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Introduction: Microwave Synthesis in Perspective

1.1
Microwave Synthesis and Medicinal Chemistry

Improving research and development (R&D) productivity is one of the biggest tasks
facing the pharmaceutical industry. In the next 10years, the pharmaceutical indus-
try will see many patents of drugs expire. In order to remain competitive, pharma
companies need to pursue strategies that will offset the sales decline and see robust
growth and shareholder value. The impact of genomics and proteomics is creating
an explosion in the number of drug targets. Today’s drug therapies are based solely
on approximately 500 biological targets, while in 10years from now the number of
targets could well reach 10000. In order to identify more potential drug candidates
for all of these targets, pharmaceutical companies have made major investments in
high-throughput technologies for genomic and proteomic research, combinatorial
chemistry, and biological screening. However, lead compound optimization and
medicinal chemistry remain the bottlenecks in the drug discovery process. Develop-
ing chemical compounds with the desired biological properties is time-consuming
and expensive. Consequently, increasing interest is being directed toward technolo-
gies that allow more rapid synthesis and screening of chemical substances to iden-
tify compounds with functional qualities.

Medicinal chemistry has benefited tremendously from the technological advances
in the field of combinatorial chemistry and high-throughput synthesis. This disci-
pline has been the innovative machine for the development of methods and technol-
ogies which accelerate the design, synthesis, purification, and analysis of compound
libraries. These new tools have had a significant impact on both lead identification
and lead optimization in the pharmaceutical industry. Large compound libraries can
now be designed and synthesized to provide valuable leads for new therapeutic targets.
Once a chemist has developed a suitable high-speed synthesis of a lead, it is now possi-
ble to synthesize and purify hundreds of molecules in parallel to discover new leads
and/or to derive structure—activity relationships (SAR) in unprecedented timeframes.

The bottleneck of conventional parallel/combinatorial synthesis is typically opti-
mization of reaction conditions to afford the desired products in suitable yields and
purities. Since many reaction sequences require at least one or more heating steps
for extended time periods, these optimizations are often difficult and time-consum-
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ing. Microwave-assisted heating under controlled conditions has been shown to be
an invaluable technology for medicinal chemistry and drug discovery applications
since it often dramatically reduces reaction times, typically from days or hours to
minutes or even seconds. Many reaction parameters can be evaluated in a few hours
to optimize the desired chemistry. Compound libraries can then be rapidly synthe-
sized in either a parallel or (automated) sequential format using this new, enabling
technology. In addition, microwave synthesis allows for the discovery of novel reac-
tion pathways, which serve to expand “chemical space” in general, and “biologically
relevant, medicinal chemistry space” in particular.

Specifically, microwave synthesis has the potential to impact upon medicinal
chemistry efforts in at least three major phases of the drug discovery process: lead
generation, hit-to-lead efforts, and lead optimization. Medicinal chemistry addresses
what are fundamentally biological and clinical problems. Focusing first on the prep-
aration of suitable molecular tools for mechanistic validation, efforts ultimately turn
to the optimization of biochemical, pharmacokinetic, pharmacological, clinical, and
competitive properties of drug candidates. A common theme throughout this drug
discovery and development process is speed. Speed equals competitive advantage,
more efficient use of expensive and limited resources, faster exploration of struc-
ture-activity relationships (SAR), enhanced delineation of intellectual property,
more timely delivery of critically needed medicines, and can ultimately determine
positioning in the marketplace. To the pharmaceutical industry and the medicinal
chemist, time truly does equal money, and microwave chemistry has become a cen-
tral tool in this fast-paced, time-sensitive field.

Chemistry, like all sciences, consists of never-ending iterations of hypotheses and
experiments, with results guiding the progress and development of projects. The
short reaction times provided by microwave synthesis make it ideal for rapid reac-
tion scouting and optimization, allowing very rapid progress through the “hypoth-
eses-experiment-results” iterations, resulting in more decision points per unit time.
In order to fully benefit from microwave synthesis, one has to “be prepared to fail in
order to succeed”. While failure could cost a few minutes, success would gain many
hours or even days. The speed at which multiple variations of reaction conditions
can be performed allows a morning discussion of “What should we try?” to become
an after lunch discussion of “What were the results?” (the “let’s talk after lunch’
mantra) [1]. Not surprisingly, therefore, most pharmaceutical, agrochemical, and
biotechnology companies are already heavily using microwave synthesis as frontline
methodology in their chemistry programs, both for library synthesis and for lead
optimization, as they realize the ability of this enabling technology to speed chemi-
cal reactions and therefore the drug discovery process.

1.2
Microwave-Assisted Organic Synthesis (MAOS) — A Brief History

While fire is now rarely used in synthetic chemistry, it was not until Robert Bunsen
invented the burner in 1855 that the energy from this heat source could be applied
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to a reaction vessel in a focused manner. The Bunsen burner was later superseded
by the isomantle, the oil bath or the hot plate as a means of applying heat to a chemical
reaction. In the past few years, heating and driving chemical reactions by microwave
energy has been an increasingly popular theme in the scientific community [1, 2].
Microwave energy, originally applied for heating foodstuffs by Percy Spencer in
the 1940s, has found a variety of technical applications in the chemical and related
industries since the 1950s, in particular in the food-processing, drying, and polymer
industries. Other applications range from analytical chemistry (microwave diges-
tion, ashing, extraction) [3] to biochemistry (protein hydrolysis, sterilization) [3],
pathology (histoprocessing, tissue fixation) [4], and medical treatments (diathermy)
[5]. Somewhat surprisingly, microwave heating has only been implemented in
organic synthesis since the mid-1980s. The first reports on the use of microwave
heating to accelerate organic chemical transformations (MAOS) were published by
the groups of Richard Gedye (Scheme1.1) [6] and Raymond ]. Giguere/George
Majetich [7] in 1986. In those early days, experiments were typically carried out in
sealed Teflon or glass vessels in a domestic household microwave oven without any
temperature or pressure measurements. The results were often violent explosions
due to the rapid uncontrolled heating of organic solvents under closed-vessel condi-
tions. In the 1990s, several groups started to experiment with solvent-free micro-
wave chemistry (so-called dry-media reactions), which eliminated the danger of
explosions [8]. Here, the reagents were pre-adsorbed onto either an essentially
microwave-transparent (i.e., silica, alumina or clay) or strongly absorbing (i.e.,
graphite) inorganic support, that additionally may have been doped with a catalyst
or reagent. Particularly in the early days of MAOS, the solvent-free approach was
very popular since it allowed the safe use of domestic microwave ovens and standard
open-vessel technology. While a large number of interesting transformations using
“dry-media” reactions have been published in the literature [8], technical difficulties
relating to non-uniform heating, mixing, and the precise determination of the reac-
tion temperature remained unresolved, in particular when scale-up issues needed to

be addressed.

20% H,S0, on

MW or thermal

thermal: 1 h, 90 % yield (reflux)
MW: 10 min, 99 % vyield (sealed vessel)

Scheme 1.1 Hydrolysis of benzamide. The first published example (1986)
of microwave-assisted organic synthesis.

Alternatively, microwave-assisted synthesis has been carried out using standard
organic solvents under open-vessel conditions. If solvents are heated by microwave
irradiation at atmospheric pressure in an open vessel, the boiling point of the sol-
vent typically limits the reaction temperature that can be achieved. In order to none-

3



4

1 Introduction: Microwave Synthesis in Perspective

theless achieve high reaction rates, high-boiling microwave-absorbing solvents have
been frequently used in open-vessel microwave synthesis [9]. However, the use of
these solvents presented serious challenges in relation to product isolation and recy-
cling of the solvent. Because of the recent availability of modern microwave reactors
with on-line monitoring of both temperature and pressure, MAOS in dedicated
sealed vessels using standard solvents — a technique pioneered by Christopher R.
Strauss in the mid-1990s [10] — has been celebrating a comeback in recent years.
This is clearly evident surveying the recently published (since 2001) literature in the
area of controlled microwave-assisted organic synthesis (MAOS). It appears that the
combination of rapid heating by microwaves with sealed-vessel (autoclave) technolo-
gy will most likely be the method of choice for performing MAOS on a laboratory
scale in the future. Importantly, recent innovations in microwave reactor technology
now allow controlled parallel and automated sequential processing under sealed-ves-
sel conditions, and the use of continuous- or stop-flow reactors for scale-up pur-
poses.

Since the early days of microwave synthesis, the observed rate accelerations and
sometimes altered product distributions compared to oil-bath experiments have led
to speculation on the existence of so-called “specific” or “non-thermal” microwave
effects [11]. Historically, such effects were claimed when the outcome of a synthesis
performed under microwave conditions was different from that of the convention-
ally heated counterpart at the same apparent temperature. Reviewing the present
literature [12], it appears that today most scientists agree that in the majority of cases
the reason for the observed rate enhancements is a purely thermal/kinetic effect,
i.e., a consequence of the high reaction temperatures that can rapidly be attained
when irradiating polar materials in a microwave field, although effects that are
caused by the unique nature of the microwave dielectric heating mechanism (“spe-
cific microwave effects”) clearly also need to be considered. While for the medicinal
chemist in industry this discussion may seem largely irrelevant, the debate on
“microwave effects” is undoubtedly going to continue for many years in the academ-
ic world. Regardless of the nature of the observed rate enhancements (for further
details on microwave effects, see Section 2.5), microwave synthesis has now truly
matured and has moved from a laboratory curiosity in the late 1980s to an estab-
lished technique in organic synthesis, heavily used in both academia and industry.

The initially slow uptake of the technology in the late 1980s and 1990s has been
attributed to its lack of controllability and reproducibility, coupled with a general
lack of understanding of the basics of microwave dielectric heating. The risks asso-
ciated with the flammability of organic solvents in a microwave field and the lack of
available dedicated microwave reactors allowing for adequate temperature and pres-
sure control were major concerns. Important instrument innovations (see Chap-
ter 3) now allow for careful control of time, temperature, and pressure profiles, pav-
ing the way for reproducible protocol development, scale-up, and transfer from labo-
ratory to laboratory and from scientist to scientist. Today, microwave chemistry is as
reliable as the vast arsenal of synthetic methods that preceded it. Since 2001, there-
fore, the number of publications related to MAOS has increased dramatically
(Fig. 1.1), to such a level that it might be assumed that, in a few years, most chemists
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Fig. 1.1  Publications on microwave-assisted SciFinder scholar search, keyword: “microwave
organic synthesis (1986-2004). Gray graphs: not spectroscopy”). The black graphs represent
Number of articles involving MAOS for seven the number of publications (2001-2004)
selected synthetic organic chemistry journals reporting MAOS experiments in dedicated
(J. Org. Chem, Org. Lett., Tetrahedron, Tetra- reactors with adequate process control
hedron Lett., Synth. Commun., Synthesis, Synlett; (ca. 50journals, full text search: microwave).

will probably use microwave energy to heat chemical reactions on a laboratory scale
[1, 2]. Not only is direct microwave heating able to reduce chemical reaction times
significantly, but it is also known to reduce side reactions, increase yields, and
improve reproducibility. Therefore, many academic and industrial research groups
are already using MAOS as a technology for rapid reaction optimization, for the effi-
cient synthesis of new chemical entities, or for discovering and probing new chemi-
cal reactivity.

1.3
Scope and Organization of the Book

Today, a large body of work on microwave-assisted synthesis exists in the published
and patent literature. Many review articles [8-20], several books [21-23], and infor-
mation on the world-wide-web [24] already provide extensive coverage of the subject.
The goal of the present book is to present carefully scrutinized, useful, and practical
information for both beginners and advanced practitioners of microwave-assisted
organic synthesis. Special emphasis is placed on concepts and chemical transforma-
tions that are of importance to medicinal chemists, and that have been reported in
the most recent literature (2002-2004). The extensive literature survey is limited to
reactions that have been performed using controlled microwave heating conditions,
i.e., where dedicated microwave reactors for synthetic applications with adequate
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temperature and pressure measurements have been employed. After a discussion of
microwave dielectric heating theory and microwave effects (Chapter 2), a review of
the existing equipment for performing MAOS is presented (Chapter 3). This is fol-
lowed by a chapter outlining the different processing techniques in a microwave-
heated experiment (Chapter 4) and a chapter on “how to get started” with microwave
synthesis, including safety aspects (Chapter 5). Finally, a literature survey with more
than 600 references is presented in Chapters 6, 7, and 8.
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