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1. Introduction

Microwave dielectric heating was firstly reported on the use in organic chemistry by Gedye
(Gedye, R. et al., 1986) and Giguere/Majetich (Giguere, R. J. et al., 1986) in the mid-1980s.
However, it takes a long time before the wide application of this technology in the late 1980s
and early 1990s. This has been principally attributed to the lack of controllability and
reproducibility of the initial domestic microwave ovens implemented in organic chemistry,
and partly due to a general lack of understanding of the basics of microwave dielectric
heating. Since the year 2000, dedicated commercial microwave reactors for chemical
synthesis have become available, promoting the wide spread of microwave energy in
academic and industry to heat various chemical transformations. Nowadays, this enabling
technology has been considerably exploited in organic synthesis and drug discovery.
Microwave technology triggers heating into the reacting system by either dipolar
polarization or ionic conduction. When irradiated at microwave frequencies,
electromagnetic waves pass through the dipoles or ions of the sample and cause the
molecules to oscillate. In this process, energy is lost in the form of heat through molecular
friction and dielectric loss. Because microwave radiation is introduced into the reaction
system remotely without direct physical contact with reaction materials, this can lead to a
rapid temperature increase throughout the sample causing less by-products or
decomposition products. In contrast, conventional heating of organic reactions such as oil
baths, sand baths or heating mantles are rather slow and create an inward temperature
gradient, which may result in localized overheating and reagent decomposition when
heated for prolonged periods.

The most prominent advantage of controlled microwave dielectric heating for chemical
synthesis is the dramatic reduction in reaction time from days and hours to minutes.
Moreover, microwave heating is able to reduce side reactions, increase yields, improve
reproducibility, allow control of temperature and pressure, and even realize impossible
reactions by conventional heating.

Since a large number of articles have been published in the area of microwave synthesis,
including a number of general and specific review articles (Caddick, S. & Fitzmaurice, R,,
2009; Mavandadi, F. & Lidstrom, P., 2004; Mavandadi, F. & Pilotti, A., 2006; Kappe, C. O,
2004, 2008; Kappe, C. O. & Dallinger, D., 2006; Wathey, B. et al., 2002) and several books
(Hayes, B. L., 2002; Kappe, C. O. et al., 2009; Kappe, C. O. & Stadler, A., 2005; Leadbeater, N.
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352 Microwave Heating

E., 2010; Loupy, A., 2006; Polshettiwar, V., 2010; Tierney, J. P. & Lidstrom, P., 2005), in this
chapter we only exemplify recent publications that demonstrate the impact of microwave
heating on organic synthesis and drug discovery.

2. Microwave in general synthetic transformations

In early days, microwave heating was often used as an optional protocol when a particular
reaction has failed to proceed under other conditions or requires exceedingly long reaction
time or high temperature. Dedicated microwave chemistries have now made it obvious that
many types of chemical transformations that require heating can be carried out successfully
under microwave conditions. Microwave technology has also been applied in various
formats ranging from the traditional solution-phase synthesis to solid-phase and solvent-
free reactions.

2.1 Transition-metal-catalyzed reactions

Transition metal-catalyzed reactions are of enormous significance to form carbon-carbon (C-
C) and carbon-heteroatom (C-X) bonds in organic chemistry. These reactions typically need
hours or days to reach completion under traditional reflux conditions and often require an
inert atmosphere. Microwave heating has been demonstrated over the past few years to
significantly expedite these transformations, in most cases without an inert atmosphere.
Furthermore, the inverted temperature gradients under microwave conditions may lead to
an increased lifetime of the catalyst by elimination of wall effects (Kappe, C. O., 2004).

2.1.1 Suzuki reactions

The Suzuki reaction, cross-coupling of aryl- or vinyl-boronic acid with an aryl- or vinyl-
halide catalyzed by a palladium complex, is one of the most versatile reactions for the
construction of carbon-carbon bonds, in particular for the formation of biaryls. Recent
developments have expanded the possible applications of this reaction enormously.
Microwave-assisted Suzuki reactions can now be performed in many different ways and
have been incorporated into a variety of challenging synthesis.

Under microwave-heated condition, the Suzuki coupling of aryl chlorides with boronic
acids was performed in an aqueous media using the air- and moisture-stable palladium
catalyst (Scheme 1). The protocol developed in this publication allowed a drastic reduction

of the reaction time to 15 min and the products were obtained in good yields (Miao, G. et al.,
2005).

! _— ©/B(OH)2 Pd catalyst _ R@—QR'
o
=

_ MW, 150 °C, 15 min
yields: 64-99%

Scheme 1. Microwave-promoted Suzuki reactions of aryl chlorides.

Microwave activation enables a Suzuki coupling of boronic acids with aryl halides under
solvent-free conditions using palladium catalyst system (Scheme 2). A large variety of
boronic acids and bromo-, chloro- and iodoaryls could rapidly give biaryls in 10 minutes
(Nun, P. et al., 2009).
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X=1,Br,Cl MW, 100 °C, 10 min |

Xef

catalyst: PEEPPSI-iPr
Scheme 2. Microwave-assisted solvent-free Suzuki reaction.

Replacement of the traditionally used Pd with less expensive Ni-based catalyst systems can
significantly reduce costs for cross-couplings of this type especially when performed on
scale. Kappe et al. reported a rapid and highly efficient microwave-assisted Ni-catalyzed
Suzuki cross-coupling of aryl carbamates and sulfamates with boronic acid (Scheme 3). This
protocol features coupling time of only 10 min. Also, the microwave conditions work
exceedingly well with aryl chlorides as electrophilic cross-coupling partners and the
scalability of the coupling process is demonstrated up to 700 mL scale with a multimode
microwave reactor (Baghbanzadeh, M. et al., 2011).

9
0:§_NM92

(0] NI(PCY3)2CI2, K3PO4 - I
N
I B(OH), toluene > /
X©/ + Y—[(j/ - xx/
/

MW, 180 °C, 10 min
o__0
X A \!&
l = NEt2

Scheme 3. Rapid nickel-catalyzed Suzuki reaction utilizing microwave heating.

We have successfully synthesized bromoenone of the Ni(Il) complexes of p-alanine Schiff’s
base and developed a practical and highly efficient route to a-aryl and a-heteroaryl-
substituted p-amino acids using the Suzuki coupling reaction (Scheme 4). The
heterogeneous solution was stirred at 70 °C for 40 min under microwave irradiation. A
broad range of aryl and heteroaryl substituents can be employed under the operationally
simple and effective conditions (Ding, X. et al., 2009).

o o

/0§B PB(OH),, PA(PPhs), Y pe, 5 9
Ni I Na,COj, CgHsCH3, H,0 i S R
Y 20 AW W — HO

| MW, 70 °C, 40 min |

Scheme 4. Microwave-assisted Suzuki couplings of Ni(II) complex with boric acids.
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2.1.2 Heck reactions

Heck reactions between aryl halides and alkenes are also well established under microwave
conditions. Regioselectivity is a key issue in the Heck reaction. Larhed described a
regioselective Heck coupling employing different arylboronic acids with both electron-rich
and electron-poor olefins (Scheme 5). Controlled microwave processing was used to reduce
reaction time from hours to minutes both in small scale and in 50 mmol scale batch
processes (Lindh, J. et al., 2007).

[Pd] [Pd]
Ar—Olefin <JTPMeN  ArB(OH), + Olefin dmphen Ar—Olefin
air, rt, 18-120 h p-benzoquinone 37-96%
5.97% (Mw, 100°C, 10 min] 0.5 mmol scale
1 mmol scale 24 examples
24 examples
Ar—Olefin Ar—Olefin
88-95% 87-91%
50 mmol scale 50 mmol scale
2 examples 2 examples

Scheme 5. Oxidative Heck reactions at room temperature and with microwave heating.

Another key issue in the microwave enhanced Heck reaction is asymmetric induction.
Recently, a highly modular library of readily available phosphite-oxazoline ligands has
been applied in the Pd-catalyzed asymmetric Heck reactions of several substrates and
triflates under thermal and microwave conditions (Scheme 6). Both enantiomers of the Heck
coupling products were obtained in excellent activities (conversion: >100% in 10 min),
regioselectivities (>99%) and enantioselectivities (>99% ee) (Mazuela, ]. et al., 2010).

-
\, , [Pd}/ligand _ OMPh
Q Ph-oTt MW, 70 °C, 10 min O
99% ee (R}

Pd)/ligand
@ + phoTf ——Loligand @”Ph

MW, 70 °C, 45 min
99% ee (R)

Scheme 6. Enantioselective Heck reactions under microwave-irradiation.

2.1.3 Buchwald-Hartwig cross coupling reactions

Buchwald-Hartwig chemistry, cross coupling of aryl halides or pseudohalides with primary
or secondary amines, has become a powerful method for synthesizing arylamines.
Conventionally, this reaction requires high temperature and long reaction time. Many fast and
highly efficient applications have been developed in conjunction with microwave irradiation.
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We have developed a practical, convenient strategy for the preparation of arylamines (Scheme
7). The process was efficiently promoted by readily available Cu(OAc), in the presence of DBU
under microwave irradiation. Both aromatic and aliphatic amines can be quickly coupled with
various substituted aryl halides in good to excellent yields (Huang, H. et al., 2008a).

'R, Cu(OAc),, DBU R
x , HN DMSO _ @N
Rz MW, 130 °C, 10 min R,

X=1,Br

Scheme 7. Microwave-assisted cross-coupling of aryl halides with various nitrogen
derivatives.

2.1.4 Sonogashira coupling reactions

The Sonogashira reaction, cross-coupling of aryl or vinyl halides with terminal alkynes, is an
important example of metal-catalyzed carbon-carbon bond-forming reactions. This reaction
has also been subjected to microwave enhancement. Some weaknesses of the original
procedure are long reaction time (hours to days), limited choice of aryl halides, and
complicated workup procedures. We developed an efficient and effective microwave-assisted
cross-coupling of terminal alkynes with various aryl chlorides including sterically hindered,
electron-rich, electron-neutral, and electron-deficient aryl chloride (Scheme 8). It proceeded
faster and generally gave good-to-excellent yields. This simple catalytic system was also
effective for Suzuki coupling, Buchwald-Hartwig amination, and Heck coupling reactions
with unactivated aryl chlorides. A broad spectrum of substrates coupled effectively under
microwave irradiation to provide the desired products in minutes (Huang, H. et al., 2008b).

~

a. 2 % PdCI,(PPhg),
4% PtBu:), S
— 10% DBU I \
R—=— + CI ) g — \_Jr
— \ 5 Cs,CO4/DMF
MW, 150 °C, 10 min 76-95 % yields
b.

Rl
@-NHAr
ArNH, =

2 % PdCI1,(PPhs), RSO\ W

ARG 4% PtBu, N R
) _ 10% DBU R
* G\ %k Cs,cODMF R®_\
Ar MW, 150 °C, 10 min — Ar
\ Sy
/ Ar
ArB(OH), —

90-95 % yields

Scheme 8. a) Microwave-assisted Sonogashira coupling of aryl chlorides with alkynes. b)
Microwave-assisted C-C and C-N bond-forming reactions with aryl chlorides.
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2.1.5 Other C-X bond forming reactions

Enhanced by microwave, an efficient coupling protocol of arylboronic acids with amines
proceeded rapidly and conveniently to afford N-arylated amines in the presence of
inexpensive Cu(OAc); and DBU (Scheme 9). Compared with the former Ullmann reaction
conditions, this methodology developed a much faster way to construct C-N bonds under
microwave irradiation without using expensive ligand and palladium. A variety of
substrates could participate in the process with higher purities and yields in short time
(Chen, S. et al., 2008).

. Cu(OAc),, DBU R,
Ar—B(OH), , HN DMSO -~ Ar—N
R, MW, 100 °C, 15-30 min R,

Scheme 9. Microwave-assisted N-arylation of amines with arylboronic acids.

An expeditious and efficient method was developed to prepare 2,6,9-substituted purines in
higher purity and yields under microwave heating (Scheme 10). First, 2-chloro-6, 9-
substituted purines were prepared via a one-pot two-step reaction, which involves a
sequential SNAr displacement of the C6 chloro substituent with various anilines and amines,
followed by N-alkylation and N-arylation at the N9 position with different organic halides
and boronic acids. Second, NaBF; catalysis supports a SyAr substition of the C2 chloro
displacement with high product conversion. All these reactions were carried out under
microwave irradiation (Huang, H. et al., 2007). This protocol was applied in the preparation
of novel purine derivatives with potent and selective inhibitory activity against c-Src
tyrosine kinase (Huang, H. et al., 2010).

Ry R1\

R4 R4 N
cl 1) N7 AcoH
N XN dioxane, MW, 150 °C,10 min
)I\ ~ \> )\ \> - k
N  2) R3-Cl/R3-B(OH), NaBF,, DMSO

N
H K,CO,, DMF MW,180 °C, 5 min
MW, 150 °C, 10 min

cl \
3

Scheme 10. Microwave-assisted rapid synthesis of 2,6,9-substituted purines.

2.2 Microwave-assisted multi-component reactions

Multi-component reactions (MCRs) hold considerable utility in diversity generating of
functional molecule libraries. Microwave-assisted organic synthesis accelerates a variety of
synthetic transformations with prominent advantages of short reaction time and high yields.
Thus, combing rapid microwave enhancement with diversifying MCRs can minimize
reaction time, the number of steps, energy consumption, and maximize synthetic efficiency.
Many different microwave-assisted MCRs has received considerable exploration, including
Mannich, Ugi, Biginelli and other heterocycle-forming reactions.

2.2.1 Microwave-assisted Mannich reactions
Mannich reactions are of great importance to synthesize f-amino ketones traditionally via
three-component condensation of a substituted methyl ketone, an aldehyde, and an amine.

www.intechopen.com



Microwave Heating in Organic Synthesis and Drug Discovery 357

Bolm reported a proline-catalyzed direct asymmetric Mannich reaction under microwave
irradiation (Scheme 11). After a short period of time, the Mannich products were obtained
with only 0.5 mol % of catalyst and up to 98% ee. (Rodriguez B. & Bolm, C., 2006).

OH
o (o 1. 0.5 mol % L-proline \ Ar
+ )k + Ar—NH, DMSO, microwave _ \”,
A H 2. NaBH,

up to 98% ee
Scheme 11. Microwave-assisted asymmetric Mannich reaction.

Hao et al. described a mild microwave-assisted stereoselective Mannich reaction of aromatic
aldehydes with 1,2-diphenylethanone and hetero-arylamines in water (Scheme 12). As
opposed to conventional heating, this method proceeded faster and in higher yields under
controlled microwave heating (Hao, W. et al., 2009).

0 Ph
S Hkph 000 M, 140 | (\/L WPh SNTON
Z 130 °C, 12 min H

N~ "NH, Ph 0~ "Ph

0 Ph

anti:syn > 100:1
84 % yield

Scheme 12. Microwave-assisted Mannich reaction in water.

2.2.2 Microwave-assisted Ugi reactions

The Ugi reaction is widely used in the pharmaceutical industry for preparing libraries of
compounds. Classically, the reaction is performed at room temperature in methanol with
reaction time up to 48 hours. Recently, a rapid solvent-free microwave synthesis of five- and
six-membered lactams via a three-component Ugi reaction was developed (Scheme 13). The
reaction was carried out in much shorter time (100 °C for 3 min) and the yields were
improved in contrast to classical conditions (Jida, M. et al., 2010).

O O R4 . R, MW, 100 °C, 3 mil"l=
RMOH e NH> solvent free
n=1,2 R,

Scheme 13. Microwave-assisted solvent-free Ugi reaction.

2.2.3 Microwave-assisted Biginelli reactions
The Biginelli reaction is of great importance to the synthesis of biologically active
dihydropyrimidines. It involves the acid-catalyzed condensation of aldehydes, CH-acidic
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carbonyl components and urea-type building blocks. Kappe’s group has made great
contributions in the area of microwave-assisted Biginelli reactions. They have elaborately
combined microwave irradiation with click chemistry (Khanetskyy, B. et al, 2004), parallel
library-generation (Pisani, L. et al., 2007), solution- and solid-phase combinatorial chemistry
based on this Biginelli reaction.

In an elegant example, Kappe et al. developed an efficient five-step linear protocol which
involved an initial Biginelli multicomponent reaction for the generation of a variety of 2-
substituted pyrimidines in high yields and comparatively short reaction time (Scheme 14).
All five synthetic steps required for the synthesis of the target structures were carried out
under microwave irradiation, both in solution phase and on solid phase (Matloobi, M. &
Kappe, C. O., 2007).

1. Mel, MeOH

Ar o . O  Ar
o A Biginelli MCR o A m""(’)WDUC;' § min g 4 . .
(o] H - MinOy, X solvent, base 4 N
R1 N i} i}
R, . wﬁm% NH MW, 100 °C, 10 mip | L e MW, 70-230°C, 10-50 min | N
z MW, 120 °C, 10 min R, N)\\\S 3.0xone, MeOH, H;0 Ry "N” 8. 2
Ry SO HpN s H MW, 100 °C, 20 min o0
DMF, K;CO;
MW, 160 °C, 30 min CIAO
(or 60 °C, 20 h)
o h 1. CAN, H,0, DCM o Ph O Ph
MW, 130 °C, 30 min X
; , EtO N
or 25 °C. 10 h EtO SN & ‘ |
Bo™ 7 N _forasteaoh) \ NIW, 100 °C, 10 min z
PN 2. Oxone, H,0, DMF Me N/A\S Me N
Me” NS w, 150 °C, 45 min 0”0

(or 25°C, 16h)

Scheme 14. Initial microwave-assisted Biginelli reaction in solution- and solid-phase synthesis.

2.2.4 Microwave-assisted synthesis of heterocycles

Heterocyclic compounds serve both as biomimetics and reactive pharmacophores of
numerous drugs. The microwave enhancements have also been utilized in the synthesis of
heterocyclic compounds.

Microwave-assisted synthesis allowed rapid preparation of small libraries of imidazole-
based privileged heterocyclic structures in high yields and with clean and scalable reactions

(Scheme 15) (Fantini, M. et al., 2010).
)
MW, 80 °C, 10 min @Q;N
B
\
o
A
OCH, A 0.__0
©;( )\WB MW, 90 °C, 20 mip ©/\(Y
H + o - N
o \\/Z/B
N
0%
MW, 90 °C, 10+10 min b
N, B
\J/
N
A

Scheme 15. Microwave synthesis of imidazole-based heterocycles.
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Microwave heating was demonstrated to efficiently generate N-substituted 1,3-
dihydrobenzimidazol-2-ones in good to excellent yields within minutes (Scheme 16). A
variety of functional groups can be employed, rendering this method particularly attractive
for the efficient preparation of biologically and medicinally interesting molecules (Li, Z. et
al., 2008a).

X R
Ry-i- 9 N 2
| J_ R, _Cul,DBU,DMSO_ R T o
N° N° " mw,120°C,20 min " '"U_ __
H N
X=1,Br H

59-95 % yields
Scheme 16. Microwave in the synthesis of heterocycles.

We also developed a microwave-facilitated protocol for fast synthesis of 2H-1,4-benzoxazin-
3-(4H)-ones via a cascade reaction with a nucleophilic substitution followed by a Cul/DBU-
catalyzed coupling cyclization (Scheme 17). This method involved simple reaction
conditions, short reaction time and a broad substrate scope in moderate to good yields
(Feng, E. et al., 2009).

OH Ry _Cl R
S . ZI Cs,CO; DBU,Cul ﬁol[ 2
R ~Z° X HN" S0 DMSO, MW, 130 °C, 10-20 min g > 77 NS0
R3 R,
X=1,Br

. 32 examples
R; =H, CH;3, Bu'; R;=H, CHj; 55-89 % yields

R; = aryl, alkyl, heterocyclic; Z=CH, N

Scheme 17. Microwave in the synthesis of heterocycles.

2.2.5 Aqueous microwave synthesis

The development of green synthetic protocols to reduce or eliminate the use and generation
of hazardous substances constitutes a major challenge for chemists. In this context, the
microwave-assisted organic reaction in water as a green alternative has become an
important research area. The water interacts strongly with the microwave irradiation and is
rapidly heated to high temperatures, enabling it to act as a less polar pseudo-organic
solvent. Also, water is non-flammable, non-explosive and non-toxic, making it safe and
ideally green. The combination of microwave chemistry and green chemistry offers great
advantages such as dramatically reducing chemical waste and reaction time, rendering it an
attractive and sustainable synthetic protocol.

There are many examples of successful application of microwave-assisted green chemistry.
An efficient and convenient method was developed for the preparation of 2,4-(1H,3H)-
quinazolinediones and 2-thioxoquinazolinones (Scheme 18). Substituted methyl anthranilate
reacted with various iso(thio)cyanates in DMSO/H>O without any catalyst or base under
microwave irradiation to generate diversity on the 2,4-(1H,3H)-quinazolinediones or 2-
thioxoquinazolinones. A variety of substrates can participate in the process with good yields
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in 20 min. In particular, after the reaction mixtures were cooled to ambient temperature, a
large amount of desired products precipitated and could easily be collected by filtration
with higher purities, making this methodology suitable for library synthesis in drug
discovery efforts (Li, Z. et al., 2008b).

0 o
_ DMSO/H,O -R;
R T O 4 R NCX 5 ~ gt TN
T MW, 120 °C, 20 min = L~ k
NH, H o

X=0orS
R, = H, 5-F or 4,5-dimethoxy
R, = substituted phenyl or alkyl

Scheme 18. Microwave-assisted rapid synthesis in DMSO/H>O.

Fused tricyclic xanthines have been reported to be potent and selective antagonists of
human Ajs adenosine receptors, and have potential activities as anticonvulsants to treat
chemically induced seizures. A simple, convenient and green synthetic approach to diverse
fused tricyclic xanthines has been developed via gold(I) complex-catalyzed intramolecular
hydroamination or silver(I)-catalyzed isomerization-hydroamination of terminal alkynes
under microwave irradiation in water (Scheme 19). This reaction is atom economical and has
high functional group tolerance (Ye, D. et al., 2009a).

o

R1 ~ N N
AuCI(PPhs) (10%) _ I
o)\ N

H,0, MW, 150 °C, 10-60 min

N
R,

o H
R1\N N>_/{_
)\ I
0~ "N N
R

0
, AgAsFg (10%) L N
H,O, MW, 150 °C, 10-60 min A l \D
07 NT N
Rz

Scheme 19. Microwave-assisted chemo- and regioselective synthesis of fused tricyclic
xanthines in water.

Using Au(l)-catalyzed 5-endo-dig cyclization in water under microwave irradiation, we
developed a fast and green route to regioselectively prepare biologically interesting indole-
1-carboxamides in moderate to high yields (Scheme 20). In comparison, the reaction
required 3-48 hours when using traditional oil heating (Ye, D. et al., 2009b).

Under microwave heating, a mild and effective method for the construction of 3-
hydroxyisoindolin-1-ones via a metal-free tandem transformation using a phase transfer
catalyst proceeded in good yields with excellent regioselectivity (Scheme 21). The strategy
presents an atom-economical and environmentally friendly transformation, in which one C-
O bond and two new C-N bonds are formed in water from two simple starting materials
(Zhou, Y. et al., 2010).
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H
Oﬁ/ N\R1 10% AuCI(PPh,) 0 H
X _NH 10% Ag,CO; - X I?/ R,

Rell H,0, MW, 150 °C, 10 min R‘?’_:(\I/%Rz

N Pz

X

R

R4 = alkyl, aryl or heterocyclic 40-93 % yields
Rz =H
R3 = 5-Me, 5-Cl or 6-F
X=CH,N

Scheme 20. Microwave-assisted regioselective synthesis of indole-1-carboxamides in water.

0] 0O
R - R R
3 OH . /_NH2 BU4N+0AC -~ 3 N—/ 1
R, H,O, MW, 100 °C
A OH
R, R,

70-98 % yields

Scheme 21. Microwave-assisted regioselective synthesis in water.

3. Microwave synthesis in drug discovery

In drug discovery and development, rapid synthesis and quick construction of diverse
libraries are the main objectives to speed up the process. For its specialty in high speed
synthesis, microwave irradiation has now gained wide acceptance as an instrumental
technology in the drug discovery programs, including target discovery, library generation
for screening, lead generation and optimization endeavours, and process development.

3.1 Microwave synthesis used alone in drug discovery
Microwave heating used alone can considerably expedite the synthetic process in drug
discovery compared with conventional heating.

3.1.1 In molecular imaging

In the preclinical drug discovery, molecular imaging can help validate drug targets in assays
of disease and select lead molecules in the chemistry optimization phase. A popular imaging
method is positron emission tomography (PET) using radio-labelled pharmaceuticals to
non-invasively elucidate biochemical mechanisms in animal and human subjects in vivo.
The isotopes employed to label pharmaceuticals in imaging are mainly with short half-lives
(carbon 11C for 20 min and fluorine 18F for 110 min). Therefore, short synthetic routes are
crucial to obtain the final product in radio-labelling synthesis. Microwave technology can
address the challenges of the rapid labelling of radiopharmaceuticals (Jones, J. R. & Lu, S,,
2006).
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Recently, several selective mGlus ligands with subnanomolar affinity were labelled using
[8F]fluoride ion for imaging with PET (Siméon, F. G. et al.,, 2011). Under microwave
irradiation, 2-chlorothiazoles were treated with [18F]fluoride ion in the presence of a
potassium fluoride-Kryptofix 2.2.2 (K 2.2.2) complex in DMSO or MeCN, and the respective
fluorine-18 labelled compounds were obtained in useful yields (Scheme 22).

S S
CI/<\N \ 1E‘F%\N \
18
N on [PFIKF. K 2.2.2 DMSO or MeCN_
MW, 130 °C, 10 min

A CN

Scheme 22. Microwave-assisted rapid labelling for PET.

3.1.2 Lead generation and optimization

In the optimization of new HIV-1 protease inhibitors, microwave irradiation was
introduced to accelerate a key step in the organic synthesis. With microwave
enhancement, target compounds were synthesized using Stille or Suzuki cross-couplings
at 120 oC for 30-50 min, all with retained (S)-configuration at the quaternary carbon. After
biological evaluation, up to 56 times more potent compounds exhibiting excellent
antiviral activities were obtained.

Br
RSn(nBu);
Pd(PPh;),Cl,, CuQ, DMF
o MW, 120 °C, 50 min

H
N N
N \H/O\ or )
H 0 R-beronic acid/ester
Pd(PPh3),Cl,, Na,CO, (aq), EtOH, DMF

MW, 120 °C, 30 min

25 new inhibitors

When R = @
N

K;=1.7 nM, EC5, = 7 nM

Scheme 23. Microwave-assisted rapid synthesis of target compounds.

3.2 Microwave synthesis in multidisciplinary approach

In the post genomic era, there is an ever-increasing demand to synthesize a myriad of
substances in a short span of time for biological screening against the vast number of
potential drug targets, thus quickly bringing new therapeutics to the market. A variety of
strategies and techniques such as click chemistry, green chemistry, multi-component
reactions, combinatorial synthesis, parallel synthesis, and automated library production to
increase the output of pharmaceutically active chemical entities have been developed. All
these techniques and strategies hold their distinguished advantages as well as shortcomings.
On the other way, microwave-heating has proven its efficiency in dramatic reduction of
reaction time, which is potentially important in drug discovery. Therefore, one of ideal
options to accelerate the synthetic processes is to combine microwave chemistry with these
techniques in drug discovery.
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3.2.1 Combined with click chemistry

After rational docking calculations, a library of 15 compounds was subject to synthesis.
Simone et al. took advantage of 1,3-dipolar cycloaddition reaction (click reaction) and
subsequent Suzuki cross-coupling reaction to generate the library (Scheme 24). The
microwave irradiation technique was introduced in the two steps to provide a faster way to
obtain the desired final compounds in satisfactory yields. Biological evaluation of these
compounds disclosed three new potential anti-inflammatory drugs (Simone, R. D. et al.,
2011).

HOOC\CCOZ Click reaction O,N O.N
PhB(OH),, CsF, [Pd] /_@_
CuSQ,, Cu(0), NaN 2 COOH
Br O, St /—@COOH H,OITHF
N

t-BUOH/H,0 ¢ :
/©/Br MW, 120 OC, 3oji;’t©/[/\~ Mw, 120 C, 20-30 min
N
Z Br

Scheme 24. Microwave synthesis combined with click chemistry.

3.2.2 Combined with solid-supported combinatorial chemistry

Combinatorial chemistry has made significantly positive contributions to generate libraries
of structurally related compounds. Microwave-enhanced chemistry is ideally suited for
combinatorial chemistry in drug discovery to rapid and automated preparation of a large
number of compounds for optimization to novel therapeutic agents.

The popular solid-supported combinatorial chemistry simplifies workup and isolation of
product which merely involves filtration of the resin and evaporation of the solvent. Its
main drawback is the slow kinetics which makes reaction scouting and optimization
tedious. Microwave heating has been shown to significantly accelerate the solution-phase
combinatorial chemistry.

For example, Murray et al. adapted the microwave irradiation to solid-phase synthesis of p-
peptides on polystyrene (PS) macrobeads. Microwave irradiation allowed rapid synthesis of
a high-quality p-peptide combinatorial library via a split-and-mix approach (Scheme 25).
Relative to conventional methods, the microwave approach significantly reduced synthesis
time and amounts of reagents (Murray, J. K. et al., 2005).

Mricrowave %%\
Irradiation % O O O Polystyrene

Macrobeads
Q Q

COOH _,NH / COOH
0 0O R; O O R, O R, O o ﬁ)ci
\ N)\)LN N)\)LN)\)LN \ on
H H H H H H H

Scheme 25. Microwave synthesis combined with solid-supported combinatorial chemistry.
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3.2.3 Combined with soluble polymer-supported combinatorial chemistry

Microwave heating has also been shown to significantly benefit the polymer-supported
combinatorial chemistry. For example, the synthesis of indoline substituted nitrobenzene on
a polyethylene glycol (PEG) support and its further elaboration to structurally diverse
benzene-fused pyrazino/diazepino indoles is recently disclosed (Lin, P. et al.,, 2011). A
reagent based diversification approach coupled with Pictet-Spengler type condensation
reactions furnished these fused polycyclic scaffolds. Microwave irradiation was used as a
means of rate acceleration for soluble polymer-supported reactions. The efficiency of these
fused heterocyclic molecules to inhibit the vascular endothelial growth factor receptor 3
(VEGFR-3) was examined in vitro. A small set of potential drug candidates were identified
as novel leads in this therapeutic area (Scheme 26).

OO,
ssles

MW, 120 °C, 10 min MW, 120 °C, 15 min
orreflux 1 h l l or reflux 12 h

[o] (o]
H
PEG o N R"Rz PEG o R|
YW, 150 G, 10 mill J\C[ MW, 150 °C, 10 min
N or reflux 10 h
2

L MW 120 °C, 10 min MW 120 °C, 10 min
Q H Ry or reflux 10 h orreflux 10 h

Scheme 26. Microwave irradiation in soluble polymer supported divergent synthesis of
heterocyclic library for lead optimization.

3.2.4 Combined with MCR and parallel synthesis

In parallel synthesis, a highly reactive intermediate via a series of simple steps is usually
synthesized and subsequently subject to a number of different reagents generating a library
of compounds.

Zhou et al. demonstrated the efficiency of library synthesis involving a multi-component
reaction, microwave heating, and fluorous separation in constructing four diversity points
1,4-benzodiazepine-2,5-diones (BZDs) library via a Ugi/de-Boc/cyclization/Suzuki
strategy (Scheme 27). Under microwave heating, cyclohexylisocyanide and methyl 2-
isocyanoacetate were used as convertible isocyanides for the cyclization reaction to form
BZDs. Fluorous benzaldehyde was used as a tagged-component to simplify intermediates

and final products purification by simple fluorous solid-phase extraction (Zhou, H. et al.,
2010).

www.intechopen.com



Microwave Heating in Organic Synthesis and Drug Discovery 365

0S0,CgF,;

Multicomponent reaction

B ~
°°“NH 0O -
_ Boc.
“N “oH Re _ °>NH 0 ’
Rir R, cHo _ Vg N
MeOH,rt g © | N R4
L~

_NH, C4F,;0,50 Ry O
3
MW, 150 °C, 20 min
TFA/MeOH
H o) Parallel synthesis H 0
2 _Ar— =
R | Ar R ArTBOH), g O | 0S0,CsF17
X N, Rs Suzuki X N,
o Rs R, MW, 150 °C, 20 min o R R;

Scheme 27. Microwave-assisted solution-phase fluorous parallel synthesis.

3.2.5 Combined with MCR and polymer-support combinatorial chemistry

Hsiao et al. recently reported a new multidisciplinary synthetic approach comprising
polymer-support  synthesis, microwave-assisted synthesis, and multi-component
condensation to facilitate synthesis of triaza-fluorenes library with a set of advantages such
as rapid process, simple purification, and structural diversity in one shot (Scheme 28).
Microwave irradiation greatly accelerates the rate of all reactions while polymer support
facilitates purifications by simple precipitation technique. This strategy dramatically
increases the efficiency of the overall multistep synthesis (Hsiao, Y. et al., 2010).

o R
Polymer R, 4
~o N o 0 0 e (0] ”\2/: ;
N_NH T icrowave R:
N>_ 2? , W . - \O _ N 3

R Ry
R, R\a\_ Ra

Multicomponent condensation

Scheme 28. Multidisciplinary synthetic approach for rapid access of molecules.

4. Conclusion and outlook

Microwave heating has gained a wide-spread acceptance both within academia and industry
and blossomed into a useful technique for a variety of applications in organic synthesis and
drug discovery. In organic chemistry, microwave irradiation allows to obtain rapid,
reproducible, and scalable processes to synthesize new molecules in high yields. In drug
discovery and development, microwave heating allows the medicinal chemists to get easy and
rapid access to a larger number and libraries of novel biologically active compounds.

In spite of the exciting developments, there are still many challenges. The scalability, overall
energy efficiency of microwave-heating (Moseley, J. D. & Kappe, C. O. 2011), and
instrument cost remain unresolved.
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Current microwave reactors are able to translate small scale microwave chemistry from
milligram or gram scale to multi-kilogram scale using batch or continuous-flow processing.
However, many of the benefits of small scale microwave chemistry are lost when the
processes performed in larger batch reactors. Also, producing larger quantities of products
in tons scale is still a discouraging bottleneck for present microwave reactors. All these
challenges need more and dedicated input.

The second disadvantage is equipment cost. Although the cost of microwave reactors have
dramatically reduced in recent years, the current price range is still many times higher than
that of conventional heating equipment, considerably limiting the uptake of this valuable
technology. Continued efforts to develop newer and more readily available microwave
reactors as routine equipments of most laboratories are eagerly awaited.

Drug discovery is a challenging and demanding symphony, no one technique alone can
whistle it. It is required to take a whole orchestra of strategies and techniques to play it well.
In combination there is strength. Microwave chemistry has already been constantly
combined with other enabling technologies and strategies such as multi-component
reactions, solid-phase organic synthesis, or combinatorial chemistry. The combination of
multidisciplinary approaches with microwave heating encourages scientists to initiate new
and unexplored areas of complex pharmaceutical systems. To date, microwave irradiation
still needs to find promising and tempting combinations with more techniques to satisfy the
increased synthetic demands in industry and academia, for example microwave-assisted
scale-up in water.

All in all, microwave heating is undoubtedly a bonanza for organic and medicinal chemistry
researchers. This enabling technique has changed from the ‘last sort’ in early days to the
‘first choice’ nowadays for carrying out synthetic transformations requiring heat. In the
future, with lower costs, microwave synthesizers will become an integral part and a
standard technology in most synthetic laboratories, and will continually make valuable
impact on both organic synthesis and drug discovery.
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