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Abstract

Improved laboratory protocols for convenient and rapid transformations are highly desired in
modern synthetic chemistry. Microwave irradiated reactions have received considerable attention
in recent years and it is a subject of intense discussion in the scientific community. Microwave
heating is more efficient in terms of the energy used, produces higher temperature homogeneity
and is considerably more rapid than conventional heating methods. This technique as an alterna-
tive to conventional energy sources for introduction of energy into reactions has become a recog-
nized practical method in various fields of chemistry. Microwave-assisted organic synthesis (MAOS)
is known for the spectacular accelerations produced in many reactions as a consequence of the
increased heating rate, a phenomenon that cannot be easily reproduced by classical heating means.
As a result, higher yields, milder reaction conditions and shorter reaction times can often be at-
tained. Its specific heating method attracts extensive interest not only because of rapid volumetric
heating, but also for suppressed side reactions, energy saving, decreased environmental pollu-
tions and safe operations. In this review, we will try to represent an overview on origin and fun-
damental features of microwave ovens and its usefulness in MAOS.
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1. Introduction

The first chemists or alchemists as they may be called, transformed one body into another by means of, princi-
pally, fire. Fortunately, fire is now rarely used but it was not until Robert Wilhelm Eberhard Bunsen (1811-1899,
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discoverer of caesium in 1860 and rubidium in 1861) invented the burner that the energy from this heat source
could be applied to the reaction vessel in a focused manner. The Bunsen burner was later superseded by the
heating mantle, oil bath or hot plate. Recently, a new technique has come to the forefront of chemical research,
microwave dielectric heating. In a similar way to the introduction of the heating mantle, this technology will no
doubt require a change in the chemist’s mindset. In 1986, Gedye and Giguere reported [1] for the first time that
the organic reactions could be conducted very rapidly under microwave irradiation [1] [2]. Since then, micro-
wave has been widely used in synthetic chemistry to reduce reaction time and increase product yield [3] [4]. Par-
ticularly over the past few years there has been a dramatic uptake in the use of microwaves as an energy source to
promote synthetic transformations. The production of dedicated instrumentation by the leading manufacturers has
propelled what was 20 years ago a fascinating idea into a day-to-day device for synthetic chemists. Microwave-
assisted organic synthesis (MAOS) is clearly a method by which a chemist can achieve target in a fraction of the
time as compared to traditional conductive heating methods. Reactions times in the best cases have been reduced
from days or hours to minutes.

2. Behind the Backdrops

It was during a radar-related research project in 1946 in USA, end stage period of World War-Il, that Dr. Percy
LeBaron Spencer (1894-1970, was orphaned, never finished grammar school and bagged more than 150 patents)
([5] a), a self-taught engineer with the Raytheon Corporation, noticed something abnormal. One day, while
making magnetrons, then used to generate microwave radio signals for combat radars, Spencer was standing in
front of an active radar set and noticed the candy bar he had kept in his pocket had melted. Spencer was not the
first man to note this incident, but he was the first to examine it. He decided to test with some popcorn kernels.
Along with his colleagues, Spencer watched the popcorns were cracked, popped up and splattered all over the
nearby place. This way the world’s first microwaved popcorns were prepared. In continuation to his innovative
trial, Spencer next took an egg, put it in a kettle and placed the magnetron above the kettle. Unfortunately, one
of his curious colleagues came very close to it and tried to look from above what was happening inside the kettle.
Suddenly, as per modus operandi of microwave heating, the innocent egg exploded and splattered hot viscous
liquid all over the colleague’s stunned face. In contrast, the face of Spencer lit up with a logical scientific idea:
the melted candy bar, the popcorn and now the exploding egg were all resulting from exposure to low-density
microwave energy. He thought, if an egg could be cooked quickly, why not other foodstuffs? Experimentation
continued and Spencer created the first true microwave oven by joining a high density electromagnetic field ge-
nerator device to an enclosed metal box. Allowing controlled and safe testing, the device emitted microwaves
into the metal box without any escape. He then tried to monitor temperatures and observed effects with various
foodstuffs in the box. In 1947 Raytheon produced the first commercial microwave oven which was around 6 feet
tall, weighed about 750 Ibs and cost between $2000 and $3000 at that time. The first kitchen countertop, domes-
tic oven was produced in 1967 by Amana (a division of Raytheon). It was a 100-volt microwave oven, which
cost just under $500 and was smaller, safer and more reliable than previous models. During 1970s there was an
upsurge of microwave ovens elsewhere in the world. Up to the middle of 1980°s microwave oven or famous
electronic oven was used only for defrosting frozen food and cooking. Since 1986 [1] the microwave has be-
come a source of heating chemical reaction, extraction etc. So, a concise account ([5] b, ¢) of evolution and de-
velopment of microwave ovens would be as follows:

1946—Microwave radiation was discovered as a method of heating. By late 1946, the Raytheon Company
had filed a patent proposing that microwaves be used to cook food. An oven that heated food using microwave
energy was then placed in a Boston restaurant for testing.

1947—Raytheon built the first commercially available microwave oven, “Radarange”, standing 5.5 ft tall,
weighing over 750 Ibs and costing about US $5000 (~$53,000 in today’s dollars) each.

1952—Raytheon licensed its technology to the Tappan Stove company of Mansfield, Ohio.

1954—Raytheon introduced the first commercial microwave oven “1161 Radarange”.

1955—Tappan introduced a large, 220 volt wall unit as a home microwave oven, cost was about US $1295
(~$11,500 in today’s dollars) each.

1965—Raytheon acquired Amana Home Appliances, lowa, an American brand of household appliances.

1967—Amana introduced the first popular home model, the countertop Amana Radarange, at a price of US
$495 ($3500 in today’s dollars) each.
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1978—First microwave laboratory instrument was developed by CEM (abbreviation for Chemistry, Electron-
ics and Mechanics as three founders were a Chemist, an Electrical engineer and a Mechanical engineer) Corpo-
ration, USA, to analyze moisture in solids.

1983-1985—Muicrowave radiation was used for chemical analysis.

1986—Robert Gedye of Laurentian University, Canada, George Majetich of University of Georgia, USA and
Raymond Giguere of Mercer University, USA along with their co-workers published papers relating to micro-
wave radiation in chemical synthesis.

1990—Milestone S.r.1., Italy, made the first high pressure MW vessel (HPV 80) for performing complete di-
gestion of difficult to digest materials like oxides, oils and pharmaceutical compounds.

1992-1996—CEM Corporation developed a more effective batch system reactor (MDS 200) and a single
mode cavity system (Star 2) that were successfully used for chemical synthesis.

1997—Milestone S.r.l. and Prof. H. M. Kingston of Duquesne University culminated the landmark reference
book titled “Microwave-Enhanced Chemistry-Fundamentals, Sample Preparation, and Applications”, edited by
H. M. Kingston and S. J. Haswell.

1990s—Microwave chemistry emerged and developed as a most promising field of study for its applications
in chemical reactions.

2000 onwards—CEM, Biotage, Anton Paar, Milestone etc. marketed a number of MW reactor models of varying
capacities and temperature control that broadens the applicability and prosperity of MW assisted organic synthesis.

3. Microwave’s Essential Parameters

Microwave heating refers to the use of electromagnetic waves of certain frequencies to generate heat in the sub-
strate [6]. Microwaves lie in the region of the electromagnetic spectrum between millimeter wave and radio
wave i.e., between I.R. and radio waves. These waves are sometimes defined as waves with wavelengths (Figure 1)
between 0.01 m to 1 m, corresponding to the frequency of 30 GHz (or 3 x 10* MHz) to 0.3 GHz (or 3 x 10> MHz).

3.1. Basic Theory of Microwave Heating

As stated, microwave irradiation is actually an electromagnetic irradiation in the frequency range of 0.3 to 300
GHz. All microwave ovens, be it domestic type or dedicated microwave reactors for chemical synthesis, operate
at a particular frequency of 2.45 GHz (which corresponds to a wavelength of 12.24 cm) to avoid interference
with telecommunication and cellular phone frequencies. An important point is that the energy of a microwave
photon in this frequency region (0.0016 eV) is lower than the energy of Brownian motion and is also too feeble
to break chemical bonds. It is, therefore, clear that microwaves, by itself, cannot induce chemical reactions ([7]
a-c). Energies of chemical bonds in comparison to different microwave energies (Table 1) and standard frequen-
cies for industrial, scientific and medical use (Table 2) are summarized.

The e]ectromagnenc spectrum
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Figure 1. The electromagnetic spectrum showing characteristics of microwaves.
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Table 1. Energies of chemical bonds® in comparison to different microwave energies.

Energy/eV" Energy/kJ-mol™*
1 CC single bond 3.61°347
2 CC double bond 6.35°613
3 CO single bond 3.74°361
4 CC double bond 7.71°744
5 CH bond 4.28°%413
6 OH bond 4.80°463
7 hydrogen bond 0.04 - 0.44% - 42
8 MW 0.3 GHz 1.2x107% 0.00011
9 MW 2.45 GHz 10x107% 0.00096 = 1 J-mol ™
10 MW 30 GHz 12x10°° 0.11

For more examples of strengths of chemical bonds see Ref. ([7] d); °1 eV = 1.602177 x 1072 J; °See
Ref. ([7] €); “See Ref. ([7] f).

Table 2. In accordance with international agreements allowed frequencies for industri-
al, scientific and medical use (ISM-frequencies).

Frequency in MHz Wavelength in cm

433.92 +0.2% 69.14
915 + 13'32.75

2450 =50 12.24
5800 = 75 5.17
24125+ 125 1.36

*Not allowed in Germany.

Microwave irradiated chemistry is based on the efficient heating of materials by “microwave dielectric heat-
ing” effects. This phenomenon is dependent on the ability of a specific material (solvent or reagent or anything
else) to absorb microwave energy and convert it into heat. The electric component [8] of an electromagnetic
field causes heating by two main mechanisms: dipolar polarization and ionic conduction. Irradiation of the sam-
ple at microwave frequencies results in the dipoles or ions aligning in the applied electric field. As the applied
field oscillates, the dipole or ion field attempts to realign itself with the alternating electric field and in this
process, energy is lost in the form of heat energy through molecular friction and dielectric loss. The amount of
heat generated by this process is directly related to the ability of the matrix to align itself with the frequency of
the applied field. If the dipole does not have enough time to realign with the vibrating applied electromagnetic
field or reorients itself too quickly with the applied field, no heating occurs. The allocated frequency of 2.45
GHz used in all commercial systems lies between these two extremes and gives the molecular dipole time to
align in the field, but not to follow the alternating field, in concert with its frequency, precisely ([7] b, c). The
heating characteristics of a particular material (for example, a solvent) under microwave irradiation conditions
are dependent on its dielectric properties. The ability of a specific substance to convert electromagnetic energy
into heat at a given frequency and temperature is determined by the so-called loss factor or loss angle or loss
tangent, tand . This loss factor is expressed as tand =e"/e’, where e” is the dielectric loss, which is indica-
tive of the efficiency with which electromagnetic radiation is converted into heat and e’ is the dielectric con-
stant. A reaction medium with a high tand value is more effective for fruitful absorption and consequently, for
rapid heating. In other words, the more the value of loss factor or loss angle (tan o), the more will be the dielec-
tric heating of a material under microwave irradiation. The loss angles or loss factors of some common organic
solvents are summarized in Table 3. Generally, solvents are classified as high (tan > 0.5), medium (tans 0.1 -
0.5) and low microwave absorbing (tand < 0.1).
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Table 3. Loss factors (tand) of different solvents [9] at 2.45 GHz and 20°C.

Solvent tand Solvent tano
ethylene glycol 1.350 DMF 0.161
ethanol 0.941 1,2-dichloroethane 0.127
DMSO 0.825 water 0.123
2-propanol 0.799 chlorobenzene 0.101
formic acid 0.722 chloroform 0.091
methanol 0.659 acetonitrile 0.062
nitrobenzene 0.589 ethyl acetate 0.059
1-butanol 0.571 acetone 0.054
2-butanol 0.447 tetrahydrofuran 0.047
1,2-dichlorobenzene 0.280 dichloromethane 0.042
N-methyl-2-pyrrolidinone (NMP) 0.275 toluene 0.040
acetic acid 0.174 hexane 0.020

Other common solvents without a permanent dipole moment such as carbon tetrachloride, benzene and dio-
xane are more or less microwave transparent. It is to be emphasized that a low tans value does not rule out a
particular solvent from being used in a microwave-heated reaction. Since either the substrates or some of the
reagents/catalysts are likely to be polar, the overall dielectric properties of the reaction medium will in most
cases allow sufficient heating by microwaves. Furthermore, polar additives such as ionic liquids, for example,
can be added to otherwise low-absorbing reaction mixtures to increase the MW absorbance level of the medium.
Of course, one must remember that the rate of temperature increase also depend upon the specific heat capacity,
volume, emissivity, geometry of the molecules and the strength of the applied electromagnetic field.

3.2. Loss Angle

The relationship between tans, e and e” is purely mathematical and can be described using simple trigo-
nometrical rules ([7] c). The dielectric loss (e”) and the dielectric constant (e') of a material are two determi-
nants of the efficiency of heat transfer to the sample. The magnitude of the force acting between two given elec-
tric charges placed at a definite distance apart in a uniform medium is determined by a property of the medium
which is known as dielectric constant. If “e,” and “e,” are the values of the two electric charges placed at a
distance “r” apart in a uniform medium, then the force “F” acting between them is given by Coulomb’s law as
F= elez/e’r2 , where e’ = dielectric constant of the medium. The larger the dielectric constant, the greater the
coupling with microwaves and thus, faster the rate of heating. The quotient (e" e’) or the dissipation factor,
with a high value shows ready susceptibility to microwave energy. In reality, loss angle or loss factor (tand') is
proportional to the polarizability and the electrical conductivity of the reaction medium which means polar and
ionically conducting solvents are preferable for microwave-assisted reactions.

3.3. Microwave Oven: The Apparatus

Monomode and multimode are the two categories into which microwave ovens are often classified [10].

Monomode or Single-mode Microwave Oven: Monomode microwave ovens are able to create a standing
wave model, which is produced by the interference of fields that have the same amplitude but different oscillat-
ing directions (Figure 2). This interface generates an arrangement of nodes where microwave energy intensity is
zero and a collection of antinodes where the magnitude of microwave energy is maximum.

The main wave mechanical factor that determines the structural design of a single-mode apparatus is the dis-
tance of the sample from the magnetron. This distance should be such that the sample vessel is placed at the an-
tinodal position of the standing electromagnetic wave pattern (Figure 3).

Among many advantages, most important advantage of single-mode apparatus is their high rate of heating.
One of the drawbacks of single-mode apparatus is that, at a time, only one vessel can be irradiated.
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Multi-Mode Microwave Oven: Initial simple microwave ovens and present day household microwave ovens
are of this category. Purposeful avoidance of generating a standing wave pattern inside the oven cavity is the
most significant feature of a multi-mode apparatus (Figure 4). This is done so as to generate as much chaos as
possible inside the cavity. The greater the chaos, the higher the dispersion of radiation which ultimately increases
the area of effective heating. Thus, a multi-mode microwave heating apparatus can accommodate a number of
samples simultaneously, unlike single-mode apparatus. On the basis of this characteristic, a multi-mode oven is of-
ten used for bulk heating and carrying out chemical analysis processes like ashing, extraction etc.

Improper control of heating of samples is a major limitation of multi-mode apparatus because of absence of
temperature uniformity. This is largely due to the chaos of the waves that makes it practically impossible to
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Figure 2. Standing wave pattern—Generated in monomode apparatus.
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Figure 3. Mechanism of heating in monomode apparatus.
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Figure 4. Design of a multi-mode heating apparatus.
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create equal heating (actually creates hot-spots and cold-spots in the material) of the samples that are kept inside
the oven.

3.4. Conventional vs Microwave Heating

Microwave heating is different from conventional heating in many respects. Difference between these two heat

sources have been discussed in a wealth of literatures [11]-[26] which are summarized below.

Conventional Heating
By thermal or electrical sources, heating takes place.

Heating of reaction mixture proceeds from a surface usually
from the inside surface of reaction vessels.

The vessel surface is brought in physical contact with the
source which is at a higher temperature (e.g., burner, mantle,
oil bath, steam bath etc.).

Heating mechanism involve conduction of heat.

In conventional heating, generally, the achievable highest
temperature is limited by boiling point of a substrate.

In the conventional heating, all the components in a mixture
are heated almost equally.

Heating rate is less.

Microwave Heating
By electromagnetic waves, heating takes place.

Heating of reaction mixture proceeds directly inside the
material avoiding the vessel.

No need of physical contact of reaction vessel with the higher
temperature source. The reaction vessel is kept in the oven cavity
and microwave source or the magnetron is kept little further.

Heating mechanism involve dielectric polarization and ionic conduction.

In microwave, the temperature of a substrate can be raised higher than
its boiling point, i.e., superheating may take place.

In microwave heating, specifically a particular component can be
heated more depending on its dielectric characteristics.

Heating rate is several (from 10 to 1000 in best cases) fold high.

3.5. General Conditions/Guidelines for Microwave Synthesis

Like any other scientific processes microwave irradiated reactions also have some provisions with respect to the
nature of solvents, temperature, pressure etc. [27]. These are described in short as below.

3.5.1. Solvent

o Different solvents interact very differently with microwave, because of their diverse polar and ionic proper-
ties.

e Ethanol (tans 0.941), DMF (tanS 0.161) and acetonitrile (tans 0.062), are often used for microwave-as-
sisted organic synthesis. Usually, one might need not change the solvent that is usually used under traditional
conditions.

¢ Non-polar solvents, for example, THF (tano 0.047), toluene (tand 0.040), hexane (tans 0.020) etc. can be
heated only when other components in the reaction mixture respond to microwave energy.

¢ lonic liquids are environmentally friendly and recyclable alternatives to dipolar aprotic solvents. As these are
salts and readily dissolve in a wide range of organic solvents, these are better choice for MW absorption for
poor absorbing reaction mixtures. The low vapor density and effective dielectric properties of ionic liquids
make them highly suitable to be used as solvents or additives in microwave-assisted organic synthesis.

¢ Solvents with low boiling points (e.g., methanol, dichloromethane, acetone etc), have lower reaction tempera-
tures due to the pressure build-up within the vessel. If a higher temperature is desired, it is advisable to shift
to a solvent having higher boiling point with compatible tand value.

3.5.2. Volume
e Too low volume will give an incorrect temperature measurement while a high volume does not leave suffi-
cient head-space for pressure build-up.

3.5.3. Pressure

o Usually MW reactors allow reaction pressures as high as 20 bar. In dedicated MW reactors, if pressure in a
vessel becomes higher, heating is automatically stopped and cooling begins. For an indication of the ex-
pected pressure of a reaction, one can use the solvent table or the vapor pressure calculator ([27] b).
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3.5.4. Temperature
e Optimum temperature should be as high as substrates and products allow before they start decomposing or as
high as the reaction solvent allows, whichever is less.

3.5.5. Concentration

e The concentration depends on the type of chemistry that is performed. The maximum obtainable concentra-
tion is dependent on the properties of the substrates and reagents as well as the properties of the solvent(s)
used. A unimolecular reaction is independent of concentration and can be performed in a very dilute solution.
On the other hand, bi- or tri-molecular reactions are essentially concentration dependent. Higher concentra-
tion offers faster rate of reaction.

3.5.6. Inert Atmosphere

o Inert atmosphere, in general, is not initially employed in microwave chemistry and often not needed even if
the reaction is carried out under inert media in conventional method. If needed, vials are flushed with inert
gas before capping.

3.5.7. Time
e Generally MAOS reactions require 2 - 15 minutes of irradiation but the time required for a particular reaction
would be determined by the operator himself.

3.5.8. Reaction Optimization

e Optimizing a microwave reaction is equivalent to optimizing a conventional synthesis, for example, if the
first attempt is a failure, changing the temperature and reaction time may cause significant improvement. All
remaining parameters that we usually change (i.e., concentration, solvent, reagent etc.) can be changed as
and when required.

3.6. Microwave Assisted Organic Synthesis

In recent years microwave assisted reactions has opened the door of a new era in the field of organic synthesis
[28]. The technique offers simple, clean, fast, efficient and economic protocol for the synthesis of a large num-
ber of organic molecules. Now a day’s this procedure is considered as an important weapon to employ green
chemistry, since this is significantly environmentally friendly. This technology is still less-used in the traditional
laboratories. Conventional method of heating usually need longer time, tedious and costly apparatus setup and
the excessive use of solvents/reagents that ultimately lead to environmental pollution. After initiation by Richard
Gedye and his co-workers [1], chemists have successfully employed MW heating in a large number of organic
reactions. A plethora of articles and reviews describing a variety of new chemistries performed with microwave
irradiation have appeared [9]. Because of space constraints the major applications of microwave assisted organic
syntheses are summarized in Table 4 with their corresponding references.

Let us take a look at some particular reports of MW assisted organic reactions:

1) In a report [62] of the Fischer indole synthesis, primary and secondary alcohols have been catalytically
oxidized in the presence of phenylhydrazines and Lewis acids to give the corresponding indoles in a single step.
Replacing aldehydes or ketones, the use of alcohols widens the scope of availability of starting materials and of-
fers easy handling and safety.

2 mol-% Ru,(CO),, R”
R" 3 mol-% BIPHEP
1 eq. ZnCl,
@N,NHZ + /E N—R" R alkyl, Ph, H
R | HO R” 1 eq. crotononitrile N R": H, alkyl
R’ teh/f\t;\/angl()?go?%l R }{f R"": alkyl, Ar, benzyl

2) N-Sulfonyl-1,2,3-triazoles react with water in the presence of a rhodium catalyst to produce a-amino ketones
in very good yields. This conversion formally achieves 1,2-aminohydroxylation of terminal alkynes in a region
selective manner in combination with a copper(l)-catalyzed 1,3-dipolar cycloaddition with N-sulfonyl azides [63].
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Table 4. Few examples of microwave assisted organic synthesis.

Entry Reaction Ref. Entry Reaction Ref.
1 Acetylation reaction [29] 17 Dehalogenation reaction [45]
2 Addition reaction [30] 18 Diel’s-Alder reaction [46]
3 Alkylation reaction [31] 19 Dimerization reaction [47]
4 Alkynes metathesis [32] 20 Elimination reaction [29]
5 Allylation reaction [33] 21 Estrification/Transestrification reaction [48]
6 Amination reaction [34] 22 Enantioselective reaction [49]
7 Aromatic nucleophillic substitution reaction [35] 23 Halogenation reaction [50]
8 Arylation reaction [36] 24 Mannich reaction [51]
9 Claisen-Smith reaction [37] 25 Oxidation reaction [52]
10 Combinatorial reaction [38] 26 Phosphorylation synthesis [53]
11 Condensation reaction [39] 27 Polymerization reaction [54]
12 Coupling reaction [40] 28 Rearrangement reaction [55]
13 Cyanation reaction [41] 29 Reduction reaction [56]
14 Cyclization reaction [42] 30 Ring closing synthesis [57]
15 Cyclo-addition reaction [43] 31 Solvent free reaction [58]
16 Deacetylation reaction [44] 32 Hydrolysis reaction [59]

Authors apologize to the numerous scientists whose works are not cited properly, in an attempt to limit the reference list.

However, asymmetric reactions, carbohydrates, CO insertions, condensations cyanations, heterocycle synthesis, reactions

involving ionic liquids, Michael reactions, nucleoside synthesis, organometallics, benzillic acid rearrangement,

Buchwald-Hartwig, Heck, Suzuki, Sonogashira, Fischer carbenes, Pauson-Khand, oxidations, peptides, proteins, [4]1[22]
photochemistry, protections/deprotections, free radicals, ring-closing metathesis (RCM), scavengers, simultaneous [60] [61]
cooling (EMS), solid-phase (solvent free) reactions, dye synthesis, halide exchange, halogenation, macrocycles,

nitration, phosgenation, polymerase chain reaction (PCR), trypsin digestion, flavones, C-alkylation, Wittig reactionetc

are recognized as major success of MAOS.

0.5 mol-% Rh,(R'CO,),

N=N 10-50 eq. H,0 0
NTs J—I\/NHTS
R/k‘“/ 0-1eq. KOH, CHCI, R R: Ar (Rh(Oct),, 10 eq. H,0, 0 eq. KOH),
MW, 140°C, 15 min alkyl (Rh,(Piv),, 50 eq. H,0, 1 eq. KOH)

3) Various alcohols were synthesized by metal-free coupling of diazoalkanes derived from p-toluene sulfo-
nylhydra zones with water under reflux and microwave conditions, in high yields [64]. In addition, this protocol
was successfully applied for the synthesis of deuterium-tagged alcohols using deuterium oxide.

NNHTs 3.5 eq. K,CO, OH
Ar J\R H,0 Ar /I\R
MW, 130°C, 10 min R: H, Me

4) An efficient microwave-assisted, palladium-catalyzed hydroxylation is reported [65] that converts aryl and
heteroaryl chlorides to phenols in the presence of a weak base carbonate. The reaction has shown to take place in
presence of ketone, aldehyde, ester, nitrile, or amide functionalities.

2 mol-% palladacyle palladacyle: t-BuXPhos:
8 mol-% t-BuXPhos, 3 eq. K,CO, i-Pr

Ar— - Ar— .
r—Cl Ar—OH Pd)g\
DMF/H,0 (9:1) P OAL2

MW, 115°C, 30 min 2-Tol 2-Tol iPr i

P(t-Bu
e (+-Bu),
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5) Microwave-irradiated condensation of carbonyl compounds with (R)-2-methylpropane-2-sulfinamide under
solvent-free conditions in the presence of Ti(OEt), offers a simple, environmentally friendly synthesis of optically
pure N-(tert-butylsulfinyl)imines [66]. Sulfinyl aldimines can be prepared with both excellent yields and purities
in only 10 min, while the reaction time for the preparation of ketimines has been extended to 1 h.

0 I 2 eq. Ti(OEY),

(6]
I
.S . R: Ar, alkyl, vinyl
N K R’ H (10 min), alkyl (60 min),
MW (40 W), neat JJ\ CO,Et (60 min)

70°C, 10 - 60 min

6) An efficient microwave-assisted metal-free amino benzannulation of aryl(4-aryl-1-(prop-2-ynyl)-1H-im-
idazol-2-yl)methanone with dialkylamines affords various 2,8-diaryl-6-aminoimidazo[1,2-a]pyridines in good
overall yield [67].

R R R
I T R R’ \ AN
; MS 4 A N
N + HN N R:Ar, H
0 R’ SOMCWIE)IZ(; OW)‘ — R": alkyl, benzyl
,10 - 30 min ,
\.\\‘_ (solvent) NR,

7) Sequential coupling-imination-annulation reactions of ortho-bromoarylaldehydes and terminal alkynes with
ammonium acetate in the presence of a palladium catalyst under microwave irradiation furnishes different subs-
tituted isoquinolines, furopyridines and thienopyridines in good yields [68].

1) 2 mol-% Pd(OAc),
4 mol-% PPh,, 2 eq. KOAc

</]J\: DMF, MW (300 W), 80°C, 1 h | SN
+ =Ar -
\ 2)2 eq. NH4OAc \ N Ar

MW, 150°C, 2 h

8) MW irradiation of the nitrile substrates by the Brgnsted or Lewis acid catalyst has been found to be respon-
sible for rate enhancement in azide-nitrile cycloaddition [69]. Lewis acids such as Zn or Al salts perform in a
similar manner, activating the nitrile moiety and leading to an open-chain intermediate that subsequently cyclizes
to produce the tetrazole nucleus. The desired tetrazole products were obtained in high yields within 3 - 10 min
employing controlled microwave heating.

H
3eq. 0.15 eq. AICI, -

R—CN + NaN; R—(, ﬁ
NMP, MW N"N R: Ar, benzyl

200°C, 3 - 10 min

9) A multitalented microwave-assisted procedure [70] for the palladium-catalyzed direct arylation of hetero-
cycles by aryl bromides and heteroaryl bromides using MW heating features short coupling times (10 - 60 min)
and low catalyst loadings. This also allows successful arylation of previously found unreactive heterocyclic sub-

strates.
1 - 2 mol-% Pd(OAc), HetArH: ~ Me Me S_ i
) 2 - 4 mol-% PCy, S. HN__H - N_H{§
1.1-15eq. 15 eq. K,CO, 3 U EN_.-T ng, Y J
HeAr—H + Br—Ar HetAr— Ar
0.3 eq. PivOH O .S u S
DMF, MW ©: —H
180°C, 10 - 60 min \U U’ Y ¥ CH N

10) A comparatively easier MW assisted three-step route enabled the synthesis of arylacetaldehydes from the
corresponding carboxylic acids in very high yields. A subsequent microwave-assisted Gewald reaction [71] gives
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5-substituted-2-aminothiophenes in short time, with high yields and purities.

1.1eq. “S” EWG
0 EWG 1.1 eq. morpholine
N weww A R:As Cy
H < .
CN 70°C, 20 min R S NH, EWG: CO,Et, CN, CONH,

11) A straightforward and efficient Yb(OTf); catalyzed three-component reaction of aldehydes, alkynes and
amines under microwave irradiation in an ionic liquid has been developed. A number of 2,4-disubstituted quino-
lines have been synthesized in excellent yield (69% - 93%) under mild reaction condition [72] and the catalyst is
reused up to four times.

H Ar'
R@ bl =
NH, O TAr | | [bmim][BF4], MW (80 W) R P
80°C, 5.5 bar, 3 min N Ar

12) 3,3’-Br,-BINOL has been shown to catalyze the enantioselective asymmetric propargylation of ketones
using allenyldioxoborolane as nucleophile, in absence of solvent and under microwave irradiation to afford ho-
mopropargylic alcohols in good yields (60% - 98%) and high enantiomeric ratios (3:1 - 99:1) [73]. Diastereose-
lective propargylations using chiral racemic allenylboronates result in good diastereoselectivities (dr > 86:14)
and enantioselectivities (er > 92:8) under the catalytic conditions.

1.5¢q. catalyst:

PR o HO R
Q o B 0.1 cq. catalyst - ,::; lge
P o - R: alkyl, Bn OH
Ar” R R’ neat, MW (10 W) , R': H, Ph alkyl OH
~65°C, 45 - 60 min R OOI
Br

13) A facile, proficient and large-scale procedure for the synthesis of N-(1-oxo-1H-inden-2-yl)benzamide de-
rivatives via domino reaction between aryl aldehydes, hippuric acid and acetic anhydride is catalyzed by HPW/
nano-SiO, under microwave irradiation [74]. The reaction conditions are trouble-free and offer easy isolation of
the product. Moreover, the catalyst can be reused up to five times after simple filtration.

4 mol-% H,PW O, /nano-SiO,

CHO O 12740
| (loading: 0.2 mmol/g) R NHBz
R + J‘\/NHBZ -
HO 2 eq. Ac,0, neat

(650 W), 120°C, 28 - 48 min o]

14) ZrOCl,-8H,0 has been identified as a highly successful, water-tolerant and reusable catalyst for the direct
condensation of carboxylic acids and N,N'-dimethylurea under microwave irradiation to give the corresponding
N-methylamides in moderate to excellent yields [75]. Due to its easy availability, efficient activity, low cost and
toxicity, ease of handling, easy recovery and reusability, ZrOCl,-8H,0 is considered as a useful green catalyst.

0 0 0.1 eq. ZtOCL-8H,0 i
J’l\ + /JJ\ — = RJJ\‘N ~Me
R OH MeHN NHMe neat

MW (560 W), 3 - 30 min H

R: Ar, alkyl vinyl

15) The efficient and simple technique for phosphine-free Heck reactions in water in the presence of Pd(L-
proline), complex as the catalyst under controlled microwave irradiation conditions is reported [76] to be versatile.
This provides excellent yields in much short reaction times. In fact, the reaction minimizes costs, operational
hazards and environmental pollution.
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1 mol-% Pd(L-proline),

2 eq.
cd 1 eq. TBAB, 0.1 eq. NaOAc At o
Ar— X + f,/f,'."""‘xR - T R .
H20, MW (200 or 300 W) R: CO,R, CN, alkyl, Ph
X:Br,1 ~135°C, 10 - 50 min

16) Aromatic nucleophilic substitutions are carried out using sodium phenoxide and 1,3,5-trichlorotriazine
under microwave irradiation [77] [78].

ONa' cl OAr

+ j\l|\ Sy MWL, 6 min o N|)\\\N
CREN al A0 N oAr

17) Under microwave irradiation a number of azaheterocycles (i.e., pyrrole, imidazole, pyrazole, indole, and
carbazole) shown to react [79] remarkably fast with alkyl halides to give exclusively N-alkyl derivatives.

Microwave
Z irradiation Z
[ N 1 -10 min o _l\
N -+ R-X - N
I K,CO/ I
H KOH/ R
TBAB

58%-95%

18) Condensation of acetylarenes with benzaldehydes under microwave irradiation affords [80] chalcones
which undergo facile and clean cyclizations with hydrazines (RNHNH,, R=H, Ph, Ac) to afford 3,5-arylated
2-pyrazolines in quantitative yields, also under microwave irradiation and in the presence of dry AcOH as cyc-
lizing agent. This is actually an example of Claisen-Smith reaction under MW irradiation. The results obtained
indicate that unlike classical heating, microwave irradiation results in higher yields, shorter reaction times (2 -
12 min) and cleaner reactions.

O O
CH, + H NaOH
Ethanol

3.7. Advantages of Microwave Chemistry [81]

Microwave radiation has proved to be a highly effective heating source in chemical reactions. Microwaves can
speed up the reaction rate, afford better yields and uniform as well as selective heating, achieve better reprodu-
cibility of reactions and help in improving cleaner and greener synthetic pathways.

Increased Rate of Reactions [82]: Compared to conventional heating, microwave heating enhances the rate of
certain chemical reactions by 10 to 1000 times. This is due to its ability to considerably augment the temperature
of a reaction, for instance, synthesis of fluorescein, which usually takes about 10 hours by conventional heating
methods, can be conducted in only 35 minutes by means of microwave heating (Table 5).

Efficient Source of Heating [83]-[85]: Heating by means of microwave radiation is a highly resourceful
process and results insignificant energy savings. This is primarily because microwaves heat up just the sample
and not the apparatus and therefore, energy consumption is less. A typical example is the use of microwave radia-
tion in the ashing process. Since microwave ashing devices can reach temperatures of over 800°C in ~50 mi-
nutes, they eliminate the lengthy heating-up periods associated with conventional electrical-resistance furnaces.
This drastically lowers the associated energy costs.

OALibJ | DOI:10.4236/0alib.1100686 12 September 2014 | Volume 1 | e686



K. K. Rana, S. Rana

Table 5. Comparison of reaction duration (in minutes).

Reaction Conventional Microwave
Synthesis of Fluorescein 600 35
Condentation of Benzoin with Urea 60 8
Biginelli Reaction 360 35
Synthesis of Aspirin 130 1
Synthesis of Phenothiazine 60 4

Higher Yields [86]: In certain chemical reactions, microwave radiation produces higher yields compared to
conventional heating methods, for example, microwave synthesis of fluorescein results in an increase in the
yield of the reaction, from 70% to 82% (Table 6).

Uniform Heating: Microwave radiation, unlike conventional heating methods, provides uniform heating through-
out a reaction mixture.

Selective Heating: Selective heating is based on the principle that different materials respond differently to
microwaves. Some materials are transparent whereas others absorb microwaves. Therefore, microwaves can be
used to heat a combination of such materials.

Environmentally-Friendly Chemistry [87]: Reactions performed in microwaves are reasonably cleaner and
more environmentally friendly than conventional heating methods. Microwaves heat the compounds directly
therefore, usage of solvents in the chemical reaction can be reduced or eliminated.

Greater Reproducibility of Chemical Reactions: Reactions with microwave heating are more reproducible
compared to conventional heating because of uniform heating and better control of process parameters.

4. Question of Greenness: A Comment

Assessment of “greenness” of microwave assisted transformations is a relatively complex job that demands con-
sideration of different factors into account. The issue of the energy efficiency of microwave vs. conventionally
heated reactions must, in general, be estimated with great care on a case-by-case basis. However, as a number of
studies have demonstrated, it should be emphasized that the microwave heating process performed in laboratory-
scale single-mode microwave reactors is sufficiently energy inefficient [88]. As the irresistible bulk of the more
than 5000 published microwave chemistry experiments rely on the use of this type of equipment, it is highly
questionable whether this non-classical form of heating should be labeled as being green, sustainable or envi-
ronmentally friendly, based on energy efficiency considerations. However, when moving from laboratory scale
to kilogram scale and from single-mode to multimode reactors, microwave heating processes can indeed be
more energy efficient than conventionally heated experiments, assuming otherwise conditions remain identical.
This has been highlighted in a number of recent studies derived from different laboratories [88].

5. Limitations of Microwave Chemistry [83] [84]

The limitations of microwave chemistry are linked to its scalability, limited application, and the hazards in-
volved in its use.

Lack of Scalability: The product obtained by using microwave apparatus available in the market is restricted
to a few grams. Though there has been improvement in the recent past, relating to the scalability [87] of micro-
wave apparatus, there is still a space that needs to be linked to make the machinery scalable. This is principally
true for reactions at the industrial level and for solid-state reactions.

Limited Applicability: The use of microwaves as a heating source has restricted applicability for materials that
absorb them. Microwaves cannot heat materials such as sulphur, which are transparent to their radiation. In ad-
dition, although microwave heating increases the rate of reaction in certain reactions, it also results in yield re-
duction compared to conventional heating methods [89].

Safety Hazards Related to the Use of Microwave-Heating Apparatus: Even though makers of microwave-
heating apparatus have directed their research to make microwaves a secure source of heating, uncontrolled
reaction involving volatile reactants under superheated conditions may result with explosions. Furthermore, in-
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Table 6. Comparison of yields (%).

Reaction Conventional Microwave
Synthesis of Fluorescein 70 82
Condentation of Benzoin with Urea 70 73
Biginelli Reaction 70 75
Synthesis of Aspirin 85 92
Synthesis of Phenothiazine 71 86

appropriate use of microwave heating for rate enhancement of chemical reactions involving radioisotopes may
result in uncontrolled and harmful radioactive decay. Certain evils, with dangerous end results, have also been
observed while conducting polar acid-based reactions, e.g., microwave irradiation of are action involving con-
centrated sulphuric acid may spoil the polymer vessel used for heating. This is because sulphuric acid is a strong
coupler of microwave energy and raises the reaction temperature to 300°C within a very short time. As a result,
the polymer microwave-heating container may melt, with hazardous consequences [90]. Conducting microwave
reactions at high-pressure conditions may also result in uncontrolled reactions and cause explosions.

Health Risk Related to the Use of Microwave-heating Apparatus: Health hazards in connection with micro-
waves are caused by the penetration of microwaves. When microwaves operating at a low frequency range are
only able to penetrate the human skin, higher frequency-range microwaves have been found to reach body or-
gans. Studies have proven [91] that on extended exposure to microwaves may result in the complete degenera-
tion of body tissues and cells. It has also been established that constant exposure of DNA to high-frequency mi-
crowaves during a biochemical reaction may lead to complete degeneration of the DNA strands. Research has
been carried out to understand this phenomenon and two schools of thoughts have evolved. The first is based on
the thermal degeneration of DNA by microwave irradiation and believes that microwaves have enough energy to
disrupt the covalent bond of a DNA strand. The other discipline of thought is emphatic about the existence of a
“non-thermal microwave effect”. Kakita et al. [92] [93] have shown that in identical thermal conditions, micro-
wave irradiated DNA strands are different from those heated under conventional heating methods. Microwave
irradiated DNA strands were habitually damaged which does not occur in conventional heating. This discovery
has restricted the use of microwave heating to only biological reactions.

Other limitations:

e Sudden increase in temperature may lead to the distortion of molecular structures which may lead to rapture
of them and may yield undesired products [94].

o MAOS reactions are generally short-timed, so, always a care must be taken during the process [95].

e Temperature sensitive reactions, reactions involving bumping of materials or reactions which involve effer-

vescences are ordinarily difficult to perform in Microwave reactors [96].

o Since heating takes place too fast, sometimes reactions become vigorous and to some extent hazardous [96].
o Dedicated or focused microwave reactors are generally expensive and therefore, special care must be taken
during and after their use [96].

6. Future Prospect and Conclusions

As with almost all instances of incorporation of new technology in an industrial set up, the question remains: Is it
being employed to the level of maximum extent possible? At the present time, microwave-assisted organic syn-
thesis is no longer a curiosity but a promising technology whose full latent possibility has yet not been explored.
The use of microwave ovens to heat reactions is a paradigm shift for nearly all trained synthetic chemists. In reality,
the use of microwaves as an energy source requires a mind-set change in the way in which synthetic chemistry is
practised. Initial use requires conversion of traditional reaction conditions to microwave conditions. Household
MW ovens create not only sudden untoward incidents but also affect the quality of publications [22]. Even though,
most MAQOS reactions are unfortunately still performed in domestic household ovens. If truth be told, for example,
the use of 70% of full power for 5 minutes in a domestic microwave oven will never be a quantitative measure-
ment of the energy delivered to a reaction [22]. Hence, novel, dedicated and refined MW reactors with ability to
reproduce performance and minimal hazard should be used rather than the domestic counter-top variants. New
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development in MW reactors and vessel designing are required with respect to scale-up, high throughput and more
reliable temperature control. In future, with discovery of new MW assisted reactions, suitable technologies will
also be developed to carry out these reactions on industrial scales. In concert with rapidly expanding application
possibilities, microwave synthesis can be effectively applied to any category of synthetic chemistry, resulting in
faster reaction times and improved product yields.

At present, the benefits of microwaves as a source of energy for heating chemical reactions are adequately clear.
What is less clear, as with most innovative techniques or technologies, is what is the rate of uptake of this approach
and what factors are affecting the implementation rate. Though the percentage of reactions being performed with
microwave irradiation has not been quantified appropriately, the use of microwave energy to promote a diverse
range of chemistry is continuously escalating. It is interesting to note that the country in which the technique
seems to be most accepted, according to the number of publications, is India [22]. This illustrates that the MAQOS
reactions possess enormous potential to be a very sturdy tactical tool for advancement of basic sciences even in
the financially disadvantageous regions of the globe. With the rapidly expanding number of published examples
and the readily available tips and tools that accompany commercial instrumentation, the leap from traditional
heating to microwave heating is far less disappointing than when the field began. Despite several limitations and
restrictions, use of microwave heating in MAOS chemistry will continue to grow and is likely to become a
standard procedure in coming years.
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