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Microwave Chemistry

- microwaves (2.45 GHz)
- WWII - radar (magnetron)
- 1950s food industry
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chemical synthesis 1000
O Total
800 m Organic synthesis
600
400
200
o-‘—v—v—»ﬂvﬂvﬂvﬂvﬂrﬂ»ﬁﬂﬂﬂﬂ
7;;- 82 85 88 91 94 97

Year

. : . : . : . S : 41
Fig. 1 Published articles involving microwave irradiation since 1970
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Microwave Irradiation — Heating Effect

Dielectric polarization

o, — total polarization
o, - electron polarization
o, - atom polarization

o, - interfacial polarisation
(Maxwell — Wagner effect)

oy — dipolar polarization

at o ae+ aa+ ad+ ai
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Dipolar polarization
Ej’ g” an: £
tgo=¢e"'le o
- - = EJ:
& — dielectric constant 20
g —dielectric loss -
- Fra;uenc}rf CHz :

Variation of dielectric properties as a function of frequency

Dy = ﬂ,o\/(é"/é‘") Depth of irradiation
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Interfacial polarization

v ug' fmx (w7)
g =
18.10%0 (1+w°7?)

v —volume

f . — frequency at max loss
c- conductivity

o — frequency of relaxation 1Ll

0.1 1 m

t — time of relaxation Frequency /KHz




Microwave Irradiation — Heating Effect

Interfacial polarization
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Microwave Irradiation — Heating Effect

Interfacial polarization
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Microwave Irradiation — Heating Effect m
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Frequency
Solvent 3.108Hz 3.10° Hz 1. TOSCE 7
water Wes) 128 W6 12400 < 1540) 29.7
0.1 M NaCl 76 59 75.5 18.1 54 30
heptane 1.97 - 1.97 0.0002 1.97 0.003
methanol 30.9 20 MNI5 5.3 8.9 /5P
ethanol 2258 6.0 6.5 1.6 135 0.11
1-propanol 16.0 ] 3.7 2D 2.3 0.20
1-butanol 14#5 Bia 35 143] 0.2 -
Ethyleneglycol 39 512 g2 12 7 DED
CE 2.2 - 2% 0.,0809 %22 0.003

Dielectric properties of solvents



Microwave Irradiation — Heating Effect m
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Sample B (MDA tmin)* F T £C) Sample™ sSBAOARE  t(min)" ASATNEC)
water 560 i) 81 Al 1000 6 57/
methanol 560 1 56 Q 1000 1l 1283
ethanol 560 1 78 Co,0, 1000 5 1290
acetic acid 560 1 110 FeCl, 1000 A 41
CHCI, 560 1 49 NiO 1000 6.2 1305
Gel, 560 1 28 CaO 500 30 83
acetone 560 I 56 CuO 500 0.5 701
DMF 560 i 131 WO, 500 [0:5 082
hexane 560 i 28 V.0 500 9 701

Temperature change of materials after 2.45 GHz
frequency microwave irradiation (RT samples, 50 cm?3

liquid, or 25 g (1000 W) or 5-6 g (500 W) solids)



Microwave Irradiation — Applications

Pd or Ni catalyst

—/Z base, solvent —/
PhaPH + X \ Ph,P \ 7

microwave irradiation

X=1,Br,0Tf oo0mn180-200°C g o amples

Table 2. Microwave-Enhanced Synthesis of
Triphenylphosphine from Iodobenzene and Diphenylphosphine
Using Pd/C as a Heterogeneous Catalyst?

Phl 5% Pd/C temp time yield
entry (mmol) (mg) (*C) (min) (%)
1 0.50 10 190 3 76
2 0.60 10 190 3 93
3 0.75 20 190 3 98
4 0.75 20 200 3 96
5 0.75 20 200 2 96

@ Reactions were carried 1 DMF (1.0 mL) with 0.50 mmol of PhoPH
the presence of KOAc (0.50 mmol). For details, see Supporting Information.



Microwave Irradiation — Applications

R
0
Fom C=C=C & “tMRIX ChCOORE SBME-EGN v, g W (1.9)
| H | (160 W) :

Cl R R' Fc X R

Z
S

Fc= ferrocenil 87 %

79 %
35 %
15%

ITTUITX
>
UIIIX

—

ImMmIITXA
(ONON VI

O 960 HCOOH, pw_ (1.10)
N (700 W, 2x1 min)~ NH
N/

I
H o)
X=H, 2-Me, 4-MeO,
4-Br, 4-NO2> 72,8-88 %
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Microwave Irradiation — Applications

ROOC COOR" ROOC COOR"
jJ\ EtOH W (1 12)
(400 W, 4,5 min) :

R= Me, iPr, MeOCH>CH>

R'= 2- és 3-Cl, 2,3-diCl, 3-Br, 2- és 3-NO; 58-98 %
R'=Me, Et{ Y o,
(0]
COOEt o)
— COOEt
LW
QO i H (600 W, 10 min)~ / (1.28)
COOEt Soee

66 %
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Microwave Irradiation — Applications m
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/O
0 @)
\
O
P —

O dioxan (60 h) 90 %
puw (grafit, 30 W, 3x1 min) 75 %

O KE-ALOS, pw
—— 23,

Ph—SO,—CH,-R + Ar—CZ
27T T AR (280 W, 5 min)

Ph—S0,~C=CH—Ar (1.53)

R
R Ar
COOEt Ph 58 %
COOEt 3-NO2CgHg4 50 %
CN Ph 76 %
CN 3-NO2CgHa 88 %
R
B KT W N\_R' (1.40
@\ t RﬁCHZR (160W, 5 min) ~ Ry (L0
NHNH, O 2
H
R=H, Me, Ph R'=H, Ph 72-90 %

R-R'=(CH,)3, (CH,)s, CHMe(CH,)3



Microwave Irradiation — Applications

(CHQ)gOAC (C H2)3OAC (C H2)3OH
A|203, uw A|203, uw o (158)
(800 W, 30 s) (800 W, 2,5 min
OH OAc OH
93 % 92 %
/pOOEt COOEt
H,C + R—HIg KeCOxBUNBruww_ p_ (1.65)
« -
COOEt (650 W, 2 min) \COOEt
R= Bu, allil, Bn, 71-86 %

4-MeO-benzil
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Ultrasonics

- Ultrasounds (20-10 000 kHz)

- 1880 Piezoelectricity (Curie brothers)
- 1893 Galton

- 1912 TITANIC

- 1912 Behm (Echo technique)

- 1917 Langevin (Ultrasonic variation,
Icebergs, Submarines)

- 1945 Application in chemistry



Ultrasonics/Sonochemistry — Basics

0 10 102 108 104 105 104 107
l l | | |
|
Human hearing ‘ 16Hz - 18kHz
Conventional power ultrasound - 20kHz - 100kHz
Extended range far sonachemistry - 20kHz - 2MHz
Diagnostic ultrasaund J S5MHz - 10MHz

Frequency ranges of sound
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Ultrasonics/Sonochemistry — Basics

IT R TN

COMEFESSION  CORNESSION COMDINESsSion compression

pressure

rarefaction rarefaction rarefaciion rarefachion rarefaction

amplitude § Pw]  wavelength { &)

¥ axis (position)

Sound transmission through a medium
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Ultrasonics/Sonochemistry — Acoustic Cavitation

COMOFRSEIIT COMpFeSEIan COMIDFRS ST COMDras B

AANARANARYS
VAAVIAVIRVIRV.

raAreraciion rarefzeiion ramedachion AT T rareraciion

" - ® . 5000 "C
2000 ats

bubble g DUbble grows in ; reaches  ——gw  UNCengoes
forms successive oycles unstable size violent collapse

Formation of an acoustic bubble

Acoustic
Pressure

Bubble Radius ( g m}

BOSTOMN

TRANSIENT CAVITATION:
THE ORIGIN OF SONOCHEMISTRY

‘ Compression

Expansion
IMPLOSION
GROWTH SHOCKWAVE
HOT RAFID
FORMATION sSPOT QUENCHING
T T T 2 H
3 300 400 =00

Time ([ Lk sac)

Bubble size and cavitation
dynamics

Transient cavitation
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25 July 2002

-21 ﬁ IN THE CAVITY
extreme conditions nn collapse

2000°C and 2000 atmospheres

N> 2 4A

\ N THE BULK MEDIA
cgq ! infense shear forces

Acoustic cavitation in a homogeneous liquid

Suslick - ~ 4-5000 K



Ultrasonics/Sonochemistry — Acoustic Cavitation

powerful jet of liquid targeted at surface

T roundary layer Surface cleaning
solid surface destruction of boundary layer
surface activation
improved mass and heat transfer

[Inrush of liquid from one side of the collapsing bubble produces ]

Acoustic cavitation in solid/liquid system

BOSTOMN



Ultrasonics/Sonochemistry — Acoustic Cavitation

LARGE PARTICLES SMALL PARTICLES

surface cavitation due to defects

leading to fragmentation callision can lead to surface erosion or fusion

Acoustic cavitation in solid/liquid system
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Ultrasonics/Sonochemistry — Acoustic Cavitation m
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powrarful
disruption of
phase boundary

Acoustic cavitation in liquid/liquid system



Ultrasonics/Sonochemistry — Transducers m
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cavitation homogenized

annular slit adjustable channel sone  Mixture out
for liquid flow \

gas /7 heterogeneous d I n° stainless
flow ™A - mixture i steel
pumped in I ?" block
|

resonant cavity piston

thin metal
blade

Galton whistle (physical)
Liquid whistle (physical)

face for attachment nodal points

(normally by epoxy resin)  piezoceramic
cell attached to
l end face ofbar

discs
back mass *
vibrational

amplitude A

Q

‘ ‘ clamping bolt “clover leaf’ \
and electrical motion of the magnets arranged at each end to

front mass electrical  contact end of the bar fire consecutively
contacts

©

Piezoelectric sandwich transcducer Magnetostrictive transcducer



Ultrasonics/Sonochemistry — Experimental (7

Parameters

BOSTOMN

Experimental parameter

Physical parameter

Effect

Acoustic frequency

Period of bubble collapse

Change in the size of the bubbles

Acoustic power

Size of the reaction zone

The number of cavitation
phenomena in a unit volume

Temperature

Vapor pressure of liquid
Themal activation

The content of bubbles, the
intensity of collapse
Secondary reactions

Static pressure

Total pressure
Solubility of gas

Intesity of collapse
The content of bubbles

Gas Politrop ratio Intesity of collapse
Thermal conductivity Primer and secondary reactions
Chemical reactivity The content of bubbles
solubility

Solvent Vapor pressure Intesity of collapse

Surface tension
Viscosity
Chemical reactivity

Limit of transient cavitation
Primer and secondary reactions




Ultrasonics/Sonochemistry — Applications m
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- Electronics industry (coating with metals)

- Therapy (surgery with ultrasounds), diagnostics
- Food industry

- Materials (metallurgy)

- Synthesis

- Environmental applications
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Agueous sonochemistry

H,0 > A COR COOH A=

B g o = Tl | i T et l )
2 He o A »

2 OHs - e COOH COOH

2 OHe — s [

20- ——> O

0,540} H2ue STat s H,O

COOH COOH
)

OH



Ultrasonics/Sonochemistry — Synthesis m
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Non-Aqueous sonochemistry

Scheme I: Rice Radical Chain Mechanism®

initiation:

CioHyy === 2Re (1)

propagation:
Re —= Re + Cok, (2)
Re —= R 4+ He (3)
Re 4 CygHoy —= RE + RZTNR (4)
He + CoHpy —= H, + R7OR (5)
RPN — R 4 e (6)

termination:
Re + R+ —= R-R (7)
Re + He —= RH (8)
He = He —= {4, (9)

¢ Re= terminal radical, R” R = internal radical.
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CCl3

R R
@ ClCCOONa, CHyCN @\Jr R (2.14)
4+
,l\l r ) r}| CCls '}'
R’ R’ 5
70-100 %
R R 3
) = 7 — X o
=
,}] |' ) |}1 OtBu ’T‘ i
o Me Me
85-98 %
o]
A\Y
C—CHs

R R
@ CHCOCHS, NaOH}@f]j\ A R (2.16)
N L I !
|
Me Me _C_ M

e
(0] CHs

91 - 98 %
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Ph
H——0l
T N?‘"e H ©
Me B -
COOE o . Lph Pt Ph
H+(IDOt1 + NHCOMe™ | "CO0EL
NHCOMe F’h”-““-'"u\ Ph ko /) COOEY
silent W
yiald: T0% g29
ee 40°% 4%
LIOH/CH.Cl
SMe {BugN)HS O, R SMe
)\ R=X g
N — N : /)\
/ \’_(\N sme W / (SN SMe
505 o’
o R= allyl, benzyl, Me, etc. o]
X= halogen

yields: 71-86%

de: 99-100%

|

R

HO ;
W/cs}\wz

9]

ea: > 99%



Ultrasonics/Sonochemistry — Synthesis

o o OH O
HJ\/U\DME H/k/U\OMe
(A)

silent m
E€nay - B6% 94%

OoH OH OH OH
M - /!\/”\ /[\/I‘\ )\/\H
(R*, 89 (R, R) or (S, S)
meso
silent  )))

yield: 52% 62%
85% 90%

@Cmax -

Catalytic system: Raney Ni (presonicated)
(R. R)-tartaric acid-NaBr

OH O

(R, R)-tartaric acid v/l\/LLOMe
/ ee: upto 98%
O i Raney Ni/H;
Raney NifH;
(S, s;-mar}\ v/\)L

ee: up to 98%
(R)
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Ultrasonics/Sonochemistry — Synthesis

Table 4
Sonochemical and silent enantioselective hydrogenation of activated ketones, ketoesters and unsaturated carboxylic acids over 5% PUALO; (C=0
double bond) and 5% Pd/AlL O, (C=C double bond) using different cinchona modifiers under hvdrogen pressure

Substrate Modifier Catalyst Hydrogen pressure Solvent Major product Optical yield (ee’s)
{bar) ~
D))
O CD EAT59 10 AcOH R 94 95
’)kCOOMe
O
)J\ CD E40655 10 AcOH R &5 o7
COOEt
MeOHCD E40655 10 AcOH R T8 o8
o]
©)L000Et CD E4759 10 AcOH R 88 92
O
COOEt CcD E4759 10 AcOH R 79 96
CN E4759 10 AcOH § &5 92
(0]
©/LLCH3 CD E4759 10 DCB R 6 8
O
©)l\CF3 CD E4759 10 DCB R 46 49
0
CD E4759 10 DCB R 7 8
CH3
0 i i
CD E4759 10 DCB R 18 18
CF4
COOH CD E40692 50 Toluene 8 50 62

;

DCB — 1.2-dichlorobenzene.
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