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Abstract

This review focusses upon the key achievements made in organic synthesis using microwave-assisted reactions in
the solid phase, with neat reactants and under solvent-free conditions. It also highlights the general characteristics
of microwave applications in organic synthesis. It shows that reactions under microwaves are fast, with often in-
creased reaction rates and lead to better selectivity. Some of the microwave-assisted reactions can even be carried
out under neat conditions therefore leading to the area of green chemistry.
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1. Introduction

In the context of green chemistry, among the non-
conventional methods of reaction activation in organic
synthesis, microwave irradiation for reaction activation
provides an alternative to the conventional heating for in-
troducing energy into chemical reactions by using the abi-
lity of some liquids and solids to transform electromagne-
tic energy into heat. This in situ mode of heat generation
has attracted many chemists because its magnitude de-
pends on the dielectric properties of the molecules. The
microwave-assisted reactions are fast, clean, economic
and eco-friendly and this technique has been proposed as
the “technology of tomorrow”.

2. Advent of Microwaves

The magnetron,' a remarkable device for generating
fixed-frequency microwaves, was designed by Randall
and Booth at the University of Birmingham. A magnetron
is a vacuum device which converts DC electrical energy
into microwaves.

In early days, it was recognized that microwaves
could heat water in a dramatic fashion. Domestic and
commercial appliances for heating and cooking of foods
began to appear in the 1950s. In 1947, the appliance called
“Radarange” appeared on the market; it was intended for

food processing. The first microwave oven was introduced
by Tappan in 1955 but the widespread use of domestic mi-
crowave ovens occurred during the 1970s and 1980s. The
first application of microwave irradiation in chemical
synthesis was published in 1986.2

3. Microwaves in Organic Synthesis

Microwaves have been used to speed up chemical
reactions in the laboratory,3 which led scientists to investi-
gate the mechanism of microwave dielectric heating and
to identify the advantages of the technique for chemical
synthesis.*

During recent years, microwaves have been extensi-
vely used for carrying out chemical reactions and have be-
come a useful non-conventional energy source for perfor-
ming organic synthesis.’ This is supported by a great
number of publications in recent years, particularly in
2003, related to the application of microwaves as a conse-
quence of a great availability of dedicated and reliable mi-
crowave instrumentation.®”

The first recorded application of microwave (MW)
energy in organic synthesis is the aqueous emulsion poly-
merization of butyl acrylate, acrylic acid and methacrylic
acid using pulsed electromagnetic radiation.'” The start of
the rapid growth of microwave-assisted procedures in or-
ganic synthesis was ignited in 1986 by pioneering papers
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by Gedye and co-workers’ and Giguere and co-workers. '°
During the last two decades, the activity in this new tech-
nique has experienced exponential growth and has been
extensively reviewed.'*"!” Kappe and Dallinger have re-
ported the impact of microwaves on drug discovery.'*
Even microwave-assisted reactions under solvent-free
conditions promoted the synthesis of Zincke’s salt and its
conversion to chiral pyridinium salts in water'® and micro-
wave-assisted organic transformations using benign reac-
tion media have also been reported.'®!® Moreover, Varma
and co-workers have reported the drug discovery by using
aqueous microwave chemistry.'>'¢

4. Principles of Microwave Activation

In the electromagnetic spectrum the microwave ra-
diation region is located between infrared radiation and
radio-waves.!” Telecommunication and microwave radar
equipment occupy many of the band frequencies in this
region. In order to avoid interference with these systems,
the household and industrial microwave ovens operate at a
fixed frequency of 2.45 GHz.'"*! The energy of the quan-
tum involved can be calculated by the Planck’s law E=h v
and is found to be 0.3 cal mol ™.

Presently, organic transformations take place by eit-
her of the two ways:

Conventional heating: In this method of heating,
reactants are slowly activated by a conventional external
heat source. Heat is driven into the substance, passing first
through the walls of the vessel in order to reach the sol-
vent and the reactants. This is a slow and inefficient met-
hod for transferring energy into the reacting system.

Microwave heating: Here, microwaves couple di-
rectly with the molecules of the entire reaction mixture,
leading to a rapid rise in the temperature. Since the pro-
cess is not limited by the thermal conductivity of the ves-
sel, the result is an instantaneous localized superheating
of any substance that will respond to either dipole rotation
or ionic conductivity.

Only the reaction vessel contents are heated and not
the vessel itself; better homogeneity and selective heating
of polar molecules might be achieved.

The acceleration of chemical reactions by microwa-
ve exposure results from the interactions between the ma-
terial and electromagnetic field leading to the thermal and
specific (non-thermal) effects. For microwave heating, the
substance must possess a dipole moment. A dipole is sen-
sitive to external electric field and tries to align itself with
the field by rotation. If submitted to an alternating current,
the electric field is inversed at each alterance and therefo-
re dipoles tend to move together to follow the inversed
electric field.

Such a characteristic induces rotation and friction of
the molecules, which dissipates as internal homogeneous
heating. The electric field of commonly used irradiation

frequency (2450 MHz) oscillates 4.9 x 10° times per se-
cond. Thus, microwave heating is directly dependent on
dielectric properties of a substance, dielectric constant
(¢’) and dielectric loss (€”).!7?2 The ability of a material to
convert electromagnetic energy into heat energy at a given
frequency and temperature, is calculated using

€' /e =tan d €))

where 0 is the dissipation factor of the sample, €” is the
dielectric loss, which measures the efficiency with which
heat is generated from the electromagnetic radiation and
€’ is the dielectric constant which gives the ability of a
molecule to be polarized by an electric field. The high va-
lue of dissipation factor d indicates large susceptibility to
microwave energy.?

The conduction mechanism leads, due to the much
stronger interaction of ions with electric field, to the gene-
ration of heat. The ions will move under the influence of
an electric field, resulting in expenditure of energy due to
an increased collision rate, converting kinetic energy into
heat. The heat generated by both mechanisms adds up re-
sulting in a higher final temperature.

Main benefits of microwave heating are:

— very fast heating;

— absence of inertia;

—ease of use, i.e. power regulation is easy with an
instantaneous, “on and off”” control;

— better homogeneity in temperature with quick
transfer of energy into the whole mass without su-
perficial heating;

— the selective heating of the polar molecules.

Since the ability of a molecule to couple with the
microwave radiation is a function of its molecular polari-
sability (i.e. a function of its dipole moment), only polar
molecules interact with microwave energy. As a guide,
compounds with high dielectric constants such as water,
ethanol, acetonitrile, N,N-dimethylformamide (DMF),
acetic acid, chloroform, dichloromethane, acetone, ethyle-
ne glycol etc., tend to heat rapidly under microwave irra-
diation, while less polar substances, such as aromatic and
aliphatic hydrocarbons or compounds with no net dipole
moment, such as carbon dioxide, carbon tetrachloride, di-
ethyl ether etc. as well as highly ordered crystalline sub-
stances, are poorly absorbing. Thus, polar molecules in a
non-polar solvent would absorb energy, but not the sol-
vent or the reaction vessel, if it is made of teflon (u = 2.1
at 22 °C) or ceramic or even pyrex (u= 4.5-6.0). Someti-
mes it is possible to use mixtures comprising microwave
active reactants and microwave inactive solvents. It has al-
so been suggested that if microwave energy is absorbed by
the solvent and not by the substrate, only modest rate in-
crease will result relative to those observed with conven-
tional energy. If, on the other hand, the microwave energy
is absorbed selectively by a reactant, by a complex or by
an intermediate during the rate determining step, then lar-
ge rate increase will result.

23,24
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A microwave heating technique should be a promi-
sing candidate, replacing conventional heaters because
microwave-assisted organic syntheses can lead to a large
decrease in reaction time and to an enhancement of con-
version and selectivity, compared to conventional hea-
ting.”" These microwave effects could be attributed to
the characteristic heating modes of the microwaves, cau-
sed by the interaction of oscillating electromagnetic fields
with the assemblies of the polar molecules, expressed as
dielectric loss, leading to the unusual phenomenon called
superheating®® or hot spots.”** Instantaneous heat release
at the molecular level should favourably induce certain
thermal reactions taking place through a polar charge-
transfer or polar transition state as is often observed in
photo-induced chemical reactions.

5. Equipment

Two types of microwave reactors can be used in the
laboratory: multimode microwave reactors and monomo-
de microwave reactors

5. 1. Multimode Microwave Reactors

Even though the microwave reactors have been intro-
duced on the market as household devices for cooking, hea-
ting and thawing of food, they have found use in organic la-
boratory for carrying out organic synthesis on the laboratory
scale. Most of the publications in the area of microwave che-
mistry from Asian countries involve use of domestic micro-
wave ovens. These ovens (with limited power 800—1000 W)
are characterized by a non-homogeneous distribution of
electric field due to several reflections off the metallic walls
of the oven. Since the field is heterogeneous, so their use in
synthetic purposes requires mapping of the field, involving
determination of hot spots of high energy using a filter paper
sheet impregnated with a solution of cobalt chloride.*

Some modifications of domestic microwave ovens
have been suggested by various workers®' such as intro-
duction of condensers®* by boring through the top of the
oven or reaction flasks being fitted with condensers* and
charged with pre-cooled, microwave-inactive coolants, li-
ke xylene, carbon tetrachloride etc.

In addition to these, there are many dedicated large
multimode versions with rotors (8 or more reactions simul-
taneous), but claimed to have (quasi) in-phase microwave
irradiation achieved by special design of their equipment.

The use of multimode reactors has however, follo-
wing limitations:

a) the distribution of electric field inside the cavity re-
sults from multiple reflections off the walls and
reaction vessel and is consequently heterogeneous;

b) the temperature cannot be simply and accurately
measured;

c) the power is not tuneable.

There are a few examples in the literature which in-
dicate that microwave heating was used in stirred tank
reactors, for example for the esterification of benzoic acid
with ethanol by conventional and microwave heating,* for
the hydrolysis of sucrose by conventional and microwave
heating® and for the esterification of benzoic acid with 2-
ethylhexanol.*®

In addition to it, microwave heating of the continu-
ous-flow catalytic reactor in a non-uniform electric field*’
was also well presented in the literature.

5. 2. Monomode Microwave Reactors

In the monomode microwave oven the dimensions
of wave belt (wave guide) and excitations are specially
calculated so to allow only one mode of propagation or re-
sonance. They are able to obtain a homogeneous distribu-
tion of the electric field in the wave belt (focalised fasci-
culus) and hence in the heated reaction mixtures. They are
used with less power emitted with a high return of energy,
and thus, the utilization of monomode reactor is energy-
efficient and leads to better yields in organic synthesis,
while preserving the thermally unstabile products.

Microwave-assisted organic chemistry is reviewed™
in the context of the methods employed. A range of techni-
cal difficulties indicated that specifically designed micro-
wave reactors are required. Hence, the CSIRO continuous
microwave reactor (CMR) and microwave batch reactor
(MBR) were developed for organic synthesis. On the labo-
ratory scale, they operate at temperatures (pressures) up to
200 °C (1400 kPa) and 260 °C (10 MPa), respectively.

CEM Discover Focused Microwave Equipment

Bridging the gap between functionality and eco-
nomy, the Discover System by CEM is the smallest instru-
ment on the market today. This reactor is a stand-alone
equipment with a small footprint, and allows the use of
the standard glassware reaction vessels (1 mL up to 125
mL) for the reactions executed at the atmospheric pressu-
re and the use of septum sealed 10 mL vials for high-pres-
sure reaction conditions (up to 30 bar). The Discover
System also controls reaction temperature, pressure and
stirring speed.

Over 30 international patents in the field of micro-
wave technology, together with over 6,000 units installed
worldwide are the testimony of its importance. The aim is
to provide organic chemists with the safest, most effective
tools for microwave-enhanced chemistry.

6. Working of the Microwave Oven

In a microwave oven, microwaves are generated by a
magnetron. A magnetron is a thermo-ionic diode having
an anode and a directly heated cathode. As the cathode is
heated, electrons are released and are attracted towards
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the anode. The anode is made up of an even number of
small cavities, each of which acts as a tuned circuit. The
anode is, therefore, a series of circuits, which are tuned to
oscillate at a specific frequency or at its overtones.

A very strong magnetic field is induced axially
through the anode assembly and has the effect of bending
the path of electrons as they travel from the cathode to the
anode. As the deflected electrons pass through the cavity
gaps, they induce a small charge into the tuned circuit, re-
sulting in the oscillation of the cavity. Alternate cavities
are linked by two small wire straps, which ensure the cor-
rect phase relationship. This process of oscillation conti-
nues until the oscillation has achieved a sufficiently high
amplitude. It is then taken off by the anode via an antenna.
The variable power available in domestic ovens is produ-
ced by switching the magnetron on and off according to
the duty cycle.

Microwave dielectric heating is effective when the
matrix has a sufficiently large dielectric loss tangent (i.e.
contains molecules possessing a dipole moment). The use
of a solvent is not always mandatory for the transport of
heat.*® Therefore, reactions performed under solvent-free
conditions present an alternative in the microwave chemi-
stry and constitute an environmentally benign technique,
which avoids the generation of toxic residues, like organic
solvents and mineral acids, and thus allows the attainment
of high yields of products at reduced environmental costs.
This emerging environmentally benign technique belongs
to the upcoming area of green chemistry.

7. Various Types of Microwave-
Assisted Organic Reactions

The microwave-assisted organic reactions have been
broadly classified into two categories: microwave-assisted
reactions using solvents; microwave-assisted reactions us-
ing solvent-free conditions.

7. 1. Microwave-Assisted Reactions Using
Solvents

In the case of the microwave-assisted reactions us-
ing (organic) solvents, the reactants are usually dissolved
in the solvent, which often couples effectively with micro-
waves and thus acts as the energy transfer medium.

The use of aqueous media for organic reactions
is also under active investigation and temperatures of up
to 100 °C and above have been employed for the synthe-
ses*4648 often intended to exploit the hydrophobic ef-
fect.’ Water has a dielectric constant 78 at 25 °C which
decreases to 20 at 300 °C; the latter value being compa-
rable with that of the solvents, such as acetone, at am-
bient temperature.*® Thus, water at elevated temperature
can behave as a pseudo-organic solvent™ and is a possib-
le environmentally benign replacement for organic sol-

40-44

vents. In addition to the environmental advantages*->° of

using water instead of the organic solvents, isolation of
the products is often facilitated by the decrease of the so-
lubility of the organic material upon post-reaction coo-
ling.”

An alternative method for performing microwave-
assisted organic reactions, termed enhanced microwave
synthesis (EMS),”" has also been examined. By externally
cooling the reaction vessel with compressed air, while si-
multaneously administering microwave irradiation, more
energy can be directly applied to the reaction mixture. In
the conventional microwave synthesis (CMS), the initial
microwave power is high, increasing the bulk temperature
(Ty) to the desired value very quickly. However, upon
reaching this temperature, microwave power decreases or
shuts off completely in order to maintain the desired bulk
temperature without exceeding it. When microwave irra-
diation is off, classical thermal chemistry takes over, lo-
sing the full advantage of microwave irradiation, which is
used to reach T, faster. Microwave enhancement of che-
mical reactions will only take place during the application
of the microwave energy. This source of energy will di-
rectly activate the molecules in a chemical reaction, and
therefore it is not desirable to suppress its application.
EMS ensures that a high, constant level of microwave en-
ergy is applied, resulting in the significantly greater yields
and cleaner chemistries.

Recently, the combination of two prominent green
chemistry principles, namely microwaves and water has
become very popular and received substantial interest.

A plethora of very recent synthetic applications des-
cribes a variety of new chemistries that can be performed
with microwave irradiation but a wide range of microwa-
ve-assisted applications is still waiting.>* Many organic
transformations proceed via radical chemistry. As che-
mists wonder if microwave irradiation can promote radi-
cal transformations, microwave-assisted free-radical che-
mistry is increasingly being explored.”®> Microwave irra-
diation is applicable not only to the solvent phase chemi-
stry, but also to the solid-phase organic synthesis.

7. 1. 1. Examples of Microwave-Assisted
Reactions Using Solvents

Nucleophilic substitution>*

Kidwai and co-workers examined the nucleophilic
substitution reaction of an acetyl group with the SH group
of a substituted thiadiazoles in aqueous ammonia for 8—10
min under microwave irradiation. The product was isola-
ted in 80-85% yield.

.|<’ BN NH»

\Aa ‘
! =<
N

SH

HaN
N

; MWL, 5, NH5
1000 § ——
: L‘<\k'/ 8=10 min

/ B0-85%
AcO—

N /N"\

f_:\\%\v"s 5. N
o \\(? R
COOH N—N

Gupta et al.: General Characteristics and Applications



Acta Chim. Slov. 2009, 56, 749-764

Cycloaddition reactions

1,3-Dipolar cycloadditions®” are important reactions
in organic synthesis. Cycloadducts were prepared by carr-
ying out the reaction between an azide and a substituted
amide in toluene. This reaction was carried out under mi-
crowave irradiation at 120 W at 75 °C for 1 h. The product
was isolated in 70-80 % yield.

i COOEL N RHN— LCOOEL
’J\ i ¢ N 4\:‘
7Yy + B Sty ()
Simultaneous cooling

\ ) = T Ne //‘
) \_NHR P800 ; ,-_< cookt e
J l,-:- NHR

Toluene, MWI
120W,75 °C, 1 h
-

N-Acylations®®

N-Acylations were carried out using secondary ami-
nes and isocyanate in dichloromethane under microwave
irradiation (8—10 min), yielding the product in 94% yield.

(8} ) (4]

MWl RCM -
AWI ._---l.l'

I L N 8 x Ineo
® M RN ,
B R’

G
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Synthesis of Heterocycles
Synthesis of Triazoles>®

Synthesis of triazoles occupies a unique position in
the organic synthesis. Substituted triazoles can be prepa-
red in good yields (65-72%) by the cyclization of substi-
tuted hydrazines, carried out in acetic anhydride under mi-
crowave irradiation for 7-15 min.

CHO #  ~NH
I . R T
(h J S MWI, AcsD / =N
| _— - ) / il
= N~  T-l5min,6572% ¢ N If
T N A.\'I r By 5 min 4 <\ > R?&_____J

Synthesis of Phthalimides®’

The synthesis of phthalimides was carried out by the
reaction between benzophthalanhydrides and urea in
DMF under microwave irradiation (15-20 s) with
86—88% yields.

1
R 0
R? 4< f . ;
MWI, DMEF
o + ——
3 \( N NFy 15005, 88-86%
. (6]

Synthesis of Triazolo-Triazepines®

Synthesis of triazolo-triazepines is an important pro-
cedure in heterocyclic chemistry. These compounds pos-
sess a broad spectrum of biological activities. Gupta
synthesized triazolo-triazepines by the condensation reac-
tion between 5-aryl-3,4-diamino-1,2,4-triazole and
B-chlorocinnamaldehyde in the presence of a catalytic
amount of p-TsOH under microwave as well as conventio-

nal heating. The products were isolated in good yields.

A o
N—N DME/ _DMF/p-TsOH TsOH /4 )\
+ TMwor A
/( >\ il A N
NH,
iz N CHO ’ Al
| HN
N, ci = H

Synthesis of Triazolo-Thiadiazepines®

Gupta and co-workers have reported an efficient
synthesis of triazolo-thiadiazepines under microwave irra-
diation. These reactions have been carried out by irradia-
ting a mixture of triazole, 5-chloro-1H-2-pyrazole-4-car-
baldehyde, basic alumina and DMF at 640 W.

N N—=N
H MW, B Al u‘ /é }\s
1 DM/ pTsOH P-Ts0H N R
4
I )
L X |
/N

Synthesis of Benzoxazole®*

Batey carried out a copper catalyzed one-pot synthe-
sis of benzoxazoles using bromoanilines and acyl halides
in the presence of a base and a solvent giving intermedia-
tes which finally gave pure benzoxazoles (21-97% isola-
ted yields), exhibiting a broad range of biological activi-
ties. They can also be used as precursors in the synthesis
of drugs. Similarly, syntheses of benzoxazoles have also

been carried out.5>%

Cs, 00y, \rh(\
MW. 210 'C, 15 min,,

l cu

.

21-97%

Synthesis of Oxazoles®”
There is also a report on Suzuki coupling giving
oxazoles in 75-94% isolated yields.

RB{OH})s, PACL{PPhy),
MasC Oy, dm\.JnL

\ MW, 150 °C, 20 min />7
o
— 75
N

PACls(dppfidppf, KOAc,
dioxane, MW, 150 °C, 20 min.,
Pd CLy(PPhy)s, KoCO;y
dioxane, MW, 150 °C

Ar Ar
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Synthesis of Substituted Triazoles®

Fokin et al. reported the formation of substituted
triazoles using aryl azides and alkynes using a solvent af-
fording the products in 43-92% isolated yields.

(Cp*RuCl),, DMF Tf/’
Ny MW, 110°C, 20 min.
S 43-92% \\ /
J/ . CH=Cc—r, i
Ry / R/ / Rz
1

Synthesis of Quinazolines %

Vanelle and co-workers have reported a microwave-
assisted green synthesis of quinazoline derivatives posses-
sing anticancer activity. The products were obtained via

an S R1 reaction.

UHP, KoCO;4
water/acetone

70°C, 1.5 h, 78%

MW, F‘\rldlm. DMF

CN o 150 W, 40°C, 4 min.
; qgn
ol

NH, CI

Classical conditions
Pyridine, DMF, 3 h, nt
349,

Classical conditions
84 °C, 30 h, 55%

¥

NH

Paal-Knoor Condensation’®

Paal-Knoor synthesis is an important way towards
substituted furans, starting from dicarbonyl compounds.
Under microwave irradiation (solvent-free, 100 °C, 4 min
at 150 W) using EtOH and 37% HCI, products were obtai-
ned in 70-75% isolated yields.

o COOMe CO0Me
Ph EtOH/3 76 HCI
MWI , 150 W, 4 min Ph
o -75% 100 °C

O

Synthesis of 1,4-Pentadiene”

Synthesis of 1,4-pentadiene can start from two
unsymmetrical alkenes in the presence of isopropanol, 2
mol % palladium chloride under microwave irradiation
under solvent-free conditions at 80 °C for 10-20 min yiel-
ding 1,4-pentadienes in 80-82% yields.

. S, -BFK
iPrOH/H 20, DIPEA , MWI /\\\\/\/\
+ - R Z 1
2 mol%, PdCI 5
AcO~ -~ Ry (dppf)-CH 2Cl 2
80°C, 10-20 min
80-82 %

Synthesis of Non-Symetrically Substituted Stilbenes’
Leadbeater and co-workers prepared non-symetri-
cally substituted stilbenes using a base and a solvent un-

der irradiation with microwaves, products were isolated in
6-72% yields.

C,Hy (150 psi) , Pd
K,CO3, Bu;N, DMF
X 2005, BugN, y
S MW, 125-150° € ‘ e S
$ N

Pd, K,CO;

= \"‘I/XR2
R‘/lg/\/

6-72%

Protection of Aldehydes”"*

Protection and deprotection plays a pivotal role in
organic synthesis. Protection reactions of aldehydes with
alcohols are performed using ceric ammonium nitrate
(CAN) and sodium carbonate under microwave irradia-
tion (45 min). Protected products are obtained in 61-97%
yields.

CAN. ROH, Na>CO3 /(fE
ArCHO Smin 61-97% . A OR
MWI

Three-Component Petasis Boronic-Mannich Reac-
tion”

Three-component Petasis boronic-Mannich reaction
is carried out between glyoxal, aryl boronic acids and sub-
stituted primary amines. It was observed that substituted
amines are formed under microwave irradiation (300 W,
120 °C, 10 min) in 10-83% yields.

0

HO

H + Ar-B(OH)» + RRNH;

0]
Ar
DCM , MWI, 300 W

£ ] - HO\K\ /Rr
120 °C, 10 min. o

10-83% O

=7

Synthesis of Polysubstituted Amidines’®

Polysubstituted amidines are synthesized from
secondary amines and substituted nitriles using alumi-
nium chloride in chloroform under microwave irradiation
(80 °C, 12 min) in 65-70% yields.

R 5
N R /R_

)|\ + HN\RS

AICl3, CHCl3 Rz\N _<N—
MWI, 80 °C R.‘/ R
12 min., 65-70 % :
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Synthesis of Endothiopeptides’’

Syntheses of endothiopeptides are carried out by the
cyclization of a substitued thiourea in trimethyl silylchlo-
ride with sodium iodide in acetonitrile under microwave
irradiation (50 W, 5-30 min). The products were isolated
in quantitative yields.

R2 ¢ OCH;

| TMSCI, Nal
X ’
R'Y %N]Tl\om; MWI, 50 W
ORy Ry MeCN, 5-30 min
R 3
o AL
N
OR; Ry

Fries Rearrangement

Fries rearrangement occupies a unique place in both
industry as well as in academia. Paul and Gupta studied
this rearrangement of substituted aryl acetates using Zn
and DMF under both microwave and conventional hea-
ting. The products were formed in excellent yields.

OCOCH, OH

COCH;
Zn/DMF
—-

Mwor A\

Williamson Ether Synthesis”

Williamson ether synthesis, an important organic
reaction for their preparation, can be carried out between
alkyl, aryl or allyl halides and phenols using Zn in DMF
under microwave irradiation (800 W, 2—15 min) yielding
ethers in excellent yields.

OH OR

Zn/DMF

MW urA

+ alkyl/aryl/allyl halide

Oxidation of Alkyl Benzene®

Oxidation of toluene was studied using ZnO/DMF
reagent under microwave irradiation (800 W, 3—15 min).
This method was also found to be effective under conven-
tional heating. Moreover, benzoic acid was obtained in a
good yield.

CH, COOH

ZnO/DMF

MW or /\

Synthesis of Monosubstituted Chalcones®!

Selective reactions occupy an important place in or-
ganic synthesis. Chalcones were found to be useful pre-
cursors for flavonoids, perfumes and in the synthesis of
heterocycles. Syntheses of monosubstituted chalcones are
carried out by the reaction between acetone and aryl al-
dehydes using aqueous sodium hydroxide at 0-5 °C. This
was found to be a simple, efficient and selective procedu-
re for the synthesis of monosubstituted chalcones.

CHO
\\

\/
-~

agq.NaOH

—_— =

CHy——C—CH; ‘
0-5°C

I

CHy;——C——CH=—/7=CH
" \_/
|

Michael Addition®

Michael addition is an important reaction for C-C
bond formation; it can be carried out using chalcones and
compounds with active methylene groups in the presence
of K,CO, and H,O under microwave irradiation (480 W,

1-3 min) yielding the products in good yields.

o
I COOEt . .
Ar C_CH=CH \ / . “1(:/ K:([)]
\ ookt 1,0
Et00C R
COOEt
o er”
A lcl cl:H CcH
R Y

R

Ring Opening of Azalactones®

Valdes and co-workers have reported the microwave-
assisted ring opening of azalactones. Reaction was carried
out in a solvent under microwave irradiation (150 W) yiel-
ding the products in a pure state with 1-98% isolated yields.

o
|/ S SN o
Xz N\(a = =
CH, . A HCOCHN
o BN, .1
5-35 min. R
& o} i
a N 150 W == HiCOCHN
# w CHOHTEA % HN
L 21-98% B
H
(>N A T

Ph
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Carbamoylation of Amines®

Dettori and co-workers reported the microwave-as-
sisted carbamoylation of amines using a base and a sol-
vent giving the products in 89-95% isolated yields.

0 Base, solvent, MW(CEM)
R
/o—< & HN:‘:: 3 -
] . Re  65°C, 1020 min,,

89-95%

Synthesis of Diaryl Ethers®

Verkade and Raders synthesized diaryl ethers in
56-99% isolated yield using prophosphatrane under mi-
crowaves (0.5-5 h). These products are of great importan-
ce in the synthesis of flavonoids, also gaining attraction in
academia.

O/F OTBDMS\O
S A,

Proazaphosphatrane, toluene, DMF o

MW, 130-180 “C,

0.5-5h I \ \
56-99% .

56-99% R1’{. / /"“--. R2

Hydrogenation of Pyridines®
Taddei hydrogenated pyridines affording cyclic ami-
nes in 48-95% isolated yield.

H, (120 psi), Pt, AcOH
MW, 80 °C, 20-60 min.,

D 48-95%
TR —R
& A

N
H

7. 1. 2. Microwave-Assisted Reactions Under
Solvent-Free Conditions

Due to the environmental concerns, there has cur-
rently been an increasing demand for efficient synthetic
processes and solvent-free reactions. Some old and new
methodologies are being used to diminish and prevent
pollution caused by chemical activities. In this context,
the microwaves have become an important source of ener-
gy in many laboratory procedures.®’

Furthermore, microwave-assisted solvent-free orga-
nic synthesis (MASFOS) has been developed as an envi-
ronmentally friendly process as it combines the selectivity
associated with most reactions carried out under microwa-
ves with solvent and waste-free procedures in which orga-
nic solvents are avoided throughout all stages.®

In these environmentally conscious days, the re-
search and development are directed towards devising
cleaner processes. Environmental hazards and the subse-
quent degradations are instrumental for the rapid evolu-
tion of green chemistry concept involving benign reagents
and conditions. The MASFOS reactions are of three
types:

— reactions using neat reactants;

—reactions using solid-liquid phase transfer cataly-

sis (PTC);

— reactions using solid mineral supports.

7. 1. 2. 1. Reactions Using Neat Reactants

For carrying out reactions with neat reactants i.e.
without the use of a solvent or a support (heterogeneous
reactions), at least one of the reactants at the reaction tem-
perature should normally be liquid. In such a set-up, either
the solid is partially soluble in the liquid phase or the li-
quid is adsorbed onto the surface of solid with the reaction
occurring at the interface. There is also another possibi-
lity, namely that both the reactants are solid. Usually, they
melt during the reaction course and then undergo reaction
as described above.®

7. 1. 2. 1. 1. Examples of the Reactions with
Neat Reactants

Aromatic Nucleophilic Substitutions

Formation of Substituted Triazines®***!

Aromatic nucleophilic substitutions are carried out
using sodium phenoxide and 1,3,5-trichlorotriazine under
microwave irradiation (6 min). The products, 1,3,5-triarl-
yoxytriazines are obtained in 85-90% yields.

o i
=

N N
. |
/}\‘“ )\
Cl N Cl
OAr

N)\N
S J\
N OAr

MWI, 6 min.
85-90%

ArO

N-Acylations®

N-Acylations can be carried out between amines and
poly acids under microwave irradiation (8—15 min) under
solvent-free conditions giving the products in 59-84%
yields.
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HO
R2
0 &
[ aNH
n + —_—
R R3
O R4
OH
O
R>
MWI, 8-15 min N R
59-84%
3 0 n
Ry
n=1-2
Synthesis of Heterocycles
93,94

Synthesis of Benzodiazepine

Seven membered ring systems possess a broad spec-
trum of biological activities, such as antifungal, antiviral
and anti-inflammatory activities. Syntheses of benzodia-
zepines can be carried out under microwave irradiation
(4-10 min) in solvent-free conditions giving the products
in 80-92% yields. Due to the solvent-free conditions, wit-
hout support and because of the increased yields, the
synthesis is a part of green chemistry.

COOH R NH \I/o
HN + o
Ry
Rs 0
0
Ry NH¢"
MWI, 4-10 min
80-92%
(i Ro N
R3
0

Synthesis of Pyridines®

Diaz-Ortiz and co-workers studied the synthesis of
substituted pyridines under solvent-free conditions star-
ting from thiophenes and pyrazoles under microwave irra-
diation (4-12 min), leading in 32-84% isolated yields to
the required pyridines.

N0 NS N MWI, 4-12 min

32-84%

Synthesis of Poly-Substituted Quinolines®®

Substituted quinolines posses a broad spectrum of
biological activites. Their synthesis can be carried out bet-
ween anthranilic acids and unsymmetrical ketones in the
presence of p-TsOH under microwave irradiation (300 W,
30-60 s), with isolated yields of 80-85%.

0
R
o L —
R +
Ny 0 Rs

R
R
1 eq. p-TsOH, MWI X
. R
300 W, 30-60 s N/
80-85 % R3

Synthesis of Quinoxaline®”

A synthesis of quinoxalines using manganese oxide
as the catalyst and molecular sieves under microwave irra-
diation affording the products in 15-81% isolated yields

was reported.
) R 0
O HN
"\>
R
N

HzN
(o]
A, 0
Synthesis of Unsusbstituted Cyclic Imides®
A synthesis of polysubstituted cyclic imides using

microwave irradiation affording the product (I) in
61-81% yields was reported.

Cat, MnO*
4 A" Molecular Sieves
MW, 70 °C, 1 min. 15-81¢

Cat. MnQ*
4 A" Molecular Sieves
MW, 70 °C, 1 min. 35%

_—

(o]

DMAP
+ NH,OH.HCI _—
(o]

5 min.,
61-81%

(o]

—_— ﬁ ﬁN_OH

an °
Synthesis of Enamines®®

Ranu and co-workers have performed the synthesis
of enamines under MW irradiation (9—40 min) without
any solvent, catalyst and support. The enamines, inclu-
ding cyclic, were synthesized in 92-100% yields.
7. 1. 2. 2. Reactions Using Solid-Liquid Phase
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MW
9-40 min.,
o 1 92-100%

no splvent, no catalyst,
no support

o} e}
/\/ NH; .
+
HoN _—
R 9-28 min.,

92-100%

Transfer Catalysis (PTC)

Solid-liquid phase transfer catalysis (PTC) has been
described as an effective method in organic synthesis and
is under active investigation.”>™” This method is specific
for anionic reactions as it involves “anionic activation”. A
catalytic amount of a tetralkylammonium salt or a cation
complexing agent is added to the mixture (in equimolar
amounts) of both pure reactants. Reactions occur in the li-
quid organic phase, which consists here only of the elec-
trophile R—X (then possibly to the product R—Nu). The
presence of an additional liquid component (solvent) is di-
sadvantageous as it induces a dilution of reactants and
consequently a decrease in reactivity. The electrophile
R-X is therefore both the reactant and the organic phase
for the reaction. (See Scheme 2)

7. 1. 2. 2. 1. Examples of the Reactions Using PTC

Nu-M * ;4 RN'X =—= RN Nu . My
{ ]
b

RyNX-

Phase Solid

RN'Nuw + RX

Phase Liquid R-Nu  +

Alkylations
O0-Alkylation'”

Preparations of ethers were carried out from
[-naphthol using benzyl bromide and 1-butyl-3-methyli-
midazolium tetrafluoroborate under microwave irradia-
tion (6—12 min), the products were isolated in 75-90%
yields.

OH . o || >
= ) Bz Br, [BMm’] BF 4
_
| 6-12 min, 75-90%
Ry N

N-Alkylations™""

N-Alkylations under microwave irradiation using
phase transfer catalysts occupy a unique place in organic
chemistry. Bogdatl and co-workers reported the synthesis
of N-alkyl phthalimides using phthalimide, alkyl halides,
potassium carbonate and TBAB; giving products in
45-98% yields.

0 0

MWI, RX, K 2CO;

NH o =
TBAB, 49-95% ' N—R
0 0
Oxidations!"?

Chakraborty reported the oxidation of secondary al-
cohol and benzyl alcohols using phase transfer catalysts.
Oxidation of secondary alcohols to acetone derivatives
was carried out using PCC, tetrabutylammonium bromide
and dichloromethane under microwave irradiation (6—8
min), products were isolated in 70-99% yields. Oxidation
of benzyl alcohols was conducted using BIFC under mi-
crowave irradiation (1-8 min) yielding benzaldehyde de-
rivatives in 70-92% yields.

PCC, TBAB, MWI

R! YOH R! 0
DCM, 6-8 min, 70-99% \f

R R

CH,OH CHO
MWI, BIFC
1-8 min, 70-92%
X X

103

Alkylation of Dianhydrohexitols
Alkylation of dianhydrohexitols was carried out us-
ing potassium hydroxide, tetrabutylammonium bromide
and alkyl tosylates under microwave irradiation (6—8
min), products were isolated in 78—82% isolated yields.

HO
: 0 o s )
KOH, NBu 4 Br ,TSO-R-OTS
MWI, 6-8 min,78-82%
o
OCHPh
OCHPh
PhCH »COOH H
z 0
0] Z 0
0-RO

Gupta et al.: General Characteristics and Applications ...



Acta Chim. Slov. 2009, 56, 749-764

Knoeveagel Condensation'™

Knoevenagel condensation is a well known organic
reaction, often applied in the synthesis of unsaturated
acids, which are used as precursors for perfumes, flavo-
noids and as building blocks of many heterocycles. Gupta
and Wakhloo studied Knoevenagel condensation between
carbonyl compounds and active methylene compound,
such as malonic acid, using tetrabutylammonium bromi-
de, potassium carbonate in water forming unsaturated
acids in excellent yields and purity under microwave irra-
diation.

__COOH
COOH

Ar—CHO + CH: TBAB-, KQCO:;_

H,0
Ar——CH==CH—COOH

7. 1. 2. 3. Reactions on Solid Mineral Supports in
Dry Media

Solid supports are often very poor conductors of
heat but behave as very efficient microwave absorbents.
This, in turn results in very rapid and homogeneous hea-
ting. Consequently, they display very strong specific mi-
crowave effect with significant improvement in tempera-
ture homogeneity and heating rates enabling faster reac-
tions and less degradation of final products as compared
to the classical heating.

Supported Reactants on
Reactants Reagents Supported reagents
L Products

( After washing and filtration
with suitable solvents)

7. 1. 2. 3. 1. Examples of Microwave Activation With
Supported Reagents

Alkylations

N-Alkylations'%

N-Alkylations were carried out between piperidines
and chloroalkanes in the presence of silica as the solid
support under microwave irradiation (6—10 min). N-Alkyl
products were isolated in 75-99% yields.

NH : .
MWI, Si0O», 6-10 min
O N C'/\Rz ’ -

N 75-99%

W il

R

N

R

S-Alkylations'’

S-Alkylation was studied and accomplished by carr-
ying out the reaction between mercaptobenzenes and
alkyl halides using potassium carbonate and alumina un-
der microwave irradiation (4—10 min). Products were iso-
lated in 70-89% yields.

SH

K2CO3 - Al203
MWI, 4-10 min, 70-89%

R, Ry

C-Alkylations'”

Keglevich and co-workers have reported the C-alky-
lation by subjecting a mixture of diethyl malonate and
alkyl halides to microwave irradiation in the presence of
potassium carbonate. The products were obtained in good
to excellent yieds and were characterized by spectrosco-
pic methods.

MW, 120 °C, 12-14 bar
COOEt 40-145 min.,K,CO; (1.0 eq)

< .. RX
(1.3 eq) a8

COOQEt

COOQEt

—

COOEt

Cycloaddition Reactions!®®

Kocevar and co-workers have reported the microwa-
ve-assisted Diels—Alder cycloaddition reaction and hete-
rogeneous hydrogenation sequence in water and under
solvent-free conditions (without solid support). Products
were obtained in good to excellent yields.

QO
Ry
| 0
o]

N 0O RN
2 go NR;
H o PhOCHN
—_— =
)
R 7 NHCOPh

Rh-ligand
H,

R=COMe
R2=Me

RsN

/ MRy
PhOCHN

Synthesis of Heterocycles
Synthesis of Pyrroles'”

Pyrroles are associated with a vast range of biologi-
cal activities. Synthesis of pyrroles was studied by carr-
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ying out the reaction between o.,-unsaturated ketones,
alkylamines and nitroalkanes using K-10 clay under mi-
crowave irradiation, forming the substituted pyrroles in
60-72% yields.

R>
R~ ” Rs 4+ ReNH2 + <7 o,
O
R R>
MWI, K-10 clay / \
60-72%  HsC N R;
l
Ry

Synthesis of Quinazolin-4(3H)-ones""’

Synthesis of substituted quinazolines was carried
out using a substitution reaction between lactones and
alkylamines using acidic alumina under microwave irra-
diation (6—8 min), giving the products in 91-96% yields.

(@]
) MWI, Acidic alumina
+ R'NH, : >
= 6-8 min, 91-96%
N Ar
(
R!
-
N
/K
N Ar

Synthesis of Thiiranes '

A synthesis of thiiranes was reported that applied
sodium borohydride and alumina under microwave irra-
diation, forming the products in excellent yields.

NaBIh-Al 30]
X + . -
R HS OFt MWI, neat
OEt 2-4 min

Synthesis of 1,3- and 1,3,6-Trisubstituted-7-Azaindoles'"?

Many syntheses of azaindoles were reported in the
literature. They were prepared by the reaction of a substi-
tuted pyridine and primary amine in the presence of a pal-
ladium species, triethylamine, formic acid in an ionic li-
quid under microwave irradiation (150 °C, 70 min). Pro-
ducts were obtained in excellent yields.

0
= ] 10 % Pd/C , Et 3N
+  HyN-R -
~ : [b mim][PF ¢]
X N cl HCOy H, MWI
150°C, 70 min
R
=
X N N\
Ry

Synthesis of Trisubstituted Imidazoles'"’

Shaabani and co-workers have reported a silica-sup-
ported sulphuric acid-promoted one-pot synthesis of tri-
substituted imidazoles. Comparative studies between con-
ventional and microwave irradiation indicate that products
were obtained in excellent yields under microwave irra-
diation.

H NHOAc/SSA
130°C Ph

o, o
PH Ph
Q, OH
§ i 35-83 min.
P Ph HN
Q NOH
PH Ph

I E:

\Z

NH,OAC'SSA
MW, 510 min.

72-89%

Oxidation of Benzyl Alcohols'!*

Su and co-workers have reported an oxidation of
benzyl alcohols to aldehydes and ethers. Both were for-
med in a selective fashion under microwave irradiation us-
ing manganese oxide as the catalyst.

CH,0H
2 OR

MW, Manganese oxide

) Yy
R//

Protection of Carbonyl Compounds''®

Kad and co-workers have executed the protection of
carbonyl compounds under solvent-free condtions (green
chemistry). Comparative studies were carried out for the
protection of carbonyl compounds using microwave irra-
diation and by grinding at room temperature. Products
were isolated after a short time and in excellent yields un-
der microwave irradiation.
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* MW and wet B.A1,O4
)J\ 1-7 min., 74-976%
+ NH,OH.HCI
R R' 2 >
Pestle and mortar
molecular sieves
30-95 min.,
12-79%
NOH
R R'
Deprotection

Regeneration of Carbonyl Compounds From Nitrogene-
ous Derivatives''®

This was carried out by irradiating (320 W) a mixtu-
re of phenylhydrazone or semicarbazone and dioxane-di-
bromide and silica gel. Highly pure products were obtai-
ned in good to excellent yields.

X Dioxane-dibromidefSi_’E); <:>:X'

R

X =NOH, X’=0

_ | Dioxanedibromide /Si0O,
A c—X -
N,
R"
.
c—X

X _/

R

Deprotection of Oximes to Nitriles'’”

Hegediis and co-workers have done a deprotection
of oximes in the presence of zeolites under microwave ir-
radiation. The regenerated products were obtained in ex-
cellent yields.

\ OH
N
microwaves
R" R 4-10 min., 32-95%
R" 150-300 W
CN
R" R
R"

Synthesis of Diaryl Ethers''®

Syntheses of diaryl ethers find a unique place in
both industry and academia. This synthesis was carried
out between aryl halides and phenols using potassium car-
bonate and alumina under microwave irradiation (3-8

min), diaryl ethers were formed in 60-82% isolated
yields.

X HC
K2C03-Al,03
R! >
n >
R MWI, 3-8 min, 60-82%

o)

Heck Reaction'"’

Heck reaction is an important organic transforma-
tion used for the formation of C—C bond. It was carried
out between acrylic acid and aryl bromides using a palla-
dium complex, acetonitrile and triethylamine under mi-
crowave irradiation (180 °C, 15 min). Unsaturated acids
were obtained in 55-82% yield.

NC
: i Pd(OAc)>. P(o -tolyl) 3. Et3N

. X _COOH -
el MeCN, 180 °C, 15 min, 55-82%

g

NC X _COOH

2

It can also be carried out between an alkene and aryl
bromide using DMF, palladium acetate, caesium carbona-
te and tetrabutylammonium bromide under microwave ir-
radiation (12 min) giving the product in 25-89% yield.

OBu

e

DMF, MWI, 12 min, 25-89%
Pd(OAc) »-P(o -tol) »
CS»CO3, BuN "Br~

y

&

Br
0]

<

Palladium-Catalyzed Catalytic Transfer Hydrogena-
tion'?

OBu

@]
—
o

Palladium catalyzed catalytic hydrogenation of al-
kenes was carried out using Pd/C, triethylamine, formic
acid and an ionic liquid under microwave irradiation (150
°C, 70 min). Products were formed in excellent yields.
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/\/ Y 10% Pd/C , Et 3N, MWI

Ph HCOOH , [bmim][PF 4]
150°C , 70 min

Y
Ph/\/

8. Conclusion

Microwave-assisted organic synthesis is a technique
which can be used to rapidly explore chemistry space and
increase the diversity of compounds produced. The exam-
ples cited above are impressive and provide a good insight
into the field of microwave-assisted organic synthesis.

The benefits of microwave-assisted organic synthe-
sis are increasingly making the technique more establis-
hed worldwide. In order to achieve further development in
this field, novel instruments, which give rise to reprodu-
cible performances and that constitute a minimal hazard
should be used instead of the domestic microwave ovens.
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Ta pregled se osredotoca na glavne dosezke organske sinteze z uporabo reakcij, olajSanih z mikrovalovi v trdni fazi, s
Cistimi reaktanti in pod pogoji brez uporabe topil. Izpostavlja tudi splo$ne znacilnosti uporabe mikrovalov v organski
sintezi. Nakazuje, da so reakcije pod mikrovalovi hitre, s pogosto povecanimi reakcijskimi hitrostmi in da vodijo do
boljsih selektivnosti. Nekatere izmed reakcij olajSanih z mikrovalovi je moZno celo izvesti pod nerazred¢enimi pogoji

brez topil, kar vodi k temeljem zelene kemije.
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