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                CHAPTER 1 

                                        INTRODUCTION 

  

1.1. MICROWAVE 

 

1.1.1 Introduction to microwaves 

 

 Microwaves are part of electromagnetic radiation. James Clerk Maxwell 

predicted the existence of electromagnetic waves in 1864. The existence of 

microwaves was demonstrated for the first time by Hertz in 1888. J. C. Bose in 

1894 demonstrated that microwaves can be used to control objects at a distance. 

Perry Spencer discovered that microwaves can be used for cooking food which 

led to the manufacture of first microwave oven in 1945. Microwaves occupy the 

frequency range between infrared and radiofrequencies. The frequency range of 

microwave irradiation is 0.3 to 300 GHz; corresponding to the wavelengths of 1 

cm to 1 m. Wavelengths in this range are also used for RADAR and 

telecommunication purposes. Therefore microwave ovens use a standard 

frequency according to ISM bands (Industrial Scientific and Medical frequencies) 

to avoid interferences with telecommunications. All domestic microwave ovens 

and dedicated microwave reactors for chemical synthesis operate at a frequency 

of 2.45 GHz, corresponding to a wavelength of 12.25 cm.1  

   

Since the microwaves are the electromagnetic radiation with long 

wavelengths (next to radio frequencies, see figure 1), they have very low energies 

compared to some other electromagnetic radiation. They cannot cause excitation 

of the electronic states of molecules or bond vibrations unlike visible radiation or 

IR radiation. The energy of microwave radiation (at a frequency of 2.45 GHz) is 

approximately 1 J mol-1. This energy is not even sufficient to break a hydrogen 

bond (4 kJ mol-1). Therefore it is apparent that a single photon microwave 
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radiation cannot initiate chemical reactions by breaking bonds (C-C single bond 

347 kJ mol-1 and C-H single bond 413 kJ mol-1).1 
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Figure 1. Microwave position within the electromagnetic spectrum. 
 
 

1.1.2. Microwaves in organic chemistry 
            

The first report on the use of a microwave oven for rapid organic synthesis 

was published by Gedye and coworkers in 1986.2 They tried hydrolysis and 

esterification reactions in sealed Teflon vessels, heated by a domestic microwave 

oven (Toshiba ER-8000BTC). Significant rate enhancements were achieved, 

varying from 5 to 1000 fold as compared to traditional reflux conditions; the rate 

enhancement was dramatic for those reactions occurring in a low-boiling solvent. 

The pressure developed in the vessels was considered to play a significant part in 

the rate enhancements.  

 2
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Since the first publication on the use of microwaves in organic chemistry 

by Gedye, the number of publications has increased every year. There were about 

2000 publications on microwave synthesis in the year 2006 (see figure 2).  
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Figure 2. Number of publications in each year based on SciFinder search for 
keyword “microwave synthesis not plasma not discharge not spectroscopy”. 
Search results are up to October 26, 2007. 
 

Short reaction times and increased yields are the main goals that attract 

many chemists towards microwave radiation. The ability to monitor the reaction 

temperature and pressure is also an advantage. Solvent free reactions or reactions 

utilizing minimum amount of solvent help promote green chemistry. However 

some authors still argue there is microwave effect other than a simple heating 

mechanism; examples are discussed in the athermal microwave effects section. 

 

1.1.3. Principle of microwave heating 

 

Microwave dielectric heating depends on the ability of a solvent or reagent 

to absorb microwave energy and convert it into heat. The electric component of 

 3
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the microwaves causes heating by two mechanisms: dipolar polarization and ionic 

conduction.3 

 

Dipolar polarization: 

 

A polar molecule will tend to orient in an electric field. In the presence of 

an oscillating electric field, the polar molecule will also oscillate and generate 

heat. See figure 3 for the response of water to an oscillating electric field. 

However there should be a match between the external field and the dipole 

molecule. The response of a material exposed to an oscillating electric field of the 

electromagnetic radiation depends on the time scales of the orientation and 

disorientation phenomena relative to the frequency of the radiation.4 The time 

scales for the atomic and electronic polarization are faster and not affected by 

microwaves; hence they do not contribute to the dielectric heating. The timescales 

associated with polarization of dipolar molecules are comparable to microwave 

frequencies. Hence, for a molecular substance to be heated by microwave 

radiation, it should posses a dipole moment.  

 

The frequency of the electromagnetic radiation also plays an important 

role. If the frequency is too low then the random molecular motions keep 

dielectric polarization in phase with the electric field and if the electric field 

oscillates rapidly then the dipoles do not have a sufficient response time and the 

dipoles cannot rotate. The field oscillation time for microwave frequencies is 

about the same as the response time of the dipoles. As the applied field oscillates 

the dipoles try to realign with the field and in this process generate heat by energy 

losses due to molecular friction and collisions.  
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Ionic conduction: 

 

 Ions or charged particles oscillate under the influence of an oscillating 

electric field, resulting in agitation and collisions. For highly conductive solids 

and liquids or samples containing ionic liquids, the heat generated by ionic 

conduction is greater than that generated by dipolar polarization. 

 

For non-polar solvents like toluene and hexane which possess low 

dielectric constants, ionic liquids can be added to take advantage of the 

microwave heating effect. Leadbeater et al. showed that hexane, toluene, THF 

and dioxane can be heated to temperatures in the range of 200 oC to 270 oC, by 

adding 2 mmol of ionic liquid to 2 mL of the solvent.5 

H

O

H O

H H
H

O

H

time

changing of 
polarization of 
electric field

λ

 

Figure 3. Water in an alternating electric field, reproduced from Nüchter et al. 
Green Chem., 2004, 6, 128-141. 
  

1.1.4. Loss tangent 

 

The ability of a material to generate heat during microwave radiation 

depends on the dielectric properties of the sample, since dipolar polarization is the 

 5
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major heating mechanism. For smaller frequencies the dipoles rearrange along 

with the frequency and hence no heating occurs. If the frequency of 

electromagnetic radiation is in the microwave region some of the dipoles lag 

behind in orientation resulting in a phase displacement.6 Normally the flow of the 

current is perpendicular to the electric field as shown in figure 4(a). However for 

dipoles at microwave frequencies the value of δ is other than 90o; hence the 

current acquires a phase displacement δ. Because of this, energy is absorbed from 

the electric field, converted into heat and this is called dielectric loss.7 

   

I

Electric field, E

δ δ
ε'

ε''

(a)

(b)

Electric field, E

(c)

90o

current
    I

 

Figure 4. (a) Phase diagram for ideal dielectric where the energy is transmitted 
without loss; (b) phase displacement δ and the current acquires a component I * 
sin δ; (c) relationship between ε’ and ε’’ reproduced from Gabriel et al. Chem. 
Soc. Rev. 1998, 27, 213-223. 

 

 

 6



 Texas Tech University, Indra Sena Reddy Gudipati, December 2007 

 7

This ability of a specific substance to convert electromagnetic radiation 

into heat can be expressed by the loss tangent which is expressed as: 

 

    tan δ =  ε’’ / ε’  

 

where ε’’ represents the loss factor indicating the efficiency with which 

the 

 absorbed energy is converted into heat and 

 

              ε’ is the dielectric constant. 

 

Solvents with higher loss tangent can be heated much more rapidly. 

Though ethanol has a lower dielectric constant than water (ε’ at 25 oC ethanol = 

24.3, water = 80.4), ethanol can be heated more rapidly than water because 

ethanol has a higher loss tangent (tan δ: ethanol = 0.941, water = 0.123).3 
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1.1.5. Microwave and conventional heating 

 

 Conventional heating sources rely on the conduction and convection 

processes. The main disadvantages of this method are the heat loss during this 

process and the long times required for the reaction mixture to reach the desired 

temperature. Microwave heating is rapid and depends on the dielectric losses in 

the solvent of the reaction mixture. In case of conventional heating systems, heat 

is introduced to the reaction mixture from the surface of the reaction vessel. In 

case of microwave radiation the whole reaction mixture is heated simultaneously, 

this is also known as volumetric heating.8  

 

In the case of microwave heating it is also possible to selectively heat a 

particular solvent in a mixture of solvents. Strauss reported that when a mixture of 

1:1 chloroform and water was heated, the aqueous and chloroform layers had a 

temperature of 105 oC and 48 oC, respectively, due to the difference in their 

dielectric properties and took advantage of this phenomenon to perform a 

Hoffman elimination.9  

 

Generally temperatures in a microwave experiment are measured either by 

an IR sensor or by a fiber optic dipped into the reaction mixture. IR sensors 

measure the temperature on the outer surface of reaction vessel; this is actually 

the coldest part of a reaction mixture because of the inverted temperature 

gradient. Therefore temperatures inside the reaction vessel are always expected to 

be higher than the measured temperature. Fiber optics can give a more accurate 

temperature reading but they are costly, have a narrow range of temperature 

reading and subjected to permanent aging phenomenon.1 
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1.1.6. Microwave effects 

 

Kappe classified the possibilities for rationalizing the rate enhancements 

in a microwave-assisted chemical reaction into three classes and described them 

as follows:3 

 

Thermal effects (Kinetics): The rate enhancement is a consequence of the 

high reaction temperatures that can rapidly be attained by irradiating polar 

materials in a microwave field. 

 

Specific microwave effects: can be defined as accelerations of chemical 

transformations in a microwave field that cannot be achieved or duplicated 

by conventional heating, but essentially are still thermal effects. 

 

Non-thermal (Athermal) microwave effects: can be classified as 

accelerations of chemical transformations in a microwave field that cannot 

be rationalized in terms of either purely thermal/kinetic or specific 

microwave effects. 
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1.1.6.1. Thermal effects 

 

Most microwave effects can be explained based on purely thermal effects, 

where the reaction temperature is raised above the conventional boiling point of a 

solvent, either by increased pressure or by superheating (section 1.1.5.2). In the 

Arrhenius equation       k = Ae-Ea/RT if the temperature term is increased then the 

rate of the reaction also increases. Mingos has indicated that a reaction which 

requires approximately 12-24 hours at a temperature of 60-80 oC to produce a 

yield of approximately 90%, would acquire a comparable yield within 23.4 s at 

177 oC.4 Methanol can be rapidly superheated to a temperature 100 oC above its 

boiling point when irradiated by a microwave in a sealed vessel.3 Therefore 

microwaves have the potential to increase the reaction rates by raising the 

temperature dramatically in a very short time.  

 

 

1.1.6.2. Specific effects 

 

When liquids are heated in a microwave cavity at atmospheric pressure, 

they boil at a temperature above their equilibrium boiling points; this process is 

called superheating or overheating. Mingos was the first to observe that organic 

solvents superheat by 13-26 oC above their conventional boiling points at 

atmospheric pressure.10 He termed the new boiling point temperature as 

nucleation limited boiling point (NLBP). This phenomenon was explained based 

on the temperature gradient differences between conventional and microwave 

heating. In conventional heating the reaction vessel is hotter than the liquid inside 

and boiling depends on the bubbles formed in the cavities, pits and scratches on 

the surface of the reaction vessel. In microwave heating the heat transfer is from 

the hot liquid inside towards exterior and the liquid boils only at the liquid-gas 

interface. However when a source of bubble germination was added to super-

heated liquid, there was a decrease in the boiling point.11 Methyl alcohol had a 
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boiling point difference of 13 K when heated in a microwave; the addition of 

boiling stones or the action of stirring reduced the boiling point to the normal 65 
oC. When the germination mode was removed, methanol again boiled at a higher 

temperature. 

 

 

1.1.6.3. Athermal or non-thermal effects 

 

Athermal microwave effects have been more controversial. There are 

many examples in the literature where scientists tend to attribute the rate and yield 

enhancements to the athermal effect of microwave radiation. The following are 

some of the examples where an athermal effect is claimed. 

 

Shibata and coworkers reported that microwave radiation had a 

nonthermal effect in reducing the activation energy of disintegration reaction of 

sodium hydrogen carbonate solution.12 The reaction velocities for resistance and 

microwave heating were calculated by plotting gas volume generated against 

time.  

 

                υ = Ae(-Ea/RT)           where υ = reaction velocity  

 

A comparison of the Arrhenius plots of log υ Vs 1/T for microwave and 

resistance heating indicated that the activation energy of microwave reaction was 

relatively lower. The effect of microwave power on the reaction was also studied 

keeping the temperature constant by circulating cooled kerosene through the 

reaction flask. Log υ was plotted against microwave power and it was a straight 

line, indicating that microwave field is altering the Ea term in the Arrhenius 

equation and reducing the activation energy. The volume of gas generated at the 

same temperature and same power (35 W) by pulsed microwave power was 

higher than CW power. The electric field strength of pulsed microwave power is 
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about 40 times higher than that of CW power, indicating that electrical field was 

accelerating the disintegration or in other words decreasing the activation energy. 

The rapid rotation of polarized dipoles under microwave radiation was considered 

as a possibility for increasing the reaction velocity and decreasing the activation 

energy.  

 

A study of the non-thermal effect at a lower frequency (1 GHz) where no 

thermal action is possible was reported by Zhang and coworkers.13 Benzoic acid 

or p-hydroxybenzoic acid reacted rapidly with the alcohols to form the esters 

when refluxed at normal pressure and subjected to microwave irradiation. The 

microwave power was 50 mW and the frequency used was 1 GHz, assuring no 

microwave heating occurred.  The esters were formed in 76-90 % yields and the 

reaction times were in the range of 22-60 minutes, which is a lot faster compared 

to classical heating times in the range of 60-720 minutes. 

 

Since the advent of microwave chemistry, there are scientists who argue 

against the presence of any athermal effect. The following examples illustrate the 

point.  Kuhnert in his highlight “Microwave-Assisted Reactions in Organic 

Synthesis-Are There Any Nonthermal Microwave Effects?” indicated that the 

first comparison between microwave and thermal heating under identical 

conditions was made by Kappe and Stadler in the year 2000.14 Kappe and Stadler 

studied the Biginelli synthesis of various dihydropyrimidines (DHPM) using 

conventional heating, microwave heating, microwave superheating, microwave 

irradiation in a closed reactor under pressure and heating in an domestic 

microwave oven in open beakers.15 They found no appreciable difference in the 

yields of DHPMs by conventional and microwave heating when the reactions 

were performed at 80 oC. Superheating at atmospheric pressure gave improved 

yield which was also possible by thermal reflux at 80 oC if the reaction time was 

extended; this indicates that superheating increased the yield only by thermal or 

kinetic effect. The observed rate and yield enhancement in the cases of reactions 
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in open systems was attributed to the more concentrated reaction medium due to 

the evaporation of the solvent and the removal of water formed in the reaction, 

shifting the equilibrium towards products, which is not possible under reflux 

conditions. 

 

  However Strauss in his response to the highlight by Kuhnert indicated that 

there were already literature examples prior to the work of Kappe and Stadler.16 

Jahngen and coworkers article on the hydrolysis of adenosine-5`-triphosphate 

(ATP) in the year 1990 can be considered as one of the initial studies on 

comparing conventional and microwave heating.17 The final ATP concentrations 

of the microwave heated samples were predicted accurately based on the kinetics 

determined from conventional oil bath heated samples. They concluded that the 

rate of hydrolysis of ATP depended on the temperature and that the microwave 

had no effect on the rate of ATP hydrolysis. The authors also indicated that 

accurate temperature measurements are needed for comparison between thermal 

and other methods of heating. 

 

Pollington and coworkers studied the influence of microwave on the rate 

of esterification of propanol with ethanoic acid;18 for the purpose of identical 

conditions both thermal and microwave heating was performed at reflux 

temperature at atmospheric pressure. The rates of both acid-catalyzed and silica-

catalyzed esterifications were identical for the thermal heating and microwave 

radiation. 

 

Raner and coworkers investigated the reaction kinetics for the 

esterification of 2,4,6-trimethylbenzoic acid with 2-propanol.19 The authors said 

that the inconsistency in the literature over the microwave effect is due to two 

experimental differences – “In order to perform kinetic studies the temperature 

must be known and the reaction solution must be either thermally homogeneous 

or have thermal gradients that are known or are capable of being modeled.” The 
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rate constants and Arrhenius parameters calculated for thermally heated 

experiments were used to design a computer program that can predict the final 

ester concentration for a particular temperature profile. The final ester 

concentrations of microwave irradiation experiments were in agreement with the 

concentrations predicted by computer modeling the reaction. These results 

indicate that the rates of esterification are the same for both thermal heating and 

microwave radiation. 

  

The existence of a nonthermal microwave effect is still a controversial 

topic with scientists trying to prove the presence or absence of microwave effects. 

The examples in the literature discussed above are contradictory about the 

presence of nonthermal effect in microwave heating. One possible reason might 

be that during the initial stages of microwave chemistry development, many 

reactions were carried out in a domestic microwave oven without any measure to 

monitor or control the temperature and pressure developed during the reaction.  

 

1.1.7. Microwave effects according to the reaction medium and reaction 

mechanism 

 

 Perreux and Loupy reviewed the literature on microwave effects and 

rationalized them based on the reaction medium (section 1.1.7.1.) and mechanistic 

considerations (section 1.1.7.2.).20  

 

1.1.7.1. Microwave effects according to reaction medium 

 

 When polar solvents are used, then microwave interaction would be more 

with the solvent molecules. The reaction mixture is heated because of the solvent 

and the reactants are not expected to be subjected to any specific microwave 

effect. In these cases, the reaction rates would be the same under conventional 

heating and microwave conditions. The esterification reactions by Pollington and 
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Raner discussed in the previous section indicate this effect. Here there was no 

increase in the reaction rate since the esterifications were carried out in polar 

media (alcohol).18,19 This is also evident in the case of the Biginelli synthesis of 

DHPMs by Kappe and Stadler discussed in the previous section.15 There was no 

increase in the yield by microwave heating at atmospheric pressure when 

compared to conventional heating because a polar solvent (ethanol) was used. 

 

If the solvent used is non-polar then there is at least a possibility of a 

microwave effect directly on the reactants. If the solvent is non-polar and 

reactants are polar and absorb microwave radiation, then the results of 

conventional thermal heating and microwave radiation could in principle differ. If 

the reactions are carried out in a solvent-free environment such as reactions 

between neat reagents or reactions on solid supports, then microwave effects are 

most likely to be seen. This explains why the only rate enhancement in the 

Biginelli synthesis by Kappe and Stadler was in the case of reactions carried out 

in open vessels, where the solvent evaporated, leaving the reactants.15 

 

1.1.7.2. Microwave effects according to reaction mechanism  

 

Microwave effects have been suggested for reactions where the polarity 

would increase on going from the ground state to the transition state (TS). Since 

the transition state might be more stabilized than the ground state by microwave 

irradiation, the activation energy barrier might decrease and the rate of reaction 

would then increase. If there is no appreciable charge separation or charge 

development in the TS compared to reactants, no specific microwave effect can 

be expected. Pericylic reactions like the Diels-Alder and Cope rearrangement are 

examples. If charges are developed in the TS as in the case of a stepwise process, 

then a specific microwave effect might be seen. If the reaction is a bimolecular 

reaction where neutral reactants are leading to a TS with dipoles and charged 

products, microwaves effects can be favorable (scheme 1). 
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P R X P R X
δ+ δ−

P R, X-
+

 
Scheme 1. Increase of polarity during the course of reaction, reproduced from 
Loupy et al. Tetrahedron, 2001, 57, 9199-9223. 
  

 

In the case of SN2 reactions and nucleophilic carbonyl addition reactions, 

the microwave effect depends on the anionic nucleophile ion pair (scheme 2). If 

the reactant ion pair (Nu- M+) is between hard ions (in other words tight ion 

pairs), then the microwave effect might be important because the TS would 

contain loose ionic pairs. If the reacting ionic pair is between soft ions then the 

microwave effect would be limited. 

    

                      

Nu-, M+ + O
δ−

M+Nu O,
δ−

Nu-, M+ + R X R X,Nu M+
δ−δ−

 
 

Scheme 2. Anionic bimolecular reactions involving neutral electrophiles, 
reproduced from Loupy et al. Tetrahedron, 2001, 57, 9199-9223. 
 

 

The reaction of benzophenone and hydrazine hydrate to form hydrazone in 

95% yield was quoted as a typical example for a reaction involving neutral 

reactants and a charged TS.20                                           

          

 16
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                                                     CHAPTER 2 

                                                ACETYLKETENE 

 

2.1. GENERATION OF α-OXOKETNES 

 

α-Oxoketenes can be generated from the following classes of compounds. 

 

2-Diazo-1,3-diketones 

 

α-Oxoketenes can be prepared by pyrolysis or photolysis of 2-diazo-1,3-

diketones. Loss of nitrogen followed by Wolff rearrangement would give α-

oxoketenes (scheme 3). If the starting 2-diazo-1,3-diketone is unsymmetrical the 

final ketene would depend on the substituents. Wenkert et al. reported the 

formation of methylketene when diazomalonaldehyde was refluxed in n-butyl 

vinyl ether, which was trapped by the solvent.21  Wentrup and coworkers 

observed the formation of acetyl(methyl) ketene and t-butyl(pivaloyl) ketene by 

broad band irradiation of symmetrically substituted 2-diazo-1,3-diketones.22 

 

R R

O O

N2

R R

OO C
O

OR

R

 
 

Scheme 3. Generation of α-oxoketenes from 2-diazo-1,3-diketones by Wolff 
rearrangement. 

 

Alkyne compounds 

 

Ruden reported the synthesis of trimethylsilylketene (TMS-ketene) from 

the pyrolysis of trimethylsilylethoxyacetylene (scheme 4).23 Clemens and 

 17

coworkers generated acetylketene (2) by heating a solution of 1-ethoxybutyn-3-

one in CCl4 at 90 oC.24  
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              O EtTMS
120 oC

O
TMS

H    
Scheme 4. Generation of TMS-ketene from alkyne compound 

 

 esters can generate α-oxoketene by the loss of an alcohol. Ozorio 

nd Berkowitz were the first to observe the formation of acylketene from β-keto 

esters i

 t-

ther 

 

diones can lose carbon monoxide to give α-oxoketenes either by 

yrolysis or photolysis (scheme 5).28 Wentrup and coworkers reported the 

formati -

                              

 

β-Keto esters 

β-Keto

a

n the year 1971.25 They found that pyrolysis of ethyl acetoacetate ester 

gave dehydroacetic acid, a dimer of acetylketene. Witzeman suggested that 

transacetoacetylation reactions proceed through the formation of acetylketene.26

Butyl acetoacetate was shown to be the best choice as a reagent to prepare o

acetoacetates. Wentrup and coworker reported that it is the enol form of the β-

keto ester that decomposes to generate the ketene.27 

 

Furndiones  

Furan

p

on of acetylketene (2) by pyrolysis and photolysis of 5-methylfuran-2,3

dione.29 

                     

O

O

O

R1

R2

hν  or  Δ
C

O

OR2

R1

 
Scheme 5. Generation of α-oxoketenes from furandiones 
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ioxinone 

nvenient and the more commonly employed source of acetylketene 

) seems to be 2,2,6-trimethyl-1,3-dioxin-4-one (1), also known as diketene-

                        

D

 

The most co

(2

acetone adduct (scheme 6). Diketene-acetone adduct was reported by Clemens 

and coworkers as a convenient alternative to diketene for acetoacetylation 

reactions.30 

 

O

O

O

O

O

1 2

Δ O

 
 

ylketene (2) generated by the pyrolysis of 2,2,6-trimethyl-1,3-
ioxin-4-one (1), reproduced from Clemens, R. J.; Hyatt, J. A. J. Org. Chem. 
985, 50, 2431-2435. 

The first refer 08. Chick and 

ilsmore were the first to report on acetylketene (2) and predict the acetylketene 

formula ck a 

 

mens in the year 1989 observed acetylketene (2) by FT-

 spectroscopy. 2,2,6-Trimethyl-1,3-dioxin-4-one (1) was pyrolyzed and the 

Scheme 6. Acet
d
1
 

2.2. STUDIES ON ACETYLKETENE 

 

ence on acetylketene (2) dates back to 19

W

 accurately.31 Though the first appearance of acetylketene (2) dates ba

century, much of the work on acetylketene was done during the last two decades. 

Many of these studies involved the generation of acetylketene (2) from various 

precursors, matrix isolation of acetylketene at low temperatures, observation of 

acetylketene by low temperature infra-red spectroscopy, identification of s-Z and

s-E conformers of acetylketene and selectivity of acetylketene towards various 

nucleophiles.22,27,29,32-35  

 

Witzeman and Cle

IR



 Texas Tech University, Indra Sena Reddy Gudipati, December 2007 

 20

produc

42 

 

ms 

of the acetylketene (2).27 They also reported that the enol form of the β-keto ester 

is respo

ed 

ts trapped in an argon matrix at 5 K.32 The ketene absorption band was 

seen at 2137 cm-1; further it can be resolved into two bands at 2135 cm-1 and 21

cm-1 if the acetylketene was sufficiently dilute in the argon matrix. The authors

reported that these bands might be due to the two conformers of acetylketene. 

   

Wentrup and coworkers later confirmed these peaks for s-Z and s-E for

nsible for the cleavage into the corresponding α-oxoketene and alcohol. In 

another study, Wentrup and coworkers monitored the reaction between 2-

carbonylcyclopentanone and methanol by low temperature IR spectroscopy 

(scheme 7).22 They found that that the enol form of the β-keto ester is form

first. 

 

O

O

O
H

O H

O

O
O

O

O

H

O

O

O

 
 

Scheme 7. 2-Carbonylcyclopentanone reacting with methanol to form the enol 
form of the β-keto ester. Reproduced from Wentrup and coworkers J. Org. Chem. 
1992, 57, 4850-4858.  

various functional groups based on competitive trapping reactions.34 Acetylketene 

(2) was ) 

 

Birney and coworkers studied the selectivity of acetylketene (2) towards 

 generated from the flash pyrolysis of 2,2,6-trimethyl-1,3-dioxin-4-one (1

and collected in a liquid nitrogen-cooled trap. The reaction of acetylketene (2) 
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l and 

l was 

 CONFORMERS OF α-OXOKETENES 

  

α-Oxoketen ased on the 

sition of the α carbonyl group. Some α-oxoketenes exist in the s-Z form due to 

geomet ps 

                                        

with alcohol was found to be rapid. The reaction with aldehydes and 

cyclohexanone was slow, with some dimer formation in the reaction with 

cyclohexanone. In one of the experiments where a mixture of  pentano

cyclohexanone was used as a trapping agent the selectivity towards alcoho

approximately 800:1. 

 

2.3.

es may exist in two conformers s-Z and s-E b

po

ric constraints as in case of 2-carbonyl cyclopentanone and if the grou

are bulky then steric hindrance will make the s-E conformer more stable as in t-

butyl(pivaloyl)ketene (figure 5).22 

 

O
O O

O

  
 

f 2-carbonyl cyclopentanone and s-E conformer of t-
utyl(pivaloyl)ketene. 

en 

t room temperature without any reaction. Wentrup and coworkers reported the 

synthes

s 

Figure 5. s-Z conformer o
b
 

Sterically hindered ketenes are stable and some of them can be stored ev

a

is of dipivaloylketene (figure 6) and reported that this compound could be 

stored at -20 oC in dichloromethane solution for 2 weeks with only minor change

seen in 13C NMR spectra.36 
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O
O

O

 
 

Figure 6. Sterically hindered dipivaloylketene synthesized by Wentrup and 
coworkers.36 

 

In the case of acetylketene (2) steric hindrance is minimal, so both s-Z and 

s-E conformers are energetically accessible. Birney performed ab initio 

calculations at various energy levels and found that the s-Z conformer of 

acetylketene (2) is more stable.33 Birney explained the stability of the s-Z 

conformer of acetylketene (2) based on the role of electrostatics. The ketene 

carbon which bears a partial positive charge can be stabilized when it is close to 

the partial negative charge on the carbonyl oxygen (figure 7). This is not possible 

in the s-E conformer because the charges will be farther apart.  

 

            

                

O

O O

O

2 2  
 

Figure 7. Acetylketene (2) with partial positive charge on ketene carbon and 
partial negative charge on carbonyl oxygen. 
 

Wentrup and coworkers studied the conformational isomerism of 

acetylketene generated by flash vacuum pyrolysis and matrix photolysis of 

various precursors.29 The different starting materials used were 2,2,6-trimethyl-

1,3-dioxin-4-one (1), acetyl Meldrum`s acid, 5-methylfuran-2,3-dione and 2,3-

diphenyl-6-methyl-2,3-dihydro-4H-1,3-oxazin-one (see scheme 8). The formation 

of the acetylketene conformers was studied by low temperature IR spectroscopy 

 22
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in argon, xenon and nitrogen matrices. They found that s-Z and s-E conformers 

were formed in a nearly 1:1 ratio. This indicates that both conformers have 

identical energies, as predicted by their calculations.  

  

 

O

O

O

O

O

O

O

OH

O

N

O

Ph

PhO O

O

-Me2CO -CO -Me2CO
-CO2

-Ph-CH=N-Ph

FVP or hν

+
O

O

O

O

s-Z-2 s-E-2

1

 
 

 

Scheme 8. Various precursors used by Wentrup and coworkers for the generation 
of s-Z and s-E conformers of acetylketene, reproduced from J. Org. Chem. 1995, 
60, 1686-1695. 
 

Interconversion of the acetylketene (2) conformers by UV irradiation was 

also studied. Irradiation of a 1:1 mixture of s-Z and s-E conformers resulted in 

conversion of s-E conformer to s-Z conformer (scheme 9). Therefore the s-Z /s-E 

ratio increased from 1:1 to 4:1, which was estimated from the intensity of the 

ketene absorptions. This interconversion was seen in xenon and nitrogen matrices. 

When this 4:1 mixture was irradiated with broad-band UV light, some of the s-Z 

 23
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conformer was converted back to the s-E conformer, along with the formation of 

methylketene. 

                          

O

O O

O
hν (313 nm)

hν (BB)

hν (BB)
-CO

O
H

s-Z-2 s-E-2

  
 

Scheme 9. Interconversion of s-Z and s-E conformers of acetylketene (2) and 
formation of methylketene reproduced from Wentrup and coworkers J. Org. 
Chem. 1995, 60, 1686-1695 (BB = broad band irradiation). 
 

 24
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                                        CHAPTER 3 

MICROWAVE ASSISTED GENERATION AND TRAPPING OF 

ACETYLKETENE. 

                                                 

3.1. INTRODUCTION TO CURRENT WORK 

 

Acetylketene (2) is a reactive intermediate, which has been generated by 

thermal decomposition and FVP of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (1) 

(scheme 6).32 It has been observed under matrix isolation conditions and using 

fast spectroscopic techniques.32 In this work, it was not directly observed, but its 

intermediacy was inferred by the observation of the dimer (3) in the absence of a 

trapping agent. Acetylketene (2) is generally generated by the reflux of 2,2,6-

trimethyl-4H-1,3-dioxin-4-one (1) in the presence of a trapping agent in toluene. 

In this work acetylketene (2) is generated from 1 using microwave radiation. The 

solvent chosen for this experiment was ethyl acetate because it had a relatively 

high dielectric constant and was also inert to acetylketene (2) under the conditions 

employed in this experiment. When ethanol was used as the solvent, it reacted 

with acetylketene (2) as expected, forming the ethyl β-keto ester. 
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3.2. RESULTS AND DISCUSSION 

 

3.2.1 Generation of acetylketene 

 

Acetylketene (2) was generated from 2,2,6-trimethyl-4H-1,3-dioxin-4-one 

(1) in ethyl acetate solvent using microwave radiation (scheme 10). In most 

experiments, 4Å molecular sieves were used to trap the acetone generated and 

prevent the reverse reaction.  

 

 

O

O

O Microwave, 20 min at 120 oC

Ethyl acetate
4 Å molecular sieves

O

O
O

1 2  
 

Scheme 10. Reversible generation of acetylketene (2) from 2,2,6-trimethyl-4H-
1,3-dioxin-4-one. 
  

In the absence of any trapping agent, the acetylketene (2) dimerizes to 

give dehydroacetic acid (3) (scheme 11). When the reaction was monitored by 

TLC for various reaction times, it was found that the time taken for complete loss 

of starting dioxinone (1) compound was 20 minutes. Hence the heating time was 

set to 20 minutes in all the subsequent experiments. 

                      

O

2

O

O O

O

O

3

O

O

2

 
Scheme 11. Dehydroacetic acid formation from acetylketene (2) in the absence of 
trapping agents. 
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3.2.2 Trapping with alcohols 

 

Acetylketene reacts with the alcohols via a six-membered 

pseudopericyclic transition state to form the enol of the β-keto ester (scheme 12); 

alternatively pyrolysis of the β-keto ester would generate the acetylketene back by 

loss of the alcohol. The alcohols used in this work were 2-propanol, ethanol and 

2-methyl propan-2-ol; the β-ketoesters 5 of the respective alcohols were formed 

as expected. The NMR spectra for all the β-keto esters showed that approximately 

7% of product existed as the enol form in CDCl3.  

 

 

O

2

O

O O

O
R

ROH

5

4

 Yields from 1 under microwave conditions

5a  R = i-Pr         91%      
  
5b  R = Et           92%   
 
5c  R = t-Bu        72%

O

O

H
O

R

O

O
R

OH

 
 

Scheme 12. Acetylketene forming the β-keto esters of alcohols via the enol form. 

 

The yields of the β-keto esters are in agreement with the selectivity of the 

acetylketene for the alcohols, i.e. in the order 1o > 2o > 3o.34 The yields for the 

thermal reaction of primary and secondary alcohols with 2,2,6-trimethyl-4H-1,3-

dioxin-4-one (1) were in the range of 84-91%.37 The low selectivity in the case of 

 27
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the tertiary alcohol is because of the steric hindrance caused by the t-butyl group. 

In fact Witzeman had suggested earlier that the sterically hindered t-butyl 

acetoacetate would be a good choice for the transacetoacetylation reactions.26 

 

3.2.3. Trapping with aldehydes 

 

Aldehydes are known to undergo [4+2] addition reaction with 

acetylketene (scheme 13).35 The aldehydes used in this work were trimethyl 

acetaldehyde, isovaleraldehyde and isobutyraldehyde.  

 

 

          

O

2

O

O

O

O

R'

R' H

O

6

6a R' = t-Bu

6b R' =  -CH2CH(CH3)2

6c R' =  -CH(CH3)2  
 

Scheme 13. [4+2] Addition reactions of acetylketene and aldehydes. 
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Compound 6a  was earlier obtained in 60% yield by refluxing 2,2,6-

trimethyl-1,3-dioxin-4-one and pivaldehyde in mesitylene.38 The yield obtained 

by microwave radiation was 82%. Compound 6b was isolated in 73% yield; this 

compound was not reported earlier hence 13C NMR, IR spectra and elemental 

analysis were performed to confirm the product identity. However when 

isobutyraldehyde was used, compound 6c was formed only in 53% yield; there 

was some impurity formed and based on the 1H, 13C NMR and 1H COSY NMR, it 

may possibly have a structure as shown in figure 8. 
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Figure 8. Possible structure of unknown compound formed during the trapping of 
acetylketene with isobutyraldehyde. 
 

 

3.2.4. Trapping with ketones 

 

Acetylketene (2) has been shown to undergo [4+2] cycloadditions with 

ketones.35 However, when acetophenone was used as the trapping agent in the 

microwave reaction, no adduct was observed; only the dimer 3 was formed. 

Reasoning that trifluoroacetophenone (7) might be more reactive towards 

nucleophilic attack, it was subjected to the standard microwave reaction 

conditions. Unexpectedly, 8 was obtained, along with some dimer (scheme 14). 

This has previously been synthesized by direct aldol condensation of acetone with 

7,39 but this reaction seemed unlikely under the neutral reaction conditions. The 

molecular formula of 8 suggests that if it is formed from 2, it involves the addition 

of water. Indeed, when 1 and 7 were subjected to the reaction conditions in dry 

ethyl acetate without molecular sieves, the expected [4+2] adduct 9 was obtained, 

along with some dimer. Deliberately adding water to the reaction mixture gave 8. 

Using D2O instead of H2O led to the incorporation of approximately 70% D in 

each of the two diastereomeric positions (8-D and 8-D2 see figure 9), but none in 

the methyl group. Resubmitting unlabeled 8 to the microwave conditions in the 

presence of D2O did not lead to any deuterium incorporation. A mechanism is 

proposed for the formation of 8 in scheme 15. 

 

                                                  

 29
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Scheme 14. Acetylketene formed different products based on the presence and 
absence of water from 4 Å molecular sieves.  
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Scheme 15. Possible mechanism showing water involvement in forming product 

8. 
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Figure 9. Incorporation of deuterium in the diastereotopic positions of 8 when 
D2O was used in place of water or molecular sieves. 

 

The proposed mechanism in scheme 15 involves a pseudopericyclic 

addition of water to acetylketene (2) followed by an aldol condensation between 7 

and 10. Acetylketene (2) has been shown to react faster with –OH groups than 

with carbonyl groups34 and to give the enol tautomer.40 Therefore, 10 is expected 

to be the first-formed product. Condensation with 7 would then give 11. 

Subsequent decarboxylation of 11 would give 12 and tautomerization would give 

8 with incorporation of one deuterium in the presence of D2O. Incorporation of 

the second deuterium could occur via keto-enol tautomerization in either 10 or 11. 

Interestingly, both the addition of 10 to 7 and the tautomerization must be faster 

than the decarboxylation of 13.  

 

It is worth noting here that the decarboxylation takes place after the 

formation of compound 11; there are not many examples in the literature 

indicating the reactions of β-keto acids before decarboxylation. Rate constants for 

the decarboxylation of acetoacetic acid at 25 oC and 37 oC were measured by 

Pedersen (table 1).41 Extrapolation of ln k Vs 1/T graph gave a crude estimation 

of half life time of 0.09 seconds for compound 13 at 120 oC. Formation of 

compound 8 implies that the bimolecular reaction of 10 and 7 must be faster than 

decarboxylation of 13.  

 

 
 

 31
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Table 1. Temperature (T) and rate (k) values for acetoacetic acid decarboxylation 
at 25 oC and 37 oC from Pedersen, K. J.; J. Am. Chem. Soc. 1929, 51, 2098-2107. 
 

 T (oC)  T (K)      1/T        K       ln k 
    25   298   0.003356   4.30E-04   -7.75173 
    37   310   0.003226   2.08E-03   -6.17539 
   120   393   0.002545   8.102214   2.092137 

 

 
 Recently Zhang and Curran observed that mono-alkylated malonates and 

β-keto esters undergo decarboxylation when subjected to microwave radiation.42 

The time taken varied from 3 minutes to 30 minutes and the temperature from 160 
oC to 200 oC depending on the substituents. Three different mechanisms were 

proposed for the decarboxylation (scheme 16).  

 

The authors ruled out the possibility of the acylketene mechanism for two 

reasons: 

 

1) Heating one of the substrates in the presence of cyclohexanone or   

         dihydropyran did not trap the acylketene. 

2) When one of the substrates (shown in figure 10) was heated in dry DMF, 

         the starting material was recovered unchanged. 

 

The first explanation is likely wrong because in the presence of water, the 

selectivity for a ketone would be very low.34 The second reason also cannot be 

true because even if the ketene is formed, the reverse reaction may be possible. 

For example if a β-keto ester is heated, at the end of the reaction you would still 

have the ester because the acetylketene formed reacts with the alcohol to give 

back the same ester. The author did not mention if these possibilities were 

considered. So it means that there is still a possibility for the addition of water to 

the acetylketene as proposed in the mechanism for the formation of product 8.  
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Scheme 16. Mechanisms proposed for the decarboxylation of malonates and β-
keto esters, reproduced from Curran et al. Adv. Synth. Catal. 2003, 345, 329-332. 
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Figure 10. Compound used to study decarboxylation in microwave. 
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3.2.5. Low selectivity of ketones 

 

 The formation of the acetylketene dimer indicates the low selectivity of 

ketones towards ketenes under the conditions employed in this experiment. When 

acetophenone was used, there was no trace of the [4+2] addition product, while 

the crude NMR spectra showed only dimer formation. However acetophenone 

was shown to undergo [4+2] cycloaddition with acetylketene, when it was formed 

at low temperature, in the absence of acetone or any other trapping agent.43 

 

Even when trifluoroacetophenone was used, dimer was formed apart from 

the main products. The formation of the dimer in the above two cases indicates 

that ketones have a lower selectivity towards acetylketene under microwave 

radiation.  
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3.3. CONCLUSION 

  

Generally acetylketene (2) reactions are carried out by refluxing 2,2,6-

trimethyl-1,3-dioxin-4-one (1) in toluene in the presence of a trapping agent. 

Microwave-assisted generation and trapping of acetylketene (2) has several 

advantages. The heating time is only 20 minutes and a small amount of solvent 

(10 mL) is used. The yields are good in the case of the β-keto esters formation and 

also for the aldehydes; there has been some unknown compound formation when 

isobutyraldehyde was used. In the case of ketones as trapping agents, there was no 

reaction with acetophenone. However acetylketene (2) reacted to some extent 

with trifluoroacetophenone. 
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3.4. EXPERIMENTAL DETAILS 

 

3.4.1. Microwave specifications 

 

All microwave experiments were done in Milestone’s START microwave 

lab station installed with a touch control terminal. All the microwave experiments 

were carried out in a sealed pressure tube. The program was set such that it had a 

ramp time of 8 minutes to reach 120 oC, had a temperature of 120 oC for 20 

minutes and finally a ventilation time of 10 minutes to reach room temperature. 

The maximum power was set to 900 W.  

 

 

3.4.2. General 

 

All the chemicals were used as purchased unless mentioned. 2,2,6-

Trimethyl-4H-1,3-dioxin-4-one and molecular sieves (4 Å) were purchased from 

Aldrich. HPLC grade ethyl acetate was used as solvent. 

 

All the 1H NMR spectra were recorded on a Varian Mercury Plus 

spectrometer at 300 MHz with CDCl3 as solvent and the solvent peak referenced 

to 7.26 ppm. All the 13C NMR spectra were recorded on a Varian Unity Inova 

spectrometer at 125 MHz with CDCl3 as solvent and the solvent peak referenced 

to 77 ppm. IR spectra are recorded on Thermo Nicolet IR spectrometer as a thin 

film on NaCl salt plates. Elemental analysis was done by Desert Analytics.  
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3.4.3. Experimental data 

  

To a 15 mL pressure tube dried overnight in an oven, 3 g of 4 Å molecular 

sieves were added and closed with septa. Air was removed from the pressure tube 

by vacuum and then it was flushed with nitrogen. Ethyl acetate was added first to 

the tube (volume needed to make the reaction mixture up to 10 mL was 

calculated), followed by 0.2 mL of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (1) 

(1.519 mmol) and 20 equivalents (0.0303 mol) of trapping agent. Then vacuum 

was applied to the pressure tube and it was again flushed with nitrogen. After 

closing the pressure tube with its cap, it was subjected to microwave radiation. In 

most of the experiments both the trapping agent and ethyl acetate were removed 

by rotavapor. A Kugelrohr was used to remove acetophenone and 

trifluoroacetophenone. Isolated products were obtained by flash chromatography. 

All compounds were identified using 1H NMR spectra and compared with 

reported spectra from the literature. For compounds which were not reported 

earlier 13C NMR, IR and elemental analysis were done to establish the product 

identity.  

 

Dehydroacetic acid24 (3) was obtained when no trapping agent was added to the 

reaction mixture. 1H-NMR (300 MHz, CDCl3) δ 5.93 (s, 1H), 2.67 (s, 3H), 2.27 

(s, 3H).  

 

Isopropyl acetoacetate37 (5a): All the β-ketoesters (5) were purified by flash 

chromatography (hexane/ethyl acetate = 7:3). 5a was obtained in 91% isolated 

yield. 1H-NMR (300 MHz, CDCl3) δ 5.06 (heptet, 1H, J = 6.3 Hz), 3.41 (s, 2H), 

2.26(s, 3H), 1.26 (d, 6H, J = 6.6 Hz). Enol tautomer 4a (approximately 7%):  

12.18 (s, 1H), 4.94 (s, 1H), 1.94 (s, 3H). Isopropyl acetoacetate 5a was also 

generated by the thermolysis of dioxinone 1 with 2-propanol in 25 mL refluxing 

toluene. For this reaction 0.2 mL of dioxinone 1 (1.519 mmol) and 20 equivalents 

of isopropyl alcohol (3.27 mL, 0.0303 mol) were used. After the reaction toluene 
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and 2-propanol were removed by rotovapor and isolated product was obtained by 

flash chromatography (hexane / ethyl acetate = 8:2). The yield of the thermolysis 

reaction was 83% (0.1822 g). 

 

Ethyl acetoacetate27 (5b) was obtained in 92% isolated yield. 1H-NMR (300 

MHz, CDCl3) δ 4.19 (q, 2H, J = 6.9 Hz), 3.44 (s, 2H), 2.27 (s, 3H), 1.28 (t, 3H, J 

= 6.9). Enol tautomer 4b (approximately 7%): 12.01(s, 1H), 4.98 (s, 1H), 1.95 

(s, 3H). 

 

t-Butyl acetoacetate44 (5c) was obtained in 72% isolated yield. 1H-NMR ( 300 

MHz, CDCl3) δ 3.35 (s, 2H), 2.25 (s, 3H), 1.47 (s, 9H). Enol tautomer 4c 

(approximately 7%): 12.21 (s, 1H), 4.90 (s, 1H), 1.91 (s, 3H). 

 

2-tert-Butyl-6-methyl-1,3-dioxin-4-one37 (6a) was isolated in 82% isolated yield 

following flash chromatography (hexane/ethyl acetate = 9:1). 1H-NMR (300 

MHz, CDCl3) δ 5.28 (s, 1H), 5.04 (s, 1H), 2.04 (s, 3H), 1.05 (s, 9H).  

 

2-Isobutyl-6-methyl-1,3-dioxin-4-one (6b) was isolated in 73% isolated yield 

following flash chromatography (hexane/ethyl acetate = 8:2). Another flash 

column (hexane/ether = 7:3) was performed to obtain a sample for elemental 

analysis. 1H-NMR (300 MHZ, CDCl3) δ 5.49 (t, 1H, J = 5.7 Hz), 5.29 (s, 1H), 

2.03 (s, 1H), 1.96 (hd, 1H, J = 6.3 Hz), 1.85 (d, 1H, J = 5.7 Hz), 1.82 (dd, J = 5.7, 

J = 1.5 Hz), 0.99 (d, 3H, J = 6.6 Hz) 0.98 (d, 3H, J = 6.6 Hz); 13C-NMR (125 

MHz, CDCl3) δ 172.06, 162.83, 100.27, 96.04, 41.60, 23.32, 22.68, 22.56, 19.41; 

An HMBC spectrum aided in the assignment of peaks. IR (sp2 C-H) 3056 cm-1, 

(sp3 C-H) 2964 cm-1, (C=C) 1632 cm-1, Cis (C=C) at 740 cm-1, (C=O) at 1735 cm-

1, (C-(C=O)-O) 1266 cm-1; Elemental analysis C 63.11%, H 8.24%. Calculated C 

63.51%, H 8.29%. 
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2-Isopropyl-6-methyl-1,3-dioxin-4-one (6c) was isolated in 53% yield following 

flash chromatography (ether/hexane = 2:8). 1H-NMR (300 MHZ, CDCl3) δ 5.29 

(s, 1H), 5.22 (d, 1H), 2.16 (hd, 1H), 2.04 (s, 3H), 1.07 (d, 6H). 13C-NMR (125 

MHz, CDCl3) δ 172.09, 162.95, 104.01, 95.81, 31.27, 19.34, 16; IR (sp2 C-H) 

3059 cm-1, (sp3 C-H) 2973 cm-1, (C=C) 1633 cm-1, Cis (C=C) at 737 cm-1, (C=O) 

at 1741 cm-1, (C-(C=O)-O) 1228 cm-1; Elemental analysis C 59.27%, H 7.77% 

(the elemental analysis results deviated from the calculated C 61.52% and H 

7.74% probably because of some inseparable impurity in the product). 

 

1,1,1-Trifluoro-2-hydroxy-2-phenyl-4-pentanone38 (8) was formed under the 

standard reaction conditions and was isolated in 49% yield following flash 

chromatography (hexane/ethyl acetate = 7:3). 1H-NMR (300 MHz, CDCl3) δ 7.56 

(d, 2H, J = 7.5), 7.38 (m, 3H, J = 7.2), 5.43 (s, 1H), 3.37 (d, 1H, J = 17.1), 3.20 (d, 

1H, J = 17.4), 2.21 (s, 3H). Compound 8 was also obtained when 1 mL of water 

was added to reaction mixture instead of 4Å molecular sieves under the same 

reaction conditions. For deuterium incorporation experiment 1 mL of D2O was 

added to the reaction mixture instead of 4Å molecular sieves under same reaction 

conditions. After the reaction ethyl acetate was separated from H2O/D2O layer 

and dried over magnesium sulphate for an hour. Magnesium sulphate was 

removed by filtration and the compound was obtained by removing ethyl acetate 

using a rotovapor. 

 

2-Trifluoro-2-phenyl-6-methyl-1,3-dioxin-4-one45 (9) was obtained in 44% 

yield following a flash chromatography (hexane/ethyl acetate = 8:2). 4Å 

Molecular sieves were not added to the reaction mixture for this compound 

synthesis.  1H-NMR (300 MHz, CDCl3) δ 7.60 (d, 2H, J = 7.65), 7.47 (m, 3H), 

5.23 (s, 1H), 2.11(s, 3H) 
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