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Introduction

These days microwave (MW)-assisted chemistry has become an integrant part of
environmentally-friendly (“green”) chemistry. In a part of the cases, the MW
accomplishment offers special advantages compared to the thermal variation.
Besides the general benefits of shorter reaction times, higher yields, and selectivity,
certain reactions take place only under MW conditions. An additional advantage is
that a number of MW-assisted organic chemical transformations may be performed
under solvent-free conditions.

In this publication, we tried to provide information that represents hot, but less
reviewed topics. After the overview of the developments of the three decades of the
MW discipline, fashionable reactions, such as multicomponent reactions, conden-
sations, coupling reactions, and cycloadditions are surveyed. This chapter is fol-
lowed by a summary of the results attained in the field of organophosphorus
chemistry. Theoretical calculations allowed the interpretation of the results and
considerations on the scope and limitations of the possible use of the MW tech-
nique. Possible simplification of catalysts or catalytic systems under MW condi-
tions are also discussed.

The last part is on the interpretation of advantageous reaction outcomes
encountered in MW-assisted organic chemistry on the basis of assumed nonthermal
and thermal effects. The different explanations for the rate enhancing effects are
discussed critically via well-selected examples. The currently accepted theories are
presented in a way to elucidate the adequate phenomena, and the most common
misconceptions. Modern experimental techniques in MW chemistry reveal the
fundamental role of temperature in interpreting the MW effects. Thermal effects can
be differentiated between macroscopic and microscopic effects, both of which are
discussed in detail with illustrative examples. The concept of nonthermal MW
effects is critically reviewed.

ix



Chapter 1

The Spread of the Application

of the Microwave Technique in Organic
Synthesis

Erika Balint and Gyorgy Keglevich

Abstract The first chapter summarizes the birth and spread of the application of
the microwave (MW) technique in organic syntheses placing the stress on the
development of the MW equipment. These days professional batch and continuous
flow reactors are available, and the application is knocking at the door of industry.

Keywords Microwave - Batch reactors « Continuous reactors

These days, the protection of our environment and our health is becoming
increasingly important due to the worldwide spread of green chemistry. According
to the 12 principles of green chemistry [1], preparation and development of
environmentally-friendly and harmless products and technologies are the main
tasks. In this context, the application of the microwave (MW) technique in organic,
inorganic, medicinal, analytical and polymer chemistry has spread fast [2—8].

The first domestic microwave oven was introduced by at the end of 1955, but the
widespread use of these ovens in households occurred during the 1970s and 1980s.
From the middle of 1970s, engineers and researchers started to apply the MW
technique in food processing, in the drying industry, in waste remediation and in
analytical chemistry. In the latter case, this technique has been used for sample
preparation (e.g. digestion, extraction, dissolution, etc.) [9—12]. The first application
of microwave irradiation in chemical synthesis was published in 1986 by the groups
of Gedye and Giguere [13, 14]. Since then, the number of publications in this field
has sharply increased (Fig. 1.1). Most of these publications describe important
acceleration of a wide range of organic chemical reactions, excellent repro-
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Fig. 1.1 The number of publication on MW-assisted synthesis (1986-2015). Web of Science
keyword search on “microwave synthesis”

ducibility, improved yields and less side reactions compared to conventional
heating.

Early pioneering experiments were performed in domestic MW ovens, where the
irradiation power was controlled generally by on-off cycles of the magnetron, and it
was not possible to monitor the inner temperature in a reliable way, thus the
reactions were not reproducible. The other problems were on the safety issues of
such experiments [15—17]. From the early 2000s, dedicated MW instruments started
appearing in market, which are indeed suitable for performing chemical reactions
under controlled conditions [2, 3, 18]. All commercially available dedicated MW
reactors consist of a MW cavity, magnetic stirrer, sensor probe (IR sensor or fiber
optic probe), and software that enables on-line temperature/pressure control by
regulating the MW power output.

The MW instruments are classified in two types, monomode (single mode) and
multimode MW reactors. The main difference between the two systems is that while
in monomode reactors only one reaction vessel can be irradiated, multimode
reactors may accommodate several vessels simultaneously.

A monomode instrument has a small compact cavity, where the microwave
energy is generated by a single magnetron, and directed through a rectangular
waveguide to the reaction mixture, which is positioned at a maximized energy point
(Fig. 1.2). A highly homogenous energy field of high power intensity is provided,
resulting in exceedingly fast heating rates.

In addition, monomode instruments with a self-tuning circular waveguide are
also available (Fig. 1.3). This cavity features multiple entry points for introducing
the microwave energy into the vessel.

Multimode reactors have larger cavities, in which the microwaves are reflected
from the cavity walls, and distributed in a rather chaotic manner (Fig. 1.4). The
reaction vessels are continuously rotated within the cavity, to provide a steady
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energy distribution. Multimode instruments allow conveniently for parallel syn-
theses or scale-up. These reactors can host different rotors which are used for
parallel reactions in a scale range from several pl up to multi g synthesis in 100 mL
reaction vessels.

There is another type of multimode reactor containing a circular waveguide,
where various modes of the electromagnetic waves interact with the vessel content
at different spots for efficient heating of larger scales (Fig. 1.5). A single few liter
vessel is positioned in the cavity, which provides optimal heating rates for large
volumes due to the relatively high field density (compared to common multimode
microwave oven shown in Fig. 1.4). This kind of multimode reactor is applied for
single-batch scale-up procedure, if up to 2 kg of product is required.

Special MW reactors are also known, where the microwave is combined with
other techniques, such as UV, ultrasound or high pressure systems (e.g. super-
critical reactor) [2].

The scale-up of MW-assisted reactions is of specific interest in many industrial
laboratories. The safety limitations of using large batch reactors have promoted the
development of continuous flow or stopped-flow MW reactors [19, 20]. These
reactors usually comprise three parts, such as the dispensing units for the starting
reagents, the MW cavity and the product collector (Fig. 1.6). The reagents are
pumped using a HPLC pump or even two pumps. The pressure is controlled by a
back-pressure regulator, and the temperature is monitored using a fiber optic sensor
or a built-in IR sensor. Usually, the reactors are made from Pyrex or Teflon. The
efficiency of the continuous flow MW systems can be increased by using parallel
reactors.

Nowadays, there are many types of continuous flow MW reactors, which include
a normal flask or tube [21], a fixed bed turbular coil [22-24], an Q- or U-shaped
tube [25-28], a filled column [22, 24, 29] (Fig. 1.7), a spiral glass tube [21, 30-32]
(e.g. Emry-type reactor [33] (Fig. 1.8)), a mixed tube [34] (Fig. 1.9) or a capillary
reactor [27, 28, 35-37].
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Fig. 1.8 Emry-type reactor

Fig. 1.9 Mixed tube reactor
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There is also a continuous equipment to carry out MW-assisted reaction of solid
components (Fig. 1.10) [38, 39].
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Fig. 1.10 Continuous microwave reactor for solid-phase reaction
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Continuous isothermal MW reactor is also known, which is suitable for
implementation of isothermal reactions (Fig. 1.11) [40].

Several MW-assisted continuous flow accomplishments on g or kg scale have
been reported in the literature [19, 41-54]. Their capacity may reach 500 kg product
per day [55].

1.1 Conclusions

In summary, the revolutionary spread of the MW technique resulted in an enormous
development in organic chemistry. The appearance of dedicated MW reactors was a
“sine qua none” of the new achievements. The mono- and multimode MW batch
reactors make possible laboratory scale syntheses, while suitable continuous flow
reactors even larger scale production.
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Chapter 2
Microwave-Assisted Syntheses in Organic
Chemistry

Nora Zs. Kiss, Erika Balint and Gyorgy Keglevich

Abstract The second part focuses on the summary of typical organic chemical
reactions selected, such as coupling reactions (C—C bond formation reactions,
carbon-heteroatom bond formations), condensations (aldol-type-, Claisen-,
Knoevenagel reaction), multicomponent reactions (Mannich-, Biginelli-, Hantzsch-,
Bucherer—Bergs-, Strecker-, Gewald-, Kabachnik-Fields-, Kindler-, Passerini-,
Ugi- and domino reactions), cycloadditions (including Diels—Alder reactions). The
authors tried to compile fashionable reactions that have been reviewed less in the
past years.

Keywords Microwave - Organic chemical reactions «+ C—C and C-heteroatom
coupling reactions - Condensations - Multicomponent reactions - Cycloadditions

2.1 Introduction

In the last decades the MW technique has been intensively used to carry out organic
reactions of almost all kinds, and has become a useful non-conventional means of
performing organic syntheses. This chapter is aimed at giving insights into the new
trends of MW-assisted chemistry, placing the stress on the substantial areas of
up-to-date synthetic organic chemistry by presenting a selection of the recent
literature.
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2.2 Coupling Reactions

Carbon-carbon bond forming reactions represent a hot topic in organic chemistry
that may benefit from the advantages of MW irradiation resulting in shorter reaction
times, as well as simplified accomplishments [1].

Attention has been devoted to develop simple reaction conditions making pos-
sible easy product isolations by environmentally benign accomplishments using
simple catalysts and green solvents. To face the problems of air sensibility and high
cost of typically used P-ligands, as well as the difficulties in respect of handling of
the reaction mixtures, efforts have been made to develop ligand-free procedures.
Driven by environmental concerns, attempts have been made to use water as the
solvent.

2.2.1 C-C Bond Formation Reactions

2.2.1.1 Heck Reaction

Singh described a versatile phosphine-free protocol for the arylation and benzylation
of alkenes under MW irradiation in water (Scheme 2.1) [2]. The Heck reaction was
carried out in the presence of Pd(L—proline),, an air-stable, water-soluble catalyst
complex. The substituted olefins (1) were obtained in good yields.

MwW
80-140 °C, 10-50 min
1% Pd(L-proline),

TBAB (1 eq.) Y
2 10% NaOAc 2
RV\/R + YX T R‘J\/R
R' = COOMe, COOEt, COOBU, 1, 74-94%
COO'Bu, CN, "Hex, Ph
R2=H, Ph
Y =Ar, Bn
X=Br, |

Scheme 2.1 A phosphine-free Heck reaction

Hervé and Len reported the first MW-assisted, ligand-free cross-coupling reac-
tion of unprotected nucleosides in water. The reaction of 5-iodo-2’-deoxyuridine (2)
with various acrylate derivatives was carried out in the presence of Pd(OAc),
(Scheme 2.2) [3, 4].
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OR
9 MW 0
Z/J(NH 80 °C, 30 min Y/
HO 10% Pd(OAc),
RO
0 N’QO + j(\ ™ HoO / NH
0 NEt; (22 eq.) o N/&
$ H,0 o)
HO 5
R = Me, Et, Bu, 'Bu, 'Bu, CH,CH,CI, CH,CH,0H, etc. HO 3, 40-90%

Scheme 2.2 Ligand-free coupling of a nucleoside in water

The use of task-specific ionic liquids (ILs) is also a “hot topic”. A MW-assisted
ligand-free and base-free Heck reaction was carried out in a task-specific
imidazolium ionic liquid by Dighe and Degani (Scheme 2.3) [5]. The in situ
formed palladium complex proved to be an excellent catalyst in terms of activity,
selectivity and recyclability under MW irradiation.

Scheme 2.3 A ligand- and %
base-free Heck reaction in X MW /
ionic liquid X 120 °C, 5-20 min
d \ + AV
A= A
¥ PdCl, /1L \
A
X=Cl, Br, | Y!
Y = 4-OCHg, 4-COCHg, 4-COOE, etc. 4,53-88%
= COOEt, CN, Ph, etc. (E)-product

IL = 1-(2-cyanoethyl)-3-(2-hydroxyethyl)-1H-imidazol-3-ium tetrafluoroborate

2.2.1.2 Suzuki-Miyaura Reaction

A few examples of Suzuki—Miyaura cross-coupling reactions using water as the
solvent carried out under MW irradiation can be found in the literature [6—8]. In this
series, an up-to-date environmentally friendly synthesis was reported by Cohen and
co-workers for the preparation of various 5S—substituted thiazoles in the presence of
TBAB as a phase transfer catalyst (Scheme 2.4) [9].

Scheme 2.4 Preparation of MW
S—substituted th.iazo}es in 100°C, 1-10 h
water by Suzuki-Miyaura Pd cat. (0 05 eq.)
couplin + ArB(OH),
ping TBAB
H,O

6, 73-98%
Ar = Ph, 4-CIPh, 4-FPh, 4-CF3Ph, 3-CF3Ph, 3,3"-di(CF3)Ph, etc.
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An efficient and solvent-free Suzuki—Miyaura coupling has been developed to
form fused tricyclic quinolones using basic alumina as a solid-support and a Pd
catalyst under MW irradiation (Scheme 2.5) [10]. The recyclable catalytic system
along with the solvent- and base-free conditions, short reaction time and easy
handling are remarkable advantages of the synthesis.

MW
il 120 °C, 3 min A
0.1% Pd(PPhg),
+ ArB(OH),
Br N~ ~O (2eq.) Basic alumina A

r N~ ~O
O
-, o/,
n=24 7 8, 83-90%
Ar = 4-MeOPh, furan-2-yl, thiophen-3-yl, pyridin-3-yl, etc.

Scheme 2.5 A solvent-free Suzuki-Miyaura coupling

Other examples can also be found, where MW irradiation proved to be beneficial
in Suzuki-Miyaura cross-couplings by shortening the reaction times (usually to
minutes), and increasing the yields, as compared to those obtained by traditional
heating [8, 11-13].

2.2.1.3 Hiyama Reaction

A green strategy for the synthesis of biaryls involves a sodium hydroxide activated
ligand- and solvent-free Hiyama cross-coupling reaction in the presence of
resin-supported Pd nanoparticles under MW heating (Scheme 2.6). A macroporous
commercial resin, Amberlite XAD-4, impregnated with Pd nanoparticles (PANPs)
of size 5-10 nm was used efficiently in the coupling of a variety of bromo- and
chloroarenes with phenyl-trimethoxysilane. The method of Shah and Kaur benefits
from operational simplicity, general applicability and recyclability. The absence of
organic solvents, activators and ligands fulfils the requirements of green chemistry
[14].

MW
— R 110 °C, 6-12 min —\ R
Pt . ’ P
X@ * @S'(OME)S NaOH < > <\ /;
resin-PdNPs o,
X = Cl. Br 9, 76-96%

R = 2-Me, 3-Me, 3-COMe, 4-MeO, 4-CHO, 4-COMe, 4-NO,, 4-NHCOMe, etc.

Scheme 2.6 Ligand- and solvent-free Hiyama cross-coupling to form biaryls
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2.2.2 Carbon-Heteroatom Bond Formations

Carbon-heteroatom bond formations were also studied intensively under
MW-assisted conditions to reduce reaction times, simplify catalyst systems, or
eliminate organic solvents.

2.2.2.1 Microwave-Assisted C-N Bond Formation

Gupta and Singh described a simple and environmentally-friendly C—N coupling of
a wide range of aryl halides and amines under ligand-free and solvent-free MW
conditions (Scheme 2.7) [15]. Not only short reaction times were required, but the
heterogeneous catalyst applied could be recovered by simple filtration, and could be
re-used.

MW &

X H 110-160 °C, 20 min
X ,
Y17‘/T + 3/N\ 4 N N\y4
e % \% Y-
V2 10% NiClyH,0 L )
EtsN (1.4 eq.) Y
X =Cl, Br, | 10, 28-92%

Y', Y2 = H, 4-Me, 2-NH,, 4-CF3, 2,4-di-NO,
Y8, Y4 = H, alkyl, aryl, benzyl

Scheme 2.7 Ligand- and solvent-free C-N coupling of aryl halides and amines

Aryl halides and amines were also subjected to iron/copper co-catalyzed
ligand-free reactions under MW irradiation (Scheme 2.8) [16]. It is worth men-
tioning that the simple reaction conditions were associated with a broad substrate
scope.

MW
X 150 °C, 15 min NY2Y3
N Cu(acac), (0.1 eq.), Fe»03 (0.2 eq.) N
\ +  Y2Y°NH \
/A Cs,CO;3 (2.0 eq.) S F
Y! DMSO:H,0=1:1 v
X =Cl, Br, | 11, 22-93%

Y' = H, Me, OMe, Cl, NO, CF4
Y2,Y® = alkyl, benzyl, aryl, heterocycle

Scheme 2.8 Iron/copper co-catalyzed ligand-free C—N bond formation
Halopyridines and various nitrogen nucleophiles were subjected to a

MWe-assisted copper-catalyzed cross-coupling without the use of any ligands or
solvents (Scheme 2.9) [17].
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/X MW NY'y?
= ‘ 100°C, 1h A
N +  Y'Y2NH - J
N 10% Cu,0 N
F, Cl, Br, | KsPOsHO (2€a) 43 10.91%

X=
Yly2 = aryl, benzyl, heterocycle

Scheme 2.9 Ligand- and solvent-free C-N bond formation of pyridine-derivatives

N-arylimidazoles of pharmaceutical interest were also prepared by a
MW-assisted solvent-free N-arylation [18].

2.2.2.2 Microwave-Assisted C-P Bond Formation

The Hirao reaction [19] is an important tool for the formation of P-C bond. See also
Sect. 3.5. Many publications highlight the beneficial effect of MW irradiation in the
Hirao reaction [20-23]. Keglevich and Jablonkai developed the first P-ligand- and
solvent-free Pd-calayzed coupling of different >P(O)H species with aryl-bromides
in the presence of Pd(OAc), under MW conditions (Scheme 2.10) [24]. This
accomplishment is the first example for P-ligand-free Hirao reactions.

Scheme 2.10 A novel P-
150-200 °C, 2-15 min

ligand-free Hirao reaction 9 AC), I
ArB —Ps P
Bro+ oyt 2/P H Et;N Y! S CAr
Y no solvent Y

13, 73-95%
Ar = Ph, 4-MeCgH,, 4-CICgHj, 4-FCgH,, 4-Et0,CCgHy, 4-MeC(O)CgH,

Y'|OEt|OBu|OEt| Ph
Y2 |OEt|OBu| Ph |Ph O -0

Arylphosphonates, phosphinates or phosphine oxides could all be formed in the
coupling reaction of >P(O)H species and aryl halides in the presence of Cu or Ni
salts [25]. Starting from the salts of the >P(O)H species, there was no need for any
catalysts [26].

2.3 Condensations and Multicomponent Reactions

During condensations, two or more molecules are combined, usually in the presence
of a catalyst to form the product with the elimination of water or another simple
molecule.

Multicomponent reactions are convergent reactions, in which three or more
compounds react to form a product, where the majority of the atoms of the com-
ponents is incorporated in the newly formed product. Most of the classical
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multicomponent reactions involve the participation of carbonyl compounds and/or
their derivatives.

In general, traditional conductive heating methods are used to realize conden-
sations and multicomponent reactions. These methods are often slow, and the
conventional heating is not really suitable from the point of view of energy
efficiency. The use of MW irradiation is more efficient and ecofriendly to carry out
these reactions, as shorter reaction times, enhanced reaction rates, and higher yields
can be attained in comparison with conventional heating [27].

In this subchapter, several MW-assisted condensations, as well as multicompo-
nent reactions, such as aldol-, Claisen- and Knoevenagel condensations, Mannich-,
Biginelli-, Bucherer-Bergs-, Strecker-, Gewald-, Hantzsch-, Kabachnik-Fields-,
Kindler-, Passerini-, Ugi- and domino reactions will be discussed.

2.3.1 Aldol-Type Condensations

Aldol condensation is a typical way to form a carbon—carbon bond. In the con-
densation, an enolizable aldehyde or ketone reacts with a carbonyl compound to
form a B-hydroxyaldehyde or B-hydroxyketone, followed by a dehydration step to
give a conjugated enone.

A MW-assisted method was developed by Marijani et al. for the synthesis of
hydroxy-cyclopentenones (14) by the condensation of benzil with ketones carried
out in the presence of KOH/EtOH at 180 °C for 2-8 min (Scheme 2.11) [28].

MW
O 180 °C, 2-8 min
_R! KOH/EtOH

O Qe
R2

v Y2=H, Me, Ph
R'=H, Me
R2=H, Me 14, 82-98%

O, O

Y'=Br, H
Scheme 2.11 MW-assisted synthesis of hydroxy-cyclopentenones
The MW-assisted aldol-type condensations of 3-methyl-2-cyclohexenones and

aromatic aldehydes were studied using BiCl; as the catalyst in the absence of any
solvent (Scheme 2.12) [29].

o) ""‘g’ 0
150°C, 1 h
; ? BiCl; .
R+ Ar/C\H solvent-free R
R? AT R?
R' = Ph, COOMe 15, 37-91%
R?= COOMe

Ar = Ph, 4-MeOCgHy, 2,3-di(MeO)CgHs,
3,4-di(MeO)CgH, 3,4, 5-tri(MeO)CgHs

Scheme 2.12 Condensation of 3-methyl-2-cyclohexenones and aromatic aldehydes
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2.3.2 Claisen Condensations

The Claisen condensation [30] is the “ester analogue” of the aldol condensation.
During the reaction, two esters, or one ester and another carbonyl compound react
with each other in the presence of a strong base to form a B-keto ester or a
B-diketone.

An ultraviolet absorbent, 4-fert-butyl-4'-methoxydibenzoylmethane (trade name
Avobenzone) (16) was synthesized by the Claisen condensation of
4-methoxyacetophenone and methyl 4-tert-butylbenzoate in a household MW oven
using sodium amide as the base, and toluene as the solvent (Scheme 2.13) [31].

MW

(0] (0]
320W, 1h
OMe _ NaNH, _ O O
+
MeO By toluene MeO Bu
16, 70%

Scheme 2.13 Claisen condensation of 4-methoxyacetophenone and methyl 4-tert-butylbenzoate

2.3.3 Knoevenagel Condensations

The Knoevenagel reaction [32] is a modified aldol condensation between an
aldehyde or ketone, and an active methylene group containing compound in the
presence of a base catalyst. The reaction is usually followed by a spontaneous
dehydration step resulting in an unsaturated product.

A high nitrogen containing mesoporous carbon nitride (MCN) was applied as a
metal-free base catalyst in the Knoevenagel condensation of aromatic aldehydes with
ethyl cyanoacetate (Scheme 2.14) [33]. The reactions were performed in toluene
under MW irradiation, and the products (17) were obtained in yields of 75-95 %.

N
o
120 °c 12 min Z j
_MCN_ o
W toluene
Y
Y = H, Me, Pr, OH, NO,, ClI 17, 75-95%

Scheme 2.14 Knoevenagel condensation of aromatic aldehydes with ethyl cyanoacetate

The condensation of 3-a-carboxy ethylrhodanine (18) with substituted aromatic
aldehydes in the presence of sodium acetate in glacial acetic acid was studied under
MW irradiation at 150 °C for 10—~15 min (Scheme 2.15) [34]. The reactions afforded
5-benzylidene-3-a-carboxy ethylrhodanine derivatives (19) in high yields.
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O H MW S\.\//S o
s S 150 °C, 10-15 min = N
N o NaOAc OH
‘ + N 7 N\ [e)
[ OH AcOH X
Y g \%

18 19, 82-94%

Y =H, 4-Me, 4-OMe, 2-NO,, 3-NO,, 4-NO,, 2-Cl,
3-Cl, 4-Cl, 4-Br, 4-CHO, etc.

Scheme 2.15 Condensation of 3-a-carboxy ethylrhodanine with aromatic aldehydes

The MW-assisted Knoevenagel reactions of 2,5-disubstituted
indole-3-carboxaldehydes (20) and active methylene group containing com-
pounds were studied by Biradar and Sasidhar (Scheme 2.16) [35]. The reactions
were carried out in a household MW oven, in the presence of ammonium acetate
under solvent-free conditions. It was found that without catalyst, the yields were
very low and sometimes no reaction occurred.

H
0 o NYY
ﬁi” ™
R o)
07 N"Y
O\\C‘H H MW N—R2
1 Y=0,S 400 W, 5-10 min N a0
R { NH,OAG o M 87-92%
RZ 4+ or —_— o o
N solvent-free
H Q NH
20 %NH = S/&O
R'=H, Me, CI <o -
S
R?=H, Ph R?

A\
N spos
22 92-95%

Scheme 2.16 Knoevenagel reaction of 2,5-disubstituted indole-3-carboxaldehydes

2.3.4 Mannich Reactions

The Mannich reaction [36] is a three-component condensation, where a primary or
secondary amine (or ammonia) reacts with an aldehyde and a ketone. The final
product is a B-amino-carbonyl compound, also known as a Mannich base.
B-Amino-carbonyl derivatives (23) were synthesized in the three-component
condensation of aniline derivatives, aromatic aldehydes and cyclohexanone using
CeClj; as the catalyst under solvent-free and MW conditions (Scheme 2.17) [37].
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o MW
100 °C, 3 min Ar O
CeCl
QNHZ + Ar—CHO + ij — @NH
Y= Y=
Y = Bu, 3-MeO, 3-F, 2,4-F, 3,4,5-F, 4-N 23, 83-95%

Ar = Ph, 4-EtPh, 4-CIPh, 2-FPh, 4-FPh

Scheme 2.17 MW-assisted solvent-free condensation of anilines, aromatic aldehydes and
cyclohexanone

MW-assisted Mannich reactions of secondary amine hydrochlorides,
paraformaldehyde and substituted acetophenones were studied by Luthman and co—
workers (Scheme 2.18) [38]. The reactions were carried out in dioxane on a small
(2 mmol) and also on a larger (40 mmol) scale.

o MW < o)
R N 180-200°C, 7-10 min N AN
N—H * (HCHO} * Y- —doene R | Y
R'iicl Z ioxane =
24,22-85%
R | Me Et / N\ /~\
RImMe Bt Q"S-

Y =H, Me, OMe, CI, F, CF3, NO2, Ac

Scheme 2.18 Mannich reaction of amine hydrochlorides, paraformaldehyde and acetophenones

Mannich-type reactions of secondary amines, aldehydes and acetylene deriva-
tives were investigated by Leadbeater et al. (Scheme 2.19) [39]. The condensations
were performed in dioxane, in the presence of CuCl and a small amount of ionic
liquid (IL) under MW irradiation. Using IL as the solvent instead of dioxane, a
decomposition was observed.

MW
150 °C, 6-10 min
ionic liquide Y?
R cucl R
o N
NH+Y1CHO+Y H —m N X
dioxane I°4 N yv2

R| Et Oct <:/\ 25, 43-99%
R | Et Oct

= Ph, 4-CIPh, C;H,4
Y2= Ph, CgHip

~ A AN S
N N - N, N -
= NON e o N PF

Scheme 2.19 Mannich-type reaction of secondary amines, aldehydes and acetylenes
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The MW-assisted condensation of a 2-hydroxy-chalcone (26) was studied with
secondary amines and paraformaldehyde (Scheme 2.20) [40]. The reactions were
performed in dioxane without any catalyst at 100 °C for 10-45 min, and the
corresponding products (27) were obtained in yields of 81-97 %.

R
{

N
R
OH
R 0.0 OH
\ 110°C, 10-45 min 10 45 ahd
N=H + (HCHO), + O O min O O
R Br dloxane A Br

R| Et Pr Me Me Me 27, 81-97%

R| Et Pr Pr °Hex Bn

Scheme 2.20 Condensation of a 2-hydroxy-chalcone

2.3.5 Biginelli Reactions

The Biginelli reaction [41] is a multicomponent one-pot condensation of an alde-
hyde, a B—keto ester and an urea derivative to afford dihydropyrimidinones, which
are of a wide range of pharmaceutical and therapeutic properties [42, 43].

MW-assisted Biginelli reactions of aromatic aldehydes, 1,3-dicarbonyl com-
pounds and urea or thiourea were studied by Japanese researchers (Scheme 2.21)
[44]. The condensations were carried out using tributyl borate as the catalyst under
solvent-free conditions, and the corresponding dihydropyrimidinones (28) were
obtained in high yields.

MW o Ar

o o v 2-8 min
B(OBU), R NH
Ar—CHO M o |
r + RMMe * H,N"ONH,  solvent-ree A

Me”™ "'N” 7Y
Ar =Ph, 4-MeOPh, 2-CIPh, 3-NO,Ph H
28, 77-95%

R = Me, OMe, OEt
Y=0,8

Scheme 2.21 Biginelli reaction of aromatic aldehydes, 1,3-dicarbonyl compounds and ureas
Chinese researchers elaborated a fast and solvent-free MW-assisted method for

the synthesis of dihydropyrimidinone derivatives (29), but in this case, a
heteropolyanion-based IL was applied as the catalyst (Scheme 2.22) [45].
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MW 4
o o v 120 °C, 5-10 min oY
[PyPS]sPW15049 YZJYKNH
Y'—CH _— ‘
CHO + YZMMe + HQNANHz solventiiee Ve NAYa
Y'=/Pr, CgHys, Ph, 4-MePh, 4-MeOPh, H
4-CIPh, 4-NO,Ph, 4-HOPh 29, 83-96%
Y2 = OEt, OMe
Y3=0,8

Scheme 2.22 MW-assisted synthesis of dihydropyrimidinones

There is a good example, where the multicomponent reaction of aromatic
aldehydes, acetoacetamine derivatives and ureas was performed under solvent-
and catalyst-free conditions (Scheme 2.23) [46]. MW irradiation at 120 °C for
12—-16 min furnished the dihydropyrimidinones (30) in 70-75 % yields.

- o A
O O s Ar2
120 °C, 12-16 min N NH
Ar'—-CHO + ArA M + JU —= = =2 M0, H)h
N Me © H,N” “NH, solvent-free
H Me H S
Ar' = Ph, 2-HOPh 4-HOPh, 4-MeOPh, 2-CIPh, 4-CIPh, 3-NO,Ph
, 30, 70-75%

Ar? = 4-CICgHj, 4-FCgHy, 1-naphthyl

Scheme 2.23 A solvent- and catalyst-free Biginelli reaction under MW irradiation

Fang and Lam reported a modified MW-assisted Biginelli reaction of aromatic
aldehydes, 2-oxosuccinic acid and substituted ureas, which led to
aryl-oxo-tetrahydropyrimidinyl-carboxylic acid derivatives (31) by cyclization
accompanied by decarboxylation (Scheme 2.24) [47]. The reactions were
performed in THF, and were catalyzed by trifluoroacetic acid (TFA).

MW Ar
U Y 95 °C, 15 min rNH
TFA
Ar—CHO + + r M \
H
HOOC Ol H NH, THF HOOC ’\\l v
Ar = Ph, 4-FPh, 2,4-diMeOPh, 2-furyl, 2-thienyl, 2-naphthyl, etc. R
R =H, Me, allyl 31, 71-93%

Y=0,8

Scheme 2.24 Condensation of aromatic aldehydes, 2—oxosuccinic acid and substituted ureas

The synthesis of 3,4-dihydropyrimidin-2(1H)-ones (33) was studied starting
from an IL supported aldehyde (32), a B—ketoester and an urea (Scheme 2.25) [48].
HCI was used as catalyst, and the reactions were carried out in the absence of
solvent under MW irradiation. The corresponding products (33) were obtained in
good yields after the cleavage of the IL moiety realized by transesterification with
NaOMe/MeOH at reflux.
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1) MW Me
120 °C, 10 min
lcc_ H(f;, R'oOC._~ N,R2
solvent-free
R 2.) cleavage H
A, 18h MeO
= Me, Et NaOMe/MeOH
R?=H, Me O 33,80-86%

Scheme 2.25 Biginelli reaction of IL supported aldehyde, B—ketoesters and ureas

2.3.6 Hantzsch Reactions

The Hantzsch dihydropyridine synthesis [49] is a four-component reaction with the
participation of an aldehyde, two equivalents of a [B-ketoester and a “nitrogen
donor”, such as ammonium acetate, or ammonia. Subsequent oxidation (or
dehydrogenation) may lead to pyridine-3,5-dicarboxylates, which may undergo
decarboxylation to yield the corresponding pyridines.

Westman and Ohberg developed a MW-assisted Hantzsch reaction of different
aldehydes, B-ketoesters and aqueous ammonium hydroxide (Scheme 2.26) [50].
NH,4OH was used as the reagent, and also as the solvent. After an irradiation at
140-150 °C for 10-15 min, the corresponding dihydropyridines (34) were formed
in moderate to good yields.

o Y O
o o MW
140-150 °C, 10-15min RO OR?
v-cro + 2 . M I 4 nwon 140150°C. 1015 min | \
Me OR

) Me”™ "N” "Me

Y = Ph, 2-MePh, 2-MeOPh, 2-NO,Ph, 2-CIPh, °Hex, /Pr, etc. W
- 1

R = Et, ‘Bu, Bn, etc. 34, 39-89%

Scheme 2.26 Hantzsch reaction of aldehydes, B-ketoesters and aqueous ammonium hydroxide

A bismuth nitrate-catalyzed cyclocondensation was reported by American
researchers (Scheme 2.27) [51]. A series of dihydropyridines (35) were synthesized
using a series of aldehydes, 1,3-diketo compounds and ammonium acetate or
amines under solvent-free MW conditions.

MW vt
o o NH,OAc 5_0 C, 1-3min Y20C coy?
Bi(NOs)s' 5H,0
YLCHO + 2 MQMYZ + or f’ ‘ ‘
Yo-NH, solvent-free Me” N~ “Me
Y = aryl, heteroaryl, alkyl V)
2_
Y<=Me, OMe, OEt 35, 84-99%

Y8 =H, aryl, heteroaryl

Scheme 2.27 A bismuth nitrate-catalyzed cyclocondensation
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Silicotungstic acid nanoparticles dispersed in the micropores of Cr-pillared clay
(STA/Cr-P) were used as heterogeneous catalysts for the solvent-free synthesis of
1,4—dihydropyridines (36 or 37) (Scheme 2.28) [52]. During these reactions, aryl
aldehydes or chalcones were reacted with ethyl acetoacetate and ammonium acetate
under continuous MW irradiation at 900 W. After regeneration, the STA/Cr-P
catalyst was re-usable for several times.

CHO
A
S F
Mw . 70-86%
Y =H, NO, CI, etc. 900 W, 5-15 min
Q9 NoAe _ STACHP
o ' MEMOEt * 4ORC T Solvent-free
o
o
P
Y =NO,, Br, Cl

64-78%

Scheme 2.28 Synthesis of 1,4-dihydropyridines in the presence of STA/Cr-P catalyst

A MW-assisted synthesis of 1,4-dihydropyridines (38) using task-specific ILs as
a soluble support was described by Bazureau and co-workers (Scheme 2.29) [48].
In the first step, the functionalized IL phase-bound aldehyde (32) was reacted with
the B—ketoester and aminocrotonate under solvent-free and MW-assisted condi-
tions. 5-N-(2-Hydroxyethyl)pyridinium hexafluoroborate ([PEG;py][PFg]) was
used as the IL. Then, the IL support was cleaved from the product by transesteri-
fication with NaOMe/MeOH at reflux. The desired compounds (38) were obtained
in yields of 85-86 %.

Me
1) MW
o ; R'O0OC
No o o NH. O 120 °C, 10 min Z>NH
@ o . M . )\Z)k solvent-free _
Me OR Me” N"SOR 2)cleavage Me
) 1 A, 18h MeO. COOR!
32 R'=Me, Et NaOMe/MeOH

O 38 85-86%

Scheme 2.29 Hantzsch reaction of IL phase-bound aldehyde, f—ketoester and aminocrotonate
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2.3.7 Bucherer-Bergs Reactions

The Bucherer-Bergs reaction [53, 54] is a multi-component transformation with the
participation of carbonyl compounds (aldehydes or ketones), cyanohydrines or
potassium cyanide and ammonium carbonate, which leads to the formation of
hydantoins.

5,5-Disubstituted hydantoins (39) were obtained in high yields by the conden-
sation of carbonyl derivatives, potassium cyanide and ammonium carbonate in the
presence of EtOH/H,O under MW conditions (Scheme 2.30) [55].

MW H

N
i 100 °C, 2-13 min 01\?70
vooye + KCN + (NH4),CO3 EtOH/H,0 v A NH
%
Y'=H, Bu, *Hex, Ph, 4-CIPh, 3-MePh 39, 83.99%

Y2 = Me, Ph, 4-MePh, 4-MeOPh

Scheme 2.30 MW-assisted synthesis of 5,5-disubstituted hydantoins

The synthesis of phenylpiperazine hydantoin derivatives was studied by Polish
researchers [56]. The compounds were obtained in four steps, where the first step
was the Bucherer-Bergs reaction of acetophenone with potassium cyanide and
ammonium carbonate under MW conditions (Scheme 2.31).

R MW R
KCN NH 8¢ R
+ KON+ (NH):COs - —popmo ar. NH

Me” O R=HF 20 O

Scheme 2.31 Bucherer-Bergs reaction of acetophenone, potassium cyanide and ammonium
carbonate

2.3.8 Strecker Reactions

The Strecker synthesis [57] provides an amino acid from an aldehyde or ketone.
The oxo component is condensed with ammonium chloride in the presence of
potassium cyanide to furnish an a-aminonitrile, which is subsequently hydrolyzed
to give the desired amino acid.

The Nafion-Fe-catalyzed Strecker reaction of various aldehydes or ketones with
amines and trimethylsilyl cyanide were investigated, and the corresponding
a-aminonitriles (41) were obtained in yields of 49-97 % under solvent-free MW
conditions (Scheme 2.32) [58].
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Scheme 2.32 A MW
Nafion-Fe-catalyzed Strecker 100°C, 1-2h
i 0 Nafion-Fe CN

reaction A+ z-NH, + TMSCN z

Y17y solvent-free  y1T>SN”

Y2 H
1
Y'| Me Ph Ph 3-FPh 4-CNPh 41, 49-97%

v2|Et H Et

C< i d
Z = Ph, 2-MePh,

A series of o-aminonitriles (42) were synthesized via a catalytic Strecker-type
reaction of aldehydes, amines and trimethylsilyl cyanide (Scheme 2.33) [59]. The
reactions were carried out at low temperature in the presence of Co(Il) complex
supported on mesoporous SBA-15 under solvent-free MW-assisted conditions.

Scheme 2.33 A catalytic MW
Strecker-type reaction o ; 40 °C, 30-45 min X!
JU 2 Swe . mson —osBats NG Nye
Ar H* v2~ * solvent-free ><
Ar = Ph, 3-, 4-CIPh, 3-, 4-NO,Ph, naphthyl, etc. 42, 80-99%

A somewhat Strecker analogous reaction accompanied by decarboxylation was
studied by Seidel and co—workers. Proline was reacted with different aldehydes and
trimethylsilyl cyanide in butanol under MW irradiation as shown in Scheme 2.34
[60].

Scheme 2.34 A Strecker O\ o MW
analogous reaction 200 °C, 10 min
N~ TCOOH + Y)LH + TMSCN BuOH Q\CN
" A
Y = Ph, 2, 3- or 4-MePh, 2-, 3- or 4-CIPh, 4-MeOPh, Yo 'H
4-NO,Ph, 2,4,6-triMePh, naphthyl, furyl, COOEt, 43, 72-97%

“Hex, etc.

2.3.9 Gewald Reactions

The Gewald reaction [61] involves the synthesis of 2-aminothiophene derivatives
via the multi-component condensation of an a-methylene carbonyl compound, an
a-cyanoester and elemental sulfur in the absence of a base.

Kirsh and co-workers developed a MW-assisted procedure for the Gewald
reaction of aldehydes, activated nitriles and sulfur (Scheme 2.35) [62]. The con-
densations were carried out at 70 °C for 20 min using morpholine as the base, and
ethanol as the solvent.
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MW
70°C, 20 min Y2

N N morpholine ﬂ\
Y "CHO + Y "CN + Sg - EtOH v1 NH,

Y' = Ph, 3,4-diMeOPh, 4-MeOPh, °Hex, etc.

44, 50-99%
Y2 = CN, COOEt, CONH,

Scheme 2.35 MW-assisted Gewald reaction of aldehydes, activated nitriles and sulfur

The condensation of ketones with cyanoacetate or malononitrile and sulfur was
studied under MW conditions (Scheme 2.36) [63]. The multicomponent reactions
were performed using KF-alumina as the catalyst instead of an organic base, and the
2—aminothiophenes (45) were obtained in short times and in yields of 55-92 %.

MW
100 °C, 3.5-8 min RU Y

o
KF-Alumina
S 7 = 5 8
R‘k/ * YT ON o+ S EtOH R NH,

R'=H, Me, Ph o E}:O 45, 55-92%
R2=H, Me, Et, COOEt h n=1,2,34

Y = COOEt, CN

Scheme 2.36 KF-alumina catalyzed Gewald reaction

A guanidine-catalyzed Gewald condensation was reported (Scheme 2.37) [64]. In
the course of the reaction, a mixture of cyclopentanone, 2-cyano-N-o-tolylacetamide
and elemental sulfur was irradiated continuously in a MW reactor in the presence of a
1,1,3,3-tetramethylguanidine lactate IL. This reaction was also carried out in ethanol.

MW Me
o) Me . (o]
100 W, 3 min
é NCHchN@ s IL N >:
+ - - + -
z 8 EtOH I\
s~ ~NH,
46, 81%

Scheme 2.37 Condensation of cyclopentanone, 2-cyano-N-o-tolylacetamide and sulfur

The synthesis of thiophene derivatives (49) on a soluble polymer-support utilizing
the Gewald reaction was investigated (Scheme 2.38) [65]. The condensations were
carried out in a household MW oven starting from various aldehydes or ketones,
a PEG-supported cyanoacetic ester (47) and sulfur, in the presence of
diisopropylethylamine (DIPEA) under solvent-free conditions. Then, the product (48)
was acylated, and the PEG support was cleaved from the molecule by KCN in
methanol. The desired thiophene derivatives (49) were obtained in yields of 48-95 %.
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o)
13ow 15m|n )0->25°C
R

)CL/W Q _ DIPEA /Z—ik /O YZCOCI DIPEA K\OM‘S
R + (-OCCH,CN + S ————— solvent-free 2 )25°C v NTYZ

47 H

R =H, Me, Et, etc. KCN/MeOH o
Y= Me, Et, Pr, 'Pr, Bu, MeCO, etc. Y2 = Me, Ph 49, 48-95%

Scheme 2.38 Synthesis of thiophene derivatives on a soluble polymer-support

2.3.10 Kabachnik-Fields Reactions

The Kabachnik-Fields reaction [66, 67] is a three-component condensation of an
amine, an oxo compound, and a >P(O)H reagent forming o-aminophosphonates or
a-aminophosphine oxides, which are synthetic targets of some importance, as the
resulting species are the P—analogues of a-amino acids. See also Sect. 3.10.

A MW-assisted catalyst-free and solvent-free Kabachnik-Fields reaction of
amines, aldehydes and dimethyl phosphite was described by Chinese researchers
(Scheme 2.39) [68]. The condensations were carried out in a multimode MW
reactor at 80 °C for 2 min, and the corresponding a-aminophosphonates (50) were
obtained in yields of 40-98 %.

MW
(e}

; i [, OMe  go°C, 2 min Q
Y'—NH, + .o + H ———————  Y'—NH-CH—P(OMe),
Y H N solvent-free J

OMe Y2

Y' = Ph, 4-MeOPh, 4-NO,Ph, 'Pr, BBu, 2-furyl, 2-thiophene

50, 40-98%
Y2 = Ph, 4-MePh, 2-CIPh, 4-CIPh, naphthyl, Bn, ®Hex, etc.

Scheme 2.39 MW-assisted catalyst- and solvent-free Kabachnik-Fields reaction

Ordénez and co-workers reported a MW-assisted highly diastereoselective
synthesis of a—aminophosphonates (51) by the three-component reactions of chiral
amines, alkyl or aryl aldehydes and dimethyl phosphite (Scheme 2.40) [69]. The
condensations were performed in the absence of any catalyst and solvent.

MW 0 o
o H H
N ji [OMe  80°C,12min_ N POMe); . _,-N._P(OMe),
1 *oyetoy  HN iventf Y YT
Y Me OMe solvent-free 2 vz
Y' = Ph, 4-MeOPh, naphthyl, Bu (R,S)-51 (S,5)-51

Y2 = Ph, 4-CIPh, 4-MeOPh, Pr, Bu, Bu

Scheme 2.40 MW-assisted diastereoselective synthesis of a—aminophosphonates


http://dx.doi.org/10.1007/978-3-319-30632-2_3

2 Microwave-Assisted Syntheses in Organic Chemistry 29

Bis(a-aminophosphonate) pesticides were synthesized by the Kabachnik-Fields
reaction of terephthalaldehyde, 2 equivalents of aniline derivatives and diethyl- or
dibutyl phosphite under catalyst- and solvent-free MW-assisted conditions
(Scheme 2.41) [70].

NH CHO
? o MW RQ or
,OR 120 °C, 2-4 min O=R NH Y
2 . o S estmn,
OR  Solvent-free Y@HN R=0
RO
Y CHO

R =Et, Bu OR
Y=H,Cl,Br,F 52, 94-97%

Scheme 2.41 Synthesis of bis(a-aminophosphonate) pesticides under MW conditions

2.3.11 Kindler Reactions

The Kindler reaction [71] is a three-component condensation of an aldehyde, an
amine and elemental sulfur resulting in the formation of thioamides. The modifi-
cation of this condensation, where ammonium polysulfide is used instead of sulfur,
is the Willgerodt-Kindler reaction.

Thiobenzamide derivatives (53) were synthesized by the condensation of
benzaldehyde or 4-(dimethylamino)benzaldehyde, morpholine and sulfur in a
household MW oven (Scheme 2.42) [72]. The reactions were studied using acid and
also base catalysts, and it was observed that the bases were more efficient.

MW
940 W, 10-40 min
Montmorillonite K-10

0 S
H / 7\ _4-methyimorpholi N
v Sy + HN o -methylmorpholine )
v _/ DMF v

Y = H, (Me),N 53, 43-81%

Scheme 2.42 MW-assisted synthesis of thiobenzamide derivatives

Another MW-assisted Kindler reaction was reported by Kappe and co-workers
(Scheme 2.43) [73]. The three-component condensation of aldehydes, amines
and elemental sulfur leading to thioamides 54 was performed using
1-methyl-2-pyrrolidone (NMP) as the solvent at 110-180 °C for 2-20 min.

Scheme 2.43 Kindler o , MW A s ,
reaction of aldehydes, amines Ly os . HN/Y 110-180 °C, 2-20 min Y1KN’Y

and elemental sulfur under Y TH 8 'y8 NMP Y8
MW irradiation 54, 40-98%

Y' = Ph, 3-MePh, 4-MePh, 3-NO,Ph, 4-NO,Ph, Bn, 3-indolyl, pentyl, etc.

Y2|H Pr “Hex Bn < : /N
) , O , efc.
Y |[HH H H —
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2.3.12 Passerini Reactions

The Passerini reaction [74] is a multi-component transformation among a car-
boxylic acid, a ketone or an aldehyde, and an isocyanide to form the corresponding
a-hydroxy carboxamide.

Brazilian researchers described the solvent-free MW-assited Passerini reaction of
substituted carboxylic acids, aldehydes and isonitriles (Scheme 2.44) [75]. The
corresponding a-acyloxy carboxamides (55) were obtained in good yields at 60 or
120 °C within 1-5 min.

bl worrz0'c rsmn. § [ X
2 3 T e s e . N.
y1i“>oy + YCHO + Y°NC solvent-free v 0)\( 3
(0]

Y' = CH,NHCbz, Ph
Y2 = Pr, Ph, 4-NO,Ph, 2-CIPh, 4-CIPh, 2-MeOPh, 3-MeOPh, etc.
Y3 = CH,COOMe, Bu

55, 61-90%

Scheme 2.44 Solvent-free MW-assited Passerini reaction of carboxylic acids, aldehydes and
isonitriles

Boron-containing a-acyloxyamide analogues (57 and 59) were synthesized from
a boron-containing acid (56), aldehydes and cyclohexyl isocyanide (Scheme 2.45
(1)), or from a boron-containing aldehyde (58), acids and cyclohexyl isocyanide
(Scheme 2.45 (2)) in water under MW conditions [76].

ﬁ T S @g

Y =H, 4-CF3, 2-F, 2-MeO, 3-MeO 57, 51-88%
X=HorF

/Oi
o e e ﬁ%
>K‘/\ 59, 59-89%

Y =H, 4-NO,, 4-Me, 3-MeO, 4-MeO

Scheme 2.45 The synthesis of boron-containing o-acyloxyamide analogues
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The three-component reaction of trolox derivatives (60), furoxan aldehyde (61)
and phenylethylisocyanide was also described (Scheme 2.46) [77]. The reactions
were carried out in water at 60 °C under MW irradiation for 5 min.

RO NO
60 °C 5m|n o o [ N~0
—O,N\ N T ho

R =H, COMe 62, 42/62%

Scheme 2.46 The condensation of trolox derivatives, furoxan aldehyde and
phenylethylisocyanide

2.3.13 Ugi Reactions

The Ugi four-component condensation [78] with the participation of an amine, an
aldehyde or ketone, a carboxylic acid and an isocyanide affords o-aminoacyl amide
derivatives, which may be of potential pharmaceutical applications.

A one-pot Ugi reaction followed by intramolecular O-alkylation is an elegant
example. The synthesis starts from 2-aminophenols, aldehydes, o—bromocarboxylic
acids and isocyanides under MW irradiation (Scheme 2.47) [79].

OH_R?
oH Bre R MW i S /EBr 120 c 15 min i\/[ I
N . i * KoCO
R + Ar—CHO + I + Ro—NG 0. 20min_ Z NS0 L

Z NH, HO o MeOH A o
r
R'=H, 6-Cl, 6-Me, 7-Me, 6,7-(CH,), HN. g HN.
Ar = Ph, 4-MeOPh, 2-FPh, 2-BrPh, 2-furyl R ! R
R_H. Me 63 64, 52-90%
R® =Hex, Bn

Scheme 2.47 MW-assisted one-pot Ugi reaction followed by an intramolecular O-alkylation

The MW-assisted special Ugi reaction of levulinic acid, amines and isonitriles
afforded the corresponding lactams (65) in moderate to excellent yields at 100 °C
after 30 min (Scheme 2.48) [80].

(0] MW (o]
A/YOH . YN, s ye_ng 190°C.30min YZ\NW
& 2 MeOH i N™ 0
v
Y' = Bn, °Hex, (CH,);OMe, etc. 65, 17-90%

Y2 = Bn, CH,COOEt

Scheme 2.48 Ugi reaction of levulinic acid, amines and isonitriles under MW conditions
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The synthesis of five- and six-membered lactams via Ugi reaction was also
reported (Scheme 2.49) [81]. The condensation of 4-acetylbutyric acid or levulinic
acid, amines and isocyanides was carried out under solvent-free MW conditions in
a short time.

o o MW Q

100 °C, 3 min 2

A PRI % of LUNAD S Y

n OH 4 YIENH + Y2=NC e ree N N™ 0
n=1,2 H Y“

Y'=Bn, Bu, (CH,)3NE, etc. 66, 80-97%

Y2 = Bn, ®Hex, Bu

Scheme 2.49 The synthesis of five- and six-membered lactams via MW-assisted Ugi reaction

2.3.14 Domino Reactions

In the domino reaction, called also tandem or cascade reaction, two or more
transformations take place under the conditions applied without adding any addi-
tional reagents or catalysts. These reactions may include multistep synthesis and
among others, protection-deprotection steps. Work-up procedures and purifications
can be avoided.

Efficient four- and six-component domino reactions were developed, where
2—(2'-azaaryl)imidazoles (67) and anti-1,2-diarylethylbenzamide derivatives (68)
were obtained under solvent-free MW-assisted conditions (Scheme 2.50 (1) and

(2)) [82].

Ar-CN o/) Mo NH__ A
150 °C, 15-34 min ,
* solvent-free Ar{\ | M
NH,OAc O\ﬁ v N ar
Ar 67, 70-90%
AL jr
MW A
S o I
¢} o 150 °C, 16-30 min
NH,OAc + NH, OAc —————— —~ ArANJ\NH Ar o (2)
0 fo) solvent-free H W
¢ N Ar O
Ar Ar 68, 80-92%

Ar' = 2-pyridinyl, 5-bromopyridine-2-yl, 3-methylpyridine-2-yl, 2-pyrazinyl, 2-pyrimidinyl
Ar = Ph, 4-CIPh, 4-Br-Ph, 4-FPh, 4MePh, 2-thienyl, etc.

Scheme 2.50 MW-assisted solvent-free four- and six-component domino reactions
Substituted quinolones (69) were prepared by a montmorillonite K-10 catalyzed

multicomponent domino reaction of amines, aldehydes and terminal arylalkyne
under MW irradiation (Scheme 2.51) [83].
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Y3
MW

o NH ~ 100 °C, 10 min
Y1@/ + Y2—CHO + Montmorillonite K-10

= 3 solvent-free 7

Y yi—-
= = 2

Y' = H, 4-Me, 4-Cl, 4-Br, 4-CF3, 4-CN, 4-NO,, efc. N™ Y
Y2 = Ph, 4-MePh, 4-NO,Ph, 2-BrPh, naphthyl, °Hex 69, 75-96%

Y3 = Me, OMe, F

Scheme 2.51 Montmorillonite K-10 catalyzed multicomponent domino reactions

2.4 Cycloadditions

Cycloaddition reactions are pericyclic reactions in which two or more unsaturated
compounds are combined with the formation of a cyclic adduct. Thus, cycloaddi-
tions provide heterocyclic and multicyclic scaffolds in a single-step. Cycloadditions
involving atomic efficient transformations represent another widely investigated
group of MW-assisted organic reactions [84].

2.4.1 [2+42] Cycloadditions

[2+2] Cycloadditions provide a synthetic tool towards four member rings, such as
cyclobutanes, cyclobutenes, B-lactams, oxetenes, cyclobutanones, and their
derivatives. These reactions usually require photochemical activation, or the use of
a Lewis acid under thermal conditions. A few examples were described, where MW
irradiation was found to be beneficial [85].

Ovaska reported a facile MW-assisted intramolecular [2+2] cycloaddition
starting from germinal allenyl-propargyl-substituted cyclopentane derivatives (70),
leading to strained tricyclic 5-6—4 ring systems (71) resembling to natural ster-
purenes (Scheme 2.52) [86].

Scheme 2.52 The formation OH HO
of strained tricyclic 5-6—4 \’ o

W
200 °C, 30 min <j©;L
ring systems G\Y ethyl phenyl ether : v

70 71, 70-92%
Y =H, Et, TMS, TBS, Ph

A similar regioselective intramolecular cycloaddition was described for the
formation of bicyclic compounds by Brummond and co-workers. Bicycloalkadienes
were formed efficiently when 72 was irradiated by MW at 250 °C in toluene, in the
presence of an IL as an additive (Scheme 2.53) [87].
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Scheme 2.53 MW-assisted o ,
. o MW R
reglosele.ct'lve mtrqmolecular 250 °C, 15 min
cycloaddition leading to [emim][PF¢] [
bicycloalkadienes ) foluene " R?
R 73, 63-74%

R' = Bu, TMS, Ph
R%2=H, Me

An intermolecular Staudinger [2+2] cycloaddition of a phenyl thiodiazoacetate
to an imine was enhanced by MW irradiation (Scheme 2.54). The authors aimed at
the investigation of nonthermal microwave effects (see also Chap. 4.), and they
found no significant difference in the stereoselectivity of the MW-assisted or the
thermal variation. However, the reaction speed was somewhat increased under MW
conditions [88].

Y-
H H
PhS&NZ + |

N N
Py toluene / MeCN Io] ipr
74
Y = H, Me, OMe, Cl, CF3, NO, cisz / transz
not isolated

Scheme 2.54 A MW-enhanced intermolecular Staudinger cycloaddition

A regiospecific protocol was described for the formation of highly functionalized
dienes. 2-Amino-3-dimethylaminopropenoates were reacted with acetylene
derivatives to furnish eventually 1-amino-4-(dimethylamino)buta-1,3-diene
derivatives (76) (Scheme 2.55). The reaction takes place via a cyclobutene inter-
mediate (75) by retro-electrocyclisation [89].

R' R?
1 2
COOMe MW R R
80 °C, 100-200 mi
MeN Ny t ORT—R? —mIEMezNJ:E\COOMe — ¢ N—coome
2 MeCN H NHY MeoN Ny
Y = COPh, COMe, Cbz 75 76, 40-92%

R, R? = H, COOMe, COOEt, COO'Bu, CF5

Scheme 2.55 A regiospecific [2+2] cycloaddition leading to buta-1,3-diene derivatives

Pfeffer and co-workers investigated the synthesis of dicyclobutene tetraester 77
by the reaction of norbornadiene and DMAD in the presence of [RuH,(CO)(PPh3);]
as a catalyst complex. While under conventional heating almost no product for-
mation was obtained, under MW irradiation, the corresponding cycloadduct was
formed already after 2 min (Scheme 2.56) [90].
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A)A
RuH,(CO)(PPhg);
100 °C, 14 h
toluene MeOOC
/ + lZMAD B MW MeOOGC COOMe
(2eq) RuH(CO)(PPhy); 77 COOMe
100 °C, 2 min A 1 <10%
DMF MW : 76%

Scheme 2.56 MW-assisted synthesis of a dicyclobutene tetraester

2.4.2 [3+42] Cycloadditions

1,3-Dipolar cycloadditions are among the most efficient procedures to form
five-membered heterocycles [84]. The reaction of azides with alkynes or nitriles are
powerful “click reactions” resulting in 1,2,3-triazoles or tetrazoles. Under tradi-
tional thermal conditions, these cycloadditions require often high reaction
temperatures.

The copper-catalyzed azide—alkyne cycloaddition (CuAAC) is one of the best
“click reactions” to date, as the use of Cu(l) catalysts provides a significant rate
acceleration as compared to the uncatalyzed 1,3-dipolar cycloaddition [91]. Several
examples confirmed that further enhancement can be obtained by MW irradiation
[92].

A new green method have been developed for the formation of 1,2,3-triazoles by
Taher and co-workers. A highly active and stable poly-phenylenediamine supported
copper(l) catalyst (Cu(I)-pPDA) was found to promote the 1,3-dipolar cycloaddi-
tion between terminal alkynes and azides (Scheme 2.57). Thus, the MW-assisted
solvent-free accomplishment provides 1,2,3-triazoles (74) of pharmaceutical
importance with excellent yields [93].

MW
600 W, 10-60 sec

N : !
@\/\ s — cat: Cu(l)-pPDA ©5\wa2
yi no solvent y1 NN
Y'=H, Br 78, 80-99%
Y2 = Pr, Bu, CH,0OH, CH,CH,OH, COOMe, COOEt, Ph, 4-MeOPh, etc.

Scheme 2.57 An environmentally benign synthesis of 1,2,3-triazoles

Other metal-catalyzed azide—alkyne cycloaddition reactions have also been
reported under MW heating. The synthesis of 1,2,3-triazoles via Ru-catalyzed
azide—alkyne cycloaddition (RuAACs) was described by Fokin. It is noteworthy
that while the 1,4-disubstituted triazoles were obtained in the Cu(I)-catalyzed
azide—alkyne cycloaddition, the Ru-catalyzed version led to the 1,5-regioisomers of
1,2,3-triazoles (Scheme 2.58). MW irradiation provided higher yields, cleaner
products in shorter reaction times, as compared to the results obtained on traditional
heating, upon which by-products were also formed [94].
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Scheme 2.58 MW-assisted MW _N
Ru-catalyzed azide—alkyne v TO°C, 20min 4 =
/- N [CPRUC, T N\/X
cycloaddition \ + =—Y2 ‘
¥ DMF _ Y2
Y' = H, Me, OMe, Cl, |, COOEt 79, 43-92%

Y2 = alkyl, heteroaryl

An interesting example for 1,3-dipolar cycloadditions is the reaction of an
azaphosphonate and an acetylenic ester to furnish the corresponding 1,2,3-triazole
as a mixture of two regioisomers (80A and 80B) (Scheme 2.59). While the reaction
took place in toluene at 110 °C after 30 h, the solvent-free MW-assisted variation
was complete after 5 min [95].

EtOOC COOEt
> — (0]
o MW - ‘O‘ OEt [i_OEt
N/\H/OEt . — COOEt 100 °C, 5 min Ns N P/ + Ns N P\/
3 P\OEt no solvent N\ \OEt N\ OEt
80A 92% 80B

Scheme 2.59 1,3-Dipolar cycloaddition of an azaphosphonate to an acetylenic ester

Kappe described the first example of an organocatalytic tetrazole-formation under
MW-assisted conditions. The catalyst (5-azido-1-methyl-3,4-dihydro-2H-pyrrolium
azide) was formed in situ. The cycloaddition of azides with organic nitriles resulted
in a series of 5-substituted-1H-tetrazoles in high yields (Scheme 2.60) [96].

MW NH
220°C, 1520 min N~

1= 2 I —— Ul Y
Y=N & Y2N, NP N\N/%

) 81, 79-95%

N+ N3

NG
Y' = Ph, 4-MePh, 4-CIPh, 4-CF4Ph, 3-MeOPh, 3-NO,Ph, 2-furyl

Y2 =H, Na, TMS

Scheme 2.60 Organocatalytic tetrazole-formation under MW irradiation

2.4.3 Diels-Alder Cycloadditions

The [4+2] cycloaddition of a conjugated diene and a dienophile is widely used to
form highly functionalized and fused ring systems. In most cases, the syntheses take
place with a high degree of chemo-, regio- and stereoselectivity.

Triazoles are known for their poor reactivity in [4+2] cycloaddition reactions.
However, an example was described in which the 1,2,3-triazole ring acted as a
diene towards dimethyl acetylenedicarboxylate (DMAD) in MW-assisted
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solvent-free Diels—Alder cycloadditions followed by a rearrangement to afford
functionalized pyrazole heterocycles (83) (Scheme 2.61). The yields could be
increased using a supported Lewis acid catalyst, which could be recycled at least
five times without a decrease of activation [97].

Ph
COMe
R! CO,Me MW \ 2
N 80-130 °C, 20 min DN MeOC.__{
LN R>/I comte B
re” N silica-bound AICI 7 2 P 2N
Ph CO,Me 8 NN /) - R—=N R b
R' = H, Et, Pr, CH3OCHj, Ph, CHO, CO,Me go  CO2Me 83, 35-64%

R? = H, Me, Et, Pr, CH;OCH,

Scheme 2.61 MW-assisted solvent-free [4+2] cycloaddition of triazoles to DMAD

Zheng observed the Diels—Alder reaction between Danishefsky’s diene and ethyl
a-substituted acrylate derivatives to provide cycloadducts 85 (after deprotection with
(+)-10-camphorsulfonic acid (CSA) or pyridinium p-toluene sulfonate (PPTS) from
84) (Scheme 2.62). The MW heating drastically accelerated the cycloaddition resulting
in the desired products in high yields. Compared to the traditional thermal conditions,
the method of Zheng offers a 14-48-fold rate acceleration with serious increase in the
yields. The adducts so-obtained are useful intermediates in the synthesis of a biotin
conjugate of monocyclic cyanoenone with high antiinflammatory activity [98].

OoTMS OTMS
MW OTMS
\ . oR _150-180°C, Th CSA or PPTS
MeO CO,Et o-dichlorobenzene
MeO™ ><co,et CO,Et
R=H, Ac, TBS, TMS, SEM Oa OR
84 85, 29-87%

Scheme 2.62 An effective MW-assisted [4+2] cycloaddition of Danishefsky’s diene

The MW-assisted intramolecular Diels—Alder cyclization of alkenylaminofu-
ranes at 180 °C in o-dichlorobenzene led to 4-monosubstituted indoles (87) after
dehydrative aromatization of intermediate 86 (Scheme 2.63). Interestingly, no
reaction was observed on conventional heating, whereas under MW-assisted con-
ditions, the cyclization furnished the desired 4-substituted indoles in high yields
[99]. Thus, the strategy shown is a convenient alternative to the transition
metal-mediated coupling processes affording such heterocycles.

R oH R
MW HO
@ SR 180 °C, 20-30 min A
(0] N/W o-dichlorobenzene N -2H,0 N
Boc OH Boc - Boc H
R = Ph, 4-MePh, 4-FPh, 4-MeOPh, efc. 86 87, 69-83%

Scheme 2.63 Intramolecular Diels—Alder cyclization of furan derivatives
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Kocevar developed an efficient synthesis of 1,5,6-trisubstituted indoles involving
two MW-assisted steps. The first step is the Diels—Alder cycloaddition reaction
between (Z)-1-methoxybut-1-en-3-yne with 2H-pyran-2-ones (88) yielding substi-
tuted aniline derivatives (89). In the next step, the adducts underwent intramolecular
cyclization under acidic conditions to give the corresponding indole derivatives
(90) (Scheme 2.64). It is worth mentioning that the analogous cycloaddition
reactions carried out under high-pressure conventional heating conditions needed
very long reaction times up to 138 days, and in two cases anomalous products were
obtained [100].

R. _O__0O OMe MW R! — . MW R
U + )/ 150 °C, 90-180 min ﬁjowm 120 °C, 10-15 min m
R2” 7 “NHCOR® & PhMe R2 NHCOR? ~ HCI/EtOH g N
. COR?®
88 89, 69-84% 90, 71-87%

R' = Me, CH,CO,Et,
R? = COMe, COEt, CO,Me, CO,Et
R® = Me, Ph, Bn

Scheme 2.64 MW-assisted synthesis of 1,5,6-trisubstituted indoles

The Diels—Alder cycloaddition of 3-nitro-1-(p-toluenesulfonyl)pyrrole with
N-acetyl-N-isopropyl-1,3-butadiene afforded an indole derivative (91) under
solvent-free MW-assisted conditions after the elimination of the nitro group and
in situ aromatization [101]. It is noted that the reaction did not occur on conven-
tional heating (Scheme 2.65).

o8
MW
A\ N)LMe 100 °C, 5 min N
+ N

N A solvent-free O, CHLCH

|

S0,CgH4CH3 _ o1 79 2veiiavTs
,79%

Scheme 2.65 Solvent-free MW-assisted [4+2] cycloaddition of a pyrrole derivative

A MW-assisted intramolecular didehydrogenative Diels—Alder reaction of
styrene-ynes (92) was reported to furnish fluorophores 93 (Scheme 2.66) [102,
103].

Y
=Y MwW X
180-225 °C, 20-150 min .OO
A X

92 93, 75-100%
X=H,Cl
Y = COH, COMe, COPh, CO,Me, SOPh, SO,Me, SO,Ph, PO(OEt),

Scheme 2.66 Didehydrogenative Diels—Alder reaction of styrene-ynes under MW conditions
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4-Substituted-2,3-dihydrofuro[2,3-b]pyridines and 5-substituted-3,4-dihydro-
2H-pyrano[2,3-b]pyridines (95) featuring close structural similarity to bioactive
molecules were obtained by the intramolecular hetero Diels—Alder cycloaddition of
alkyne triazines (94) under MW conditions in good yields (Scheme 2.67) [104].
MW activation proved to be efficient to promote the cycloaddition reaction.

A
N, MW '
~N 180-240 °C, 2.5-8 h BN ]
‘ /)\ - v . ‘ n
Ph™ "N” "O X chlorobenzene Ph N/ o
Ar
94 95, 67-99%

Ar = pyrid-4-yl, thien-2-yl, 4-MePh, 4-NO,Ph, 4-MeOPh

Scheme 2.67 Intramolecular inverse electron demand Diels—Alder reactions under MW irradiation

1,4-Dihydropyridines (97) were prepared by an aza-Diels—Alder [4+2]
cycloaddition strategy (Scheme 2.68) promoted by MW irradiation. The
1,4-dihydropyridine prepared (97) was converted further to antihypertensive drug
Amlodipine (not shown here) [105].

CO,Me cl MW cl
‘ I N . _-CO,CH,CH3 130 °C, 15 min H3CO,C CO,CH,CH3
CH Bn._ ~ ‘ ‘
3 ~N ’T‘
Bn
% 97, 48%

Scheme 2.68 Aza-Diels—Alder cycloaddition to form an 1,4-dihydropyridine derivative

The MW-assisted [4+2] cycloadditions for the synthesis of drug-like heterocycles
was also reported. The [4+2] cycloaddition of 1,4-diaryl-1-aza-1,3-butadienes (98)
with allenic esters at 100 °C followed by a tandem 1,3-H-shift provided
1,4-dihydropyridines (100) in excellent, 83-96 % yields (Scheme 2.69).
Comparative thermal reactions required 33—76 h resulting in lower yields [106]. The
unsymmetrically substituted 1,4-dihydropyridines (100) obtained are well-known
for their potential biological activities.

NO, NO,
y COLEt COLEt
MW
NOz /©/ R COEt 100°C 547 min | 1,3-H-shift l N |
H ( j

H
N” “CHR CH2R
v e 2
H toluene
Y =H, Me, OMe, CI, CN
R = Me, Et v

98 99 100, 78-97%

Scheme 2.69 MW-assisted synthesis of unsymmetrically substituted 1,4-dihydropyridines
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2.5 Conclusions

In summary, MW-assisted coupling reactions, condensations, multicomponent
reactions and cycloadditions providing an access to a wide variety of different
scaffolds were presented. In all cases, MW irradiation led to shorter reaction times
and higher yields in comparison with conventional heating, or even promoted
reactions that were unsuccessful on conventional conditions.
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Chapter 3
The Use of MW in Organophosphorus
Chemistry

Gyorgy Keglevich, Erika Balint and Nora Zs. Kiss

Abstract The third chapter summarizes a special field, the application of the
microwave (MW) technique in the synthesis of organophosphorus compounds. On
the one hand, reactions are shown that are otherwise rather reluctant on traditional
thermal heating. On the other hand, reactions are discussed, which, became more
efficient (shorter reaction times and higher yields) on MW irradiation. Finally, the
simplification of catalytic systems under MW conditions are surveyed.

Keywords Microwave - Organophosphorus chemistry - P-heterocycles - Direct
esterification - Alkylating esterification - T3P® reagent - C-alkylation
Kabachnik—fields condensation - Arbuzov reaction - Hirao reaction

3.1 Introduction

The use of MW technique in general organic syntheses was spread revolutionarily
in the last 35 years. As such, this novel approach was, of course, applied also in
organophosphorus chemistry from the beginning (~1980), however, the real
break-through happened much later. Guenin was the first, who collected the
examples of MW-assisted organophosphorus reactions into a review article [1] that
was followed by a few others compiled mainly by the author of this chapter [2—7].

G. Keglevich (PX) - N.Zs Kiss

Department of Organic Chemistry and Technology, Budapest University of Technology
and Economics, 1521 Budapest, Hungary

e-mail: gkeglevich@mail.bme.hu

E. Balint
MTA-BME Research Group for Organic Chemical Technology, 1521 Budapest, Hungary

© Springer International Publishing Switzerland 2016 47
G. Keglevich (ed.), Milestones in Microwave Chemistry,

SpringerBriefs in Green Chemistry for Sustainability,

DOI 10.1007/978-3-319-30632-2_3



43 G. Keglevich et al.
3.2 Alkylation of Active Methylene Containing Substrates

3.2.1 Monoalkylation of P=0-Functionalized CH-Acidic
Compounds

It was found that simple active methylene containing compounds underwent
C-alkylation by reaction with alkyl halides in the presence of K,COs; under
solvent-free MW conditions. The message of this discovery is that the phase
transfer catalyst can be substituted by MW irradiation [8, 9]. This method was then
extended to the alkylation of tetracthyl methylenebisphosphonate (1a), diethyl
cyanomethylphosphonate (1b) and diethyl ethoxycarbonylmethylphosphonate (1¢)
using K,CO5; or Cs,CO;5 as the base to give the corresponding monoalkylated
products (2a-c¢) in variable yields (Scheme 3.1, Table 3.1) [10-12].

The phase transfer catalyzed and MW-assisted alkylations of active methylene
containing substrates were summarized [13-15].

MW
100-140°C/1.5-2h
o) RX O R
EtO_ 1] M,COg EtO ] |
P—CHyZ ——————————— ~P—CH-
EtO ] - HX EtO )

Z = P(O)(OEt), (a), CN (b), CO,Et (c)
RX = Etl, PrBr, BuBr
M=KorCs

Scheme 3.1 MW-assisted substitution of active methylene containing compounds

Table 3.1 Summary of the MW-assisted alkylation of CH-acidic compounds

Entry | Starting RX M,CO; | Solvent | Mode of T/hp (° t Yield |Ref.
material heating C/bar) (h) |of2
1 la Etl Cs,COs3 |- MW 140/11 | 1.5 |80 [10]
2 la "PrBr | Cs,CO3 | — MW 120/6 4 57+P [10]
3 1b "PrBr | K,CO3 |- MW 100/2.5 |2 64 [11]
4 1b "BuBr |K,CO; |- MW 120/3 2 59 [11]
5 1c Etl Cs,CO5 | — MW 120 2 70 [12]
6 1c "PrBr | Cs,CO3 | — MW 120 2 71 [12]
7 1c "BuBr | Cs,CO3 |- MW 120 2 |70 [12]

“Proportion in the mixture on the basis of GC
"The mixed esters with one or two PrO groups were also present in 33 % and 10 %, respectively
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3.2.2 Dialkylation of P=0-Functionalized CH-Acidic
Compounds

A multi-step variation of the above method led to dialkyl derivatives [16]. Reacting
diethyl ethoxycarbonylmethylphosphonate (1¢) with 1.2 equivalents of alkyl
iodides in the presence of 1 equivalent of Cs,COj at 120 °C for 2 h, and repeating
the treatment of the crude product using 2 equivalents of the same alkylating agent
in the presence of 1.5 equivalents of Cs,CO5; for four times, the dialkylated
products (3) were obtained in 41-64 % yields (Scheme 3.2/A). In a similar way,
applying propyl iodide, butyl bromide, benzyl bromide in the first step, and ethyl
iodide in the second, third and fourth steps, the mixed alkyl derivatives 4 were
prepared in yields of 36-40 % (Scheme 3.2/B).

2-4) MW
120°C/2h
RX (2 equiv.)
O R
Cs2C0s EtO_I |
1) MW @ oG CORE
120°C/2h RX=EU,Pr,Bu O R
RX (1.2 equiv.)
Cs,C0, 3, 41-64%
¢ ——— 2¢ 2-4) MW R = Et, Pr, Bu
120°C/2h
Etl
: RX = Etl, Prl, Bul O R
@ A Y
: RX = Prl, BuBr, BnBr EtO/P*C‘J*COZEt
Et
4, 36-40%
R =Pr, Bu, Bn

Scheme 3.2 Dialkylation of diethyl ethoxycarbonylmethylphosphonate

3.3 Esterification-Related Reactions

3.3.1 Direct Esterification of Phosphinic Acids

It is well-known that phosphinic acids (5) generally do not undergo direct esterifi-
cation with alcohols to afford phosphinates (6) (Scheme 3.3/A). There are only a few
examples for the direct esterification of phosphinic acids [17]. For this, the esters of
phosphinic acids (6) are, in most cases, synthesized by the reaction of phosphinic
chlorides (7) with alcohols in the presence of a base (Scheme 3.3/B) [18-20].

Scheme 3.3 Synthetic routes ®
Ikyl phosphinates R 0 ., RL0 RL_0
to alkyl phosphinates \/F{, + R%OH \(, b:;(la ROOH + jP/<
g o H,0 RY_ OR® RZC
5

R', R? = alkyl, aryl R® = alkyl
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The generally applied esterification method (Scheme 3.3/B) has the disadvantage
of requiring the use of relatively expensive P-chlorides (7). Moreover, the hydrogen
chloride formed as the by-product should be removed by a base, and this method is
not atomic efficient.

We have recently found that a series of phosphinic acids underwent direct
esterification with longer chain alcohols on MW irradiation at around 170-220 °C
[21]. The firstexample was the esterification of phenyl-H-phosphinic acid (8) at 170 °C
to give the corresponding phosphinates (9) in yields of 73-90 % (Scheme 3.4).

o} MW o)
I RoH 170 °C/11 bar 1

Ph'/ OH * (gycess)  -HeO Ph"/ “OR
8 R=Et, "Pr,"Bu, Bu 9 (73-90%)

Scheme 3.4 Direct esterification of phenyl-H-phosphinic acid under MW conditions

This esterification was assumed to take place via the tervalent tautomer of the
phenyl-H-phosphine acid, but no evidence was presented [22].

The MWe-assisted esterification of cyclic phosphinic acids, such as
1-hydroxy-3-phospholene oxides (10), 1-hydroxy-phospholane oxides (11) and
1-hydroxy-1,2,3,4,5,6-hexahydrophosphinine oxides (12) was carried out at
180-235 °C in the presence of ca. 15-fold excess of the alcohols to afford the
corresponding alkyl phosphinates (13-15) in variable yields (Schemes 3.5, 3.6 and 3.7,
Table 3.2) [23-26].

R!' Me R' Me
I .
i + ROH T/1-15bar/t P
07 OH (15 equiv.) -H0 0~ OR?

10 13
R!=H, Me
R? = C,4-Cy, alkyl

Scheme 3.5 MW-assisted direct esterification of 1-hydroxy-3-phospholene 1-oxides

R' Me R' Me
S i
T/1-15bar/t
N + ROH —————— ' NAR2
0" OH (15 equiv.) -H0 0O~ OR
1 14
R'=H, Me
R? = C4,~C;, alkyl

Scheme 3.6 MW-assisted direct esterification of 1-hydroxyphospholane 1-oxides

Me MW Me
T/1-15bar/t
_ = P

P+ RPOH
0" OH (15equiv)  —HO o~ “oRe

12 15
R? = C4~C; alkyl

Scheme 3.7 MW-assisted direct esterification of a 1-hydroxy-1,2,3,4,5,6-hexahydrophosphinine
1-oxide
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Table 3.2 MW-assisted direct esterification of cyclic phosphinic acids (10-12)
Phosphinic acid R? T (°C) t (h) Isomeric Yield of 13-15 Entry
composition MW (%)
Me "By 200 2 - 58 (11) 1
(:S "Pent 220 25 - 94 2
10 iPent 235 3 - 74 3
(R'=H) "Oct 220 2 - 71 4
iOct 220 2 - 76 5
"Dodec | 230 2 - 95 6
Me_  Me "Pr 180 4 - 20 7
5 "Bu 220 3 - 60° 8
10 Bu 200 2 - 30 9
(R' = Me) "Pent 235 3 - 67 10
ipent 235 4 - 57 11
"Oct 230 2 - 95 12
Oct 220 25 - 82° 13
"Dodec | 230 2 - 95 14
Me "Bu 230 3 ~ 50-50 45 15
U "Pent 235 3 ~ 50-50 79 16
1 iPent 235 4 ~ 50-50 59 17
(R'=H) "Oct 230 4 ~ 50-50 74 18
Oct 220 3 ~ 50-50 86 19
Me_  Me "Bu 210 3 ~ 60-20-20 |54 20
U "Pent 235 5 ~ 70-15-15 |60 21
1 iPent 235 6 ~ 64-19-17 |56 22
(R' = Me) "Oct 230 4 ~ 60-20-20 |70 23
i0ct 220 4 ~ 66-19-15 |50 24
Me "Bu 230 3 ~ 69-31 45 25
U "Oct 235 4 ~ 66-34 62 26
12 f0ct 235 6 ~ 69-31 54 27

“In the thermal variation, the yield was 22 %
°In the thermal variation, the yield was 13 %
“In the thermal variation, the yield was 24 %

The method developed by us seems to be of more general value. It was also
found that the esterification of phosphinic acids is thermoneutral and controlled
kinetically. The reaction enthalpies were found to fall in the range of 0.1-
4.0 kJ mol™', while the activation enthalpies were in the range of 102.0—
161.0 kJ mol™" [25, 27]. Interestingly, the analogous thioesterifications were
reluctant and incomplete under MW conditions [28].
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3.3.2 Esterification in the Presence of the T3P® Reagent

The phenyl-H-phosphinic acid (8) could be esterified with simple alcohols effi-
ciently and under mild conditions in the presence of 1.1 equivalents of the T3P®
reagent as the activating agent (Scheme 3.8) [29].

Scheme 3.8 T3P®-mediated 1)25°C/05-1h
esterification of phenyl-H- T3P (1.1 equiv.)
.. . EtOAc
phosphinic acid 8 ———— - 9
2) ROH (3 equiv.) 81-95%

R = Me, Et, "Pr, ‘Pr, Bu, Bu, *Bu, Bu

It was found that the use of only 0.66 equivalents of the T3P® reagent was also
enough to reach yields of 78-91 % [29].

1-Hydroxy-3-phospholene 1-oxides (10) also underwent a similar T3P®-pro-
moted direct esterification (Scheme 3.9) [29, 30].

Scheme 3.9 T3P®-mediated 1)25°C/05-3h

esterification of T3P® (1.1 equiv.)
1-hydroxy-3-phospholene 10 EtOAc 13
1-oxides 2) ROH (3 equiv.) 61-95%

R = Me, Et, "Pr, 'Pr, Bu, Bu, *Bu, Pent, Pent, 3-pentyl, “Hex, Bn

However, the quantity of the T3P® reagent could be decreased to 0.66 equiva-
lents only under MW conditions and working at 85 °C [29].

1-Hydroxyphospholane 1-oxides (11) were also converted to the corresponding
phosphinates (14) in a similar way (Scheme 3.10) [29].

Scheme 3.10 T3P®- 1)25°C/1-2h

mediated esterification of T3P® (1.1 equiv.)
1-hydroxyphospholane 11 EtOAc 1
1-oxides 2) ROH (3 equiv.) 54-81%

R = Me, Et, "Pr, ‘Pr, "Bu, 'Bu, Bu

The use of only 0.66 equivalents of the T3P® reagent at 85 °C under MW
conditions furnished the phosphinates (14) in somewhat lower (55-67 %) yields
[29].

The role of the T3P® reagent is to activate the phosphinic acids (8, 10 and 11) by
converting them to the corresponding mixed anhydrides represented by general
structure 16 (Scheme 3.11).
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Scheme 3.11 Activation of

A\ o]
phosphinic acids NP o ™o >P</ % 9
Nt P! L O-P-0-P-0-P-OH
“on T PR REO Pr Pr P
8,10 and 11 o pr ' 15r '

3.3.3 Alkylating Esterification of Phosphinic Acids

Phosphinic esters may also be synthesized by alkylating esterification utilizing the
MW and phase transfer catalytic (PTC) techniques. This is shown on the example
of the alkylation of 1-hydroxy-3-phospholene oxides 10 (Scheme 3.12, Table 3.3)
[24, 31]. During the alkylations, similarly to that of phenols, the combined appli-
cation of MW irradiation and PTC was found to be synergistic [32, 33].

Scheme 3.12 Alkylating MW

o R Me 100 °C R Me
elzsLer:iﬁcano;l olf ol ZZS - K,COj3, TEBAC ZZS
- -3- + .
ydroxy->-phospholene P solvent-free M
1-oxides 0" OH 0" ©OR?
10 13, 56-95%
R'=H, Me

R2X = Etl, "PrBr, ‘PrBr, "BuBr, BnBr

Table 3.3 Alkylating R'  |R%X TEBAC (%) |t(h) | Yield of 13 (%)

esterification of phospholene

oxides under solvent-free H Ed - ! 80

MW conditions H EtI 5 1 90
H "PrBr - 1 73
H "PrBr 5 1 94
H PBr |- 1.5 42
H PBr |5 1 65
Me Etl - 1 83
Me Etl 5 1 95
Me "PrBr - 1 49
Me "PrBr 5 1 90
Me |'PBr |- L5 18
Me |'PBr |5 1 56

The O-alkylations could, of course, be extended to 1-hydroxyphospholane
oxides and to a 1-hydroxy-1,2,3,4,5,6-hexahydrophosphinine oxide [24].

The alkylation of thermally unstable cyclic phosphinic acids, such as a
1-hydroxy-3-phosphabicyclo[3.1.0]hexane 3-oxide and 1-hydroxy-1,2-
dihydrophosphinine oxide was performed using K,COj in acetone at 63 °C [34].
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3.3.4 Transesterification Reactions of Dialkyl Phosphites
(H-Phosphonates)

It was found that dialkyl phosphites (17) underwent alcoholysis on exposing their
alcoholic solutions to MW irradiation above 100 °C. In most cases, the three
possible phosphites (18, 19 and 20) were present in the mixture (Scheme 3.13,
Table 3.4). The reaction could be controlled to give the dialkyl phosphite with two
different alkyl groups (19) as the major component, or to provide the fully trans-
esterified product (20) as an almost exclusive product. Comparative thermal
experiments were also performed [35].

MW MW
1 100-175°C 100175°C
RO_O mon  RO_O  moy  RO_O
RO" H -RIOH RO H -R'OH RO H
18 19 20
R' = Me, Et, Bu

R? = Me, Et, 'Pr, Bu

Scheme 3.13 Transesterification of dialkyl phosphites

Table 3.4 Results of the reactions of dialkyl phosphites with alcohols

R! R? Equivalents of R*OH [T (°C) |t (min) |p (bar) | Composition (%)
18 (19 |20
Me |Et 5 100 120 3 29 |56 15
Me |Et 50 125 60 6 2 |37 61
Me |Et 50 175 40 15 0 4 96
Et Me |50 125 60 8 48 |40 12
Et Me |50 150 60 15 1 |19 80
Et Me |50 175 40 19 0 |21 79
Me |Bu |25 125 60 3 0 |40 60
Me |[Bu |50 150 90 6 0 0 100
Et Bu |25 125 60 3 25 |54 21
Et Bu |50 175 40 9 0 2 98

As can be seen from Table 3.4, the outcome of alcoholysis depended on the
nature of the reagents, the molar ratio of alcohol and substrate, the temperature and
reaction time. Using the alcohol in a less excess and applying lower temperatures,
the proportion of the mixed dialkyl phosphites (19) was 40-56 %. Increasing the
proportion of the alcohols and elevating the temperature, the fully transesterified H-
phosphonate (20) became the predominating component. The dialkyl phosphites
with mixed alkyl groups are valuable building blocks.
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The alcoholysis of diethyl phosphite with ethylene glycol may principally lead to
mixed ester 21, fully transesterified product 22 and bis(H-phosphonate) 23
(Scheme 3.14, Table 3.5). The composition of the mixture depended on the ratio of
the starting materials and the temperature [36].

MW
Et0_ T/t HO-(CHpp-O_ O HO-(CHpO O E0f Q OEt

P04 HO~(CH,),~OH p B+ P—0-(CHypp—0-P
B0 “H EO” “H HO-(CH=O" “H H H

18 21 22 23

Scheme 3.14 MW-assisted alcoholysis of diethyl phosphite with ethylene glycol

Table 3.5 MW-assisted alcoholysis of diethyl phosphite with ethylene glycol under different
conditions

Entry Molar ratio T (°C) t (h) Conversion Product
(%) composition
(%)

(EtO),P(O)H (HOCH,), 21 22 |23
1 1 1 120 6 55 76 13 11
2 1 1 140 1* 67 79 11 9
3 1 4 140 1 64 59 |41 0
4 1 8 140 1 39 41 59 0
5 2 1 140 3 59 75 0 |25

%On a prolonged heating (3 h), a considerable amount of by-products were formed

The maximum proportion (79 %) of the mixed ester (21) was obtained at 140 °C
using the reactants in a 1:1 ratio. The bis(hydroxyethyl) derivative (22) was formed
in a relative proportion of 59 %, if the glycol was measured in an eight-fold
quantity. The bis(phosphono) derivative (23) was present in 25 % at a
(EtO),P(O)H-(HOCH,), molar ratio of 2:1.

In the MW-assisted reaction with diethyl phosphite, ethanolamine acted as an
O-nucleophile. However, when ethanolamine was applied in only a 1-2 equiva-
lents quantity, not alcoholysis, but mono- and diethylation of the ethanolamine took
place. Using ethanolamine in a 4—10-fold quantity at 140 °C for 20 min, different
ratios of the mixed phosphinate (24) and the fully transesterified product (25) were
obtained (Scheme 3.15, Table 3.6) [36].

MW
Et0_ 0 140 °C, 20 min HoN=(CH2),=0 O HN=(CHp—O O
/P\ + HO—(CHy),—NH, ————— PO+ _P
EtO H EtO H HyN—(CHp),—O H
18 24 25

Scheme 3.15 MW-assisted alcoholysis of diethyl phosphite with ethanolamine
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Table 3.6 MW-assisted alcoholysis of diethyl phosphite with ethanolamine at 140 °C for 20 min

G. Keglevich et al.

Entry Molar ratio Conversion (%) Product
composition
(%)
(EtO),P(O)H HO(CH,),NH, 24 25
1 1 4 100 45 55
2 1 8 100 22 78
3 1 10 100 15 85

From the point of view of bis(aminoethyl)phosphite (25), the best experiment
was, when ethanolamine was measured in a 10 equivalents quantity and the reaction
was performed at 140 °C for 20 min.

3.4 Amidation of Phosphinic Acids

Phosphinic acids fail to undergo reaction with amines on heating. The usual synthesis
of phosphinic amides (27) involves the reaction of phosphinic chlorides (7) with
amines (Scheme 3.16). The direct amidations of phosphinic acids 5 attempted under
MW irradiation remained incomplete with conversions of 30-33 % (Scheme 3.16)
[37]. The ammonium salts of type 26 are intermediates in these amidations. The
unreactivity even on MW is the consequence of the endothermicity of the direct
amidations (AH° = 17.1-39.0 kJ mol™"). It can be concluded that the amidation of
phosphinic acids is controlled thermodynamically [25].

Scheme 3.16 Possible ways

MW
AR ~220 °C / 6-8 bar
for the amidation of RONH,

. . . 1
phosphinic acids (excess) R\P//O
“H,0 N e -H,0 \
R O / R?_O @ R O
o 26 R°NH; N
o AN
RZ “OH 26 °C R o RONH, rRZ NHR®
5 SOCl, Ny NEts 27
CHClg g ol PhMe

- HCI

7
Me Me Me
JT O X
Me
a c d

R® = "Hex, °Hex, Bn

R1
R?

In the light of this fact, it is better to carry out the amidations under discussion
via the traditional way, using phosphinic chlorides (7) as intermediates. However, it
was observed that in the reaction of 1-chloro-3-methyl-3-phospholene oxide (7a)
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with primary amines, bis(phosphinoyl)amine type side products (28) were also
formed [38].

Me Me
R? = "Hex, *Hex, Bu
P 3 y
O/)D\N/ \\O
R2
28

Moreover, fine-tuning the molar ratio of the components and the addition
technique, it was possible to obtain the bis(phosphinoyl)amine (28) as the exclusive
product.

It was also possible to utilize this protocol in the synthesis of mixed derivatives
represented by structure 29 [39].

R! Me
Z*S R'=H, Me
N R? = Bu, Bn
2 ’
@ "o Y=Pn EO, PrO
RZ
29

3.5 P-C Coupling Reactions

The Hirao-reaction comprising the P-C coupling of a vinyl halide/aryl
halide/hetaryl halide and a >P(O)H species has become an important tool to
synthesize phosphonates, phosphinates and phosphine oxides [40, 41]. This
reaction model prompted many chemists to elaborate “green” variations.

It was interesting to find that there is no need to use the expensive Pd(Ph;P),
catalyst in the coupling reaction of dialkyl phosphites with bromobenzene, as
Pd(OAc), also catalyses the Hirao reaction in the absence of any added P-ligand.
A MW-assisted solvent-free accomplishment was the best choice [42, 43]. The
arylphosphonates (30) were obtained in 69-93 % yields (Scheme 3.17).

Scheme 3.17 Pd-catalyzed MW ‘C‘)
coupling reaction of dialkyl Br 150-200 °C P(OR),
Pd(OAC),

phosphites and aryl bromides

X . TEA X

| | + (RO} —_— |

X H solvent—free X
Y Y

R =Et,Bu 30

yield: 69-93%
Y = H, 4-MeO, 3-MeO, 4-Bu, 4-Pr, 4-Et, 4-Me, 3-Me, 4-F, 3-F,
4-Cl, 3-Cl, 4-CO,Et, 3-CO,Et, 4-COMe, 3-COMe
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The use of alkyl phenyl-H-phosphinates in reaction with bromobenzene led to
alkyl diphenylphosphinates (31) (Scheme 3.18).

Scheme 3.18 Pd-catalyzed MV\é
. . 150 °
coupling reactlon.of alkyl o PA(0A%),
phenyl-H-phosphinates and I TEA I
bromob PRBr + ph—P~H  ~govents Ph—F~Ph
romobenzene G solvent-free L
R = Et, Pr, Pr, Bu, Bu, Pent 3

yield: 68-91%

Dibenzo[c.e][1,2]oxaphosphorine oxide was also utilized as a P-reagent.
Extending the reaction to secondary phosphine oxides, the products of the P-C
coupling reaction are phosphine oxides (32) (Scheme 3.19).

Scheme 3.19 Pd-catalyzed MW 0
coupling reaction of Br 150-175°C PZ,
d hosphi id Pd(OAc),
secondary phosphine oxides - TEA
and aryl bromides A
Y
Y =H,Me, F,Cl Z=Ph,Pr,Bu, Bn 32

yield: 80-95%

A P-ligand-free Pd-catalyzed method was also utilized in the reaction of
2-nitro-5-bromoanisole with diethyl phosphite using K,COj as the base and xylene
as the solvent [44].

It was interesting to find that the MW-assisted P-ligand-free accomplishment
worked also with NiCl, as the catalyst. In these variations, acetonitrile had to be
used due to the heterogeneity of the reaction mixtures. The series of arylphos-
phonates (30), alkyldiphenylphosphinates (31) and diaryl-phenylphosphine oxides
(33) were prepared as shown in Schemes 3.20, 3.21 and 3.22 [45].

Scheme 3.20 Ni-catalyzed MW o
coupling reaction of alkyl Br ﬁi%TC P(OR),
phenyl-H-phosphinates and B P K20023 B
aryl bromides ‘ Y o+ (RO)ZP\H " acetonitiile ‘ Y
30
R =Et Bu 31-92%

Y = Ph, 4-MeO, 3-MeO, 4-Bu, 4-Pr, 4-Et, 4-Me, 3-Me, 3-Cl, 4-F, 3-F

Scheme 3.21 Ni-catalyzed MWC
. . . 150 ©
coupllng reaction of dialkyl o 5% NiCl,
phosphites and bromobenzene I KoCO3 1
PhBr + Ph7/~H acetonitrile Ph~/~Ph
RO RO

) ) 31
R = Me, Et, Pr, Pr, Bu, ‘Bu, 'Pent 84-90%
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Scheme 3.22 Ni-catalyzed 1%\,!0
couph(l;g rea}clztlonhpf ” 5:?8183'2
seconda osphine oxides / /
Ty phosp PhBr + AP G ArP?
and bromobenzene H acetonitrile Ph
33
84-91%

Ar = Ph, 4-MeOCgH,, 4-BuCgH,, 4-MeCgH,,
3-MeCgHj, 4-FCgHj, 4-CICgHL,

The P-ligand-free approaches are environmentally-friendly as save costs and
environmental burdens. Other MW-assisted variations of the Hirao-reaction were
also described, but they applied P-ligands [46—49].

The P-C coupling of halobenzoic acids and diarylphosphine oxides was per-
formed in the absence of any catalyst in the presence of K;COj in water under MW
conditions (Scheme 3.23) [50].

Scheme 3.23 Catalyst-free COH Mw CO,H
coupling reaction of x o 2%0(; 9
. . . Y,
diarylphosphine oxides and | X + APl ———— || JPAn
! N = H HO =
halobenzoic acids "
X = 4-1, 4-Br, 3-Br ~ 59-82%

Ar = Ph, 4-MeCgH,

This protocol was then utilized for the synthesis of a mixed triarylphosphine
oxide (35) (Scheme 3.24).

Scheme 3.24 Synthesis of CO.H 0 MW o
trialkyl-substituted phosphine @P*H :(SOC(G)C @POCOZH
oxide with different aryl + —=
groups H:0
|
Me Me

~62%

Till data, the P-ligand-free variation may be the most attractive protocol for the
Hirao reaction. As a matter of fact, in the P-ligand-free cases, the trivalent tautomer
form of the >P(O)H reagent may act as the ligand. The “green” accomplishments
have been summarized [51, 52].
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3.6 Arbuzov Reactions

Beside the Hirao-reaction, the Arbuzov-reaction is also a suitable method for the
preparation of arylphosphonates [53]. However, special protocols are necessary to
overcome the decreased reactivity of the aryl halides.

Arylphosphonates (36) are the products of the MW-assisted catalytic Arbuzov
reaction of aryl bromides with triethyl phosphite. In the presence of a Ni salt
catalyst, the phosphonates (36) could be prepared in yields of 67-86 %
(Scheme 3.25) [54].

Scheme 3.25 MW-assisted Br o. DEt
Arbuzov reaction of aryl R MW “P—-OEt
halides and triethyl phosphite + (EO),p 80°C.2h R
4 > NiCly
R R - EtBr . 5
R3 R R
RB
36
RTR2 R R g7.86%

a H H H H
b CH; H H H
¢ H H CHy H
d H H cyclohexyl H
e H H OCF H
f H H CFa H
g H H OCH; H
h H H COJCH; H
i F H H H
i H F H H
k H H F H
I F H H F

3.7 Phospha-Michael Additions

Simple phospha-Michael reactions, such as the addition of dialkyl phosphites or
diphenylphosphine oxide to methyl vinyl ketone or cyclohexene-2-one were per-
formed using NaOR/ROH (R = Me, Et), NaOH/H,O under PTC or
1,8-diazabicycloundec-7-ene (DBU). There was no need to apply MW irradiation
[55]. Phospha-Michael reactions of methyl vinyl ketone with P-heterocyclic
nucleophiles  deriving from a dibenzo-1,2-oxaphosphorine oxide or
1,3,2-dioxaphosphorine oxide were carried out in the presence of DBU [56].
However, the addition of dialkyl phosphites, dibenzo-1,2-oxaphosphorine oxide
and diphenylphosphine oxide to the electron-poor double-bond of a
1,2-dihydrophosphinine oxide required a greater activation, so that first the >P(O)H
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species had to be converted to the corresponding anion by deprotonation with
trimethylaluminum [57, 58]. In these reactions, MW irradiation was unable to
enhance the addition of the >P(O)H species to the not too reactive CH=CH-P(O)<
unsaturation of the reactants.

However, MW irradiation was useful in the addition of dialkyl phosphites and
diphenylphosphine oxide to the double-bond of 1-phenyl-2-phospholene 1-oxide
(37) (Scheme 3.26) [59]. In these cases, the adducts (38) were formed as 1:1
mixtures of two isomers.

Scheme 3.26 Michael ﬁ)
addition of >P(O)H species to MW PY,
1-phenyl-2-phospholene / \ o
l-gxidg PO P\ + YPOH 0HED P
0” “Ph o” “Ph
87 Y = EtO, MeO, Ph 38
47-88%

Using dialkyl phosphites pre-reacted with trimethylaluminum, the above addi-
tions took place more efficiently (in 89-93 % yields), and were selective leading to
only one isomer.

MW addition promoted the addition of dialkyl phosphites, ethyl phenyl-H-
phosphinate and diphenylphosphine oxide to the reactive unsaturation of N-phenyl
and N-methylmaleimide, as well as maleic anhydride (Schemes 3.27 and 3.28) [60].
In most cases, the reactions were performed in the absence of any solvent. Products
39 and 40 were obtained, with one exception, in good yields.

Scheme 3.27 Michael ;0
.. . (6] MW Yo ,‘:L o
addition of >P(O)H species to vi o o
maleimide derivatives Nz + B LY N-Z
v2 'y  solvent
39 ©
Z Y' Y2 T(°C) t(h) solvent yield of 39 (%)
Ph EtO EtO 175 25 - 83
Ph MeO MeO 175 25 - 81
Me EtO EtO 175 - 95

3
Me MeO MeO 175 3 - 71
Ph Ph EtO 175 25 - 92
Me Ph EO 175 3 - 80
Ph Ph Ph 120 3 MeCN 97
Me Ph Ph 120 3 MeCN 98

(o}
o I o
T'\%Vh Y2P
| O + Y,P(OH “sovent 0
o 40 o
Y T(°C) solvent yield of 40 (%)
EtO 120 49

Ph 175 MeCN 66

Scheme 3.28 Michael addition of > P(O)H species to maleic anhydride
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Depending on the molar ratio of the reactants and the conditions (temperature
and reaction time), the addition of dialkyl phosphites or diphenylphosphine oxide to
the triple bond of dimethyl acetylenedicarboxylate resulted in the formation of a
comparable mixture of the corresponding monoadduct (41) and bisadduct (42), or
the bisadduct (42) as the predominating or exclusive product (Scheme 3.29,
Table 3.7) [61].

COOMe Mw MeOOC.__P(O)Y, MeOOC

P Tt
H * Y'P\H solvent-free | *
MeOOC MeOOC”™ "P(O)Y.
COOMe o e00C" L FOY:

PO)Y2

Y= MeO, EtO, BuO, BnO, Ph

Scheme 3.29 MW-assisted addition of dialkyl phosphites and diphenylphosphine oxide to
dimethyl acetylenedicarboxylate

Table 3.7 The MW-assisted addition of dialkyl phosphites and diphenylphosphine oxide to
dimethyl acetylenedicarboxylate

Entry Y ny,P(OH T (°C) t (h) Product Yield (%)
T(Me0.CO), composition

(%)

41 42
1 MeO |05 90 — 100 | 5.5 55 45 |45 41 (Y = MeO))
2 MeO 2 100 35 5 95 90 (42 (Y = MeO))
3 EtO 0.5 90 — 100 5.5 51 49 46 (41 (Y = EtO))
4 EtO 2 100 35 7 93 87 (42 (Y = EtO))
5 BuO 0.5 90 — 100 55 50 50 44 (41 (Y = BuO))
6 BuO 2 100 35 6 94 |90 @2 (Y = BuO))
7 BnO 05 90 — 100 | 5.5 43 57 |39 @1 (Y = BnO))
8 BnO 2 100 35 0 100 |96 @2 (Y = BnO))
9 Ph 05 26 025 |58 42 |53 @41 (Y =Phy
10 Ph 2 80 0.75 4 96 |94 (42 (Y = Ph))

The similar reaction of alkyl phenylpropiolates and two equivalents of dialkyl
phosphites at 190 °C afforded a mixture of E and Z alkyl 3-(dialkoxyphosphoryl)-
3-phenylacrylates (43), and in a few cases some of the bisadducts (44). Within the
phosphoryl-phenylacrylates (43) the E isomer predominated (Scheme 3.30,
Table 3.8) [62].
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1 Q ore
COOR™ o6 o R'00C COOR' R'00C.__P2N
| +2 ¥ _190°C,3h _ °C 3h I . I . I “OR

R20" H solvent-free _OR? _OR? _OR?
Ph w “OR?2 (u) “OR? F\ORZ
R'=Me, Et R?=Me, Et, Bu 43- E 43-Z 44

Scheme 3.30 MW-assisted addition of dialkyl phosphites to methyl- and ethyl phenylpropiolate

Table 3.8 The MW-assisted addition of dialkyl phosphites to alkyl phenylpropiolates

Entry R! R? Product composition (%) Yield (43-E) (%)
Monoadduct Bisadduct (44)
43)
E Z

1 Me Me 73 13 14 60

2 Me Et 90 10 0 84

3 Me Bu 89 11 0 83

4 Et Me 74 14 12 66

5 Et Et 86 14 0 80

6 Et Bu 85 15 0 72

3.8 The Addition of >P(O)H Species
to Carbonyl-Compounds

a-Aryl-o-hydroxyphosponates and a-aryl-a-hydroxyphosphine oxides (45), poten-
tially bioactive substrates, were synthesized in a catalytic and solvent-free
MW-assisted reaction comprising the addition of >P(O)H species to aryl aldehydes
(Scheme 3.31, Table 3.9) [63].

MW
110 °C/20 min
O Na,COs (0.75 equiv.) oH
z CHO + Y, ———————> 7 CH-PY,
\H solvent-free
Z = H, OMe, Me, Cl, NO, 45
Y = EtO, MeO, Ph 62-88%

Scheme 3.31 MW-assisted synthesis of a-hydroxyphosphonates and a-hydroxyphosphine oxides
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Table 3.9 Summary of the MW-assisted synthesis of o-hydroxyphosphonates and
a-hydroxyphosphine oxides

Entry Y Z Yield of 45 (%)
1 EtO H 85
2 MeO H 87
3 Ph H 88
4 EtO MeO 82
5 MeO MeO 84
6 Ph MeO 78
7 EtO Me 87
8 MeO Me 62
9 Ph Me 80°
10 EtO cl 84
11 MeO Cl 72
12 Ph al 79°
13 EtO NO, 86°
14 MeO NO, 71
15 Ph NO, 80
2110 °C, 0.5 h
150 °C, 1 h

Dialkyl phosphites were also added to the carbonyl function of a-ketophos-
phonates (46) to result in the formation of dronate analogue a-hydroxybisphos-
phonates (47) in the presence of diethylamine and in the absence of any solvent.
Under optimum conditions, the formation of the rearranged by-product 48 could be
avoided (Scheme 3.32) [64, 65].

MW

. O OHO
120 °C/20 min T
RO),P—C—P(OR),
DEA (5%) \
IR Py no solvent Me .
(RO)2.P—CMe + (RO):P 47 (85/81%)
N H OH o
I I
R = Me (a), Et (b) (RO),P—C—0—F(OR),
Me
48

Scheme 3.32 MW-assisted reaction of a-ketophosphonates and dialkyl phosphites

It was interesting to find that on MW irradiation, a-ketophosphonate 46b was
converted to o-hydroxybisphosphonate 47b. Half of the starting material (46b)
served as the precursor for diethyl phosphite which then reacted with the unchanged
46b to afford bisphosphonate 27b (Scheme 3.33) [65].
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0

MW
(EtO),PL
H

_46b o

46b

Scheme 3.33 Preparation of hydroxybisphosphonate 47b directly from the a-ketophosphonate
precursor

3.9 The Conversion of a-Hydroxyphosphonates to a-
Aminophosphonates

Surprisingly, a-hydroxyphosphonates 25 could be easily transformed to the cor-
responding o-aminophosphonates (49) by reaction with primary amines
(Scheme 3.34) [66]. The substitution reaction was promoted by the neighbouring
group effect of the adjacent P=O function.

MW
HO O -100 0 YHN ©
T 1 > | 11
Ph-CH-P(OEY), — -~~~  Ph~CH-P(OE,
45, Y=Et0  Soventiree 49

_ 54-86%
Y = Pr, By, 'Pr, Bu, Bn, PhCH,CH,, °Hex

Scheme 3.34 Preparation of o-aminophosphonates by substitution reaction of a-
hydroxyphosphonates

3.10 The Kabachnik-Fields (Phospha-Mannich) Reaction

a-Aminophosphonates (50, Y = RO), the analogues of a-aminoacid esters, and o-
aminophosphine oxides (50, Y = Ph) were synthesized by the solvent- and
catalyst-free MW-assisted Kabachnik-Fields condensation of primary amines,
aldehydes/ketones and >P(O)H reagents, such as dialkyl phosphites and
diphenylphosphine oxide. Earlier preparations utilized special catalysts (e.g. BINO3
[67], phthalocyanine [68], and Lantanoid(OTf); [69]), which mean cost and envi-
ronmental burden. It was found that under MW conditions there is no need for any
catalyst. Moreover, the condensation was performed in the absence of any solvent
(Scheme 3.35, Table 3.10) [70]. In a few cases, the >P(O)H species was added to
the preformed Schiff base (R'N=CR’R?).

2 2 go1m0- ROy
P 450 ©

RINH, + G+ Hp( B0120°CTt iy o pl
R? R3 Y - H,O F“a Y

R'=Ph,Bn Y =EtO, MeO, Ph 50

RZ

RS

H H Me
HPhPh<>

Scheme 3.35 MW-assisted Kabachnik—Fields condensations
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Table 3.10 Summary of the MW-assisted Kabachnik—Fields reactions

Entry R! R? R? Y T (°C) t (min) Yield of 50 (%)
1 Ph H H EtO 80° 15° 91
100° 30°
2 Ph H H MeO 80° 15 80
80P 60°
3 Ph H H Ph 80 30 94
4 Bn H H EtO 100 30 81
5 Bn H H Ph 80 30 88
6 Ph H Ph EtO 100 30 93
7 Ph H Ph MeO 100 30 86
8 Ph H Ph Ph 80 30 87
9 Bn H Ph EtO 100 20 83
10 Bn H Ph MeO 100 20 87
11 Ph Me Ph EtO 120 40 80
12 Bn Me Ph EtO 120 30 84
13 Bn Me Ph Ph 100° 30° 80
120° 30°
14 Ph C EtO 120 40 81
15 Bn C EtO 120 30 91
16 Bn C MeO 120 30 85
17 Bn Ph 100° 30° 80
C 120° 30°

“Condensation of the oxo-component and the amine
®Addition of the >P(O)H species to the Schiff-base

MW-assisted phospha-Mannich condensations were also performed in an excess
of diethyl phosphite. Due to the use of domestic MW ovens, the reaction temperatures
were not reported [71, 72].

The use of heterocyclic amines pyrrolidine, piperidine derivatives, morpholine
and piperazine derivatives or heterocyclic >P(O)H species (e.g.
1,3,2-dioxaphosphorine oxide) led to N-heterocyclic [73] and P-heterocyclic [74]
a-aminophosphonates (51, Y = EtO and 52) and a-aminophosphine oxides
(51, Y = Ph) (Schemes 3.36 and 3.37).

MW 4 o)
R i 80 °C PN = CH- By
NH + (CH20), + HPY, o solvent , =P Yo
R? -H,0 §
2 51

R'=

0 Cwl 00
R*= __/ -/
Y = EtO or Ph

Scheme 3.36 Kabachnik—Fields reactions with N-heterocycles as the amine component



3 The Use of MW in Organophosphorus Chemistry 67

MW
O\\ 0 55 °C R1\ ‘c‘)
R'R®NH + (CH0), + R oo~ NTCHR-0
H O 3 R? 0

R'= /\ /\
R2=E> o\_/ MeC m{ >7N\_/

Scheme 3.37 Kabachnik—Fields reactions with 1,3,2-dioxaphosphorine oxide as the P-reactant

In the reaction of dialkylamines, paraformaldehyde and dibenzo[c.e][1,2]-
oxaphosphorine oxide (53), the heterocyclic ring underwent ring opening by
reaction with water formed in the condensation to result in end-product 55
(Scheme 3.38) [74].

g 0
i waen AL o ot L
o O AW R NGH,—p o ReNCH—P
RoNH + (CH0)y + — o} OH
R EtOH HO
e W) O ®

53 54 55

Scheme 3.38 Kabachnik—Fields reaction with a dibenzooxaphosphorine oxide as the P-reactant

Then 3-amino-6-methyl-2H-pyran-2-ones (56) were utilized in the Kabachnik—
Fields reaction with formaldehyde and dialkyl phosphites or diphenylphosphine
oxide (Scheme 3.39) [75].

MW o

M 0._0O Me._O
© Y. O 100-120 °C, 1.5-4 h o
\ _ + (HCHO), + K —_— ‘ _ nyY
z NH, Y H solvent-free z NH'CHz‘F’\Y

or acetonitrile
56 57

Z =H, C(O)Me, C(O)Ph Y = MeO, EtO, BuO, Ph 61-98%

Scheme 3.39 The synthesis of phosphono- or phosphinoylmethylamino-2H-pyran-2-ones

Phospha-Mannich-condensations are also known to proceed with trialkyl
phosphites in water as the solvent. In this respect, the reaction of benzylamine,
benzaldehyde and triethyl phosphite was investigated in comparison with the
variation using diethyl phosphite as the P-reagent. The first version was practically
complete at room temperature, but the conversion with diethyl phosphite remained
uncomplete (Scheme 3.40) [76]. This experience justifies again the MW-assisted
and solvent-free accomplishment of the Kabachnik-Fields reactions utilizing
dialkyl phosphites [70].
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(0] OFEt (0]
I EtO-F. 26°C I_OEt
CHz~NH, Con OBt prsa CHeNH=CH P ogt
o T
EtO,_,0 H0
/P\
B0 H 58

Scheme 3.40 Kabachnik-Fields condensation with triethyl phosphite or diethyl phosphite in
water

Primary amines are able to participate in bis(Kabachnik-Fields) condensations
[77]. In such cases, alkyl or arylamines were reacted with two equivalents of the
formaldehyde and the >P(O)H species to afford the bis(ZIZZP(O)CHz)amines 89)
(Scheme 3.41) [78-80]. Most of the reactions could be carried out without the use
of any solvent, but for example the conversions with diphenylphosphine oxide had
to be performed in acetonitrile due to the heterogeneity.

; MW 9/21
Z P  100°C,1h SCH=P
Y—NH, + 2(HCHO), + 2 R~ ————— Y-N z!
72" H solvent-free “CH,—PZ
or acetonitrile 2~z
Y= "Pr, "Bu, ‘Hex, Bn, Ph, 4-MeOCgH, o
59

-0
z'| oMe OEt OBu OBn OEt Ph ,O> 79-98%
72| OMe OEt OBu OBn Ph Ph O ‘ .

Scheme 3.41 The bis(Kabachnik-Fields) reaction

The bisphosphinoyl derivatives (59, Z'=Z?=Ph) were transformed after
double-deoxygenation to bis(phosphines) that were useful in the synthesis of ring
platinum complexes [79, 80].

o-, B- and y-amino acids (or esters) (60) were also utilized in the double
Kabachnik-Fields condensation to furnish the bis(phosphono- or phosphinoyl)
products (61) (Scheme 3.42) [81, 82].

MW 7H
LOR Y. ,0  100°C,1h /CHa=PY,
(HzC)\n + 2 (HCHO), + 2 P m’ R020*(CH2)n-N\
NH, Y H CHy—PY,
60 Y= MeO, EtO, BuO, BnO, Ph 61 0
R =H, Me, Et 60-97%
n=1,2,3

Scheme 3.42 Bis(Kabachnik—Fields) reactions with amino acid derivatives

As further bis(Kabachnik—Fields) reactions, paraphenylene diamine was reacted
with two equivalents of benzaldehyde derivatives and triethyl phosphite or diethyl
phosphite (Scheme 3.43/(1)), or terephthalaldehyde was reacted with two
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equivalents of arylamine and P-reagent (as above) (Scheme 3.43/(2)). The bis-
products 62 and 63 were obtained in variable yields [83].

Ar
26°C,3-9h o)
NH, T3P® (2 equiv.) N)\H§0Et
(EtO)3P (2 equiv.) or OFt
(EtO)2P(O)H (2equiv.)
+ 2 (1)
A H EtOAc, CH,Cl, o
I OEt
NH, HNY Oet
Ar = Ph, 4-MeCgHj,, 4-MeOCgH,, 4-MeOOCCgH,, Ar
4-FCgHy, 4-CICgHy4, 4-BrCgHy4, 4-NO,CgH,, 62 (64-87%)
26°C, 1.5-5h Ar E”OEt
_0O T3P® (2 equiv.)/ EtOAC HN ~OEt
(EtO)3P (2 equiv.) or
EtO)2P(O)H (2 equiv.
2ANH, + (EtO)2P(O)H (2 equiv.) @
EtOAc, CH,Cl,
. R0
o | “OEt
Ar = Ph, 4-MeCgH,, 4-MeOCgH,, 4-EtOOCCgH,, Ar
4-FCgHy, 4-BrCgHy, 4-NO,CgHy, 2-MeSCgHa, 63 (54-95%)

3-F4CCqHs

Scheme 3.43 Further variations of the bis(phospha-Mannich) reactions

3.11 Inverse Wittig-Type Reactions

The use of the MW technique was rather advantageous in the inverse
Wittig-type ~ reaction of  2.4,6-triisopropylphenyl-3-phospholene  oxides,
2,4,6-triisopropylphenyl-phospholane  oxides and  2,4,6-triisopropylphenyl-
1,2-dihydrophosphinine oxides (all represented by formula 64) and dimethyl
acetylenedicarboxylate to furnish B-oxophosphoranes 65 (Scheme 3.44).
Completion under thermal conditions required a ca. 2 week’s heating at 150 °C,
while on MW irradiation, the reactions were complete already after 3 h at the same
temperature. No solvent had to be used in either case [84, 85].

CO,Me MW O
O 150 °C/3h

Js07C/sh P{__COOMe
>Pg * ‘ ‘ nosolvent  Ar”
AT 0 CoMe
64 2 0~ “COOMe
65 (80-92%)

M Me ¢

e

_ N Me
= \

Ar = 2,4,6-tri-PrPh

Scheme 3.44 The inverse Wittig-type reaction of P-aryl substituted cyclic phosphine oxides with
dimethyl acetylenedicarboxylate
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It should be noted that in case of the P-mesityl substituent (Ar = 2,4,6-Me;Ph),
the inverse Wittig-type reaction shown in Scheme 3.44 took place exclusively
under MW irradiation.

3.12 Diels-Alder Cycloaddition Reactions

The reaction of 1-phenyl-1,2-dihydrophosphinine oxide 66 with dienophiles, such
as N-phenylmaleimide and dimethyl acetylenedicarboxylate took place
according to the [4+2] Diels—Alder protocol to provide the corresponding
phosphabicyclo[2.2.2]octene oxide (67) or phosphabicyclo[2.2.2]octadiene oxide
(68), respectively [86]. The MW technique was useful in shortening the reaction
times [30 min (MW) versus 2 days (thermal heating) under solvent-free conditions]
and in providing the cycloadducts (67/68) in almost quantitative yields
(Scheme 3.45) [87].

MW MW
110 °C/30 min 110 °C/30 min
O CO,Me
<§Nph I ?\
cl Ph—p
20 Q Me C;OzMe Me
(2eq.) ‘ (3eq.) cl CO,Me
solvent-free solvent-free 7 /
L P\
v
0~ “Ph CO,Me
67 (96%) O 66 68 (95%)

Scheme 3.45 Diels—Alder reactions of a 1,2-dihydrophosphinine oxide with different dienophiles

The absorption of MW irradiation was more efficient in the presence of onium
salts, when a solvent was also used [88].

3.13 Fragmentation-Related Phosphorylations

The bridged P-heterocycles, such as phosphabicyclo[2.2.2]octadiene oxide 68 are
useful in fragmentation-related phosphorylations [86]. On thermal influence or
photochemical irradiation, the bridging methylenephosphine oxide [PhP(O)(CH,)]
unit of precursor 68 is ejected, and may phosphorylate a nucleophile e.g. a phenol
added to the mixture prior to the fragmentation [89]. An alternative mechanism
comprising a pentacoordinate intermediate was also proposed and proved [86]. It was
found that the fragmentation-related phosphorylations are more efficient under MW
conditions using ionic liquids as the solvent. The phosphorylated phenols (69) were
obtained in somewhat better yields than in earlier experiments (Scheme 3.46) [90].
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o) MW
ph\\FL 200°C/1h
Me ArOH o)
IL |1
Cl CO,Me Ph—P—Me
/ Y Me CBAr
cl CO,Me
CO,Me 69
« Y
Ar = Ph, 4-MePh, 4-CIPh CO,Me

IL = [bmim][BF,] or [bmim][PFe]

Scheme 3.46 Fragmentation-related phosphorylations utilizing phosphabicyclo[2.2.2]octadiene
precursor

3.14 Conclusions

In summary, a number of organophosphorus reactions were performed under MW
conditions. The transformations studied embraced esterifications, amidations,
alcoholyses, cycloadditions, additions, substitutions and condensations. In most
cases, the role of MW irradiation was to make the reactions faster, or to make them
more efficient and selective. In a few instances, the reactions took place only under
MW conditions. It also occurred that MW irradiation substituted for the catalyst, or
simplified catalyst systems. The examples shown demonstrate the potential of MW
irradiation in organophosphorus synthesis.
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Chapter 4
Interpretation of the Effects of Microwaves

Péter Bana and Istvan Greiner

Abstract During the past three decades of microwave (MW) assisted organic
chemistry, the initial observations of unexpected reaction behavior obtained in MW
reactors grew to a general understanding of MW effects. This chapter aims to
present the currently accepted theories of MW rate enhancements, and a few of the
main steps leading to today’s understanding of these phenomena. Modern experi-
mental techniques in MW chemistry revealed the fundamental role of temperature
in interpreting the outcome of MW heated experiments. However, temperature can
be realized on different spatial scales, which will be used as the basis of our
classification. This way, the phenomena associated with MW heating are differ-
entiated between macroscopic and microscopic effects, both of which will be dis-
cussed in detail.

Keywords Microwave chemistry - Dielectric heating - Macroscopic thermal
effects - Thermal effects in heterogeneous systems - Temperature measurement -
Microscopic scale thermal microwave effects + Microscopic thermal alterations -
Microwave-actuated reactions « Non-thermal microwave effects

4.1 Introduction

The concept of microwave (MW) activation of organic reactions, the so-called
“MW effects” is nearly the same age as the chemical use of MW heating and the
field of MW chemistry itself. When a MW heated reaction led to results (altered
reaction rate, yield and product distribution) that were unparalleled by the con-
ventionally heated counterpart, speculative rationalizations began on the underlying
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physical and chemical processes. As the field of MW chemistry and the involved
experimental techniques gradually matured, the concepts of MW effects were
reiterated several times. This chapter aims to present the currently accepted theories
of MW rate enhancements, and a few of the main steps leading to today’s under-
standing of these phenomena.

4.1.1 Early Observations and Rationalizations

In their pioneering works published in 1986, the groups of Gedye [1] and Giguere
[2] reported several examples of different reaction types (amide hydrolysis, ester-
ification, oxidation, substitution, Diels-Alder reactions, Claisen rearrangements, and
“ene” reaction) placed into a household (kitchen) MW oven that showed beneficial
effects (improvements in reaction rates) compared to the conventionally heated
control experiments. As the MW heated reactions were run in sealed vessels under
pressure, the reaction temperatures were significantly higher than the boiling point
of the solvent, which explains higher rates [3].

These studies not only marked the birth of MW chemistry, they also stimulated the
search for further rate enhancements in MW heated experiments. As the number of
examples rose in the early 1990s, such specific cases were found, where rate accel-
erations were realized at the same apparent temperature. In a MW assisted Diels—Alder
reaction (Scheme 4.1), 8-fold decrease in reaction half-time (t; ;) was observed leading
to the cycloadduct (1), while temperature (measured by fiber optic thermometry) was
similar to the conventionally heated control experiments [4]. The modification of the
free energy of activation (AG”) was proposed as the basis of rate enhancement, which
was later re—interpreted [5] as the effect of localized “hot-spots” or superheating.

0) O
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Scheme 4.1 Diels-Alder reaction of 2,3-dimethyl-butadiene and methyl-vinyl-ketone

Nevertheless, some other early claims of MW specific activation couldn’t be
reproduced by the independent re-investigations [6, 7], which also took experi-
mental error into account [8]. These studies introduced the basic and (to the present
day) most useful tool of MW chemistry: the comparison studies against conven-
tionally heated control experiments, while apparent temperature of the reaction
mixtures is kept at the same value. This methodology provides kinetically inter-
pretable data, which can be used to draw the conclusions on the nature of reaction
rate improvements.
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4.1.2 Classification of the Phenomena

In order to organize the large body of diverse phenomena that was realized in the
last three decades of MW chemistry, the effects of MW heating were classified in
some distinct categories. The notion of MW-specific effects [7, 9, 10] was intro-
duced to describe observations, when the outcome of the MW heated reaction was
thought to be specifically connected to features of the dielectric heating process.

Now it is understood that temperature plays fundamental role when interpreting
the outcome of MW heated experiments. Thus, the phenomena should be catego-
rized, based on how the temperature is involved in the appropriate explanations.
After some iteration, the most up to date classification was given by Kappe, which
differentiates between three categories: thermal effects (based on differences of the
bulk temperature), specific MW effects (temperature based changes that are uniquely
connected to MW heating and cannot be demonstrated by conventional heating)
and non-thermal MW effects (changes that cannot be rationalized by either thermal
or specific MW effects) [11, 12].

In our opinion, this system addresses most of the experimentally observed
phenomena, but it is inconsistent in some cases of specific effects. The distinction
between specific MW effects and purely thermal effects is not always clear, because
both use temperature as the main factor to determine reaction rate, but this can be
interpreted on various temporal and spatial ranges. Consequently, some reviews
[13, 14] categorize these observations as thermal effects. However, the difference in
scale is fundamental from the practitioners’ point of view, as the basis of the
rationalization of the experimental outcome has to be the appropriately defined and
measured temperature value.

We propose a revised system, in which the scale, on which temperature is
realized is used as basis of classification: proportions from macroscopic (bulk),
through local and microscopic (molecular) sizes will be considered. Only in cases,
where temperature based considerations cannot be applied on any of these size
ranges, is the concept of non-thermal effects used.

In this system, thermal effects are used to describe rate accelerations caused by
elevated temperature of the reaction mixture itself, either in the bulk phase, locally
or on a microscopic scale. In all of these cases, the interaction of MW field and
matter results exclusively in heating. The alterations in reaction rate (k) can be
rationalized [15] by the well-known Arrhenius kinetic equation (Eq. 4.1). Only the
temperature (7) is affected, reaction mechanism is unaltered, and the reaction
specific kinetic parameters [the pre-exponential factor (A) and the activation energy
term (E,)] are identical to the values measured under conventional heating.

k = Ae R (4.1)
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4.1.3 Theory of MW Dielectric Heating

In MW assisted organic synthesis, reaction mixtures are subjected to electromagnetic
waves of 2450 MHz frequency, which results in absorption of electromagnetic energy
by the sample, and its conversion into heat [10, 12, 15-18]. MW dielectric heating is a
consequence of the action of the electric component of the electromagnetic field on the
dielectric (non-conducting) material, through two fundamental mechanisms [15, 16].

Dipolar polarization mechanism describes interaction of the MW field with
materials consisting of substances bearing dipole moment. The dipoles align
themselves to the alternating electric field with a phase difference resulting in
oscillating rotation of the dipoles. In this process energy is lost and converted to
heat due to molecular collisions. The other major heating mechanism is the ionic
conduction mechanism, during which charged particles are displaced in the alter-
nating direction of the electric field. This causes oscillating motion and collision
with other molecules and leads to energy being transferred from the electric field to
the sample as heat.

The amount of energy converted to heat is related to the so-called loss factor (or
dissipation factor, loss tangent, fan ), which is characteristic of the material at a
given frequency and temperature [16]. The higher the loss tangent (fan J), the more
efficient absorption and more rapid heating occurs. Solvents can be characterized as
high- (tan 6 > 0.5; e.g., ethylene glycol, ethanol, dimethyl sulfoxide), medium-
(tan 6 0.1-0.5; e.g., acetic acid, N,N-dimethyl formamide, water), and low
MW-absorbing (tan § < 0.1; e.g., acetonitrile, dichloromethane, hexane) [19].

The overall absorption character of the mixture determines the heating speed and
final temperature, while the sample’s thermal properties (heat capacity, conductivity)
are commonly less dominant [20]. Reaction mixtures consisting of polar or ionic
reactants and polar solvents are very efficiently heated [3, 21]. In case of ionic
liquids, high temperatures can be attained within a few seconds [22]. In contrast, low
MW-absorbing solvents show slower rates of heating when the same MW power is
applied. It should be kept in mind that in these cases the vessel’s absorption can
contribute to the heating [12, 23], since borosilicate glass has a considerable fan ¢ of
0.001 [24]. However, even these solvents are applicable, when polar reagents (which
are commonly encountered in organic synthesis), ionic additives [16, 25-30] or
phase transfer catalysts [31] are present. Addition of inert susceptors [32, 33] or
strongly MW absorbing co-solvents [34] also leads to faster heating. Passive heating
elements [23, 35] and reaction vessels [36-38] made of highly absorbing materials'
serve the same purpose.

1Commonly used materials for this purpose are Weflon™ or Carboflon® (graphite loaded forms of
Teflon®) and silicon carbide (SiC).
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4.2 Macroscopic Thermal Effects in Homogeneous
Systems

MW reactors are essentially very efficient tools for heating reactions mixtures.
Thus, the majority of MW assisted organic reactions are conducted at high
temperatures that cannot be practically achieved by common laboratory methods.
Moreover, heating can be applied rapidly and uniformly through the entire volume
of the sample. These features grant a prominent place for MW methods in modern
preparative practice, even without taking any MW-specific effects in account.

Modern MW reactors have the ability to run experiments in temperature control
mode [12], holding the sample at a more-or-less constant nominal temperature
throughout the reaction time.” In contrast to irradiation with constant MW power (in
which case the final temperature is dependent on several factors), temperature
control technique gives chemists the ability to compare dielectrically heated
experiments to the conventional procedures at the same temperature.

The efficiency of MW heating allows chemists to heat reactions to unusually
high temperatures (>200 °C) [39], which is aided by the ease of applying sealed
vessel conditions. In pressurized containers (autoclave-type conditions) solvents
can be heated”® above their boiling points [40]. Dramatic differences can arise, when
reactions that are performed under standard oil bath conditions (i.e., heating under
reflux) are compared with high-temperature MW-heated processes. In case of
reactions requiring several hours at the reflux temperature of the particular solvent,
reaction time can be reduced to minutes or seconds using overheated solvents in a
sealed vessel [41], as illustrated by the synthesis (Scheme 4.2) of
2-methylbenzimidazole (2) [42].

Heating mode  Temperature Rez‘nctlon
time
NH, AcOH @[N\% CH, conventional 60°C 3 days
N conventional 100°C 5 hours
NH, H
MW 130°C 1 hour
2 MW 200°C 3 minutes
MwW 270°C 1 second

Scheme 4.2 Effect of temperature on the synthesis of 2-methylbenzimidazole

This is achieved by the feedback control of the applied MW power, based on the signal of the
applied temperature probe.

The achievable temperature is limited by the volatility (vapor pressure at the target temperature)
of the solvent and the pressure rating of the MW instrument. The pressure control mechanism is
also critical to the maximal pressure value.
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Caution should be taken, since preforming reactions at higher temperatures can
give way to other reaction pathways, than the desired one. In a base-catalyzed
multicomponent condensation [43], conventional heating at lower temperature
provided the tricyclic Hantzsch-type dihydropyridine derivative (3), but the MW
experiment heated to 150 °C introduced an alternative pathway, consisting of
base-mediated ring opening—recyclization yielding an unanticipated tricyclic
product (4) through a common intermediate (5) (Scheme 4.3).

Ph %
m\ Ph
H CHs
2 equiv.
NaOEt 2%V
EtOH
P Ph O 80°C, 2 h ph Ph O
A
2
N ] CHa T N CHs
N N (- Hx0) ‘N N
H H OH CHg H H CHs;
5 3
150°C, 20 min ©
MW | +EtO
o
-EtO

Scheme 4.3 Three-component condensation of S5-aminopyrazoles, aromatic aldehydes, and
diketones

The attainable high temperatures can lead to interesting behavior, when water is
used as solvent [39, 44-47]. In fact, water has a dielectric constant that is strongly
dependent on temperature, decreasing as the temperature is raised (from ¢, = 78 at
25 °C to g, =20 at 300 °C), thus becoming a nearly MW transparent pseudo-organic
solvent, which solvates organic molecules better (similarly to acetone).
Furthermore, the dissociation constant of water increases by three orders of mag-
nitude in the same temperature range, consequently it can act as acidic or basic
catalyst.

Near-critical state water can also be used in MW assisted organic synthesis as a
solvent in Fischer indole syntheses, pinacol rearrangements, Diels-Alder reactions,
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and as a reagent in hydrolysis and hydration reactions, where its strongly acidic
properties provide acid catalysis as well [25].

In highly durable MW applicators (capable of withstanding 300 °C temperature
and 80 bar pressure) supercritical conditions were reached in case of 1-butanol as
solvent and utilized in a transesterification reaction of triglycerides with 1-butanol
[48].

4.2.1 Effects of the Increased Rate of Heating

Owing to the increased rate of MW heating, the time required by heating-up can be
significantly reduced. Moreover, after the set reaction time fast cooling can also be
achieved in dedicated MW reactors. As a consequence, undesired processes taking
place at temperatures below the temperature of the planned reaction (both before
reaching the set temperature and during cooling) can be retarded, which leads to cleaner
reaction mixtures and lower amounts of by-products [41, 49]. Product distribution can
also be altered, if it is controlled by complex temperature-dependent kinetic profiles
[50]. This often manifests in altered chemo- or regioselectivity [9, 51-53].

Even subtle thermal differences can considerably alter the outcome of a MW
experiment, as it was emphasized in case of a palladium-catalyzed
Buchwald-Hartwig reaction. Optimal activity of catalyst was limited in time,
which could only be exploited by the rapid MW heating [54].

Change in the heating profile can influence the regioselectivity in the MW
assisted sulfonation [55] of naphthalene (Scheme 4.4), which leads to mixtures
containing lower amounts of 1-naphthalenesulfonic acid (6a), than expected in
conventional heating. Different heating rates (achieved by changing the power
setting) gave different selectivities, the ratio of 2-naphthalenesulfonic acid (6b)
increased as the heating was more rapid [56]. The authors noted that isomeric ratio
did not depend on the heating mode (i.e., MW or conventional), but only on the
heating rate. It has been argued that rapid heating, leading to high temperatures
favors the formation of the thermodynamically stable product, while conventional
heating leads to the kinetically controlled product.

SO5H

16003m|n “/ XIW goz/g/o gg:j:

Scheme 4.4 Sulfonation of naphthalene

6a 6b

Complete inversion in selectivity was observed in the benzylation of 2-pyridone.
While conventional heating provides only the N-benzylated product MW heating
leads to the mixture of C-benzylated products [57].
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4.2.2 Effects of the Volumetric Heating

MW absorption processes occur uniformly in the dielectric material, resulting in
simultaneous heating of the whole volume of the sample. In consequence, better
temperature homogeneity can be achieved. Heat is directly transferred into the
sample, in contrast to conventional heating that relies on heat transfer from the
heated surface of the reaction flask by conduction and convection, which is typi-
cally slow, and necessarily results in a temperature gradient.

Volumetric heating is particularly useful, when high viscosity reaction mixtures
are heated, or conduction and convection is retarded. It allows the application of
solvent-free conditions, by eliminating the difficulties associated with heat and mass
transfer [58—60]. In the transformation of urea to cyanuric acid (7) (Scheme 4.5),
conventional heating is sluggish and leads to low yields, because the initially
formed product (7) is a poor conductor of heat, and forms an insulating layer near
the vessel walls. Increasing the temperature by conventional methods results in
partial decomposition. In contrast, heating in a monomode MW device increases the
temperature of the inner layers as well, and rapidly gives full conversion without
side products [8].

Scheme 4.5 Synthesis of 0O
cyanuric acid o )J\
)J\ HN NH
HoN™ "NH, 250°C o e}
H
7

A 10 min 50-60%  (40-50% by-products)
MW (33W) 2min 83% (13% by-products)

The possibility to omit solvents, while homogenous heating is ensured, eliminates
the restrictions of the solvent’s boiling point on temperature, without the need for
pressurized conditions. In the synthesis of 2-phosphabicyclo[2.2.2]octadiene-oxides
(8) by Diels-Alder cycloaddition of 1,2-dihydrophosphinine oxides (9) and
acetylenedicarboxylate (Scheme 4.6), the solvent-free conditions allowed by MW
heating were beneficial, which was further enhanced by higher temperature [61].

Since heat is generated inside the sample, a thermal gradient orienting from the
core to the vessel wall is exhibited, therefore the temperature profile (compared to
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o}
cl COOCH Ph~%] oo
1 2 8 PR
R~ R cl COOCH,
| + — 717
P R’
R', R =H, CHg 8
9 toluene A 110°C, ca.16h

solvent-free MW (10 W) 110°C, 30 min
solvent-free MW (10 W) 150°C, 18 min

Scheme 4.6 Diels-Alder cycloaddition of 1,2-dihydrophosphinine oxides

conventional heating) is inverted [62]. Thermal imaging [63], temperature sensitive
indicators and combined electro- and thermodynamic modeling [64] were used to
compare temperature distributions to conductive heating. As the vessel wall is not
heated, the so-called wall effects* are eliminated [39, 65]. However, a study on a
ring closing metathesis reaction questioned the role of the wall effects in that case,
as no difference was found, compared to the hot oil bath heated experiments [66].

4.2.3 Effects of Macroscopic Superheating at Atmospheric
Pressure

A remarkable phenomenon can be observed, when liquids are kept in the state of
boiling using MW heating under atmospheric conditions.” Solvents can be heated
up to 38 °C above their normal boiling points [67-71], without applying sealed
vessel or pressurized techniques. The elevated boiling temperature is explained by
the inverted heat transfer, which is characteristic of MW heating [68], resulting in
the lack of nucleation points on the vessel wall. Since nucleation is retarded and
phase change requires higher energy [70], higher temperatures are needed to pro-
vide enough nucleation points for stable boiling.

This effect is dependent on the solvent, the overall geometry of the vessel and
MW cavity and the MW power as well [69]. Different behavior can be observed in
multimode and monomode MW systems [70]. Stirring [21], or adding boiling aids
[71] as nucleation regulators prevents overheating. Furthermore, the elevated
temperature is not constant in time. Consequently, it is difficult to reproduce this
effect, so utilization is encumbered, although the possibility of this phenomenon
should always be considered, when applying reflux conditions [72, 73].

“Wall effects are often harmful in conventional heating, e.g., leading to decomposition of products,
catalyst deactivation.

SThis is achieved by using a reflux condenser, similarly to the practice used in conventional
heating.
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The magnitude of atmospheric superheating effect could be assessed using
photochemical reactions as molecular thermometers [74]. The Norrish type II
photochemical reaction of the mixture of valerophenones (10a and 10b) was
conducted in different solvents (methanol, ethanol, t-butanol, acetonitrile) at reflux
conditions, using both conventional and dielectric heating. The photochemical
efficiency ratios (R), based on the ratio of fragmentation (11a and 11b) versus
cyclization (12a and 12b) was found to be linearly temperature dependent
(Scheme 4.7).

H_ .H _H. \H
0 MR 0 R
CHs  hy /@/K/‘\ CHs
R R
R=H (10a)
CHs (10b)
o HO,
/Q)kCHa + CHs
R R
R=H (11a) R=H (12a)
CH3 (11b) CHjg (12b)

Scheme 4.7 Norrish type II photochemical reaction
The temperature derived from this feature corresponded well with the bulk

temperature measured by internal fiber optic (FO) thermometry. The magnitude of
atmospheric superheating was estimated as 4-13 °C by both methods (Table 4.1).

Table 4.1 Estimated superheating effects in the Norrish type II reaction

Solvent Slope of the Decrease of Superheating effect
correlation R (compared to the Molecular Fiber Optic
17°C) normal boiling point) thermometer thermometer

) (O

Methanol 0.016 0.18 11 10

Ethanol 0.013 0.13 10 13

t-butanol 0.011 0.04 4 6

Acetonitrile | 0.016 0.14 9 9
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4.3 Thermal Effects in Heterogeneous Systems

The behavior of macroscopically inhomogeneous, multiphase systems in MW
heating is fundamentally different from what is accustomed in heating by
convection. Unlike the more or less uniform heat transfer characteristics of organic
substances encountered in conventional heating, MW energy transfer depends on
the much more diverse dielectric properties (determined by the molecular structure),
which leads to significantly different behavior of chemically distinct phases of a
heterogeneous system.

This way, differential heating is likely to occur in chemically inhomogeneous
mixtures, as the loss tangent of the different phases are usually different. It was
observed that the effects associated with these systems often cease to exist, when
heterogeneity is eliminated by addition of co-solvent for instance [75, 76].
Heterogeneity itself can lead to changes in effective temperatures at the phase
boundaries, as a result of interfacial MW polarization phenomena [77].

Real time in situ Raman spectroscopy was utilized to observe the phenomenon of
“non-equilibrium local heating” occurring to the DMSO molecules in proximity of
cobalt particles under MW irradiation. The observed local temperature anomaly
contributed to the enhancement of reductive dehalogenation reactions on the catalyst
surface [78]. Investigation of gold nanoparticles bearing thermally-labile fluorescent
dyes under MW irradiation also provided evidence for localized overheating. At
short distances (0.5 nm) from the surface, 70 °C excess temperature was evidenced,
which rapidly diminished as distance from the particle increased [79].

Non-uniform temperature distribution was evidenced in zeolite-guest systems
leading to altered selectivity in competitive sorption experiments [80]. Molecular
dynamics simulations revealed non-equilibrium conditions caused by MW irradiation
[81, 82].

The most practical significance is associated with the selective heating of well
absorbing heterogeneous catalysts in low polarity reaction media [83]. Localized
“hot-spots” were evidenced on the surface of the heterogeneous catalyst in gas
phase reactions [84-86], resulting from its efficient heating. This causes high
reaction rates on the catalyst, while the reactants and products situated in the cooler
bulk phase are less likely exposed to thermal degradation. The macroscopic
“hot-spots” in question were estimated to possess temperatures 100-200 °C higher
than the bulk temperature, and size in the range of 90 pm up to 1000 um [87]. In
one study, the alterations of the catalyst surface after MW irradiation led to higher
activity, which seemed to remain in subsequent conventionally heated experiments
[88]. It should be noted that the observations are not general, in some cases the
temperature of the catalyst didn’t show significant increase [89].

In case of the MW accelerated hydrogenation reaction (Scheme 4.8) of a diene
(13) to the saturated product (14) on heterogeneous palladium-on-charcoal (Pd/C)
catalyst, the palladium metal is a strong MW absorber, while the solvent (ethyl
acetate) has low ran 6 value [90].
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H, (4 bar), Pd/C
Ph Ph MW  >99%
Ph/\/\/ —>O . Ph/\/\/ A 559%
EtOAc, 80°C, 5 min °

13 14

Scheme 4.8 Catalytic hydrogenation of a diene

Other MW assisted catalytic reductions [91, 92] has also been developed.
Selective heating was also suggested in palladium-catalyzed racemizations [93] and
cross-coupling reactions [94, 95]. However, it should be noted that direct evidence
for selective catalyst heating couldn’t be obtained in this type of reactions, due to
the complexity of the experimentally investigated systems [96, 97].

Heterogeneous chromium dioxide (CrO,) based MagtrieveTM reagent was
employed in MW assisted oxidation reactions [98, 99]. MW irradiation (200 W,
2 min) of a suspension of the reagent in MW transparent toluene resulted is
“hot-spots” reaching ca. 140 °C temperature, revealed by thermal imaging.
Exposing pure samples of the reagent to the same conditions led to surface
temperatures of 360 °C.

Similar localized superheating or macroscopic “hot-spots” can also be expected
in solid samples [100] heated in MW cavities. This leads to significant rate
enhancements in the MW reaction of solid substrates often encountered in inorganic
chemistry [101, 102], as well as organic synthesis conducted on solid support [103,
104]. Differential heating can also be exploited in such multiphase liquid/liquid
systems, in which the sensitive product is transferred to the relatively cooler apolar
organic phase, where decomposition of the sensitive product is less likely [105, 106].

Colloidal size inhomogeneities can also be considered as separate, differently
heated phases [107]. Selective heating of highly absorbing precursors in MW
transparent solvents led to exceptional results in the synthesis of CdSe and CdTe
nanomaterials [108, 109]. Observations explainable by similar arguments were
made for enzymatic reactions as well. In some cases optimal catalytic activity [110]
or denaturation [111] were reported at far lower bulk temperatures than expected in
case of conventional heating.

The importance of direct interaction between the electric field and magnesium
metal was emphasized in the formation of Grignard reagents (15) under MW
irradiation (Scheme 4.9). Significantly higher reaction rates were attributed to the
visually observable arcing of the magnesium turnings resulting in freshly formed,
clear surfaces on the magnesium metal (so-called electrostatic etching), where
higher reactivity can be expected. Similar results could be obtained by adding an
initiator (1,2-dibromoethane) to the reaction mixture [75, 112].

S._x Mg S__MgX X= cl Br
@/ THF, 66°C @/ Mw 40 min 15 min
X =Cl, Br 15 A ca. 120 min ca. 45 min

Scheme 4.9 Grignard reagent formation from 2-halotiophenes without initiator
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More interestingly, an exhaustive investigation of a closely related system
showed that, while low field densities resulted in activation, applying higher density
electromagnetic field at the same bulk temperature, the formation of the
organometallic species was retarded. Arcing occurred with increased intensity in
this case, causing the THF solvent to decompose, and cover the surface of the metal
with a passivating layer, thus preventing the access of the reactant [113].

4.4 Consequences of MW Heating Beyond the Measurable
Temperature

Generally speaking, all forms of the described thermal effects can be attributed to
temperature, defined in a macroscopic scale that can be—in theory—demonstrated
when using proper temperature measurement techniques [12, 22, 63, 114-118].

Apart from the aforementioned thermal effects, separate classes of phenomena
are described, in which the macroscopically measurable temperature differences
play no role in explaining the reaction rate alterations. This can either mean that rate
difference stems from thermal variations that are microscopic in size, consequen-
tially the commonly applied temperature measurement methods are unable to reveal
them. On the other hand, one can imagine such interactions of MW and matter that
are fundamentally different from the heating process caused by MW irradiation and
whose effects on chemical reactions are independent from the bulk or local
temperature.

Similarly to other empirical disciplines, more than one possible explanations can
be devised for a particular observation. Both microscopic thermal effects and
non-thermal effects of the MW irradiation manifest in similar experimental results
(i.e., deviation from the thermally expected kinetics) and are usually indistinguishable
from each other (based on the obtainable amount of data). In contrast, their theoretical
origin is axiomatically different.

4.5 Thermal MW Effects on the Microscopic Scale

The concept of microscopic thermal effects is a special case of explanations that are
based on thermal arguments. It is assumed that MW irradiation alters the temperature
or the connected kinetic energy of smaller domains, leading to higher than the bulk
temperature thereof that cannot be measured macroscopically. These effects are
essentially different from bulk thermal phenomena, and can only be interpreted on a
microscopic scale. This unique scale motivates us, to discuss these explanations
separately from bulk thermal effects.

Microscopic thermal alterations can be most intuitively described as “hot-spots”
or local overheatings, small regions of the reaction mixture, where the characteristic
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temperature (or average kinetic energy of the molecules) is higher than in the bulk
phase. The concept of “hot-spots” was first applied to MW chemistry [4] as an
analogy to ultrasound chemistry, where it was well established as the explanation
[119] of the sonochemical effect of mechanical waves that generate specific sites of
activation.

In some reviews, microscopic thermal effects are related to selective heating,
which occur in macroscopically heterogeneous multiphase systems, and thus are
categorized as specific effects [11, 12]. This way, the term “hot-spot” can not only
refer to a differently heated phase in a heterogeneous system, but also to a
microscopic region with altered temperature in a homogeneous phase. To avoid
confusion it should be specified, whether a macroscopic or a microscopic
“hot-spot” is discussed [83]. In this section microscopic “hot-spot” phenomena,
occurring in homogeneous systems are discussed.

Microscopic thermal effects generally influence chemical reactions in the same
basic way as bulk thermal effects. The higher temperature of the “hot-spots” results
in accelerated reaction rate inside these regions, described by the Arrhenius equa-
tion. Besides the altered temperate term, the pre-exponential factor (A) and acti-
vation energy (E,) are unaffected, these values are characteristic of the reaction and
identical to the ones measured unconventionally heated experiments. Consequently,
microscopic “hot-spots” provide a convenient way of assessing the rate accelera-
tions in MW chemistry, by utilizing readily available kinetic data, in a way that is
easily interpretable by chemists.

Since the local overheatings cannot be studied directly, their properties can only
be investigated indirectly by measuring their effects on reaction rates. Most of our
knowledge on their characteristic size, temperature and other features is based on
estimation. For the same reason, their origin and the resulting kinetics within can be
explained in different ways. However most of these theories are basically parallel to
each other.

4.5.1 Characteristics of Microscopic Thermal Alterations

It is obvious that the “hot-spots™ at hand represent a small fraction of the reaction
mixture, while the remaining part is at the bulk (measurable) temperature. Theories
suggest even distribution within the sample, and their size is generally thought to be
much smaller than the characteristic dimensions of the reaction vessel, otherwise
they would cause macroscopically identifiable inhomogeneities. Overheatings in
“nano-size” range [120], domains having dimensions of 1-3 nm [121] and single
solvent cages [122, 123] were described.

Temperature enhancements up to 60 °C associated with the overheated segments
were suggested throughout the literature [19, 120, 124]. Direct temperature mea-
surement on the microscopic scale was attempted by using Raman spectroscopy as a
tool for thermometry on the molecular level (by exploiting the temperature depen-
dence of intensities of particular molecular vibrations).Various polar molecules
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(benzaldehyde, chlorobenzene and Cr(CO)3(n6—C6H50Me) complex) dissolved in
apolar solvents (hexane or diisopropyl ether) were investigated under varied MW
power irradiation. However, no evidence was found for local overheating or other
thermal alterations from temperature of the bulk reaction medium [125].

Based on the observed reaction rate, estimations of the elevated temperature
inside the localized overheatings can be made. These studies also provide indirect
evidence for such microscopic “hot-spots”, by rationalizing the experimental
results. The kinetic constants can be based either on measured or theoretical values.
The volumetric concentration and relative temperature of the hypothesized
“hot-spots” should also be taken into account, although in the absence of experi-
mental data these parameters can only be chosen arbitrarily.

In an imidization reaction in polymer chemistry the temperature at the reaction
site was approximated to be 50 °C higher than the observed temperature [126]. An
early modeling study [100] used 2 % population of “hot-spots” with temperatures
70 °C above the bulk temperature. It was shown that such small density of
superheating areas sufficiently leads to large rate accelerations, while its effect on
the average temperature is minimal and virtually undetectable.

A recent quantitative model [120, 127] used an elaborate distribution of local
temperature to explain the observed rate enhancement in the MW assisted reactions
(Scheme 4.10) of a phosphonic acid (16). In these transformations, statistically
occurring local overheating was found to be responsible for overcoming high
enthalpy of activation [128, 129], thus the potential of MW heating in reactions
with pronounced activation barriers was emphasized. More interestingly, while the
slightly endothermic esterification lead to the product (17a) in high conversion,
strong endothermic character prevented complete conversions in the syntheses of
the thioester (17b) and the amide (17¢) [130].

CHs CH;z B AH’ AH
Ljﬁ R—YH A:X Product R-YH (kJ/moly*  (kJ/mol)* Conv.
P 200°c.2h R 17a nBu—OH 0.8 1346 58%
0" OH MwW o Y™™ 17b nBu—-SH 47.9 230.5 18%
16 17a-c 17c Hex—NH; 352 114.1 26%

*calculated values (level of theory: B3LYP/6-31G(d,p))

Scheme 4.10 Derivatization of a phosphonic acid

In an attempt to rationalize the results, several temperature models were con-
sidered, in which the overheated segment represented 5-30 % of the reaction
volume. Within the overheated segments, temperature is exponentially distributed
between discrete values of 5-50 °C. Using the kinetic data for the model reaction
obtained from quantum chemical calculations, relative reaction rates could be
calculated for the considered models of overheating. This could be compared to the
experimental data of the synthesis of phosphonic ester (17a), to identify the best
fitting model, in which overheating in 20 % of the reaction volume accounted for
the observed rate enhancement under MW assisted conditions.
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4.5.2 Origins of Microscopic Thermal Alterations

The physical causes of the localized overheating are rather unclear, the first inte-
grated (physics, chemistry and experimental) studies were awaited till recent years.

Generation of “hot-spots” by molecular scale dielectric relaxation was suggested
in the early literature [70]. The rate of MW energy transfer was also considered as a
possible origin. It was argued that the characteristic time-frame associated with MW
energy transfer (107 s) is much shorter than the time required for energy dissipation
by relaxation processes (10~ s). Consequently, a non-equilibrium state develops in
molecular size domains, possessing an instantaneous temperature that is much
higher than the bulk temperature, and affects reaction process [19, 124].

Interpretations generally disagree, whether local thermal alterations may
occur statistically in the bulk phase of the mixture [120] (due to fundamental
inhomogeneities in the absorption process) or require the presence of
well-absorbing reactants in the solution. The first possibility is more general, since
it allows the heating of the solvent molecules as well (whose higher temperature
will cause the reactant to overcome the activation energy), while the second one is
limited to a few special systems with appropriately chosen polar reagents. The
physical basis of the latter process was extensively discussed [123].

Dielectric relaxation spectroscopical studies on slow-moving (supercooled)
liquids using low-frequency electric field provided evidence for existence of dif-
ference between effective temperature of a MW absorbing molecules and the bulk
phase [121, 131]. Based on this observation, a model was constructed, which
considers transient domains with configurational temperatures that are exceeding
the measurable bulk temperature. This was adopted by Dudley for multicomponent
solutions containing polar MW absorbing species [122, 123, 132, 133], and used to
explain the results of MW assisted organic reactions.

A system consisting of dipolar molecules solvated in a non-polar, non-absorbing
solvent is macroscopically homogeneous, but the solvent cages produce transient
heterogeneity at the molecular level, which leads to spatially varying MW absorptivity
(Fig. 4.1). Consequently, an absorbing domain forms in the vicinity of the polar
molecule, within which heat is generated by MW dielectric loss processes. This local
heating model is related to the concept of molecular radiators [134], which is defined
as “a strongly absorbing solute that converts applied MW energy into thermal energy,
generating heat in an otherwise poorly MW-absorbing system” [122].

In steady-state condition, the MW absorbing domain (polar molecules and their
solvent cage) receive heat (QM W) through interaction with the electromagnetic field.
The inbound heat is dissipated by conductive heat flow in the direction of the bulk
medium (Q"?) and then out of the system to the surroundings (Q*"). In this
process, a temperature gradient necessarily forms (Fig. 4.1), in which the absorbing
domain has higher effective temperature (Td‘”") than the rest of the reaction medium
(T™*%). Naturally, both temperatures are higher than the vessel’s environment (7*").
It is important to emphasize that the system is not at thermal equilibrium, thus
solution temperature is not indicative of the solute’s kinetic energy.
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Fig. 4.1 Energy transfer to MW absorbing domains in a non-absorbing medium

It was emphasized that this model is only applicable to specific systems, in
which internal heat transfer is relatively inefficient, and the difference in MW
absorptivity is large enough to allow accumulation of heat in the absorbing domain.
Moreover, in completely insulated systems, the lack of outward heat transfer (Q**")
prevents reaching the described steady-state.

Specifically designed “MW-actuated” reaction systems were used to test this
hypothesis. Such homogeneous transformations were proposed, in which the
chemical reactivity of highly MW-absorbing solutes could be investigated in an
otherwise non-absorbing solvent [132]. The Friedel-Crafts type benzylation

X
P
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FsC CF4
FsC CF4
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FsC /@\ CF4
FsC CF4

CDs CDs3
o4 T
D D Pxylene-diy D D

quartz vessel
CDs 30 min CDs
19
A (100°C oil bath) 25% conversion
MW (const. 200 W, 25 — 85°C)  90% conversion
MW  (const. 300 W, 25 —> 92°C)  95% conversion

Scheme 4.11 Benzylation of p-xylene
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reaction (Scheme 4.11) utilizes® the ionic reagent (18), which interacts strongly
with the MW field. On the other hand, the MW transparent p-xylene-d; acts as
solvent’ and reaction partner. After unimolecular thermolysis, the resulting benzyl
cation leads to a single product (19), when reacting with p-xylene [132].

The first experiments were conducted in a temperature controlled MW setup. In
the initial period—while high MW power was applied—rapid progress of the
reaction was evidenced. However, after the control mechanism decreased power,
the reaction rate diminished. This led the authors to recognize the importance of
MW power level and utilization of irradiation with constant MW power
(steady-state MW irradiation). Applying constant 200 W or 300 W MW power,
significantly higher conversions were reached compared to the conventional control
experiments. It is noteworthy that the final temperatures in MW heated cases were
found to be lower, than in the oil bath heated counterpart.

However, the same reaction failed to show the same behavior under MW con-
ditions at the hand of independent re-investigators [135]. In the subsequent debate
[72, 73], the importance of the experimental fine details was elaborated. Later, a
vast amount of experimental data was published by the original authors [122] to
reinforce the findings, and kinetic data was used to estimate the magnitude of the
extra-thermal effect. The effective temperature (average kinetic molecular energy)
of the solute was found to be 20 °C higher, when exposed to constant MW
irradiation.

In a related system [133], allyl p-nitrophenyl ether (20) was chosen as starting
material, which is an efficient MW absorber. The first order reaction rate leading
to the rearrangement product (21) showed minimal acceleration, when constant
temperature MW conditions were used, but considerable increase was found in case
of constant MW power irradiation (Scheme 4.12).

7o 7o
O/’g\©\ - . O//g\@f\/
o N naphtalene on
20 21
relative rate relative rate
MW (constant temperature) 1.5 fold MW (85 - 155°C pulses) 9.4 fold
MW (20 W constant power) 3.9 fold MW (145 - 175°C pulses) 2.1 fold

Scheme 4.12 Effect of pulsed MW irradiation on a Claisen rearrangement (relative rate is based
on the comparable thermal treatment)

The bulky anion was chosen for solubility reasons.
"Deuterated solvent was used for convenient NMR conversion determination.



4 Interpretation of the Effects of Microwaves 95

T} (a) 85— 155°C pulses T A (b) 145 - 175°C pulses

5 ca. 200°C
ca. 188°C 175°C b,
155°C 145°C

85°C ['*~¥

%
7
%
%
%
%
g
g
é
%
%
%
%
%
_

Z

time time

Fig. 4.2 Different MW pulse programs

Further increase by pulsed MW irradiation was evidenced, compared to the cal-
culated effect of the same temperature program applied conventionally. Interestingly,
pulses in a lower temperature interval (programmed 85-155 °C, overshoots to ca.
188 °C, average temperature 130 °C, Fig. 4.2a) showed more pronounced effect, than
the higher temperature range (programmed 145-175 °C, overshoots to ca. 200 °C,
average temperature 172 °C, Fig. 4.2b). This could be explained by the fact that in the
latter case a larger portion of the reaction occurs by thermal activation in the periods
between the MW pulses, due to the higher temperatures thereof.

Pulsed MW irradiation was also found beneficial in an other instance of Claisen
rearrangement [ 136], and in the course of natural product synthesis [137, 138] as well.

Related to the concept of molecular radiators, the MW specific activation
(Scheme 4.13) in a ring-closing metathesis (RCM) reaction [139] should also be
noted. The following experimental [140] and computational [141] studies con-
firmed the selective heating of the diene substrate (22), but also concluded that it is
not instrumental to the progress of the reaction, as high conversion of the cyclic
product (23) could also be obtained by conventional heating under strictly con-
trolled conditions.

Scheme 4.13 Ring-closing /—\
. . A = 2 mol% Grubbs Il
metathesis reaction (Ts: tosyl \/\l}l/\/ N
group; Mes: mesityl group; Ts 33°C, 2 min 'i' S
Cy: cyclohexyl group)
y: ey yl group 29 23
Mes— N~ N-Mes 91%
Grubbs Il catalyst : CI/T_/Ph XIW 45%
U=
ClI" 1

PCy3
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In conclusion, theory and experimental data suggest that localized thermal phe-
nomena are not general, but particular reacting systems can in fact benefit from these
microscopic level heating events, when suitable conditions are applied. Further
research can help clearing confusion about the exact nature of these “hot-spot”
related phenomena, provide direct proof on their existence, and broaden the scope of
organic chemical reactions, in which these can be utilized for synthetic purposes.

4.6 Theories of Non-thermal MW Effects

Non-thermal (or athermal) MW effects describe changes in chemical transforma-
tions that cannot be explained by any forms of thermal differences [11-13, 142].
Based on the unique nature of MW heating, a few authors argued that such cir-
cumstances should exist, when temperature independent, direct interaction between
the MW field and components of the reaction mixture plays a significant role. In
other words, non-thermal MW effects and the physical changes leading to their
development are independent from the well-known heating influence of the MW
field. Presumably, the magnitude of these effects is dependent on MW field strength
or irradiation power, although the nature of this relation hasn’t been discussed.

The question of such effects has always been controversial, marked by
non-fading disputes [72, 73, 132, 135, 143, 144], although a consensus [12, 20]
seems to be reached on the non-existence of these effects. However, one should
keep an eye on these theories as well, since these might inspire more correct
rationalizations in the future. We don’t aim to enumerate the plethora of claims
(which have been reviewed extensively [9, 13, 14, 70, 142, 145, 146]) associated
with non-thermal MW activation. Instead, we concentrate on showing the diversity
of the explanations.

Despite clear theoretical distinctions, experimental separation of thermal and
non-thermal effects is difficult. Reports of non-thermal effects are often contami-
nated by the simultaneously occurring thermal phenomena [36]. In order to study
purely non-thermal effects, temperature has to be measured and controlled in the
most precise manner both in dielectrically and conventionally heated parallel
experiments [22, 63, 117, 118, 147, 148].

The special technique of MW heating with simultaneous cooling [124, 149]
should be mentioned in relation to non-thermal MW effects. The sample is contin-
uously cooled externally, while being irradiated using MWs, this way higher MW
power levels can be achieved, while the same average temperature is maintained and
overheating is avoided by removing excess heat. Since non-thermal effects are
hypothesized to be dependent on the magnitude of the applied MW power or field
strength, this methodology is thought to emphasize non-thermal MW effects at
identical temperatures, and is a useful method for investigating thereof. However,
when this technique is utilized, one should keep in mind that external IR thermometry
is inadequate to correctly measure the temperature of the bulk reaction mixture,
internal fiber-optic (FO) temperature probes should be used instead [20, 148, 150].
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4.6.1 Changes in Kinetic Parameters

Studies aiming to establish the kinetic parameters in MW irradiated reacting sys-
tems often found that the parameters of the Arrhenius equation significantly differed
from those, which were measured in the conventionally heated control experiments.
Changes in both the pre-exponential factor (A) [145, 151-153] and the activation
energy (E,) [4, 126, 154] were demonstrated.

Improvements in the pre-exponential term require more frequent or more effi-
ciently oriented collisions. Higher mobility of ionic species, leading to increased
collision rate were suggested in MW assisted synthesis of inorganic materials [151,
155]. Speculations on orienting effects leading to a specific arrangement of mole-
cules, in which the dipole vectors are more-or-less parallel to the applied electrical
field gained notable attention. This way, polar reactants could be pre-organized in a
way that results in more beneficial collisions, thus increasing the value of the
pre-exponential term. However, theoretical considerations reveal [18, 156, 157] that
thermal motion of the molecules overrides electrically induced orientation at the
applied filed strengths.

Decrease in the activation energy was observed in several specific reactions. The
apparent change however, could be rationalized by thermal alterations [126] in
some cases. The alteration of the free energy of activation (AG”) was hypothesized
to originate from the change of the system’s entropy [4]. Rapid rotation of dipoles
was speculated to increase the probability molecular contact, thus lowering acti-
vation energy [154].

The higher reaction rates observed in the hydrolysis of sucrose were found to
originate from beneficial changes in both activation energy and pre-exponential
factor, explained by changes in ground state vibrational levels of the molecules
[158].

The non-thermal influence of MW irradiation on the kinetics of transport pro-
cesses was also considered. High efficiency in the solid-phase peptide synthesis was
attributed to “molecular agitation” or “molecular stirring”, which could replace
mechanical stirring, due to the induced motion of molecules [159]. Enhancement of
transport processes at interfaces in multiphase systems [92] has also been proposed,
and used to explain rate accelerations in reactions where diffusion is the rate lim-
iting step [145, 160].

4.6.2 Effects Connected to Polarity Change

A comprehensive explanation of the energetic changes was given in case of polar
reaction mechanisms [70, 146]. It was observed that reactions with non-polar
mechanism failed to show any improvement compared to conventional heating,
while in case of polar mechanisms considerable acceleration was shown when the
MW field was applied. It was concluded that the polarity change during the reaction
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Fig. 4.3 Theoretical effect of MW field on reaction energetics

governs the magnitude of MW effect, rather than the overall polarity of reacting
species (which determines the heating characteristics). In specific reactions, sig-
nificant development of charges occurs in the activated complex, compared to the
ground state. The highly polarized transition states experience energetically bene-
ficial interactions with the electric field (Fig. 4.3), leading to their stabilization and
the decrease of activation barrier. The absolute energies of the ground states (i.e.,
reactants and products) are minimally influenced, consequently, reaction heat
change remains unaffected.

This theory also explains [70] that in the case of reactions conducted in polar
solvents (that are efficiently interacting with the electromagnetic field) MW effects are
masked, while apolar solvents (that are practically transparent to MW irradiation) and
solvent-free conditions [58] allow specific absorption of MW energy by the reactants.

Several demonstrative examples were enumerated in support of this approach
[70, 146]. The practical observations were extended by quantum chemical calcu-
lations that showed good correlation with the experimental findings in different
irreversible Diels-Alder type transformations [161]. However, independent
re-investigations put some of these experimental results in question [63].
Additionally, an extensive survey of reaction mechanisms was conducted in the
search for possible non-thermal effects related to polarity changes, but the
employed quantum chemical approaches didn’t provide evidence for the suggested
influence of polarity, the role of thermal effects was emphasized instead [162].

Apart from polarity based considerations, analyzing the polarizability of tran-
sition states in dipolar cycloadditions of C;, fullerene (24) and azomethine ylide
(25) provided explanation for the product distribution under MW irradiation
(Scheme 4.14). While conventional heating led to the mixture of three regioisomers
(26a-c; substituted at C;—C,, Cs—C¢, C;—C,; positions, respectively), MW heating
provided similar yield and gave the main products (26a and 26b) in a slightly
different ratio, but C;—C,; isomer (26¢) was not formed [163].
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Scheme 4.14 Cycloaddition reaction of Cy fullerene

Based on computational studies, the addition of N-methylazomethineylide (25)
was found to be stepwise, consisting of the nucleophilic addition of the 1,3-dipole
resulting in zwitterionic intermediate species. The transition states and intermedi-
ates leading to the mentioned products were compared. The most polarized species
(“hard”, explicitly separated charges) were favored under MW irradiation. On the
other hand, the thermally preferred product formed through stable, delocalized
(“soft”) transient structures. This theory could be used to explain the selectivities in
further reactions involving polar transition states as well [164—166].

4.6.3 Interaction with MW Photons

Analogously to the quantum mechanical basics of photochemistry and molecular
spectroscopy, the resonant type absorption of MW photons by specific molecules
inspired some explanations to the non-thermal effects leading altered reactivity. In
these hypothetical quantum resonance processes, the energy of the MW photon is
thought to be directly transferred to the molecule, which is excited to a higher
energy state as a consequence.

It is clear that unlike the UV photons, the energy associated with MW photons
isn’t sufficient to excite electronic states of the molecule or induce bond breakage
[156, 157]. In fact, it is lower than the energy required to break hydrogen bonds,
and also the average energy levels of thermal (Brownian) motion [18]. In a related
sense, the excitation of vibrational or rotational state transitions (that are utilized in
the conceptually unrelated MW spectroscopy), described as “spectroscopic heating”
[167, 168] is also impossible, because the frequency of MW irradiation doesn’t
overlap with the resonant frequencies of molecular vibration and rotations [6].

Efficient coupling of specific bonds or functional groups with MW irradiation
[169, 170], called as “antenna groups” [5] was also suggested. This way, directly
transferring and storing excess energy in them, would lead to “activation” of
individual bonds or functional groups and higher reaction rates, when these units of
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the molecule are participating in a reaction. These claims can be theoretically
disproved, as energy is readily transferred to neighboring molecules trough relax-
ation processes [16].

Finally, these resonant processes are unlikely in condensed phases, because of
the interplay of relaxation processes [123]. The MW heating increases the internal
energy of the material which is partitioned among translational, vibrational and
rotational energy regardless of the method of heating, instead of accumulating as
rotational energy [39].

Regardless of the discussed fundamental considerations, the direct interaction of
molecules and the electromagnetic field was studied using quantum mechanical
methods. A possible role of MW influence on activation energy trough the rota-
tional excitation on collision geometry [171] and its implications on hydrogen
transfer kinetics [172] was theoretically analyzed. The catalytic consequence of
rotationally excited states was studied in the computational simulation of the
hydrolysis of an ester bond [173]. In the quantum chemical investigation of a
specific SN2 reaction, such vibrational motion (in the form of hindered rotation) was
found, which overlaps with the normal MW heating frequency, suggesting that MW
photons may excite these vibrational modes. It was emphasized that the solvation
shell should be taken into account, as these molecular motions were negligible in
gas-phase calculations [174].

In conclusion, the question of non-thermal effects has always been controversial,
as neither direct evidence, nor provable theoretical explanation has been given on
their existence. The general conclusion based on the available experimental data is
that the non-thermal origin of MW phenomena should be generally rejected.
However, it cannot be precluded that in some systems non-thermal MW effects can
exist, but one should bear in mind that in order to demonstrate these kind of effects,
only the most accurate comparison studies are suitable.

4.7 Summary

During the past three decades of MW assisted organic chemistry, the initial
observations of unexpected reaction behavior obtained in MW reactors grew to a
general understanding of MW effects. By exploiting the highly controlled conditions
in modern MW equipment, it was realized that the majority of these phenomena can
be explained by the effects of measurable temperature alterations. Macroscopic
thermal effects could be demonstrated in homogeneous and heterogeneous systems,
although advanced thermometry was required in the most challenging cases.
However, the outcome of a few exceptional MW assisted reactions couldn’t be
rationalized based on the measured temperature, which points to the possibility of
microscopic thermal MW effects. The most fundamental characteristics and pos-
sible origin of the associated microscopic “hot-spots” were revealed by recent
theoretical and experimental investigations. The concept of non-thermal MW
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effects was also suggested to explain these observations, although it was rejected in
general, because of the absence of proper theoretical fundaments.

In conclusion, the exact influence of MW heating on organic chemical reactions
still poses an exciting question, which requires the most precise and careful
experimental techniques to properly be answered.
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