording
dihydronaphthalenol (R)-8 in 88% yield and 98% e.e. In the following steps, protec-
tion of 8 as the silyl ether 9 was completed before addition of bromine to the double
bond in the presence of triethylamine. This intermediate was treated with DBU
(I ,8-diazabicyclo[5 4,0]Jundec-7-ene, strong, crowded base) without isolation, and
on regioselective elimination of hydrogen bromide, vinylbromide 10 was isolated in
83% yield.

An intensive search was made for a successful coupling strategy to introduce the
aryl group in 12 [29]. Various Stille coupling conditions, with an SnMe; group
instead of the boronate group in 11, resulted in low yields of 12. Finally, Suzuki
coupling of 10 with arylboronic acid 11 led, under the optimized conditions
indicated for step iv in Scheme 7.8, to 12 in 53% yield. Numerous methods have



94 7 Sertraline

been published for Suzuki coupling using a wide variety of bases and catalyst
precursors [32], and some aspects of the Suzuki-Miyaura reaction are discussed in
Sect. 5.4.

In the next steps, 12 was deprotected, and the C=C bond in 13 diastereoselec-
tively hydrogenated to the frans-(1R,4S)-diastereomer 14. Suitable selection of
a catalytic system and increasing the pressure of hydrogen to 1,000 psi led in step
vi, to 6 in 88% yield and 28:1 trans-selectivity. This compound was used as an
intermediate in Scheme 7.7, in which it was oxidized to ketone (S)-4. Along the
synthetic pathway in Scheme 7.8, however, the authors decided to control stereo-
chemistry by substituting the benzylic alcohol with nitrogen functionality (step vii).
For this purpose, modified Mitsunobu conditions were applied, using diphenylpho-
sphorylazide (dppa) in the presence of DBU [33]. Under these conditions, the
benzylic hydroxyl is activated and displaced by azide with complete inversion of
the configuration, affording 14 in 88% yield and 99% e.e. The authors noted that
classic Mitsunobu conditions (PPh;, DEAD, HNj3) lead to significant epimerization
at the reacting stereocentre.

In the last steps, all that remained was to reduce the azide and methylate the
resulting amine. Reduction of azide was cleanly effected by hydrogen over Pd/C.
The problem of selectivity in reduction of carbamate to Me group was circum-
vented, however, by using LiIAIH(OMe;) in refluxing THF.

When this synthesis was completed, the authors attempted to reduce the number
of isolated intermediates, most of them are sensitive to the workup and purification
procedures. This resulted in a 9-step process and 38% overall yield of sertraline.
This approach, though declared by the authors as “expedient total synthesis” [28], is
hardly competitive on a large-scale, with the robust approaches described in the
former sections. Still, the many elegant synthetic solutions to issues encountered in
individual steps makes this approach fascinating and inspiring for synthetic and
medicinal chemists.

7.7 Pd-Catalyzed (Tsuji-Trost) Coupling of Arylboronic
Acids and Allylic Esters

Transition metal-catalyzed allylic substitution reactions with carbon nucleophiles
are among the most important carbon—carbon bond formation methods in modern
organic synthesis, because of their broad substrate scope under mild reaction
conditions. In addition, they are applicable to enantioselective reactions, as well
as exhibiting versatility towards the alkene functionality adjacent to the chiral
centre for stereoselective derivatization. Tsuji-Trost allylic substitution, involving
a (m-allyl) metal intermediate, has provided a particular advance in this regard
[34, 35]. Most recently, Sawamura et al. [36, 37] have improved the regioselectivity
of this reaction with unsymmetrically substituted allylic esters, and thus opened a
new approach to sertraline.
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Scheme 7.10 General scheme of y-selective coupling

Generally, allylic substitution of unsymmetrically substituted allylic substrates
occurs competitively at the o- and y-positions due to formation of a (r-allyl) metal
intermediate (Scheme 7.9a). One way to address the issue of the regiochemical control
in allylic substitution is to employ strongly nucleophilic, mostly ate-type, organome-
tallic reagents (R-M-), such as monoalkyl heterocuprate reagents ([R—-Cu—X]-). 2,3
Allylic substitution reactions of this type show characteristic y-regioselectivity
(Scheme 7.9b) [37].

According to these considerations, the authors have developed Pd-catalyzed
v-selective and stereoselective allyl-aryl coupling between allylic ester and aryl-
boronic acids according to the general Scheme 7.10.

In order to achieve high yield, conversion, regio- and stereoselectivity, along with
high stereospecificity, reaction conditions indicated in Scheme 7.10 were the result of
meticulous optimization. Thus, screening of solvents showed that dichloroethane
(DCE) was optimal and eliminated many ethereal and aromatic solvents. The use
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Scheme 7.11 Examples of 1,3-syn chirality transfer

of Pd(OAc), as a source of Pd(II) was essential for promotion for regioselectivity;
other acyloxy ligands and other metals proved less effective. Ligand screening
showed that 1,10-phenanthroline (Phen) and 2,2'-bipyridine were equally effective
and that the use of the ligand with bisimine structure (-N=C(R)—(CR)=N-) was
essential for the efficiency of the catalytic system. Finally, model experiments have
shown that this reaction can be completed with excellent o- to y-chirality transfer and
syn-stereoselectivity (Scheme 7.11) [35].

While the first four examples, Scheme 7.11a, demonstrate the high enantioselec-
tivity of the process, the last example, Scheme 7.11b, provides an example of
diastereoselective transfer. These latter results prompted the concise formal total
synthesis of sertraline according to Scheme 7.12 [37].

Starting from L-ascorbic acid, a chiral building block from nature, 2,3-isopro-
pylidene-L-glyceraldehide 21 was obtained and subjected to an E-selective Horner—
Wadsworth—-Emmons-type reaction [38] with phosphonate 22 to give E-alkene 23.
Two-step manipulation of the diol unit in 23 afforded 24 which underwent y-allylic
coupling to (R)-25 with 97% e.e. and 77% yield. In the last three steps, cyclic
ketone (4S5)-4 was obtained, with approximately 65% yield. This can be converted
to sertraline by one of the routes described above.

The key step in this approach, allyl-aryl coupling between allylic ester 24 and
phenylboronic acid to 25, provides a catalytic cycle in which the catalytic compo-
nents indicated in Scheme 7.10 participate as outlined in Scheme 7.13.

Each step in the above cycle was experimentally confirmed by spectroscopic
means and stoichiometric reactions of Pd-complexes that were considered relevant
for the catalysis.
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Scheme 7.13 Catalytic cycle of allyl-aryl coupling between allylic esters and arylboronic acids

7.8 Simulated Moving Bed in the Commercial Production
of Sertraline

The search for a cost-effective synthetic method for the production of (4S)-tetralone
4, the intermediate on the pathway to sertraline, was shifted to technology that is
still new to the pharmaceutical industry — continuous chromatographic separation
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of enantiomers based on a simulated moving bed (SMB) process [39, 40]. As an
indication of the rapidly growing interest in SMB technology, over 1,700 papers
and patents on the development and application of SMB technology are cited in
electronic databases. Approximately 1,100 citations have appeared since the year
2000. Here we refer the reader to several recent monographs [41-43] and review
articles [44, 45].

The operating mode of SMB is illustrated in Fig. 7.3, which presents the 12-column
system. The eluent and feed streams enter the chromatographic system continuously.
A counter-current solid stream is “simulated” by shifting the inlet ports periodically in
the direction of the internal recycle flow. This leads to the desired separation of the
feed components, two enantiomers in the case of separation of racemate, which can be
withdrawn through the extract and raffinate ports which are redirected in the same
manner as the inlets [46].

Conventional fixed bed chromatographic columns can be used in SMB, and the
inlet and outlet ports to the unit are redirected periodically in the direction of the
fluid flow to simulate, in a discontinuous manner, the continuous counter current
movement of the chiral stationary phase (CSP), as presented in Fig. 7.3. Continuous

Extract Feed
2nd Zone (R,S + eluents)
(R + eluents)
oo op o T o o oo
R R
- DD
o O oo
Q9 oo
% °g
PEETE r--\i-"l
LA Direction of PO
istZone | | A the switching : A% | 3rd Zone
A of the ports CA
¥
SIS o ©
o oo
o oo
=]

4th Zone Raffinate

Eluents (S + eluents)

A CSP

o Faster running enantiomer R
o Slower running enantiomer S

Fig. 7.3 Principle of the simulated moving bed process with twelve columns (modified from [46])
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movement is simulated better when the four SMB sections consist of a large
number of fixed bed columns and the port switch occurs at high frequency.

Nowadays, SMB is the technology of choice for industrial separation of larger

quantities of racemates, motivated by the following benefits:

Easy scale up of the separation process

Short times required for implementation of the production process under good
manufacturing practice (GMP) requirements

Reduced production costs

Broad productivity range, typically between 0.2 and 3 kg/kg CSP/day.

The following are key practical steps in the development of SMB technology:

Screening of CSPs by standard HPLC methods

Determination of the most effective couple CSP/eluent system

Determination of loading capacity and adsorption isotherms for the most effec-
tive system

Identification of the system providing the highest productivity and lowest
solvent consumption.

In-process control of SMB separation has recently been improved by various

automated on-line enantiomeric analysis systems. An example, comprising an
analytical HPLC set-up with two UV detectors sharing the same light source,
employed to monitor the internal composition profile, is presented in Fig. 7.4 [47].

From upstream
column

Eject ;
posmon 5 : :
' - uv Total

signal :

downstream :
column EIuent :
pump

SMB :

Analytical column !

HPLC column

i

Individual T

signal :

Fig. 7.4 Schematic diagram of the on-line chiral monitoring system. The main equipment
comprises a six-port two-position valve, an analytical HPLC column, one HPLC pump, and two
UV detectors. The set-up is fully automated (modified from [47])
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This and similar monitoring systems are used in combination with combined
technological steps, such as:

— SMB + separation by crystallization
— Bioreactors + SMB separation of the product
— SMB + racemization of the “wrong” enantiomer

This last tandem process was developed for the production of sertraline, and is
one of the most thoroughly investigated applications of SMB technology on a
large-scale [48, 49]. It provides the technology for a cost-effective production
of (4S5)-tetralone (4), the key intermediate in the synthetic route to sertraline.
Investment in SMB technology led to a commercial production process for
sertraline that increased throughput by eliminating the processing of the “wrong”
(4R)-tetralone throughout the entire process [50, 51]. This illustrates the general
rule for synthesis of chiral compounds in an enantiomerically pure form; if you
have to undertake separation of enantiomers during the synthetic process, then do it
as early as possible. Research at Pfizer Inc. culminated in the process depicted in
Scheme 7.14 [51].

For the success of the whole process, fast, base-catalyzed racemization of the
“wrong” enantiomer (4R)-4 in the extract, and feeding the racemate back into the
SMB unit proved to be crucial. The most important operating parameters for the pilot
scale performance are given in Table 7.1 [51]. An impressive, nearly 100% recovery
of the target enantiomer (45)-4 was achieved.

o NHMe
B
i O 9
Cl

SMB chromatography Cl
MeCN/MeOH (90:10) Cl

(45)-4, 99. O% e.e. Sertraline

‘ in rafinate (15,4S5)1
Cl 0
Cl
rac. 4 base-promoted
; C

racemization, recycling

(4R)-4
in extract.

Scheme 7.14 SMB production scheme for enantiomerically pure 15,4S-1
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Table 7.1 Pilot-scale operating parameters and performance for SMB separation
of rac-tetralone 4

Column Amylose (3-chloro-4-methyl-phenylcarbamate)
Mobile phase MeCN/MeOH (90:10)

Number of columns 6

Column length 9.9 cm

Column diameter 4.8 cm

Feed concentration 30 g/L

Flow rate 37 ml/min

Pressure 25 bar

(4S) tetralone e.e. 99.7%

(4S) tetralone recovery 98.4% yield

Productivity 370 kg enantiomer/year/kg CSP

7.9 Conclusion

This overview of “chiral methodologies” used in the synthetic route to sertraline
reveals the high competitiveness of lesser known methods in the production of
chiral drugs in an optically pure form. The economic benefits achieved and the fast
implementation of the large-scale process places SMB technology in an increas-
ingly stronger position among other methods.
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Chapter 8
1,2-Dihydroquinolines

Abstract

Biological target: 1,2-Dihydroquinolines (1,2-DQs) are potential candidate
molecules for use as selective, non-steroidal antagonists at the glucocorticoid
receptor (GCR).

Therapeutic profile: GCR antagonists have potential for use in adrenocortical
hyperplasia, as in Cushing’s disease. Development of GCR agonists from 1,2-DQs
would expand indications to those for the broad anti-inflammatory effects of
glucocorticoids.

Synthetic highlights: The synthesis of 1,2-DQs exemplifies asymmetric organo-
catalysis in which enantioselective synthetic reactions are catalyzed by small
organic molecules. To generate 1,2-DQs, achiral thiourea and axially chiral bi-
phenols are used as catalysts for the enantioselective Petasis reaction. This is an
illustration of a multicomponent reaction (MCR), for which the general concept and
examples are also described.

8.1 Introduction

This chapter is not devoted to the development of a specific NDE or marketed drug,
but to a synthetic process, exemplified by its application to the synthesis of a
potential NDE class. It is inspired by the achievement of asymmetric organocata-
lysis, a catalytic variant of a multi-component reaction (MCR). The resulting
methodology was utilized in the synthetic pathway to enantiopure 1,2-dihydroqui-
nolines with the general formulae I.

X
O
wH .
R1 = alkyl, alkenyl, or the like
N" 'R R = ibid.
1 R1 X = aryl, heteroaryl, halogen, O-, or N-functionality
V. §unjic’ and M.J. Parnham, Signposts to Chiral Drugs, 103
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8.2 Glucocorticoid Receptor

1,2-Dihydroquinolines I are promising glucocorticoid receptor (GCR) antagonists,
and therefore potential drugs for the treatment of various pathological states. The
GCR is a member of the cytoplasmic steroid receptors, which are the target
molecules for the actions of endocrine gluco- and mineralo-corticoid, oestrogenic
and protestagenic hormones. The lipid soluble glucocorticosteroids diffuse across
the cell membrane in order to bind to the GCR. This interaction initiates a variety of
signal transcription reactions and translocation of the steroid-receptor complex to
the cell nucleus. On binding to nuclear glucocorticoid response elements, the
steroid either causes transactivation, the active expression of biologically active
proteins, or transrepression, the inhibition of protein expression. The protein profile
thus generated modulates essential physiological processes such as energy and bone
metabolism, cell growth and differentiation, maintenance of blood pressure and
immune responses [1]. Chronic excessive activation of glucocorticoid receptors
induces obesity, insulin resistance, glucose intolerance, dyslipidemia, hypertension
and cardiovascular disease [2, 3].

The main strategy towards pharmacological modulation of the GCR, over many
years, has been the development of steroidal receptor agonists, with varying
potencies, for use as anti-inflammatory drugs [4]. Recently, this search has been
focused on the dissociation of anti-inflammatory actions from metabolic side
effects. In contrast, despite intensive research, the only glucocorticoid receptor
antagonist that is available for clinical use is the steroid, mifepristone (RU486).

e
O/

Although developed as a potential GCR antagonist, mifepristone also has potent
affinity for the progesterone receptor, which resulted in its marketing as an aborti-
facient. Although this activity limits the drug’s utility as a GCR antagonist, it has
received orphan drug approval for the treatment of Cushing’s disease (adrenal
cortex hyperplasia) and is under investigation for use in depression. There is,
thus, still an unmet need for selective non-steroidal GCR antagonists [5]. It is,
therefore, not surprising that among other structural classes being investigated, the
discovery that enantiopure 1,2-dihydroquinolones act as GCR antagonists
prompted a search for original approaches to the synthesis of this class of chiral
heterocyclic compounds.

mifepristone
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Using the reaction leading to enantiopure 1,2-dihydroquinolines I as an example,
this chapter addresses both the principles of asymmetric organocatalysis in the
Petasis-type reaction (Sect. 8.3), as well as representative multi-component reac-
tions in organic synthesis (Sect. 8.4).

8.3 Asymmetric Organocatalysis: Introducing a Thiourea
Catalyst for the Petasis Reaction

Asymmetric organocatalysis can be defined as enantioselective synthetic reactions
that are catalyzed by small organic molecules. The term was introduced for what
was long referred to as “metal-free catalysis” [6]. As opposed to transition metal
complexes with organic ligands, of which many examples are given in Chaps. 5, 9,
13, 14 and 16, the catalytic activity of organocatalysts resides in the low-molecular
weight organic molecule, and no transition metal is required. To some extent,
organocatalysis is related to organometallic catalysis, in the same way as reactions
catalyzed by enzymes which have no metal ion at the active site can be related to
reactions catalyzed by metalloenzymes. It is surprising how effectively small
organocatalyst molecules that mimic the active-site topology of an enzyme in the
transfer of chiral information, can catalyse some reactions in a highly enantiose-
lective manner.

In this context, it is well worth citing the classic example of the L-proline-
catalyzed intramolecular asymmetric aldol reaction, involving cyclodehydration
of achiral triketone 1 to yield the unsaturated Wieland—Miescher diketone
2 (Scheme 8.1) [7, 8]. In early papers, it was reported that in the presence of
20 mol% of L-proline, the diketone 2, an important intermediate in steroid
synthesis, is obtained in high yield and in approximately 70-90% enantiomeric
excess (e.e.).

Due to the technological importance of this reaction, its study over a quarter of
century has resulted in some fascinating improvements. For instance, the quantity
of the catalyst was lowered from 200 to 3 mol%, while enantioselectivity was
enhanced from 71% in MeCN at 80°C, to 88% in DMF [9, 10].

0}

(0] (0] M (0]
Me @COOH/solvent/r.t. to 80 °C Me e
Me N~ “H
H —_—
1 (0] O [e)

OH

2 yield 83—99%
e.e. 71-88%

Scheme 8.1 L-Proline-catalyzed enantioselective cyclization of triketone 1 into the Wieland-
Miescher ketone 2
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8.3.1 General Consideration of the Petasis Reaction

Many other fascinating examples of organocatalysis have been presented in a recent
monograph and reviews [6, 11, 12]. In its original form, the Petasis reaction was
developed as a three-component, non-catalytic condensation of amine, aldehyde
and vinyl boronic acid (Scheme 8.2) [13, 14].

The Petasis reaction represents a boronic acid variant of the Mannich reaction,
and therefore is also referred to as a borono-Mannich reaction. It was first explored
with formaldehyde as the carbonyl component and alkenyl, or o,B-unsaturated
organoboronic acid (III) as a nucleophile (route a in Scheme 8.2) [13]. It was
later developed in a practical synthesis of a-amino acids (VI) from a-keto acids
(IV) and alkenyl boronic acids (III) [14] (route b in Scheme 8.2).

A favourable feature of the Petasis reaction, in relation to NDE synthesis, is its
triple convergence to form products with multiple sites for introduction of chemical
diversity. Moreover, ready availability of alkenyl boronic acids in stereochemically
(E or Z) pure forms and their easy handling, prompted development of this new
method for broad application in organic synthesis. Particularly important is the
extension of the Petasis reaction to a-keto-carboxylic acids (V) in a practical
synthesis of B,y-unsaturated o-amino acids (Scheme 8.2, route b).

Before consideration of the catalytic, asymmetric Petasis reaction, examples of the
non-catalytic, stereocontrolled, Petasis reaction are discussed. Studies on asymmetric
induction in this reaction led to remarkable progress, particularly in developing the
diastereoselective process with chiral a-hydoxy aldehydes (Scheme 8.3 [15]).

When optically pure aldehyde was used, stereocontrolled “back-side” boronation
of the intermediary complex X assured formation of «,3-aminoalcohol XI in the
trans relative configuration and defined the absolute configuration at the second
stereogenic centre.

HO

+ (CHO)n fi2 m R2
R17SCH, LTS T
v
a
R2
N —
R17 OH
HO
I ~
Bl + HoB P pg
i fR2
N R
A
o R1” >/\/
* J\ R4 COOH
R4” “COOH
v vi

Scheme 8.2 Two variants of a three-component Petasis reaction; synthesis of; (a) ,y-unsaturated
amines, (b) B,y-unsaturated o-amino acids
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Scheme 8.3 The Petasis reaction in diastereoselective synthesis of o,B-aminoalcohols XI

o (0]
HO)H(H + E’I:(OH)z + HN > il MeOJ\:/’\Q

Ph ph  Me
o) Me 6 "
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racemic diastereomeric mixture
(one enantiomer of 1,3-trans

racemate is presented)

Reagents and conditions: i. solvent, r.t.; ii. TMS-CHN,

Scheme 8.4 Diastereoselective synthesis of pyrrolidine-derived arylglycine methylester 6

This type of diastereoselective Petasis reaction was elaborated by Nanda et al in
pyrrolidine-derived arylglycine synthesis (Scheme 8.4) [16].

When this reaction was completed in hexafluoroisopropanol (HFIP), the diaste-
reomeric ratio was enhanced to approximately 95:5 (90.0% d.e.), and the reaction
time shortened from a few days to 20 h. To establish the relative 1,3-trans
stereochemistry between the two stereogenic centres, a single crystal X-ray struc-
ture was obtained for hydrochloride 7 (as the racemate), and from the NMR data
this same stereochemistry was proposed for a series of congeners.

0]

HOJL\/N x HCI

ae

The observed diastereoselectivity is consistent with the addition of the aryl
group to the intermediate immonium ion, in which approach of the aryl group
occurs from the side opposite to the pyrrolidine 2-substituent, as presented in

formula XII.
R
e
(C
(0]

0
HO, ]
B

HO”
Xii
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In a related paper, high diastereoselectivity with secondary amines was confirmed,
while the use of chiral primary amines generally gives products with low to moderate
diastereoselectivity [17]. Factors affecting the efficiency and stereoselectivity of this
reaction, in particular of the structure of the boronate ester and amine, were also
determined.

In contrast, an early paper by Petasis et al. reported that the use of a chiral amine
in the optically pure form resulted in effective asymmetric induction (Scheme 8.5).
Preparation of (R)-homophenylalanine (12) with >99% e.e. was achieved when
(8)-2-phenylglycinol (9) was used as a chiral auxiliary [15].

It is important to note that the Petasis reaction in Scheme 8.5 is a more
convenient method for preparation of a-amino acids than, for instance, Strecker
or Ugi syntheses! The latter two rely on the use of undesirable cyanide ion or
isocyanide reagents, and require more stringent experimental conditions. More
details on both reactions are given in the next section.

Low stability of the functionalized allyl boronates may limit their synthetic
application. Alternative progress towards a workable Petasis borono-Mannich reac-
tion offers a new solution to this problem: in situ generation and use of allylboronates
[18]. This one-pot route to stereo-defined o-amino acids is outlined in Scheme 8.6.

The central catalytic cycle is characterized by the use of the pincer complex
XVII. The authors supposed that the boronate group is transferred from diboronate
XIII to catalyst XVII, affording the n'-boronato complex XVIIL The boronato
group substitutes the activated hydroxyl group in XV to give allyl boronic acid XVI
and boric acid. Importantly, this step ensures that the waste product of the reaction
is non-toxic boric acid.

Another interesting observation was made in the last step; addition of keto-acid
and amine, separately, gives higher yields than addition of imine XX formed in the
separate process. This suggests pre-co-ordination of amine to the boron atom of
XIX, which is probably important for the in situ formation of imine XX. A series of
B-substituted o-amino acids XXI obtained by this method revealed the large
substrate scope of this reaction and the high frans-diastereoselectivity of the
process. In addition, high regioselectivity was obtained, as the consequence of
migration of the R; group from y- to the B-position in the a-amino acids XXI.

Ph
OH
OH HN
| P i “ S
~__B + )\/OH + CHOCOOH —> COOH
“OH H,N
8 9 10 11
NH3*CI”
i, i
COOH
12

Reagents and conditions: i. DCM, 25 °C, 12h; ii. Hy, Pd/C; iii. HCI in Et,0.

Scheme 8.5 Petasis reaction in the synthesis of p-homophenylalanine 12
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Scheme 8.6 Suggested mechanism for the one-pot four-component Petasis borono-Mannich
reaction (modified from [18])

Since the Petasis boronic-Michael reaction generally requires prolonged stirring
at room temperature for 24 h or more, some studies have been devoted to accelera-
tion of this process. Ionic liquids have been shown to be convenient solvents,
shortening the reaction times down to 3—4 h at room temperature [19].The recov-
ered ionic liquid was re-used up to five times without loss of activity. In some cases,
microwave activation has been shown to achieve acceptable conversion within
short reaction times [20].

Water was also reported as a suitable medium for the Petasis borono-Mannich
reaction [21, 22]. Using salicaldehyde as the carbonyl component, the broad scope
of this method was demonstrated, and parallel DFT calculations corroborated the
experimentally observed solvent effect on the reaction rate.

8.3.2 Catalytic, Enantioselective Petasis Reaction

The enantioselective, organocatalytic variant of the Petasis reaction, developed by
Takemoto and coworkers from the University of Kyoto, represents a breakthrough
in the synthesis of enantiopure 1,2-dihydroquinolines. As mentioned before, this
structural unit is present in many natural products and biologically active com-
pounds, and therefore an effective and short synthetic route via the Petasis-type
reaction to enantiopure compounds in this class is a major leap forwards. Screening
of the new thiourea catalysts in the Takamoto group resulted in a highly effective
catalyst 13, specifically designed for the Petasis reaction.

S

)J\ K

N
HoHo
13 HO™ >""“Me

FsC
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Thiourea derivatives are a specific group of organocatalysts. Most of them were
developed by the groups of Jacobsen [23, 24] and Takemoto [25, 26], and designed
for enantioselective or chiral variants of classic synthetic reactions, such as the
Mannich reaction, Michael addition, the aza-Henry reaction, Strecker cyanide
addition and some others.

All organocatalytically active thiourea derivatives comprise a set of H-bond
donor/acceptor units within a chiral scaffold, activating the reaction partners by
hydrogen bonding in the reactive complex. The thiourea catalyst 13 has a chelating,
chiral, aminoalcohol functional group, in addition to the thiourea unit. This combi-
nation of functional groups can activate organoboronic acids, by co-ordination to
the boron centre, and direct the stereochemical outcome of the Petasis reaction by
concomitant co-ordination of the quinolone carboxylic acid ester, as outlined in
Scheme 8.7 [26].

In this reaction, the chiral thiourea moiety acts as a Bronsted acid and activates
both the N-acylated quinolonium salt XXIV and unsaturated boronic acid III,
enhancing the electrophilic character of the quinolinium unit in the “ate” catalytic
complex with bifurcal hydrogen bond. Such activation of the two reaction partners
permits enantioselective formation of the C—C bond at the stereogenic centre C(2)
as a result of interaction between the nucleophilic terminal carbon of the C=C bond
in boronic acid and the electrophilic C(2)-atom o~ to the ammonium cation in the
quinolonium unit.

The broad application of the organocatalytic Petasis reaction is revealed by the
total syntheses of quinoline alkaloids and their congeners with biological activity.
The enantiomeric purity obtained in this reaction of 1,2-dihydroquinolines with the

X X a X D HO
activation of N
B
@:Nj + CI)LOR quinoline @(Q * o NP e

_

m —
XXII XX XXIV
O)\OR
CF,
CF, t S
F.C N7 ON ;
/@\ /ﬁ\ : I lHo Snee X
F.C N~ N Ho H g X
X NN T o B\O H
13 HO "Me X I ~ . N7 NP pp
|
| SNT ORL, XXV COOR
= )
yields 40-70%
e.e. up to 94%

enantiopure 1,2-dihydro-
1 R1 quinoline derivatives

Scheme 8.7 The chiral thiourea 13 catalyzed Petasis reaction as a source of enantiopure
1,2-dihydroquinoline derivatives I
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general formulae I, amounts to approximately 95% e.e. [27, 28], affording valuable
chiral building blocks for the synthesis of NDEs. This is particularly applicable to
inhibitors of hormone sensitive lipase, used in the treatment of lipid and glucose
disorders [29], or agents for the treatment of diseases associated with inhibition of
the glucocorticoid receptor [30].

Broad biological potential of enantiopure 1,2-dihydroquinolines prompted the
recently reported organocatalytic, asymmetric Petasis reaction, catalyzed by chiral
biphenols [31]. Since it was observed that chiral biphenol derivatives XXVI-XX-
VIII serve as proficient catalysts for asymmetric reactions involving boronates
[32, 33], the authors postulated that they could be used as ligands in multi-
component condensation reactions, and the Petasis reaction in particular.

XXVI XXV XXvii

Exploratory research revealed the particular efficacy of vaulted biaryl phenol
XXVIII as organocatalysts. Under optimized conditions, the secondary amines,
ethyl glioxalate and diethyl boronate ester afforded o-amino acid esters 14-17 in
high yield and with over 90% e.e. (Table 8.1) [33].

The course of this reaction has been studied by spectroscopic methods, NMR
and ESI-MS, and single ligand exchange was observed [33]. Monitoring of the
reaction by ''B NMR demonstrated conversion of a trivalent vinyl boronate to a
tetravalent boronate species, and the involvement of aminals in this process.

In view of the multi-component nature of the Petasis reaction, a general consid-
eration of the MCR concept is briefly presented in the next section, in order to
complete the picture of the mechanism and synthetic scope of these reactions.

Table 8.1 Asymmetric Petasis reaction catalyzed by biaryl phenol XX VIII

R1L -2
QB o 15 mol% XXIlI
G- N X" COOEt
OFEt R1\N/R2 . HJ\COOB 3A-MS, toluene ©/\/L
* H —-15°C 14-17
Entry R;NHR, Product Yield % ee. %
1 BnNHMe 14 81 920
2 BnNHt-Bu 15 73 86
3 BnNH(CH,),Ph 16 82 94
4 BnNH(CH,),CN 17 80 97




112 8 1,2-Dihydroquinolines

8.4 Multi-component Reactions: General Concept
and Examples

The organocatalytic Petasis reaction is a three-component reaction, since in the
critical step of the reaction process one molecule of thiourea catalyst, an
N-acylquinolinium or N-acyliminium ion, and boronic acid form the productive
complex. It represents a specific case of an MCR in the sense that one component
has a catalytic effect in promoting covalent bond formation between the other two
partners. It is important to emphasize, however, that in MCRs not all reacting
molecules undergo simultaneous interaction, which represents an entropically
highly unfavourable event. Rather, an MCR is a well-defined sequence of bimolec-
ular interactions, in which the intermediate formed during the first and the second
stages, interacts with the third, and in some cases with the fourth component in
the MCR.

8.4.1 General Concept of Multi-component Reactions

Multi-component reactions are highly variable, enabling the synthesis of a large
number of products from only a few starting substances. Since MCRs are one-pot
reactions and single-step conversions, they are, therefore, economical with
resources and come close to what is defined as an “ideal synthesis™ [34]. Despite
this, the broad value of MCRs was not recognized until 1961, when I. Ugi described
the most important variants of the four-component reactions [35]. This is a shame,
because some three-component reactions had already been widely in use for 150
years before Ugi’s discovery! They became “name reactions”, honouring their
inventors, such as Strecker synthesis of o-amino acids, that was first published in
1850 [36]; Hantsch synthesis of 1,4-dihydropyridines [37], the Mannich reaction
[38], and the somewhat less known Biginelli [39] and Passerini reactions [40].
Chronologically, one of the earliest examples is the Hantsch four-component
synthesis of 1,4-dihydropyridines [37]. This reaction soon entered the laboratory
manuals and most recently became the basis for production of 1,4-dihydropyridines
for the therapy of cardiovascular diseases; the example of nifedipine (20) synthesis
is given in Scheme 8.8 [41].

Robinson’s synthesis of alkaloid tropinone (24), an achiral, meso-structure,
represents an elegant application of the Mannich reaction to dialdehyde 21, methyl-
amine 22, and C-H acid keto-diester 23 (Scheme 8.9) [42].

Nowadays, MCRs are widely recognized as powerful tools for the synthesis of
compound libraries, but also as an economic approach to selected single molecules.
Examples include effective approaches to heterocycles, such as indoles [43] and
benzofuranes [44]. According to SciFinder, only during the period 2005-2010,
approximately 2,700 MCRs were reported.
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Scheme 8.8 The four-component Hantsch reaction in the synthesis of nifedipine 20
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Scheme 8.10 Three-component Ugi reaction in the synthesis of xylocaine 28

8.4.2 Efficient, Isocyanide-Based Ugi Multi-component
Reactions

A final example is the one-step, three-component variant of the Ugi reaction
(Scheme 8.10), according to which an important local anaesthetic agent, xylocaine
(28), was synthesized from formaldehyde, diethylamine and 2,6-dimethyl-pheny-
lisocyanide [45].

Why are Ugi’s MCRs so efficient? The answer lies in the low activation energies
of all the elementary steps, which are either equilibrium processes or irreversible
steps. This concept of energetically preferred reactions is discussed in Chap. 15, in
relation to click-reactions of azides and alkynes. Low-energy elementary reactions
either occur in concert and are pericyclic or involve two reacting groups with highly
matching electron distribution.

The high nucleophilic character of the isocyanide group can be explained by the
ambivalent electronic nature of the two-valent carbon atom of this group, which
determines its extraordinary reactivity (Fig. 8.1) [46].

The high reactivity of isocyanides and cyanides is due to the atomic coefficients
of their respective HOMO/LUMO orbitals. Compared to alkyl nitriles, the atomic
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Fig. 8.1 Relative energies R—N=—C R—E&—N
atomic coefficients of
HOMO/LUMO orbitals in
isocyanide and cyanide .
b R—g R—
groups
E

NH, OMe COoH
C=N —_—

O O . OHC + tBuOOC

OMe 32

N©* * Q Oy ﬁ

Reagents and conditions: i. MeOH/CHCly, r.t.; ii. 10% TFA/DCM.

Scheme 8.11 The four component Ugi reaction; one component is maintained on a solid support

coefficient of the m*-orbital (LUMO) is higher in the C-atom of isocyanide,
conferring high nucleophilic properties to this atom. Electrophiles first react with
the c-orbital (HOMO) and thereafter again with the C-atom of isocyanide. Thus,
depending on the reacting partner, the C-atom of isocyanides behaves either as an
electrophilic or a nucleophilic centre. This property results in the controlled forma-
tion of a-adducts with both reacting species, in contrast to cyanides which react at
the C-atom with electrophiles and at the nitrogen with nucleophiles.

Bearing in mind the exceptional electronic character of the R—-N=C group, and
the divalent nature of the carbon atom in this group, let us now consider one of the
most fascinating reactions in organic synthesis: Ugi’s 4-component reaction (4CR)
[35, 46]. This is illustrated in Scheme 8.11 by the specific case in which the Rink
resin acts as the carrier of the amino-component and allows the synthesis of a
library of structural congeners [47].

After completion of the 4CR-step, washing with 10% TFA leads to concomitant
hydrolysis of the fert-Bu ester group and cleavage of the product 34 from the
polymer. A common element of the library, prepared according to Scheme 8.11,
was fert-butyl-4-carboxycinnamate 31, and by variation of the aldehyde and iso-
cyanide component other members were obtained. A multi-component approach to
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34, representative of the library of potent inhibitors of haematopoetic (blood-
forming) protein-tyrosine phosphatase, was reported by chemists at Ontogen [47,
48]. Compound 34 exhibited high activity at micromolar concentrations (ICsq
3.9 uM) [47]. Since this enzyme is over-expressed in acutely leukemic cells,
these compounds exhibited a promising biological profile for the treatment of
leukemia.

8.5 Conclusion

Most multi-component reactions are particularly convenient for the production of
compound libraries, also called compound collections during the pioneering phase
of this MCR methodology. To build up such libraries, a particularly convenient
approach is to anchor one component on a solid-phase, while combining the other
three components in solution, as exemplified in Scheme 8.11. Many variants of
4CRs have found broad application in innovative pharmaceutical companies for
building up compound libraries with rather complex scaffolds. This method also
allows for structural variations that are inaccessible to multi-step synthesis. The
story of MCRs, from named reactions to highly specific new reactions, such Petasis
and Ugi reactions, reflects the development of synthetic organic chemistry towards
entropically unfavourable processes, and the synthesis of new structures beyond the
reach of classical methods.
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Chapter 9
(—)-Menthol

Abstract

Biological target: Menthol is a natural terpenoid with agonist activity at the
thermoreceptive, non-selective cation channel, transient receptor potential mela-
statin type 8 (TRPMS). Present on nerve fibres and skin cells, these channels are
activated by a fall in temperature and mediate analgesia. Menthol is also an agonist
at GABA 4 receptors, for which (+)-menthol reveals stereoselectivity.

Therapeutic profile: (—)-Menthol is a household medicament, widely used as a
local anaesthetic and analgesic, to reduce itching, as a gastric sedative agent and as
a decongestant.

Synthetic highlight: Diastereoselective production of rac-menthol from its aro-
matic precursor is achieved by site-selective isopropylation and diastereoselective
hydrogenation to the all-trans racemate. Enantioselective allylic amine—enamine—imine
rearrangement of an acyclic diene-allylic amine, catalyzed by an Rh(I)-(—)-BINAP
complex, affords (—)-menthol; the process has been scaled-up to production of
1,000 tons/year.

9.1 Introduction

(—)-Menthol (1, (1R,3R 4S-1-methyl-3-hydroxy-4-isopropyl-cyclohexane; ITUPAC
name (1R,2S,5R)-2-isopropyl-5-methylcyclohexanol), is a natural compound, a
fragrant terpenoid present in peppermint and other mint oils.

Me

OH

Me/\Me (-)-1
(—)-Menthol has been used for centuries as a local anaesthetic, a topical analge-
sic, an antipruritic agent, a gastric sedative agent, and is also widely used as an
over-the-counter (OTC) decongestant cold medication [1]. It is a weak inhibitor of
inflammation and the associated increased sensitivity to pain (hyperalgesia), and is
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used as a promoter of drug penetration through the skin [2]. At least some of the
pharmacodynamic actions are related to the agonistic activity of (—)-menthol at
the cold-activated cation channel, transient receptor potential melastatin type
8 (TRPMS), which is highly sensitive to temperature and extracellular calcium.
TRPMBS8 channels on nerve fibres and skin cells not only respond to a decrease in
ambient temperature, but their activation also mediates analgesia. There are reports
of the antibacterial activity of (—)-menthol [3] and induction of peripheral vasodi-
latation (which in the scalp, can be hair-growth promoting) [4].

A recent study on (+)-menthol, which is an enantiomer also present in varying
amounts in the natural product, revealed its activity at the y—aminobutyric acid
(GABA ) receptor for which the natural compound is only a weak agonist [5].
GABA, receptors are predominant ionotropic receptors for fast inhibitory neuro-
transmission in the central nervous system (CNS). These receptors are recognized
as important targets for modulation by sedative, anxiolytic and general anaesthetic
agents [6]. It is, therefore, of considerable interest that (+)-menthol acts as a general
anaesthetic with a potency that corresponds to its ability to enhance the GABA
current, comparable to that of well-known CNS active compounds. This suggests a
more selective agonist action of the (+)-enantiomer at GABA 4 receptors.

9.2 Natural Sources and First Technological Production
of (—)-Menthol

World-wide production of (—)-menthol has reached 4,500 tons/year, prompted by
its use as an important ingredient in personal care products, perfumes and in the
pharmaceutical industry. Being a natural product, until 1984, all (—)-menthol on
the world market originated from the natural source, Mentha arvensis, and the
restricted supply has maintained its high price. It is worth noting that natural
sources (e.g., rose oil) provide a mixture of enantiomers containing up to 80% e.e.
(—)-menthol [4]. Syntheses of racemic menthol have been reported, and the separa-
tion of the (—)-enantiomer has been claimed by crystallization of diastereomeric
derivatives [7], even at elevated pressure [8]. An overview of the various methodol-
ogies applied in the production of enantiomerically pure (—)-menthol has been
published [9]. Most of these have remained little more than academic achievements
until the revolutionary breakthrough made by Japanese chemists, both from acade-
mia and industry.

The first successful industrial production of (—)-menthol was based on
3-methyl-phenol 2, which was transformed in two steps into 2-isopropyl-5-methyl
cyclohexanol 4, i.e., into the menthol skeleton (Scheme 9.1) [10]. This structure has
three stereogenic centres and therefore 2° = 8 stereoisomers. The inherent beauty
of this process resides in the complete regioselectivity of isopropylation, controlled
stereoelectronically by the two substituents on the aromatic ring, and the high
diastereoslectivity of hydrogenation to the all-trans product, one of three possible
racemic diastereomers.
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Scheme 9.1 An early production process for racemic menthol and resolution to (—)-menthol
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Scheme 9.2 Takasago Co. process for production of (—)-menthol

9.3 Enantioselective Allylic Amine—-Enamine-Imine
Rearrangement, Catalysed by Rh(I)-(—)-BINAP Complex

The enantioselective approach to (—)-menthol is outlined in Scheme 9.2 [11]. Itis a
real challenge to our understanding of synthetic chemistry that such a simple short
synthetic route, which starts from the achiral natural hydrocarbon isoprene, well
known for its huge consumption by the rubber industry, can afford a chiral, cyclic
alcohol with three stereogenic centres in defined absolute configurations and with
high enantiopurity!

All the knowledge accumulated over the years at Takasago Research Institute,
Tokyo, headed by S. Akutagawa, and by the research team of R. Noyori, Nobel
Laureate for chemistry in 2001, prompted the development of an industrial process
for the production of (—)-menthol by this method. Superficial observation of this
scheme, and the list of reagents cited for the steps i—v, do not reveal the impressive
mechanistic knowledge which has been gained on nearly all steps on this route to
(—)-menthol. Already in the first step (i), reaction conditions in the alkylation of
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the diethylamide anion by isoprene 5 allow complete control of the formation of
Z-cis-allyl amine 6. This stereochemical outcome (stereoselective in two dimen-
sions!) defines enantioselectivity in the next step (ii), Rh(I)-(—)-(BINAP catalyzed
formation of the C(3) stereogenic centre in the enamine 7 with the (R)-configura-
tion. Mechanistic details behind the enantioselective bias for allylic migration in
step ii are discussed below. By hydrolysis of the enamine 7, the aldehyde 8 is
produced in a very high yield, and with enantiomeric purity greater than 98%. The
unsaturated aldehyde undergoes intramolecular ene-reaction, mediated by zinc
dibromide, step iv, which is completely controlled by the first chiral centre. The
unsaturated precursor of (—)-menthol, (—)-isopulegol (9), also present in nature, is
formed in an all-equatorial form with high optical purity. By one crystallization
step at —50°C, the e.e. can be increased to 100%, and this material is used in the
hydrogenation step (v) to obtain essentially optically pure (—)-menthol (1).

The mechanistic and stereochemical aspects of the individual steps of
Scheme 9.2, which contribute to the elegance of this route, will now be discussed
in more detail.

Let us start with a consideration of the metal ion-promoted migration of an
allylic C=C bond (Scheme 9.3). There are various mechanisms involved in this
process, dependent on the electronic properties of the metal ion [12]. In the first case
(a), the reactive metal hydride undergoes addition to m-electrons of the double bond,
forming a covalent bond with the more electronegative carbon atom. Abstraction of
the hydride ion from the second terminal carbon completes the migration process.
More “soft” metal ions form co-ordinative bonds through their d-electrons and
promote migration of the C=C bond via the delocalized m-allylic system (b).

The final mechanistic pathway (c), the so-called nitrogen-triggered mechanism,
is responsible for the enantioselective route to (—)-menthol. It comprises, first,
co-ordination to the electronegative N-heteroatom followed by abstraction of the
acidic a-proton and formation of the three-membered metallacycle. This intermediate

a  Addition-elimination of metal
MH M MH
S Y
D7 — D

b #-Allyl mechanism

/\\
M

C Nitrogen-triggered mechanism

R R1 R Ri1 R Ri1

Scheme 9.3 Mechanisms of metal-mediated, double-bond migration
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facilitates migration of the double bond to the enamine position, forming a relatively
unstable species.

More detailed insight into the stereochemistry of the allylic migration is pre-
sented in Scheme 9.4, which accounts for the formation of the stereogenic centre in
the prochiral substrate 6 [13]. For the co-ordination of Rh(I) and chirality transfer,
the most effective chiral diphosphine proved to be BINAP, discussed below. Two
allylic protons Hg, Hg, in the complex 6A became diastereotopic, i.e. chemically
non-equivalent. Free rotation around the C—C single bond permits equilibrium with
6A’, with an inverted position of the two diastereotopic H-atoms. To control the
stereoselectivity of this process, the topology of the complex must be well defined
and the energy of the preferred conformer, 6A or 6A’ in the Scheme 4, should be
significantly lower. Assuming that the chiral topology of the R*P,L unit in the
complex stabilizes conformer 6A”, the hydride ion Hg will be abstracted by Rh(I),
as a consequence of Rh C-H insertion, and an Rh-hydride complex 6B is formed.
This complex favours suprafacial hydride transfer and its appearance as an Hg atom
at the front side of the y-carbon that in 7A becomes a stereogenic centre with an
S-absolute configuration.

Visualization of the steric preference for abstraction of Hg in 6A is given in
Scheme 9.5.

Two orientations of the allyl amine, with the E- (trans) configuration around the
C=C bond in the Rh(I)-(S)-(—)BINAP complex, are presented. The detailed topology
of (—)-BINAP, however, is of the outmost importance for the understanding of the
enantioselectivity or sterochemical bias of allylic migration. Therefore, structural
formulae of BINAP enantiomers and the X-ray structure of the Ru(Il) dicarboxylate
complex of (5)-(—)-BINAP are presented in Figure 9.1 [14]. The structure of the
complex is characterized by the axial chirality of the dinaphthyl unit and
the “butterfly like” disposition of the aromatic rings in the diphenylphosphine unit.

R Hs
~ Y, R~ Hs/Et
Me Hr —_— mN-._Et
e -~
Et7N‘Et Hr ‘Rh+P,L
Rh+P,L
6A R 6A'
H )\Me
Et Et
P N
Hs HR
Rh+P,L  GA"
Et Et
NEt, R N
R Xy CRh+P,L
Scheme 9.4 Conformational MRMP L M§<Y 2
equilibrium that controls Me g |11 2 HS Hq

stereochemistry of the Rh(I)-
catalyzed allylic migration 6B 7A
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Scheme 9.5 Presentation of two possible transition states in the step 6A—6B

(R)-(+)-BINAP 5 (S)-(-)-BINAP

Fig. 9.1 Structural formulae of (R)-(+)- and (S)-(—)-BINAP and X-ray structure of the Ru(II)-
dicarboxylate complex of (S)-(—)-BINAP (Reproduced from [14], with the permission of the
American Chemical Society)

The whole assembly forms a well-defined chiral cleft that can accommodate the
reacting prochiral molecule. Such favoured and unfavoured orientations of the allylic
amine substrate, in the transition state of allylic migration within the Rh(I)-(—)-
BINAP complex, are schematically presented in Scheme 9.5. As a consequence, in
the favoured complex, the Hg proton is abstracted and suprafacially transposed to the
y-carbon atom creating a stereogenic centre with the (R)-configuration.

9.4 Production Scale Synthesis of Both Enantiomers

The synthetic method presented in Scheme 9.2 was scaled-up for industrial production
of 1,000 tons/year of (—)-menthol. It represents a brilliant application of (—)-BINAP
as a chiral ligand in organometallic catalysis [15]. The technical process development
required, among other factors, enhancement of catalyst productivity, expressed as
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turnover number (TON, in moles of enamine produced by 1 mol of the catalyst), to
cope with the high prices of metal (Rh) and ligand. The already high efficiency of the
catalytic system was enhanced impressively; from a TON of approximately 100, at the
initial laboratory stage, to about 400,000 in the continuous production of (—)-menthol.
The efficiency and enantioselectivity of the isomerization process, at this level,
compares well with many enzyme-catalyzed reactions. In view of the recently
observed biological activity of the non-natural enantiomer, (+)-menthol [5], it is
important to note the entirely equal availability of enantiomeric (R)-(+)-BINAP, the
ligand in the catalytic complex which will afford this enantiomer of menthol with
exactly the same efficacy and optical purity!

9.5 Conclusion

In developing a pathway to the large-scale production of (—)-menthol, organic
chemical synthesis has demonstrated its versatility and efficiency. The efficacy of
the Rh(I)-BINAP system in allowing asymmetric isomerization of the allylamine
6 to enamine 7, and the complete selectivity of the zinc bromide catalyzed ene-
reaction to form the substituted cyclohexane derivative 9, with all three stereogenic
centres in the right configuration, demonstrate that relatively inefficient laboratory
procedures may be transformed into economic industrial processes. Late-stage
development of a drug and its successful marketing heavily depend on such
contributions from synthetic chemistry, reduced to practice by the collaboration
of many creative laboratory chemists and engineers in the production plant.
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Chapter 10
Fexofenadine Hydrochloride

Abstract

Biological target: Fexofenadine is a racemic carboxylic analogue of terfenadine
and a highly hydrophilic zwitterionic amino acid, which is a specific antagonist at
H; histamine receptors.

Therapeutic profile: The drug is a second-generation antihistamine, lacking
sedative activity, for the treatment of allergic diseases, including allergic rhino-
conjunctivitis, seasonal allergic rhinitis, urticaria and atopic dermatitis.

Synthetic highlights: Although not feasible from a cost-benefit point of view,
racemic switch to the R(+) enantiomer is discussed. Retrosynthetic analysis of the
fexofenadine molecule is presented together with some inventive synthetic
steps employed. These include ZnBr,-catalyzed transposition (rearrangement) of
a-haloketones to terminal carboxylic acids and microbial oxidation of the non-
activated C—H bond. The concept of bioisosterism is exemplified by the silicon
switch of fexofenadine to sila-fexofenadine.

10.1 Introduction

Fexofenadine hydrochloride (1, (£)-2-[4-]-1hydroxy-4-(hydroxydiphenylmethyl)-
1-piperidino]butyl]phenyl]-2-methylpropanoic acid, Allegra®) is an antihistamine
agent, acting as an H; antagonist.

OH
OH

Phi}\JCZ:jN x HCI

Ph COOH

fexofenadine hydrochloride 1 Me  Me

It is clinically effective in the treatment of seasonal allergic rhinitis and chronic
idiophatic urticaria and is not associated with adverse cardiac or cognitive/psycho-
motor effects. These qualities have led to the ranking of fexofenadine in eighth
place among the 200 best marketed drugs, and in 2007, it led to approximately $0.9
billion in sales.
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10.2 Histamine Receptors as Biological Targets
for Anti-allergy Drugs

Histamine is a major chemical mediator in the pathogenesis of allergic disease. It is
released, predominantly by mast cells, in response to cross-linking by allergens of
specific immunoglobulin E antibodies bound to the cell membrane, as well as by
some chemical stimuli. Activation by histamine of H; receptors, present on various
types of smooth muscle, endothelial cells and in the heart, causes many of the
typical symptoms of allergic diseases. These include sneezing, swelling (due to
plasma leakage), erythema (due to dilation of blood vessels) and itching, all of
which can be effectively blocked by specific antagonists of the action of histamine
at H; receptors. H;-receptor antagonists are widely used as the primary therapeu-
tics for allergic diseases, such as skin urticarias, allergic conjunctivitis and hay
fever [1-3].

Histamine H; receptors are a sub-class of the super-family of G-protein-coupled
receptors, along with the other three histamine receptor subtypes: H,, H; and Hy.
The H, receptor plays a major role in controlling gastric acid secretion, whereas the
Hj; receptor regulates the activity of histamine and other neurotransmitters in the
CNS. Due to the high homology of all histamine receptors, selectivity is the prime
issue in development of new drugs acting at only one receptor sub-type. First-
generation H; receptor antagonists, such as chlorpheniramine, promethazine and
clemastine, cross the blood-brain barrier and exert CNS side effects including
drowsiness and sedation.

As a class, second-generation antihistamines, also known as non-sedative anti-
histamines, are highly selective for the H; receptor. The most important represen-
tatives: fexofenadine, desloratidine and cetirizine (1-3) are characterized by limited
effects on the CNS and low cytochrome P450 inhibition.

4 W
=N | N N
NEVARRNER
® —
N
H Cl

2 desloratidine 3 cetirizine

Second-generation H;-receptor antagonists potently and selectively bind to the
H, receptor, stabilizing it towards the inactive state, with relatively long dissocia-
tion times. These properties contribute to the effectiveness of the second-generation
antagonists in alleviating histamine-mediated allergic symptoms as well as to
their long duration of action. This newer class of antihistamines does not cross
the blood—brain barrier, and therefore, many side effects, in particular sedation are
avoided [4, 5].

Racemic fexofenadine hydrochloride (1), sold under the registered names of
Allegra® and Telfast™, was discovered as the major active metabolite of
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Table 10.1 Main pharmacokinetic properties of racemic fexo-

fenadine

Absorption (T,x/h) 1-3
Duration of action (h) 24
Volume of distribution (L/kg) 5.4-5.8
Metabolites (% of dose) 5
Terminal elimination half-life (h) 11-15
Urinary excretion (%) 11
Faecal excretion (%) 80

Table 10.2 Pharmacokinetic parameters of fexofenadine enantiomers (in
human subjects, p.o.)

Parameter (+)-enantiomer (—)-enantiomer
Crnax (ng/ml) 169 £ 48 73 £ 23

Tnax () 24 £+ 0.6 2.6 £0.3

tin 4.0+ 2.1 42 +£2.7
AUC (ng/h/ml) 1,075 + 236 495 + 140

terfenadine (4). The main pharmacokinetic and metabolic properties of fexo-
fenadine are presented in Table 10.1.

Fexofenadine is rapidly absorbed and has a long duration of action, making it
suitable for once daily administration, and it provides a more improved quality of
life than any other antiallergic drug [6-8].

Pharmacokinetic parameters observed for fexofenadine enantiomers are compa-
rable except for the area under the curve (AUC) for plasma concentrations
(Table 10.2) [9].

In a detailed clinical study, it was demonstrated that both enantiomers of
fexofenadine possess equal potency but differ in selected pharmacokinetic para-
meters [10]. A 63:37 steady-state ratio of R-(+)-1 and S-(—)-1 was observed in
plasma and this remained constant across time and dosing. In a later study, it was
found that the AUC and the maximum plasma concentration (C,ax) of R-(+)-1 were
significantly greater than those of the S-(—)-enantiomer [11]. Furthermore, plasma
and renal clearance of oral S-(—)-fexofenadine were both significantly greater than
for the R-(+)-enantiomer.

10.3 Absolute Configuration and ‘“Racemic Switch”

All these studies of non-racemic fexofenadine were prompted by the development
of an HPLC method for the chiral separation of fexofenadine enantiomers in human
plasma [11, 12]. Based on these and additional studies on the pharmacokinetic [13]
and enantioselective disposition of fexofenadine in the presence of verapamil [14],
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it was proposed that the use of R-(+)-fexofenadine only might provide a more
predictable therapeutic effect and less drug—drug interactions [15].

R-(+)-fexofenadine 1

A “racemic switch”, that is, replacement of racemic fexofenadine on the market
by the R-(+)-enantiomer, is not likely, however, since the cost-benefit considera-
tions are unfavourable due to the relatively minor positive therapeutic effect and the
considerably higher production costs of the pure R-(+)-enantiomer. Nevertheless,
because of the exciting enantioselective syntheses and stereochemical properties of
the enantiomers of fexofenadine, these will be considered in the next section.

As mentioned in the previous section, fexofenadine is the metabolite of terfena-
dine (4), a first generation antihistamine for the therapy of allergy (Scheme 10.1).

Oxidative metabolism of xenobiotica and of drugs, in particular, is a well known
process by which the organism transforms foreign substances into more hydrophilic
metabolites, enabling their faster elimination in the urine. There are many cases in
which drug metabolites have been found to be more convenient and effective drugs
than the original compounds [16]. One of the best known examples is the discovery
of oxazepam, the C3-hydroxylated metabolite of diazepam, as the more active and
selective sedative. Some of the details of this discovery are discussed in Chap. 6.

Fexofenadine, as the carboxylic analogue of terfenadine, is an amino acid with a
highly hydrophilic zwitterionic structure. Its enantiomers have been separated
repeatedly by chromatographic methods [9, 17, 18], and the CD spectra reveal a
positive extreme for the R-(+)-enantiomer at ~205 nm with a shoulder at ~225 nm.
The absolute configuration of the fexofenadine enantiomers was determined by
chemical correlation with the alcohol S-(—)-12, for which the prediction of absolute
configuration is based on the configuration of the chiral catalysts used in reduction.
Details are presented in Scheme 10.9.

Recently, a validated LC method was reported for the separation of the structural
(meta/para) isomers of fexofenadine hydrochloride with a chiral mobile phase [19].
This is an interesting example in which an achiral reversed-phase ODS column is
used for the separation of enantiomers in chiral combination with the mobile phase,
pH 3 aqueous buffer-MeCN (60:40), containing 5 g/L. B-cyclodextrin as a chiral
additive.

OH OH

OH OH
N N
Phw Cytochrome P-450 (CYP 3Ad) Phw
Ph Me Ph COOH

4 Me Me 1 Me Me

Scheme 10.1 Metabolic oxidation of terfenadine (4) to fexofenadine (1)
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Despite the cost-benefit limitations to the development of a single-enantiomer
drug, many original syntheses of pure enantiomers have been reported. Some
of these are discussed in the following section, after a brief overview of non-
stereoselective approaches.

10.4 Retrosynthetic Analysis of Fexofenadine

Fexofenadine serves as a good example of a target molecule (TM) that can be
approached by retrosynthetic analysis, also known as the disconnection approach
or the synthon approach. This methodology enables the organic chemist to design a
synthetic route to the TM, starting from simple and readily available materials. It is
important to note that the disconnection approach is an imaginary process, the
reverse of an actual chemical reaction, which breaks a bond in the target molecule
to yield the structure of a new compound from which the TM can be made.
Besides the terms, disconnection and target molecule (TM), a number of other
basic terms are used in retrosynthetic analysis: functional group interconversion
(FGD), synthon, reagent or synthetic equivalent. The exact meaning of these terms is
discussed by S. Warren [20-22], and the whole approach has found its place in most
modern organic chemistry textbooks [23-26]. Here it is sufficient to mention that
disconnection is an analytical, cognitive process, involving reversal of the synthetic
direction that results in hypothetic structures, called synthons, which are charged
species, radicals or radical ions. Based on these structures, real species, reagents or
synthetic equivalents are then identified, as generally outlined in Scheme 10.2.
Each intermediate in retrosynthetic analysis is a new target molecule, and
combination, in the last step, of the last two intermediates into the TM corresponds
to highly convergent synthesis, the advantages of which, compared to consecutive
synthesis, have been repeatedly discussed in textbooks on organic synthesis.
There are three key rules to be followed in retrosynthetic analysis: disconnection
should follow the correct mechanism, allow maximal simplification of the TM and lead
to available starting materials. The fexofenadine molecule can be maximally simpli-
fied by disconnections made at critical bonds (Scheme 10.3). These are disconnections
at the CH,—aryl bond (a) and an alternative disconnection of the CH,—CH,Ar bond (b).
In addition, disconnection of the N—CH, bond, after FGI of the amine to an amide
group, represents another possibility (c), which can be completed to create a pathway to
the sila-bioisostere of fexofenadine, as described in Sect. 10.4.3.
Two synthons, cationic A and anionic B, which are the result of disconnection
(a), have a couple of synthetic equivalents, for example, (1) and (2) in Table 10.3.

disconnection
— offspring | - - i
synthons offspring reagents

Scheme 10.2 General scheme of the flow of events in retrosynthetic analysis

target molecule or
structure
(TMor TS)




130

OH

OH Disconn.
AN, =
Ph P
Ph COOH

i
Disconn. OH +
¥
= L COOH
COOH Ph c

Me Me
H
OH o
W)
Ph
Ph
Me Me
C
OH OH 2 xFGI
th
Ph COOH
Me Me
Disconn.
)

Ph

10 Fexofenadine Hydrochloride

B

o
OH _
N\/\) + o+ Q(COOH
A

Me Me

D Me Me

o COOH

Me Me

(0]
OH _
L T
Ph
o COOH
Ph E F

Me Me
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Two synthons C and D are the result of an alternative disconnection b of the
CH,-CH,Ar bond. Finally, retrosynthetic analysis ¢ suggests two functional
group interconversions followed by disconnection of the amide N-CO bond,
affording synthons E and F. This analysis has been used in the synthesis of the
sila-bioisostere of fexofenadine (49), as described in Sect. 10.4.3.

Three syntheses of fexofenadine reported in the literature actually follow these
retrosynthetic considerations, starting from reagents presented in (1) to (3)
(Table 10.3). The fourth disconnection (4) is applied in the synthesis of the sila-
bioisostere of fexofenadine (49), discussed in Sect. 10.4.3.

10.4.1 ZnBr,;-Catalyzed Rearrangement of a-Haloketones
to Terminal Carboxylic Acids

Kawai et al. [27] have reported the synthesis of alkyne 7 after the stepwise formation
of phenyl-2,2-dimethylacetic acid by double methylation of para-bromo-phenylacetic
acid (Scheme 10.4).

This seven-step route is characterized by a high average yield, but requires
complete elimination of Hg ions and chromatographic purification of the ketone
intermediate 11, which renders the whole process impractical for large-scale pro-
duction of fexofenadine. Recently, a modification of this step has been claimed,
which uses the free carboxylic acid of the ester 10 for hydration and does not
require chromatographic purification of the ketone [28]. Another hydration protocol
has been claimed, consisting of the use of platinum(II)chloride in THF/water as an
hydrating agent for 10 [29]. However, this method also required chromatographic
purification of the ketone 11. It is interesting to note that the attempts at conversion
of alkyne 8 to the ketone via mercury-catalyzed hydration resulted in the loss of the
mesyl group and formation of the hemiketal 12.

Br. i Br . RO
\@\/ i i AN + OH NH
COOMe COOMe AN,

5 6 Me Me R COOMe Pho g
Me Me

OH
. o
iv phw A v OH N Vi, vii
- Ph AN — 1
10 coome  Ph 1 COOMe
Me Me Me Me

Reagents and conditions: i. Mel (2.4 equiv.)/NaH (3 equiv.), THF; ii.3-butyn-1-ol, Pd(0)Cu,Br,/TEA, reflux;
iii. MsCl (2 equiv.), pyridine/DCM, r.t., 12h; iv. azacyclanol (9).HCI (1.1. equiv.),
K,COg (8.3. equiv.), MeCN; v. Hg(I)O, H,S0,/H,0/MeOH, 55 °C, chromatography;
vi. NaBH, (1.5 equiv.), MeOH, r.t.; vi. 1IN NaOH/MeOH (1:1 v/v), 80 °C.

Scheme 10.4 Synthetic route to fexofenadine according to Kawai et al
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O OH

COOMe
12 Me Me

The bond-forming reaction, according to retrosynthetic step 2, reported by Patel
et al. [30] is presented in Scheme 10.5.

In this step, the sodium salt of 2-(4-bromophenyl)-2,2-dimethylacetic acid
13 was lithiated via a metal-halogen exchange using 7-BuLi, and subsequently
4-[4-(hydroxydiphenylmethyl)piperidini-1-yl]butyraldehyde 14 was arylated to
afford fexofenadine.

This synthesis of fexofenadine uses either the ester (6) or salt (13) of 4-bromo-
2,2-dimethylphenylacetic acid as the C;( building block. However, neither this
nor the parent 2,2-dimethylphenylacetic acid is an easily available compound. An
original approach to synthesis of the 2,2,-dimethylphenylacetic acid unit was taken
by Di Giacomo et al. (Scheme 10.6) [31]. In the key step, skeletal rearrangement
was made of the a-halo-isopropylmethyl ketone 15 to the methyl ester of the corres-
ponding phenylalkanoic acid 16.

OH
Br. OH N cHo i jik/N
+ ~ TN / Ph
\Q(COONa PhF’/h)\m T Ph COOH
13 Me Me 14 1 Me Me

Reagents and conditions: i. t-BuLi/THF, Li-Br exchange.

Scheme 10.5 Arylation of aldehyde in the last step of the convergent synthesis of fexofenadine

Me Me il iii, iv v
B COOR CH,OR
p
R R Me Me

Me Me

15 O 16 Me 18 H
17 H 19 Ac
) ol/\ o} i i ol/\O
al vi cl vii, viii |
CH,OAc CH,0AC R R
21 22 CH,0H Me Me
20 Me Me Me Me 23 COOH

Reagents and conditions: i. ZnBr,, MeOH, 115 °C, 5h; ii. 0.4 N NaOH, MeOH/H,0O (2:1, v/v), 80 °C, 12 h;
iii. LIAIH,, Et,0; iv. Ac,0, TEA, 4-PPy, r.t. 20 min; v. 4-chlorobutyryl chloride,
AICl;, CS,, 0 °C, 15 h; vi. ethylene glycol, p-TsOH, benzene, reflux, 24 h;
vii. NaOH, MeOH r.t. 30 min; viii. Jones oxydation.

Scheme 10.6 Transposition of a-bromoketone 15 to 2,2,-dimethylacetic acid 16 and subsequent
steps on the pathway to fexofenadine
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The authors proposed a possible mechanism for this transposition, shown in
Scheme 10.7 [32].

The reaction proceeds via ZnBr, catalysis with formation of an acetal inter-
mediate 15A, and polarization of the C—Br bond. Transposition of the hemiacetal
intermediate 15B and 1,2-migration of phenyl group affords the 2,2-dimethlyphe-
nylacetic acid ester 16.

The final steps in Scheme 10.6 are completed under standard conditions. One
may question why reduction of the ester to alcohol 18 and its protection as acetate
19 should be performed before Friedel-Crafts acylation, since both the dimethyl-
carboxy and dimethylhydroxymethyl groups are expected to be para-orientated due
to the strong steric perturbation of the ortho-substitution. Quite unexpectedly, the
dimethylcarboxy group proved to have a meta/para orientation, so that acylation of
18 resulted in the formation of a mixture of meta- and para-isomers that were
difficult to separate.

With the availability of the intermediary acid 23, the authors achieved synthesis
of racemic fexofenadine 1, as outlined in Scheme 10.8 [32].

According to retrosynthetic analysis (3), the C—C bond to the benzylic C atom
can be formed from the suitably selected couple, the Grignard reagent of an alkyl
bromide and aryl aldehyde. This is the key step in the synthesis of fexofenadine,
as reported by Fang et al. [33] (Scheme 10.9).

Me Me ZnBr, Me Me ZnBr, OMe -ZnBr,
- — -0, — COOMe
Br  MeOH Br Moy Me | BT
MeO OMe Br € Me Me

o) Br
15 15A 158 %n 16

Scheme 10.7 Mechanism of transposition of a-bromoketone to the 2,2,-dimethylacetic acid
derivative

II 1
23 |~
COOMe COOMe

Me Me Me Me

4\% e m \/\)\©>(000H

azacyclanol 9

Reagents and conditions: i. CH,N,, Et,O, 0 °C; ii. 2% HCI/THF, r.t., 1.5 h;
iii. NaBH,4, MeOH/THF, 0 °C, 30 min;
iv. azacyclanol, K,COg, Kl, benzene/DMF (8:2, v/v), reflux 7 h;
v. 10% NaOH, MeOH, reflux, 2 h.

Scheme 10.8 Final steps on the route to fexofenadine
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Me ~ OHC + 0‘> ii 0 1§
i i
COOEt — COOEt MgBr/\/LO Q,o COOEt
26 Me Me 27 Me Me 28 29 Me Me
HO
[e]
i OH i o
i + NH iv OH
P AT Ph/)\mN
COOEt Ph Ph COOEt
30 Me Me 9 3 Me Me
OH y OH
Vo LT
Ph COOH
1 Me Me

Reagents and conditions: i. Dess-Marten, periodane method; ii. 1.2 equiv. of 28, THF, r.t.;
iii. Amberliste-15, Me,CO/water (5:1), 50 °C, 85% of 30 (1:1 cis/trans);
iv.1.0 equiv. of 7, NaBH,/MeOH, r.t;
v. NaOH/MeOH.

Scheme 10.9 Synthetic route to fexofenadine based on the formation of a C—C bond to the
benzylic carbon

0]

Me XoC ¢} i
i n
i + L (0)
\©\(COOB \©§<COOE’ MgBr/\/L} <jo/\)\©»(oooa
Me Me 2 4
26 X Me Me 8 8 Me Me
32 OH
33 Cl OoH
oH OH . OH N H
iii,iv,v 0O B + o MN” v Phw
& Ph Ph COOH
o COOEt (5)-1
(5)-35 9 Me" Me
Me Me

Reagents and conditions: i. KMnO4 (32), then SOCI, (33); ii. 1.2 equiv. of 28, Fe(acac),, THF, r.t;
iii. Me,S.BHg, ligands 36-39, 76% yield, e.e. 85-95%; iv. Amberliste-15, Me,CO/water (5:1),
50 °C; v. 1.0 equiv. of 9, NaBH,/MeOH, r.t.; vi. NaOH/MeOH, e.e. of (S)-1 up to 95%.

Ligands 36-39, tested in enantioselective reduction of 34, step jii.

Ph H H_g-H
H .\\(Ph N‘KR N-B;
. : o
d\l\ 0 ) R
B 36 37 Me 30
Me 38 H

Scheme 10.10 Enantioseletive route to (S)-fexofenadine, and chiral ligands tested in asymmetric
hydrogenation

The same authors have developed an enantioselective route to S-(—)-fexofena-
dine 1 (Scheme 10.10) [27].

This route offers some interesting solutions to selectivity problems. Two reac-
tions have been performed with complete site-selectivity involving oxidation of the
aryl-Me group in 26 to the carboxylic group in 32, in the presence of two geminal
Me groups on the benzylic carbon. This was followed by a Grignard reaction of 28
with a carboxylic acid chloride in the presence of a carboxylic ester group, mode-
rated by an Fe-oxo complex. Enantioselective reduction of the ketone carbonyl
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group was achieved with oxazaborolidine-based borane catalysts, 36—39. More
details on the scope and mechanism of enantioselective reduction by boranes are
presented in Chap. 11.

In this context, it is interesting that a patent claimed by Aventis Pharmaceuticals,
directed towards the development of a novel method for asymmetric reduction of
ketones catalyzed by Cp,TiH, was used in the preparation of intermediates in the
synthesis of fexofenadine [34].

10.4.2 Microbial Oxidation of Non-activated C—-H Bond

One of the key structural elements of fexofenadine is the aryl-2,2-dimethylacetic
acid unit. The 2,2-dimethylacetic acid group cannot be conveniently incorporated
as a C,4 building block. In contrast, the fert-butyl group can be conveniently
introduced into the aromatic ring by alkylation with iso-butene [35]. Therefore,
an efficient method for the selective oxidation to a COOH group of one of the three
Me groups in the fert-butyl unit would elegantly solve the problem. Such a level of
chemoselectivity is difficult to obtain by chemical means, however, and biocata-
lytic oxygenation is the method of choice.

Since most chemical syntheses presented in the previous section are multi-step
and laborious, the bio-oxidation of the fert-butyl group in terfenadine (4) has been
investigated as an alternative solution [36—40]. This process is presented in
Scheme 10.1 with CYP3A4 as the oxidant. With most micro-organisms tested,
side products were observed and the desired carboxylic acid, fexofenadine, was
obtained in low yields. Detailed study of the regioselective oxidation of terfena-
dine to fexofenadine with the filamentous fungus Cunninghamella blakesleeana
was reported by Weuster-Botz et al. [41]. The authors followed the method
described in a previous report on the regioselective microbial oxidation of ebas-
tine, a close structural congener of terfenadine, with C. blakesleeana [42]. This
process was scaled up to lab-scale in a stirred tank reactor (Fig. 10.1), by opti-
mizing the following parameters: solubility of the substrate terfenadine; reaction
temperature; oxygen tension; pH and the use of additives such as glycerol, mineral
salts, and so on.

It was found that the fungus, C. blakesleeana, was not able to perform the
complete oxidation of terfenadine to fexofenadine, because the reaction stopped
at the level of the prim-alcohol. Since the prim-alcohol cannot be selectively
oxidized with strong agents, such as RuCl; or HsIOg, but rather this occurs with
the secondary hydroxy group, the result was disappointing for the scale-up process.

Further progress was made by Buisson et al. [40]. These authors screened
a series of micro-organisms for their ability to oxidize the ferz-butylphenyl group
in terfenadine. They defined the culture conditions required to increase the forma-
tion of the carboxylic acid and to avoid the formation of alcohols and other side
products. Table 10.4 shows the products detected in crude extracts after 96 h
incubation [40].
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terfenadine
(solved in DMF)

waste air

glycerol medium

=

air

(oo

cross-flow product adsorption
mikrofiftration (XAD-4 resin)

Fig. 10.1 Scheme of the membrane reactor system for continuous biotransformation of terfenadine
to fexofenadine with C. blakesleeana AT1 (reproduced from [41], with the permission of Elsevier)

Table 10.4 Oxidation of the tert-butylphenyl group of terfenadine by selected micro-organisms

Micro-organisms Culture medium Terfenadine

Fexofenadine Alcohol

Cunninghamella blakesleeanea ATTC 8688a YM + -
YMS — +
Cunninghamella echinulata ATTC 9245 YM — —
YMS + —
Streptomyces risomes NRRL 2234 YM — —
YMS + —
Streptomyces platensis NRRL 2364 YM +++ —
YMS ++ ++
Absidia corymbifera LCP 63 1800 YM ++ ++
YMS +++ -

— no products formed

+ product observed (<20%)

++ alcohol and acid presence (20-50%)

+++ main or unique product observed (>75%)

Two strains of bacteria and three strains of filamentous fungi were selected and
cultivated in a culture medium supplemented (YMS) or not (YM) with soybean
peptones (Table 10.1). Soybean peptones obtained by proteolytic digestion [43] are
well known nutrient media for growing bacteria and fungi. They were found to
induce oxidative activity in all strains tested.
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The best results were obtained with Absidia corymbifera cultured in YMS, with
which complete transformation of terfenadine to fexofenadine was achieved. The
preparative experiments carried out in 1 L of YMS and 200 mg of terfenadine led to
193 mg (93% yield) of fexofenadine. Some variation of the protocol for microbial
oxidation to fexofenadine by A. corymbifera was recently reported by the same
author, but no significant improvement in productivity was achieved [44].

In conclusion, it is important to note that microbial oxidations were performed
with racemic terfenadine and did not exhibit kinetic resolution to a single enantio-
mer. Thus, the biocatalytic approach excluded dynamic kinetic resolution as an
attractive “racemic switch” approach to the complete conversion of rac-terfenadine
to the therapeutically desirable (R)-(+)-1 enantiomer of fexofenadine [45, 46].

10.4.3 Bioisosterism: Silicon Switch of Fexofenadine
to Sila-Fexofenadine

Silicon switch of marketed drugs is a relatively new concept and consists of sila-
substitution (C/Si exchange) of existing drugs in the search for drug candidates that
have improved biological properties providing a beneficial intellectual property
(IP) status. It has been shown that silicone molecules can be accessed in a relative
straightforward manner and can have a pharmacological or pharmacokinetic benefit
over their carbon counterparts [47—49].

C/Si bioisosterism has been considered repeatedly due to some fundamental
differences between carbon and silicon that are useful in drug design [50-52].
These include:

¢ Differences in the electronegativity of the two elements, silicon being a more
electropositive element than carbon.

e Differences in covalent radius (rc = 77 pm, rs; = 117 pm), which lead to
differences in bond distances and in the steric arrangement of the bonds.
While the average length of a C—C bond is 1.54 A, the C-Si bond has a length
of 1.87 A. These differences can lead to differing steric requirements and to
varying shapes of carbon and silicon analogues, and consequently, to changes in
the way in which they interact with biological binding sites.

e Silicon allows for chemical reactions, which are not accessible to standard
carbon chemistry, prompting the synthesis of novel drug-like scaffolds.

¢ Due to the higher electropositivity of silicon, silanols (Si—~OH) are more acidic
than carbinols (C—OH), and the hydrogen bond strength of silanols is higher than
that of carbinols [53, 54].

The properties of bioisosteric compounds prompted Tacke et al. to prepare
sila-fexofenadine (49) and to study the bioisosterism of this and some related
H;-receptor antagonists [55, 56]. Replacement with a silicon atom of the fert-
carbon atom bearing the OH group in fexofenadine was attempted, and the syn-
thesis of sila-fexofenadine was achieved according to Schemes 10.11-10.13.
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Me Me Me Me
T |
S oo S
Me M
40 Me 41 o) 42 Me e

Reagents and conditions: i. Mg, THF, -78 °C to r.t: ii. 2M aq. HCI, ether.

Scheme 10.11 Synthesis of all-carbon building block 42 on the path to sila-fexofenadine

CL- e 1 O o O,
s +Mg<:|\m Me F — S

- SWN\M e WNH HCI
C 43 44 45 : 46

Reagents and conditions: i. Mg/l, 80 °C, 0.5 h, then THF, 65%; ii. CI(CO)OCHCIMe, DCM, 0 °C to 20 °C, 1.5 h, 58%;
iii. MeONa/MeOH, 20 °C, 1 h, 82%.

Scheme 10.12 Synthesis of the Si-containing building block for sila-fexofenadine

CL Me Me @L
s V\(@XTO : o I S
HOOG N - N
O e J ! §
a7 0

48 Me Me
SIO N
O oo
49

Me Me

Reagents and conditions: i. Et;N/CICOOEt, THF; ii. LIAIH,/THF; jii. aq. HCI, then aq. NaOH in MeOH/water,
over-all yield 42%.

Scheme 10.13 Final steps in the synthesis of sila-fexofenadine

The phenyl-2,2-dimethylacetic acid building block was prepared according to
Scheme 10.11, which comprised an interesting variant of the Grignard reaction of
bromophenyl derivative 40 with anhydride 41 by protecting the carboxylic group in
40 as the 1,3-oxazoline [56].

The second building block, with an incorporated silanol unit, was prepared
according to Scheme 10.12.

The starting material, diphenyl-difluorosilane, is easily generated from the corres-
ponding dichlorosilane with hexafluorosilicate under anhydrous conditions [57].
The final steps of this convergent synthetic route are presented in Scheme 10.13.
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They comprised N-acylation, simultaneous reduction of the amide and ketone
units, and in the final step, simultaneous hydrolysis of the Si-OMe group and the
protective oxazoline group. Since all steps proceeded in high yield, intermediates
were not isolated, and the final product was crystallized from methanol in an overall
yield of 42%.

Finally, both fexofenadine and its sila-bioisostere exhibited similar in vitro
pharmacological profiles. Evaluation of the effects in vivo of the C/Si switch,
though, was not reported.

10.5 Conclusion

Although of considerable interest as examples of approaches to enantioselective
synthesis, these creative reactions on the route to enantiomerically pure fexofena-
dine remain chemical curiosities unless a way is found to make them economically
viable. Perhaps this may prove to be the case with a future improvement on the
fexofenadine molecule.
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Chapter 11
Montelukast Sodium

Abstract

Biological target: Montelukast is a 7-chloroquinoline-substituted derivative of
the leukotriene D, (LTD4) molecule and a second generation antagonist at the
CysLT-1 receptor for LTDy, a bronchoconstrictor mediator in allergic inflammation.

Therapeutic profile: The drug is used in the oral treatment of chronic, particu-
larly nocturnal asthma.

Synthetic highlights: With only one stereogenic centre but a complex assembly of
functional groups, the synthesis of montelukast has been approached from several
angles. These include hydroboration of ketones with boranes from o-pinenes,
involving a non-catalytic enantioselective reduction protocol; a non-linear effect
(NLE) is observed in this reaction. Organometallic complexes of Ru(Il) have also
been employed to catalyze enantioselective hydrogen transfer, using formic acid as
the source of hydrogen; CeCl;-THF solvate was found to be a valuable promoter
of the Grignard reaction. In a biocatalytic process with ketoreductase KRED
(KetoREDuctase), a “self driven” process was scaled-up to a 200 kg batch and
>99.9% e.e of montelukast.

11.1 Introduction

Montelukast sodium (1, 2-[1-[[(1R)-1-[3-[2-(7-chloroquinolin-2-yl)ethenyl]phenyl]-
3-[2-(2-hydroxypropan-2-yl)phenyl]propyl]sulphanylmethyl] cyclopropyl]acetic acid,
sodium salt, Singulair®, originator Merck Co.), a once-a-day oral antagonist of
leukotriene D4 (LTD,) was selected for clinical development in 1991, and intro-
duced in 1997 for the treatment of both adult and pediatric chronic asthma. This
compound is recognized as one of the most significant advances in asthma therapy
in the last 25 years [1] and is commonly used for the treatment of nocturnal asthma.

V. §unjic’ and M.J. Parnham, Signposts to Chiral Drugs, 141
DOI 10.1007/978-3-0348-0125-6_11, © Springer Basel AG 2011
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11.2 Leukotriene D4 Receptor (LTD,), CysLT-1
Receptor Antagonists

The design of montelukast was the result of structural development by several com-
panies through various phases of complexity, from the first to the second generation
of leukotriene D, antagonists [2].

During research into mediators of allergy and asthma in the mid-twentieth
century, slow reacting substance (SRS, a bronchial smooth muscle slow contracting
substance) was identified by biologists as an important endogenous factor in the
pathophysiology of human asthma, without any knowledge of its chemical structure
[3]. Using slow reacting substance of anaphylaxis (SRS-A) of biological origin as
the agonist [4], the first in vitro tests were developed, and compound FPL-55712
(Fig. 11.1) identified as an antagonist of the smooth muscle contracting activity of
SRS-A [5].

Compound FPL-55712, therefore, represents the first putative antagonist of
SRS-A. In 1979, Bengt Samuelson at the Karolinska Institute (Stockholm) reported
the structure of SRS-A as a variable mixture of three substances, designated
leukotriene Cy4, leukotriene D, and leukotriene E, (LTC,4, LTD, and LTE,). Each
molecule differs in the nature of the cysteine-containing peptide attached at C6
(Fig.11.1) [6]. All three leukotrienes were subsequently shown to be derived from
arachidonic acid by catalytic oxidation via the 5-lipoxygenase pathway and conju-
gation of the intermediate LTA, with amino acids derived from glutathione. This
discovery enabled the more rationale design of LTD antagonists. It is important to
note that the complexity of the biological target, the “peptido-leukotriene receptor”,
consisting of a mixture of membrane proteins, precluded crystallization of single
receptor components or their complexes with potential antagonists, and thus their
more effective design. (The cysteinyl leukotrienes are now known to act on two
seven transmembrane domain G-protein-coupled receptors, CysLT-1 and CysLT-2,
the former being the main receptor sub-type on bronchial smooth muscle). The
chemical development pathway which is described below was, therefore, the result

0 o o]
~ N COOH OOC/\ NH, NH,
HOOC >N \ﬂ/\/\( H ” HO
H S o) NH, s s
NN COOH NI = COOH AN > COOH
OH _ _
= LTE
Lrc, LTD, 4
o]
° |
HO o™y"o o
Pr OH Pr
FPL-55712

Fig. 11.1 FPL-55712, the first antagonist of SRS-A, and the three main components of SRS-A
(LTC4, LTDy, LTE,)
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of continuous fine-tuning of the lead structures based on the assumed interactions at
the active site(s).

It was shown that LTD, exhibits potent contractile activity on smooth muscle
[7], including bronchoconstriction, together with changes in vascular permeability
in the airways [8]. LTD, is an extremely potent spasmogenic mediator of respira-
tory smooth muscle, being 10,000 times more potent than histamine in eliciting
contraction of human lung tissue [9], mainly through actions at the CysLT-1
receptor [10].

These and other studies led to the strengthening of the hypothesis that blockers
of LTD, might yield novel effective therapy of asthma. The first generation of
LTD, antagonists consisted of leukotriene analogues 2—4, which retained recogniz-
able structural elements of the natural compounds (Fig. 11.2).

Replacement of the polyene chain in 2 for substituted aryl mimetics in 3 and 4
led to moderately active compounds with improved metabolic stability, but these
compounds lacked the required pharmaceutical properties of good oral absorption
and a half-life suitable for further evaluation.

The second generation LTD, antagonsists 5—8 were characterized by a clear
departure from the biological lead structure (Fig. 11.3).

The important observation that the styryl-quinoline analogue 5 had similar
potency to LTDy, i.e. IC5q = ca. 0.5 uM, led to the conclusion that an extended
conjugated system could interact with the LTD, receptor in a manner similar to that
proposed for the natural LTD,. Previously, a hypothetical model of the leukotriene
D receptor had been postulated that recognized the flat n-system and the two polar

o
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Fig. 11.2 First generation of selective LTD, antagonists
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Fig. 11.3 Second generation selective LTD,4 antagonists
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acidic chains [11]. Studies were, therefore, initiated to derive structure activity
relationships (SAR), in particular to define where one might best add polar and
acidic functionalities to these planar, conjugated molecules. As a result, a few
hundred compounds were tested and lead molecules 6-8 emerged. They are char-
acterized by a 7-chloroquinoline unit conjugated to the second aromatic ring, in
addition to a carboxylic and another polar group.

Compound 6 was evaluated in clinical studies under the name verlukast, and it
was soon observed that its dithioacetal unit is metabolically unstable, being the
site of oxidative metabolism. Replacement of dithioacetal by a thioether moiety
was shown to yield compounds with comparable intrinsic potency. Further studies
indicated that incorporation of an aromatic ring into the alkyl side chain yielded
compounds 7 and 8 with the highest potency at the CysLT1 receptor. Not surprisingly,
these two diastereomers, with opposite configurations at the stereogenic centre bear-
ing the S-atom, exhibited remarkably different biological effects; peroxisomal
enzyme-induction was observed with compound 7, bearing the (R)-configuration at
the benzylic centre, while the (S)-diastereomer 8 was inactive and exhibited some
degree of toxicity [12].

Final lead optimization included examination of compounds that incorporate
thioalkanoic acid moieties, with particular emphasis on the steric bulk in the side-
chain. This allowed selection of the optimized compound, montelukast sodium
[(R)-1], incorporating a cyclopropyl unit at the B-position. Montelukast exhibited
the best overall potency profile, lack of liver toxicity and superior pharmacokinetics
(PK). Interestingly, this final lead optimization, which resulted in a clinical candi-
date and its successful marketing as a drug, was achieved with one sterogenic centre
less than in most of its immediate precursors. In view of the exponential enhance-
ment of synthetic complexity for each additional stereogenic centre in a chiral
molecule, it is reasonable that the number of stereogenic centres in a potential NDE
should be kept to a minimum.

11.3 Hydroboration of Ketones with Boranes from a-Pinenes
and the Non-linear Effect in Asymmetric Reactions

Montelukast has only one stereogenic centre but a complex assembly of functional
groups. Various synthetic approaches have been claimed [13-16] and published
[17-20]. In this and Sect. 11.4, we discuss selected and — from the synthetic
chemistry point of view — most demanding steps, on the pathway to montelukast
presented in Schemes 11.1, 11.7 and 11.9.

Condensation of 2-methylquinolone 9 with dialdehyde 10 (1.5 mol equiv), in the
presence of acetic anhydride afforded, after elimination of approximately 20% of
bis-adduct, compound 11 in 65% overall yield as a pure E-isomer. Grignard
reaction with vinylmagnesium bromide 12, under standard conditions, gives the
expected sec-alcohol 13, which is condensed with methyl-2-iodobenzoate 14, in the
presence of palladium acetate and lithium acetate in DMF, to yield ketone 18.
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Reagents and conditions: i. Ac,O/xylene, reflux; ii. toluene, =10 °C, then at -5 to 0 °C;
iii. Pd(OAc),, LiOAc, toluene, reflux under N,, 12 h; iv.(Ipc),BCI, hexane,
v. (i=Pr),EtN in THF, then 3.5 h at —20 °C; vi. MeMgCl, CeCl,, THF;
vii. MeSO,Cl, (i-Pr),EtN, toluene/MeCN; viii. DHP/Ph,PH*Br /toluene.

Scheme 11.1 Initial steps en route to montelukast sodium; synthesis of intermediate (S)-18

\BCI

(+)-(1R)-a-pinene (Ipc),BCI

Reagents and conditions: i. BHS.MeZS, THF, 0 °C; ji. HCI/Et,0, =78 °C to 0 °C

Scheme 11.2 Transformation of natural o-pinene to chiral borane ligand

Formation of this product, in the Heck coupling reaction, is the consequence of the
migration of the C=C bond repeatedly observed in this catalytic reaction [21], and
transitory formation of the enol form of ketone 15. Reduction of this ketone to the S-
enantiomer of benzylic alcohol 16 is the key step on the path to the (R)-enantiomer
of montelukast 1. The second Grignard reaction (vi), with subsequent activation of
the benzylic OH group (vii) and protection of tert-OH group (viii) afforded the first
key intermediate 18.

Enantioselective reduction of the ketone was studied in detail by a variety of
groups, and most conveniently achieved with (—)-chloro-diisopinocampheyl borane,
(Ipc),BCl, available from natural (+)-pinene according to Scheme 11.2.

This chiral reducing agent was developed by Chandrasekharan and Brown
[22, 23] and can be prepared in situ from both enantiomers of a-pinene. Later,
the Merck group made an important observation on the (—)-isomer; the reducing
agent prepared from 98% optically pure (—)-a-pinene gave benzylic alcohol S-16
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with 97% e.e. [17-20]. The same reagent, prepared from less expensive 70%
optically pure (—)-o-pinene, yields the alcohol S-16 with similar optical purity of
95% e.e, which can be extended even to 99.5% e.e. by using an excess of the reagent.
This effect, known as the non-linear effect (NLE) or asymmetric amplification, is
observed in the reductive step 15-16 with both enantiomers of borane-uo-pinene
reagent and has been explored on an industrial scale (Scheme 11.3).

This observation is underpinned by the general principle for enantioselective
reactions, first formulated by Wynberg and Feringa that “when a chiral substance
undergoes a reaction, the reaction rate and the product ratio will depend, inter alia,
upon the enantiomeric excess present in the starting material” [24]. This is not
always the case, however, as was first observed by H. B. Kagan and C. Agami, who
also suggested that the phenomenon be called the non-linear effect (NLE) [25]. The
NLE appears when the enantiomeric purity of the product is not proportional to that
of the catalytic chiral auxiliary, and is schematically presented in Fig. 11.4.

Deviations from a linear relationship can be divided into two types: a positive
NLE appears when the product e.e. is greater than that calculated from the e.e. of

N OH O._OMe
borane-(-)-a-pinene P X
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Scheme 11.3 Opposite enantioselectivities in hydroboration of 15-16 by boranes from enantio-
meric o-pinenes
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Fig. 11.4 Schematic presentation of the non-linear effect (NLE)
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the chiral auxiliary. A negative NLE appears when the enantiomeric excess of the
product is less. To explain this phenomenon, Kagan and Agami suggested that
dimeric complexes give rise to an NLE. Suppose a metal binds two ligands [25]. An
enantiopure system, in this case, contains only homochiral complexes, MLgLy or
ML Ly, but in an enantio-impure system, heterochiral, or meso-complexes, MLzLg,
also can be formed. The enantiopure complex, MLgLg, of the minor enantiomer, is
least probable. If the meso-complex is active, it competes with the homochiral
catalyst, and because the meso-complex forms racemates, the product e.e is less
than that expected of the chiral auxiliary. But if the meso-complex is inactive, the
homochiral complex is effectively enriched. Product enantiomeric excess of the
chiral auxiliary is consequently higher than expected. This relation can also be
presented in terms of the equilibria shown in Scheme 11.4.

The most simple system in which an NLE is possible appears when n = 2, so
that dimerisation, as the most simple type of aggregation, can take place. Here,
possible optically active options are homochiral (R,R) and (S,S) and inactive
heterochiral (R,S) aggregates.

This situation actually arises in the hydrogenation of 15 (Scheme 11.5). In this case,
the competitive reducing agent can be either the homochiral (—)-(1R,1’R)-(Ipc),BCl

Forn=2:
(n-)R+iS R)ni(S) (2-)R+iS == /(R),.i(S)/
n: dimension of aggregate i=0: R,R homochiral
i number of molecules with i=1: RS heterochiral
S-configuration in aggregate i=2: S8 homochiral

(n-i):  number of molecules with
R-configuration in aggregate

Scheme 11.4 Possible equilibria between homo- and heterochiral complexes or aggregates
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Scheme 11.5 Mechanism of hydroboration by (—)-(1R,1’R)-(Ipc),BCl, exemplified by ketone 15
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or the heterochiral complex. Only the former can reduce 15 by enantioselective
hydrogen transfer in the intermediary complex. The co-ordinated ketone extends the
large aryl group into the less hindered pseudo-equatorial position whereas the alkyl
group is accommodated in the pseudo-axial position of the chelate ring. The boron
moiety initially formed is removed in this example by precipitation with diethanola-
mine, which allows recycling of the chiral auxiliary, although some other work-up
procedures are possible.

In conclusion, hydrogenation of the intermediary ketone 15 with borane derived
from (—)-o-pinene proved to be highly site- and enantioselective, confirming the
practical value of this non-catalytic reduction protocol.

11.4 Ru(II) Catalyzed Enantioselective Hydrogen Transfer

Another method of enantioselective hydrogenation of 15 to 16 en route to mon-
telukast was studied by Noyori et al. using Ru(Il)-catalyzed asymmetric hydrogen
transfer and formic acid as the source of hydrogen [26]. The catalytic complex 19
and the reductive process are presented in Scheme 11.6.

Before considering the mechanism of this important variant of asymmetric
hydrogen transfer, let us first look at earlier methods used in the field. Most of
them were based on 2-propanol as the favourable organic source of hydrogen, and
represent catalytic variants of the Meerwein-Verley-Ponndorf “name reaction” which
uses large quantities of Al-isopropoxide at elevated temperatures (Scheme 11.7)
[27, 28].

Although catalytic transfer hydrogenation of ketones to alcohols with 2-propanol,
according to this scheme, offers an attractive alternative to the reaction with di-
hydrogen (molecular hydrogen), it encountered inherent chemical problems when

Me Me

/TS

N\ X (0] COOMe

Ru HCOOH/Et,N 4+ al O —

Sy Me * NZNF
©’ 2 Cl (5:2 azeotropic 15

mixture)

19 (R,RA)-Ru(ll)

70%, 92% e.e.

Reagents and conditions: i. HCOOH/Et,N as the solvent, 28 °C, substrate/catalyst ratio 200:1

Scheme 11.6 Catalytic asymmetric hydrogen transfer on the pathway to montelukast
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Reagents and conditions: i. chiral organometallic catalysts, base

Scheme 11.7 General scheme of catalytic hydrogen transfer from 2-propanol

attempted in its asymmetric or “chiral” version. First, the occurrence of the reversal
reaction, resulting from the structural similarity and close electrochemical poten-
tials in the above redox process of the hydrogen donor and product, both being sec-
alcohols, frequently compromises the enantiomeric purity of the chiral product
[29]. Besides, the unfavourable ketone-alcohol equilibrium ratio often prevents a
high conversion.

An elegant solution to these problems was found in the use of formic acid as
the source of hydrogen. This hydrogen donor can be viewed as an adduct of H,
and CO,, and effects the reaction irreversibly with truly kinetic enantioselection,
usually with 100% conversion. Use of formic acid in enantioselective reduction of
ketones has remained elusive because of the lack of a suitable transition metal
catalyst, until Noyori et al. made a breakthrough in this field [26, 30]. These
authors enormously improved asymmetric catalysis by the discovery of Rh(II)
complexes, modified with an arene ligand and a chiral N-tosylated 1,2-diamine,
as effective catalysts in the presence of formic acid-triethylamine azeotropic
mixture. Reduction according to Scheme 11.6 can be conducted conveniently
in an open vessel using a mixture of /RuCl,(n°-mesytilene),/complex and
(IR 2R)-N-(para-tolylsulfonyl)-1,2-diphenylethylene diamine (TsDPEN) in a formic
acid-triethylamine solvent, without isolating the (R,R)-Ru(Il) catalytic complex 19.

The reactivity and enantioface-differentiation capability of the complex 19
results from the compromise between the steric and electronic properties of the
n°-mesitylene ligand and the chiral diamine. In complex 19, mesitylene displays a
better enantioselectivity, with somewhat decreased reactivity, than the unsubsti-
tuted benzene. Even more interestingly, the presence of the NH, terminus in the
TsDPEN ligand proved of crucial importance. The NHMe analogue showed a
comparable enantioselectivity but with much lower reactivity, whereas the NMe,
derivative gave very poor reactivity and enantioselectivity! In the reduction of 15
another important aspect is complete site-selectivity, involving reduction of the
carbonyl group without affecting the olefinic bond, ester function, quinoline ring or
the hydrogenolysis of the halogen atom.

Successful application of the (R,R)-Ru(Il) catalyst 19 in the synthetic route
to montelukast sodium is an elegant example of how fundamental knowledge
of a catalytic process enables development of a robust and effective catalyst,
which is useful on an industrial scale in the synthetic development of a chiral
drug.
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11.5 Biocatalytic Reduction with Ketoreductase
KRED (KetoREDuctase)

In spite of these two relatively efficient reductions of the carbonyl group in 15, two
research teams have jointly developed a biocatalytic process as an alternative
approach, applicable to large scale production of the enantiopure intermediate 16
[31]. Through synergistic efforts in process chemistry, molecular biology, bioinfor-
matics and high throughput screening, a ketoreductase KRED (KeftoREDuctase)
with very high enantioselectivity, >99.9% e.e., was developed. This biocatalytic
process was scaled-up to produce a >200 kg batch (Scheme 11.8) [31].

KRED reductase was developed by enzyme evolution technology, and targeted
enzyme activity was approximately 1,000-fold higher than that of the initial
enzyme [32]. Fine-tuning of the enzyme evolution through 19 mutations gave the
final strain with activity at 45°C that yielded 100 g of substrate 15/L in 24 h at an
enzyme concentration of 3 g/L.

The main technological issue in developing this process was the highly hydro-
phobic nature of the substrate 15 (clog P approx 7; for comparison n-heptane has
clog P approx 4), rendering it virtually insoluble in water. Since the two reactions in
Scheme 11.8 form an equilibrium, elimination of the acetone side-product via
distillation is required to drive reduction of 15 to completion. Fortuitously, both
problems were solved, and the crystalline monohydrate of 16 was obtained using a
mixture of the solvents (iso-PrOH/toluene/aq. buffer) and slow distillation of the
acetone formed in the reaction. The resulting reaction was “self-driven” to 99%
conversion by continuous precipitation of the product 16 from the reaction mixture.

O N o COOMe . B OH  COOMe
i
@aravags Ao
15 KRED 16

NAD(P)-H NAD(P)
0o HO H

JL MeXMe

Me Me

Reagents and conditions: i. 100g/L substrate 15 loading, i-PrOH/toluene/Et,N buffer, pH 8 (5:1:3),
KRED 3-5 wt.%, r.t., 40-45h.

Scheme 11.8 Codexis’ biocatalytic reduction of 15-16

11.6 CeCl;-THF Solvate as a Promoter of the Grignard
Reaction: Phase Transfer Catalysis

The extraordinary effect of Ce(IIl) chloride on the Grignard reaction in step vi of
the Scheme 11.1, giving significantly better yields of the fert-alcohol 17 than in the
reaction performed in its absence, deserves analysis and comment. This step was
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studied in detail, and it was demonstrated that the use of properly activated Ce(III)
chloride overcomes undesired reactions, such as enolization, reduction and conden-
sation, competing with the formation of zert-alcohols [33].

g+

The activated Ce(III) chloride was identified as the THF solvate I, and its crystal
structure was determined. It was shown that the total water content in the system during
the Ce(III) chloride activation is a critical factor controlling selectivity towards the terz-
alcohol 17. Under optimized reaction conditions, formation of the methyl ketone was
suppressed by 12-20% to 0.74%, and selectivity of conversion to the diol 17 enhanced
by up t0 99.2% with 100% conversion of 16. The beneficial effect of hydrated Ce(III)
chloride complex is postulated to be due to suppression of the enolization of the
methyl ketone intermediate and formation of less basic and more nucleophilic
species with the Grignard reagent. Despite extensive efforts, the structure of this
reagent formed from Ce(III) chloride and Grignard reagents remains unknown [33].

The route to the second key intermediate 26, an achiral thiol bearing a cyclo-
propyl unit, requires nine steps from diethylmalonate (Scheme 11.9).

It is worth mentioning here the method by which the hydroxyl group in 24 is
replaced by the thiol group in 26. It is based on the high nucleophilicity of the soft
Cs-salts of thioacids and the selective split of the S—C(=0) bond in the

OH CN
COOEt COOEt ,
( i i i iv,v
COOEt COOEt
B20” ,, BzO” o3
20 21
COOMe

COOMe COOMe
vi ﬂ) vii,viii ﬂ) ix ﬂ)
—_— —_—
HO 24 AcS 25 HS 26

Reagents and conditions: i.1,2-dibromoethane, NaH/toluene; ii. LiAIH,/THF,
iii. BzZCOCl/pyridine; iv. MsCl, Et;N; v. NaCN/DMSO;
vi. KOH, EtOH/H,0; vii. MsCl, Et;N; viii. AcSCe, DMF;
ix. NH,NH,,.

Scheme 11.9 Synthesis of the cyclopropane-derived building block 26 on the path to montelukast
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i. 28, Na-tert-BuQ, toluene, PEG-600, -10 °C;
ii. (S)-16/THF, from -10 °C to r.t., then 5-6h.

Scheme 11.10 Alternative process for thiolation step on the pathway to (R)-1

intermediary thioesters by hydrazine under mild conditions [34]. Importantly,
substitution of the thiobenzoic or thioacetic acids in DMF by caesium salts allows
the reaction to proceed virtually without racemization of the optically pure sec-
mesylates or tosylates, which can be deacylated with hydrazine or ammonia to
afford enantiomerically pure thiols [35].

With thiol 26 available, the process was improved using free acid 28 as a
thiolating agent, and non-THP protected (S)-27 (Scheme 11.10). Formation of the
C-S bond in (§)-27, with inversion of the configuration, is the last crucial step in the
synthesis of montelukast. It was soon observed that the original conditions for steps
i and ii in Scheme 11.10 needed improvement, since the yield of montelukast in the
product mixture was regularly low and large quantities of the side-products 29 and
30, up to 60%, were observed [36].

To avoid this inconvenience, stabilization of the disodium salt of thiol carbox-
ylic acid 28 was achieved through solvating metal by linear and cyclic polyethers.
They acted as phase transfer catalysts (PTCs), which can solvate metal ions and
thus increase the solubility and reactivity of nucleophilic reagent. The increased
reactivity of the nucleophilic reagent, the dialkali metal salt of 28, resulted in higher
selectivity of the process and unwanted competitive reactions were suppressed.
Polyethylene glycol (PEG-600) proved a particularly effective component of the
reacting system. Using the conditions indicated in Scheme 11.10, a scale-up process
was developed on a kg-scale, affording (R)-1 in 85.7% yield at 93% conversion.

11.7 Conclusion

There are many synthetic routes to montelukast [13-20]. As for other successful
drugs on the market, many of these routes have been developed by chemists in
companies that are not primarily involved in development of new drug entities



References 153

(NDEs, see Sect. 1.1). These are usually referred to as generic companies, since
they focus their R&D and business activities on active pharmaceutical ingredients
(APIs) for which patent protection will expire. Contrary to general belief, generic
companies are by no means pirate companies just awaiting the expiration of patent
protection. To the contrary, their investment in R&D is growing and their research
targets are becoming increasingly sophisticated. Such companies generally initiate
their R&D projects 8—10 years before termination of the patent protection of an
APIL Their aim is to make innovative contributions, such as developing original
and more effective synthetic routes or inventive pharmaceutical forms that make
possible new routes of therapy, in particular those based on new polymorphs with
favourable bioavailability and pharmacokinetic (PK) properties. Obviously, in view
of their long-term targets, interdisciplinary research and high total costs, such
research projects become much more like NDEs and approach the philosophy of
innovative companies. In other words, the borderline between these two enterprises
is disappearing, and in the future they will tend to merge.
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Chapter 12
Thiolactone Peptides as Antibacterial
Peptidomimetics

Abstract

Biological target: Thiolactone peptides are macrocyclic peptides that bind, on
the surface of Staphylococcus aureus bacteria, to the accessory gene regulator C.
This acts as a receptor for auto-inducing and quorum-sensing peptides produced by
the bacteria and regulates the bacterial growth.

Therapeutic profile: In mimicking the quorum-sensing peptides, the thiolactone
peptides act as antibacterials, naturally regulating the growth of the bacteria.

Synthetic highlights: This chapter describes the background for the development
of modern peptide syntheses. This involves chemical ligation of unprotected pep-
tides carried out with chaotropes. Using a transient thioester-linked intermediate,
native chemical ligation (NCL) of two unprotected peptides is achieved. With
Fmoc protecting groups and the use of Rink resin, chemoselectivity of peptide
synthesis is feasible. The development of NCL, as applied to thiolactone peptide
synthesis, is considered in detail.

12.1 Introduction

This chapter is devoted to a biologically active macrocyclic compound 1, which is
neither a drug molecule that has been introduced into therapy nor was its stereo-
chemistry created by a synthetic chemist. Compound 1 is both a cyclic polypeptide
and a macrocyclic thiolactone at the same time.

)\ o OH

a

@@ ¢ f,/OH

1 o

The therapeutic importance of peptides and cyclopeptides is well known [1-4].
Their therapeutic profile ranges from anti-diabetic and cytostatic agents in addition
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to a wide variety of other activities [5—7]. Recently, it was discovered that thiolac-
tone peptides act as potent anti-microbials, thanks to their specific mechanism of
action. This discovery has opened the door to a new concept for the therapy
of infective diseases and initiated research into original synthetic routes to this
class of compounds.

Huge progress has been made in synthetic methodologies for the construction
of cyclopeptides, and of thiolactone peptides in particular. The original methods
developed by peptide chemists in constructing large peptides, and cyclopetides
containing a thiolactone group, represent an exceptional achievement by the
pharmaceutical industry. In comparison with the classical peptide synthetic pro-
cedures, these new methods have broadened the capacity for the preparation of
large proteins with considerable implications for the development of molecular
biology (genome construction). On the other hand, they have created the potential
to synthesize polypetides with additional functionalities, such as a thioester group,
that are not easily amenable to classical liquid-phase protein synthesis (LPPS) or
solid-phase protein synthesis (SPPS). These new synthetic concepts are referred to
as chemical ligation (CL) and native chemical ligation (NCL) and will be discussed
in more detail in relation to the synthesis of the target thiolactone peptide 1.

This compound is a cyclic, non-natural peptide with a thiolactone unit and a
representative of the group of cyclic peptide inhibitors of staphylococcal virulence.
Thiolactone peptides are expected to act as anti-bacterial therapeutics by a highly
specific mechanism, as outlined in the following sections.

12.2 Virulence and Quorum-Sensing System
of Staphylococcus aureus

An ever-increasing number of modified bacterial strains, and in particular, the
emergence of antibiotic resistance in microbial species have become serious con-
cerns for the therapy of microbial infections [8, 9]. It is clear that pathogens
continue to adapt more quickly than new antibiotics can be developed. Conse-
quently, there is a pressing need to identify new types of antibacterial agents, and it
has been suggested that interference with the expression of microbial virulence (the
inherent disease-causing capacity of a micro-organism) may represent a promising
anti-bacterial approach [10, 11]. Targeting bacterial systems associated with viru-
lence rather than their essential cellular processes is becoming a preferred research
approach to anti-bacterial therapy.

The discovery of a global regulatory system for virulence in S. aureus, mediated
by small auto-inducing peptides (AIPs) has opened a new avenue to the interruption
of microbial defences, and consequently, to overcoming resistance to many anti-
biotics. Microbial defensive mechanisms, based on mutation, drug efflux pathways,
biofilm formation and the secretion of virulence factors, have become the major
threat to modern antibiotic therapy.
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Fig. 12.1 Proposed

mechanism of the two- AIP. . .
component agr auto- @
induction system in S. aureus
(reproduced from [14], by
permission of The Royal
Society of Chemistry. http://
dx.doi.org/10.1039/
B517681F)

bacterium HK = histidine kinase

To begin with, let us briefly consider the function of AIPs and their role in
quorum sensing. AIPs function as extracellular signalling molecules that allow
individual organisms to sense the surrounding bacterial population density. Once
a critical bacterial count is achieved, designated a “quorum”, the bacteria modulate
their gene expression and thereby their rate of reproduction. This results in co-
operative behaviour that confers sustainability to the whole developing colony.
Remarkably, each of the secreted AIPs can activate an accessory gene regulator
(agr) within the same colony and inhibit the agr response in strains belonging to
other colonies [12, 13].

Thus, to a large extent, local cell density, as one of the most important
factors in the pathogenesis of S. aureus, can be regulated by “quorum sensing”
mediated by a group of small macrocyclic peptides. The quorum-sensing system
in S. aureus is encoded by the agr locus and is shown schematically in Fig. 12.1
[14].

Accessory gene regulator B (AgrB) processes the propeptide AgrD to generate
an AIP and secretes this into the extracellular milieu. The AIPs bind to the AgrC
receptor, the intracellular unit of which is a histidine kinase (HK) that phosphor-
ylates the intracellular response regulator AgrA. This second signalling component
then promotes gene transcription that induces increased virulence and produces
more agr proteins, completing the auto-induction circuit.

The surface protein receptor, AgrC, is an especially attractive and viable target
for therapeutic control, as its inhibitors need not permeate the cell membrane. This
greatly simplifies the constraints regarding pharmacokinetic properties of drug
candidates, which require only a low molecular weight and sufficient lipophilicity
to achieve membrane permeability. More precisely, knowledge of the structure and
composition of the S. aureus auto-inducing peptides, AIPs I-IV (Fig. 12.2), per-
mitted the design of synthetic analogues with inhibitory properties.

The key step in the synthesis of analogues of AIPs I-IV consists of the inser-
tion of the highly reactive thiolactone unit in between the cysteine SH group and
the carboxylic group of amino acids at the C-terminus. Generally, thioesters are
regarded as activated carboxylic acids, useful intermediates in the synthesis of more
stable derivatives such as esters and amides. Formation of thioesters is, therefore,
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Fig. 12.2 Schematic representation of auto-inducing peptides AIP I-IV from S. aureus species

an energetically “uphill” process, which requires very specific protocols in order to
be successful.

Before entering the specific topic of insertion of the thioester unit into peptido-
mimetics, it is first relevant to overview briefly two related achievements in
synthetic peptide chemistry methodology.

12.3 Development of Chemical Ligation in Peptide Synthesis

At the turn of the last century, most proteins were obtained by recombinant DNA-
based expression of proteins in genetically engineered cells [15]. This method
revolutionized the study of proteins by enabling the production of large amounts of
proteins of defined molecular composition, and allows for the variation of the amino
acid sequence of the proteins [16]. As the cell is used as a protein factory, such
molecular structures are inherently limited to the 20 genetically encoded amino acids.
The technology is further limited by the dimensions of proteins, usually only those
with a molecular weight of below 30 kD are easy to express. Large multi-domain
proteins that are often toxic to the cell are difficult to generate [17].

Chemical synthesis of proteins, as an attractive alternative to biological methods
of protein production, also has its advantages and inherent limitations. It promises
unlimited variation of the covalent structure of the polypeptide chain, including
incorporation of non-natural amino acids. However, synthesis of even small protein
molecules by the standard methods of peptide chemistry has remained a daunting
task. Such synthesis has often required large teams and taken years to complete,
with no guarantee of success. By the classical methods, routine and reproducible
preparation of synthetic polypeptides was limited to products of up to 50 amino
acid residues. Historical progress in polypeptide synthesis, from coupling of
N-carbobenzyloxy (N-Cbz) protected amino acids (AAs) in solution (LPPS) via
SPPS to the recently introduced chemical ligation (CL), is presented in Fig. 12.3 [18].



12.3 Development of Chemical Ligation in Peptide Synthesis 159

200 AA [ T T T
Protein functional domain
100 AA 777777 e e e NG
Chemical
L Coz o . ....sPPS ... ligation
Smallest I I I
proteins - 490g 1932 1962 1992

year

Fig. 12.3 Historical progress in the size of synthetically accessible polypeptides (modified from
[18])

None of these methods, however, allowed for the synthesis of functional proteins
or of enzymes in particular. Their inherent limitations include the technically
demanding preparation of protected AAs and smaller protein segments and the
lack of an effective method for the purification of protected segments. Most
importantly, the lack of ionisable groups in fully protected peptides precludes direct
analysis by electrospray mass spectrometry (ESM), a powerful tool in the analysis
of large molecules. The poor solubility of fully protected peptides in organic
solvents made them difficult to manipulate, and the low attainable concentrations
of reacting segments often led to slow and incomplete reactions [19].

Usually, unprotected peptide segments are readily soluble, can be more easily
handled and can be directly characterized by ESM. The most efficient method for
the synthesis of unprotected peptides is SPPS, introduced by Merrifield in 1963
[20], and by 1980, it had been developed into a powerful tool for the synthesis, in
good yield and high purity, of peptides with up to 50 AAs [18].

With these available achievements, the situation was ripe for the most important
discovery in protein synthesis, chemical ligation (CL) of unprotected peptide
segments [21-24]. The method is based on the principle of chemoselective reac-
tions, which are facilitated by mutually reactive functional groups in the presence of
other, notably, less reactive functionalities. This novel chemical ligation approach
to peptide chemistry relies on the principles outlined in Scheme 12.1 [23].

Two reactive functional groups are usually incorporated into each peptide by
chemical synthesis. Their mutual recognition triggers a chemoselective reaction
and allows the use of completely unprotected peptide segments, which led to a
marked increase in the size of available synthetic peptides in recent years, as
presented in Fig. 12.3. The fact that such chemoselective reactions may be carried
out in aqueous buffers is of considerable methodological importance. In addition,
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Scheme 12.1 Principles of chemical ligation (modified from [23])

the reactions are carried out with chaotropes, polar salts that increase the concen-
tration of the reacting segments by a specific salting-in effect and consequently
enhance the rate of reaction. The broadly used chaotrope, 6 M guanidine hydro-
chloride, increases the solubility of the reacting peptides, thereby, allowing the use
of higher peptide concentrations to accelerate the CL reaction.

As simple as this methodology can be, it is not without a principal drawback.
This is presented by the formation of an unnatural bond at the site of ligation
between the two peptide segments. Such bonds include thioester- [25], oxime- [26],
thioether- [27], disulfide- [28] and thiazole-forming [29] CL. These unnatural
structures, however, are often well tolerated within the folded protein and examples
exist of fully active protein molecules synthesized by CL [23].

12.4 Development of Native Chemical Ligation;
Chemoselectivity in Peptide Synthesis

On the basis of these methodologies that afforded proteins in high yield and good
purity from unprotected building blocks, only one step remained to achieve the
synthesis of large peptides with a natural amide bond at the ligation site. In 2004,
Dawson et al. discovered an ingenious extension of the CL principle, and named it
NCL [30]. This process is outlined in Scheme 12.2 [23].

Simply mixing two peptide segments together that contain correctly designed
and mutually reactive functional groups led to the formation of a single polypeptide
product containing a native peptide bond at the ligation site. The essential feature of
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Scheme 12.2 Schematic presentation of native chemical ligation (NCL) (modified from [23])

the NCL method is the transient formation of the thioester bond followed by an S-
to N-acyl shift. The thioester bond is expressly designed to undergo spontaneous
rearrangement via intramolecular nucleophilic attack of the amino group to form
the amide-linked product.

The critical feature of the NCL method is that ligation occurs at an N-terminal
Cys residue, no matter how many additional internal Cys residues are present in
either segment. Such fascinating chemoselectivity allows the use of unprotected
functional groups present in either of the two reacting proteins. For detailed studies
of the mechanism of the NCL reaction, the interested reader should consult the
studies by Dawson et al. [31, 32]. Here it suffices to say that transesterification of
esters into thioesters represents an energetically “uphill” process in view of the
higher reactivity (lower stability) of the latter. It can be achieved if the subtle
interplay between entropic and enthalpic factors favours the process, or if the
product is present in a low steady-state concentration, and is consumed in the
subsequent irreversible step, as for the NCL process shown in Scheme 12.2.

More recent improvements of the NCL methodology have been reported by
Botti et al. [33] and Danishefsky et al. [34, 35]. Botti has developed a strategy that
allows the formation of thioester peptides compatible with an Fmoc protecting
group, thus solving an old problem in peptide chemistry [29, 30]. The elegance of
this method is demonstrated in Scheme 12.3 [33].
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Scheme 12.3 Native chemical ligation through an in situ O- to S-acyl shift (modified from [33])

This simple scheme apparently hides a highly inventive solution to the chemo-
selective reactivity problem. The electron-withdrawing carboxamido group is intro-
duced into I, adjacent to the O-atom in the ester bond, activating the C—O bond in
the C(O)-O-C,, unit. The carboxamido group makes the hydroxyl a better leaving
group in II and allows the unfavourable, “energetically uphill” O- to S-acyl
migration to form III. The reactive thioester intermediate IV is formed on addition
of the second peptide unit, then withdrawn from the equilibrium with the formation
of the new peptide bond in V (Scheme 12.3).

This key step has enabled the synthesis of peptides in the solid phase, preferably
on the Rink-amide resin, according to Scheme 12.4 [33].

Under solid-phase conditions, fluorenylmethyloxycarbonyl (Fmoc)-Cys-(tert-
butylthio)-OH is coupled, in a first step, to the amino Rink-PEGA resin using
standard HBTU coupling. This yields, after Fmoc group removal, the starting
resin VI. A detailed explanation of the structure and use of the Rink-amide resin
is given in the next section. The N-terminal free amino group is transformed into
hydroxyl group in VII via the diazo salt, reacting with KNO, under aqueous
conditions. These steps generate the carboxamide 3-ferz-butylsulfanyl-2-hydroxy-
propionamide template, which is esterified to VIII by O-benzotriazole-N,N.N',
N'-tetramethyl-uronium-hexafluorophosphateldiisopropyl-ethylamine (HBTU/DIEA)
coupling reagents. Further steps in Scheme 12.4 afford peptide I, with a protected
cysteine unit at the ligation site, ready for deprotection and ligation according to
Scheme 12.3.
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I on the Rink-amide resin (modified from [33])

12.5 Development of NCL in Thiolactone Peptide Synthesis

As mentioned in the introduction to this chapter, the recent discovery of thiolactone
peptides as potential antimicrobial agents, based on their ability to act as antago-
nists of natural auto-inducing peptides (AIP), prompted the new synthetic achieve-
ments, which permitted the synthesis of these cyclic peptide inhibitors. Here, we
discuss the most recent achievement in the synthesis of AIP mimics, based on an
original linker for the Fmoc-based solid-phase methodology.

Previous AIP syntheses involved a combined solid-phase solution route.
According to this new method, a linear unprotected peptide, a-thioester XI, pre-
pared by fert-butoxycarbonyl (fert-Boc)-SPPS undergoes cyclization to XII
through frans-thioesterification, and elimination of the resin in aqueous buffer to
yield the thiolactone peptide XIII (Scheme 12.5) [36].

In all of the peptide bond-forming steps, N-Boc-AA is activated by the HBTU/
DIEA system, and the Boc group removed with anhydrous HF. The latter creates a
bottleneck in the process, and the replacement of Boc by an Fmoc protecting group
became the key objective.

This problem was first addressed by Muir et al. [36], adopting the Botti method-
ology [33]. In this approach, Fmoc-cysteine-(t-BuS)-COOH was first coupled with
polylacriloyl-bis(aminopropyl)polyethyleneglycol] (PEGA) resin, followed by
a-aminodiazotation, as shown in Scheme 12.4. Subsequent hydrolysis under aque-
ous conditions affords the a-hydroxycysteine resin. The crucial drawbacks of this
method are the low isolation yields due to the limited options for resins that have
good swelling properties in water.

Design of the new linker, its synthesis and successful application to novel AIP
synthesis was recently achieved by the same group [36]. To overcome the limitations
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Scheme 12.6 Preparation of the linker 8 (modified from [36])

mentioned earlier, the authors designed a solution-phase synthesis of an original
linker, 2-(fert-butyl-dimethyl-sylanyloxy)-3-zert-butyldisulphanyl-propionic acid (8).
This molecule is an a-hydroxycysteine congener that acts as a masked thioester and
can be coupled with any resin using standard procedures. Preparation of 8 is outlined
in Scheme 12.6 [36].

This linker was bound to a Rink-amine resin, and the O-zert-butyldimethylsilyl
(OTBS) protecting group removed by tetrabutylammonium fluoride (TBAF) in
THF, affording 11 (Scheme 12.7). A detailed description of the reaction and
work-up conditions in this scheme will serve to demonstrate the sensitivity of this
initial step in SPPS technology.

Selective deprotection of the Fmoc protecting group, either on the Rink resin or
on the first AA bound to the Rink resin, is presented in Scheme 12.8.

This solid phase comprises a polystyrene-bound benzylamine unit, in which
removal of the prepared peptide unit is triggered by the formation of a benzylic
carbocation, stabilized by the three alkoxy electron donating groups (EDG). With
the linker bound to the Rink resin (11), the authors completed the O-acylation with
N-Fmoc-Phe to obtain 17 (Scheme 12.9).
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Scheme 12.9 once again shows the details of the reaction conditions and work-
up. The work-up requires protection of all the remaining amino groups by acetyla-
tion, and removal of the TBS group by a non-hydrolytic agent in THF.

SPPS of the thiolactone peptide precursor 22 was completed by sequential
addition of N-Fmoc protected AAs (Phe, Lys, Ser, Ser and Cys). This sequence is
presented in Scheme 12.10.

In the last step, removal of the pentapeptide was completed with simultaneous
formation of the thiolactone unit, as outlined in Scheme 12.11.

The key reagent in the final step is the addition of the mild reducing agent, tris-
(2-carboxy)ethyl phosphine (TCEP), which permits the formation of the thiol
group, deprotonated at pH 6.6-6.8 and its intramolecular attack on the activated
ester group. In this step, the cyclopeptide 1 is removed from the solution and
purified by semi-preparative HPLC.
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Scheme 12.10 SPPS of 22, the acyclic precursor of the thiolactone peptide 1
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Scheme 12.11 Final step in the SPPS of the thiolactone peptide 1
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12.6 Conclusion

The crucial steps in the synthesis of peptides by SPPS, CL and NCL, avoiding the
massive introduction and elimination of protecting groups, illustrate the elegance
and novelty of this approach. The methods have prompted the development of new
solutions to solid-phase synthesis, as in the instructive approach to the auto-
inducing antibacterial peptidomimetic 1. This compound, with its congeners, is
expected to act as a blueprint for new antibacterials to treat infections with highly
resistant micro-organisms, thus, solving one of the most important current problems
in the therapy of infectious diseases.
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Chapter 13
Efavirenz

Abstract

Biological target: Efavirenz is a non-nucleoside analogue, direct inhibitor of
reverse transcriptase (RT) and thus blocks the transcription of human immunodefi-
ciency virus-1 (HIV-1) viral RNA into the genome of infected cells. The binding at
the active site of RT involves unique steric interactions.

Therapeutic profile: The drug is a first choice therapy for patients with HIV-1
infection.

Synthetic highlights: The initial step in the synthetic pathway to efavirenz
involves the asymmetric addition of an alkyne anion to the ketone C=O bond.
The generation of chiral Li* aggregates elegantly determines the stereoselectivity of
the reaction. Scale-up of alkynylation is promoted by the use of Et,Zn as a weak
Lewis acid.

13.1 Introduction

Efavirenz ((S)-1, (—)-6-chloro-4-cyclopropylethynyl-4-trifluoromethyl-1,4-dihydro-
2H-3,1-benzoxazin-2-one, Sustiva®, Stocrin®™) is widely prescribed for the treatment
of the acquired immunodeficiency syndrome (AIDS) and symptomatic HIV-1 infec-

tions [1, 2].
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AIDS is caused by two types of viruses, human immunodeficiency viruses HIV-1
and -2, the former being the most prevalent. In 2008, an estimated 33.4 million
people worldwide were living with an HIV infection, and around 2 million of these
die each year [3]. The AIDS epidemic remains a challenge to worldwide healthcare.
In the USA alone, since 1980, $170 billion has been spent on AIDS research, and
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more than $20 billion is still being invested annually. Patients infected with HIV
require long-term therapy with effective and inexpensive drugs administered at
convenient once-daily doses, without pronounced side effects, and with lowered
capacity to induce resistance in the rapidly mutating HIV-1 virus [4, 5]. Although
the effective suppression of HIV infection is achievable with a combination of
drugs, the individual drugs are still prone to the development of resistance [6].
Therefore, new generations of more potent structural congeners of existing drugs
are under continual investigation. A prime example of such an active compound is
efavirenz (1), a successor to its active congeners 2—4.

Efavirenz is well absorbed orally and has a relatively long plasma half-life of up
to 55 h, permitting once daily administration. Although, like other drugs of this
class, it can exert undesirable CNS side effects, it has become the drug of choice in
initial standard triple therapy of HIV-1 infections, referred to as highly active anti-
retroviral therapy (HAART).

13.2 HIV-1 Reverse Transcriptase Inhibitors

HIV is an RNA retrovirus that binds to surface molecules (CD4 and chemokine
receptors) on white blood cells that are crucial for host defence. The virus then
enters the cell and uses its own biochemical machinery to transcribe the viral RNA
into DNA, which is then integrated into the DNA of the host cell chromosomes. The
host cell then starts generating viral proteins, which are modified by viral proteases
and used to construct new viruses that leave the cell to infect other cells.

While novel compounds are under development that inhibit the integration of
viral DNA into nuclear chromatin, as well as others that block new virus construc-
tion, the three main targets of current anti-HIV drug therapy are the surface mole-
cules that bind the virus at the cell surface, the viral enzyme, reverse transcriptase
(RT), which converts viral RNA into DNA and the viral proteases that modify viral
proteins for incorporation into new viruses. Reverse transcriptase inhibitors (RTIs)
were the first to be developed and remain the mainstay of HAART combinations.
There are three classes of RTI: the original nucleoside analogues, which act as false
message carriers in the nucleotide transcription process; non-nucleoside ana-
logues, which inhibit the enzyme directly, and the nucleotide analogue, tenofovir,
which is a pro-drug, activated by tissue esterases. Efavirenz is a non-nucleoside
reverse transcriptase inhibitor (NNRTI), inhibiting HIV-1 RT by inducing



13.2 HIV-1 Reverse Transcriptase Inhibitors 171

a conformational change in the enzyme to lock the polymerase active site into an
inactive conformation [7].

13.2.1 Steric Interactions at the Active Site

Due to the importance of its three-dimensional structure, including the absolute
(S)-configuration of efavirenz and the mechanism of its inhibition of HIV-1 RT,
some structural aspects of the interaction of efavirenz with the active site of
RT will be considered here in detail. The RT is responsible for the reverse
transcription of viral RNA into complementary DNA as soon as the virus enters
the host cell. It is therefore a preferred, deterministic biological target and
detailed structural and functional studies on the protein have been reported [8].
It possesses a specific, largely hydrophobic pocket and not surprisingly, NNRTIs
are targeted at this pocket. Characteristically, the shape of efavirenz and many
NNRTI congeners of the first and second generations show surprising similarity,
sharing a common butterfly-like conformation consisting of two wings, repre-
senting two specific m-electron-containing moieties that do not share a common
plane [9, 10].

This three-dimensional frame of efavirenz is governed by its single stereo-
genic centre, the absolute S-configuration inducing a helical-like arrangement
(with a very short pitch) of the four substituents at the stereogenic centre. It is
crucially important for the biological effects of the drug that the direction of
helicity, which is hidden in the three-dimensional structure of (S§)-1, matches the
helicity at the TR active site. Detailed studies of this interaction have demon-
strated the orientation of efavirenz in the bound HIV-1/RT complex [11, 12]. It
was found that the cyclopropylethynyl group is positioned within the top sub-
pocket at the active site, surrounded by the aromatic units of four amino acids
(Tyr181, Tyrl88, Trp229 and Phe227). This binding interaction is comple-
mented by the interactions of the benzoxazin-2-one ring, sandwiched between
the side chains of a single leucine (Leul00) and one valine (Vall16) residue. A
graphical representation of the attractive (red) and repulsive (blue) interactions
between efavirenz and the individual amino acid residues of HIV-1 is given in
Fig. 13.1 [13].

The net attractive interaction between efavirenz and the surrounding amino acid
residues amounts to ~22 kcal/mol, the most important contribution, ~11.3 kcal/mol,
being provided by two hydrogen bonds between the backbone Lys101 and the
carbamate group of the benzoxazin-2-one ring, as schematically presented in
Fig. 13.2.

These hydrogen bond interactions have not been observed in other HIV-1-RT/
antiviral agent complexes and are considered to be a distinguishing property of
efavirenz. Most importantly, these interactions provide the basis for the capacity of
efavirenz to dimerize two critical subunits of HIV-1 RT and inhibit DNA polymer-
ization. These two subunits are p66 and p51, which form a heterodimer with
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Fig. 13.1 Graphical
representation of the
attractive (red) and repulsive
(blue) interactions of
efavirenz and individual
residues of HIV-1 RT
(reproduced from [13], with
permission of Elsevier)

Fig. 13.2 Hydrogen bonding
between efavirenz and
Lys101 at the RT active site §

Lys101

a pocket of ~10 A at the active site. The p66/p51 heterodimer has a chiral structure
[13]. The four sub-domains form a segment of the right-handed helix, which
perfectly explains the requirement for the well-defined chirality of efavirenz and
its congeners as HIV-1 inhibitors. Efavirenz binding induces structural changes in
the dimeric face of the p66/p51 heterodimer, which account for its increased
subunit affinity and prevents its catalyzation of DNA polymerization.

Efavirenz 1 and its congeners 2—4 are prepared in a higher than 98% enantio-
meric excess on a scale of up to 5,000 kg. All of them either reached a late stage of
clinical testing or have been introduced into the regular therapy of AIDS [14, 15].
The remarkable synthetic achievements that resulted in the availability of this
valuable drug on the world market are outlined in the following sections.
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13.3 Asymmetric Addition of Alkyne Anion to C=0
Bond with Formation of Chiral Li* Aggregates

The initial step on the synthetic pathway to (S)-1 requires complete enantioselective
addition of cyclopropylacetilide carbanion of 6 to the ketone S to obtain the carbinol
(8)-7, followed by carbonylation of the 1,3-amino alcohol unit, as outlined in
Scheme 13.1.

13.3.1 Mechanism of the Chirality Transfer

The route via racemic carbinol 7 requires its derivatization into a mixture of dia-
stereomers, their separation by crystallization and final removal of the derivatizing
agent [16]. Moreover, the “wrong” enantiomer of tert-alcohol 7 cannot be racemized
via oxidation—reduction, a process that was successfully applied in the synthetic
approach to sertraline, as presented in Chap. 7. At Merck Research Laboratories,
the enantioselective alkynylation of trifluoromethyl ketone 5 by cyclopropylacety-
lene 6 was therefore studied as the key step in the asymmetric synthesis of enan-
tiopure efavirenz (S)-1 (Scheme 13.2) [16]. The observation that the Li-acetylide of

i G / FG /

al chiral R
CF. catalyst Cl Cl N
*+He=c=—<] ——— > oH 0
NH N/KO

2 NH,
5 6 (8)-7 (81

Scheme 13.1 Initial enantioselective step on the path to efavirenz, (S)-1

R,R
OH Ff 8a Me
N 8b Et
Ph R 8c n-Pr
Me 8d (=CH,-),
0
c CF. /
3 4+ H—— <|
NH,
5 6

Conversion 67-72%
e.e. 6-62%

Reagents and conditions: i. n-BuLi, chiral modifier 8a—8c, —25 °C.

Scheme 13.2 Chiral modifiers 8a—d used in the enantioselective alkynylation of ketone 5
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6 and Li-aminoalkoxides of chiral auxiliaries 8a—c form multi-component reactive
complexes proved to be critical for the success of this project. In the absence of a
reliable working hypothesis, the authors initiated the study of this reaction by
treating the unprotected amino-ketone 5 with a mixture of Li-cyclopropylacetylide
and Li-alkoxides of chiral amino-alcohols 8a—d (Scheme 13.2).

All four chiral auxiliaries are available derivatives of ephedrine. Structurally,
they are vicinal amino-alcohols, which are able to act as 1,4-N,O-bidentate ligands
for many metal cations. The stability of such complexes generally enhances with
the hardness of the central metal ion [17].

With the first three chiral auxiliaries, 8a—c, low to medium e.e.s of 7 were
obtained, far from values needed to make the process operate on a large scale.
Somewhat higher enantioselectivities were obtained when the reaction was per-
formed at —40°C with an N-para-methoxybenzoyl (PMB)-protected substrate 9
(Scheme 13.3). Even more important for the research concept than just enhance-
ment of e.e.s were the observations made in these experiments. First, 2 mol of the
acetylide and 2 mol of the chiral auxiliary were needed for complete ketone
alkynylation. Second, pyrolidino-ephedrine 8d proved to be the best auxiliary
amino-alcohol. With this auxiliary, an e.e. of over 98% was achieved, with com-
plete conversion of the ketone, but only when the acetylide-alkoxide solution was
first warmed to 0°C then cooled down to —40°C before addition of the ketone 9
(Scheme 13.3).

This result indicated that the lithium aggregates equilibrated at 0°C to form an
effective complex in the transfer of chirality. The experiments also revealed a non-
linear effect (NLE), suggesting that more than 1 mol of chiral auxiliary was
involved in the chirality transfer (more detailed discussion about the origin of
non-linearity in chirality transfer is given in Chap. 11).

. CF, F.C //f
| &

OH ~o i “ OH
H—<] + D + H —_— H
Ph N~
Me

N~

6 8d 9 O)\©\ 10 02\@
[ OMe

OMe

equilibrated at 0 °C | |
added at —40 °C

Equilibration temp. Enantioselectivity
—40°C 80-85%
0°C 98%

Reagents and conditions: i. n-BuLi, —40 to 0 °C, THF.

Scheme 13.3 Optimized scheme for production of the key intermediate 10 in the pathway to
efavirenz
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13.3.2 Equilibration of Lithium Aggregates and the Effect
of Their Relative Stability on Enantioselectivity

The strong tendency of lithium cation to undergo multiple co-ordination with hard
heteroatoms, in particular oxygen, is well known [17, 18]. In the specific case of the
acetylide-pyrrolidino ephedrine alkoxide system, meticulous spectroscopic studies
using °Li, *C and 'N NMR techniques, and X-ray characterization of some
complexes revealed a variety of interesting structural data [19]. Formation of the
cubic tetramer 11A during high temperature equilibration (Scheme 13.4) was
demonstrated by all three NMR techniques. The multiplicity of the signals of the
Li-, N- and C-labelled atoms at various temperatures has also revealed that the
acetylide—alkoxide complexes do not equilibrate below 0°C. These findings sug-
gested the mechanism for the pathway to (S)-1, starting from the tetramer 11A to
form the preferred transition-state tetramer 11C (Scheme 13.4) [19, 20].

Two paths are possible for the formation of the C—C bond between the acetylide
and carbonyl carbon of the ketone via the two tetrameric transition-state complexes
11C or 11D. In the higher energy path, the larger aryl group must share the same
space, in a sterically highly crowded environment, as the phenyl and methyl groups
of the ephedrine analogue 8d. In the lower energy path, the aryl group occupies a
relatively empty space, whereas the smaller CF3 group is found in a crowded
region. This simple model predicts the enantioselective bias of alkynation toward
the (S)-enantiomer of 1, as confirmed experimentally [19].

In concluding this section, it is important to mention that the roles of aggre-
gation phenomena have been carefully defined by Noyori, who emphasizes the
“softness”, that is, the relatively low kinetic barriers to transitions between various
intermediates on the energy surface [21]. The stereoselectivity of diastereometric
aggregates in directing the reaction is nicely demonstrated in Scheme 13.4.

\ N\ ./—N \\\ —N
N U ||"\>‘ Me (J)\ % Li— high-energy TS 11D
4 Lﬁ + Ar~CFz—> i
|, M R

THE THF O'L\i cFPh
Ph YTHE 3
Ph 7" 1B <K
11A Ar ‘\ }}75
\L\
L| O —(S)-
O l,l
pr’ THF

preferred TS 11C

Scheme 13.4 Diastercomeric transition-state tetramers 11C and 11D define enantioselective
alkynylation of aryl-trifluoromethyl ketone
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The results of this elegant research provided the basis for the large-scale
production of efavirenz (S)-1. The compound was produced on a 30-kg scale with
98% purity and 98.4% e.e., which on crystallization, produced material with 100%
e.c. Later development of this process, as described in the next section, permitted
the production of early sales quantities of efavirenz [22].

13.4 Scale-up of Alkynylation Promoted by the Use of Et,Zn

However, the creativity of the synthetic chemists did not stop with the process
shown in Scheme 13.3. A problem emerged due to the use of the N-PMB group in
the protection step. To solve this problem, it was reasoned that the Et,Zn should act
as a promoter even in the absence of the N-PMB group. This reagent is a mild base,
unable to deprotonate the aniline amino group in the starting ketone 5, despite the
expected enhancement of its N-H acidity. Since Et,Zn behaves also as a weak
Lewis acid, it was used in combination with the Grignard alkyne reagent 12 to
generate the Zn-alkynyl species (Scheme 13.5). It was fortuitous that the same
ephedrine analogue 8d used with Li-acetylide was also the best chiral auxiliary in
the Zn complex 14. Moreover, following the observation that trifluoroethanol can
serve as the second alkoxy unit, only 1 mol of chiral auxiliary 8d was needed; in
practice, 1.5 mol equivalent was used [22, 23].

The route outlined in Scheme 13.5 has been developed to a large-scale process,
providing (S)-7, which was transformed into efavirenz without loss of enantiomeric
purity, with 95% yield and 99% e.e.

IESC\_ f cl T
OH Et,Z ; 0 \do
Ph)\’;\D +CoMg—=—=<] + |13 12equiv. ' on MG + NH
CF,CH,0H, 0.9 mol D) 9
Me Ph/Kr
Me

2

5, 1.0 equiv.
8d, 1.5 equiv. 12, 1.2 equiv.
14

crystalization F,C, /f i F,C /

(toluene-heptane) Cl O
o organic \©\)\
i phase 7 NH, /ko
— extraction OH 95% isol. yield
5 aqueous ,\D 99.3% e.e.
phase

Me 95% recovery
8d (for recycling)

Reagents and conditions: i. toluene-THF (1:1); ii. 0-25 °C, ag. K,CO,, aq. citric acid;
iii. COCl,, 25 °C, THF-heptane.

Scheme 13.5 Large-scale production method for efavirenz 1 via the key intermediate (S)-7
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13.5 Conclusion

The approach used for efavirenz is cited as one of the most effective synthetic
methods ever devised for a chiral drug [16]. At the same time, it is an impressive
example of how “basic research” in chemistry can drive technical solutions that are
applicable to process chemistry, contributing to effective chirality transfer and
satisfying the stringent economy of the production process.

References

10.
11.
12.

13.
14.

15.
16.
17.
18.
19.

20.

. Young SD, Britcher SF, Tran LO, Payne LS, Lumma WC, Lyle TA, Huff JR, Anderson PS,

Olsen DB, Carroll SS, Pettibone DJ, O’Brien JA, Ball RG, Balani SK, Lin JH, Chen I-W,
Schleif WA, Sardana VV, Long WJ, Barnes VW, Emini EA (1995) Antimicrob Agents
Chemother 39:2602-2605

. Corbett JW, Ko SS, Rodgers JD, Gearhart LA, Magnus NA, Bacheler LT, Diamond S, Jeffrey

S, Klabe RM, Cordova BC, Garber S, Logue K, Trainor GL, Anderson PS, Erickson-Viitanen
SK (1999) Antimicrob Agents Chemother 43:2893-2897

. WHO/UNAIDS Data and statistics. Global Summary 2009. http://www.who.int/hiv/data/

2009_global_summary.gif Accessed 14 October 2010

. Grob PM, Wu JC, Cohen KA, Ingraham RH, Shih CK, Hargrave KD, McTague TL, Merluzzi

VI (1992) Nonnucleoside inhibitors of HIV-1 reverse transcriptase. AIDS Res Hum Retro-
viruses 8:145-152

. Havlir DV, Richman DD (1996) Viral dynamics of HIV implications for drug development

and therapeutic strategies. Ann Intern Med 124:984-994

. Cane AP (2009) New developments in HIV drug resistance. J Antimicrob Chemother 64

(suppl 1):137-i40

. Zhou Z, Lin X, Madura JD (2006) Infect Disord Drug Targets 6:391-413
. Ding JP, Das K, Hsiou Y, Sarafianos SG, Clark AD Jr, Jacobo-Molina A, Tantillo C, Hughes

SH, Arnold E (1998) J Mol Biol 284:1095-1111

. Sarafianos SG, Marchand B, Kalyan D, Himmel DM, Parniak MA, Hughes SH, Arnold E

(2009) J Molec Biol 385:693-713

De Clercq E (2004) Chem Biodivers 1:44—-64

Mao C, Sudbeck EA, Venkatachalam TV, Ucken F (2000) Biochem Pharmacol 60:1251-1265
Tachedijian G, Orlova M, Sarafianos SG, Arnold E, Goff SP (2001) Proc Natl Acad Sci USA
98:7188-7193

Nunrium P, Kuno M, Saen-oon S, Hannongbua S (2005) Chem Phys Lett 405:198-202
Venezia CF, Howard KJ, Ignatov ME, Holladay LA, Barkley MD (2006) Biochemistry
45:2779-2789

Wang J, Smerdon SJ, Jager J, Kohlstaedt LA, Rice PA, Friedman JM, Steitz TA (1994) Proc
Natl Acad Sci USA 91:7242-7146

Grabowski EJJ (2005) Chirality 17:249-259

Thompson A, Corley EG, Huntington MF, Grabowski EJJ (1995) J Org Chem 60:1590-1594
V Fusi (1999) Cryptand ligands for selective lithium coordination. In: Coordination chemistry
at the turn of the century, Slovak Techn. Univ. Press, 283288

Thompson A, Corley EG, Huntigton MF, Grabowski EJJ, Remenar JF, Column DB (1998)
J Am Chem Soc 120:2028-2038

Fu X, Reamer RA, Tillyer R, Cummins JM, Grabowski EJJ, Reider PJ, Collumn DB, Huffman
JC (2000) J] Am Chem Soc 122:11212-11218



178 13 Efavirenz

21. Noyori R, Kitamura M (1991) Angew Chem Int Ed Engl 30:49-69

22. Pierce ME, Parsons RL Jr, Radesca LA, Lo YS, Silverman S, Moore JR, Islam Q, Choudhury
A, Fortunak JMD, Nguyen D, Luo C, Morgan SJ, Davis WP, Confalone PN, Chen C, Tillyer
RD, Frey L, Tan L, Xu F, Zhao D, Thompson AS, Corley EG, Grabowski EJJ, Reamer R,
Reider PJ (1998) Org Chem 63:8536-8543

23. Tan L, Chen C, Tillyer RD, Grabowski EJJ, Reider PJ (1999) Angew Chem Int Ed
38:711-713



Chapter 14
Paclitaxel

Abstract

Biological target: Paclitaxel is a natural polysubstituted macrocyclic compound
isolated from the bark of the Pacific yew tree (Taxus brevifolia). It binds to
B-tubulin, causing polymerisation of the tubulin, thereby disrupting normal micro-
tubule dynamics required for cell division.

Therapeutic profile: Paclitaxel (Taxol®) is an anticancer agent with a broad
spectrum of activity against tumours that are often refractive to other drugs.

Synthetic highlights: The partial synthesis of paclitaxel was necessary to
enhance the availability of the drug substance and avoid unsustainable use of yew
trees. Many different synthetic routes have been reported and three inventive path-
ways for the enantioselective or site-selective approaches to various segments of
the paclitaxel molecule are described. These are all promoted by organometal
catalytic complexes. Reactions presented include use of the intramolecular Heck
reaction in the synthetic pathway to baccatine III; the Sharpless reaction and the
introduction of a trifunctional catalyst for biomimetic synthesis of chiral diols;
synthesis of the paclitaxel side-chain; and use of a Zr-complex catalyst in the
reductive N-deacylation of taxanes to primary amine, the key precursor of paclitaxel.

14.1 Introduction

Paclitaxel (1, (2a,40.,5B,7B,10B,13a)-4,10-bis(acetyloxy)-13-{[(2R,35)-3-(benzoy-
lamino)-2-hydroxy-3-phenylpropanoyl]oxy }-1,7-dihydroxy-9-oxo0-5,20-epoxytax-
11-en-2-yl benzoate, Taxol™) is a natural compound that disrupts the cell division
and growth of many malignant tumors.

1 paclitaxel
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Because of the limited natural availability of the compound, as discussed in
Sect. 14.3, and despite the complexity of the molecule, huge synthetic efforts have
been made to achieve the total synthesis of paclitaxel. These endeavours have
resulted in many elegant partial or total synthetic approaches [1-3], and these
have been reviewed repeatedly [4, 5]. Numerically, by 2010, there were 156
citations in SciFinder related to the synthesis of taxol and 7,875 citations related
to the general terms, taxol and synthesis. In addition to total chemical synthesis, the
strategy of site-selective transformation of the complex mixture in the natural
taxanes, together with enantio- and diastereo-selective transformation of paclitaxel
molecular fragments, complete the pallette of selective transformations that have
been studied.

It is not possible in just a brief chapter to cover all the different synthetic
approaches that have been taken. However, with a careful selection of a few of
the many methods for the total synthesis of paclitaxel and its asymmetric side-
chain, we hope to give the reader an impression of the complexity and huge demand
on human resources and time that such endeavours require. We have selected for
consideration three highly inventive synthetic reactions that were carried out to
construct various segments of the paclitaxel molecule. All of them are promoted by
organometal catalytic complexes, follow an original mechanistic route, and are
either site-selective or enantioselective.

14.2 Disturbed Dynamics of Cellular Microtubules by Binding
to 3-Tubulin

Paclitaxel was first approved by the FDA for ovarian cancer, then for breast cancer,
while other new clinical uses are also anticipated [6, 7]. It has activity against
a broad range of tumour types, including breast, ovarian, lung, head and neck
cancers. The drug is also active in other malignancies that are refractory to
conventional chemotherapy, including previously-treated lymphoma and small
cell lung cancers and oesophageal, gastric endometrial, bladder and germ cell
tumours. Paclitaxel is also active against AIDS-associated Kaposi’s sarcoma.
Tumours are formed by continuously dividing and proliferating cells, which
have lost their ability to regulate their division and growth. Cell division, the basic
process in cell and tissue growth, involves the separation of the paired sets of
chromosomes in the cell nucleus, each of which is divided into a daughter cell in a
process called mitosis. The separation of the chromosomes requires complex
changes in the cell skeleton, composed of microtubules, which are responsible for
cell shape, motility and attachment. The basic units of the microtubules are hetero-
dimers of the globular proteins, o- and B-tubulin. Paclitaxel binds to B-tubulin,
causing polymerisation of the tubulin, which can no longer disassemble, thereby
disrupting the normal microtubule dynamics required for cell division. The pacli-
taxel molecule shows a T-shaped or 3D butterfly structure, optimized within the
B-tubulin. This structure of the bioactive form has been challenged by the group of
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Fig. 14.1 T-Taxol (PTX,
blue) in B-tubulin in which
the PTX-NY (orange)
conformer is superimposed
on matching atoms in the
baccatin core (reproduced
from [9], with the permission
of the American Chemical
Society)

I. Ojima who suggested the “PTX-NY” conformer, in which the C-13 side chain is
proposed to adopt a different conformation and an alternative hydrogen-bonding
pattern in the tubulin binding site [8]. The two conformers were compared to show
that only T-Taxol fits the PTX-derived electron crystallographic density [9].

As seen in Fig. 14.1, the PTX conformer is greatly preferred over PTX-NY, since
the placement of the latter leads to severe steric interactions at Asp26 and Pro358
residues. This work has been extended, using molecular mechanics and quantum
chemical methods, to reveal that the PTX-NY conformation is relatively less stable,
on average, by 10-11 kcal/mol. PTX conformers fitted into the electron crystallo-
graphic binding site of tubulin demonstrate that PTX-NY cannot be accommodated
unless the pocket is reorganized in violation of the experimental constraints.

All these results underlined the remarkable, nearly perfect fit of the natural
product into a naturally unrelated biological target, and directed most of the
synthetic efforts towards partial or total synthesis of paclitaxel rather than of its
structural congeners. In the following three sections, the specific achievements of
the three reactions catalyzed by organometallic complexes are presented, showing
the key transformations that provide the key building blocks for paclitaxel.

14.3 Three Selected Synthetic Transformations on the Pathway
to Paclitaxel

Paclitaxel was originally isolated in 1962 from extracts of the bark of the Pacific
yew tree (Taxus brevifolia) [10]. In spite of attempts by many research groups
worldwide to develop a workable synthesis of paclitaxel, yew trees remained the
main source for a long period. In 1977, the National Cancer Institute in the USA
ordered 3.5 tons of yew bark, requiring the felling of 1,500 yew trees [11]. Already
in 1984, however, it would have been necessary to fell 360,000 trees to treat ovarian
cancer patients in the USA for 1 year. This unsustainable situation prompted a new
search for highly inventive solutions. The cultivation of fungi that grow on the bark
of the tree and produce paclitaxel was one of them [12]. Nursery-grown ornamental
yew trees were also used as a source of primary taxanes 2—6, a mixture of congeners
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Scheme 14.1 N-Deacylation of taxanes 1-6 to primary amine 7

of paclitaxel 1, which were extracted from the pruned tree tops [13]. The fast-
growing yew trees regenerate their tops in approximately 2 years, and branch
cuttings can be used to grow 1-2 million new yew trees per year. This sustainable
availability of taxanes provided the opportunity for their chemical transformation
into paclitaxel. As with many natural products, the chemical modification of
taxanes to paclitaxel carries a specific requirement, namely, the chemical modifi-
cation of a defined site in the molecule, while retaining unaltered all other similar
functionalities. N-Deacylation of taxanes is outlined in Scheme 14.1, and the
solution to this formidable task of site-selectivity is discussed in Sect. 14.3.3.

14.3.1 Intramolecular Heck Reaction on the Synthetic Route
to Baccatin 111

Although with the current availability of taxane intermediates, the total synthesis of
paclitaxel now has limited practicality, the achievement of this feat is worth
considering here, in relation to an innovative specific transformation accomplished
as part of the total synthesis reported by Danishefsky et al. [14]. They employed an
intramolecular Heck reaction, forming a C—C bond between two vinylic carbon
atoms, and creatively applied this reaction to an organometal-catalyzed cyclization,
forming the highly functionalized 8-membered ring of baccatin III (15). This
synthesis is outlined in Scheme 14.2, in which only a few selected intermediary
structures are presented. The whole process consists of a total of 30 defined
synthetic steps, and ends up with baccatin III (15), as an immediate precursor of
paclitaxel 1 [14]!

An advantage of this total synthesis is the use of optically pure ketone S-8,
commercially available and produced on an industrial scale by a biocatalytic process
with L-proline as a cheap organocatalyst (see Chap. 8). Scheme 14.2 indicates only
the reagents and conditions required for step i, the Heck-type ring closure of 13-14.
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MeO_ OMe

baccatin Ill, 15

Reagents and conditions: i. Pd(PPh),, K,COs/MeCN, 4A MS, 90 °C, 49%.

Scheme 14.2 Outline of Danishefky’s synthesis of baccatin III 15

In its original form, the Heck reaction is an organometal-catalyzed process that
promotes coupling of aryl-halides and alkenes to form arylalkenes [15]. Standard
protocols for the Heck reaction use Pd(II) salts, such as Pd(PPh;),, PdCl, and Pd
(OAc),, mono- or di-phosphine ligands, like PPh; or BINAP, and organic or
inorganic bases as the scavengers of haloacids [15, 16]. The catalytic cycle for
preparation of cinnamic ester 25 is outlined in Scheme 14.3.

This mechanistic scheme envisages the insertion of Pd into an aryl-halogen
bond, which is most effective for Ar—I, less so for Ar—Br and least efficient with
Ar—Cl, as the strength of the bond increases [16]. Stability of the Ar—Pd bond in the
complex 19 is crucial for the continuation of the cycle, something that cannot be
expected for a vinylic C—Pd bond. Without entering into other details of this
catalytic cycle, it is conceivable that vinyl halides are less suitable partners than
aryl halides due to their inherent instability and the deactivating effect of the
relatively m-electron rich C=C bond, while simple terminal alkenes are less reac-
tive than enones. Therefore, in the critical step i in Scheme 14.2, Danishevsky used
the extremely reactive nucleofugal trifluoroacetoxy group on the vinylic carbon,
expecting that the terminal C=C bond would react with its internal, more electro-
positive carbon, forming the entropically unfavourable central 8-membered ring of
the baccatin III skeleton. Mechanistically, this intramolecular process corresponds
to the general scheme, and is outlined in Scheme 14.4 [14].
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Insertion of Pd(0) into the allylic C=C-OTf bond was followed by the formation
of the m-complex with the second C=C bond, transient formation of a Pd—C bond
and final hydride elimination to close the catalytic cycle.

Generally, the Heck reaction requires elevated temperatures. With the specific,
highly functionalized substrate 13, the reaction was successfully achieved at 90°C
in MeCN. To the author’s great satisfaction, it proceeded with an acceptable yield,
forming exclusively the 8-membered ring in 14. The subsequent final steps in the
synthesis of baccatin III (15) have been reported repeatedly [17, 18].

14.3.2 Trifunctional Catalyst for Biomimetic Synthesis of Chiral
Diols: Synthesis of the Paclitaxel Side-Chain

Combination of a catalytic process on the one hand and a one-pot multi-step
synthesis on the other is one of the most attractive strategies in synthetic organic
chemistry. Inventive solutions in this direction represent considerable scientific
advances and at the same time they offer economic synthetic approaches to
commercially important compounds or their key building blocks. This was the
achievement of a group of chemists from the Indian Institute of Chemical Technol-
ogy in Hyderabad. In the search for multifunctional catalysts, both homogeneous
and heterogeneous, the authors concentrated on the trifunctional catalytic system,
Na,PdCl4—K,0s0,~Na,WO, (PdOsW), and its heterogenous analogues [19], and
applied this catalyst in an efficient synthesis of the paclitaxel side-chain [20, 21].

This catalytic system allows three independent transformations to occur in
sequence; the Heck reaction, N-oxidation and asymmetric dihydroxylation (AD).
The mechanism of the Heck reaction is discussed in the previous section. Here we
take a closer look at the last two steps. They are coupled processes, based on the
Sharpless asymmetric dihydroxylation reaction [22, 23]. Several recent reviews on
Sharpless asymmetric dihydroxylation cover the general synthetic aspects [24-27],
together with methods for immobilization of the osmium catalysts [28].

As a starting point for a discussion of trifunctional catalysis, Scheme 14.5
provides a general overview of the Sharpless AD reaction.

Roles of the osmaoxetane complexes IA and IB as intermediates has been
proposed, and the fundamental mechanism for face-selectivity involves the reaction
between the olefin and OsO, within the chiral binding pocket created by the chiral
ligand L* [29, 30].

o) R o} WR
R L* \ 0o 0\ 0 \ o_~R HO—.
+ 0sO4 L*—O: R\ W .
o L=pe S . HO~ SR
| R o} R' 4 O >R 0o 0" R
1A 1B Ic

Scheme 14.5 General scheme of the Sharpless AD reaction, Os-mediated dihydroxylation of
olefins
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Sharpless et al. observed that addition of /-2-(2-menthyl)pyridine to osmium
tetroxide resulted in a chiral complex which reacted with olefins I, and generated
diols II with low enantiomeric excess (3—18% e.e.). The poor enantioselectivity
displayed in the reaction was explained by the instability of the pyridine—osmium
tetroxide complexes. Tertiary amines like quinuclidine, however, do form consid-
erably stronger complexes with OsO,4 [31], and continuing work in the Sharpless
group led to the discovery that derivatives of naturally occurring cinchona alkaloids
are substantially better ligands for osmium. Screening of various chiral ligands led
to the identification of specific derivatives of dihydoquinine (DHQ) and dihydro-
quinidine (DHQD) as the most effective ligands (Scheme 14.6) [32]. Phenanthrenyl
and 4'-methly-2'-quinolyl derivatives of dihydroquinine (PHN and MeQ in the
Scheme 14.6) were first generation ligands that accelerated dihydroxylation to
25-fold that of the uncatalyzed reaction, and afforded chiral vicinal diols with an
average e.e. of 85-95%.

The dimeric ligands, (DHQ),-PHAL and (DHQD),-PHAL (PHAL = phthala-
zine), represent the third, most effective generation of chiral ligands derived from
cinchona alkaloids. They allow formation of a large U-shaped binding pocket, in

MeO OMe

(DHQ),-PHAL

(DHQD),-PHAL

Scheme 14.6 Structure of ligands derived from dihydroquinine (DHQ-PHN and DHQ-MeQ), and
the phthalazine class of dimeric ligands (DHQ),-PHAL and (DHQD),-PHAL
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which the important interactions between the alkene and its ligand involve aryl-aryl
interactions between the substrate aromatic residue and the two parallel methoxy-
quinolone units of the ligand [33].

Various catalytic cycles of dihydroxylation have been proposed by Sharpless
[34] and Corey [35]. According to Sharpless, two cycles operate in the catalytic
reaction (Scheme 14.7). The first one is highly enantioselective, whereas the second
cycle, which includes formation of Os complex with two moles of alkene IC-ID, is
poorly enantioselective [36].

This scheme is valid for one-phase dihydroxylations with N-methylmorpholine
N-oxide (NMO) as the oxidant. When re-oxidation is induced, using K5[Fe(CN);x]
as the terminal oxidant, the problems raised by the second cycle are efficiently
eliminated [37, 38]. When this particular co-oxidant is employed and the dihydroxy-
lation is performed in a heterogeneous solvent system (typically fert-butanol—
water), the olefin osmylation and the osmium re-oxidation steps are uncoupled
since they occur in different phases (Scheme 14.8) [39].

The reaction occurs at either ambient or ice-bath temperature, with a solid, non-
volatile Os(IV) salt K;OsO,(OH),, and K3Fe(CN)g as oxidant (Scheme 14.9).

The two alkaloid auxiliaries, DHQ and DHQD, have a pseudo-enantiomeric
relationship, defined by opposite configurations at the two central carbon atoms,
affording enantiomeric products with similar enantioselectivity (Scheme 14.10).

Schemes 14.9 and 14.10 show potassium hexacyanoferrate and NMO as the two
re-oxidising agents that are often used, but several other re-oxidation systems,
including oxygen, have also been described [40—42]. The examples in Table 14.1
demonstrate the high enantioselectivity of the dihydroxylation of various olefins
with representatives of chiral ligands derived from DHQ and DHDQ.
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Scheme 14.7 Sharpless proposal for the mechanism of asymmetric hydroxylation
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Scheme 14.10 Opposing enantioselectivity in asymmetric dihydroxylation of alkenes III with
DHQD and DHQ
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Table 14.1 Selected examples of asymmetric dihydroxylation of olefins

Olefin Ligand % e.e. Configurations
PHN 74 R

n-C8H17__~
N MEQ 87
©/\ (DHQD),-PHAL 97
(DHQ),-PHAL 97

O O N MEQ 87 R

Sl I~

“/\/l !\COOEt PHN 98 2S, 3R
Can PHN 95 2R, 3R
n-Carg” -4
n-C4H9™ X PHN 84 R
ﬁ/ (DHQD),-PHAL 08 R
(DHQ),-PHAL 95 s

~ N/
R
Ar/H/ ; j H202

LDH = layered double hydroxides

Scheme 14.11 Catalytic cycle in the transformation of prochiral olefins to chiral diols catalyzed
by a trifunctional catalyst

As indicated in the introductory paragraph of this section, the most efficient
dihydroxylation was achieved with heterogeneous catalysts. Scheme 14.11 presents
the catalytic cycle in the AD reaction catalyzed by the heterogeneous trifunctional
catalyst [42].
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To get this system working and highly enantioselective, the authors first
prepared and characterized heterogeneous catalysts on layered double hydroxides
(LDH). LDH is a class of layered material, consisting of alternating cationic and
anionic layers [43]. The cationic layers contain a wide variety of M(II) cations (Mg,
Zn, Ni, Cu) and M(III) cations (Al, Ga, In, Cr, Fe), and are separated by anionic
layers containing anions (CI~, NO3 ™, CO;72) [44]. To obtain the heterogenous
catalyst, LDH-PdOsW, three bivalent anions, PdCl_z, 0s0472 and WO4_2, were
simultaneously co-exchanged onto a single LDH matrix. Importantly, X-ray pow-
der diffraction patterns of the initial LDH and the exchanged catalysts, LDH-
PdOsW, revealed that the three anions in the catalyst were located at the edges.
As confirmed by FTIR spectra of the exchanged trifunctional catalyst, such co-
ordination results in the retention of the co-ordination geometries of divalent anions
anchored to the LDH matrix in their monomeric form [45].

Re-oxidation of NMM to NMO (Schemes 14.10 and 14.11), was completed
using peroxide as the second oxidant for recycling the NMM in the process.
Technologically, this requires an additional operation unit. Similarly, an additional
unit operation is needed for the production of specific prochiral olefin, the substrate
for the AD reaction. Hence, development of a multifunctional catalyst for the one-
pot synthesis of prochiral substrates, and finally the chiral diol was highly desirable.

Having created the catalytic system with LDH-PdOsW, the authors optimized
the conditions for the cycles in Scheme 14.7, and some of their results are presented
in Table 14.2. The methodology based on trifunctional catalysts requires bulk
chemicals, such as styrene and acrylates, as starting materials to prepare prochiral
substrates, stilbenes and cinnamates, in an “in situ Heck step”. Upon dihydroxyla-
tion, they give chiral diols 26-28 in a single-pot reaction, with a remarkably
constant 99% e.e, which remained unchanged even after five catalytic cycles. The
opposite configuration of the diol product 27, obtained with the DHQD- and DHQ-
derived catalytic system, has already been explained by the pseudo-enantiomeric
relation of these two ligands.

Using the trifunctional catalyst in the one-pot reaction for the preparation of diol
2R,3S-27, the authors completed synthesis of the side chain of paclitaxel according
to Scheme 14.12.

The first synthetic process for the paclitaxel side-chain developed by Sharpless
et al., using the AD method under homogeneous conditions, led to 30 with 23%
overall yield, but the intermediary diol 27 needed to be recrystallized to enrich the e.e
[32]. The trifunctional heterogeneous catalyst, instead, afforded this diol with 99%
e.e., without traces of osmium, and was directly used in the next steps of the synthesis.
This technology eliminates leaching of osmium from the solid support, and due to the
high toxicity of osmium, offers a considerable advantage over the processes that use
osmium salts in solution. Treatment of 2,3-dihydroxy-3-phenyl propionate 27 with
HBr/AcOH yields bromo-acetate 28, which in turn reacts with NaN3 in DMF,
followed by deacylation with NaOAc in MeOH to afford the azido alcohol 29 with
overall retention of the configuration at C(3). In the last steps, hydrogenation of the
azido alcohol followed by benzoylation gave (2R,3S)-N-benzoyl-3-phenylisoserine
methyl ester 30 in 67% overall yield, and nearly 100% optical purity.
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Table 14.2 Synthesis of chiral diols using the heterogeneous trifunctional catalyst (LDH-
PdOsW)-DHQD),PHAL

Arylhalide  Alkene Product Yield (%) e.e. (%) Abs. configurations
Phl 85% 99 R, R
X _Ph OH ,
g oh 82" 99 R R
Ph 89° 99 R, R
26 OH
Phl x_COOMe OH 93 99 28, 3R
COOMe
Ph
2s3R-27 M
PhBr X COOMe OH 90¢ 99 2R, 3§
~__COOM
P
2R3s-27 O
Phl 92 98 28, 3R

COOMe OH
ﬁ/ COOMe
PR Y,

M
28 OH ©

“Reaction steps are completed in solution

®After fifth cycle

“Homogeneous catalyst; Na,PdCl,—K,0s04,~NawO, H,O
d(DHQ)Z—PHAL, pseudo enantiomeric ligand is used

OH

Br [ . _COOMe ‘__COOMe
COOMe — — Y
o~ S Okt

2R,35-27
(e}

Br N,
i COOMe ~_-COOMe i H
e H —_— B - COOMe
OAc OH
28 29

0 (paclitaxel side chain)

Reagents and conditions: i. LDH-PdOsW, TEA, 70 °C, 16h; ii. (DHQ),PHAL, t—BuOH/HZO,
NMM, H,0,, r.t., 12h 90% vyield, 99% e.e. of 27; iii. HBr-AcOH, 99% yield on 28;
iv. NaN;, DMF; v. AcONa, MeOH, 85% on 29; vi. PhCOCI, TEA;
vii. H,, Pd-C, 88% on 30.

Scheme 14.12 Enantioselective route to side chain 30, based on the LDH-PdOsW catalyzed
synthesis of diol 27
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The single-pot biomimetic synthesis of chiral diol 27, mediated by the recyclable
trifunctional catalyst, Na,PdCl4—K,0s04—Na, WO, embedded in a matrix of lay-
ered double hydroxides, resulted in an efficient, low cost process. This protocol
provided the desired prochiral olefin from “Heck precursors” and the in situ
recycling of NMM to NMO. The whole process starts with cheap precursors and
minimizes the number of unit operations. Other similar broad, interdisciplinary
studies which led to an extraordinarily selective solution to the splitting of the
amide bond in a mixture of compounds from a natural source will be considered in
the next section.

14.3.3 Zr-Complex Catalysis in the Reductive N-deacylation
of Taxanes to the Primary Amine, the Key Precursor
of Paclitaxel

The core structure of paclitaxel is characterized by an a-hydroxy B-benzoylamino
carboxylic acid unit, attached to the C13—OH group of the tricyclic diterepenoid
skeleton, and by a 4-membered oxetane ring. Two of the five OH groups are free,
two are acetylated and one is benzoylated. Such a complex assembly of sensitive
functionalities, together with the strained ring, makes any total synthesis of this
compound impractical and for large production economically unsustainable.
Despite this complexity, it has proved possible to develop an elegant and economi-
cally feasible approach from taxanes, as mentioned at the beginning of this chapter.
This involved the introduction of key chemical transformations to make more
effective use of the extracts of yew biomass in the production of paclitaxel. The
biomass consisted of a mixture of six taxanes (1-6) in >95% purity and the main
challenge in the production of paclitaxel was to convert all the mixed taxanes into
paclitaxel with a good yield, by elimination of N-acyl groups, to obtain the key
intermediate 7, followed by its N-benzoylation to 1, Scheme 14.13 [46].

taxanes COPh

(Me),CH(Me)

1
2
3
4
5
6 PhCH,

COPh

Reagents and conditions: i. Cp,ZrHCI/THf, 25 °C, 1.5 h, under N,; ii. 1% w/w HCI/95% EtOH, 25 °C, 20h;
iii.PhCOCI, EtAc/std. aq. NaHCO,, 25 °C, 5 days, or PhCOCI, pyridine/25 °C, 2h.

Scheme 14.13 Selective cleavage of the amide bond in taxanes 1-6 on the pathway to paclitaxel 1
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Although taxanes are promising natural precursors of paclitaxel, the formidable
task for the chemists was to selectively hydrolyze the amide bond while retaining the
four hydrolytically more sensitive ester groups, one at the particularly reactive allylic
position, and one highly strained oxepine ring. Obviously, any acid or base catalyzed
hydrolysis was too non-specific, whereas enzymatic hydrolysis by peptidases or
amidases is known to be rather inefficient with such complex substrates [47].

Creative transformation of primary taxanes to paclitaxel was achieved by the
group of B. Ganem at Cornell University. The authors had long experience with
reductive deoxygenation of various carbonyl functionalities by the zirconium
complex Cp,ZrHCI (31, Scheme 14.14).

Many Zr(IV) complexes are stabilized by cyclopentadienyl (Cp) ligands, and
have been used in hydrozirconation and C—C coupling reactions [48]. Complex 31
is characterized by tetrahedral coordination and by the two anionic ligands, hydride
and chloride anion. The extreme oxophilic character of Zr(IV) in this complex leads
to substitution of the chlorine anion by enolate or enamide oxygen, thus promoting
deoxygenation of substrates with an enolizable carbonyl group (Scheme 14.14). By
covalently linking the oxygen of substrate V directly to the metal centre in
CpoZrHCl, hydride addition or hydrozirconation triggers reductive fragmentation
of the C-O bond in the intermediate VI, driven by the exothermicity of the strong
Zr-bonding in the oxo-Zr-polymer VIII. As a result, deoxygenation of $-dicarbonyl
compounds affords o,B-unsaturated carbonyl compounds VII (X = CHCOOR)
[50], while secondary amides are reduced to imines (X = NR’) [49, 50]. It is this
second reaction that proved highly valuable in solving the technical problem of
selective cleavage of amide bond in taxanes 1-6. The critical step in splitting the
C-N bond in the amides 1-6 was partial reduction to imines, according to
Scheme 14.14. In the absence of reducing agent and despite the generally easier
reduction of imines than amides by a number of oganometallic hydride complexes
[51], imines are stable intermediates. Importantly, the authors envisaged that
hydrolytically sensitive imines could be isolated by an efficient non-aqueous
work-up, and thus completed a novel approach to this valuable functionality,
using easily available amides. Subsequently, it was a relatively easy course to

H
CpZHCl = zrT,
31
A o o
Cp,Zr
oz +  Jo—— G T FOx+ cezeo),
4 © R v X vi R vii v

R = alkyl aryl
X = CH,COR", NHR',

Scheme 14.14 Hydrozirconation of carbonyl compounds by Cp,ZrHCI (31)
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apply aqueous work-up of 1-6, in order to obtain the prim-amine 7, which is then
susceptible to selective N-benzoylation, as a final step, using a commonly available
method.

Two-step transformation of the extract mixture of taxanes into paclitaxel was
thus based on the chemists’ knowledge of organometal-catalyzed, mild deoxygen-
ation of the sec-amide group. This reaction is compatible with the presence of ester
groups and other sensitive functionalities and represents the final stage of a multi-
disciplinary project that has “globalized” manufacturing of paclitaxel. This enter-
prise is related in his “JOC Perspective” article by B. Ganem [13].

14.4 Conclusion

The transfer of basic research to a commercially valuable process is always a
satisfying achievement for chemists in the pharmaceutical industry, and we have
discussed some examples in Chaps. 4, 7 and 13. However, the project in which
paclitaxel was made available to cancer patients in sufficient quantities and at an
acceptable price was a truly heroic endeavour, initiated by scientists from various
disciplines and finally completed by synthetic chemists. It would be equally satisfy-
ing if this example promotes enthusiasm among synthetic chemists to join collabo-
rative, high quality science projects and, at the same time, to deliver effective
pharmaceutical products to the community at large.
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Chapter 15
Neoglycoconjugate

Abstract

Biological target: The 1,2,3-triazole-linked, diphenyl-substituted neoglycocon-
jugate 1 is a selective inhibitor of human a-1,3-fucosyltransferase IV (Fuc-T), the
enzyme catalysing the final step in the synthesis of oligosaccharides, including the
leukocyte and leukaemic cell adhesion molecule, sialyl Lewis X.

Therapeutic profile: The compound has potential for the treatment of inflamma-
tion and cancer.

Synthetic highlights: Neoglycoconjugate 1 is a representative of a GDP-triazole
screening library produced by the Cu(I)-catalyzed [2 + 3] cycloaddition reaction
between azide and acetylene reactants. It is an example of click chemistry, a modular
approach using low-energy chemical transformations to generate collections of test
compounds. A more recent extension of click chemistry is target-guided synthesis
(TGS) or freeze-frame click chemistry in which a biological target itself is used to
assemble inhibitors at the binding site. This represents an exciting new strategy for
the generation of compound libraries and the effective selection of hits and leads.

15.1 Introduction

Compound 1 (1-(5'-carboxy-(para-diphenylmethlyamide)-4-(guanosyldiphospho)
methyl-1,2,3-triazole), defined as a neoglycoconjugate [1, 2] was selected as a
lead compound from a small library of compounds with potential as modulators
of immune responses and cancer metastases [3]. Although this compound is not a
marketed drug, there are some exciting aspects of its structure, together with the
modern synthetic organic chemistry tools used in the creation of both compound
1 and the library of its analogues, which merit attention.
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There are many biological targets that are potentially useful in the therapy of
cancer [4, 5]. Among them are adhesion molecules, which mediate the adherence of
cells of the immune system, in health and disease, as well as that of leukaemic
cancer cells to the endothelium that forms the internal lining of blood vessels.
Normally, the vascular endothelium prevents blood cells from sticking to its
surface. In lymph nodes and at sites of inflammation or potential tumour growth,
however, the endothelium expresses adhesion molecules which trap immune or
tumour cells, allowing them to cross the blood vessel wall and enter the tissues. The
endothelial adhesion molecules bind to their respective ligands on the cancer cells
or leukocytes, which also express the partner molecules in increased amounts.

Leukaemia cells express, among others, sialyl Lewis X, a glycoprotein that binds
E-selectin on endothelial cells. The synthesis of sialyl Lewis X is under the rate-
limiting control of the enzyme, «-1,3-fucosyltransferase IV (Fuc-T), which has been
a target of considerable therapeutic interest. Generally, fucosyltransferases catalyze
the final glycosylation step in the biosynthesis and expression of many important
oligosaccharides. Fucosylated oligosaccharides are, thus, central to cell-to-cell
interactions in connection with many pathological processes, including the immune
response and cancer metastasis [5].

15.2 Human a-1,3-Fucosyltransferase IV (Fuc-T)

The most valuable basis for rationale drug design is the availability of the detailed
structure of a biological target, often the active site of an enzyme engaged in a
pathological process. Such is the case with Fuc-T. The design of various nucleo-
conjugates, therefore, started with the structure and mechanism of this enzyme.

From the outset, several factors inherent to the enzymatic glycosyl-transfer reac-
tion complicated the rational design of Fuc-T inhibitors [6]. Guanosine diphosphate
B-L-fucose (GDP-fucose) is transferred in the terminal step, but this reaction com-
prises a complex four-partner transition state, which rendered design of GDP-fucose
antagonists elusive. GDP-fucose, itself, is a complex molecule. But an important
contribution to the design of antagonists came from the finding that most of the
binding energy of Fuc-T for this substrate comes from the GDP moiety [7]. Further
improvement was possible through the identification of a hydrophobic pocket, adja-
cent to the binding site, which enhances affinity 70-fold by hydrophobic interaction
with acceptor molecules (antagonists, substrates) (Unpublished data, cited in [8]).

Generally, mammalian Fuc-transferases have the typical structure of transmem-
brane proteins, consisting of a short N-terminal cytoplasmic tail, a transmembrane
domain and a stem region followed by a large C-terminal catalytic domain [8, 9].
The substrate, GDP-fucose, binds inside this domain giving the overall structure of
Fuc-T-GDP-fucose complex shown in Fig. 15.1 [8].

Interactions between the enzyme and diphosphate are defined by the GDP-
fucose complex of Fuc-T in Fig. 15.1. Both side chains of Arg-195 (R195) and
Lys-250 (K250) provide the neutralizing positive charges for the diphosphate unit.
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Fig. 15.1 Overall structure
of the Fuc-T-GDP-fucose
complex; stereo view
showing the GDP-fucose
binding site (reproduced from
[8], with the permission of the
American Society for
Biochemistry and Molecular
Biology)
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Eighteen H-bonds are formed with GDP-fucose, seven of them between Fuc-T
and the nucleoside moiety, contributing to the highly specific recognition of
this substrate. The catalytic mechanism requires binding of N-acetyllactosamine
(LacNAC) to the pocket in the N-terminal domain of Fuc-T, which has a highly
negative electrostatic potential that reduces the pKa of C3-OH group of N-acetyl
glucose unit within LacNAc to favour its nucleophilic attack (Fig. 15.2) [8].
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Upon deprotonation of the C3-OH group by Glu-95, the acceptor nucleophile
can attack the anomeric position of GDP-fucose to form a glycosidic bond with an
inverted configuration [9].

Such detailed understanding of the enzymatic process facilitated design of
inhibitors, characterized by the presence of a GDD unit at one end (envisaged to
bind to the domain of negative electrostatic potential and the network of H-bonds),
and a lipophilic unit at the other. The two units were linked by a conformationally
highly flexible linker. Following this general principle, a library of compounds was
designed which retained the GDP core, while the attached hydrophobic group and
linker length were varied. This library was established using a relatively new
methodology, named click chemistry, and resulted in the synthesis of the lead
compound 1, a Fuc-T inhibitor [2, 10].

15.3 Click Chemistry: Energetically Preferred Reactions

Before detailed analysis of the discovery process that led to the highly selective
Fuc-T inhibitor 1, click chemistry deserves a more general presentation. Click
chemistry is defined by the inventors [1] as a modular approach that uses only
the most practical and reliable chemical transformations to generate collections of
test compounds for screening. In other words, click chemistry uses energetically
highly favourable reactions, in which unsaturated units (substrates) provide the
carbon framework. Examples are given in Scheme 15.1a—c.

The common characteristics of click chemistry reactions presented in this
scheme are their high energetic preference and selective formation of new groups
attached via carbon—heteroatom bonds. To achieve this, a highly reactive compo-
nent, such as the six-electron species X in (a), the azide in (b) or the oxygen carrier
in (c) is required. Generally, click chemistry refers to a series of reactions that obey
specific criteria, such as being modular, stereoselective, high-yielding and involv-
ing simple protocols. Readily available starting materials must be used in this

XH
X:,catal. X Nu:

a R X R/<| — R)\/NU carbene addition on
C=C bond and
small-ring openings

R'—N, N:N\N N
b R—= R 1,3-cycloadditions
oxygenation 0]
c R _— = )J\ carboqyl group
R Me formation
unsaturated
substrate

Scheme 15.1 Representative reactions amenable to click chemistry
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1,2,3-triazole 1,2,3-triazole

Scheme 15.2 Uncontrolled 1,3-dipolar azide-to-alkyne addition leads to isomeric syn- and
anti-triazoles

methodology and should be essentially inert towards most biological and organic
conditions, including water and molecular oxygen.

All this applies in particular to the copper (I)-catalyzed coupling of azides and
terminal acetylenes to form exclusively 1,4-disubstituted 1,3-triazole linkages,
according to example (b) in Scheme 15.1. From the biological standpoint, the
topological and electronic features shared by 1,2,3-triazoles and amide bonds are
particularly important, since the latter are ubiquitous connectors in Nature. From
the synthetic point of view, it is important to note that alkyl azoles can give 1,4- and
1,5-disubstituted, or syn- and anti-1,2,3-triazoles (Scheme 15.2).

The original reaction, known as Huisgen’s 1,3-dipolar cycloaddition, involved
thermal treatment of both reagents and afforded 1,2,3-triazoles as approximately
1:1 mixtures of 1,4- and 1,5-disubstituted derivatives [11]. Exclusive formation
of 1,4-substituted triazoles succeeded when it was discovered that Cu(l) ions,
formed in situ from Cu(0) and Cu(Il) salts, completely govern regioselectivity for
the addition of alkylazides. Important contributions to the multi-component variant
of the copper-catalyzed azide-to-alkyne addition have been reported recently
[12, 13]. In this reaction, both reacting partners are generated in situ; azides from
the corresponding halides, and copper(I) acetylides from terminal alkynes and Cu(I)
ions, whereby the latter are formed by disproportionation of copper(0) and copper
(II) species. Carrying out both steps under microwave irradiation (100 W and
125°C) significantly reduces reaction time, affording final products in roughly
90% yield.

Since click chemistry utilizes reactions operating under a large thermodynamic
driving force and are largely insensitive to the reaction conditions, they are suitable for
computational analysis. K.N. Houk et al. reported a computational study of azide-
alkyne 1,3-dipolar cycloaddition in a click-reaction, based on the high-accuracy comp-
lete basis set-quantum B3 (CBS-QB3) method [14, 15]. Since they used acetylene as
the simplest alkyne, no conclusions about regioselectivity were drawn. However, a
surprisingly negligible effect of electron-withdrawing (EWG) or electron-donating
(EDG) groups on the activation barrier of 1,3-diploar cycloaddition was observed.
Activation enthalpies for formyl-, mesyl-, methyl- and phenyl-azides were estimated
within a narrow range, from 17 to 19 kcal/mol. The activation energies for these
azides were also similar, between 27.5 and 30.5 kcal/mol, and all reactions were
calculated as being exothermic by 60—70 kcal/mol [15]. The 1,2,3-triazoles were also
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30-40 kcal/mol more stable than the 1,2,3-triazolines, formed on addition of azides to
ethylenes, thus explaining the irreversibility of the former process.

15.4 Target-Guided Synthesis or Freeze-Frame Click
Chemistry

An ingenious variation of click chemistry evolved from target-guided synthesis
(TGS) or freeze-frame click chemistry. It represents a new strategy for generation of
compound libraries. By employing biological targets, themselves, to assemble
inhibitors within the confines of their binding sites, TGS promises to revolutionize
lead discovery in developing new drugs. This method is based on the observation
that two reactive species can exert synergistic biological effects as a result of their
self-assembly at the active site, usually inside cells. The newly formed inhibitors
usually display much higher binding affinities for their biological targets than the
individual components, since they simultaneously act through multiple binding
interactions [16, 17]. In principle, lead discovery by TGS is independent of the
biological function of the target, since it relies solely on its ability to hold the
reagents in close proximity until they become connected via the “arranged” chemi-
cal reaction. Most approaches to TGS employ highly reactive reagents, strong
electrophiles or nucleophiles, metathesis catalysts, etc., which can cause side
reactions and even destroy the biological target.

To avoid such complications, Sharpless et al. have developed an extremely
reliable approach to kinetically controlled TGS, a variant of click chemistry
[18, 19], which employs the completely bio-orthogonal [1,3]-dipolar cycloaddition
reaction between azides and acetylenes [20]. This process is self-contained, hence
no external reagents, catalysts, or side products that might interfere are present, and
the “reactants” themselves are largely “invisible” in a biological milieu. Most
importantly, despite its high driving force (>50 kcal/mol), the uncatalyzed reaction
has a surprisingly high activation barrier ~25 kcal/mol, making it extremely slow at
room temperature. Its rate is, therefore, highly dependent on parameters that
stabilize the transition state [21]. These authors have shown that acetylcholinesterase
(AChE) is able to assemble extremely potent inhibitors, which simultaneously
access the enzyme’s active and peripheral binding sites [22-24]. This finding
prompted them to combine azide and acetylene reagents, each linked to the
known active and peripheral site inhibitors, tacrine and phenylphenanthridinium,
respectively [16, 17].

Due to steric restraints imposed by the enzyme active site on the orientation of
the reacting partners, this specific approach is also known as freeze-frame click
chemistry. In recent years, freeze-frame click chemistry has been developed with
diverse reactive couples of small molecules [18, 25, 26]. This has opened up a new
approach to the in situ design of high affinity ligands for biological targets using
bio-orthogonal reactive building blocks within a macromolecular template. Since
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the active centre geometry of the macromolecule, usually a protein, is well defined,
it controls the stereochemistry of the azide-to-alkyne-addition. In the absence of a
macromolecular template or small molecular metal catalysts, two isomeric tria-
zoles, syn- or anti-, both appear to be likely reaction products, as shown in
Scheme 15.2. The influence of binding site geometry also results in the preferential
formation of just one of the products. As mentioned, this concept has been success-
fully developed by K. B. Sharpless et al. for AChE as a “reaction vessel” [24, 27,
28]. The authors selected this enzyme, on the one hand, because of its key role in
neurotransmitter hydrolysis in the central and peripheral nervous systems [29, 30].
On the other hand, the structure of the active centre of AChE is well known, and
characterized by a narrow gorge lined with aromatic side-chains [31]. Since the
active centre is comprised of both acylation and choline-binding sites, it recognizes
small-molecule ligands at each site.

As a proof of principle, the authors synthesized by click chemistry the triazole-
linked bivalent inhibitor syn-4 with site-specific ligands 2 and 3 as building blocks
(Scheme 15.3) [27].

This reaction proceeded at the AChE active site with nearly complete syn- or
1,5-selectivity, controlled by the topology of the narrow gorge. Strikingly uniform
syn-selectivity was obtained for enzyme-produced triazoles, independently of the
linker length and stereochemistry of the acetylene reagent.

Generally, syn-compounds proved highly effective non-covalent inhibitors of
AChE, in sharp contrast to their anti-isomers. The difference in kinetic parameters
for the representative couple of isomers syn-4/anti-4, as determined for mouse
AChE, is impressive (Table 15.1) [28].

N Ny
ClO O

HN\/\N3 HN\/\NNN HN\/\NNN

2 —
+
. Q ()
= "
" 5=,

syn-4 anti-4
(prevailng product) (minor isomer)

Reagents and conditions: i. AChE (mouse), active-site concn. 1 mM, r.t.

Scheme 15.3 ACHhHE active site-promoted selective synthesis of syn-4

Table 15.1 Kinetic and equilibrium interaction constants for the triazole inhibitors with the

highest affinity, generated “in situ”using mouse AChE as the cycloaddition reaction template
kon (10 M~ 'min~1) koge (min~1h) Ky

syn-4 1.3 0.0011 99 tM

anti-4 24 0.30 8,900 tM
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These results set the stage for the performance of the first ever search for AChE
inhibitors through in situ click chemistry, based on building blocks that were not
previously known to interact with the target. To minimize the number of variables,
the authors used the tacrine building block, TZ2, as an “anchor molecule.” In
complex with the enzyme, TZ2 recruits and irreversibly links novel peripheral
site ligands together to form multivalent AChE inhibitors that simultaneously
access multiple binding sites within the enzyme (Fig. 15.3) [26].

On the basis of analogous considerations, these same authors designed a library
of complementary acetylene reagents carrying aromatic heterocyclic phenylphe-
nanthridinium mimics, with a spacer of five or six methylene units. To increase the
screening throughput, multi-reagent mixtures, containing up to 10 acetylene
reagents at a time, were tested. This multi-component in situ click chemistry
screening approach is conceptually interesting. It addresses the question whether
an enzyme complex of one reaction partner, capable of triazole genesis (e.g., the
tacrine azide TZ2), can find and select its “best” triazole-forming partner(s) when
presented with mixtures of candidates with unknown binding affinities. Thus the
enzyme “discovers” its own potent biligand inhibitors.

Another inventive extension of click chemistry is the concept of “click-resins”
that promote solid phase supported reactions to work under nearly perfect condi-
tions, fulfilling the requirements of click chemistry [32, 33]. This approach has
enabled the assembly of a library of carboxylic arene bioisoesters, with the general
formula V [34] as potential dopamine D4 receptor ligands [35]. In essence, the
authors completed parallel synthesis of bioactive fert-amines V, utilizing triazolyl-
methylacrylate 7 as a linker. The product was readily generated from the commer-
cial azidomethyl substituted polystyrene 5 and propargyl acrylate 6 via Cu(l)
catalyzed 1,3-dipolar cycloaddition (Scheme 15.4).

Solid phase 7 represents a regenerative Michael receptor (REM), since on
addition of phenylpiperazines I, a library of solid-phase derivatives II is formed.
On benzylation by benzylbromides III, quarternary amonium salts I'V are formed,

Alibrary of
acetylene
reagents
Peripheral R/ Peripheral R
Anionic Site N-R Anionic Site Y—n
(PAS) 2 (PAS) ?
)2 in situ 2
click chemistry
NN Multicompoment NS
®NNO mixtures N’N\L
NH NH
Active X Active X
Centre ‘ P Centre ‘ P
v N N
TZ22
“anchor molecule” AChE AChE

Fig. 15.3 In situ click chemistry screening for AChE inhibitors containing novel peripheral site
ligands (reproduced from [26], with the permission of the American Chemical Society)
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Reagents and conditions: i. Cu(l)l, DMF/THF, DIPEA, 35 °C;
ii. NMP, r.t., 36 h;
ii.DMSQ, r.t., 16 h; iv. TEA, DMF, r.t., 4 h.

Scheme 15.4 Click chemistry on a resin, applied to the synthesis of bioactive tert-amines V

which on Hoffmann elimination, or retro-Michael reaction, afford a library of target
compounds V and regenerate the Michael receptor 7.

In conclusion, click chemistry, based on the Cu(I)-catalyzed 1,3-dipolar addition
of azides (Huisgen’s reaction), has emerged as a tailored transformation pathway
either to undertake the structural diversification of privileged scaffolds, or to
establish linkages between biologically important molecules. Besides the examples
selected for presentation in this chapter, there are many others that are instructive
for structural diversification [36-38] and biological linkage applications [39].

15.5 Application of Click Chemistry to the Synthesis
of Neoglycoconjugate 1

As indicated in Sect. 15.3, in view of the favourable biological properties of
triazoles, their chemical stability and compatibility with a plethora of functional
groups, click chemistry became an important strategy for the generation of novel
compound libraries. The click chemistry concept has also proved highly viable
in the search for new drugs. This is illustrated by the finding that SciFinder
cites 582 references, up to 2010, in which triazoles have been prepared by click
chemistry, most of them (350) published after 2006! Of 127 references that refer
to triazole libraries, 43 were created by click chemistry. Preparation of triazole
derivatives by click chemistry is claimed in 37 patents, whereas 110 patents
claim the click chemistry approach to generate other target structures. Applica-
tion of this concept to the synthesis of neoglycoconjugate compound 1 is outlined
in Scheme 15.5 [40].

For completion of the key click reaction step iii, intermediate 11 was crucial. It
was prepared by propargylation of 14, in the presence of lipophilic tert-amine, and
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Scheme 15.5 Click reaction on the route to neoglycoconjugate 1

[0}
Q P NH
_ OH_,» _ OPOH, (\N/ ~o 5 _ ",
12 13 O\)
o OH OH
i C?\ /O o\\ /O NH
- /\O/ Tom o o) = NH,
1
OH OH

Reagents and conditions: i. H3PO,, |,, Et3N; ii. Oct3N, 1H-tetrazole.

Scheme 15.6 Synthesis of the click reagent 11

1H-tetrazole as the basic promoter for the formation of an anhydride P-O-P bond
(Scheme 15.6). To this end, guanosine monophosphate (GMP) was activated as the
morpholidate 14 and coupled with propargyl phosphate 13.
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Reagents and conditions: i. n = 1-5, tert-amine, solv.; ii. NaNOg, solv.;
iii. Cu(0)/Cu(ll), H,O/EtOH/tert-BuOH, r.t.

Scheme 15.7 Synthesis of the library of triazoles with incorporated GDP

The route in Scheme 15.6 is characterized by the fixed structure of propargyl-
GDP 11, a key intermediate for the synthesis of the library of triazoles (IX),
available in a one-pot reaction, according to the general Scheme 15.7.

There are some important features of this click reaction; no protecting group on
GDP derivative 11 is required; the reaction is completed with ~80-95% yield at
room temperature in an aqueous solvent mixture (H,O/EtOH/fer-BuOH), allowing
use of CuSO,/Cu-wire as an in situ source of Cu(I) ions. According to Scheme 15.7,
86 products with the general formula IX were prepared in a 96-well plate and
screened for biological activity without further purification. Steady-state kinetic
evaluation of purified lead neoglycoconjugate 1 showed that it is a competitive
inhibitor against GDP-fucose with K; = 62 nM, which made this compound the
first and most potent inhibitor of Fuc-T at the nanomolar level [3].

15.6 Conclusion

The Cu(I)-catalyzed stepwise variant of Huisgens’s classic 1,3-dipolar cycloaddi-
tion seems to be the best example of reliable click chemistry to date. This method
may be used widely for the identification of high-affinity inhibitors of other group-
transfer targets that are of biological or medicinal interest. Some inventive variants
of click chemistry, presented in this chapter, should serve to illustrate its broad
application as an elegant synthetic chemistry tool to construct new biologically
active compounds.
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Chapter 16
12-Aza-Epothilones

Abstract

Biological target: 12-Aza-epothilones (azathilones) induce tubulin polymeriza-
tion, thereby disturbing microtubule function and inhibiting mitosis and cell growth
at nM concentrations. They show low susceptibility to P-glycoprotein-mediated
efflux and are thus active on multidrug resistant cells.

Therapeutic profile: The compounds are potential anticancer agents.

Synthetic highlights: Natural macrocyclic compounds have been subjected to
both extensive and peripheral structural modifications in the search for new lead
compounds. An example of the former is the antibiotic azithromycin, whereas
12-aza-epothilones must be approached by total synthesis. This total synthesis of
epothilones involves ring closure metathesis using heteroleptic complexes as cat-
alysts and has proved to be an efficient approach to “non-natural, macrocyclic
natural products”. In one of the critical steps of this pathway to azathilones, creative
site-selective diimide reduction of an allylic C=C bond was applied.

16.1 Introduction

12-Aza-epothilone 1 ((E)-(2S,9S,10R,1IR,14S)-10,14-dihydroxy-9,11,13,13-
tetramethyl-2-[2-(1,2-dimethyl-benzimidazol-5-yl]-12,16-dioxo-1-oxa-5-aza-cyclo-
hexadecane-5-carboxylic acid tert-butylester) and its 7,8-dehydro analogue 2 are
potent inhibitors of human cancer cell growth, and represent a structurally new class
of natural product-derived microtubule-stabilizing agents.

OtBu

O O, OtBu
e / Y

V. §unjic’ and M.J. Parnham, Signposts to Chiral Drugs, 209
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Fig. 16.1 Two representatives of epothilones and azathilone NBD

Leading structures in this field are epothilones A and B (Fig. 16.1), natural macro-
cyclic bacterial metabolites with potent microtubule-stabilizing and antiproliferative
activity [1, 2]. They exhibit almost identical activity and mode of action to that of
paclitaxel (Taxol™), the chemistry of which is discussed in Chap. 14. Their cytotoxic
action is also based on tubulin polymerization with resulting inhibition of mitosis [3].

Many anticancer drugs, including paclitaxel, lose efficacy due to so-called multi-
drug resistance (MDR). This is mediated by endogenous membrane transporter
proteins, such as P-glycoprotein (P-gp), which pump drugs back out of the tumour
cells. In marked contrast to paclitaxel, however, epothilones A and B were found to
exhibit very low susceptibility to P-gp-mediated drug efflux, thus maintaining virtually
equivalent growth inhibitory activity against drug-sensitive and MDR human cells [4].

On the basis of these data, epothilones A, B and some congeners have been
widely pursued as lead structures for the development of a new generation of non-
taxane-derived microtubule stabilizers for cancer treatment [5]. Five representa-
tives of this class are currently undergoing clinical evaluation in humans. This
outcome confirms the view that natural products provide a vast pool of potential
lead structures for drug discovery. In a very general sense, the strategy that resulted
in 12-aza-epothilones could be viewed as the synthesis-based equivalent to the
discovery of a new natural product with a specific biological activity.

The rationale behind 12-aza-epothilones as target structures is based on the
accumulated knowledge on the biological active site and the mechanism of action
of natural epothilones. Some aspects of these studies are briefly discussed in the
following sections.

16.2 Epothilones: Mechanism of Action
and Structure—Activity Relationships

Epothilones belong to the class of anticancer drugs that target microtubules,
along with paclitaxel (Taxol®™), docetaxel (Taxotere™) and some others. All
these anticancer drugs function by perturbing the dynamic equilibrium of the
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microtubular polymerization of heterodimeric o/B-tubulin subunits. Intracellular
microtubules are a crucial part of the skeletal structure of the cell and play a major
role in the cell division process that occurs both normally and to an increased
extent in cancer cells. Inhibition of tubulin polymerization, thus, reduces cell
division. More details on this process are given in Sect. 14.1.

Since the discovery of the epothilones in 1993, an impressive structure—activity
relationship (SAR) profile has emerged from the efforts of many synthetic teams
[6-8]. This first led to the definition of a common pharmacophore and SAR for the
structurally diverse epothilones [9-12], then to the rational design of new structures.

Initially, data were collected on crystal structure and conformation of epothilone
B in solution [13], together with information on the binding site of epothilone A on
o/B-tubulin, using electron crystallography and molecular modelling (Fig. 16.2)
[14]. These facilitated the molecular design of novel, non-natural epothilones.

The most important interactions and conformational properties of the tubulin-
bound vs. free epothilones in solution were soon recognized. Thus, the folded
conformation of the epoxide in Fig. 16.2 is directed into the underlying hydro-
phobic basin (brown), which readily accepts the long and bulky hydrophobic
group. This observation prompted the replacement of the epoxide with an N-tert-
butoxycarbonyl unit in some 12-aza-epothilones. A number of thiazole replace-
ments in epothilones A and B also have been shown to retain or improve epothilone
activity. Nicolaou et al. found that pyridines, in which the N-atom is ortho to the
side chain connector, are 10—100 times more active than meta and para isomers
[15]. This finding led to the introduction of other aza-heterocycles, in particular, the
benzimidazole ring into the molecule.

Further insight into the complex between B-tubulin and 12-aza-epothilones was
obtained by visualization of the binding of fluorescent azathilone NBD (formula
given in Fig. 16.1) to cellular microtubules (Fig. 16.3a, b) [16]. Combined with

Fig. 16.2 Epothilone A
(white, C; red, O; blue, N; and
yellow, S) with hydrogen
bonds (yellow dashes) to the
associated centres on the
tubulin protein (reproduced
from [14], with the
permission of the American
Association for the
Advancement of Science)
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Fig. 16.3 (a) 12-aza-epothilone 1 and (b) azathilone NBD docked to the taxol/epothilone binding
site on B-tubulin (reproduced from [16], with the permission of John Wiley and Sons Inc.)

computational studies, a structural model of the complexes between B-tubulin and 1
and azathilone NBD was constructed. The tert-butyloxycarbonyl group of 1 and the
NBD fluorophore occupy the pocket that includes the hydrophobic side chains of
Val23, Ala231, Phe 270 and Pro358, thus specifically contributing to microtubular
binding.

All these data revealed the multiple interactions that epothilones make with
B-tubulin. They also explain why modification of the epoxide at the C12-C13
position to form the N12-fert-Boc-C13 unit and the introduction of a polycyclic
benzimidiazole ring at C15 in 12-aza-epothilone 1 have contributed so much to the
improvement of biological activity. Development of 12-aza-epothilones is one of
the most impressive successes of the combined structural and molecular biological
approach to the design of new lead molecules.

16.3 Extensive vs. Peripheral Structural Modifications
of Natural Products

Natural epothilones have been structurally modified by various teams, making use
of the broad structural scope of natural product-based drug discovery in this field.
Generally, this approach includes the de novo construction of libraries of “natural
product-like”” compounds through diversity orientated synthesis (DOS) [17]. A con-
cept for the design of natural product-based libraries, introduced by H. Waldmann
[18], has been developed over the last few years [19] (see also Sects. 1.2.1 and 1.2.2
in the introductory chapter).

The synthetic approach to epothilone analogues is an example of extensive
structural modification of the lead from nature. This approach, rather than simple
peripheral derivatization of existing leads, is characterized by the replacement of
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the backbone carbon C(12) by nitrogen in the macrolactone ring of epothilone A.
The resulting analogues, 12-aza-epothilones or azathilones, with the general for-
mulae I and II are defined as “non-natural natural products” [20]. These new leads
retain most of the structural features of the natural products, while lying outside the
general scope of nature’s biosynthetic machinery. There are no known natural
processes for incorporation of a single nitrogen atom into a regular polyketide
backbone. Compounds 1 and 2 are members of structural family II, characterized
by the incorporation of a conformationally constrained benzimidazole unit.

R R
| l /
N N N
jYK/AV WN/
0. _O HO 0. _0O

R
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At this point, it should be noted that the concept of extensive structural modifi-
cation is imbedded in the invention of the first aza-macrolide, the antibiotic
azithromycin, discovered in 1982 by PLIVA chemists in Zagreb, Croatia [21, 22].
Azithromycin became a multibillion drug on the world market, and represents an
early example of therapeutic success with a “non-natural natural compound”,
available via extensive structural modification.

Formally, the N-atom of azithromycin is inserted into the macrolide ring of ery-
thromycin, and the carbonyl group is reduced to methylene. In contrast, in 12-aza-
epothilones, the C12 atom in natural epothilones is replaced by an N-atom, and
epoxide oxygen is reduced. While the first substantial alteration of the macrolac-
tone ring was achieved in a few steps from erythromycin, the second epothilone
modification cannot be made with compounds from the natural pool, and required
total synthesis of the target structures.

Azithromycin is derived from the natural product, erythromycin, via Beckmann
rearrangement of the intermediary oxime, as outlined in Scheme 16.1.

Ring enlargement of the natural product to its 15-membered aza-congener,
followed by N-methylation, resulted in an antibiotic that has revolutionized the
therapy of many infective diseases, in particular, those caused by highly resistant
strains [23].

16.4 Ring Closure Metathesis: An Efficient Approach
to Macrocyclic ‘“Non-natural Natural Products”

Contrary to azithromycin, 12-aza-epothilones 1 and 2 are not available from their
natural congeners. Therefore, these target molecules must be approached by total
synthesis, starting from small chiral building blocks. The key issue in their synthesis,
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Scheme 16.1 Synthetic route to the antibiotic azithromycin

as in the synthesis of most macrocyclic natural and non-natural products is macro-
cyclization. This process is not entropy-favoured, and in its traditional version,
requires specific conditions, such as high dilution methods and specific reagents,
including activating groups to promote two terminal functionalities for intramole-
cular reaction. In addition, the macrocyclic ring in epothilones comprises five
stereogenic centres of defined absolute configuration. This apparently formidable
synthetic task was elegantly solved by the group of Altmann at the ETH Zurich.
After taking some inefficient and tedious approaches [24, 25], the authors designed
and achieved the synthesis of the target structures 1 and 2, involving three strategic
steps:

1. A stereoselective aldol reaction between aldehyde 3 and ketone 4 creating two
stereogenic centres in the correct absolute configuration (Scheme 16.2).

2. Preparation of optically pure sec-alcohol 15 (Schemes 16.3 and 16.4).

3. Esterification of carboxylic acid 7 followed by ring closure metathesis (RCM)
of bis-olefin 16 to unsaturated azathilone 2 (Scheme 16.5) [26-28].

Hydrogenation of 2 to 1 in the last step of Scheme 16.5, as routine as it seems,
proved to be extremely sluggish, leading to side reactions and a low yield. This
synthetic issue was solved, though not as a practical large-scale approach, as
discussed in Sect. 16.5.

Syntheses of 7 and 15, the two chiral building blocks with terminal C=C bond
are presented in Schemes 16.2, 16.3 and 16.4.

Aldol condensation of para-methoxybenzoyl (OPBM), with protected (2S)-
2-methyl-3-hydroxypropanal 3 and ketone 4 [29], created a 9C atom carbon chain
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Reagents and conditions: i. LDA, -78 °C, then addtn. of 3, 90 °C, 76%, d.r. 89:11; ii. PPTS, MeOH, r.t.;
iii. TBSOTHT, 2,6-lutidine, -78 °C, then r.t.; flash chromatography; iv. H,, Pd/C, MeOH, r.t,;
TPAP, MNO, 4-A MS, DCM, r.t. MePh,Br, LIHDMS, THF, 0 °C;
v. CSA (1.0 equiv.), DCM/MeOH 1:1, 0 °C; vi. PDC (11equiv.), DMF, r.t.

Scheme 16.2 Synthesis of key intermediate 7 on the route to azathilones
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Reagents and conditions: i. MeNH,, (33% in EtOH), MeOH; ii. H,, RaNi, THF/MeOH 2:1,
40 °C; iii. MeC(OMe);, MeOH, refl.; iv. MeOH, H,SO,, refl,;
v. LiAIH,, THF; vi. (COCl,), DMSO, Et;N, -78 °C to r..

Scheme 16.3 Synthetic route to heterocyclic aldehyde 11

with two new stereogenic centres. Then, three OH groups were protected as fert-
butyldimethylsilyl (TBS) affording intermediate 5. Selective hydrogenolytic depro-
tection of the PMB group in the presence of the other three protecting groups
yielded the prim-alcohol, which was oxidized to the aldehyde by perruthenate/
4-methyl-morpholine-N-oxide (TPAP/MNO) complex and submitted to chain elon-
gation in 6 via the Wittig reaction. Site-selective hydrolysis of the TBS protecting
group on the prim-carbon atom was completed at 0°C in the presence of camphor-
sulphonic acid (CSA), and in the final step, alcohol was oxidized to carboxylic acid
7 by pyridinium dichromate. It is worth emphasizing that the five-step synthesis of 7
required stereoselective formation of two stereogenic centres and two site-selective
transformations of the prim-hydroxy groups.

Synthesis of the second building block, sec-alcohol 15, is outlined in
Schemes 16.3 and 16.4. The key step is represented by stereoselective addition of
chiral auxiliary, N-acyl-sultam 12, to the aldehyde 11. However, preparation of an
achiral building block is often not straightforward and 11 serves as a good example
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Reagents and conditions: i. Et;B, CF3;SO3H, hexane, r.t., then Hunig's base, 0 °C, then 11 at-5°C,
then 12 at -78 °C; ii. TBSCl-imidazole, DMF, 40 °C; jii. DIBAL-H, DCM,
-78 °C; iv. PhyP, imidazol, 1,/MeCN; v.CH,=CHCH,NH,, reflux;
vi.(tert-BuO),CO/THF, aq. NaHCO,4/EtOAc.

Scheme 16.4 Synthetic route to the second key intermediate, allylamine 15
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Reagents and conditions: i. DCC, DMAP/DCM, °C; ii. 2nd generation Grubbs catalyst
(0.15 equiv., incremental addition), DCM, reflux; iii. HF-Py complex,
pyridine/THF, r.t.; iv. KO,C-N=N-CO,K (excess), AcOH, DCM.

Scheme 16.5 Final steps in the synthesis of epothilones 1 and 2

of the fact that even the “two-dimensional life” of a synthetic organic chemist is not
easy. On the route to 11 from commercially available trisubstituted aromatic
compound, six steps are needed, all completed with a high to very high yield
(Scheme 16.3).

Starting from 11 and 12, the aldol reaction was completed in the presence of
N,N-diisopropylethylamine (Hunig’s base) with 91% d.e. and the resulting sec-
alcohol protected as TBS ether 13. In the next steps, the sulphonamide-amide unit
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was reductively split and the resulting 1,3-diol transformed in two steps into the
selectively protected 14 (Scheme 16.4).

This intermediate was transformed into allylamine 15 via the 3-iodo derivative,
which was reacted with allylamine. Then N-Boc was protected by di-tert-butyl
dicarbonate, and finally OTBS protection removed by the aqueous work-up to
obtain 15. The detailed protocol for the final steps iv—vi is reported in the patent,
which does not state the yields [30]. The final steps of the synthesis of 1 are given in
Scheme 16.5 [27].

Successful completion of step ii in Scheme 16.5 was crucial for the whole
synthetic project. The interaction of the two terminal double bonds to form the
macrocyclic ring, a process clearly against entropic requirements, is fascinating.
Known as the Grubbs reaction [31, 32], according to one of its inventors (although
many outstanding synthetic chemists substantially contributed to its development
and broad application [33, 34]), this cyclization deserves detailed analysis. It is the
cyclic variant of an acyclic alkene metathesis; both are presented in Scheme 16.6.

RCM is an entropy-driven process as it cuts one substrate molecule into two
products; one is volatile (ethene, propene, etc.) so the desired cycloalkene accu-
mulates in the reaction solution. The basic catalytic cycle of RCM is given in
Scheme 16.7.

Although not specifically shown in the Scheme, all individual steps in the cata-
Iytic cycle are reversible, and consequently so is the overall transformation. This
generally accepted mechanism, known as the Chauvin mechanism [35], involves a
sequence of formal [2 + 2] cycloadditions/cycloreversions involving alkene, car-
bene and metallacyclobutane intermediates. Since all these steps run within the
coordination sphere of the central metal, the demands on the electronic properties
of the metal and the stereoelectronic properties of the ligands to form an effec-
tive catalytic complex are very stringent. Although the first effective complexes
included Mo as the central atom, those developed later were based on the “late”
transition metals, W, Ru and Ta, in particular. Examples of the “first” and “second”
generation complexes 18-22 are given in Fig. 16.4.

Their development remains the basis for progress in the field of RCM reactions,
since the experience accumulated enabled the design of more effective, versatile
and robust catalysts. To understand the requirements that these catalytic species

R1 R3

R3 \:/
catalyst acyclic
| " | h metathesis
/_

R2 R4 R2 ‘R4

R1

\ / — CH, ring-closure
catalyst @ 2
‘=y + IC|3H2 metathesis (RCM)

Scheme 16.6 Two principles of alkene metathesis
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Scheme 16.7 Schematic
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Fig. 16.4 Structures of representative catalytic complexes 18-22 for the RCM reaction

were able to satisfy, let us consider the mechanism of the metathetic process in
Scheme 16.8 [36].

In the initial five-coordinated 16-electron ruthenium complex 23, two neutral
ligands, two anionic ligands and one carbene-type ligand are present. This complex
first introduces alkene into the highly labile species 24 that then dissociates with the
loss of one trialkylphosphine ligand. To allow this process, the effect of the anionic
chlorides (which are electron-withdrawing groups) must be counterbalanced by the
electron-donating phosphines, such as tricyclohexylphosphine (PCy3), with a large
cone angle. The bulky and electron-donating character of the residual phosphine is
decisive for stabilizing the reactive intermediate 24. The proposed “dissociative
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mechanism” that leads to 25 and 26 is the result of detailed physico-chemical studies
[36], corroborated by synthetic results with a number of specifically designed ligands
[37]. This mechanistic scheme tells us that the cis alkene binding site to carbene and
trans to that of the chlorides, determines metathesis, and together with the subse-
quent formation of the metallacycle these represent the rate-determining steps.

Mechanistic and synthetic data encouraged the “second” generation of the
alkene metathesis catalysts. It was concluded that the steric and electronic proper-
ties of the residual neutral ligand in the catalytically relevant intermediate 26 are
decisive for the performance of the catalyst. It was self-evident to introduce into the
catalytic complex an even more basic and sterically demanding ligand than trialkyl
phosphines to increase the life-time and reactivity of this species. The solution was
found in “‘stable” N-heterocyclic carbenes, represented by the complexes 27-29
(Fig. 16.5). Soon, it was observed that double substitution of PCy; by carbene-type
ligands led to complexes with excessively high stability and limited catalytic
activity. This observation led to the idea that a kinetically inert, electron-donating
carbene ligand, in combination with a coordinatively labile phosphine ligand,
should result in synergism. Representatives of such heteroleptic complexes are
presented in Fig. 16.5.

They differ, both in the imidazoline or imidazolidine-derived N-heterocyclic
carbine and in the substituents R on the N-atoms, as well as in the alkylidene
fragment. Most importantly, the activity of the catalysts 27-29 is significantly
higher than that of the parent Grubbs carbene 19 and comes close to that of Schrock’s
Mo alkylidene complex 18. In combination with exceptional thermal stability and
resistance towards oxygen and moisture, together with compatibility with many
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Scheme 16.9 Detailed mechanism of RCM step 16-17

functional groups, these complexes proved exceedingly useful tools in synthetic
organic chemistry, in particular, RCM reactions used to synthesize natural products
and their structural congeners [34].

According to our present knowledge, the RCM step 16-17 in Scheme 16.6, on
the route to 1, may be presented as shown in Scheme 16.9.

Effective ring closure to form 17 resulted in an 85% yield of the isolated product
with exclusive E-selectivity. No trace of the corresponding Z-isomer could be
detected. This is an important feature of the RCM process, in view of the defined
conformational properties of the unsaturated macrolactone ring that are required for
SAR studies of azathilones [38].

Recently, this reaction was improved for the preparation of “hypermodified”
epothilone analogues; when completed with Grubbs catalysts of the second gener-
ation in refluxing toluene, 94% yield and E/Z ratio >10:1 of the target products
were achieved [39].

The key step on any synthetic route is of strategic importance, its successful
completion allowing detours and modifications of protocols in some less critical
steps. In the case of 12-aza-epothilones, it is the RCM reaction, which is why it is
important to understand its mechanistic and practical aspects.

16.5 Diimide Reduction of the Allylic C=C Bond

As mentioned in the previous section, conversion of 12-aza-epothilone 2 to 1, in the
last step of Scheme 16.5, was hampered by the allylic character of the C9=C10
double bond. Catalytic hydrogenations of 2 mostly afforded a mixture of hydro-
genated product and products of the reductive ester hydrogenolysis, or hydrogeno-
lysis of the allylic C11-N12 bond, without reduction of the double bond. The use of
H,/Ra-Ni in EtOH did not result in any conversion of 2. Interestingly, hydrogena-
tion of 9,10-unsaturated precursors of azathilones with the general formulae I, in
the presence of Wilkinson’s catalyst, Rh(I)(PPh3)Cl, resulted in selective hydro-
genation of the more substituted, sterically hindered side-chain double bond.

In view of the well-known preference of complex hydrides for reduction of the
C=X over the C=C double bond, by delivery of hydride ion to the positively
polarized C atom in the former, a mild reagent that delivers two H atoms in the
absence of a metal catalyst seemed preferable for reduction of 12-aza-epothilone
2 to 1. An early report by Fischer et al. [40, 41], that hydrazine reduces selectively
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the vinylic C=C bond in chlorines and porphyrines, hardly produced a stir in the
organic synthetic community for 20 years. It was Corey who reported that diimide,
or 1,2-diazine, is a reactive hydrogenating agent in the hydrazine—alkene system,
confirming the coincidence of the factors that accelerate the oxidation of hydrazine
to nitrogen via diimide with accelerated reduction [42]. The whole process is
outlined in Scheme 16.10.

The thermochemical data in Scheme 16.10 reveal that direct transfer from hydra-
zine to an alkene is at most only slightly exothermic, and therefore slow, whereas
the corresponding transformation of diimide is energetically favoured by almost
70 kcal/mol [43].

The coincidence of these factors, which accelerate the oxidation of hydrazine to
nitrogen via diimide and those which accelerate reduction, prompted the use of
dipotassium diazodicarboxylate (PADA), or azidoformate, as a reducing agent.
This substance undergoes acid-catalyzed, rapid and irreversible decomposition in
water, with the obligatory intermediacy of diimide (Scheme 16.11).

The ultimate fate of diimide is sealed by its capacity to function both as a
hydrogen acceptor and a powerful hydrogen donor. This latter property allows for
the concerted, pericyclic hydrogen transfer from the cis-diimide isomer, a less
stable isomer in solution, as presented in Scheme 16.12.

This scheme is based on experimental and calculated data of the rate con-
stants, and activation parameters, which are all in agreement with the following
scenario [43]:

(a) trans-diimide is in solvent-catalyzed equilibrium with its high-energy cis isomer

(b) The cis isomer donates both hydrogen atoms in a concerted manner with
virtually no activation enthalpy, the transition state being highly entropy
controlled.

HoN—NH, — HN=NH + H, AH ca. 26.5 kcal/mol

Scheme 16.10 Energetics HN=NH No +H, AH ca. -48.7 keal/mol
of hydrogen elimination— \

addition between hydrazine Hy + /C=C - /CH=CH AH ca. -28 kcal/mol
and alkene AN

2 KOOC-N=N-COOK + 4 H,0
2 NH=NH

H,N-NH, + 4 KHCOg3 + Ny
HoN-NH, + N,  AH ca. -75 kcal/mol

Scheme 16.11 Decomposition scheme of dipotassium diazodicarboxylate
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Scheme 16.12 Concerted mechanism of hydrogenation of C=C bond by diimide
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The synthetic viability of the process, as outlined in Schemes 16.11 and 16.12,
using in situ generated diimide, was demonstrated by reduction of a number of
terminal, internal, conjugated and cyclic alkenes [42, 44, 45]. Diimide reduction
was successfully used in the reduction of E-9,10-epothilones [46] and the trans-
cyclopropane-based epothilone A analogue [38].

Reduction of azathilone 2 to 1 with PADA/AcOH (Scheme 16.5), proceeded
sluggishly, and only after 8 days could the total yield be increased to 52% after
HPLC purification.

16.6 Conclusion

Synthetic success in completion of either a critical step or any single step on the
designed route to chiral drugs requires profound knowledge of the mechanism and
finely tuned experimental details. The highlights of the synthetic efforts to azathilones
and other “hypermodified” epothilones, presented in this chapter, give a general
impression of the many versatile synthetic steps required on such a complex route.

The example of diimide reduction of the allylic C=C bond also demonstrates
that once a specific synthetic reaction has been performed on a laboratory scale,
with acceptable yield, additional optimization work is usually required to establish
a truly practical approach to the transformation. Such technological improvements
facilitate progress in research towards new drug entities by supplying the needed
quantities, returning again to the point we made in Fig. 1.2 in the introductory
chapter of this book.
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Synthetic Methods and Concepts Discussed
in the Chapters

Chapter 2: Aliskiren Fumarate

(a) Strategy based on visual-imagery, starting from Nature’s chiral pool; Dali-like
presentation of objects that can be viewed in more than one way.

(b) trans-Diastereoselectivity of the Grignard reaction of phenyl-magnesiocuprate
controlled by anchoring of the second mole of reagent to the proximal tert-
hydroxy group.

(c) Fine-tuning of the chiral ligand for the Rh complex, which catalyses hydro-
genation of the selected substrate with extreme enantioselectivities.

(d) Extremely high enantioselectivities in the hydrogenation of the “hard” internal
C=C bond in «a, B-unsaturated carboxylic acids with the Rh(TriFer)-complex;
the dimethylamino moiety in the ligand, TriFer, serves as the second interaction
centre via electrostatic interaction with the carboxylate unit.

Chapter 3: (R)-K-13675

(a) Non-hydrolytic, anomalous lactone ring-opening by Me;Sil/EtOH

(b) The Mitsunobu reaction in ether bond formation

(c) Optimization of the Mitsunobu reaction without loss of enantiomeric purity

(d) Large-scale production of (S)-2-hydroxybutyrolactone

(e) Williamson-type ether bond formation in aryl-alkyl ethers with inversion of
configuration at the stereogenic centre

Chapter 4: Sitagliptin Phosphate

(a) C-Acyl mevalonate as an N-acylating agent and its mechanism of reaction

(b) Ferrocenyl-based chiral phosphines, Josiphos-ligands; highly enantioselective
hydrogenation of unprotected f-enamino amides

(c) Ammonium chloride as a stabilizer of the imine form; an effective promoter of
catalytic enantioselective hydrogenation
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Chapter 5: Valsartan

(a) Cu-promoted catalytic decarboxylative biaryl synthesis, biomimetic type aero-
bic decarboxylation and the Goossen reaction

(b) Coupling to biaryls with the Suzuki—-Miyaura reaction, a stereoselective
approach to the axially chiral biaryl system; the case of vancomycin

Chapter 6: Amino-1,4-benzodiazepines

(a) Crystallization induced asymmetric transformation

(b) Configurational stability, racemization and enantiomerization

(c) Asymmetric Ireland—Claisen rearrangement

(d) Hydroboration of the terminal C=C bond; anti-Markovnikov hydratation

Chapter 7: Sertraline

(a) Stereoselective reduction of ketones and imines under kinetic and thermody-
namic control

— MeNH,/EtOH-H,/Pd/CaCOs; in “telescoped process”
— Hydrosilylation by the (R,R)-(EBTHI)TiF,/PhSiH; catalytic system
— Chiral diphenyloxazoborolidine in the reduction of racemic ketones

(b) SCRAM complex in the catalytic epimerization of the trans- to cis-isomer of
sertraline

(c) Desymmetrization of oxabenzonorbornadiene; Suzuki coupling of arylboronic
acids and vinyl halides

(d) The Horner—Wadsworth—-Emmons reaction; synthesis of sertraline from
L-ascorbic acid

(e) Pd-catalysed (Tsuji—Trost) coupling of arylboronic acids and allylic esters

(f) Simulated moving bed (SMB), general concept and production of sertraline

Chapter 8: 1,2-Dihydroquinolines

(a) Asymmetric organocatalysis

— L-Proline as a pioneering organocatalyst

— The chiral thiourea organocatalyst for the catalytic enantioselective Petasis
reaction

— The diastereoselective Petasis reaction

— One-pot, four-component Petasis borono—Mannich reaction

(b) Multicomponent reactions (MCRs); general concept and examples
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Chapter 9: (—)-Menthol

(a) Enantioselective allylic amine—enamine—imine rearrangement; catalysis by the
Rh(I)-(—)-BINAP complex

(b) High diastereoselectivity of the hydrogenation of 2-ispropyl-5-methylphenol
by H,/Cu-chromate catalyst to all-trans 2-isopropyl-5-methyl cyclohexanol,
one of the three possible racemic diastereomers

(c) Unsaturated aldehyde undergoes intramolecular ene-reaction mediated by zinc
dibromide, which is completely controlled by the first chiral centre.

Chapter 10: Fexofenadine Hydrochloride

(a) Retrosynthetic analysis of fexofenadine, synthone approach

(b) Alkines as synthetic equivalents for ketones, Hg(II) and Pt(IT) promoted hydra-
tation

(c) ZnBr,-catalysed transposition of a-haloketones to terminal carboxylic acids
mechanism

(d) Oxazaborolidine-based catalysts for enantioselective reduction of ketones

(e) Microbial oxidation of non-activated C—H bond; biotransformation of terfenadine
to fexofenadine with Cunninghamella blakesleeana and Absidia corymbifera

(f) Bioisosteres; silicon switch of fexofenadine to sila-fexofenadine

Chapter 11: Montelukast Sodium

(a) Asymmetric hydrogenation of ketones with a-pinenes

(b) Non-linear effect (NLE) in asymmetric reactions

(c) Chiral Ru(Il) complexes, catalysts for enantioselective hydrogen transfer

(d) Biocatalytic reduction of ketones; ketoreductase KRED (KetoREDuctase)
scaled-up to a production batch of >200 kg

(e) Remarkable effect of Ce(Ill) chloride on the Grignard reaction; structure and
mechanism

(f) Replacement of the hydroxyl group for a thiol group; high nucleophilicity of the
soft Cs-salts of thioacids; selective split of the C(O)-S bond in thioesters by
hydrazine under mild conditions

Chapter 12: Thiolactone Peptides and Peptidomimetics

(a) Development of chemical ligation (CL) in peptide synthesis

— Chaotropes, polar salts that increase the concentration of the reacting
partners in peptide synthesis
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(b) Development of native chemical ligation (NCL) in peptide synthesis
— SPPS, Rink-PEGA resin
(c) Development of NCL in thiolactone peptide synthesis

— Reducing agent tris-(2-carboxy)ethyl phosphine (TCEP); formation of thiol
group; its intramolecular attack on the activated ester group

Chapter 13: Efavirenz

(a) Asymmetric addition of an alkyne anion to a C=0 bond

— Ephedrines as chiral modifiers
— Chiral Li* aggregates as the initiators of NLE

(b) Scale-up of Grignard-type alkynylation promoted by the use of Et,Zn as a weak
Lewis acid

Chapter 14: Paclitaxel

(a) Intramolecular Heck reaction on the pathway to baccatine 111

(b) Heterogeneous trifunctional catalyst (LDH-PdOsW) for biomimetic synthesis
of chiral diols; synthesis of the paclitaxel side-chain

(c) The catalytic Cp,ZrHCI complex for reductive, non-hydrolytic N-deacylation
of taxanes to primary amine, the key precursor of paclitaxel

Chapter 15: Neoglycoconjugates

(a) Click chemistry, energetically preferred reactions

(b) Target-guided synthesis (TGS or freeze-frame click chemistry); a new strategy
for the generation of compound libraries

(c) Application of click chemistry in the synthesis of neoglycoconjugates

(d) 1,3-Dipolar cycloaddition of azides to alkenes (Huisgen reaction)

Chapter 16: 12-Aza-Epothilones

(a) Ring closure metathesis (RCM), the shortest approach to “non-natural natural-
product” lead compounds

(b) Selective oxidation of primary-alcohols to aldehydes with the perruthenate/
4-methyl-morpholine-N-oxide (TPAP/NMO) complex

(c) Diimide (PADA) reduction of the allylic C=C bond
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target-guided synthesis (TGS), 202

target molecule (TM), 129

taxanes, 181, 182

Taxol®, 179

Tekturna®, 13

Telfast™

thiolactone peptides, 155

thiourea-type organocatalysts, 110

(1R,2R)-N-(para-tolylsulfonyl)-1,2-
diphenylethylenediamine (TsDPEN), 149

tricyclic antidepressants (TACs), 84

TriFer, ferrocene-based ligand, 23

triflate ester, 41, 42

trifluoroacetic acid (TFA), 38

trifunctional catalyst system (PdOsW),
185, 191

tris-(2-carboxy)ethyl phosphine (TCEP), 166

Tsuji-Trost coupling, 94
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turn over number (TON), 26, 123 Wieland-Miescher ketone, 105
Williamson-type ether synthesis, 42
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\" ZnBr,-catalyzed rearrangement, 131, 133
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