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ABSTRACT

Microwave-assisted organic synthesis has received increasing attention in recent years as a
valuable alternative to the use of conductive heating for accelerating chemical reactions. Current
technology has attempted to overcome the limited dimensions of the standing wave cavity by the
use of multimode batch or continuous flow reactors that pump the reagents through the

microwave chamber.

A new prototype continuous flow microwave reactor using either a 10 mL or 80 mL flow cell has
been developed for use with a monomodal instrument. This system possessed a number of
advantages over commercially available coils or a microreactor. New efficient methods for the
microwave-assisted synthesis of pyrazoles, pyrimidines, Bohlmann-Rahtz pyridines and
Hantzsch dihydropyridines were developed using ethynyl carbonyl compounds as common
precursors and this batch technology was successfully transferred to continuous flow processing
using the prototype microwave reactor. The use of an 80 mL tube flow cell allowed the synthesis
of 8 g of product in 1 h processing time, showing its potential for the large scale application of

this prototype.
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INTRODUCTION: Microwave Chemistry ]

1.1 History 1.5 Microwave Reactors
1.2 Microwave Theory 1.6 Scale up Technologies
1.3 Synthetic Applications 1.7 New Perspectives
1.4 Synthetic 'Techniques 1.8 Conclusion

1.1 History

The potential of microwaves as a heat source was discovered by accident in the 1940s by Dr
Percy Spencer. At that time the company he worked for was investigating the use of the
magnetron for application in RADAR devices. During one of the experiments he noticed that a
chocolate bar in his pocket had melted. Intrigued by this discovery, he tried other experiments
confirming that microwaves can be used as a heat source and they are more efficient than
conventional heating methods. The first patent on the use of microwaves to cook food is dated
1946 and one year later “Radarange”, the first commercial microwave oven, was on the market.
Colossal and expensive, this first model of a microwave oven did not stimulate consumer demand.
However, technological advances led to a much smaller, safer and cheaper home microwave
model and as fears and myths surrounding this new technology faded, the microwave oven grew
to be an international phenomenon. In 1975, microwave oven sales exceeded the traditional gas
oven for the first time and the following year an explosion in popularity in Japan opened the doors
to the international market. By 1976, the microwave oven reached about 52 million U.S.

households (nearly 60%).

The potential and versatility of microwaves were soon recognized by industry. In the 1950s food

industries began to test their usefulness for food processing; for example, to dry food (such as
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potato chips, roast coffee, beans and peanuts) and to defrost, precook and temper meats. Drying
industries found microwave heating advantageous, applying it to processes for cork, ceramics,
paper, leather, tobacco, textiles, pencils and flowers. Alternative applications include using an
irradiation coil to remove pollutants, rubber vulcanization, moisture and fat analysis of food
products, solvent extraction, waste remediation and wet ashing or digestion procedures for

biological and geological samples as an important tool in analytical chemistry.

Organic chemists seemed to ignore the potential of microwaves until 1986 when the first paper on
the use of microwave ovens for organic synthesis was published by Gedye et al.' They reported a
extraordinary rate enhancement and dramatic reduction in reaction time observed for hydrolysis,
oxidations, esterifications and nucleophilic substitutions. The reaction time was reduced up to
240-fold compared' to classical procedures as a result of the rapid heating capability of
microwaves. This very first paper also highlighted some of the problems related to the use of
domestic microwave ovens in terms of safety and parameter control. The experiments described,
carried out in sealed vessels without reliable control of temperature and pressure, often resulted in
violent explosions. Nevertheless carrying out these procedures in domestic microwave ovens was
continued until recently. Companies started designing a microwave oven for chemical
laboratories in the 1980s, providing multi-mode systems equipped with corrosion—resistant
cavities, reinforced doors, temperature and pressure monitoring and automatic safety controls.
These dedicated microwave ovens were much safer and reliable however they were not ideal for
small scale reactions. It was in the late 1990s, with the advent of mono—mode microwave ovens
that microwave chemistry enjoyed a remarkable growth to become the reliable, efficient heating

method used in academia and industry that it is today.

1.2 Microwave Theory

1.2.1 Introduction

Microwaves are electromagnetic waves with wavelength of approximately 0.01-1 metre
corresponding to frequencies of between 0.3 GHz and 300 GHz. In the electromagnetic spectrum
microwaves lie between the infrared radiations and radio waves (Figure 1). RADAR equipments
use wavelengths between 1 cm and 25 cm and the remaining wavelength range is used for
telecommunications. In order to avoid interferences with these utilities, most of the microwave

ovens operate at 2.45 GHz (corresponding to wavelengths of 12.2 cm). The major operating
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Electromagnetic waves are described by the wavelength (1) defined as the distance between two
consecutive crests, the frequency (v) defined as the number of cycles per seconds and the speed of

propagation (vy). They are correlated by the following relationship
A=vy /v M

In vacuum the speed of propagation is equal to the speed of light (¢ = 3 x 105 m s™). The energy

associated with electromagnetic radiation can be expressed as a function of frequency:
E=hv ()

where E represents the energy and # is the Plank constant (6.626 x 107* J s). From eqns (1) and
(2) it follows that the energy of radiation increases with increasing frequency and hence with

decreasing wavelength.

According to the frequency of the wave, electromagnetic radiation is classified into radio waves,
microwaves, infrared radiation, visible light, ultraviolet radiation, X-rays and gamma rays.
Electromagnetic waves vary in size, from very long radio waves the size of buildings to very short
gamma rays smaller than atom nuclei. Therefore they vary in energy (eqn (2)) and can be divided
into ionizing radiation and non—ionizing radiation in relation to their effect on matter. Ionizing
radiation is extremely powerful and penetrating. These very high frequency rays can ionize the
molecular structure of matter and damage the cells of living tissues even at low levels and in
sufficient dose can cause genetic mutations. Ionizing radiation is the sort of radiation associated
with radioactive substances like uranium, radium, and the fall-out from atomic and thermonuclear
explosions. The ionizing range of frequencies includes X-rays, gamma rays, and cosmic rays.
Non ionizing radiations include visible light, infrared radiation, microwaves and radio waves.
These lower frequency radiations cause molecular vibrations and rotations but they do not have
enough energy to change the molecular structure of matter. Microwaves used in microwave
ovens, similar to microwaves used in radar equipment, telephone, television and radio
communication are in the non—ionizing range of electromagnetic radiation. Insufficient intensity
microwaves will simply cause the molecules in matter to rotate, thereby causing frictions, which

produce heat.
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1.2.2 Microwave Dielectric Heatingz’3

Chemical reactions can be driven via microwave dielectric heating exploiting the ability of some
materials to transform electromagnetic energy into heat. The electric field exerts a force on
charged particles generating an induced current if they can move freely through the substance or a
dielectric polarization if the charge carriers are bound to certain regions and their motion is
balanced by a counter force. Both conduction and dielectric polarization are mechanisms of

microwave heating.
1.2.2.1 Dielectric Polarization

The total polarization of a substance can be expressed by the sum of diverse components:
OU=0e t+ 0y + 0yt Qj (3)

where o, represents the electronic polarization, resulting from the realignment of electrons around
nuclei; a, is the atomic polarization, arising from relative displacement of nuclei generated by an
inhomogeneous charge distribution within the molecule; oy is the dipolar polarization, due to the
orientation of permanent dipoles caused by the electric field; a; represents the interfacial

polarization which occurs when there is an accumulation of charges at interfaces.

The response of a material to the electric oscillating field depends on the time of the orientation
and disorientation process relative to the frequency of the radiation. a. and o, do not contribute
to the dielectric heating effect because the timescales for their polarization and depolarization are
much faster than the microwave frequencies. In contrast the timescales associated with o4 and «;
are comparable with microwave frequencies, consequently the dipolar and interfacial
polarizations are the major contributors to the total polarization of materials by microwaves.

Thus equation (3) can be approximated as follows:
=04+ a; 4)

taking into account just the dipolar polarization, og4, and the interfacial polarization, ao,

components.

a) Dipolar Polarization. The dipolar polarization is due to the orientation of permanent dipoles
under an electric field. A permanent dipole moment is caused by an electronegativity difference

between bound atoms in the molecule. Mathematically it is defined as:
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H=qr &)

where 4 is the dipole moment, g represents the magnitude of the charge and r is the distance
between the centres of charge; the bigger the dipole moment, the higher the ability of that

molecule to couple with microwaves, generating heat.

Under an external field, dipolar molecules try to align themselves with the field by rotation using
the energy provided by the applied field (Figure 3). In different physical states molecules show a
different ability of motion. In gases they have motion freedom, hence the result is an
instantaneous alignment with the field. In liquids their movements are reduced by the presence of
other molecules and intermolecular forces, therefore the ability of the dipole to align with the field

depends on the fluid viscosity.

Figure 3. Dipolar polarization mechanism

Another important factor which affects the heat generating capacity is the frequency of the
radiation. Polar molecules irradiated by microwaves generate heat when the frequency of the
oscillating electric field gives them enough time to break the intermolecular forces existing in
polar liquids and to follow the applied field. It is also important that it keeps the molecules
almost in phase with the applied oscillating field, in this way there is a phase difference between
the dipole orientation and the direction of the field which results in molecular collisions and
frictions and hence heating (Figure 3). If the frequency applied is very high the polar molecules
will not be able to make any significant motion before the field has reversed and the irradiation
will result in no heat production. In the case of low frequency the molecules will move in phase

with the field and the heat produced is not significant.
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A more rigorous description of this phenomenon requires the introduction of some parameters
which define the dielectric properties of materials: the dielectric constant €', the dielectric loss €4,

the tangent delta d, and the relaxation time .

Dielectric Constant and Dielectric Loss Factor. The dielectric constant, also known as relative
permittivity, is the permittivity of the material related to that of free space. It expresses the ability
of a molecule to be polarized by the electric field and it gives the quantity of electrical potential
energy stored. In the microwave frequency range, the relative permittivity is expressed by a

complex relationship:
e*=¢' —je"y (6)

where ¢’ is the real part of the equation (the dielectric constant) and €"4 is the dielectric loss which
reflects the conductance of the material. The latter parameter is related to the capacity of

transforming electromagnetic energy into heat and it is defined as:

£"q4= o4/me's @)
where o4 is the conductivity, @ represents the angular frequency (© = 2nv) and €' the static
dielectric constant. At very high and low frequencies the dielectric loss factor is zero and the
dielectric constant coincides with the relative permittivity. Moving from the radio waves region
to the infrared radiation region the dielectric constant decreases. This is due to the increase of the

loss factor contribution to the equation (6).

b
a) £ | ) c)

ﬂv%[
l’QQC 90°

E Ixsind E g

Figure 4. Phase diagram for a) an ideal dielectric; b) a phase displacement in the microwave radiation region; ¢)

relationship between €*, €’ and €"

Irradiation by radio waves corresponds to the ideal dielectrics behaviour described in Figure 4a,

the dipoles can easily follow the oscillating field and the resulting induced current is 90° out of
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phase with the electric field. There is no energy dissipation since the product / x E is zero and no
component of I in phase with E results. In the microwave radiation region (frequencies of 10°—
10'? Hz) the alignment of the dipoles lags behind the direction of the electric field. This causes a
phase difference, quantified by the loss angle & (Figure 4b), that possesses a component in phase
with the electric field, 7 x sin 8. In this case energy is absorbed by the molecules and transformed
into heat by molecular frictions and collisions in the vain attempt to follow the field. The
magnitude of this phenomenon is given by the dielectric loss, €", that becomes important when
the loss angle is significantly different from 90° (Figure 4c). Using higher frequency waves, such
as infrared radiations, the dipoles are not able anymore to follow the fast reverse field and the

result is a behaviour similar to non polar materials.

The variation of the dielectric constant and the dielectric loss with frequency is shown in Figure 5.
The dielectric constant, €', shows a constant value both at low and high frequencies, € and €.
respectively. At frequencies corresponding to the microwave region its magnitude falls from & to

€. While the dielectric loss increases until a maximum value is reached.

Dielectric losses due to
dipolar polarisation
- J

Radio "
waves T¢— MW —><— Infrared —>

€

€

<+—>» Region for microwave
dielectric heating effects

.Figure 5. The dielectric constant as a function of frequency

Debye’s theoretical examination demonstrates that the maximum value reached by the dielectric

loss is independent of the frequency:
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€ vax = (&5 — €x)/2 (8)

this equation defines it as the average between €., the dielectric constant at high frequency, and &,

the static dielectric constant.

Loss Tangent. A further important parameter in the description of dielectric properties of
materials is the loss tangent. Mathematically it is defined as the ratio between the dielectric loss
and the dielectric constant and it describes the ability of a material to convert electromagnetic

energy into heat at a given frequency and temperature (Figure 6 ).

tand = sind/cosd

= tand =¢"/¢’

Figure 6. Relationship between €*, €’ and €"” and tangent delta ()

Relaxation Time. The dielectric properties of matter are related to its ability to reverse
orientation under an applied field. When the electric field is applied, the polar molecules in the
sample orientate with the field and when the field is switched off they return to a random
orientation. The time taken by a dipole to assume a randomised state once the electric field is

switched off is defined as the relaxation time:
=10 with © = 2nv 9

where 1 is the relaxation time, ® is the angular frequency and v is the frequency of the applied
field. A particular polarization mechanism becomes important when the relaxation time
approaches the inverse excitation frequency. Thus, just polarizations with relaxation times of
approximately 10° s contribute to dielectric heating effect of microwaves. Debye’s interpretation
of the relaxation time for spherical dipoles in liquids is given in terms of the frictional forces in

the medium:

= 4nr*n/kT (10)
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where r is the radius of the dipole, n is the viscosity of the medium, & is the Boltzmann’s constant
and T is the temperature. From the above relationship, it follows that the magnitude of the
relaxation time increases when dipole volume (V = 4/3nr’) and medium viscosity increases and
when the temperature decreases. The theoretical description of relaxation time in solids is much
more complicated. In liquids a dipole can assume any position and changes direction repeatedly
under the effect of thermal agitation. In contrast, interactions between dipolar molecules in a
solid state generate a high number of equilibrium positions separated by potential barriers that the

dipole has to overcome moving from one position to another.

b) Interfacial Polarization. The interfacial polarization is a minor mechanism of dielectric
heating compared to the dipolar polarization described previously. It is important just for
inhomogeneous materials having conducting inclusions in a non—conducting medium—for instance
a dispersion of metal particles in a microwave transparent material. The surrounding non—
conducting medium retards the conducting material polarization. Similarly to what happens in the
dipolar polarization mechanism, the polarization is not instantaneous and the heat generating
capacity is frequency dependent even though the interfacial polarization is due to a conducting
mechanism. This is quite a complex interaction that can be considered as a combination of the
two major mechanisms. The loss related to the accumulation of charges between the interfaces is
known as the Maxwell-Wagner effect but its importance in the microwave region has not been

well defined.

1.2.2.2 Conduction Mechanism

The conduction mechanism is the second major interaction of the electric field with matter that
contributes to microwave dielectric heating effects. It is due to the behaviour of ions and charged
particles under irradiation. If they have freedom of motion throughout the substance, then a
current is induced by the applied field (Figure 7). This phenomenon is more efficient compared
with the dipolar polarization mechanism in terms of heat generating capacity. The ions move in
phase with the field generating a higher number of collisions and so a larger quantity of energy is

produced.



1 = Introduction 11

8->

«<0—> «<0—>
352
<832 %

<0

Figure 7. Conduction mechanism

Under microwave irradiation, materials containing ions show losses due to conduction in addition
to dielectric losses. The complex relative permittivity for these materials can be expressed by the

following equation:
g* =¢' —j(e"q +e") (11)

where €* is the complex permittivity, €' is the real part of the dielectric constant, €4 is the

dielectric losses (eqn (7)) and €". is the conduction losses which is given by this relationship:
£"c = GJwE's (12)

where o, is the conductivity, o represents the angular frequency and ¢€'s the static dielectric
constant. The previous equation is found to be a good approximation at low frequencies.
However at high frequencies, the linear relationship diverges to experimental values and the

following equation is found to be more accurate:
€. = constant x f k (13)
where k approaches unity for high concentrations of conducting material.

At room temperature losses in the microwave region are principally due to dipolar relaxation.
However as the temperature increases conduction losses increase rapidly and become as important
as dipolar relaxation loss in the microwave region. The increase of conduction with temperature
is associated with the thermal activation of electrons from valence bands to conduction bands.
The presence of material defects enhances electrical conduction by decreasing the energy gap

between the valency and conduction bands.
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1.2.3 Rate of Heating

A useful approximation for the power absorbed and a basic relationship between the four

variables is given by the following fundamental relationship
P=0'|Elz=mssa"|E|2 (14)
= (wee'tand) |E | 2

where P is the power dissipation per unit volume and ¢ is the conductivity of the material. It can
be seen that the power absorbed varies linearly with frequency, the relative dielectric constant and

the loss tangent, and varies with the square of the electric field.
The rate of heating can be expressed as
AT/t =P/pC=0 |E|?/pC (15)
= wee” | E| 2/p C = (0&e'tand) |E] pC

where p is the density and C the specific heat capacity. The temperature rise in a time interval is
directly proportional to the power dissipation and inversely proportional to density and specific
heat capacity. Therefore the efficiency of conversion of microwave energy into heat depends on

the dielectric and thermal properties of the material.

1.2.4 Microwave Absorbing Capability of Organic Solvents

The majority of solvents used in organic synthesis can be successfully used in microwave
chemistry since they have a permanent dipole moment. Table 1 shows the dielectric properties of
a range of compounds (alcohols, hydrocarbons, ketones, esters, acids, nitriles, chlorinated
hydrocarbons, glycols) used as common solvents in organic chemistry. They have been
categorized into high, medium or low microwave absorbers. The higher the dipole moment the
higher the dielectric constant and hence the higher the ability of the molecules to follow the
reverse field. Water is the solvent with the highest dielectric constant shown in Table 1;
nevertheless, it belongs to the medium absorber group because its dielectric loss factor and its loss

tangent are relatively low. These last two parameters give a better measure of the heat generating
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capacity of a solvent under microwave irradiation. Both dielectric constant and tangent loss
depend on the relaxation time which represents an additional important parameter to be
considered. The dielectric parameters relevant to microwave dielectric heating have been amply

discussed by Mingos et al.?

The majority of microwave ovens operate at 2.45 GHz corresponding to a relaxation time of 65
ps. Compounds that show a relaxation time of this magnitude couple efficiently with
microwaves, therefore an effective conversion of microwave energy into thermal energy occurs.
However, solvents with relaxation times of one or two orders of magnitude different from that
which corresponds to the microwave frequency applied are still an efficient medium for dielectric
heating because their loss tangent and loss factor are sufficiently large. The relaxation time of
water is 9 ps at 20 °C and its relaxation frequency is 18 GHz, and thus the most effective
conversion of microwave energy into thermal energy will occur in this frequency region. The
relaxation time of alcohols listed in Table 1 is of the order of 51-800 ps, which enable them to
couple efficiently with the applied frequency and make them good solvents for dielectric heating.
According to eqn 10, their relaxation time increases as the molecule volume increases due to the
restricted rotation of the whole molecule. Isomeric alcohols show comparable relaxation times,
suggesting that the position of the OH group does not influence the relaxation time. An
anomalous behaviour is shown by those alcohols with a CH,OH group adjacent to a double bond
or a phenyl group. Their relaxation times are very short compared with those of corresponding
saturated alcohols (At ~ 400-500 ps), which suggests a localized rotation process for these
molecules. Primary amines anchored to large molecules also have relaxation times which are
inconsistent with the rotation of the whole molecule, for instance ortho—, meta— and para-
methoxyaminobenzenes show a relaxation time of 25-30 ps. It has been proposed that the
inversion at the nitrogen atom is responsible for such a short relaxation time instead of a local
rotation. Nitriles, esters, ketones (t = 4—68 ps) and chlorinated hydrocarbons (7 = 4—15 ps) exhibit
short relaxation times and this is attributed to the absence of strong hydrogen bonds. In contrast
acetic and formic acid have long relaxation times (76—177 ps) because of the strong hydrogen

bonding associated with the carboxylic acid groups.

High absorbing solvents couple very efficiently with microwaves and can therefore be heated very
quickly, while medium and low absorbers can be heated above their boiling point but they take
longer to reach the desired temperature. The coupling efficiency of these solvent can be improved
by adding salts or small amounts of polar solvent. An alternative to conventional solvents is

represented by ionic liquids.*
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Table 1. Dielectric constant, tangent delta and dielectric loss for a range of common solvents

measured at 25 °C and 2.45 GHz

Absorbance  Solvent t/ps* tand® et et
level

Ethylene glycol 104.6 1.358 37.0 49.950

Formic acid 76.7 0.722 58.5 42.237

DMSO 20.5°¢ 0.825 45.0 37.125

High Ethanol 170 ° 0.941 243 22.866

Methanol 51.5°¢ 0.659 32.6 21.483

Nitrobenzene 43.7°¢ 0.589 34.8 20.497

1-Propanol 332°¢ 0.757 20.1 15.216

2—Propanol 237° 0.799 18.3 14.622

Water 9.04°¢ 0.123 80.4 9.889

1-Butanol 538°¢ 0.571 17.1 9.764

NMP 0.275 322 8.855

Isobutanol 644 ° 0.522 15.8 8.248

2-Butanol 562° 0.477 15.8 7.063

2-Methoxyethanol 23.7¢ 0.410 16.9 6.929

Medium DMF 13.05°¢ 0.161 37.7 6.070

o-Dichlorobenzene 0.280 9.9 2.772

Acetonitrile 447° 0.062 375 2.325

Nitromethane 451° 0.064 36.0 2.304

Methylethylketone 590° 0.079 18.5 1.462

1,2-Dichloroethane 11.14° 0.127 10.4 1.321

Acetone 3.54°¢ 0.054 20.7 1.118

Acetic acid 177.4 0.174 6.2 1.079

Chloroform 8.94°¢ 0.091 4.8 0.437

Dichloromethane 3.12° 0.042 9.1 0.382

Ethyl acetate 4.41° 0.059 6.0 0.354

Low THF 3.49° 0.047 7.4 0.348

Chlorobenzene 129°¢ 0.101 26 0.263

Toluene 0.040 24 0.096

o0—Xylene 0.018 2.6 0.047

Hexane 0.020 1.9 0.038

? Gabriel, C.; Gabriel, S.; Grant E. H.; Halstead, B. S. J.; Mingos D. M. P. Chem. Soc. Rev. 1998,
27, 213. ° Hayes, B. L. Microwave synthesis: chemistry at the speed of light; CEM publishing:
Matthews, NC, 2002, chapter 2, p 35. © Relaxation time measured at 20 °C. 4 Relaxation time

measured at 35 °C.
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1.2.5 Thermal Runaway

The relaxation time of a solvent depends on the temperature, and according to eqn (10) it
decreases as the temperature is increased. This is due to the larger translational motions of
molecules at high temperature that permit them to randomise more quickly. Table 1 shows that a
significant number of organic solvents which have relaxation times greater than 65 ps and thus
they have a loss tangent which increases with temperature. As a result, these solvents convert
more of the microwave energy into thermal energy as the temperature increases. Therefore, the
heating rate augments, producing a phenomenon known as thermal runaway. There are a few
cases where thermal runaway may diminish as the boiling point is approached because a rise in
temperature causes a reduction in loss tangents. This behaviour is characteristic of low molecular

weight solvents such as MeOH and CH3;CN, which have short relaxation times.

1.2.6 Superheating Effect

The boiling points shown by many organic solvents in a microwave cavity at atmospheric
pressure is 15-25 °C higher than their conventional boiling points. This phenomenon, known as
superheating, has been interpreted on the bases of the nucleate boiling model and the temperature

profile for a solvent irradiated by microwaves.’

The conventional boiling theory considers nucleate boiling as the most likely source of boiling
which relies on the existence of tiny crevices on the surface of the vessel in which vapour embryo
can be trapped by solvent. When the liquid layer temperature approaches the saturation
temperature of the site, bubble growth occurs until a critical size is approached. At this point the
bubble is released from the cavity and boiling occurs. The superheated liquid layer, which

surrounds the bubble, supplies the energy for the bubble growth.

In conventional heating, thermal energy is supplied to the vessel by an external heat source
(heating mantle, oil bath, sand bath, efc.). Heat must pass through the vessel walls before
reaching the liquid in the vessel. The result is a slow and inefficient heating process which
depends on the conductivity of the different materials penetrated. In contrast, microwave heating
generates an instantaneous uniform heating distribution throughout the sample. Microwaves

couple directly with the molecules in the sample, since the vessel is made of microwave




































































































































































































































































































































































































































































































































