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Cycloadditions under Microwave Irradiation Conditions: Methods and
Applications
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Microwave irradiation has been applied with success to
cycloaddition reactions. The special characteristics of such
irradiation entails the use of new methodologies, including
equipment, glassware, solvents, and solid supports. All of
these aspects are described in this review. Under classical
heating conditions, these reactions usually require long reac-
tion times, high temperatures, and/or Lewis acid catalysts,
resulting in partial or total decomposition of sensitive com-
pounds. This is a particularly significant problem in the syn-
thesis of natural products. These problems have been con-
veniently overcome by the use of microwave irradiation. The
short reaction time associated with microwave activation
avoids decomposition of reagents and products, and prevents
polymerization of the diene or dienophile. Heterocyclic com-
pounds have been synthesized by cycloaddition reactions, or
have been observed to react as dienes and dipoles under mi-

crowave irradiation conditions. Even those heterocyclic sys-
tems that are very reluctant to participate in cycloaddition
reactions, such as pyrazoles, can be induced to react under
microwave irradiation conditions. The application of this
method to the chemistry of [60]fullerene has permitted deriv-
atization of this system while avoiding the problems of poly-
cycloaddition and cycloreversion. In most cases, spectacular
accelerations and great improvements in yields and reaction
conditions are observed. Finally, in some cases, changes in
the chemo-, regio-, or stereoselectivity have been observed.
These changes have been connected with the absolute hard-
ness of the transition state, with the harder state being fav-
ored under microwave irradiation conditions. Microwave
chemistry thus opens new possibilities for modifying the re-
sult of competitive reactions by considering the relative hard-
ness of the transition states.
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1. Introduction

Microwave radiation is an alternative to conventional
heating for introducing energy into reactions. Microwave
heating uses the ability of some compounds (liquids or
solids) to transform electromagnetic energy into heat.

Microwave irradiation is an efficient methodology in
cycloaddition reactions of compounds that are sensitive

by cycloaddition reactions in a microwave environment.

synthetic methodologies for organic synthesis.

properties of organofullerenes.
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and/or have low reactivities. Some examples of such are nat-
ural products, heterocycles, and fullerene derivatives.

This means of heating has many attractions in chemistry
because, in contrast to conventional heating, its magnitude
depends on the dielectric properties of the molecules. As a
guide, compounds with high dielectric constants tend to ab-
sorb microwave irradiation while less polar substances and
highly ordered crystalline materials are poor absorbers.

The use of microwave irradiation has led to the introduc-
tion of new concepts in chemistry, because the absorption
and transmission of the energy is completely different from
the conventional mode of heating. In addition, sample
shape and size have a different influence and this has an
effect on the scale-up of some reactions.

With microwaves, the energy transfer is not produced by
conduction or convection, but by dielectric loss. The pro-
pensity of a sample to undergo microwave heating depends
on the dielectric properties, the dielectric loss factor (g"),
and the dielectric constant (¢'). The dielectric constant rep-
resents the ability of a substance to absorb microwaves,
while the dielectric loss factor represents the ability of a
substance to transform this energy into heat. A high dis-
sipation factor (tand = €'’/¢") is responsible for a high sus-
ceptibility to microwave energy. Dielectric parameters relev-
ant to microwave heating have recently been catalogued.!

Two important parameters in electromagnetic heating are
the penetration depth and sample shape. The penetration
depth depends on the wavelength of the electromagnetic ra-
diation and the dielectric properties of the material. The
wavelength in the microwave region enables entire bulk re-
gions of the material to be heated simultaneously without
any major temperature gradient, and heating is only de-
pendent on the dielectric properties of the material. This
type of heating can be performed only by electromagnetic
heating in the microwave and RF region; other forms of
electromagnetic radiation have a penetration depth that is
too small and thermal conductivity is the limiting factor in,
for instance, infrared.

The shape and size of objects have much greater, and
completely different, effects on temperature distribution
than they do in classical heating. Microwave energy is de-
livered into the interior of the heated material, so the inter-
ior can be heated without the mediation of conductive heat-
ing. The electric field enters the processed material from a
different medium, so boundary conditions and object shape
can affect the distribution of electromagnetic energy inside
the heated object.

Spherical materials will concentrate an electromagnetic
field at their center. For more complicated shapes, the distri-
bution of the electromagnetic field inside the processed ob-
ject can be highly complex, with some regions receiving
much more energy than others. Cylindrical flasks, which
have a higher volume to surface area ratio, are the most
suitable for microwave applications.

The successful application of microwave irradiation in
chemistry dates from 1975.21 A number of examples have
been described in analytical chemistry,l’! environmental
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chemistry,?3 materials chemistry, organometallic chem-
istry,®) and organic chemistry.[®!

In many cases, cycloaddition reactions require the use of
harsh conditions such as high temperatures and long reac-
tion times. These conditions are not compatible with sensit-
ive reagents or products. Moreover, the applicability of
Diels— Alder cycloadditions is limited by the reversibility of
the reaction when a long reaction time is required. All these
problems have been conveniently solved by the rapid heat-
ing produced by microwave irradiation: a situation not ac-
cessible by classical methods. With the aid of microwave
irradiation, cycloaddition reactions have been performed
with great success.[”-!

In this paper, we will review the techniques and applica-
tions of microwave irradiation in cycloaddition reactions.
This mode of heating requires not only appropriate micro-
wave equipment and glassware, but also a new experimental
outlook. A special chapter will focus on modifications in-
duced by microwaves in chemo-, regio-, and stereoselectiv-
ity, and will give possible explanations for this behavior.

2. Reactions in Solution

2.1. Reactions Under Pressure

The first examples (Scheme 1) of microwave-induced re-
actions were cycloadditions and pericyclic reactions per-
formed under pressure (due to the use of domestic micro-
wave ovens, to avoid the risk of igniting flammable solv-
ents).[%19]

MeO,C
\l MeO,CS  coMe
OO0 —~ =2
1 3
MICROWAVE CONTROL
10 min 4h
p-xylene, 87% p-xylene, 67%
325°<361°C 138°C
Scheme 1

These reactions using domestic microwave ovens were
carried out in sealed, thick-walled glass tubes or in Teflon
acid-digestion vessels.['!]

Teflon vessels can be used at up to 14 atm. of pressure
and, at temperatures below 250 °C, are resistant to most
commonly used chemicals. However, these digestion vessels
deform at temperatures >250 °C.

The lack of control over temperature and pressure in
these systems could lead to safety problems arising from
overpressure due to the heating rate caused by microwaves.

These problems can be reduced by using a solvent-free
methodology; this also permits the use of larger quantities
of reagents. Thus, Giguere performed tandem ene/intramo-
lecular Diels—Alder reactions of 1,4-cyclohexadiene (4)
with dimethyl acetylenedicarboxylate (5) in sealed tubes in
commercial microwave ovens!!?! (Scheme 2) and Rao re-
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ported on the cycloaddition of furan and cyclopentadiene
derivatives ~ with  (1-chloro-1,2-difluorovinyl)phenylsul-
fone.'3! In both cases, the yields were greatly improved
and reaction times reduced in relation to conventional
heating.

MeO,C—=—CO,Me &COzMC
© 5 “C0O,Me CO,Me

4 COMe 6

Conventional heating: DMF, reflux, 40 h, 14%
Microwave: DMF, 179-184°C (90 psi), 20 min, 49%

Scheme 2

2.2. Reactions at Reflux

Reactions involving a solvent at reflux require the use of
modified commercial microwave ovens, in which the oven is
perforated on the top to accommodate a reflux condenser
and a 10 cm pipe is used to avoid microwave leakage; the
rotating dish is replaced by a magnetic stirrer or by monom-
ode reactors specially designed for chemical synthesis (Fig-
ure 1).[14

The advantage of these reactions is that the reaction tem-
perature is controlled by the reflux temperature of the solv-
ent,[> although overheating of between 13 and 26 °C above
the normal boiling point of polar solvents may occur as a
result of the “inverted heat transfer” effect, since boiling
nuclei are formed at the surface of the liquid.['®

Cycloadditions of Cg, under microwave irradiation con-
ditions require this methodology in most cases, because the
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reactions are performed on a very small scale and Cgy,
along with many dienophiles, does not absorb microwaves
efficiently.l'”]

2.3. Microwave Organic Reaction Enhancement (MORE)

Microwave Organic Reaction Enhancement (MORE)
chemistry has been described by Bose as a safe and conveni-
ent alternative to pressure reactions and modified micro-
wave ovens.[8]

In MORE chemistry, the solvent of choice absorbs mi-
crowaves in an energy-efficient manner and is therefore
heated rapidly under microwave irradiation. The solvent
should also have a boiling point at least 20—30 °C higher
than the desired reaction temperature.!')

High boiling polar solvents such as dimethylformamide
(bp. 160 °C), chlorobenzene (bp. 132 °C), 1,2-dichloroben-
zene (bp. 180°C), and 1,2,4-trichlorobenzene (bp. 214 °C)
have been used. It is not necessary to employ a large volume
of the reaction medium and in many cases a slurry at room
temperature was found to give a clear solution during the
rapid rise in temperature under microwave heating. This
type of methodology is particularly valuable for medium-
scale operations. Tall, loosely covered beakers with a capa-
city much greater than the volume of the reaction mixture
were used, thus avoiding the use of closed vessels, overpres-
sure, and explosions.?! The main drawback of this meth-
odology, however, is invariably the elimination of the high
boiling solvent.

Several reactions have been performed using this meth-
odology, including [4+2] and [2+2] cycloadditions. These
were found to experience significant reductions in the reac-
tion time and improvements in yield (Scheme3 and
Scheme 4).

Refluxi

Wave Guide Tube
Wavelength

Figure 1. Scheme of a modified microwave oven and a focused monomode reactor
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MeO,C
\[ MeO,C._ CO,Me
CoO —= (05O
1 3
Solvent Time Yield (%)
Chlorobenzene 5 min <5
o-Dichlorobenzene Smin | 15-20
1,2,4-Trichlorobenzene 5-10 min 70
Scheme 3
H H U H
(Ph Chlorobenzene J = f.uph J :_aPh
~ + N + N
~cy, NMM d cu 0 cH
coc : 3
7 8 9 10
Microwave irradiation: 30's, 55°C, trans/cis 25/75
5 min, 108°C, trans/cis 80/20
Conventional heating: 6 h., 40°C, trans/cis 40/60
Scheme 4 10 min, 115°C, trans/cis 80/20

3. Solvent-Free Conditions

Solvent-free conditions are especially suitable for micro-
wave activation. Several advantages are evident for this ap-
proach.[?!]

— In the absence of solvent the radiation is absorbed dir-
ectly by the reagents, so the effect of microwaves is
more marked.

— Solid supports can be used efficiently; many mineral ox-
ides are poor conductors of heat, while they absorb mi-
crowave radiation very efficiently.l**!

— This methodology can be used in conjunction with other
synthetic methods, such as phase-transfer catalysis in the
absence of solvent.?*]

The use of solvent-free methodologies is particularly in-
teresting because environmentally benign syntheses can eas-
ily be designed:

— The use of large volumes of solvent can be avoided, thus
reducing solvent emissions and the necessity for redistil-
lation.

— Workup procedures are considerably simplified, because
in many cases the pure product can be obtained directly
from the crude reaction mixture by simple extraction,
distillation, or sublimation.

— Recyclable solid supports can be used efficiently in place
of mineral acids and oxidants.

— Scale-up is facilitated by the absence of solvent.

3.1. Reactions with Supports

Alumina, silica, clays, and zeolites are increasingly used
as acidic or basic supports.[>4
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In many cases, cycloaddition reactions require Lewis acid
catalysts to produce good yields. Clay and doped silica-gel
catalysts have emerged as useful alternatives to Lewis acids.

The cycloaddition of furan (11) under solvent-free condi-
tions, catalyzed by K10 montmorillonite, produced a de-
crease in the reaction time, although no changes in the
endolexo relationship were observed from that obtained by
classical heating (Scheme 5).1>!

QA r
/ 0 4
R NPh
s
13

0
Q R

7 NPh
R ¢

(0]

R" 0" R
(0]
11 12

14
Conventional heating 1.3 1
Microwave irradiation 1.5 1

Scheme 5

The use of silica-supported Lewis acids as catalysts for
Diels—Alder reactions of 2,5-dimethylfuran leads to fairly
good yields of adducts. Computational studies of the reac-
tion mechanism show that the activation barriers are lower
in the catalyzed reaction, especially when Al(Si) is used
(Scheme 6).12°!

R 0 R
y4 . R Q
Dot g5 33, ey
O | / + —_—
=~ Z
R
R z K R

11 15 16 17
Scheme 6

18 50-92%

The use of microwave irradiation leads, in some cases, to
good yields of aromatic products and thus constitutes a
good synthetic route to polysubstituted aromatic com-
pounds. Computational studies show that hard Lewis acids,
such as aluminium derivatives, make the adduct ring-open-
ing stage easier than the corresponding zinc derivatives do
(Scheme 6).12

Solid supports such as silica gell®”l and aluminal®®! have
also been used in the generation of 1,3-dipoles and, in this
way, heterocyclic compounds can be obtained in one-pot
procedures. However, no changes in regioselectivity have
been observed under microwave irradiation conditions in
these cases.

The regioselectivity can be modified by changing the po-
larity of the solid support.[*’! In the reaction of pyridinium
dicyanomethylide (19) with ethyl phenylpropiolate (20), the
selectivity changes from 88:12 to 98:2 when the support is
changed from silica gel to neutral bentonite (Scheme 7).

Eur. J. Org. Chem. 2000, 3659—3673
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®J CO,Et N\, COEt +
20 =
Nc/é\CN NC pn
19 21
Silicagel 88 12
Bentonite 98 2
Scheme 7

3.2. Reactions Without Support

An alternative to the use of supported reagents is the use
of uncatalyzed ‘“neat reactions”. Under these conditions,
the radiation is absorbed directly by the reagents and this
produces spectacular accelerations and improved yields and
purities of the reaction products. Workup procedures are
simplified and changes in the selectivity of the cycloaddi-
tion are sometimes observed.

Diels—Alder reactions®* and 1,3-dipolar cycloaddi-
tions*'-321 have been performed using this methodology.
Thus, Bazureau described the cycloaddition of a 1-azadiene
derived from a vinylpyrimidine (23) as a tandem conjugate
addition/hetero-Diels— Alder reaction (Scheme 8).133

O NH =R NH
)\(COZEt N Xy CO2E
N H
N\

H H
23 24
R
‘N\ ‘s CO2Et -__ ‘ NH
= E
N CO,Et
R

25 (67-98%)

Scheme 8

Corsaro emphasizes the importance of the solvent-free
methodology in the cycloaddition of polycyclic aromatic
hydrocarbons with nitrile oxides. Under solvent-free condi-
tions, reactions were completed in 3—10 min. It was ob-
served that the reaction failed when it was performed in
refluxing decalin, due to degradation of the 1,3-dipole
(Scheme 9).534

26 28 (18-21%)

Scheme 9

Eur. J. Org. Chem. 2000, 3659—3673

Diaz-Ortiz described the hetero-Diels—Alder and 1,3-di-
polar cycloaddition of ketene acetals under these condi-
tions. Reactions were improved and products were isolated
directly from the crude reaction mixture, with no polymeriz-
ation of ketene acetals occurring.[33

When an enantiomerically pure ketene acetal 35 was
used, cycloadditions with N,o-diphenylnitrone (30) and
with chalcone (31) were achieved within 3 min; in 98 and
96% vyields, respectively. Under the same reaction condi-
tions, but using classical heating in the absence of solvent
at 120—124 °C for 3 min, yields decreased to 3—4%. These
results suggest that the excellent yields achieved under mi-
crowave irradiation conditions are perhaps not exclusively
due to the rapid heating of the reaction mass (Scheme 10).

Ar ,o@
0’9 Ar—C=N-O 30 ) UD
27 Z> Ph_ ARV
A T ) T
32 R! Ph
33
X
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o R
R H
@
R O
34
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®/) wmw 36a(38% 36b (36%)
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P 35 30 7_>,O 7:_>,o
N A N, Y
PO bj\Ph PK 0 ‘bl
36¢ (18%) 36d (8%)Ph

H Ph

/@(0
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A o

—_—

Ph)_/ Py 3 min H Ph Ph H
35 31
| O, | 0.
P O o Ph O O\Z
37¢ (14%)Ph 37d (6%) Ph
Scheme 10

Microwave irradiation induces 1,3-dipolar cycloaddition
of aliphatic and aromatic nitriles with nitrones or nitrile
oxides under solvent-free conditions. Such reactions give
the corresponding 2,3-dihydro-1,2,4-oxadiazoles 39 or
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O

= Il)h 39% mi
0 195°C  Ph . N. % microwaves
— = Y o
N=C-COEt M N= 4% conventional
38 39 COqEt heating
CH,
Q =N— H3Cn CH; 29% microwaves
@ 126 °C N .
40 CHs - CH; _{ traces, conventional
> min N= heatin
CH, g
N=C—CH, 42
41
Scheme 11

1,2,4-oxadiazoles 42, respectively (Scheme 11).3¢! With mi-
crowave irradiation, the yields were always higher than
those obtained with classical heating. However, the most
significant differences were achieved with the less reactive
nitriles. Such an observation is in keeping with Lewis’s re-
mark that “slower reacting systems tend to show a greater
effect under microwave irradiation than faster reacting sys-
tems”.[37]

3.3. Reactions with a Heat Captor

Garrigues described the use of graphite as a heat captor
under microwave irradiation conditions. Graphite is a
chemically inert support that couples strongly with micro-
waves by a conduction process and so is able to transmit
high levels of thermal energy to the supported reagents.>®!

Methods involving microwave-assisted, graphite-sup-
ported dry media have been described for hetero-
Diels— Alder cycloaddition reactions of anthracene, 1-azad-
ienes, and 1,2,4,5-tetrazines with several C—C dienophiles
and carbonyl compounds.*®! This technique leads to a
shortening of reaction times; a situation that allows work
to be undertaken at ambient pressure in an open reactor,
avoiding the formation of unwanted compounds by thermal
decomposition of reagents or products (Scheme 12).

COOMe

Me\( (I: MW 10 min. Me\(\/ECOOMe
+ |
\N ? Graphite N/ COOMe
|
NMe, COOMe
43 5 44 60%
Scheme 12

Similarly, higher power-input retro-Diels—Alder reac-
tions of anthracene derivatives have been observed to occur
in 3—5 min. periods.*¥1 This method is an alternative to the
use of flash thermolysis. The use of graphite is a prerequis-
ite for obtaining high temperatures in a short time.

This methodology has been extended by the same author
to include carbonyl-ene reactions.[*”l The cyclization of (+)-
citronellal (45) to pulegols 46 and 47 is faster when per-
formed under microwave irradiation conditions with a
graphite support. The stereoselectivity was also different to

3664

that obtained using classical heating, with a greater amount
of (+)-neoisopulegol (47) being produced (Scheme 13).

SéiHO Graphlte (El\ é “IOH

80% é 5

46 47
Scheme 13

4. Specific Effects in Cycloaddition Reactions

The existence of results that cannot be explained solely
by the effect of rapid heating has led various authors to
postulate the existence of a so-called “microwave effect”.
According to this, acceleration or changes in reactivity and
selectivity could be explained by a specific radiation effect
and not merely by a thermal effect. Several reviews have
catalogued synthetic results that have been attributed to the
microwave effect.[4041:42]

Various authors have proposed that changes in thermo-
dynamic parameters under microwave irradiation condi-
tions are the cause of the “microwave effect”. However,
when a compound absorbs microwaves, the dielectric heat-
ing causes an increase in the temperature of the system.
When the internal energy of the system is raised, it is dis-
tributed between translational, rotational, or vibrational en-
ergies, independently of the mode of heating. Consequently,
it was concluded that no kinetic differences should be ex-
pected between reactions heated by microwaves and by clas-
sical heating if the temperature is known and the solution
is thermally homogenous.[%¢43]

Berlan found that cycloaddition reactions performed at
reflux in xylene or dibutyl ether (Scheme 14) were always
faster under microwave conditions than when using clas-
sical heating methods.[*¥ The observed acceleration is more
significant in apolar solvents that show weak dielectric
losses (Figure 2). Because of this, the authors proposed that
a modification to AG* is produced, possibly through a
change in the entropy of the system. Subsequently, Strauss
found that the kinetics of these and other reactions are sim-
ilar under microwave irradiation and classical heating con-
ditions; hence there was no specific effect.[*!

(0]
_ MW,95°C
Xylene or
Dibutyl ether

50
Scheme 14

Similarly, in the cycloaddition of cyclopentadiene (51)
with methyl acrylate (52), described by Gedye, microwave
radiation does not alter the endolexo selectivity and the ob-
served changes can be explained by the fact that the reac-
tions under microwave conditions occur at higher temper-
atures than those taking place at reflux (Scheme 15).4

The existence of the so-called “microwave effect’” has not
been proved. However, it does seem to have been demon-
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Figure 2. Yield vs. time for the reaction depicted in Scheme 14

@ +CH,=CH-CO,CH, _M.W., 2.5 min y iy
MeOH CO,CH,

CO,CH,
51 52 53a 3b
Classical heating, 56°C, 85% endo
Microwaves, 110°C, 79% endo
Scheme 15

strated that overheating of polar liquids!'®! occurs and that
“hot spots” are present in heterogeneous systems, especially
at the interface.[*!! Similarly, microwave irradiation pro-
duces an increase in the molecular mobility in solids.[*®!

The utility of microwaves is evident in improving numer-
ous processes or in modifying the chemo-, regio-, or stereo-
selectivity. These changes seem to arise in many cases from
the heating rate provided by microwaves; a situation that is
not possible using classical heating. Suard considered there
to be two important differences between conventional heat-
ing and microwave irradiation.*” Firstly, under microwave
irradiation conditions, the initial slope of the sample tem-
perature is different from zero, and secondly, in contrast to
the situation observed with conventional heating, conduc-
tion flow represents the major flow of the system. As a
consequence, a rapid heating rate must be responsible for
the effects observed.

In cycloaddition reactions, only a few instances have been
described in which changes in the selectivity have been ob-
served under microwave irradiation. In concerted processes,
the regio- and stereoselectivities of the reaction are gov-
erned by frontier orbital interactions, and no changes in
the selectivity are expected unless a change in the reaction
mechanism occurs.

Bose has described reactions of acid chlorides 54 with
Schiff bases 55, in which the stereoselectivity depends on
the order of addition of the reagents (Scheme 16).1484]
When the condensation was conducted by a “normal addi-
tion” sequence (i.e. acid chloride last), only the cis-pB-lactam
(56b) was formed. However, if the “inverse addition” tech-
nique (triethylamine last) was used, 30% cis- and 70% trans-
B-lactams were obtained under the same conditions. When
the reaction was conducted in a microwave oven using chlo-

Eur. J. Org. Chem. 2000, 3659—3673

robenzene, the ratio of trans- and cis-f-lactams was 90:10,
irrespective of the order of addition. Moreover, there was
no isomerization to the thermodynamically more stable
trans-f-lactam (56a).

la “'\ — )D

Z = COCH;, Ph, R,
Scheme 16

R2 ZO,, \R?

Rl
56b

= CH,Ar, Ry =Ar

This effect has recently been rationalized by postulating
that, under microwave irradiation conditions, the route in-
volving direct reaction between the acyl chloride and the
imine competes efficiently with the ketene—imine reaction
pathway (Scheme 17).55%

rRLH R! R? R! R?
T > S
b ey(%‘l GOJjNg3 o);l\rlw
RZ

% / /
_L_“Rl P R o1 Base vy S5-CI

b ase

j\01 X ®/> S >—N‘R3 —'®£>\>_ Ng?
Y (of R
Scheme 17

Base

Langa described the cycloaddition of N-methylazome-
thine ylides to C;, to give three regioisomers (58a—c), by
attack at the 1—2, 5—6, and 7—21 bonds (Scheme 18).51]

Using conventional heating conditions, the 7—21 (58¢)
isomer was formed only as a low proportion of the total,
and the 1—2 (58a) isomer was found to predominate. Under
microwave irradiation conditions and on using ODCB,
which absorbs microwaves efficiently, significant changes
were observed. Unlike under the classical conditions, 58¢
was never formed under microwave irradiation conditions,
regardless of the power of irradiation, and isomer 58b was
predominant under higher power conditions (Scheme 18
and Figure 3).

A computational study on the mode of cycloaddition
showed that the reaction is stepwise, the first step consisting
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Bond Length

1-2 a: 1375A
56 b: 1.387 A
7-21 ¢ 1.414A
20-21d:1.465A

57

CH,NHCH,COOH /HCHO

Crno »
A or Microwaves

N_CH3

58a, b, c
Scheme 18

T T T T
2o w o 2 o e o 2t} 5

and products and prevent polymerization of the diene or di-
enophile.

In an attempt to prepare new diprenorphine analogs,
Linders, in one of the first examples of microwave-induced
organic reactions, reported on the reaction of methyl vinyl
ketone with 6-demethoxy-B-dihydrothebaine (59).1531 At-
tempts to perform the Diels—Alder reaction under classical
conditions resulted in extensive polymerization of the dien-
ophile. A dramatic improvement was achieved when the
cycloaddition was carried out using a modified microwave
oven to perform the reaction at the reflux temperature of
methyl vinyl ketone. Under these conditions, the two ad-
ducts 60a and 60b were obtained in a 3:2 ratio according
to HPLC (Scheme 19).

Fallis, in the synthesis of the bridged sesquiterpene longi-
folene (63), performed the intramolecular cycloaddition of

a) b)

©)

Figure 3. '"H NMR spectra (methyl groups) of the adducts 58a, 58b, and 58¢ (Scheme 18) from left to right. a) classical heating in toluene;
b) classical heating in ODCB; ¢) microwave irradiation at 180 W in ODCB

of a nucleophilic attack on the azomethine ylide. The most
highly negative charge on the fullerene moiety in the trans-
ition states a and b is located at the carbon adjacent to the
carbon—carbon bond being formed. In transition state c,
however, the negative charge is delocalized all around the
C,o subunit. The relative ratio of isomers 58a—c is related
to the hardness, and so the formation of 58b should be fav-
ored under microwave irradiation conditions. It is note-
worthy that purely thermal arguments predict the predom-
inance of 58¢ under microwave irradiation; and this is op-
posite to the result found experimentally.

5. Applications

5.1. Applications in the Synthesis of Natural Products

Cycloaddition reactions increase molecular complexity
by formation of a cyclic compound and, simultaneously,
formation of two C—C bonds.’?! Such reactions are also
regio- and stereoselective. For these reasons, cycloaddition
reactions are, in most cases, the key step in multistep syn-
theses of natural products.

These reactions usually require long reaction times, high
temperatures, and/or Lewis acid catalysts; conditions that
result in partial or total decomposition of sensitive com-
pounds. This is particularly important in the synthesis of
natural products, and these problems have in many cases
been conveniently solved by the use of microwave irradi-
ation conditions. The short reaction times associated with
microwave activation avoid the decomposition of reagents
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compound 61 as a key reaction for the construction of the
bridged system (Scheme 20).554

Me Me Me
MW, N =
- o .
___ COMe MecO MeO -
MO oy (> — COMe OH O O Feome
49
59 60a 60b

H COMe

Microwaves, 32%, 3 : 2 ratio

Scheme 19

N COMe  Tolyene 7 \
61 62 63
R = SiMe,'Bu 62 Conventional heating, 10%
Scheme 20 Microwave irradiation, 92%

The cycloaddition reaction afforded 10% of the cycload-
duct 62 after 24 h at reflux in toluene, while decomposition
predominated at higher temperatures. When the triene was
heated in a sealed glass vessel in a modified microwave
oven, however, the adduct was obtained in 92% yield.

The same author used this strategy for the synthesis of
tricyclic taxoide skeleton 65; an intramolecular
Diels—Alder approach that proceeds in the direction from
left to right (ring A to BC) (Scheme 21).5%1 Once again,
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microwave irradiation was necessary to perform the re-
quired cycloaddition in good yield.

H
=
0
Fw
H
MOMO™ ™ Toluene, reflux, 10 h o g
_ MOMO
64 65, 40%
Scheme 21

The cycloaddition of ketone 64 could be effected in a
sealed glass tube in a modified microwave oven, to afford
the tricyclic system stereoselectively. This major adduct
arose via the preferred transition state, in which the non-
bonded interactions were minimized by the alignment of
the dienophile beneath the triene unit remote from the
MOM substituent. This pattern of m-facial selectivity im-
plies that, with the “natural” C2 sterecoselectivity, the pre-
ferred geometry should provide the relative stereochemistry
required for taxol itself.

A synthesis of the decalin unit of compactin (68) — a
potent competitive inhibitor of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase, which acts as an ef-
fective hypocholesterolemic agent — was planned around
an intramolecular Diels—Alder reaction (Scheme 22).5¢

The reaction was carried out by heating the reagents at
150 °C for 10 h in o-xylene. The desired exo adduct was
obtained with high stereoselectivity, and formation of the
diastereoisomer 67b was considered to occur by isomeriz-
ation of the exo adduct.

Under microwave irradiation conditions, the reaction was
dramatically accelerated and the carboxylic acid was ob-
tained after 45 min, with a small increase in the stereoselect-
ivity (Scheme 22).156

66 67a 67b

a R; = CO,Et, R, = H; Conventional heating: exo/endo: 91/9
Microwave irradiation: exo/endo: 94/6

b R, = CO,H, R, = H; Conventional heating: exo/endo: 82/18
Microwave irradiation: exo/endo: 85/15

WOH

Compactin 68

Scheme 22
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5.2. Applications in Heterocyclic Chemistry

5.2.1. Synthesis of Heterocyclic Compounds by
Cycloaddition Reactions

Cycloaddition reactions, in contrast to classical cycliza-
tion reactions, have recently become a powerful tool for the
construction of heterocyclic rings. Microwave irradiation
has been used to increase the reaction rate, to perform diffi-
cult cycloadditions, and to obtain temperature-sensitive
compounds.

Thus, [2+2] cycloadditions have commonly been used to
obtain B-lactam derivatives.['8 7204849 Bose described the
synthesis of the thienamycin side chain using this methodo-
logy,P7 with the first step a [2+2] cycloaddition under mi-
crowave irradiation conditions. Likewise, Khajavi described
the reaction of trichloroacetic anhydride with imines.[®! Us-
ing classical heating conditions, the reaction required the
use of Fe,(CO)y as a catalyst, whereas under microwave ir-
radiation conditions no catalyst was required.

1,3-Dipolar cycloadditions have been used to produce
heterocyclic five-membered rings; microwave irradiation
was used to facilitate the cycloaddition and even to prepare
the 1,3-dipole in situ, by elimination,’?’~28] thermal ring
opening'® and thermally induced tautomerization.!*]

Loupy described the preparation of trifluoromethyl-sub-
stituted isoxazolines by cycloaddition of nitrones to fluorin-
ated dipolarophiles, and considerable improvements in
yields and experimental conditions were achieved.[®’l Fisera
described the effect of the addition of methylmagnesium
bromide on the stereoselectivity of reactions of mesitonitrile
oxide with Baylis—Hillman adducts 69 (Scheme 23).[°!l In
this case, microwave irradiation produced a decrease in re-
action time for both the chelated and the non-chelated
cycloadditions, without any loss of stereoselectivity for non-
catalyzed cycloadditions and with only a small change in
the stereoselectivity for the chelated reaction.

BLO MsrCN G BLO CO;CH; ~Lo  cocH

(0] + O ....
OH Mst O
69 70a 70b
r.t., 48 h 95 5
MW, 4 min 78 22
Scheme 23

The hetero-Diels—Alder reaction is one of the most im-
portant methods for the synthesis of heterocycles. Micro-
wave irradiation has been used to improve reactions of het-
erodienophiles*-®21 and heterodienes!?3-3%-38:631 with low re-
activities. Motorina described the intramolecular hetero-
Diels—Alder reaction of N-alkyl-2-cyano-1-azadienes (71)
(Scheme 24);193 although the reaction had already success-

Me Me

NC_ N A or Microwaves NC. _N

K | | ™

71 72
Scheme 24
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fully been performed by heating the reactants in benzene
overnight in a sealed tube at 110 °C, it was found that reac-
tion time could be reduced to 14 min in a microwave oven.

5.2.2. Reactivity of Heterocyclic Compounds in
Cycloaddition Reactions

Only a few examples of the reaction of heterocyclic di-
poles under microwave irradiation conditions have been de-
scribed.?”! The use of heterocycles in [4+2] cycloadditions
is more common and such reactions of pyrones,® fu-
ran,>326:651 and pyrazoles[®® %8 have been described, along
with retro-Diels— Alder reactions.!'?!

The intramolecular Diels—Alder reaction of furan 73
fails to take place using classical heating conditions
(Scheme 25).191 However, the reaction has been successfully
carried out, in 64% yield, by using microwaves and absorb-
ing the product onto silica gel/water.

[0}

MW, 5 min
o % 7 0
\ / O oH 1) Si0y/H,0 (1:1)
2) TBSCIL, DMF TBSO
73 74 64 %

Scheme 25

Bortolussi described the synthesis of unsaturated amino
alcohols 76 by thermolysis of furan adducts 75, with a sig-
nificant reduction in reaction time observed when using mi-
crowaves (Scheme 26).[6!

R
|
O R4 N—CH,Ph H /—
3 MW .,
AA:LA\H ' R.r(_\CHZOH 7\
CHZOH 10-15 min R/N\CHZPh O
75 76 (98%) 11

Scheme 26

Diels— Alder cycloadditions of vinylpyrazoles under clas-
sical conditions require highly reactive dienophiles and ex-
treme conditions; i.e. high pressures and temperatures
(8—10 atm. and 120—140 °C) for long reaction times (sev-
eral days), to obtain, in most cases, only moderate yields.[%]
The main obstacle in these reactions is the extensive poly-
merization of the reagents. 1-Phenyl-4-vinylpyrazole (77) re-
acted with dimethyl acetylenedicarboxylate (DMAD)
within 6 min under microwave irradiation conditions, to af-
ford the adducts 78 and 79 in 72% overall yield
(Scheme 27).1°¢1 The cycloaddition was performed in a Te-
flon vessel in a domestic microwave oven. The clean nature
of the reaction allowed intermediate 80 to be characterized,
although this compound is not detected when classical heat-
ing is used; as it rearranges spontaneously in a few minutes
at the reaction temperature to give the aromatic compound.
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CO,CH;
H,C0,C
N//__\i\ DMAD N/{_Q\C@CH; + N/ \ CO,CH;
N MW N o N
ﬁh Ph 2 3 Il)h COzCH3
77 78 (10%) 79 (62%)
H,CO,C
H,C0,C 1
I CO,CH,
N
by COxCH;
80
Scheme 27

The reaction proceeds even with a very poor dienophile
such as ethyl phenylpropiolate, which does not react under
classical conditions.

Bipyrazolyl derivatives can be prepared by 1,3-dipolar
cycloadditions under microwave irradiation conditions.[®”]
The irradiation results in thermal isomerization of the pyra-
zolyl hydrazones 81 and 83 to the corresponding azome-
thine imines, to afford [4,3'] or [5,3'] bipyrazolyl adducts 82
and 84 in 10—45 min in 30—84% yields (Scheme 28).

=N M ON-Ar u
/,—\( N MW =N “NVAr
N —_— T\ H R—=TR' T

N 135-185°C | Ny Ny

Fh Ph Ph

81 L J 82 30-84%
NmN‘NArﬂ; //_\>\/§~ Ar = 7' N/ A\ N Ar

N H Toasec |[Ny—@8 N N

83 L . 84 40-67%
Scheme 28

Microwave irradiation was required to obtain the adducts
in good yield. Under microwave irradiation conditions, the
hydrazones underwent a 1,3-dipolar cycloaddition with di-
methyl fumarate to afford the corresponding adducts in 84
and 56% yield. When classical heating in an oil bath under
the same reaction conditions (temperature and reaction
time) was used, yields decreased to 17 and 25%, respect-
ively.

Although pyrazolyl hydrazones could theoretically un-
dergo a [4+2] cycloaddition by reacting as 1-azadienes, no
example could be found in which cycloaddition gave [4+2]
adducts.

Computational studies on model systems, at the B3LYP/
6-31G* level, were performed in order to ascertain the
reasons for the preferential [3+2] periselectivity. The data
on the transition structures corresponding to the [4+2] and
[3+2] reactions predicted the preferential formation of the
[3+2] cycloadducts. Moreover, inclusion of thermal and en-
tropic factors resulted in an enhancement in the energy dif-
ferences in favor of the [3+2] process.
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The corresponding dimethyl hydrazone 85, which cannot
undergo a thermal 1,2-hydrogen shift to afford an azome-
thine imine, gave the (4,3") bipyrazole 86 in 80% yield under
microwave irradiation conditions (Scheme 29). These reac-
tions could occur through a Michael-type intermediate that
could give bipyrazole 86 by cyclization, or a cyanopyrazole
by fragmentation. Classical heating in these cases did not
give rise to these compounds.

/‘i@ BtO,C_
\N,NMez EtO CYPh NN_CH3
r{ MW S, NMe, | Pi-C=C-CO,Et 77
NN 180°C N//_f N%\/I 20 NN
Ph \ Ph
85 Ph 86 (80%)
Scheme 29

Pyrazole derivatives are very reluctant to participate as
dienes in Diels—Alder cycloadditions that involve the pyra-
zole ring, due to the associated loss of aromaticity.[!! How-
ever, microwave irradiation under solvent-free conditions
induces pyrazolyl 2-azadienes 87 to undergo Diels—Alder
cycloadditions with nitroalkenes 88—89 within 5—10 min,
to give good yields of pyrazolo[3,4-b]pyridines
(Scheme 30).181 Under classical heating conditions, only
traces of the cycloadducts were detected.

Scheme 30

This is the first example of a [4+2] cycloaddition invol-
ving a pyrazole ring and it represents a new, interesting,
and versatile approach to the preparation of pyrazolo[3,4-
b]pyridines.

However, the reaction of vinylpyrazoles and pyrazolylim-
ines with N-trichloroethylidenecarbamate, a reactive aza-di-
enophile, did not produce the expected pyrazolopyrid-
ines.l’?

Reaction between vinylpyrazoles and N-trichloroethylid-
enecarbamate occurs though the exocyclic double bond to
give Michael addition to the conjugated system. This reac-
tion must be considered as an electrophilic substitution on
the exocyclic bond, which is activated by conjugation with
the pyrazole ring. On the other hand, 5-pyrazolylimine re-
acted by a substitution at the activated 4-position of the
pyrazole ring, while 4-pyrazolylimine — in which position

Eur. J. Org. Chem. 2000, 3659—3673

4 is blocked — did not react after 15 min of microwave irra-
diation and the only process observed was the decomposi-
tion of the reagents.

With conventional heating under similar conditions, no
reaction occurs with either vinylpyrazoles or pyrazolylim-
ines; only decomposition of the starting material takes
place. These results show that the introduction of a nitrogen
in the exocyclic double bond reduces its nucleophilicity.

5.3. Applications in Cgy Chemistry

Since Kriatschmer and Huffmann discovered a procedure
for preparing bulk quantities of Cg,/”*! the chemistry and
derivatization of fullerene has continued to attract attention
aimed at preparing derivatives with interesting physical
properties and biological activities.”*I75] In addition, new
materials based on Cg, derivatives show promise for solar
energy conversion,’®! nonlinear optical behavior,l’”] super-
conductivity,[’® ferromagnetism,””! or HIV-1 protease in-
hibition. [

Cgo reacts as an electron-deficient polyolefin and, con-
sequently, one of the main ways of functionalizing fuller-
enes involves cycloaddition reactions,®!! in which Cg is a
reactive 2n component. In this context, [1+2], [2+2], [3+2],
and [4+2] cycloadditions have been performed (Scheme 31);
and the conditions for cycloadduct formation strongly de-
pend on the gap between the controlling orbitals. For this
reason it is frequently necessary to use conditions involving
several hours (or days) under reflux in high boiling solvents.
Thus, it was interesting to investigate the potential of micro-
wave irradiation in the preparation of fullerene derivatives
when this type of reaction is involved. The characteristics
of [60]fullerene, i.e. the absence of a dipole moment and the
necessity of working on a very small scale, entail the use of
a solvent in these reactions.

Scheme 31

[4+2] Cycloadditions selectively afford the 6,6-ring junc-
tion adducts,!®?! which in some cases undergo a facile retro-
Diels—Alder reaction as a consequence of the low thermo-
dynamic stability of the adduct. However, very stable
Diels— Alder cycloadducts have been prepared by using dif-
ferent substituted o-quinodimethanes, thanks to stabiliza-
tion of the adducts by aromatization.[®3
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Langa et al. described the microwave-induced
Diels—Alder reaction with o-quinodimethane — generated
in situ from 4,5-benzo-3,6-dihydro-1,2-oxathiin-2-oxide (93)
(sultine)®+83] — leading to cycloadduct 94 (Scheme 32).18¢]
This reaction was the first application of microwave irradi-
ation to the preparation of a functionalized Cg, derivative.

o,
S\\o 20 min

93

94 (39%)

Scheme 32

In order to avoid explosion hazards,®”l a modified do-
mestic microwave oven was used (Figure 1). Higher yields
were obtained in shorter periods of time when using micro-
wave irradiation (39% yield after 20 min of irradiation) than
under conventional thermal conditions. Longer irradiation
times produced a decrease in the yield of 94 due to in-
creased bisadduct formation.

The scope of the microwave technique in the preparation
of fullerene derivatives was demonstrated in the well known
Diels—Alder reaction of Cgq, with anthracene,®®! which had
been reported to form cycloadduct 95 under thermal condi-
tions (13%,13%] reflux, toluene, three days; 25%!83"] reflux,
benzene, 12 h) (Scheme 33), in addition to multiply-substi-
tuted adducts that underwent cycloreversion to the start-
ing materials.

Cor 4 Microwaves, 15 min
o _Alerbwares, 0

1

Toluene

95 (35%)

Scheme 33

Under microwave irradiation conditions, with toluene as
a solvent, cycloadduct 95 was formed in 35% yield after
15 min at 800 W, constituting an improvement on the
yields obtained by conventional heating. This case also
demonstrates how this methodology not only reduces the
reaction times to minutes, as one would expect, but also
leads to improvements in the yields. This fact is probably
due to a decrease in the degree of reversion of the cycload-
duct in the shorter period of time needed for the microwave
reaction. It is remarkable that under microwave conditions
no formation of bis adducts was observed in these reactions.

Fullerene derivatives functionalized with heterocycles
(fulleroheterocycles) are of particular interest because:[*)
(a) even a simple combination of fullerenes with structurally
diverse heterocycles provides a multitude of derivatives,
(b) heterocycles are themselves intriguing and important
functional groups, (c) functional conversions can be carried
out with relative ease by heterocyclic modification and het-
erocyclic ring-opening, and (d) bond formation between
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fullerene carbons and various heteroatoms provides a new
aspect of functionalization.

Fullerene derivatives fused with heterocycles by bonds
between fullerene carbons and heterocycle heteroatoms (96)
(fused heterocycles) by means of hetero-Diels—Alder reac-
tions, and fullerene derivatives (Scheme 34) covalently
linked with heterocycles by bonds between fullerene car-
bons and heterocycle ring carbons (97) (covalently linked
heterocycles) by Diels—Alder processes have been prepared
by cycloaddition of heterocyclic o-quinodimethanes 98 and
99, respectively, using microwave irradiation conditions.

96 97
X X
NY
X X

98 99
Scheme 34

The reaction of Cgy with o-quinone methide, prepared
from o-hydroxybenzyl alcohol (100) (Scheme 35), was per-
formed in a modified domestic microwave oven at 800 W
and gave 101 in only 4 min and with a 27% yield.®1 Al-
though Eguchi et al.l®!l reported a slightly better yield
(31%) for this reaction using thermolysis in a sealed vessel,
the microwave approach to this adduct offers the simplicity
of its procedure, avoiding the risk of high pressure condi-
tions.

o
OH 4 min.

100

101 (27%)

Scheme 35

Novel pyrazine-containing cycloadducts 105a—c¢ were
synthesized by Diels—Alder reaction of [60]fullerene with
the corresponding 2,3-bis(bromomethyl)pyrazine derivat-
ives 104a—c (Scheme 36);°% the 2,3-pyrazinoquinodime-
thanes were trapped as the Diels—Alder adducts by reac-
tion with [60]fullerene in refluxing ODCB as solvent under
classical heating conditions and under microwave irradi-
ation conditions in a focused microwave reactor (Figure 1).
Once again, the use of microwave irradiation led to higher
yields than those produced by classical heating for 105a and
105b (up to 4.5 times) and reaction times were significantly
reduced from 24 h to 0.5 h. In the case of 105¢, large quant-
ities of polyadducts were detected under microwave irradi-
ation, causing a decrease in the yield.

Interestingly, in the syntheses of thiophene cycloadducts
107, the use of microwave irradiation led to lower yieldsP?
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Scheme 36

(Scheme 37) than those obtained from conventional heating
(23% versus 43%), although reaction times were signific-
antly reduced.P?!

Br
S MW
106 107 (23%)
Scheme 37

A general method for the functionalization of Cgq is the
1,3-dipolar cycloaddition of azomethine ylides, which was
first described by Prato®¥ and leads to fulleropyrrolidines.
Several fulleropyrrolidines (110a—c) have been prepared
under microwave irradiation conditions by Langa et al.’!l
These authors observed that microwave irradiation again
competes favorably and, thus, 110a was prepared in 37%
yield using a focused microwave reactor, and 110b and 110c,
which had not previously been reported, were also prepared
in 30% and 15% yield, respectively (Scheme 38). The di-
polar cycloaddition of azomethine ylides to C;, under mi-
crowave irradiation conditions has also been studied, and
these experiments showed interesting changes in regioselec-
tivity (vide supra).

CHO
+<C02H R\@\/® C60
NH2 AN S}
R
108 109

a, R=H (37%); b, R= OMe (30%); ¢, R= NO, (15%)
Scheme 38

110 a-c

The formation has been described of several 1-aryl-3-(1-
phenylpyrazol-4-yl)pyrazolo[60]fullerene adducts (111a—c)
from nitrile imines, generated in situ from the correspond-
ing hydrazone and NBS in the presence of Et;N and al-
lowed to react with Cg, under microwave irradiation condi-
tions (Scheme 39).° This approach to a 2-pyrazoline ring
fused to Cg is simpler than the previously described
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method, that involved cycloaddition to nitrile imines gener-
ated in situ from the corresponding N-chlorobenzylidene
derivatives.®l

Br
//_\fNNH\Q NBS / Benzene N NNH
J !
N R N‘N R
Phool Ph
1. EuN
2. Cgp, MW

111a-c (33-55%)
a: R=H; b: R=p-MeO; ¢: R=p-NO,
Scheme 39

Under similar conditions, 3'-(N-phenylpyrazolyl)isoxazo-
lo[60]fullerene dyads 113 [R = 4-(N-phenyl)pyrazolyl] and
114 [R = 5-(N-phenyl)pyrazolyl] have been prepared in 22%
yield from the corresponding nitrile oxides (Scheme 40).[°7)
Longer reaction times afforded larger amounts of bis ad-
ducts. The same reactions under thermal conditions pro-
duced lower yields (113: 14%; 114: 17%). A significant acce-
lerating effect (10 minutes vs 24 hours) occurs under micro-
wave irradiation conditions. These new isoxazoline-fused
organofullerenes show an improved acceptor ability over
the parent Cgp, as the values of reduction potential show
an anodic shift in relation to the Cg, parent.

—=N~OH Br.

1/ [ NBS / Benzene N~OH
N A

y N,

Ph N
112 Ph

JEt3N

o®

Y
Ceo, MW //—/&

10 min, 210 W| I|\I

Ph

Scheme 40

6. Conclusions

We have shown that microwave irradiation is an efficient
methodology in cycloaddition reactions. The special char-
acteristics of the irradiation, dielectric properties, energy
transfer, penetration depth, etc. are completely different
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from those in conventional heating and have led to new
laboratory techniques, equipment, glassware, etc. and to a
different perspective on chemical reactions. Several proced-
ures have been designed, to work both in solution and un-
der solvent-free conditions, and the selection of one of these
methods depends on the nature of the reagents and the re-
action, although solvent-free conditions using solid sup-
ports are especially suited to microwave conditions.

The application of microwave irradiation to the synthesis
of natural products, heterocyclic systems, and fullerene de-
rivatives shows that the effect of microwaves on the yield is
particularly important for compounds of low reactivity and
for highly sensitive reagents and products, due to the fact
that mild reaction conditions, shorter reaction times, and/
or lower temperatures can be used.

In some cases, modifications of the selectivity, compared
with that observed in classical heating, have been observed.
These modifications have been ascribed to changes in the
reaction pathway; under microwave irradiation the more
polar path will be favored. Computational studies have
shown that the harder transition state must be favored un-
der microwave irradiation conditions. This result opens new
possibilities for the application of microwave irradiation to
organic and inorganic synthesis, as dramatic modifications
in the selectivity of competitive reactions can be expected if
the transition states have different hardness.
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