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Microwave Irradiation – Historical Overwiev

Microwave Chemistry

- microwaves (2.45 GHz)

- WWII – radar (magnetron)

- 1950s  food industry 

- 1984  first application in 
chemical synthesis
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• Microwave Ovens: domestic use
• Chemical Reactions – usually requires activation energy

• Conductive energy transfer
• Microwaves (dielectric heating)

• First instrument - Hull
• Reliable magnetron – Randall and Both (WVII)
• USA, 1950s food industry
• 1970s-1980s  reliable domestic istruments

Microwave Irradiation – Historical Overwiev
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• First application  1969
• Aqueous emulsion polymerization 
(acrylic acid, butyl acrylate, methacrylic acid)

• Biological geological samples
• Water treatment
• “Real” synthetic applications

• Gedye
• Giguerre

Microwave Irradiation – Historical Overwiev
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United Kingdom 25MHz 40.680 

World-wide 25MHz 24.150 

Netherlands 0.6% 6.780 

World-wide 5MHz 5.800 

Netherlands 0.6% 3.390 

World-wide, except where 2.375 is used 50MHz 2.450 

Albania, Bulgaria, CIS, Hungary, Romania, Czech /Slovak 
Republics, 50MHz 2.375 

North and South America 13MHz 0.915 

United Kingdom 10MHz 0.896 

Austria, Netherlands, Portugal, Germany, Switzerland 0.2% 0.434 

Area permitted Tolerance () Frequency 
(GHz) 

Microwave Irradiation – Historical Overwiev
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Microwave Irradiation –

The electromagnetic spectrum
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Microwave Irradiation – Heating Effect

Dielectric polarization

αt – total polarization

αe - electron polarization

αa - atom polarization

αi - interfacial polarisation
(Maxwell – Wagner effect)

αd – dipolar polarization 

αt = αe+αa+αd+αi
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Microwave Irradiation – Heating Effect

Variation of dielectric properties as a function of frequency

tgδ=ε''/ε’

ε‘ – dielectric constant
ε'' – dielectric loss

Dp ≈ ′ ′′λ ε ε0 ( )

Dipolar polarization

Depth of irradiation
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Microwave Irradiation – Heating Effect
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Interfacial polarization

v – volume
fmax – frequency at max loss
σ- conductivity
ω – frequency of relaxation
τ – time of relaxation
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Microwave Irradiation – Heating Effect

Interfacial polarization
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Microwave Irradiation – Heating Effect

Interfacial polarization
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Microwave Irradiation – Heating Effect

0.0032.20.,00092.2-2.2CCl4

5.5712126.239Ethyleneglycol

-0.21.63.56.311.51-butanol

0.202.32.53.76.716.01-propanol

0.111.71.66.56.022.3ethanol

7.28.915.323.92.530.9methanol

0.0031.970.00021.97-1.97heptane

305418.175.559760.1 M NaCl

29.755.012.076.71.277.5water
ε''ε'ε''ε'ε''ε'

1.1010 Hz3.109 Hz3.108 HzSolvent

Frequency

Dielectric properties of solvents
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Microwave Irradiation – Heating Effect

7019500V2O5251560hexane

5320.5500WO31311560DMF

7010.5500CuO561560acetone

8330500CaO281560CCl4

13056.21000NiO491560CHCl3

4141000FeCl31101560acetic acid

129031000Co2O3781560ethanol

128311000C561560methanol

57761000Al811560water

T (°C)t (min)P (W)SampleT (°C)t (min)P (W)Sample

Temperature change of materials after 2.45 GHz 
frequency microwave  irradiation (RT samples, 50 cm3

liquid, or  25 g (1000 W) or 5-6 g (500 W) solids)
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Microwave Irradiation – Heating Effect

Specific microwave effect ?               Yes and No

No - Molecular rotations only, no bond cleavage

Yes - The temperature dependence of EA of different reactions
could be significantly different – change in selectivities

O

Conductive
Heating

µw

polymerization

Diels-Alder reaction
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Microwave Irradiation – Heating Effect

Summary:

Internal (and very fast and effective) heating of the reaction
mixtures

There is no specific (black magic) microwave effect.
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Microwave Irradiation – Synthetic Applications

1. Reactions in Solvents

Reactions under reflux conditions
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Microwave Irradiation – Synthetic Applications

• The microwave oven • Synthetic instruments
• Milestone, Prolabo, Berghof, CEM
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Microwave Irradiation – Synthetic Applications

1. Reactions in Solvents Reactions in closed systems
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1. Reactions in Solvents Reactions in closed systems

Microwave Irradiation – Synthetic Applications
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Microwave Irradiation – Synthetic Applications

1. Reactions in Solvents

Reactions in continuous system
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Microwave Irradiation – Synthetic Applications

1.1. Pericylic Reactions

+
COOMe

MeOOC

µw

chlorobenzene (5 min) < 5%
1,2-dichlorobenzene (5 min) 15-25%
1,2,4-trichlorobenzene (5 min) 70%

COOMe
MeOOC

+
COOMe

MeOH
+

COOMe H

H COOMe

Conventional (0 C, 67 h) 88 % 12%
Conventional (56 C ) 85 % 15%
mw (110 C, 2-5 min) 79 % 21%o

o
o
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Microwave Irradiation – Synthetic Applications

1.2. Synthesis of Heterocycles

Fc

Cl

O
R

H

HXCHCOOR"

R'

Fc - ferrocenyl

Fe

+
DMF, Et3N, µw

(160 W) X

R

R'Fc

35 - 87 %

NHCOPh

µw

( ~ 5 min)
N

Ph

Ph
N Ph

N Ph

O
Ph

+

1,2-dichloroethane, P2O5 (80 C) traces major product
toluene, POCl3 (80 C) traces major product
chlorobenzene (110-120 C) 40% 60%
1,2-dichlorobenzene (140-150 C) 90% 10%

o

o
o

o
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Microwave Irradiation – Synthetic Applications

N
H

N

NH

O
X

96% HCOOH, µw

700 W, 2x1 min N
H

NH

O

X

73 - 88 %

1.2. Synthesis of Heterocycles

EtOH, µw

( 400 W, ~ 5 min)

ROOC

Me NH2

COOR1

O Me
+

N
H

ROOC COOR1

MeMe

R2 R2

58-98%
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Microwave Irradiation – Synthetic Applications

1.3. Protection/Deprotection

µw

( 650 W, ~ 2 min)
+O

R'

R"

HO
HO

R'

R"

O

O
Acid Catalyst

Pd/C, ethyleneglykol
NH4COOH, µw

( 1450 W, 2 min)N

H
BnO

H
O

O

O Bn
N

H
HO

H
O

O

O Bn

90%
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Microwave Irradiation – Synthetic Applications

1.4. Rearrangements/Isomerization

DMF, µw

( 20 min )

91%

O
OH

O O

H

+

OH O O

CH3C(OEt)3

Me

OEt
OEt

- EtOH

OEt

COOEt

140 C, propionic acid, 12.5h 73%
µw, DMF, 450 W, 4+4 min 80%

o
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Microwave Irradiation – Synthetic Applications

1.5. Elimination

conventional, 2h 53%
4h 40%

µw, 700 W, 14 min 88%

O
O OPh

OMeTsO
TsO

NaI, Zn, DMF
O

O O
OMe

Ph
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1.6. Alkylation/Acylation

Microwave Irradiation – Synthetic Applications

+

93%

conventional, 12h 65%
µw, 560 W, 35 s 65%

ONa

CN

Cl
O

CN

MeOH

µw, ~7 min
+

80%

COOH COOEt

R-OH
H2SO4
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Microwave Irradiation – Synthetic Applications

1.7. Oxidation/Reduction

µw, 5 min

(high pressure!) 40%

CH3 COOH

KMnO4/OH-

µw, 5 min

up to 100%

N

X

YO

R

N

X

YO

R
Pd/C, HCOONH4,

ethyleneglycol
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Microwave Irradiation – Synthetic Applications

1.8. Coupling/Arylation
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Microwave Irradiation – Synthetic Applications

2. Reactions without Solvents

Reactions can be carried out in different ways:

- neat
- on surfaces:   support only

on a catalytic surface 
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Microwave Irradiation – Synthetic Applications

2.1. Pericylic Reactions

+
µw

dioxane (60 h) 90%
mw (graphite, 30W, 3x1min) 75%

O

O

O

O
O

O

+
µw

xylene (7 h) 88%
µw (chlorobenzene, 10min) 27%
µw (no solvent, 3min) 85%

O

O

O

Ph

Ph

O

Ph

Ph

O

O
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Microwave Irradiation – Synthetic Applications

µw

66%

O

COOEt

COOEt

+
600 W, 10 min

O

COOEt

COOEt

2.1. Pericylic Reactions

µw
+ EtOOC COOEt

O

OH

COOEt
COOEt

CCl4, 5h 92%
µw, graphite 70%
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Microwave Irradiation – Synthetic Applications

2.2. Synthesis of Heterocycles

N
S

S
NH2

O
OH3CO OCH3

K-10 / MW / 100 oC
R O

R

O

O

yields 86-95%

NH2

O
OH3CO OCH3

K-10 / MW / 80 oCR N

O

R
N

O

R

yields 85% (5-30 min)
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Microwave Irradiation – Synthetic Applications

2.2. Synthesis of Heterocycles

R1
N

R2
N

R3
N

O

O

R1-NH2

K-10, MW, 90 Co

K-10, MW, 90 Co

K-10, MW, 90 Co R5

R4

pyrroles

indoles

Yields up to 98%
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2.2. Synthesis of Heterocycles

Microwave Irradiation – Synthetic Applications

NH2

NH2

R

R1 CHO

R3

O

K-10, µw

K-10, µw

R
N

N
R1

R

R1

N

N

R3

R3

R2
R2

R2

R4
O

O

O

N
H

N

O

R4

R

K-10, µw

75-98% (2-15 min)
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Microwave Irradiation – Synthetic Applications

2.3. Condensation

H3C
O

R1

R1 CH3

N+

H2N R2
montmorillonite K-10 / µw

R2

95% (5-10 min)

F3C
O

R1

R1 CF3

N+

H2N R2
montmorillonite K-10 / µw

R2

PTSA, toluene, ref lux 70% (7 days)
K-10, µw 75-98% (5-35 min)
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Microwave Irradiation – Synthetic Applications

2.3. Condensation

Ph
O

H
+

CN
H2C

CN
silica

Ph C
H

C
CN

CN

conventional (120 C, 30 min) 48%
µw (150W, 3 min) 79%

o

Ar
O

H
+

KSF, µw
N

N

Me

O

Ph

N
N

Me

O

Ph

Ar

N
N

Me

O

Ph

Ar

(70-350W,
2-5 min)

68 - 92%

+
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Microwave Irradiation – Synthetic Applications

2.4. Protection/Deprotection

Al2O3, µw

(800W,
11 min)

78%

O
Si

O
Si

OH

OH

Al2O3, µw

(800W,
6-30 min)

89-91%

OPivOPivO
PivO

OMe

OPiv
OPivOPivO

PivO
OMe

OH
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Microwave Irradiation – Synthetic Applications

2.4. Protection/Deprotection

(CH2)3OAc

OAc

(CH2)3OH

OH

(CH2)3OAc

OH

Al2O3, µwAl2O3, µw

800W, 30s 800W, 2.5 min

CH(OAc)2

OAc OHOAc

Al2O3, µwAl2O3, µw

800W, 30s 800W, 2.5 min

O H O H
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Microwave Irradiation – Synthetic Applications

2.4. Rearrangements/Isomerization

R
Ph

R'
OH

KSF, µw

5 min R

Ph

R'

O

AgBF4-Al2O3, µw

10 min

SPh
Cl

Cl

SPh

Cl
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Microwave Irradiation – Synthetic Applications

2.5. Elimination

KOtBu, µw

O

O

Br O

O

conventional (64 C, 5 min) 41%
mw (64 C, 5 min) 97%

Montmorillonite, µw

H

O
+ H2N-OH

C
N

15 min

85%
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2.6. Alkylation

Microwave Irradiation – Synthetic Applications

K2CO3, Bu4NBr, µw
+ R-Hlg

2 min

86%

COOEt

COOEt
R

COOEt

COOEt

Bu4NBr, µw
+ nC8H17Br

COOH

COOH

COOnC8H17

COOnC8H17

K2CO3, 175 C 20%
K2CO3, mw, 6 min 84%
K-salt, mw, 7 min 92%
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2.6. Alkylation

Microwave Irradiation – Synthetic Applications

Raney-Ni, µw
+ R'-OH

NH2

R

NHR

R
30-60 min

60-91%

Al2O3, µw
RCH2-Hlg + Ph-SO2

- Na+

5 min
RCH2-SO2-Ph

45-99%
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2.7. Acylation

Microwave Irradiation – Synthetic Applications

+ HO-nC8H17

COOMe

Amberlyst 15, 1 min 61%
TsOH, 2 min 97%
KF-Al2O3, 3 min 71%
K2CO3+Aliquat, 2.5 min 90%

R

C

R

µw

nC8H17

OO

traditional, 320 C, 1h 61%
µw, 780 W, 3 min 92%

µw
COOH

S

Cl

Cl S

O

O

Cl

Cl
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Microwave Irradiation – Synthetic Applications

2.8. Oxidation/dehydrogenation

N
H

H Ar
EtOOC COOEt

MeMe

MnO2/bentonit, µw

10 min N

EtOOC COOEt

MeMe

Ar

47-100%

KSF/Me2SO, µw

3 min

55-90%

O

R R

O OH
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Microwave Irradiation – Synthetic Applications

2.8. Organometallic compounds

*496x25[Ru(9S3)2](PF6)2MeOHRuCl3.xH2O, 9S3

168703x20[RuCl(CO)(bpy)2]ClDMFRuCl3.xH2O, bpy

24372x30[AuCl(tpy)]Cl2.3H2OH2OHAuCl4, tpy

24-100472x30[PtCl(tpy)]Cl.3H2OH2OK2PtCl4, tpy

29816[IrCl3(9S3)]MeOHIrCl3.xH2O, 9S3

127045[IrCl(CO)(PPh3)2]DMFIrCl3.xH2O, PPh3

247140[Cr(dpm)3]EtOH–
H2O

CrCl3.3H2O, 
carbamide,
dipivaloyl-
methane

t (h) 
(conventional)

Yield 
(%)

t (s)ProductSolventReaction Mixture

dpm: 2,2,6,6-tetramethyll-3,5-heptadionato; 9S3: 1,4,7-trithiacyklononane; tpy: 2,2',2''-terpyridin; 
bpy: 2,2'-bipyridyl * cannot be synthesized directly
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840,5[{Rh(COD)Cl}2]EtOH–H2O 
(4:1)

RhCl3.3H2O, cyclooctadiene

669[Ru{(C7H8)Cl2}2
]

EtOHRuCl3.3H2O, 
cycloheptatriene

8710[Ru(bpy)3](PF6)2MeOH, Et3NRuCl3.3H2O, bpy

9670[Ru(9S3)2](PF6)2MeOHRuCl3.3H2O, 9S3

798[Mo6Cl8][OAc]2
Cl2

Mo6Cl12, AcOH, Ac2O

6530[Mo2(acac)4]AcOH–Ac2O[Mo(CO)6] acetyl-acetone

Yield 
(%)

t
(min)

ProductSolventReaction Mixture

acac: acetyl-acetone; 9S3: 1,4,7-trithiacyclononane; bpy: 2,2'-bipyridyl; C7H8:
cycloheptatriene; COD: cyclooctadiene

Microwave Irradiation – Synthetic Applications

2.8. Organometallic compounds
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Microwaves/Sonochemistry – References
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