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Foreword

While microwave ovens have been used in the kitchen for many years, it was not 
until 1986 that the first reports of their application to organic synthesis appeared 
in the scientific literature. They showed that reactions were greatly accelerated and 
product yields improved over conventional methods. Since that time, the field has 
developed at a rapid rate, with a total of over 2,000 research articles published 
using microwave heating. Microwave technology has applications in chemistry as 
diverse as natural product synthesis, biotechnology, and nanoparticle preparation. 
In addition, scientific microwave apparatus is now commercially available. It is 
possible to perform chemistry very safely, reproducibly, and easily, as commercial 
microwaves are far superior to domestic microwave ovens. The technology has 
been adopted both by university researchers and those working in industry and 
it is becoming clear that for heating chemical reactions, the use of microwaves is 
going to be the method of choice in the future.

Our motivation for writing this laboratory manual has come from a desire to 
introduce the chemists of tomorrow to the technology of tomorrow. By integrating 
microwave-promoted chemistry into undergraduate laboratory courses, it is 
possible not only to train students in using a new technique, but also to widen the 
scope of the reactions that they can perform. Since reaction times are much shorter 
compared to conventional heating, students can be introduced to chemistry that 
would have otherwise been inaccessible because the experiment took too long 
for a lab period (for example, involving an overnight reflux). Also, microwave 
heating gives students the ability to repeat an experiment within the same 
laboratory period if they need to.

Clean, Fast Organic Chemistry is not designed as a stand-alone lab manual. Not every 
reaction that students perform needs microwave heating. Students also need a 
firm grounding in techniques such as melting-point determination, chromatography, 
and spectroscopy. This book can be used in conjunction with other lab manuals to 
add a different aspect to a laboratory course. All the experiments in the book can 
be performed as individual units. Experiments 8-11 can also be used together to 
illustrate multi-step synthesis.

Many of the reactions presented in the book are performed either solvent-free or 
else using water as solvent. This makes them clean, as well as efficient, and allows 
for the introduction of the concepts of green chemistry. All of the reactions have 
been tried on groups of students in our laboratory classes before being selected 
for the book.

In putting this manual together, we are indebted to a small army of people. First, we 
acknowledge the students who helped develop and optimize all the reactions, in 
particular Brian Provencher, Eric DeCoste, and Erin McGowan. Then, we are indebted 
to the classes of 2004, 2005, and 2006 at Merrimack College who performed the 
reactions in their lab periods. The manual was not only our idea, but also that of 
Dr. Mike Collins, Sr., the president of CEM Corporation. It was he who initiated 
the whole project, encouraging and supporting us along the way. The CEM team 
of chemists, graphic designers, editors, and publishers have made this book what 
it is. In particular, we acknowledge the input from Keller Barnhardt, Will Grooms, 
Michelle Horn, Monica Stegall and Grace Vanier, Ph.D.

- Nicholas E. Leadbeater, Ph.D.
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Chapter

1
The Fundamentals of Microwave Heating

History

Most people think of a microwave as a convenient way to pop popcorn or reheat 
leftover pizza, but relegating this technology to the kitchen deprives chemists of 
one of the most useful laboratory tools of the past 20 years. Microwave energy is a 
very efficient means of driving chemical reactions. Just as in a kitchen microwave, 
water boils much quicker than putting it in a pot on a stove: chemical reactions 
proceed significantly faster in an industrial microwave than on a hotplate or in a 
steam bath. The speed at which these reactions occur can lead to increased product
yields and cleaner chemistries, enabling chemists to perform in minutes reactions 
that used to take hours, or even days, to complete.

Microwave energy was first utilized in the early 1940s in radar equipment to 
detect and map objects. Then, in 1946, Percy Spencer, an employee of Raytheon 
Corporation, noticed that a candy bar in his pocket had melted while he was 
working on a radar system. Intrigued by this phenomenon, he brought in some 
popcorn and found that if he placed it near his radar equipment, it popped. 
Raytheon patented the microwave cooking process and in 1947, introduced the 
first Radarange, which was almost six feet high and weighed over 750 pounds. 
The first commercially successful model came out in 1967.

In the 1980s, chemists began using microwave energy to perform acid digestions 
and to speed up solvent extractions. During the next decade, microwave sample 
preparation became a widely accepted method, though there are only scattered 
references of chemists using the technology for organic synthesis at that time. The 
concept of performing reactions in short periods of time with this advanced energy 
source was starting to take hold, but was not yet fully mature, due in large part 
to issues with equipment. 

Traditionally, organic chemists heat their reaction mixtures on a hotplate or in an oil 
or hot water bath. These are relatively slow and inefficient ways of transferring heat 
to a sample because they depend on convection currents and the thermal conductivity
of the reaction mixture. The walls of the reaction vessel can also be hotter than 
the contents, which can result in the decomposition of reagents or products over 
time.

The first reports of the use of microwave heating for organic chemistry came in 
1986. Two research teams published results they had obtained in their laboratories 
using simple domestic (kitchen-type) microwave ovens. They found that the 
reactions they studied were complete much faster when they used the microwave 
oven compared to when they used a hotplate. Since the energy interacts with the 
sample on a molecular level, microwave irradiation is a very efficient method for 
heating a reaction mixture. Microwave laboratory systems built specifically for 
organic synthesis have improved greatly since the end of the 20th century and 
now offer chemists a faster, easier-to-use, and safer alternative to conventional 
methods.

Spencer also tried cooking an 
egg using microwave energy. 
Though the experiment 
succeeded, the egg 
unfortunately exploded in the 
face of a co-worker.

Reactions that took more than 
8 hours to complete were 
performed in just a few 
minutes using a microwave.
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Microwave Energy

Microwave irradiation is a form of energy that falls between 300 and 300,000 
megahertz (MHz), relatively low on the electromagnetic spectrum. (Figure 1) 
Unlike ultraviolet radiation, which is used in photochemistry and can break 
chemical bonds, microwaves are low frequency forms of energy that only cause 
the molecules to rotate.

Figure 1. The electromagnetic spectrum

Figure 2. A microwave

Like all electromagnetic energy, microwaves move at the speed of light and are 
comprised of oscillating electric and magnetic fields. (Figure 2) These fields swing 
back and forth at right angles to each other, perpendicular to the source of the 
energy. It is primarily the electric field of the microwave which interacts with 
molecules and causes the transfer of energy and the generation of heat. 

Hertz: Unit of measurement 
of frequency, numerically 
equal to cycles per second.

The energy of a microwave 
at a frequency of 2.45 GHz is 
0.0016 electron volts (eV).

The average energies of some 
common chemical bonds are 
as follows:

C-C single bond = 3-4 eV
C=C double bond = 6-7 eV
O-H bond = 4-5 eV
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The combination of the two 
heating mechanisms can be 
seen when considering a sample 
of water. Salt water heats 
much faster in a microwave 
than distilled water. This 
is because only the dipolar 
polarization mechanism is 
operative in distilled water, 
whereas salt water contains 
ions and makes use of both 
mechanisms.

How Microwaves Accelerate Chemical Transformations

There are two ways in which microwaves can heat substances: dipolar polarization 
and ionic conduction. If a molecule possesses a dipole moment, it tries to align 
with the electric field of the microwave. Since the electric field is oscillating, the 
dipoles constantly try to realign to follow it. At 2.45 GHz, molecules have time 
to align with the electric field, but not to follow the oscillating field exactly. The 
continual re-orientation of the molecules results in friction, and thus heat. This 
heating method is termed dipolar polarization. (Figure 3)

Figure 3. Molecule movement as affected by dipolar polarization

Figure 4. Molecule movement as affected by ionic conduction

Compared to using a hotplate to heat a reaction mixture, microwave irradiation is 
much more efficient and greatly reduces the reaction time. The hotplate relies on 
thermal conductivity and convection currents to heat the reaction mixture. That 
energy must first heat the vessel containing the reaction mixture, and then pass 
through to the reactants. Microwave energy interacts directly with the molecules 
in the reaction mixture, heating the reactants much faster than conventional 

If a molecule is charged, then the electric field component of the microwave 
moves the ions back and forth through the sample. This movement generates heat 
and is known as ionic conduction. (Figure 4)
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methods. With microwave irradiation, since the energy is interacting with the 
molecules at a very fast rate, the molecules do not have time to relax and the heat 
generated can be, for short times, much greater than the overall recorded temperature 
of the bulk reaction mixture. In essence, there will be instantaneous localized 
superheating. (Figure 5) 

Microwave heating is 
significantly more efficient 
than conventional heating. 
About 80% of the power 
consumed by a microwave 
oven is used to heat food 
compared to as little as 10% 
for conventional ovens.

The Arrhenius equation is a 
simple, yet very accurate 
predictor of the reaction rate.

Figure 5. Localized superheating of molecules in solutions

Figure 6. Arrhenius equation

The rate of a reaction is described by the Arrhenius equation, which expresses the 
relationship between the rate of reaction and the activation energy, Ea. (Figure 6) 

The activation energy is the energy barrier that must be overcome in order for the 
reaction to occur. A microwave transfers energy to the reaction every nanosecond 
(10-9 seconds). The almost constant energy input is achieved at a rate greater than 
the molecular relaxation rate, which is on the order of 10-5 seconds. Because the 
energy is added at a rate faster than the molecules are able to relax, all of the 
molecules in solution will be in a constant state of disequilibrium, providing more 
than enough energy to overcome the activation energy barrier (Ea) and drive the 
reaction to completion. (Figure 7)
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Figure 7. Reaction coordinate

When performing a reaction using microwave heating compared to conventional 
hotplate heating, the only factor in the Arrhenius equation that is affected is the 
temperature value. It is important to remember that the activation energy and the 
pre-exponential factor (defined as the frequency of collisions between molecules 
that have the correct geometry for a reaction to occur) are not affected. They are 
defined by the type of reaction and the nature of the substrates and are the same 
regardless of how the reaction is heated.

Consider a simple reaction with an activation energy of 200 kJ mol-1 performed at 
150 °C. In order to get a 10-fold rate enhancement, it would only be necessary to 
increase the temperature by 17 °C, and for a 1,000-fold rate enhancement by 56 °C.

k=Ae–Ea/RT

Looking at a reaction with Ea = 200 kJ mol-1.
Temp/ °C    Relative rate
150  1
167  10
185  100
206  1,000

These elevated temperatures can easily be obtained by instantaneous localized 
superheating caused by the input of microwave energy, which also explains the 
enhanced reaction rates seen in chemical reactions when using microwave heating 
as opposed to a hotplate or any other conventional method.

Microwave Energy & Solvents

Every solvent or reagent used in a reaction will interact with microwave energy 
differently. Although not the only factor in determining the absorbance of microwave 
energy, the polarity of the solvent is a helpful tool for ascertaining how well it will 
heat when placed in a microwave field. A solvent that is more polar will have a 
stronger dipole trying to align with the movement of the electric field, causing more 
rotational movement, and thus, heat. A non-polar solvent or substance does not 
absorb as much energy because it is not as disturbed by changes in the microwave 
field. Hence, the non-polar solvent generally does not heat as well as the polar.
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A common misconception is 
that the frequency used in 
microwave ovens was chosen 
because it is absorbed well by 
water. In fact, at 2.45 GHz, 
water is only a medium 
absorber. The practical reason 
for using this frequency for 
domestic microwaves is that it 
is important to heat food 
efficiently throughout. If the 
frequency were changed to 
produce the maximum heating 
rate, the microwave would 
heat very unevenly. 

Solvents can be split in to three categories: those that absorb microwaves well, 
moderately, and poorly. High absorbing solvents will heat up very fast when 
exposed to microwave energy. Lower absorbing solvents can still be used, but 
they work better if one of the reagents in the reaction mixture is a good absorber.

Figure 8. Examples of absorption of microwave energy by various solvents

Figure 9. Vacuum chamber and magnetron

Making Microwaves

Microwaves are generated using a device known as a magnetron. This consists of 
a hot filament (cathode) built into the center of a circular sealed vacuum chamber 
and held at a high negative potential. A perpendicular magnetic field is imposed 
by a permanent magnet. The magnetic field causes the electrons, attracted to the 
positive outer part of the chamber, to spiral outward in a circular path rather than 
move in a straight line. This creates a rotating electron cloud around the tube axis. 
There are vanes attached to the inside surface of the chamber. As electrons sweep 
past these vanes, they induce a resonant high frequency radio field in the chamber, 
which in turn, causes the electrons to bunch into groups. A portion of this field is 
extracted from the chamber with a short antenna that is connected to a metal tube 
called a waveguide. The waveguide directs the extracted energy into the cavity 
(heating chamber) of the microwave oven. (Figure 9)
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If a reaction vessel were 
to explode in a domestic 
microwave, it could cause 
significant damage and even 
worse, injury. 

Reactions have been performed 
in vessels up to 5 liters in 
capacity, using multimode 
microwave systems like the 
one pictured.

Figure 10. Microwave modes. Areas of high energy and low microwave energy 
are found in the cavity.

Figure 11. Reaction vessels move through modes of high and low energy in a 
microwave cavity.

In domestic microwave ovens, known as multimode systems, the microwaves 
move through the waveguide, enter the cavity, and then bounce off the cavity 
walls. As they do so, they generate pockets (called modes) of high energy and low 
energy as the moving waves either reinforce or cancel each other out. (Figure 10) 
This means that the microwave field in the cavity is not uniform. Instead, there 
will be hot spots and cold spots corresponding to the pockets of high and low 
energy respectively. 

While much of the early work in microwave synthesis was performed in simple 
domestic ovens, there are some serious problems in using them for chemistry. 
First and foremost, they are not designed for the containment of organic solvents and 
reagents, and are, therefore, unsafe for this use. It is also not possible to accurately 
measure the temperature of a reaction or precisely control the power. Most reactions 
were performed in sealed tubes or in open flasks using polar solvents or an additional
substance, such as a highly microwave absorbing inert support. In addition, the 
walls of most domestic ovens are not made to industrial standards. The walls will 
flex during heating causing changes in the positions of the modes of microwave 
energy and resulting in unstable heating fields.

Multimode microwave apparatus designed for use in preparative chemistry has 
been developed. In addition to being designed to withstand overpressurizations of 
reaction vessels inside the microwave cavity, these systems also have temperature 
and pressure monitoring and the ability to stir reaction mixtures. It is possible to 
run a number of reactions at the same time in a multimode microwave oven: the 
samples are placed into sealed vessels and loaded onto a turntable. Rotation of 
the vessels through the microwave field causes them to absorb the microwave 
energy more effectively. Heating is largely uniform due to both the movement of 
the turntable and the larger size of the vessels. (Figure 11)
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Problems occur when trying to perform reactions on a smaller scale. A single reaction 
of a few milliliters is difficult to heat effectively in a multimode microwave apparatus. 
This is because, with the hot and cold spots that occur in a multimode cavity, it is 
difficult to get constant microwave energy to irradiate the small sample. To overcome 
these problems, smaller, single-mode (often called monomode) microwaves have 
been developed. The cavity of a monomode microwave system is designed for the 
length of only one wave (mode). By placing the sample in the middle of the cavity, it 
can be irradiated constantly with microwave energy. (Figure 12) Using a monomode 
apparatus, it is possible to heat samples of as little as 0.2 mL very effectively. The 
upper volume limit of the monomode apparatus is determined by the size of the 
microwave cavity and is in the region of 100 mL.

The cavity of a monomode microwave apparatus 
is designed for the length of only one mode.

By placing the sample in the middle of the cavity, it 
can be irradiated constantly with microwave energy.

Figure 12. Monomode microwave cavity

The power output of microwaves from a magnetron is measured in watts (W). For a 
multimode microwave, power output of up to 1600 W is possible. For monomode 
apparatus the maximum power output is only 300 W. At a first glance, it may 
seem that the monomode apparatus is much less powerful than its multimode 
counterpart; however, the relative size of the cavity needs to be considered. 
Multimode microwaves have large cavities, and thus, power is dissipated over a 
large area. Monomode equipment has a much smaller cavity and the energy density 
is up to 30-40 times higher than the multimode apparatus.

Microwave heating has revolutionized modern preparative chemistry. It is possible 
to make molecules rapidly, cleanly, and very efficiently. As well as improving 
known reactions, microwave heating is also enabling us to perform new reactions 
that were previously not possible or else were very difficult.

There is more power per cm3 in 
a monomode apparatus than in 
a multimode, due to the size of 
the cavity.
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Key concepts

Microwave radiation is relatively low in energy. It is non-ionizing and cannot 
break chemical bonds. It can only make molecules rotate.

Microwaves are generated by a magnetron, move at the speed of light, and are 
comprised of oscillating electric and magnetic fields.

The electric field component of microwave energy interacts with molecules by 
way of either a dipolar polarization or ionic conduction mechanism.

Conventional heating is slow, relying on convection currents and thermal 
conductivity, whereas microwave heating is fast and occurs on a molecular level.

Domestic microwave ovens are not designed for use in preparative chemistry and 
performing reactions in them is unsafe and unreliable.

There are two types of microwave equipment specifically designed for use in 
preparative chemistry: multimode and monomode.

Modern multimode and monomode apparatus are safe and reliable: it is possible to 
measure and monitor the reaction temperature accurately.

Multimode systems are useful for performing a number of smaller scale reactions at 
the same time or one larger scale reaction.

Monomode systems are useful for performing individual, smaller-scale reactions.

The rate enhancement effects of microwave heating can be explained in terms of 
instantaneous localized superheating of the reaction mixture and by looking at 
the Arrhenius equation.





11

Chapter

2
Microwaves in Organic Chemistry

Many organic reactions need to be heated in order to make them work. 
Traditionally, this would be done using a hotplate, steam or oil bath, or before those 
came along, a Bunsen burner. As discussed in Chapter 1, these heating sources 
are inefficient and reactions can often take a long time to perform. By using 
microwave heating, reaction times can be dramatically reduced and product yields 
can be higher, though these are not the only advantages to utilizing this versatile 
technology. The ability of microwave energy to open new avenues to previously 
inaccessible compounds and provide chemists with the opportunity to work with 
cleaner chemistries are two other very important benefits to the technology that 
should not be overlooked. 

Time is something that is very precious, especially in the pharmaceutical industry 
where compounds need to be made rapidly so they can be screened for activity as drug 
candidates. It is, therefore, not surprising that companies are rapidly incorporating 
microwave technology into their research and development laboratories. 

In an interesting experiment undertaken by Boehringer Ingelheim Pharmaceuticals, 
the exact amount of time saved using microwave heating as opposed to conventional 
methods was determined. Two scientists were told to make a series of compounds. 
One of them used microwave chemistry and the other used conventional methods. 
Both scientists used the same synthetic route to the molecules. However, the person 
assigned to the conventional heating approach concluded, after 37 days, that the 
series of molecules could not be generated using their strategy. The microwave 
chemist, on the other hand, optimized reaction conditions and produced the final 
products in two days. This is indicative of the impact microwave chemistry can 
have in the drug discovery process.

Microwave energy also supplies a cleaner way to perform organic chemistry. 
There is an increasing demand on chemists to make their reactions cleaner. 
Indeed, there is an emerging branch of chemistry, known as green chemistry, 
which focuses on this. In essence, green chemistry is the development of reactions 
that are efficient, do not generate a great deal of waste, do not use hazardous 
reagents, and take advantage of renewable resources.

For industry, time is also 
money. Buying and using 
microwave apparatus offers 
financial benefits, as well 
as being excellent for use in 
chemistry.
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The Twelve Principles of Green Chemistry*

Prevent Waste: It is better to prevent waste than clean up after the fact.

Atom Economy: Both in each step and in the reaction scheme as a whole, design 
the synthesis for the maximum incorporation of all materials.

Less Hazardous Synthesis: Design synthetic methods to generate and use substances 
with little or no toxicity to human health and the environment. 

Safer Chemicals: Maximize effectiveness of chemicals and products, while 
minimizing toxicity.

Safer Solvents and Auxiliaries: Avoid the use of solvents, separation agents, 
and chemical auxiliaries when possible. If they are necessary, ensure they are 
innocuous.

Energy Efficiency: Energy requirements should be recognized for their environmental 
and economic impacts and should be minimized.

Renewable Feedstocks: Raw materials should be renewable rather than depleting 
whenever technically and economically feasible.

Reduce Derivitization: Avoid using derivatives (blocking groups, protection/ 
deprotection, temporary modification) whenever possible.

Catalysts: Catalytic reagents (as selective as possible) are preferable to stochiometric 
reagents.

Design for Degradation: Chemical products should be designed to break down 
after use into innocuous substances that do not accumulate in the environment.

Real-time Analysis: Further develop analytical methodologies for real-time, in-
process monitoring and control to prevent the formation of byproducts.

Safer Chemistry for Accident Prevention: Efforts should be made to minimize 
the potential for chemical accidents, including explosion, fires, and releases into 
the environment.

The use of microwave heating addresses a number of the green chemistry principles. 
Microwave heating:

1) is more energy efficient than conventional heating; 

2) provides higher product yields, which means less waste and unused   
 reagents; 

3) is so fast there is often not enough time for products to decompose, which  
 makes product purification cleaner and easier; and,

4) offers opportunities for developing cleaner alternatives for known reactions.

* Taken in part from the American Chemical Society Green Chemistry Institute website
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Water as a Solvent

Work has shown that water is an excellent solvent for organic chemistry, especially 
when combined with microwave heating, and can be used instead of organics like 
dichloromethane and toluene. While most organic compounds are not soluble in 
water at room temperature, they can be soluble, or at least partly so, in super-heated 
water. It is possible to heat water well above its boiling point in a sealed reaction 
vessel very safely and efficiently using microwaves. The product crystallizes 
out after the reaction takes place and the mixture cools down. It is then easily 
removed. Thus, not only is water a more environmentally friendly solvent to use, 
but purification is simplified as well. Microwave heating also makes it possible 
to perform chemistry in water using open reaction vessels under reflux. Again, 
microwave heating can be used to do this safely and efficiently.

Figure 13. Water becomes a solvent when microwave heating is used.

Figure 14. Suzuki coupling reaction

Water is the ultimate green 
solvent. It is cheap, readily 
available, non-flammable and a 
renewable resource. However, 
one thing that must be taken 
into account when using it as 
a solvent for organic chemistry 
is that at the end it needs to 
be purified before releasing it 
back into the environment. 

One drop of ink in one of 
the largest tanker trucks 
used to haul gasoline would 
represent 1 ppb.

Another advantage of using microwave heating is that it is often possible to 
reduce the amount of catalyst needed for a chemical reaction. Transition-metal 
catalysts work very well under microwave irradiation. Catalytic cycles can turn 
around an astonishing number of times. This is because metal complexes interact 
well with microwaves and heat up to very high temperatures, overcoming activation 
barriers to the reaction. Although it is unwise to place large metal objects in a 
microwave field because of the risk of arcing, small metal particles or metal 
complexes in solution are fine. As an example, consider the palladium-catalyzed 
reaction called the Suzuki coupling. In this reaction, an aryl halide is coupled with a 
boron-functionalized compound called a boronic acid to give a biaryl as a product. 
This reaction essentially joins together two aromatic rings. The products from 
this reaction find uses in pharmaceuticals, polymers, and liquid crystal displays, 
among other materials.

Traditionally, this reaction is performed using significant amounts of palladium 
catalysts. Under microwave heating conditions, it is possible to reduce the catalyst 
quantities significantly, especially when using water as the solvent. With some 
Suzuki reactions, it is possible to use as little as 50-100 parts per billion of palladium.
The reaction is too slow to be practical at these very low catalyst levels 
under conventional heating conditions. Suzuki reactions in water are found in 
Experiments 4 and 11.
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Pressurized and Atmospheric Reactions

Microwave heating has found applications in a very wide range of organic reactions. 
Almost any reaction that needs heat can be performed in a microwave. There are 
a few exceptions, including those known to be highly exothermic. Many reactions 
utilizing microwave heating have been performed in sealed (or closed) vessels. 
These are tubes of varying sizes that can be sealed with a specially designed cap. 
Reaction mixtures can then be heated to temperatures well above the boiling point 
of the solvent inside. These types of reactions are also known as pressurized reactions, 
since the pressure builds as the temperature rises in a closed vessel. Industrially 
designed microwave systems offer a very safe way to perform chemistry at high 
temperatures and pressures, as they offer built-in safety features. Microwave systems 
offer a much more convenient method of achieving high temperatures and 
pressures than the steel containers traditionally used for this sort of chemistry. It 
is also possible to monitor the temperature and pressure of reaction mixtures very 
closely, which means it is possible to report the exact reaction conditions used so 
that others can reproduce the reaction. This was never possible using domestic 
microwave ovens. Very diverse ranges of reactions have been performed successfully 
in sealed tubes using microwave heating.

Some classes of organic reaction that can be performed using microwave heating:

Oxidations
Reductions
Substitutions
Additions
Cycloadditions (e.g. Diels-Alder reaction)
Reactions using solid-supported catalysts, reagents and substrates
Rearrangements
Ester and Amide Synthesis
Ring-forming
Heterocycle Synthesis
Metal-catalyzed processes

Reactions may also be performed under atmospheric conditions using standard 
laboratory glassware in a microwave. Often, the results are just as good as when 
the reaction is conducted in a sealed tube. Reactions can be run in round-bottom 
flasks equipped with a reflux condenser. The flask sits inside the microwave cavity 
and the reflux condenser comes out through the top of the apparatus. For reactions 
that evolve gases, such as carbon dioxide in decarboxylations, it is wiser to perform 
them in an open reaction vessel as opposed to a sealed vessel, as shown in the 
Knoevenagel condensation in Experiment 8.

Domestic, or kitchen-type, 
microwave ovens should 
never be used for chemistry, 
as they do not have the 
built-in safeguards and control 
capabilities of industrial 
microwave systems designed 
for use in the laboratory.
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Figure 15. Discover® System (CEM Corp.) set up for atmospheric work with a 
reflux condenser

Figure 16. MARS™ System (CEM Corp.) with a reflux condenser configured 
for open vessel reactions
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Microwaves and Proteins

Microwaves do not always have to be used to heat reactions to very high temperatures. 
Take for example the preparation of peptides, the family of molecules formed 
from linking various amino acids in a defined order. The link between one amino 
acid residue and the next is an amide bond, and is sometimes referred to as a peptide 
bond. This bond is best made by the reaction of an amine with a carboxylic acid. 
Making peptides conventionally is a slow and laborious process. The reason 
for this is that every amino acid contains both an amine and a carboxylic acid 
functionality. Take, for instance, the process of making a simple dipeptide (two 
amino acids joined together). Just heating the two amino acids together to make 
the peptide bond by dehydration would result in a complex mixture of di-, tri- and 
higher peptides with random sequences. This is because both reactive ends of the 
two starting materials would react randomly with each other (Figure 17).

To form peptide bonds selectively, particular functional groups of the amino acids 
need to be protected so that they do not react. By protecting the carboxylic acid 
group of one peptide and the amine functionality of another, it is possible to join 
the two together to make one specific dipeptide. The protecting group at one end 
of the dipeptide can then be removed in a step called a deprotection. The dipeptide 
can then react with another protected amino acid to make a tri-peptide (Figure 18). 
This procedure of protecting, reacting, and deprotecting is what makes peptide 
synthesis so slow and labor intensive.

Peptides differ from proteins, 
which are also long chains of 
amino acids by virtue of their 
size. Traditionally, peptide 
chains that are short enough 
to make synthetically from the 
constituent amino acids are 
called peptides rather than 
proteins. However, in essence, 
a peptide is a small protein.

Merrifield was awarded the 
Nobel Prize in 1984 for his work 
on the preparation of peptides.

Figure 17. Random reaction of amino acids

Figure 18. Making a peptide

Peptide synthesis can be automated in a procedure developed by Professor Bruce 
Merrifield; however, the reactions are still slow, generally taking 24 hours or more to 
produce peptides. It is possible to accelerate all of the steps of the peptide synthesis 
process using precisely controlled microwave energy and significantly reduce the 
time it takes to make a peptide. High temperatures are not suitable for this chemistry
since amino acids, with the exception of glycine, are chiral and high temperatures 
can result in racemization. The key is to irradiate the reaction mixture gently with 
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The study and investigation of 
proteins and their function 
in the human body is called 
proteomics. 

Figure 19. Liberty™ System (CEM Corp.)

microwaves, thus accelerating the reaction while not losing the chirality. Just like 
Merrifield’s procedure, the microwave method can be automated. Bottles of amino 
acids, protecting reagents, and deprotecting reagents can be attached to a specialized 
system and the desired peptide programmed into the controller (Figure 19). The 
apparatus then takes the amino acids and other reagents in the prescribed order 
and makes the peptide.

Microwave heating can also be used for sequencing the amino acids in proteins. 
One such application is a sequencing technique known as a trypsin digest. Trypsin, 
a digestive enzyme of intestinal liquids, cleaves peptides very selectively. It cuts 
only at the carboxy end of the amino acids arginine and lysine, except when these 
two residues are followed by the amino acid proline. The smaller peptides 
that are generated can be characterized using analytical techniques, such as 
mass spectroscopy. By knowing the constitution of these smaller parts, it is pos-
sible to piece together the sequence of the original protein. Trypsin digests can 
be done in as little as 10 minutes using microwave heating compared to 18 hours 
under conventional conditions.



18

Simultaneous Cooling

Controlled microwave heating has found another application in organic synthesis. 
It is possible to pass coolant over a reaction vessel while irradiating the contents 
with microwave energy. Since the microwaves interact with a reaction mixture on 
a molecular level, the cooling does not have an effect on the heating mechanism. 
It does, however, result in reduction of the overall bulk temperature of the reaction 
mixture since thermal energy is being taken away at the cold vessel walls. In 
essence, this accentuates the difference between the instantaneous temperature 
obtained by the microwaves interacting with the reaction mixture and the bulk 
reaction temperature. This technique has been given the trade name PowerMax™ 
or simultaneous cooling.

Figures 20 & 21. Diagrams illustrating simultaneous cooling

Figure 22. Suzuki reaction

Returning to the Suzuki reaction in which water is used as a solvent, a problem 
arises when using chlorobenzenes as reactants. They are not stable in water at high 
temperatures and tend to decompose. This limits the usefulness of the reaction, 
especially since chlorobenzenes are much cheaper than the bromo- or iodo-analogs. 
The simultaneous cooling method overcomes this problem by allowing the 
chemist to perform the reaction at a slightly lower bulk temperature, but still 
takes advantage of the localized heating effect of microwave energy. A palladium 
catalyst attached to a carbon support is used in the reaction. This absorbs 
microwaves very well, allowing the reaction to occur faster than decomposition 
of the chlorobenzene substrate.

The yields of product can, in 
some cases, be almost doubled 
by using the simultaneous 
cooling method.
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Scale Up with Microwaves

While it is all well and good to be able to make small quantities of molecules 
quickly and easily, perhaps for screening for activity as a therapeutic drug, it is 
also necessary to find ways to perform these reactions on a much larger scale. For 
microwave chemistry to be universally applicable, it is important that technology 
be developed for making multiple grams, kilograms, and even tons of compounds. 
This is an area that is just starting to be explored in detail. It is not possible 
to just build a very large microwave and place a very large reaction vessel in it. 
Microwaves are absorbed as they pass through a material. The level to which they are 
absorbed depends on what the material is, the temperature and the microwave 
frequency. For a solvent such as water, at room temperature the depth to which 
microwaves (at 2.45 GHz) penetrate is only in the order of a few centimeters. As 
a result, using a very large reaction vessel would not be the best way to harness 
the potential of microwave heating. The outer few centimeters would be heated by 
direct interaction with microwaves but the majority would be heated by conduction, 
the hot outer part passing on heat to the cooler inner part. Instead, one of two 
methods has to be adopted: batch processing or continuous flow processing. In batch 
processing, large quantities of material are made by running smaller, individual 
batches and combining the product. The continuous flow process runs the reactants 
through the microwave in a tube or coil and the product is collected as it flows 
out. There are advantages and disadvantages to each method.

Figures 23. Illustration of the concept of batch processing

Figures 24. Illustration of the concept of continuous flow processing

In contrast to liquid water, 
ice is almost microwave 
transparent. Microwaves can 
penetrate up to 9 meters 
through a block of ice.
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Summary

The use of microwave heating in organic synthesis is not without its controversy. 
While most chemists believe that the rate and yield enhancements seen when 
using microwave energy as opposed to conventional heating can be explained in 
terms of the differences in the kinetics of the reaction, some propose that there 
is more to it that just that. They suggest that the electric field component of the 
microwave stabilizes polar intermediates and accounts for the selectivity for one 
possible product over another seen in some reactions. This is a matter of current 
debate. While there is no direct evidence for these effects, it is also true that there 
is no direct evidence they do not exist. More experiments are needed before the 
matter can be resolved.

Without doubt, microwave heating is revolutionizing modern organic chemistry. 
It is possible to make compounds quickly and generate high yields. The technique 
is applicable not only to reactions at high temperatures, but also to reactions that 
are temperature sensitive, such as amino acid couplings. Microwave heating 
is also efficient, fulfilling many of the criteria required for green chemistry. In 
addition, it is economically beneficial. Reactions can be performed quickly and 
cleanly, making it possible to do more reactions in a day with less purification, 
saving labor and reagents. With the interest from the academic and industrial 
sectors combined with the inherent advantages microwaves provide chemists, it 
is not difficult to imagine the day when chemists will have a microwave at their 
bench rather than a hotplate or steam bath.

Observations that are not 
explicable by simple kinetic 
(thermal) arguments are 
known as non-thermal 
microwave effects.
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Key concepts

Organic reactions can be dramatically shortened and product yields can be higher 
by using microwave heating.

Microwave heating addresses a number of the green chemistry principles.

Water is an excellent solvent for organic chemistry, especially when combined 
with microwave heating.

Transition-metal catalysts work very well under microwave irradiation.

Microwaves do not always have to be used to heat reactions to very high temperatures, 
as seen in the preparation of peptides.

It is possible to pass coolant over a reaction vessel while irradiating the contents 
with microwave energy to open up new avenues for synthesis.

There are two methods for making larger quantities of compounds: batch or 
continuous flow processing.
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Chapter

3
Use of Microwave Instrumentation

Operating Precautions

The microwave system must be grounded. In the event of an electrical short circuit, 
grounding reduces the risk of electric shock by providing an escape wire for electric 
current. This instrument is equipped with a cord that has a grounding wire and a 
grounding plug. The plug must be plugged into an outlet that is properly installed 
and grounded. Consult a qualified electrician or service technician if the grounding 
instructions are not completely understood or if doubt exists as to whether the 
instrument is properly grounded. If it is necessary to use an extension cord, use 
only a 3-wire extension cord that has a 3-blade grounding plug and a 3-slot receptacle 
that will accept the plug from the instrument. The marked rating of the extension 
cord must be equal to or greater than the electrical rating of the instrument.

The possibility of instrument-induced electromagnetic interference (EMI) is minimal 
if the instrument is operated as outlined in this manual. The instrument should not 
be placed close to any electrical device susceptible to EMI. The manufacturer suggests 
that the user post a warning for pacemaker wearers that a microwave device is in 
operation. If the instrument is suspected of inducing EMI, a microwave leakage 
measurement should be performed as outlined by the manufacturer. Leakage 
measured above the legal limit of 5 mW/cm2 should be reported to the CEM 
Service Department.

Cardiac Pacemakers

Cardiac pacemakers require magnets to control their operation during operation 
verification. If the instrument is equipped with an optional magnetic sample stirrer, 
which contains very high static magnetic fields, some danger exists if a pacemaker is in 
close proximity of the instrument cavity. If the instrument is suspected of interfering 
with the operation of a pacemaker, the instrument should be turned off or the 
pacemaker wearer should move away from the instrument.

CEM instruments utilize high voltages and microwave radiation. Only those 
trained in repair and maintenance of high voltage and microwave power systems 
should perform instrument service and repair.

The use of a CEM microwave instrument in any manner not specified by CEM 
Corporation could render the instrument unsafe for use by the operator.

This instrument complies with United States Code of Federal Regulations 21CFR 
Part 1030.10 (C) for microwave leakage. A verification report is on file. This instrument 
complies with FCC Requirements in the United States Code of Federal Regulations 
(47CFR Part 18) – Industrial, Scientific and Medical (ISM) Equipment – emissions 
requirements. A verification report is on file.
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Warnings and Cautions

Warnings, cautions and notes are included throughout this manual and should be 
read thoroughly and strictly followed.

WARNING: A warning is inserted for essential information used to emphasize 
dangerous or hazardous conditions in the operation, cleaning and maintenance of 
the instrument that may result in personal injury.

CAUTION: A caution is inserted for essential information used to emphasize 
procedures that, if not strictly followed, may result in damage or destruction to 
the instrument or improper instrument operation.

NOTE: A note is inserted for emphasis of procedures or conditions that may otherwise 
be misinterpreted or overlooked and to clarify possible confusing situations.

WARNING!

If damage to the instrument is noted upon receipt, do not attempt to operate the 
instrument.

This instrument utilizes high voltages and microwave radiation. Only technicians 
trained in repair and maintenance of high voltage and microwave power systems 
should perform instrument service and repair. 

The instrument power cord must be disconnected from the AC power source 
prior to performing any service procedure.

Prior to using any cleaning or decontamination method except those recommended 
by the equipment manufacturer, the user should check with the manufacturer to 
ensure that the proposed method will not damage the equipment.
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Student Microwave Synthesis 
Instrumentation Manual

Discover® System
Closed Vessel Reactions

1. Place all reagents and a stir bar into the supplied 10-ml reaction vessel.

2. Seal the vessel as shown below.

a. Position the cap 
above the vessel 
with the notches 

pointing downward.

b. Place the cap on 
the top of the vessel 
at a slight angle and 
roll the thumb over 

the top of the vessel.

c. Press down on 
the cap until a click 
is audible, indicating 

that the top is 
properly positioned.

CAUTION: The pressure control systems are compatible only with CEM supplied 
10-mL reaction vessels and septa.

Note: The SafeSeal™ maintains pressure, but does not measure pressure. During 
routine use, the SafeSeal should remain connected to the 7-pin connector located 
on the back of the Discover. 

 3. Ensure that the cavity is empty and clean.

 4. Place the small attenuator (microwave door) in position and rotate it   
  clockwise to lock it. (You should hear a small click.)

 5. Push down on the cover of the attenuator (microwave door). 

 6. Place the prepared reaction vessel, with a stir bar, into the opening of the   
  attenuator so that the cap is visible.
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7. Place the pressure device on top of the reaction vessel. 

8. Push the “ears” of the SafeSeal™ (pressure device) down into the locked position.

 9. Secure the SafeSeal into place by rotating the top clockwise until it stops.

 10. Ensure that the programmed parameters visible on the screen are the   
  appropriate parameters for the applicable reaction. If they are not, press the   
  correct hot key (T° for Temperature or       for time) and enter the appropriate  
  value. Once all parameters are set, press ENTER.

 11. Press          (Start/Pause) to start the instrument. If the instrument does not  
  start automatically, consult the teaching assistant or instructor.

Note: If pressure exceeds 300 psi during the reaction, the excess pressure will 
automatically be released; the vessel will reseal, and the reaction will continue.

Removing the Vessel

WARNING!

Wait until the cool-down cycle has terminated and the reaction has returned to a 
temperature below 50 °C.

1. Slowly open the SafeSeal pressure device by turning the top of the device   
  counterclockwise.

“ears”

Push down on “ears”.

Tighten the top piece until it stops. SafeSeal™ locked in position
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2. Once the pressure device is opened, pull up on the “ears” (handles) of the   
  pressure device to release the vessel. 

 3. Remove the pressure device.

4. Remove the reaction vessel from the cavity.

WARNING!

To prevent the possibility of severe burns, ensure that insulated gloves and 
protective gear as outlined in the user’s safety program are worn.

5. Once the vessel has cooled and is removed from the cavity, point the top of the 
vessel toward the back of the fume hood, away from the user, then remove the 
cap from the vessel as illustrated below.

a. Once the vessel has 
cooled, hold the bottom

of the vessel.

b. Place index finger on cap to 
secure it upon removal, and place 
thumb just under the lip of the cap.

c. Push up with the thumb 
until the cap is removed 

from the vessel.

6. Perform the reaction work-up as described in the laboratory instructions.
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 5. Place the flask containing the reaction and a stir bar into the cavity.

 6. Place the open vessel attenuator on top of the vessel, allowing the neck of   
  the flask to enter the opening in the attenuator.

 7. Rotate the attenuator clockwise until it locks into position. (The Discover   
  will not turn on until the attenuator is locked).

 8. If necessary, attach a condenser.

 9. Ensure that the programmed parameters visible on the screen are the   
  appropriate parameters for the applicable reaction.

 If they are not, press the necessary hot key (T° for Temperature   
 or       for time) and enter the required value using the keypad. 

 Upon completion, press ENTER.

 10. Press           (Start/Pause) to start the Discover and begin the reaction.

WARNING!

Wait until the cool-down cycle has terminated and the reaction has returned to a 
temperature below 50 °C.

 11. If applicable, remove the condenser. Remove the attenuator. The round-  
  bottom flask can then be removed from the cavity and the reaction work-up  
  can be performed as described in the instructions.

Note: To perform additional reaction(s) using the same method, press the “Start” key.

WARNING! 

Refer to the manufacturer’s material safety data sheet (MSDS) and the user’s 
safety program for proper handling and disposal procedures for the selected 
reagent(s).

Open Vessel Reactions

1. Place all reagents into the supplied round-bottom flask with a stir bar.

2. Ensure that the cavity is clean.

3. Ensure that the top line of the instrument display reads “Open Vessel,” not   
  “Discover.” If it does not read “Open Vessel,” ask the instructor or  teaching  
  assistant for assistance.

 4. Ensure that the Teflon® vessel spacer (illustrated below) is placed flat in the   
  cavity with the opening of the spacer placed over the center of the cavity   
  and the cutout over the opening in the rear of the cavity.
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GlassChem™ Instructions
Safety Guidelines

1. Ensure that all vessel components are clean and dry prior to use.

2. Before each use, carefully inspect each GlassChem™ vessel for cracks and scratches. 
Cracks or scratches can compromise the structural integrity of the vessel, resulting 
in a vessel failure during heating.

Operating Procedures

1. Place the appropriate reagents and stir bar into the reaction vessel. Ensure that 
the solid components are washed to the bottom of the vessel. The side walls of the 
reaction vessel must not have deposits on them.  

2. Place the vent plug inside the top of the reaction vessel (Figure A).

3. Place the vessel top on the reaction vessel and finger tighten. Using the preset 
torque wrench, tighten the top until an audible click is heard (Figures B and C).

WARNING!

Ensure that the vessel is properly tightened. Failure to tighten the top may allow 
the vessel to leak. Be careful not to overtighten. When the top is on properly, the 
torque wrench makes a single click. The torque wrench should be set to 5 ft-lbs.

4. Insert the composite sleeves into the receptacles of the turntable (Figure D).

Figure A

Figure D

Figure B Figure C

Note: The composite sleeves do not have 
to be removed after each use, and may 
be left in the turntable for convenience.
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5. Insert each vessel into a sleeve. The control vessel may be placed in any position 
around the turntable. If fewer than 24 vessels are being used, arrange the vessels 
symmetrically (Figure E).

Note: Ensure that each vessel is properly positioned in the turntable. The outside 
of the cover must be below the top of the turntable (Figure F).

6. Place the turntable shield onto the turntable (Figure G), and slide the four pins 
to secure the shield in position (Figure H).

7. Slide the fiber optic probe through the top nut of the control vessel. The probe 
should reach the bottom of the thermowell and remain in place during the entire 
turntable rotation (Figure I).

Figure E

Figure F

Figure G Figure H

Figure I

Correct Incorrect
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CAUTION: The RTP-300 Plus fiber optic probe and the thermowell are both fragile. 
Exercise care when handling either.

8. Place the turntable into the MARS cavity (Figure J). Make sure that the turntable 
is properly seated on the drive lug. To verify that the turntable is properly situated 
and turning smoothly, press the Q rotate button (Figure K).

Note: If preferable, the turntable can be installed into the instrument cavity prior 
to vessel installation.

9. Plug the fiber optic probe into the top of the microwave cavity, as shown in 
Figure L. Rotate the turntable several times to ensure that the fiber optic probe 
moves freely without creating any kinks or twists.

10. Close the door of the MARS unit. The vessels are now ready to be heated.

Note: The supplement at the end of this lab manual contains instructions for 
first-time use, assembling the control top, programming methods, and reaction 
parameter set-up.

Upon Reaction Completion

1. Cool the vessels until they are below 50 °C. 

Note: For the safety of the user, it is important that the vessels are properly cooled 
before handling. The MARS microwave system software includes a cooling step at 
the conclusion of each method. Instructions for changing the cooling time of a run 
can be found in the supplementary section at the end of this manual.

WARNING: Always wear protective gear such as gloves, a lab coat, and eye 
protection when handling or venting GlassChem vessels.

Figure L

Figure K

Figure J
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2. Remove the fiber optic probe from the control vessel.

3. Take the turntable out of the microwave cavity and remove the turntable shield.

4. Slowly open each vessel with the top pointed toward the back of the fume 
hood. Loosening the vessel top too quickly could permitrapid escape of gases, 
resulting in potential user injury.

Upon Reaction Completion

1. Clean the vessels and vent plugs using standard cleaning procedures. Ensure 
that the reaction vessel and vent plug are dry prior to the next reaction. 

2. Rinse the vessel tops with water and acetone. The inside of the vessel top can be 
scrubbed with a brush if necessary. Clean the protective sleeve by wiping it with a 
damp cloth. If peeling or other damage to either the top or the sleeve is observed, 
replace the damaged component. Ensure that the vessel top and sleeve are dry 
prior to the next reaction.

CAUTION: Do not soak the vessel tops or composite protective sleeves in water. 
Trapped water can damage the composite layers during heating.

Open Vessel Reaction Instructions

1. Place the appropriate reagents and stir bar into a round-bottom flask. Ensure 
that the solid components are washed to the bottom of the vessel. The side walls 
of the reaction vessel must not have deposits on them. Watch for a reaction. If a 
reaction occurs, allow it to subside completely before placing the turntable into the 
microwave unit.

2. Place the vessel stand into the microwave unit so that the hole in the center of 
the stand is positioned directly over the circular disk in the center of the cavity, and 
the concave side of the stand is exposed upward to accept the round-bottom flask.
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3. Place the round-bottom flask with stir bar into the cavity on the vessel stand.

4. Attach extension piece, if necessary, followed by condenser.

5. Attach condenser lines to water supply and drain. Turn water on so that it flows 
continuously through the condenser.
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6. Thread fiber optic probe through special adaptor or into top of round bottom 
flask.

CAUTION: The RTP-300 Plus probe and the thermowell are both fragile. Exercise 
care when handling either.

7. Connect the temperature probe into the connector in the top of the cavity.

8. Perform the reaction as outlined in the laboratory instructions.

Upon Reaction Completion

1. Following completion of a microwave heating method, permit the flask to cool 
until the temperature drops below 50 °C. 

2. Remove the temperature probe from the port on the top of the cavity. 

3. Remove the water lines to the condenser, the condenser, and any extension 
glassware from the round bottom flask.

4. Carefully remove the round bottom flask from the cavity.

WARNING!

To avoid spilling the contents of the flask, do not tip the flask sideways.

5. Perform reaction work-up as described in the laboratory instructions.
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Safety

Using microwave irradiation to drive chemical reactions is safe but only with 
equipment that has been properly designed for its specific use. Do not use a 
domestic microwave oven for preparative chemistry such as the reactions in this 
book. They are not manufactured for this application, and consequently, have 
none of the built-in safeguards of the systems designed for laboratory use.

When using a microwave, just because you are doing efficient, fast, clean chemistry 
does not mean that you can ignore all the common sense precautions you need to 
take whenever doing a chemical reaction. The safety information provided herein 
should be regarded as additional safety information to take into consideration when 
performing microwave reactions, not a substitute for safety guidelines normally 
provided in an undergraduate laboratory setting.

Read all instructions completely prior to attending lab. If you have any questions, 
ask the course instructor or teaching assistant.

Follow all organic laboratory safety procedures, as outlined in referenced material.

Dispose of all hazardous and non-hazardous reagents appropriately.

Always wear safety goggles or glasses when in a laboratory setting.

Work in a fume hood where possible, especially when preparing reactions.

SAFETY PRECAUTIONS:

Proper precautions must be taken to avoid contact with solvents or solvent 
vapors. Your school should have an appropriate safety program for hazardous 
materials and the reagent manufacturer’s material safety data sheet. Refer to 
these guidelines for proper handling and disposal of reagents.

There are some specific precautions that must be taken when working with 
microwave equipment.

If there is any visible damage on the instrument, do not attempt to operate it.

Only use the manufacturer’s recommended vessels in the microwave. 

When performing pressurized reactions, use only vessels designed to withstand 
high temperatures and pressures in a microwave environment.

Never heat liquids in a sealed vessel or container that is not equipped with a pressure 
relief mechanism.

Do not place metals that are not in solution or covered by a liquid in the microwave.

Do not irradiate reactions that are known to be exothermic in nature in the 
microwave.

Using the correct apparatus 
for microwave chemistry is 
imperative for personal safety.

Used correctly, microwave 
technology provides a very safe 
way to perform chemistry. 
The reaction vessel is more 
contained than when using 
conventional heating methods.
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It is very important to be sure 
to use the certified tubes and 
accessories supplied by the 
microwave manufacturer. 

Do not place any object, including fingers, into the microwave, microwave door, 
or other part of the instrument that is not designed to accommodate such intrusions.

The microwave instrumentation described in this manual uses high voltages and 
microwave radiation in its operation. Only technicians trained in repair and
maintenance of high voltage and microwave power systems should undertake 
instrument service and repair.

Cardiac pacemakers require magnets to control operation during checkout. If the 
microwave system is equipped with a sample stirrer, some danger exists if a 
pacemaker is positioned in close proximity to the instrument cavity. If the instrument
is suspected of interfering with the operation of a pacemaker, the instrument 
should be turned off or the pacemaker wearer should move away from the 
instrument.

Never modify the attenuator access port or microwave door. Do not insert metallic 
objects such as wire into the port(s) or door. Serious microwave leakage and/or 
electrical shock may result. The access port of the Discover System and the inlet/
outlet ports of the MARS System are electrically grounded to the microwave cav-
ity and are designed to prevent leakage of microwave energy.

Never use more than one vessel type simultaneously in the MARS System.

WARNING! 

The MARS™ System and the Discover® System are microwave instrumentation 
specifically designed for use in laboratories for chemical synthesis and sample 
preparation. NEVER HEAT FOOD OR BEVERAGES IN ANY MICROWAVE 
EQUIPMENT DESIGNED FOR LABORATORY USE. 
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Nucleophilic aromatic substitution

Introduction

Nucleophilic aromatic substitution (SNAr) reactions offer a useful way to functionalize 
an aromatic ring. The high p–electron density of an aromatic ring results in 
predominant reactivity towards electrophiles; however, if the aromatic ring is acti-
vated with Electron-withdrawing groups (EWG) ortho and/or para to a good leav-
ing group, a nucleophilic substitution reaction is possible. Halogens are the most 
common leaving groups for SNAr reactions and functional groups such as -NO2, -SO2R, 
-NR3, -CF3 and -CN are electron withdrawing enough to render the aromatic ring 
susceptible to reaction with an electron-rich nucleophile, such as an amine.

SNAr reactions are used on an 
industrial scale for the 
preparation of pharmaceuticals.

The reaction follows an addition-elimination two-step reaction sequence. It is generally 
accepted that the first step, in which a tetrahedral cyclohexadienyl anion called 
a Meisenheimer complex is formed, is the rate-determining step (rds). This is gener-
ated by the addition of the nucleophile to the carbon bearing the leaving group. 
Subsequent elimination of the halogen substituent (leaving group) leads to regeneration 
of the aromaticity in the ring. 

In this experiment, one of three nucleophiles (potassium thiocyanate, ethylamine, 
or aniline) is used to substitute for the bromine on 1-bromo-2,4-dinitrobenzene. 
The three possible products from the SNAr with 1-bromo-2,4-dinitrobenzene are 
all highly-colored crystalline solids, and are as follows:

The two-step mechanism is 
supported by the isolation 
of many Meisenheimer 
salts. Evidence for a rate-
determining first step comes 
from the observation that 
fluoroaromatics undergo 
nucleophilic substitution 
much more rapidly than their 
iodo- counterparts, despite the 
fact that I- is a much better 
leaving group than F-.

Thiocyanates are salts and 
esters of thiocyanic acid 
HSC ≡ N. They are some of 
the compounds responsible 
for the spicy taste in radishes 
and black mustard.

Experiment

1
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Experimental procedure

Microwave Unit: MARS

The reactions are run using 
ethanol or a water-ethanol 
mixture as the solvent. This 
makes it a clean reaction and 
the product is easy to isolate.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.

1-Bromo-2,4-dinitrobenzene (0.296 g, 1.20 mmol), potassium thiocyanate  (0.467 mg, 
4.80 mmol), ethanol (4.0 mL) and water (1.0 mL) are placed in a GlassChem™ 
microwave reaction vessel containing a magnetic stir bar. NOTE: The final volume 
in each vessel must be at least 3 mL. Place the vent plug in the top of the vessel. Finger-
tighten the vessel top and then use the preset torque wrench to tighten it until a single 
click is heard. Insert protective sleeves into the turntable receptacles and place the 
vessel fully into one of the sleeves. Note the position of the vessel in the turntable. 
Place the reaction control vessel into a protective sleeve in the turntable and securely 
fasten the turntable top onto the turntable. After the turntable and shield are properly 
installed in the microwave cavity, take the fiber optic probe that is connected to the 
cavity ceiling and insert the end into the control vessel thermowell. The microwave 
is programmed using the ramp-to-temperature method to heat to 125 °C over a 
2-minute period and then hold at this temperature for 5 minutes. The solution should 
then be allowed to cool for 20 minutes, or until it is below 50 °C, before removing from 
the microwave unit.

CAUTION: The vessel may still be hot to the touch. 

When cooling is finished, detach the turntable shield and remove the vessel 
from its protective sleeve. The reaction mixture is cooled in an ice bath to initiate 
crystallization. Once crystallization is complete, the product can be collected by 

Procedure for 2,4-dinitrophenyl thiocyanate:

SAFETY PRECAUTIONS:

1-Bromo-2,4-dinitrobenzene is classified as an irritant. Potassium thiocyanate 
is a toxic compound. This reaction should not be attempted in a sealed reaction 
vessel without temperature control.

Reagents used:
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1-Bromo-2,4-dinitrobenzene (0.296 g, 1.20 mmol), ethylamine (0.380 mL, 4.80 
mmol), and ethanol (5.0 mL) are placed in a GlassChem microwave reaction vessel 
containing a magnetic stir bar. NOTE: The final volume in each vessel must be at least 
3 mL. Place the vent plug in the top of the vessel. Finger-tighten the vessel top and 
then use the preset torque wrench to tighten it until a single click is heard. Insert 
protective sleeves into the turntable receptacles and place the vessel fully into one of 
the sleeves. Note the position of the vessel in the turntable. Place the reaction control 
vessel into a protective sleeve in the turntable and securely fasten the turntable 
top onto the turntable. After the turntable and shield are properly installed in the 
microwave cavity, take the fiber optic probe that is connected to the cavity ceiling 
and insert the end into the control vessel thermowell. The microwave is programmed 
using the ramp-to-temperature method to heat to 125 °C over a 2-minute period and 
then hold at this temperature for 5 minutes. The solution is then allowed to cool for 
20 minutes, or until it is below 50 °C before removing fromthe microwave unit. 

CAUTION: The vessel may still be hot to the touch. 

When cooling is finished, detach the turntable shield and remove the vessel 
from its protective sleeve. The reaction mixture is cooled in an ice bath to initiate 
crystallization. Once crystallization is complete, the product can be collected by 
vacuum filtration and washed with cold solvent. The brightly colored crystalline 
product can then be dried on a clay plate. When the product is dry, the melting 
point should be determined and compared to that in the literature. The crude 
product can be re-crystallized from 95% ethanol and characterized by IR, 1H-NMR 
and/or 13C-NMR spectroscopy. The purity can be determined by TLC using 40% 
ethyl acetate/hexanes as eluent.

No water is added; ethanol 
is the only solvent used.

vacuum filtration and washed with cold solvent. The brightly colored crystalline 
product can then be dried on a clay plate. When the product is dry, the melting 
point should be determined and compared to that in the literature. The crude 
product can be re-crystallized from 95% ethanol and characterized by IR, 1H-NMR 
and/or 13C-NMR spectroscopy. The purity can be determined by TLC using 40% 
ethyl acetate/hexanes as eluent.

Procedure for 2,4-dinitro-N-ethylaniline:

SAFETY PRECAUTIONS:

1-Bromo-2,4-dinitrobenzene is classified as an irritant. Ethylamine (70% aqueous) 
is flammable and corrosive. This reaction should not be attempted in a sealed 
reaction vessel without temperature control.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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No water is added; ethanol 
is the only solvent used.

Procedure for 2,4-dinitrodiphenylamine:

1-Bromo-2,4-dinitrobenzene (0.296 g, 1.20 mmol), aniline (0.440 mL, 4.80 mmol), 
and ethanol (5.0 mL) are placed in a GlassChem microwave reaction vessel contain-
ing a magnetic stir bar. NOTE: The final volume in each vessel must be at least 3 mL. 
Place the vent plug in the top of the vessel. Finger-tighten the vessel top and then use 
the preset torque wrench to tighten it until a single click is heard. Insert protective 
sleeves into the turntable receptacles and place the vessel fully into one of the sleeves. 
Note the position of the vessel in the turntable. Place the reaction control vessel into 
a protective sleeve in the turntable and securely fasten the turntable top onto the 
turntable. After the turntable and shield are properly installed in the microwave cavity, 
take the fiber optic probe that is connected to the cavity ceiling and insert the end into 
the control vessel thermowell. The microwave is programmed using the ramp-to-
temperature method to heat to 125 °C over a 2-minute period and then hold at this 
temperature for 5 minutes. The solution is then allowed to cool for 20 minutes, or 
until it is below 50 °C before removal from the microwave unit. 

CAUTION: The vessel may still be hot to the touch. 

When cooling is finished, detach the turntable shield and remove the vessel 
from its protective sleeve. The reaction mixture is cooled in an ice bath to initiate 
crystallization. Once crystallization is complete, the product can be collected by 
vacuum filtration and washed with cold solvent. The brightly colored crystalline 
product can then be dried on a clay plate. When the product is dry, the melting point 
should be determined and compared to that in the literature. The crude product can 
be re-crystallized from 95% ethanol and characterized by IR, 1H-NMR and/or 13C-NMR 
spectroscopy. The purity can be determined by TLC using 40% ethyl acetate/hexanes 
as eluent.

SAFETY PRECAUTIONS:

1-Bromo-2,4-dinitrobenzene and aniline are classified as irritants. Aniline is a toxic 
compound. This reaction should not be attempted in a sealed reaction vessel 
without temperature control.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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Experimental procedure

Microwave Unit: Discover

Procedure for 2,4-dinitrophenyl thiocyanate:

1-Bromo-2,4-dinitrobenzene (0.296 g, 1.20 mmol), potassium thiocyanate  (0.467 g, 
4.80 mmol), ethanol (2.5 mL) and water (0.5 mL) are added to a 10-mL glass 
microwave reaction vessel containing a stir bar. The reaction vessel is sealed with 
a cap and then placed into the microwave cavity. The pressure device is put in 
place on top of the reaction vessel and the unit programmed to heat the reaction 
mixture to 125 °C and hold it for 5 minutes. After the reaction is complete and the 
vessel has cooled to below 50 °C, the pressure device can be removed and the vessel 
may be taken from the microwave cavity. 

CAUTION: The tube may still be hot to the touch.  

The sealed reaction vessel and its contents are cooled in an ice bath to initiate 
crystallization. The brightly-colored crystalline product can be collected by vacuum 
filtration, washed with cold ethanol, and dried on a clay plate. When the product 
is dry, the melting point should be determined and compared to that in the literature. 
The crude product can be re-crystallized from 95% ethanol and characterized 
by IR, 1H-NMR and/or 13C-NMR spectroscopy. The purity can be determined by 
TLC using 40% ethyl acetate/hexanes as eluent.

SAFETY PRECAUTIONS:

1-Bromo-2,4-dinitrobenzene is classified as an irritant. Potassium thiocyanate 
is a toxic compound. This reaction should not be attempted in a sealed reaction 
vessel without temperature control.

Reagents used:

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.
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Procedure for 2,4-dinitro-N-ethylaniline:

No water is added; ethanol 
is the only solvent used.

1-Bromo-2,4-dinitrobenzene (0.296 g, 1.20 mmol), ethylamine (0.380 mL, 4.80 mmol), 
and ethanol (3.0 mL) are added to a 10-mL glass microwave reaction vessel containing 
a stir bar. The reaction vessel is sealed with a cap and then placed into the 
microwave cavity. The pressure device is put in place on top of the reaction vessel 
and the unit programmed to heat the reaction mixture to 125 °C and hold it for 
five minutes. After the reaction is complete and the vessel has cooled to below 
50 °C, the pressure device can be removed and the vessel may be taken from the 
microwave cavity. 

CAUTION: The tube may still be hot to the touch. 

The sealed reaction vessel and its contents are cooled in an ice bath to initiate 
crystallization. The brightly-colored crystalline product can be collected by vacuum 
filtration, washed with cold ethanol, and dried on a clay plate. When the product 
is dry, the melting point should be determined and compared to that in the literature. 
The crude product can be re-crystallized from 95% ethanol and characterized 
by IR, 1H-NMR and/or 13C-NMR spectroscopy. The purity can be determined by 
TLC using 40% ethyl acetate/hexanes as eluent.

SAFETY PRECAUTIONS:

1-Bromo-2,4-dinitrobenzene is classified as an irritant. Ethylamine (70% aqueous) 
is flammable and corrosive. This reaction should not be attempted in a sealed 
reaction vessel without temperature control.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.
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Procedure for 2,4-dinitrodiphenylamine:

No water is added; ethanol 
is the only solvent used.

SAFETY PRECAUTIONS:

1-Bromo-2,4-dinitrobenzene and aniline are classified as irritants. Aniline is a 
toxic compound. This reaction should not be attempted in a sealed reaction vessel 
without temperature control.

1-Bromo-2,4-dinitrobenzene (0.296 g, 1.20 mmol), aniline (0.440 mL, 4.80 mmol), 
and ethanol (3.0 mL) are added to a 10-mL glass microwave reaction vessel con-
taining a stir bar. The reaction vessel is sealed with a cap and then placed into the 
microwave cavity. The pressure device is put in place on top of the reaction 
vessel and the unit programmed to heat the reaction mixture to 125 °C and hold 
it for 5 minutes. After the reaction is complete and the vessel has cooled to below 
50 °C, the pressure device can be removed and the vessel may be taken from the 
microwave cavity. 

CAUTION: The tube may still be hot to the touch.  

The sealed reaction vessel and its contents are cooled in an ice bath to initiate 
crystallization. The brightly-colored crystalline product can be collected by vacuum 
filtration, washed with cold ethanol, and dried on a clay plate. When the product 
is dry, the melting point should be determined and compared to that in the literature. 
The crude product can be re-crystallized from 95% ethanol and characterized 
by IR, 1H-NMR and/or 13C-NMR spectroscopy. The purity can be determined by 
TLC using 40% ethyl acetate/hexanes as eluent.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.
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Lab Questions

1. Draw all the possible resonance structures for the Meisenheimer complex 
below.

2. The introduction lists a number of functional groups that are considered electron 
withdrawing. Explain why they are classified as electron-withdrawing groups in 
the context of aromatic chemistry.

3. In the following reaction scheme, identify all of the following: nucleophile, leaving 
group, and electron-withdrawing group.

4. Why is cold solvent used to wash your product rather than room temperature 
or hot solvent?

5. Which bromine in 1,2-dibromo-4-nitrobenzene would be substituted by a
nucleophile?
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Esterification

Introduction

Esters are organic compounds derived from carboxylic acids in which the acidic 
hydrogen has been replaced with an organic group. They are known for their 
pleasant odors and comprise the major flavor component of a number of fruits. 
In addition, they play a significant role in primary metabolism and other biochemical 
processes.

Esters can be synthesized in a number of different ways. One common method is 
the acid-catalyzed condensation of a carboxylic acid and an alcohol. The mechanism 
involves an initial protonation of the carboxylic acid to form a resonance-stabilized 
cation. The addition of the alcohol to the cationic carbon and loss of one of 
the protons on the oxygen of the alcohol forms a species called a geminal diol.  
Protonation of one of the hydroxyl groups in this diol followed by loss of water 
yields the ester product. To obtain significant yields of the product, the equilibrium 
must be shifted by either adding excess of one of the starting materials or by 
removing water and /or the ester product.

Compounds containing ester 
functionalities are found in 
artificial sweeteners, fabrics 
and in nail polish removers.

The acid-catalyzed esterification 
of carboxylic acids is used in 
industry on the multi-ton scale.

Experiment

2

Each of the steps in the 
mechanism is reversible; so, 
this process is also, in reverse, 
the mechanism for the 
hydrolysis of an ester.

In this experiment, one of three available alcohols is used in the esterification of 
ethanoic (acetic) acid to give either a banana-, orange- or peach-smelling ester. 
Using conventional heating, the esterification reaction reaches equilibrium after 
a few hours of reflux. In this experiment, microwave heating is used to accelerate 
the reaction. Both excess acetic acid and the removal of the water are utilized to 
drive the reaction to completion.
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Experimental procedure

Microwave Unit: MARS

Using the MARS unit a 
solvent volume of at least 5 mL 
is required.

Glacial acetic acid (4.0 mL, 70 mmol), 3-methyl-1-butanol (2.5 mL, 23 mmol), 
concentrated sulfuric acid (10 drops) and silica beads (0.20 g) are placed in a 
GlassChem microwave reaction vessel containing a magnetic stir bar. NOTE: The final 
volume in each vessel must be at least 3 mL. Place the vent plug in the top of the vessel. 
Finger-tighten the vessel top and then use the preset torque wrench to tighten it until 
a single click is heard. Insert protective sleeves into the turntable receptacles and place 
the vessel fully into one of the sleeves. Note the position of the vessel in the turntable. 
Place the reaction control vessel into a protective sleeve in the turntable and securely 
fasten the turntable top onto the turntable. After the turntable and shield are properly 
installed in the microwave cavity, take the fiber optic probe that is connected to the 
cavity ceiling and insert the end into the control vessel thermowell. The microwave is 
programmed using the ramp-to-temperature method to heat to 120 °C over a 3-minute 
period and then hold at this temperature for 5 minutes. The solution is then allowed to 
cool for 20 minutes or until it is below 50 °C before removal from the microwave unit.  

CAUTION: The vessel may still be hot to the touch.  

When cooling is finished, detach the turntable shield and remove the vessel from 
its protective sleeve. Sodium bicarbonate (NaHCO3) (10 mL of a 10% solution) is 
placed in a separatory funnel. The reaction mixture is transferred from the microwave 
vessel into the funnel with a pipette. This will lead to a very effervescent reaction as 
the excess acetic acid is neutralized. At this point, water is added until any visible 
solids dissolve. Diethyl ether (5 mL) is then added and the solution swirled.  The 
aqueous layer is then removed. An additional 5 ml of sodium bicarbonate is added 
to the remaining organic layer and the solution swirled again. After the layers have 

Procedure for 3-methylbutyl ethanoate (isoamylacetate):

SAFETY PRECAUTIONS:

3-Methyl-1-butanol and diethyl ether are flammable liquids and should not be used 
near open flames. 3-Methyl-1-butanol is classified as an irritant. Glacial acetic and 
sulfuric acids are strong acids; they are corrosive and can cause burns.  This reaction 
should not be attempted in a sealed reaction vessel without temperature control.

Reagents used:

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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Procedure for benzyl ethanoate (benzylacetate):

SAFETY PRECAUTIONS:

Diethyl ether is a flammable liquid and should not be used near open flames. 
Benzyl alcohol is classified as an irritant. Glacial acetic and sulfuric acids are 
strong acids; they are corrosive and can cause burns.  This reaction should not be 
attempted in a sealed reaction vessel without temperature control.

Reagents used:

Glacial acetic acid (4.0 mL, 70 mmol), benzyl alcohol (2.4 mL, 23 mmol), concentrated 
sulfuric acid (10 drops) and silica beads (0.20 g) are placed in a GlassChem 
microwave reaction vessel containing a magnetic stir bar. NOTE: The final 
volume in each vessel must be at least 3 mL. Place the vent plug in the top of the 
vessel. Finger-tighten the vessel top and then use the preset torque wrench to 
tighten it until a single click is heard. Insert protective sleeves into the turntable 
receptacles and place the vessel fully into one of the sleeves. Note the position 
of the vessel in the turntable. Place the reaction control vessel into a protective 
sleeve in the turntable and securely fasten the turntable top onto the turntable. 
After the turntable and shield are properly installed in the microwave cavity, take 
the fiber optic probe that is connected to the cavity ceiling and insert the end into 
the control vessel thermowell. The microwave is programmed using the ramp-to-
temperature method to heat to 120 °C over a 3-minute period and then hold at this 
temperature for 5 minutes. The solution is then allowed to cool for 20 minutes or 
until it is below 50 °C before removal from the microwave unit. 

CAUTION: The vessel may still be hot to the touch.  

The vessel is vented by loosening the blue nut. It is then removed from the frame 
and its protective sleeve. Sodium bicarbonate (NaHCO3) (10 mL of a 10% solution) 
is placed in a separatory funnel. The reaction mixture is transferred from the 
microwave vessel into the funnel with a pipette . This will lead to a very effervescent 

separated, the organic layer is removed to a small Erlenmeyer flask. The aqueous 
layer is extracted two more times with 5 mL of diethyl ether, each time. Remove 
the organic layer after each extraction and combine it with the first ether layer. 
The combined organic layers are returned to the empty separatory funnel and 
are washed with saturated NaCl solution (5 mL). The organic layer is placed in a 
clean Erlenmeyer flask and then dried over sodium sulfate (Na2SO4). The dried 
organics are transferred into a pre-weighed flask. The diethyl ether is removed on 
a rotary evaporator or under a stream of nitrogen. The flask containing the product is 
weighed and the yield calculated for the reaction. The refractive index can then be 
determined and compared to that in the literature. The chemical structure of the 
product can be confirmed by IR, 1H-NMR and/or 13C-NMR spectroscopy.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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reaction as the excess acetic acid is neutralized. At this point, water is added until 
any visible solids dissolve. Diethyl ether (5 mL) is then added and the solution 
swirled. The aqueous layer is then removed. An additional 5 ml of sodium bicarbonate 
is added to the remaining organic layer and the solution swirled again. After the 
layers have separated, the organic layer is removed to a small Erlenmeyer flask. 
The aqueous layer is extracted two more times with 5 mL of diethyl ether, each 
time. Remove the organic layer after each extraction and combine it with the first 
ether layer. The combined organic layers are returned to the empty separatory 
funnel and are washed with saturated NaCl solution (5 mL). The organic layer is 
placed in a clean Erlenmeyer flask and then dried over sodium sulfate (Na2SO4). 
The dried organics are transferred into a pre-weighed flask. The diethyl ether is 
removed on a rotary evaporator or under a stream of nitrogen. The flask containing 
the product is weighed and the yield calculated for the reaction. The refractive index 
can then be determined and compared to that in the literature. The chemical structure 
of the product can be confirmed by IR, 1H-NMR and/or 13C-NMR spectroscopy.

Procedure for octyl ethanoate (octyl acetate):

SAFETY PRECAUTIONS:

Diethyl ether is a flammable liquid and should not be used near open flames. 
1-Octanol is classified as an irritant. Glacial acetic and sulfuric acids are strong 
acids; they are corrosive and can cause burns.  This reaction should not be 
attempted in a sealed reaction vessel without temperature control.

Reagents used:

Glacial acetic acid (4.0 mL, 70 mmol), 1-octanol (3.6 mL, 23 mmol), concentrated 
sulfuric acid (10 drops) and silica beads (0.20 g) are placed in a GlassChem 
microwave reaction vessel containing a magnetic stir bar. NOTE: The final volume 
in each vessel must be at least 3 mL. Place the vent plug in the top of the vessel. 
Finger-tighten the vessel top and then use the preset torque wrench to tighten it 
until a single click is heard. Insert protective sleeves into the turntable receptacles 
and place the vessel fully into one of the sleeves. Note the position of the vessel 
in the turntable. Place the reaction control vessel into a protective sleeve in the 
turntable and securely fasten the turntable top onto the turntable. After the 
turntable and shield are properly installed in the microwave cavity, take the fiber 
optic probe that is connected to the cavity ceiling and insert the end into the control 
vessel thermowell. The microwave is programmed using the ramp-to-temperature 
method to heat to 120 °C over a 3-minute period and then hold at this temperature 
for 5 minutes. The solution is then allowed to cool for 20 minutes or until it is below 
50 °C before removing it from the microwave unit.  

CAUTION: The vessel may still be hot to the touch.  

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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When cooling is finished, detach the turntable shield and remove the vessel from 
its protective sleeve. Sodium bicarbonate (NaHCO3) (10 mL of a 10% solution) 
is placed in a separatory funnel. The reaction mixture is transferred from the 
microwave vessel into the funnel with a pipette. This will lead to a very effervescent 
reaction as the excess acetic acid is neutralized. At this point, water is added until any 
visible solids are dissolved. Diethyl ether (5 mL) is added and the solution swirled. 
The aqueous layer is then removed. An additional 5 ml of sodium bicarbonate is 
added to the remaining organic layer and the solution swirled again. After the layers 
have separated, the organic layer is removed to a small Erlenmeyer flask. The 
aqueous layer is extracted two more times with 5 mL of diethyl ether, each time. 
Remove the organic layer after each extraction and combine it with the first ether 
layer. The combined organic layers are returned to the empty separatory funnel 
and are washed with saturated NaCl solution (5 mL). The organic layer is placed 
in a clean Erlenmeyer flask and then dried over sodium sulfate (Na2SO4). The dried 
organics are transferred into a pre-weighed flask. The diethyl ether is removed on 
a rotary evaporator or under a stream of nitrogen. The flask containing the product is 
weighed and the yield calculated for the reaction. The refractive index can then be 
determined and compared to that in the literature. The chemical structure of the 
product is then confirmed by IR, 1H-NMR and/or 13C-NMR spectroscopy.
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Experimental procedure

Microwave Unit: Discover

Procedure for 3-methylbutyl ethanoate (isoamylacetate):

Glacial acetic acid (2.0 mL, 35 mmol), 3-methyl-1-butanol (1.4 mL, 13 mmol), 
concentrated sulfuric acid (10 drops) and silica beads (0.20 g) are placed in a 10-mL 
glass microwave reaction vessel containing a stir bar. The reaction vessel is sealed 
with a cap and then placed into the microwave cavity. The pressure device is put 
in place on top of the reaction vessel and the unit programmed to heat the reaction 
mixture to 130 °C and hold for 15 minutes. After the reaction is complete and the 
vessel has cooled to below 50 °C, the pressure device can be removed and the vessel 
taken from the microwave cavity. 

CAUTION: The tube may still be hot to the touch. 

Sodium bicarbonate (NaHCO3) (10 mL of a 10% solution) is placed in a separatory 
funnel. The reaction mixture is transferred from the microwave vessel into the funnel 
with a pipette. This will lead to a very effervescent reaction as the excess acetic acid is 
neutralized. At this point, water is added until any visible solids dissolve. Diethyl 
ether (5 mL) is added to the organic layer and the solution swirled. The aqueous layer 
is then removed. An additional 5 ml of sodium bicarbonate is added and the solu-
tion swirled again. After the layers have separated, the organic layer is removed to a 
small Erlenmeyer flask. The aqueous layer is extracted two more times with 5 mL of 
diethyl ether, each time. Remove the organic layer after each extraction and combine 
it with the first ether layer. The combined organic layers are returned to the empty 
separatory funnel and are washed with saturated NaCl solution (5 mL). The organic 
layer is placed in a clean Erlenmeyer flask and then dried over sodium sulfate 
(Na2SO4). The dried organics are transferred into a pre-weighed flask. The diethyl 
ether is removed on a rotary evaporator or under a stream of nitrogen. The flask 

SAFETY PRECAUTIONS:

3-Methyl-1-butanol and diethyl ether are flammable liquids and should not be 
used near open flames. 3-Methyl-1-butanol is classified as an irritant. Glacial 
acetic and sulfuric acids are strong acids; they are corrosive and can cause burns.  This 
reaction should not be attempted in a sealed reaction vessel without temperature 
control.

Reagents used:

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.
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Procedure for benzyl ethanoate (benzylacetate):

Glacial acetic acid (2.0 mL, 35 mmol), benzyl alcohol (1.2 mL, 12 mmol, 1 eq.), 
concentrated sulfuric acid (10 drops) and silica beads (0.20 g) are placed in a 10-mL 
glass microwave reaction vessel containing a stir bar. The reaction vessel is sealed 
with a cap with septum and then placed into the microwave cavity. The pressure 
device is put in place on top of the reaction vessel and the unit programmed to 
heat the reaction mixture to 130 °C and hold for 5 minutes. After the reaction is 
complete and the vessel has cooled to below 50 °C, the pressure device can be 
removed and the vessel can be taken from the microwave cavity.

CAUTION: The tube may still be hot to the touch.  

Sodium bicarbonate (NaHCO3) (10 mL of a 10% solution) is placed in a separatory 
funnel. The reaction mixture is transferred from the microwave vessel into the funnel 
with a pipette. This will lead to a very effervescent reaction as the excess acetic acid is 
neutralized. Water is added at this point until any visible solids dissolve. Diethyl ether 
(5 mL) is added to the organic layer and the solution swirled. The aqueous layer is 
then removed. An additional 5 ml of sodium bicarbonate is added and the solution 
swirled again. After the layers have separated, the organic layer is removed to a 
small Erlenmeyer flask. The aqueous layer is extracted two more times with 5 mL 
of diethyl ether, each time. Remove the organic layer after each extraction and 
combine it with the first ether layer. The combined organic layers are returned to 
the empty separatory funnel and are washed with saturated NaCl solution (5 mL). 
The organic layer is placed in a clean Erlenmeyer flask and then dried over sodium 
sulfate (Na2SO4). The dried organics are transferred into a pre-weighed flask. The 
diethyl ether is removed on a rotary evaporator or under a stream of nitrogen. The 
flask plus product is weighed and the yield calculated for the reaction. The refractive 
index is determined and compared to that in the literature. The chemical structure 
of the product is confirmed by IR, 1H-NMR and/or 13C-NMR spectroscopy.

SAFETY PRECAUTIONS:

Diethyl ether is a flammable liquid and should not be used near open flames. 
Benzyl alcohol is classified as an irritant. Glacial acetic and sulfuric acids are 
strong acids; they are corrosive and can cause burns.  This reaction should not 
be attempted in a sealed reaction vessel without temperature control.

Reagents used:

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.

containing the product is weighed and the yield calculated for the reaction. The 
refractive index can then be determined and compared to that in the literature. 
The chemical structure of the product is confirmed by IR, 1H-NMR and/or 13C-NMR 
spectroscopy.
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Procedure for octyl ethanoate (octylacetate):

Glacial acetic acid (2.0 mL, 35 mmol), 1-octanol (1.9 mL, 12 mmol), concentrated 
sulfuric acid (10 drops) and silica beads (0.20 g) are placed in a 10-mL glass 
microwave reaction vessel containing a stir bar. The reaction vessel is sealed with 
a cap and then placed into the microwave cavity. The pressure device is put in 
place on top of the reaction vessel and the unit programmed to heat the reaction 
mixture to 130 °C and hold for 5 minutes. After the reaction is complete and the 
vessel has cooled to below 50 °C, the pressure device can be removed and the vessel 
can be taken from the microwave cavity. 

CAUTION: The tube may still be hot to the touch. 

Sodium bicarbonate (NaHCO3) (10 mL of a 10% solution) is placed in a separatory 
funnel. The reaction mixture is transferred from the microwave vessel into the funnel 
with a pipette. This will lead to a very effervescent reaction as the excess acetic 
acid is neutralized. At this point, water is added until any visible solids dissolve. 
Diethyl ether (5 mL) is added and the solution swirled. The aqueous layer is then 
removed. An additional 5 ml of sodium bicarbonate is added to the remaining 
organic layer and the solution swirled again. After the layers have separated, the 
organic layer is removed to a small Erlenmeyer flask. The aqueous layer is extracted 
two more times with 5 mL of diethyl ether, each time. Remove the organic layer 
after each extraction and combine it with the first ether layer. The combined organic 
layers are returned to the empty separatory funnel and are washed with saturated 
NaCl solution (5 mL). The organic layer is placed in a clean Erlenmeyer flask 
and then dried over sodium sulfate (Na2SO4). The dried organics are transferred 
into a pre-weighed flask. The diethyl ether is removed on a rotary evaporator 
or under a stream of nitrogen. The flask containing the product is weighed and 
the yield calculated for the reaction. The refractive index can then be determined 
and compared to that in the literature. The chemical structure of the product is 
confirmed by IR, 1H-NMR and/or 13C-NMR spectroscopy.

SAFETY PRECAUTIONS:

Diethyl ether is a flammable liquid and should not be used near open flames.  
1-Octanol is classified as an irritant. Glacial acetic and sulfuric acids are strong 
acids; they are corrosive and can cause burns.  This reaction should not be 
attempted in a sealed reaction vessel without temperature control.

Reagents used:

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.
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Lab Questions

1. Write the equilibrium rate expression (Keq) for this reaction.

2. This esterification reaction is in equilibrium. What is the reverse process called, 
and what can be done to shift the equilibrium to favor the ester product?

3. What is the purpose of the sulfuric acid in this reaction?

4. Construct a flow chart for the extraction procedure that specifies which is the 
organic layer, which is the aqueous, and what is dissolved in each.

5. Esters are known for what physical characteristic?
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Diels-Alder reaction

Introduction

The Diels-Alder reaction is a cycloaddition between a conjugated diene and a species 
containing a carbon-carbon double or triple bond (termed the dienophile). The reaction 
is very important because two new carbon-carbon bonds and a six-membered 
ring are formed in a single step. The diene can have the two double bonds contained 
within a ring system or the molecule can be acyclic. The acyclic alkene must be in 
the s-cis-conformation about the single bond before the reaction can occur.

The reaction works best when there is a significant difference between the p-electron 
density in the diene and the dienophile. Usually the diene is electron-rich and 
the dienophile electron-poor. Thus, the diene is activated by electron-donating 
groups (EDG) such as -R, -OR, and –OSi(CH3)3 and the dienophile is activated by 
electron-withdrawing groups (EWG) such as -CO2H, -CO2R, -CHO, -COR, -NO2, -CN, 
and -SO2. The reaction proceeds by a concerted mechanism (termed pericyclic), 
whereby a single transition controls both the stereochemistry and regiochemistry 
of the product. The stereochemistry of the starting materials is maintained at the four 
new stereocenters of the product. The regiochemistry depends on the substitution 
pattern of the starting materials. If the electron-donating group is on the 2-posi-
tion of the diene, then only the 1,4-substituted product is isolated with none of the 
1,3-analog. If the electron-donating group is on the 1-position of the diene, then the 
1,2-substututed product is formed.

Diels-Alder reactions often need to be heated for long periods of time in order to 
obtain reasonable yields of the product. By using microwave heating, the reaction 
is complete in just a few minutes. The reaction can often be performed in the absence 
of any solvent (neat), but in some cases, a solvent such as toluene is necessary.  
There are, however, some reactions that can be performed in a greener manner 
using water as the solvent. In this experiment, one of two dienes is reacted with 
2,3-dimethyl-1,3-butadiene. In the MARS system, the reactions are run using water as 
a solvent, while in the case of the Discover, the reactions are performed neat.

Otto Diels and his pupil, Karl 
Alder, received the Nobel 
Prize in Chemistry in 1950 for 
the discovery of this reaction.

R.B. Woodward and R. 
Hoffmann formulated the 
theoretical rules (Woodward-
Hoffmann rules) that govern 
the Diels-Alder and other 
pericyclic reactions.

It is better to perform reactions 
neat when possible, as these 
types of reactions are clean 
and easy to do. However, if a 
solvent is needed, water can 
often be an excellent choice. It 
keeps the reaction clean green.

Experiment

3
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Experimental procedure

Microwave Unit: MARS

Maleimide is an excellent 
dienophile, since the C=C 
bond is very electron-poor.

Maleimide (0.850 g, 8.76 mmol), 2,3-dimethyl-1,3-butadiene (2.00 mL, 17.7 mmol) and 
water (2.5 mL) are placed in a GlassChem microwave reaction vessel containing 
a magnetic stir bar. NOTE: The final volume in each vessel must be at least 3 mL. 
Place the vent plug in the top of the vessel. Finger-tighten the vessel top and then use 
the preset torque wrench to tighten it until a single click is heard. Insert protective 
sleeves into the turntable receptacles and place the vessel fully into one of the sleeves. 
Note the position of the vessel in the turntable. Place the reaction control vessel into 
a protective sleeve in the turntable and securely fasten the turntable top onto the 
turntable. After the turntable and shield are properly installed in the microwave 
cavity, take the fiber optic probe that is connected to the cavity ceiling and insert the 
end into the control vessel thermowell. The microwave is programmed using the 
ramp-to-temperature method to heat to 110 °C over a 5-minute period and then 
hold at this temperature for 5 minutes. The solution is then allowed to cool for 
20 minutes or until it is below 50 °C before removal from the microwave unit.  

CAUTION: The vessel may still be hot to the touch.  

When cooling is finished, detach the turntable shield and remove the vessel from 
its protective sleeve. The reaction vessel is cooled to room temperature and the 
white solid collected by vacuum filtration. The product is then dried completely on 
a clay plate. When dry, the melting point is determined and compared to the 
literature value. The chemical structure of the product is confirmed by IR, 1H-NMR 
and/or 13C-NMR spectroscopy.

Procedure for the Diels-Alder reaction of 
2,3-dimethyl-1,3-butadiene and maleimide:

SAFETY PRECAUTIONS:

Maleimide is corrosive and a lachrymator, be sure to use it in a fume hood. 
2,3-dimethyl-1,3-butadiene is a flammable liquid.  This reaction should not be 
attempted in a sealed reaction vessel without temperature control.

Reagents used:

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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SAFETY PRECAUTIONS:

Dimethyl fumarate is a classified irritant. 2,3-dimethyl-1,3-butadiene is a 
flammable liquid.  This reaction should not be attempted in a sealed reaction 
vessel without temperature control.

Dimethyl fumarate (0.425 g, 2.95 mmol) and 2,3-dimethyl-1,3-butadiene (1.0 mL, 
8.85 mmol) and water (4 mL) are placed in a GlassChem microwave reaction vessel 
containing a magnetic stir bar. NOTE: The final volume in each vessel must be at 
least 3 mL. Place the vent plug in the top of the vessel. Finger-tighten the vessel 
top and then use the preset torque wrench to tighten it until a single click is heard. 
Insert protective sleeves into the turntable receptacles and place the vessel fully 
into one of the sleeves. Note the position of the vessel in the turntable. Place the 
reaction control vessel into a protective sleeve in the turntable and securely fasten 
the turntable top onto the turntable. After the turntable and shield are properly 
installed in the microwave cavity, take the fiber optic probe that is connected to the 
cavity ceiling and insert the end into the control vessel thermowell. The microwave 
is programmed by using the ramp-to-temperature method to heat to 140 °C over 
a 5-minute period and then hold at this temperature for 5 minutes. The solution is 
then allowed to cool for 20 minutes or until it is below 50 °C before removal from 
the microwave unit.  

CAUTION: The vessel may still be hot to the touch.  

When cooling is finished, detach the turntable shield and remove the vessel from 
its protective sleeve. The reaction mixture is transferred from the microwave vessel 
into a separatory funnel using a pipette. Dichloromethane (5 mL) is used to rinse 
the reaction vessel and is then added to the separatory funnel along with water (5 
mL). After stoppering the funnel, the solution is repeatedly shaken and vented. The 
layers are then allowed to separate: the organic layer is removed to an Erlenmeyer 
flask, and the aqueous layer is extracted twice more with dichloromethane, shaking 
and venting each time. The combined organic material is washed with saturated 
sodium chloride solution and dried over sodium sulfate. The dichloromethane is 
removed using a rotary evaporator and leaves a white, crystalline product. The 
yield of the product is determined and the melting point compared to the literature 
value. The chemical structure of the product is confirmed by IR, 1H-NMR and/or 
13C-NMR spectroscopy.

Procedure for the Diels-Alder reaction of 
2,3-dimethyl-1,3-butadiene and dimethyl fumarate:

Reagents used:

Dimethyl fumarate is an 
excellent dienophile since the 
C=C bond is very electron-poor.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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Experimental procedure

Microwave Unit: Discover

Procedure for the Diels-Alder reaction of 
2,3-dimethyl-1,3-butadiene and maleimide:

Maleimide (190 mg, 1.96 mmol) and 2,3-dimethyl-1,3-butadiene (0.450 mL, 3.98 
mmol) are added to a 10-mL glass microwave reaction vessel containing a stir bar. 
The reaction vessel is sealed with a cap and then placed into the microwave cavity. 
The pressure device is put in place on top of the reaction vessel and the unit 
programmed to heat the reaction mixture to 70 °C and hold for 10 minutes. After 
the reaction is complete and the vessel has cooled to below 50 °C, the pressure 
device can be removed and the vessel may be taken from the microwave cavity.  

CAUTION: The tube may still be hot to the touch.

The reaction mixture is transferred into a pre-weighed, round-bottom flask using 
a pipette. The vessel is rinsed with a small amount of dichloromethane, which is 
also added to the round-bottom flask. The un-reacted butadiene and organic solvent 
are removed using a rotary evaporator. When the white solid product is dry, the 
yield for the reaction is calculated by re-weighing the flask. The melting point can 
then be determined and compared to that in the literature. The chemical structure 
of the product is confirmed by IR, 1H-NMR and/or 13C-NMR spectroscopy.

SAFETY PRECAUTIONS:

Maleimide is corrosive and a lachrymator, be sure to use it in a fume hood. 
2,3-dimethyl-1,3-butadiene is a flammable liquid.  This reaction should not be 
attempted in a sealed reaction vessel without temperature control.

Reagents used:

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.

Maleimide is an excellent 
dienophile, since the C=C 
bond is very electron-poor.

Use only a small amount of 
dichloromethane to rinse the 
vessel to reduce evaporation 
time and the amount of 
solvent used.

179 g/mol
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SAFETY PRECAUTIONS:

Dimethyl fumarate is a classified irritant. 2,3-Dimethyl-1,3-butadiene is a 
flammable liquid.  This reaction should not be attempted in a sealed reaction 
vessel without temperature control.

Procedure for the Diels-Alder reaction of 
2,3-dimethyl-1,3-butadiene and dimethyl fumarate:

Dimethyl fumarate (1.10 g, 7.64 mmol) and 2,3-dimethyl-1,3-butadiene (2.50 mL, 22.2 
mmol) are added to a 10-mL glass microwave reaction vessel containing a stir bar. 
The reaction vessel is sealed with a cap and then placed into the microwave cavity. 
The pressure device is put in place on top of the reaction vessel and the unit 
programmed to heat the reaction mixture to 140 °C and then hold for 10 minutes. 
After the reaction is complete and the vessel has cooled to below 50 °C, the pressure 
device can be removed, and the vessel may be taken from the microwave cavity. 

CAUTION: The tube may still be hot to the touch.

The reaction mixture is transferred into a pre-weighed, round-bottom flask using 
a pipette. The vessel is rinsed with a small amount of dichloromethane, which is 
also added to the round-bottom flask. The un-reacted butadiene and organic solvent 
are removed using a rotary evaporator. When the white solid product is dry, the 
yield for the reaction is calculated by re-weighing the flask. The melting point can 
then be determined and compared to that in the literature. The chemical structure 
of the product is confirmed by IR, 1H-NMR and/or 13C-NMR spectroscopy.

Reagents used:

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.

Dimethyl fumarate is an 
excellent dienophile since the 
C=C bond is very electron-poor.

Use only a small amount of 
dichloromethane to rinse the 
vessel to reduce evaporation 
time and the amount of 
solvent used.
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Lab Questions

1. Draw the mechanism for the Diels-Alder reaction. What type of mechanism is 
involved?

2. For an acyclic diene to react with a dienophile in a Diels-Alder reaction, what 
conformation must it be in? Provide a drawing to explain.

3. Predict the product that will be formed through a Diels-Alder reaction between 
the following substrates. Hint: Look at the substituents to determine regioselectivity.

4. In the Diels-Alder reaction of 2,3-dimethyl-1,3-butadiene and trans-dimethyl 
fumarate, which diastereomer of the resulting cyclohexane is formed?

5. The stereo-specific total synthesis of cholesterol was reported in 1951 by 
Woodward and colleagues.

The first step in the synthesis produced the intermediate shown below. This cis-
fused bicyclic compound represents the future C/D rings of cholesterol. The molecule 
below was prepared by a Diels-Alder reaction. Draw the diene and the dienophile 
starting materials that were used.
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Suzuki coupling

Introduction

Metal-catalyzed reactions are widely used for making important molecules. An 
example of a metal-catalyzed reaction is the coupling of an aryl halide with a 
boronic acid using a palladium catalyst to yield a biaryl compound. This coupling 
is called the Suzuki reaction, named after Professor Akira Suzuki who discovered 
it in the late 1970s. The direct linking of benzene rings is not easily achieved by 
direct chemical reaction, hence the importance of the Suzuki reaction. 

The palladium catalysts used for the reactions generally have organic groups 
called ligands (L) attached to the central palladium atom. The number of ligands 
attached to the central palladium atom will vary, but is generally written at “n”, or 
after two have been removed as “n-2”. The general formula then is often written 
as PdLn. The reaction occurs through a catalytic cycle in which the palladium first 
inserts into the carbon-halogen bond of the aryl halide. Then, after reaction with 
the base, the palladium complex attaches to the aromatic ring of the boronic acid. 
In the final step of the cycle, the palladium catalyst is eliminated as the biaryl is 
formed. The palladium catalyst can then start the cycle again.

The palladium goes around 
the catalytic cycle many times 
during the reaction. If the 
cycle is slow, then significant 
quantities of catalyst are 
needed.

Experiment

4
The Suzuki reaction is used in 
the synthesis of pharmaceuticals, 
natural products, and many 
functional materials found in 
everyday life. 
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A wide range of catalysts has been developed for the reaction, many of which 
are quite costly and difficult to remove from the product. With conventional 
heating, the reaction can also be slow, taking hours to reach completion. In 
this experiment, inexpensive, readily available palladium acetate, Pd(OAc)2, is 
used as the catalyst and the reaction is performed utilizing water as the solvent. 
Tetrabutylammonium bromide (TBAB) is used as a phase-transfer agent to make 
the organic compounds more soluble in the water. By using microwave heating, 
one of the three aryl bromide substrates is coupled with the phenyl boronic acid, 
C6H5-B(OH)2, and the reaction is complete in just a few minutes.

Using these conditions, the 
catalytic cycle is amazingly 
fast. In fact, it is possible to 
use catalyst concentrations 
equivalent to a drop of ink in 
a 55-gallon barrel of water.
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Experimental procedure

Microwave Unit: MARS

SAFETY PRECAUTIONS:

4-Bromoacetophenone, tetrabutylammonium bromide (TBAB), and sodium 
carbonate are classified as irritants.  This reaction should not be attempted in a 
sealed reaction vessel without temperature control.

Phenylboronic acid (366 mg, 3 mmol), 4-bromoacetophenone (597 mg, 3 mmol), 
sodium carbonate (945 mg, 9 mmol), palladium acetate (3 mg, 0.012 mmol), TBAB 
(967 mg) and water (6 mL) are placed in a GlassChem microwave reaction vessel 
containing a magnetic stir bar. NOTE: The final volume in each vessel must be at 
least 3 mL. Place the vent plug in the top of the vessel. Finger-tighten the vessel top 
and then use the preset torque wrench to tighten it until a single click is heard. Insert 
protective sleeves into the turntable receptacles and place the vessel fully into one of 
the sleeves. Note the position of the vessel in the turntable. Place the reaction control 
vessel into a protective sleeve in the turntable and securely fasten the turntable 
top onto the turntable. After the turntable and shield are properly installed in the 
microwave cavity, take the fiber optic probe that is connected to the cavity ceiling 
and insert the end into the control vessel thermowell. The microwave is programmed 
using the ramp-to-temperature method to heat to 160 °C over a 3-minute period and 
then hold at this temperature for 5 minutes. The solution is then allowed to cool for 
20 minutes or until it is below 50 °C before removal from the microwave unit.

CAUTION: The vessel may still be hot to the touch.  

Procedure for 4-acetylbiphenyl:

Reagents used:

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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Procedure for 4-methylbiphenyl:

When cooling is finished, detach the turntable shield and remove the vessel from 
its protective sleeve. The reaction mixture is transferred from the microwave vessel 
into a separatory funnel to perform an extraction. Ethyl acetate (30 mL) is used to 
rinse the reaction vessel and is added to the separatory funnel along with water 
(30 mL). Any solids remaining in the microwave vessel are scraped into the funnel 
using a spatula. After stoppering the funnel, the solution is repeatedly shaken and 
vented. The layers are then allowed to separate. The aqueous layer is removed to an 
Erlenmeyer flask and the organic layer is washed with saturated sodium chloride 
solution and dried over sodium sulfate. The ethyl acetate is removed on a rotary 
evaporator, leaving a crystalline product. The yield of the product is determined 
and the melting point compared to the literature value. The chemical structure of 
the product is confirmed by IR, 1H-NMR and/or 13C-NMR spectroscopy.

Phenylboronic acid (366 mg, 3 mmol), 4-bromotoluene (514 mg, 3 mmol), sodium 
carbonate (945 mg, 9 mmol), palladium acetate (3 mg, 0.012 mmol), TBAB (967 
mg, 3 mmol) and water (6 mL) are placed in a GlassChem microwave reaction vessel 
containing a magnetic stir bar. NOTE: The final volume in each vessel must be at least 
3 mL. Place the vent plug in the top of the vessel. Finger-tighten the vessel top and then 
use the preset torque wrench to tighten it until a single click is heard. Insert protective 
sleeves into the turntable receptacles and place the vessel fully into one of the sleeves. 
Note the position of the vessel in the turntable. Place the reaction control vessel into 
a protective sleeve in the turntable and securely fasten the turntable top onto the 
turntable. After the turntable and shield are properly installed in the microwave cavity, 
take the fiber optic probe that is connected to the cavity ceiling and insert the end into 
the control vessel thermowell. The microwave is programmed using the ramp-to-
temperature method to heat to 160 °C over a 3-minute period and then hold at this 
temperature for 5 minutes. The solution is then allowed to cool for 20 minutes or 
until it is below 50 °C before removal from the microwave unit.

CAUTION: The vessel may still be hot to the touch.

C(O)CH3 is an electron-
withdrawing group. Its presence 
on the aryl halide makes the 
aromatic ring electron-poor. 
This makes the carbon-bro-
mine bond weak, and thus, 
facilitates palladium insertion. 
This makes the coupling easier 
than with the other two 
substrates used.

Reagents used:

SAFETY PRECAUTIONS:

4-Bromotoluene, tetrabutylammonium bromide (TBAB), and sodium carbonate 
are classified as irritants.  This reaction should not be attempted in a sealed 
reaction vessel without temperature control.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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The methyl group on the aryl 
halide does not affect the 
aromatic ring. This makes the 
coupling harder than for 
4-bromoacetophenone, but 
easier than for 4-bromoanisole.

Procedure for 4-methoxybiphenyl:

When cooling is finished, detach the turntable shield and remove the vessel from 
its protective sleeve. The reaction mixture is transferred from the microwave vessel 
into a separatory funnel to perform an extraction. Ethyl acetate (30 mL) is used to 
rinse the reaction vessel and is added to the separatory funnel along with water 
(30 mL). Any solids remaining in the microwave vessel are scraped into the funnel 
using a spatula. After stoppering the funnel, the solution is repeatedly shaken and 
vented. The layers are then allowed to separate. The aqueous layer is removed to an 
Erlenmeyer flask and the organic layer is washed with saturated sodium chloride 
solution and dried over sodium sulfate. The ethyl acetate is removed on a rotary 
evaporator, leaving a crystalline product. The yield of the product is determined 
and the melting point compared to the literature value. The chemical structure of 
the product is confirmed by IR, 1H-NMR and/or 13C-NMR spectroscopy.

Phenylboronic acid (366 mg, 3 mmol.), 4-bromoanisole (560 mg, 3 mmol), sodium 
carbonate (945 mg, 9 mmol), palladium acetate (3 mg, 0.012 mmol), TBAB (967 mg, 
3 mmol) and water (6 mL) are placed in a GlassChem microwave reaction vessel 
containing a magnetic stir bar. NOTE: The final volume in each vessel must be at 
least 3 mL. Place the vent plug in the top of the vessel. Finger-tighten the vessel top 
and then use the preset torque wrench to tighten it until a single click is heard. Insert 
protective sleeves into the turntable receptacles and place the vessel fully into one of 
the sleeves. Note the position of the vessel in the turntable. Place the reaction control 
vessel into a protective sleeve in the turntable and securely fasten the turntable 
top onto the turntable. After the turntable and shield are properly installed in the 
microwave cavity, take the fiber optic probe that is connected to the cavity ceiling 
and insert the end into the control vessel thermowell. The microwave is programmed 
using the ramp-to-temperature method to heat to 160 °C over a 3-minute period and 
then hold at this temperature for 5 minutes. The solution is then allowed to cool for 
20 minutes or until it is below 50 °C before removal from the microwave unit.  

CAUTION: The vessel may still be hot to the touch.  

Reagents used:

SAFETY PRECAUTIONS:

4-Bromoanisole, tetrabutylammonium bromide (TBAB), and sodium carbonate 
are classified as irritants.  This reaction should not be attempted in a sealed 
reaction vessel without temperature control.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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Methoxy is an electron-donating 
group. Its presence on the aryl 
halide makes the aromatic ring 
electron-rich and deactivates 
the carbon-bromine bond 
for palladium insertion. This 
makes the coupling more 
difficult than with the other 
two substrates used. 

When cooling is finished, detach the turntable shield and remove the vessel from 
its protective sleeve. The reaction mixture is transferred from the microwave vessel 
into a separatory funnel to perform an extraction. Ethyl acetate (30 mL) is used to 
rinse the reaction vessel and is added to the separatory funnel along with water 
(30 mL). Any solids remaining in the microwave vessel are scraped into the funnel 
using a spatula. After stoppering the funnel, the solution is repeatedly shaken and 
vented. The layers are then allowed to separate. The aqueous layer is removed to an 
Erlenmeyer flask and the organic layer is washed with saturated sodium chloride 
solution and dried over sodium sulfate. The ethyl acetate is removed on a rotary 
evaporator, leaving a crystalline product. The yield of the product is determined 
and the melting point compared to the literature value. The chemical structure of 
the product is confirmed by IR, 1H-NMR and/or 13C-NMR spectroscopy.
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Experimental procedure

Microwave Unit: Discover

SAFETY PRECAUTIONS:

4-Bromoacetophenone, tetrabutylammonium bromide (TBAB), and sodium 
carbonate are classified as irritants.  This reaction should not be attempted in a 
sealed reaction vessel without temperature control.

C(O)CH3 is an electron-
withdrawing group. Its presence 
on the aryl halide makes the 
aromatic ring electron-poor. 
This makes the carbon-bromine 
bond weak, and thus, facilitates 
palladium insertion. This makes 
the coupling easier than with 
the other two substrates used.

Procedure for 4-acetylbiphenyl:

Phenylboronic acid (122 mg, 1 mmol), 4-bromoacetophenone (199 mg, 1 mmol), 
sodium carbonate (318 mg, 3 mmol,), palladium acetate (1 mg, 0.004 mmol), TBAB 
(322 mg, 1 mmol) and water (2 mL) are added to a 10-mL glass microwave reaction
vessel containing a stir bar. The reaction vessel is sealed with a cap and then 
placed into the microwave cavity. The pressure device is put in place on top of 
the reaction vessel and the unit programmed to heat the reaction mixture to 150 °C 
and hold for 5 minutes. After the reaction is complete and the vessel has cooled 
to below 50 °C, the pressure device can be removed and the vessel may be taken 
from the microwave cavity.

CAUTION: The tube may still be hot to the touch.

The reaction mixture is transferred from the microwave vessel into a separatory 
funnel to perform an extraction. Ethyl acetate (30 mL) is used to rinse the reaction 
vessel and is added to the separatory funnel along with water (30 mL). Any solids 
remaining in the microwave vessel are scraped into the funnel using a spatula. 
After stoppering the funnel, the solution is repeatedly shaken and vented. The layers 
are then allowed to separate. The aqueous layer is removed to an Erlenmeyer 
flask and the organic layer is washed with saturated sodium chloride solution and 
dried over sodium sulfate. The ethyl acetate is removed on a rotary evaporator, 
leaving a crystalline product. The yield of the product can then be determined 
and the melting point compared to the literature value. The chemical structure 
of the product can be confirmed by IR, 1H-NMR and/or 13C-NMR spectroscopy.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.

Reagents used:
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Procedure for 4-methylbiphenyl:

SAFETY PRECAUTIONS:

4-Bromotoluene, tetrabutylammonium bromide (TBAB), and sodium carbon-
ate are classified as irritants.  This reaction should not be attempted in a sealed 
reaction vessel without temperature control.

Phenylboronic acid (122 mg, 1 mmol), 4-bromotoluene (178 mg, 1 mmol), sodium 
carbonate (318 mg, 3 mmol), palladium acetate (1 mg, 0.004 mmol), TBAB (322 mg, 
1 mmol) and water (2 mL) are added to a 10-mL glass microwave reaction vessel 
containing a stir bar. The reaction vessel is sealed with a cap and then placed into 
the microwave cavity. The pressure device is put in place on top of the reaction 
vessel and the unit programmed to heat the reaction mixture to 150 °C and hold 
for 5 minutes. After the reaction is complete and the vessel has cooled to below
50 °C, the pressure device can be removed and the vessel may be taken from the 
microwave cavity.

CAUTION: The tube may still be hot to the touch.

The reaction mixture is transferred from the microwave vessel into a separatory 
funnel to perform an extraction. Ethyl acetate (30 mL) is used to rinse the reaction 
vessel and is added to the separatory funnel along with water (30 mL). Any solids 
remaining in the microwave vessel are scraped into the funnel using a spatula. 
After stoppering the funnel, the solution is repeatedly shaken and vented. The layers 
are then allowed to separate.The aqueous layer is removed to an Erlenmeyer flask 
and the organic layer is washed with saturated sodium chloride solution and 
dried over sodium sulfate. The ethyl acetate is removed on a rotary evaporator, 
leaving a crystalline product. The yield of the product can then be determined 
and the melting point compared to the literature value. The chemical structure 
of the product can be confirmed by IR, 1H-NMR and/or 13C-NMR spectroscopy.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.

The methyl group on the aryl 
halide does not affect the 
aromatic ring. This makes the 
coupling harder than for 
4-bromoacetophenone, but 
easier than for 4-bromoanisole.
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Methoxy is an electron-donating 
group. Its presence on the aryl 
halide makes the aromatic ring 
electron-rich. This deactivates 
the carbon-bromine bond for 
palladium insertion. This makes 
the coupling harder than with 
the other two substrates used.

Reagents used:

SAFETY PRECAUTIONS:

4-Bromoanisole, tetrabutylammonium bromide (TBAB), and sodium carbonate 
are classified as irritants.  This reaction should not be attempted in a sealed 
reaction vessel without temperature control.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.

Phenylboronic acid (122 mg, 1 mmol), 4-bromoanisole (175 mg, 1 mmol), sodium 
carbonate (318 mg, 3 mmol), palladium acetate (1 mg, 0.004 mmol), TBAB (322 mg, 
1 mmol) and water (2 mL) are added to a 10-mL glass microwave reaction vessel 
containing a stir bar. The reaction vessel is sealed with a cap and then placed into 
the microwave cavity. The pressure device is put in place on top of the reaction 
vessel and the unit programmed to heat the reaction mixture to 150 °C and hold for 5 
minutes. After the reaction is complete and the vessel has cooled to below 50 °C, 
the pressure device can be removed and the vessel may be taken from the microwave 
cavity.

CAUTION: The tube may still be hot to the touch.

The reaction mixture is transferred from the microwave vessel into a separatory 
funnel to perform an extraction. Ethyl acetate (30 mL) is used to rinse the reaction 
vessel and is added to the separatory funnel along with water (30 mL). Any solids 
remaining in the microwave vessel are scraped into the funnel using a spatula. After 
stoppering the funnel, the solution is repeatedly shaken and vented. The layers 
are then allowed to separate. The aqueous layer is removed to an Erlenmeyer 
flask and the organic layer is washed with saturated sodium chloride solution and 
dried over sodium sulfate. The ethyl acetate is removed on a rotary evaporator, 
leaving a crystalline product. The yield of the product can then be determined 
and the melting point compared to the literature value. The chemical structure of 
the product can be confirmed by IR, 1H-NMR and/or 13C-NMR spectroscopy.

Procedure for 4-methoxybiphenyl:
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Lab Questions

1. What chemical transformation is accomplished with the Suzuki coupling reaction?

2. What are the advantages of using water as the solvent in an organic reaction?

3. Rank the following substrates’ reactivity in the Suzuki coupling, from most 
reactive to the least reactive. Explain your answer.

4. In the extraction procedure, which layer do you expect to be the organic layer, and 
which layer do you expect to be the aqueous layer? What physical property do you 
need to know in order to predict this? 

5. What is another palladium-catalyzed reaction? Write an example.
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Williamson ether synthesis

Introduction

Ethers may be thought of as derivatives of alcohols in which the hydroxy proton 
has been replaced by an alkyl or aryl group. The most common route for their 
preparation is by a substitution reaction. When this involves the use of a haloalkane 
and an alkoxide as reagents in the preparation of an ether, it is known as a Williamson 
ether synthesis. An alkoxide is the metal salt of an alcohol, the most commonly 
used being the sodium salts. The alcohol from which the alkoxide is derived can 
often be used as the solvent for the Williamson ether synthesis, particularly if it is 
cheap and readily available. The alkoxide nucleophile substitutes for the halogen 
on the haloalkane substrate to form the ether product. Since alkoxides are strong 
bases, their use in ether synthesis is restricted to reaction with primary unhindered 
alkyl halides, otherwise a significant amount of elimination product (alkene) is 
formed in the reaction. Since primary alkyl halides are used as substrates the 
etherification reaction occurs via an SN2 mechanism; that is the nucleophile directly 
replaces the leaving group in a concerted (one-step) process.

This synthesis is named after 
British chemist Alexander 
Williamson, who proved the 
structure of ethers when he 
developed the reaction in 1850.

The Williamson ether synthesis 
is used on a large scale for 
the preparation of coatings 
for cars and airplanes.

If the alkyl halide is chiral 
at the carbon bonded to the 
halogen, then the SN2 
mechanism results in the 
inversion of stereochemistry.

Cresol is a phenol found in 
coal tar. It has a characteristic 
smell and solutions contain-
ing it are used as household 
cleaners and disinfectants. 
Cresol’s use as an antiseptic 
has been replaced with less 
toxic compounds.

Experiment

5

In this experiment, 1-iodobutane and p-cresol, a substituted phenol, are used as 
substrates. Substituted phenols are slightly acidic and are easily de-protonated 
with sodium hydroxide to form the corresponding sodium alkoxide salt. The 
reaction is carried out using water as a solvent. Since organic substrates such as 
1-iodobutane are not soluble in water, tetrabutylammonium bromide (TBAB) is 
added as a phase-transfer agent. The TBAB aids the transfer of the ionic alkoxide 
from the aqueous layer to the organic layer where the reaction takes place.
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Experimental procedure

Microwave Unit: MARS

The reactions are run using 
water as the solvent. This 
makes it a clean reaction and 
the product is easy to isolate.

SAFETY PRECAUTIONS:

p-Cresol is highly toxic and corrosive. This compound should only be used in a hood 
and while wearing gloves. 1-Iodobutane is a flammable liquid and should not 
be used near an open flame. 6 M sodium hydroxide is a strong base and corrosive.

p-Cresol (0.839 ml, 8.00 mmol), 1-iodobutane (1.00 ml, 8.80 mmol), 
tetrabutylammonium bromide (50 mg, 0.155 mmol), and 6 M sodium hydroxide (5 
mL) are placed in a GlassChem microwave reaction vessel containing a magnetic 
stir bar. NOTE: The final volume in each vessel must be at least 3 mL. Place the vent 
plug in the top of the vessel. Finger-tighten the vessel top and then use the preset 
torque wrench to tighten it until a single click is heard. Insert protective sleeves 
into the turntable receptacles and place the vessel fully into one of the sleeves. Note 
the position of the vessel in the turntable. Place the reaction control vessel into a 
protective sleeve in the turntable and securely fasten the turntable top onto the 
turntable. After the turntable and shield are properly installed in the microwave 
cavity, take the fiber optic probe that is connected to the cavity ceiling and insert 
the end into the control vessel thermowell. The microwave is programmed using 
the ramp-to-temperature method to heat to 100 °C over a 3-minute period and then 
hold at this temperature for 5 minutes. The solution is then allowed to cool for 20 
minutes or below 50 °C before removal from the microwave unit. 

CAUTION: The vessel may still be hot to the touch. 

When cooling is finished, detach the turntable shield and remove the vessel from 
its protective sleeve. The reaction mixture is transferred from the microwave 
vessel into a separatory funnel using a pipette. Diethyl ether (5 mL) is used to 
rinse the reaction vessel and is added to the separatory funnel. After stoppering 
the funnel, the solution is repeatedly shaken and vented. The layers are allowed 
to separate, the organic layer is removed to an Erlenmeyer flask, and the aqueous 
layer is further extracted two more times with diethyl ether (5 mL). The combined 

Reagents used:

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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organic layers are washed with saturated sodium chloride solution and dried over 
sodium sulfate. The organic solution is transferred into a pre-weighed flask and 
the diethyl ether is removed on a rotary evaporator or under a stream of nitrogen, 
leaving a colorless oil. The flask with product is then weighed and the yield for 
the reaction calculated. The purity of the ether product is determined by refractive 
index or TLC using 10% ethyl acetate / hexane as eluent. The structure of the product 
formed is confirmed by IR, 1H-NMR and 13C-NMR spectroscopy.
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Experimental procedure

Microwave Unit: Discover

SAFETY PRECAUTIONS:

p-Cresol is highly toxic and corrosive. This compound should only be used in a 
hood and while wearing gloves. 1-Iodobutane is a flammable liquid and should not 
be used near an open flame. 6 M sodium hydroxide is a strong base and corrosive.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.

p-Cresol (0.209 ml, 2.00 mmol), 1-iodobutane (0.250 ml, 2.20 mmol), tetrabutylammonium 
bromide (34 mg, 0.105 mmol) and 6 M sodium hydroxide (5 mL) are added to a 
10-mL glass microwave reaction vessel with a stir bar. The reaction vessel is sealed 
with a cap and then placed into the microwave cavity. The pressure device is put in 
place on top of the reaction vessel and the unit programmed to heat the reaction 
mixture to 110 °C and hold for 7 minutes. After the reaction is complete and the 
vessel has cooled to below 50 °C, the pressure device can be removed, and the vessel 
can be taken from the microwave cavity.

CAUTION: The tube may still be hot to the touch.

The reaction mixture is transferred from the microwave vessel into a separatory 
funnel using a pipette. Diethyl ether (5 mL) is used to rinse the reaction vessel 
and is added to the separatory funnel. After stoppering the funnel, the solution 
is repeatedly shaken and vented. The layers are allowed to separate: the organic 
layer is removed to an Erlenmeyer flask, and the aqueous layer is extracted two 
more times with diethyl ether (5 mL). The combined organic layers are washed 
with saturated sodium chloride solution and dried over sodium sulfate. The 
organic solution is transferred into a pre-weighed flask and the diethyl ether is 
removed on a rotary evaporator or under a stream of nitrogen, leaving a colorless oil. 
The flask containing the product is weighed and the yield for the reaction calculated. 
The purity of the ether product is determined by refractive index or TLC using 
10% ethyl acetate / hexane as eluent. The structure of the product formed is 
confirmed by IR, 1H-NMR and 13C-NMR spectroscopy.

Reagents used:
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Lab Questions

1. What is the definition of an alkoxide and how are they formed?

2. The Williamson ether synthesis takes place through a SN2 mechanism and is 
used to prepare unsymmetrical ethers. Symmetrical ethers are often prepared via 
a SN1 mechanism. Draw the acid catalyzed SN1 mechanism for the preparation of 
diisopropyl ether. 

3. Explain why the SN1 mechanism is not used in the preparation of unsymmetrical 
ethers.

4. Are phenols acidic or basic in water? Explain your answer.

5. Which is the limiting reagent in this Williamson ether synthesis?
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Intramolecular aldol condensation

Introduction

When an aldehyde, such as ethanal, is treated with a base, such as aqueous sodium 
hydroxide, the resulting anion, termed an enolate, can react at the carbonyl group 
of another molecule of aldehyde. The result is the addition of one molecule of 
aldehyde to another resulting in the formation of a carbon-carbon bond. This reaction 
is called the aldol condensation. The word “aldol”, derived from aldehyde and 
alcohol, describes the product that is a b-hydroxy aldehyde. When strong bases, such 
as hydroxides (-OH) or alkoxides (-OR) are used, dehydration of the aldol product 
can occur, leading to the formation of a,b-unsaturated carbonyl compounds.The synthetic design of organic 

molecules relies on two major 
reaction types: the interchange 
of a functional group on a 
carbon skeleton, or reactions 
that construct carbon-carbon 
bonds. Like the Suzuki coupling 
(Experiment 4), the aldol 
condensation is a construction 
reaction.

Intramolecular reactions are 
very important for the synthesis 
of molecules containing rings. 
There are many natural 
products and pharmaceuticals 
that contain 5-membered 
rings like the one prepared in 
this experiment.

Experiment

6

The term “aldol reaction” has been broadened to describe the condensation of the 
enolate of an aldehyde or ketone to the carbonyl of another aldehyde or ketone 
under acidic or basic conditions. Aldol condensation reactions can also take place 
between aldehyde or ketone groups in the same molecule. These are known as 
intramolecular aldol reactions. In this experiment, an intramolecular, base-catalyzed 
aldol condensation is performed. The diketone 2,5-hexanedione is condensed 
under basic conditions to form 3-methyl-2-cyclopenten-1-one.
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Experimental procedure

Microwave Unit: MARS

The reactions are run using 
water as the solvent. This 
makes it a clean reaction and 
the product is easy to isolate.

SAFETY PRECAUTIONS:

2,5-hexanedione is classified as an irritant.  This reaction should not be attempted 
in a sealed reaction vessel without temperature control.

Reagents used:

2,5-hexanedione (0.216 mL, 1.84 mmol) and 0.05 M sodium hydroxide (6.0 mL) are 
placed in a GlassChem microwave reaction vessel containing a magnetic stir bar. 
NOTE: The final volume in each vessel must be at least 3 mL. Place the vent plug 
in the top of the vessel. Finger-tighten the vessel top and then use the preset torque 
wrench to tighten it until a single click is heard. Insert protective sleeves into the 
turntable receptacles and place the vessel fully into one of the sleeves. Note the 
position of the vessel in the turntable. Place the reaction control vessel into a protec-
tive sleeve in the turntable and securely fasten the turntable top onto the turntable. 
After the turntable and shield are properly installed in the microwave cavity, take 
the fiber optic probe that is connected to the cavity ceiling and insert the end into 
the control vessel thermowell. The microwave is programmed using the ramp-to-
temperature method to heat to 175 °C over a 2-minute period and then hold at this 
temperature for 5 minutes. The solution is then allowed to cool for 20 minutes or 
until it is below 50 °C before removal from the microwave unit. 

CAUTION: The vessel may still be hot to the touch. 

When cooling is finished, detach the turntable shield and remove the vessel from 
its protective sleeve. The reaction mixture is transferred from the microwave 
vessel into a separatory funnel using a pipette. Dichloromethane (5 mL) is used 
to rinse the reaction vessel and is added to the separatory funnel. After stopper-
ing the funnel, the solution is repeatedly shaken and vented. The layers are then 
allowed to separate: the organic layer is removed to an Erlenmeyer flask, and the 
aqueous layer is extracted two more times with dichloromethane (5 mL). The 
combined organic layers are washed with saturated sodium chloride solution and 
dried over sodium sulfate. The organic solution is transferred into a pre-weighed 

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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flask and the dichloromethane is removed using a rotary evaporator or under 
a stream of nitrogen leaving a colorless oil. The flask containing the product is 
weighed and the yield for the reaction calculated. The purity of the product is 
determined by TLC using 50% ethyl acetate/ hexane as the eluent or by refractive 
index. The structure of the product formed is confirmed by IR, 1H-NMR and 
13C-NMR spectroscopy.



88

Experimental procedure

Microwave Unit: Discover

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.

2,5-hexanedione (0.216 mL, 1.84 mmol) and 0.05 M sodium hydroxide (4.0 mL) are 
placed in a 10-mL glass microwave reaction vessel containing a stir bar. The reaction 
vessel is sealed with a cap and then placed into the microwave cavity. The pressure 
device is put in place on top of the reaction vessel and the unit programmed to 
heat the reaction mixture to 150 °C and hold for 5 minutes. After the reaction is 
complete and the vessel has cooled until it is below 50 °C, the pressure device can 
be removed and the vessel can be taken from the microwave cavity.

CAUTION: The tube may still be hot to the touch.

The reaction mixture is transferred from the microwave vessel into a separatory 
funnel using a pipette. Dichloromethane (5 mL) is used to rinse the reaction vessel 
and is added to the separatory funnel. After stoppering the funnel, the solution is 
repeatedly shaken and vented. The layers are then allowed to separate: the organic 
layer is removed to an Erlenmeyer flask, and the aqueous layer is extracted two 
additional times with dichloromethane (5 mL). The combined organic layers 
are washed with saturated sodium chloride solution and dried over sodium 
sulfate. The organic solution is transferred into a pre-weighed flask and the 
dichloromethane is removed using a rotary evaporator or under a stream of nitrogen 
leaving a colorless oil. The flask with product is weighed and the yield for 
the reaction calculated. The purity of the product can then be determined by 
TLC using 50% ethyl acetate / hexane as the eluent or by refractive index. The 
structure of the product formed is confirmed by IR, 1H-NMR and 13C-NMR 
spectroscopy.

Reagents used:

SAFETY PRECAUTIONS:

2,5-hexanedione is classified as an irritant.
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Lab Questions

1. Draw, using curved arrows to indicate electron movement, the mechanism for the 
base promoted dehydration of the b-hydroxyaldehyde to give the a,b-unsaturated 
compound.

2. What is the difference between an intermolecular aldol condensation and an 
intramolecular aldol condensation?

3. Indicate which of the following aldehydes can form an enolate ion, and provide 
your reasoning. 

4. In the extraction procedure, which layer do you expect to be the organic layer, and 
which layer do you expect to be the aqueous layer? What physical property do you 
need to know in order to predict this? 

5. Predict the product for the following aldol reactions.
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Hydrolysis of a nitrile

Introduction

Hydrolysis is a commonly used reaction for functional group interconversion, 
involving reaction with water. A wide range of functional groups can be hydro-
lyzed including acid chlorides, esters, alkyl halides, amides and nitriles. In this 
experiment, attention is focused on a nitrile as a substrate. Nitriles (R-CºN) are 
considered derivatives of carboxylic acids, because the nitrile carbon is in the 
same oxidation state as the carboxy carbon and nitriles are readily converted to 
other carboxylic acid derivatives. The lone pair of electrons on the nitrogen makes 
the nitrile functionality slightly basic, but much less so than the corresponding 
amine. However, the carbon of the CºN group is electropositive, like a carbonyl 
carbon of an ester, due to the dipole moment. The hydrolysis of a nitrile can be 
performed by heating with either aqueous acid or base. In both cases, the initial 
product from the reaction is an amide. The amide can be then further hydrolyzed 
to the corresponding carboxylic acid. The reaction usually requires forcing conditions, 
such as lengthy heating at high temperatures. Using microwave heating, the reaction 
time can be dramatically reduced.

Hydrolysis reactions are used 
for the manufacture of soaps. 
Reaction of a fatty acid ester 
with water gives glycerol and 
a long-chained carboxylic acid 
salt (soap). This reaction is the 
reverse of esterification and is 
called saponification.

Toluamide is used in dyes 
for the printing industry and 
in the manufacture of insect 
repellants.

Experiment

7

In this experiment, 2-methylbenzonitrile (o-tolunitrile) is hydrolyzed to 
2-methylbenzamide (o-toluamide) using aqueous potassium hydroxide. Methanol 
is used as a co-solvent in the reaction.
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Experimental procedure

Microwave Unit: MARS

SAFETY PRECAUTIONS:

o-Tolunitrile is an irritant. Methanol is a toxic flammable liquid and should not be 
used near open flames. Potassium hydroxide is a strong base and corrosive.

Reagents used:

o-Tolunitrile (0.670 mL, 5.66 mmol), methanol (2.5 mL), and 2 M potassium hydroxide 
(2.0 mL) are placed in a GlassChem microwave reaction vessel containing a magnetic 
stir bar. NOTE: The final volume in each vessel must be at least 3 mL. Place the vent 
plug in the top of the vessel. Finger-tighten the vessel top and then use the preset 
torque wrench to tighten it until a single click is heard. Insert protective sleeves into the 
turntable receptacles and place the vessel fully into one of the sleeves. Note the position 
of the vessel in the turntable. Place the reaction control vessel into a protective sleeve in 
the turntable and securely fasten the turntable top onto the turntable. After the turntable 
and shield are properly installed in the microwave cavity, take the fiber optic probe that 
is connected to the cavity ceiling and insert the end into the control vessel thermowell. 
The microwave is programmed using the ramp-to-temperature method to heat to 
150 °C over a 3-minute period and then hold at this temperature for 6 minutes. 
The solution is then allowed to cool for 20 minutes or below 50 °C before removal 
from the microwave unit. 

CAUTION: The vessel may still be hot to the touch. 

When cooling is finished, detach the turntable shield and remove the vessel from 
its protective sleeve. The reaction mixture is transferred from the microwave 
vessel with a pipette into a 50-mL Erlenmeyer flask. Water (10 mL) is added to 
the flask and then the solution is acidified to pH 6 with 10% dilute hydrochloric 
acid. The flask is cooled in an ice bath to induce crystallization. The white product 
can then be collected by vacuum filtration and dried on a clay plate. Compare the 
melting point of the product to the literature value. The structure of the product 
formed can be confirmed by IR, 1H-NMR and 13C-NMR spectroscopy.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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SAFETY PRECAUTIONS:

o-Tolunitrile is an irritant. Methanol is a toxic flammable liquid and should not be 
used near open flames. Potassium hydroxide is a strong base and corrosive.

Experimental procedure

Microwave Unit: Discover

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.

o-Tolunitrile (0.330 mL, 2.79 mmol), methanol (1.0 mL), and 2 M potassium 
hydroxide (1.0 mL) are placed in a 10-mL glass microwave reaction vessel containing 
a stir bar. The reaction vessel is sealed with a cap and then placed into the 
microwave cavity. The pressure device is put in place on top of the reaction 
vessel and the unit programmed to heat the reaction mixture to 150 °C and hold 
for 10 minutes. After the reaction is complete and the vessel has cooled to below 
50 °C, the pressure device can be removed and the vessel can be taken from the 
microwave cavity.

CAUTION: The tube may still be hot to the touch.

Using a pipette, the reaction mixture is transferred from the microwave vessel to a 
50-mL Erlenmeyer flask. Water (10 mL) is added to the flask and then the solution 
is acidified to pH 6 with dilute hydrochloric acid. The flask is cooled in an ice bath 
to induce crystallization. The white product is collected by vacuum filtration and 
dried on a clay plate. The melting point of the product can then be compared to 
the literature value. The structure of the product formed is confirmed by IR, 
1H-NMR and 13C-NMR spectroscopy.

Reagents used:
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Lab Questions

1. Draw the mechanism for the base-promoted hydrolysis of the following amide 
to the corresponding acid.

2. Determine the oxidation state at the selected carbon for each of the following 
compounds. Does the hydrolysis in this reaction involve a change in oxidation 
state? 

3. What key absorption bands present in the infrared spectra of the starting 
material and the product indicate that your hydrolysis reaction has gone to 
completion?

4. Why do you think the hydrolysis in this experiment results in formation of the 
amide instead of complete hydrolysis to the acid?

5. Why is the aqueous solution acidified to pH 6 during the work-up procedure?



96



97

Multi-step synthesis of stilbene from benzaldehyde

Introduction to the experiment series

For the synthesis of many important molecules, it is necessary to use a number 
of different reactions in sequence. This is generally called a multi-step synthesis. 
The advantage of using microwave heating in a multi-step synthesis is that each 
step can be performed quickly and efficiently. The exact number of reaction steps 
required to make a molecule varies depending on its complexity and the availability 
of starting materials. There are two ways of planning the synthesis of a molecule 
on paper: forward and reverse. Beginning with known starting materials is planning 
forward. Beginning with the target molecule and working backwards to known 
starting materials is referred to as working in reverse. The latter, called retrosyn-
thesis, is used most often. Instead of using “→”, as would indicate the forward 
synthesis, each step backwards is indicated by the “=>” sign. Conditions are then 
found for performing each reaction in the “forward” direction. In the following 
series of four experiments (Experiments 8-11), the compound stilbene is prepared. 
The modular nature of the experiments means that they can be performed as a 
series or individually.

Looking at the synthesis retrosynthetically, the target molecule, stilbene, can be prepared 
from a Suzuki reaction between 1-bromo-2-phenylethene (also called b-bromostyrene) 
and phenylboronic acid (Experiment 11). The 1-bromo-2-phenylethene can be 
prepared from an elimination reaction using 2,3-dibromo-3-phenylpropionic acid 
as the reactant (Experiment 10). The 2,3-dibromo-3-phenylpropionic acid can be 
prepared by brominating trans-cinnamic acid (Experiment 9), which in turn can 
be made by a Knoevenagel condensation between benzaldehyde and malonic acid 
(Experiment 8).

Retrosynthesis is particularly 
useful when trying to develop 
strategies for making very 
complex molecules, such as 
natural products.

Experiments

8-11
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Synthesis of trans-cinnamic acid: 
Knoevenagel condensation

Introduction

When an aldehyde, such as ethanal, reacts with a b-dicarbonyl compound in the 
presence of either ammonia or an amine acting as a base catalyst, an a,b-unsaturated 
dicarbonyl compound is formed containing a new carbon-carbon double bond. 
This very valuable synthetic transformation was discovered by Emil Knoevenagel 
and the reaction takes his name. In one possible mechanism, the weak amine base, 
such as piperidine, removes a proton from the 1,3-dicarbonyl compound to generate 
an enolate anion. This anion enjoys unusual resonance stabilization, because both 
carbonyl groups participate in conjugation. The enolate anion subsequently acts 
as a nucleophile in the condensation with the aldehyde.

The Knoevenagel reaction is 
mechanistically similar to the 
Aldol condensation seen in 
Experiment 6.

Decarboxylation reactions 
involve the removal of a 
molecule of carbon dioxide 
from a compound.

Experiment

8

If the reaction is performed at elevated temperatures using pyridine as a base catalyst 
and an amino acid such as b-alanine as a co-catalyst, it is possible to generate 
an a,b-unsaturated carboxylic acid via a decarboxylation of the a,b-unsaturated 
dicarbonyl compound. This modification of the Knoevenagel reaction was discovered 
by Verley and Doebner. In this experiment, the dicarbonyl compound malonic acid 
reacts with benzaldehyde in the presence of pyridine and b-alanine to prepare 
trans-cinnamic acid. As the decarboxylation evolves one equivalent of carbon 
dioxide, the reaction is performed in an open reaction vessel rather than a sealed 
vessel.
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Experimental procedure

Microwave Unit: MARS

SAFETY PRECAUTIONS:

Benzaldehyde and pyridine are toxic. It is recommended that these liquids be 
measured and transferred to the reaction vessel in a fume hood. Malonic acid 
is an irritant.

Reagents used:

Refer to Chapter 3 for more 
detailed instructions on setting 
up your open vessel reaction. 
When programming an open 
vessel reaction, the vessel type 
should be set to “Beaker”.

Benzaldehyde (5.0 mL, 49.3 mmol), malonic acid (12.25 g, 118 mmol), b-alanine 
(1.68 g, 18.8 mmol), and pyridine (25 mL) are combined in a 100-mL round bottom 
flask equipped with an extender, a reflux condenser, and a stir bar. Note: When 
performing an open vessel reaction in a microwave, the condenser should be out-
side of the cavity. The microwave is programmed using the power/time control 
method to heat to reflux using 300 W of power at 10% intensity. The reaction is 
heated for 10 minutes and then allowed to cool for 20 minutes or below 50 °C 
before removal from the microwave cavity. 

CAUTION: The vessel may still be hot to the touch. 

Pour the reaction mixture into 50 mL of cold water, acidify with 6 M HCl to pH 2 to 
initiate precipitation. Next, the product is collected by vacuum filtration, washed with 
cold water, and dried overnight. The product is weighed and the yield for the reaction 
calculated. The melting point of the product is determined and compared to 
the literature value. The structure of the product formed is confirmed by IR, 
1H-NMR and 13C-NMR spectroscopy.

This experiment is performed as a group. The quantities of starting material are such that 
the reaction makes enough product for 12 students and is sufficient to take on to the next 
step of the multi-step synthesis. Note: This is the minimum size scale recommended for 
this reaction.
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SAFETY PRECAUTIONS:

Benzaldehyde and pyridine are toxic. It is recommended that these liquids be 
measured and transferred to the reaction vessel in a fume hood. Malonic acid 
is an irritant.

This experiment is performed as a group. The quantities of starting material are such that 
the reaction makes enough product for 12 students and is sufficient to take on to the next 
step of the multi-step synthesis. Note: this reaction can be scaled such that each student 
performs the reaction to make about 1 gram of product.

Experimental procedure

Microwave Unit: Discover

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.

Benzaldehyde (4.0 mL, 39.4 mmol), malonic acid (9.80 g, 94.2 mmol), b-alanine 
(1.34 g, 15.0 mmol), and pyridine (20 mL) are combined in a 100-mL round bottom 
flask equipped with a reflux condenser and a stir bar. The microwave is programmed 
using the open vessel method to heat to 110 °C using a microwave power of 75 W. 
The reaction is heated for 10 minutes and then allowed to cool to below 50 °C.

CAUTION: The vessel may still be hot to the touch.

The reaction mixture is then poured into 50 mL of cold water and acidified with 
6 M HCl to pH 2 to initiate precipitation. The product is collected by vacuum 
filtration, washed with cold water, and dried overnight. The product is weighed and 
the yield for the reaction calculated. The melting point of the product is determined 
and compared to the literature value. The structure of the product formed is 
confirmed by IR, 1H-NMR and 13C-NMR spectroscopy.

Reagents used:
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Lab Questions

1. Draw the mechanism, using curved arrows to indicate electron flow, for your 
reaction (shown below).

2. Why is it important to perform this reaction in an open vessel instead of the 
sealed vessels used in the other experiments?

3. What is the role of the pyridine in this reation?

4. Why does the product precipitate when the reaction mixture is acidified to pH 2

5. What is the limiting reagent in this reaction?
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Synthesis of 2,3-dibromo-3-phenylpropanoic acid: 
Bromination of trans-cinnamic acid

Introduction

Halogens undergo addition reactions with alkenes to give a 1,2-dihalide (one 
halogen atom on each carbon of the original double bond). Of all the halogens, the 
reaction is usually only performed with either chlorine or bromine, as they will 
react and form the desired product, which is stable enough to be isolated with-
out the loss of the halogen. Fluorine reacts too rapidly with alkenes whereas 
the 1,2-diiodo product formed with iodine is unstable and loses I2 to re-form the 
alkene.

When a halogen molecule such as bromine, Br2, approaches the p-bond electrons 
of the alkene the Br-Br bond is polarized. This polarization occurs due to repulsion 
between the p-electrons and the electrons in the Br2 molecule. The p-electron 
cloud of the alkene is nucleophilic and attacks the d+ end of the Br2 molecule with 
simultaneous displacement of the d- end as a halide ion, Br-. The resulting organic 
intermediate is called a bromonium ion. The bromine bridges both carbon atoms 
of the original double bond to form a 3-membered ring. Since the bromonium ion 
is of high-energy and is positively charged, it only exists momentarily in solution. 
The reaction is completed by an attack of the Br-. The Br- cannot attack from the 
same side as the bromine (from the top as shown in the scheme below), because 
the path is blocked by the bromonium ion. Instead, the Br- ion attacks from the 
opposite side of the intermediate, resulting in anti-addition of Br2 to the double 
bond.

Experiment

9
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Reaction with bromine can be 
used as a test for double bonds 
in molecules. It can also be used 
for the differentiation of double 
bonds in aromatic versus 
non-aromatic systems.

In this experiment, trans-cinnamic acid is brominated. Since the aromatic ring is 
resonance stabilized, it is not reactive. It is the non-aromatic double-bond in the 
molecule that is attacked, generating the product, 2,3-dibromo-3-phenylpropanoic 
acid. Elemental bromine is a dark red, foamy, corrosive liquid, which can be quite 
dangerous. In this experiment, pyridinium tribromide is used in place of elemental 
bromine. This is a solid reagent that is safer, easier to handle, and it liberates 
elemental bromine.
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Experimental procedure

Microwave Unit: MARS

SAFETY PRECAUTIONS:

Trans-cinnamic acid is an irritant. Pyridinium tribromide is a corrosive lachrymator. 
It is recommended that this reagent be weighed and transferred to the reaction 
vessel in a hood. Glacial acetic acid is a strong acid and corrosive.

Reagents used:

The quantities of starting material are such that the reaction makes sufficient product to 
take on to the next step of the multi-step synthesis. If the product is not to be used for 
the multi-step sequence, the reagent amounts, with the exception of the solvent, can be 
decreased accordingly.

Trans-cinnamic acid (0.445 g, 3.00 mmol), pyridinium tribromide (1.05 g, 3.28 
mmol), and acetic acid (6 mL) are placed in a GlassChem microwave reaction vessel 
containing a magnetic stir bar. NOTE: The final volume in each vessel must be at 
least 3 mL. Place the vent plug in the top of the vessel. Finger-tighten the vessel 
top and then use the preset torque wrench to tighten it until a single click is heard. 
Insert protective sleeves into the turntable receptacles and place the vessel fully 
into one of the sleeves. Note the position of the vessel in the turntable. Place the 
reaction control vessel into a protective sleeve in the turntable and securely fasten 
the turntable top onto the turntable. After the turntable and shield are properly 
installed in the microwave cavity, take the fiber optic probe that is connected to the 
cavity ceiling and insert the end into the control vessel thermowell. The microwave 
is programmed using the ramp-to-temperature method to heat to 120 °C over a 
3-minute period and then hold at this temperature for 5 minutes. The solution 
is then allowed to cool for 20 minutes or below 50 °C before removal from the 
microwave unit. 

CAUTION: The vessel may still be hot to the touch. 

When cooling is finished, detach the turntable shield and remove the vessel from 
its protective sleeve. The reaction mixture is transferred with a pipette from the 
vessel into a 50-mL Erlenmeyer flask, which is then swirled while ice-cold distilled 
water (4 mL) is added. The Erlenmeyer flask is then placed in an ice bath and 2 
portions of ice-cold distilled water (5 mL) are added to the reaction mixture. The 

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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solution is swirled after each addition until the product begins to precipitate. The 
flask is kept in the ice bath for an additional 10 minutes to ensure complete 
precipitation of the product. The precipitate is then collected by vacuum filtration 
and washed with ice-cold water until the product appears white. Dry the product 
on a clay plate and then in a 110 °C oven overnight. Once the product is dry, the 
melting point can be determined and compared with the literature value. If impure, 
the brominated product can be recrystallized from chloroform. The structure of 
the product formed is confirmed by IR, 1H-NMR and 13C-NMR spectroscopy.
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Experimental procedure

Microwave Unit: Discover

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.

Trans-cinnamic acid (0.445 g, 3.00 mmol), pyridinium tribromide (1.05 g, 3.28 mmol), 
and acetic acid (6 mL) are placed in a 10-mL glass microwave reaction vessel 
containing a stir bar. The reaction vessel is sealed with a cap and then placed into the 
microwave cavity. The pressure device is put in place on top of the reaction vessel 
and the unit programmed to heat the reaction mixture to 100 °C and hold for 10 
minutes. After the reaction is complete and the vessel has cooled to below 50 °C, the 
pressure device can be removed and the vessel can be taken from the microwave 
cavity.

CAUTION: The tube may still be hot to the touch.

The reaction mixture is transferred with a pipette from the vessel into a 50-mL 
Erlenmeyer flask, which is swirled while ice-cold distilled water (4 mL) is added. 
The Erlenmeyer flask is then placed in an ice bath and 2 portions of ice-cold distilled 
water (5 mL) are added to the reaction mixture. The solution is swirled after each 
addition until the product begins to precipitate. The flask is kept in the ice bath for 
an additional 10 minutes to ensure complete precipitation of the product. The 
precipitate is then collected by vacuum filtration and washed with ice-cold water 
until the product appears white. Dry the product on a clay plate and then in a 110 
°C oven overnight. Once the product is dry, the melting point can be determined 
and compared with the literature value. If impure, the brominated product can be 
recrystallized from chloroform. The structure of the product formed is confirmed 
by IR, 1H-NMR and 13C-NMR spectroscopy.

Reagents used:

The quantities of starting material are such that the reaction makes sufficient product to 
take on to the next step of the multi-step synthesis. If the product is not to be used for 
the multi-step sequence, the reagent amounts, with the exception of the solvent, can be 
decreased accordingly.

SAFETY PRECAUTIONS:

Trans-cinnamic acid is an irritant. Pyridinium tribromide is a corrosive lachrymator. 
It is recommended that this reagent be weighed and transferred to the reaction 
vessel in a hood. Glacial acetic acid is a strong acid and corrosive.



111

Lab Questions

1. Draw the bromonium ion formed in your reaction (shown below).

2. What is the role of acetic acid in this experiment?

3. Why is NMR a better spectroscopic technique than infrared to differentiate 
between the starting material and the product?

4. What are the advantages and disadvatages of using elemental bromine as 
opposed to pyridinium tribromide?

5. What contaminate could be in your product if it does not appear white at the 
end of the isolation?
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Synthesis of 1-bromo-2-phenylethene:
Elimination

Introduction

When an alkyl halide is treated with a base, an elimination reaction can occur to 
generate an alkene product. An elimination reaction involves loss of atoms or ions 
from a molecule. In the case of a simple alkyl halide like 1-bromopropane, HBr is 
eliminated to produce propene.

There are two possible mechanisms for elimination reactions. If the reaction 
proceeds via initial formation of a carbocation, the reaction is dependent only on 
the concentration of the starting alkyl halide and is termed E1, first order elimination. 
An alternative scheme involves a concerted mechanism, where the reaction order 
is dependent on the concentrations of the starting alkyl halide and the base. This 
is termed E2, second order elimination.

In this experiment, erythro-2,3-dibromo-3-phenylpropanoic acid is used as the substrate 
and potassium carbonate as the base. We will investigate the solvent effect by running 
the reaction in a polar protic solvent, water, or a less polar aprotic solvent, acetone. 
The product of the elimination reaction is 1-bromo-2-phenylethene. Since carbon 
dioxide and HBr are produced in the reaction, this is termed a decarboxylative 
elimination.

In the case of the E1 mechanism, the rate-determining step is the formation of a 
benzylic carbocation by the ionization of the C-Br bond. More polar protic solvents 
with higher dielectric constants are better at promoting ionization of species such 
as carbocations by solvation. Water is a solvent with a high dielectric constant and 
has lone pairs on the oxygen to solvate the carbocation intermediate. In addition, 
water also solvates the halide ion, or anion, through hydrogen bonding. Thus, 
water makes an excellent solvent for this E1 reaction. The benzylic bromide will 
ionize preferentially over the bromine next to the carboxylic acid due to resonance 
stabilization of the benzylic carbocation.

Experiment

10

The elimination reaction 
can be in competition with 
nucleophilic substitution. The 
reaction that occurs depends on 
a number of factors, such as the 
structure of the alkyl halide, 
the strength of the base, the 
nature of the solvent, and the 
temperature.
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The intermediate benzylic cation rapidly undergoes deprotonation of the acid by the
base, followed by loss of carbon dioxide to give the alkene. There are two geometric 
isomers possible for the product of the reaction: cis-1-bromo-2-phenylethene or 
trans-1-bromo-2- phenylethene. The trans isomer is generally predominant as the 
thermodynamically preferred product.

A less polar aprotic solvent with a smaller dielectric constant than water, acetone 
does not solvate the anion generated from the formation of the carbocation. 
Therefore, when acetone is the solvent, the E2 mechanism predominates. With the 
E2 mechanism, the base attacks the carboxylic acid substrate and the elimination 
occurs in one step via an anti-coplanar transition state. The base deprotonates the 
carboxylic acid which then fragments, releasing carbon dioxide and forming the 
p-bond of the alkene by elimination the bromide. Since the elimination is concerted 
(single step) via anti co-planar geometry, only the cis isomer of the product is 
formed.
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Experimental procedure for the reaction in acetone

Microwave Unit: MARS

SAFETY PRECAUTIONS:

2,3-Dibromo-3-phenylpropanoic acid and potassium carbonate are classified as 
irritants. Acetone is a flammable liquid and should not be used near open flames.

Reagents used:

The quantities of starting material are such that the reaction makes sufficient product to 
take on to the final step of the multi-step synthesis. If the product is not to be used for 
the multi-step sequence, the reagent amounts, with the exception of the solvent, can be 
decreased accordingly.

2,3-Dibromo-3-phenylpropanoic acid (0.431 g, 1.40 mmol), potassium carbonate 
(0.431 g, 3.12 mmol), and acetone (5 mL) are placed in a GlassChem microwave 
reaction vessel containing a magnetic stir bar. NOTE: The final volume in each 
vessel must be at least 3 mL. Place the vent plug in the top of the vessel. Finger-
tighten the vessel top and then use the preset torque wrench to tighten it until a 
single click is heard. Insert protective sleeves into the turntable receptacles and 
place the vessel fully into one of the sleeves. Note the position of the vessel in the 
turntable. Place the reaction control vessel into a protective sleeve in the turntable 
and securely fasten the turntable top onto the turntable. After the turntable and 
shield are properly installed in the microwave cavity, take the fiber optic probe 
that is connected to the cavity ceiling and insert the end into the control vessel 
thermowell. The microwave is programmed using the ramp-to-temperature 
method to heat to 125 °C over a 2-minute period and then hold at this temperature 
for 5 minutes. The solution is then allowed to cool for 20 minutes or until it is below 
50 °C before removal from the microwave unit. 

CAUTION: The vessel may still be hot to the touch. 

When cooling is finished, detach the turntable shield and remove the vessel from 
its protective sleeve. The reaction mixture is transferred from the vessel with a 
pipette into a round-bottom flask. It is not necessary to transfer the white solid, 
but if some of it is transferred, it will not affect the results. The acetone is removed 
on a rotary evaporator, or under a stream of nitrogen, leaving colorless oil. 

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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Dichloromethane (5 mL) is added to the flask and the solution is transferred using 
a pipette into a separatory funnel containing 5 mL of water. An additional small 
amount of dichloromethane is used to rinse the round bottom flask and is also 
added to the separatory funnel. After stoppering the funnel, the solution is repeatedly 
shaken and vented. The layers are then allowed to separate. The organic layer is 
removed to an Erlenmeyer flask and the aqueous layer is extracted two more times 
with dichloromethane (5 mL). The combined organic layers are washed with saturated 
sodium chloride solution and dried over sodium sulfate. The organic solution is 
then transferred into a pre-weighed flask and the dichloromethane is removed 
on a rotary evaporator, or under a stream of nitrogen, leaving a colorless oil. The 
flask containing the product is weighed and the yield for the reaction calculated. 
Determine the purity of the product by refractive index or TLC using 10% ethyl 
acetate/ hexane as the eluent. The structure of the product formed, as well as the 
E / Z ratio, can be confirmed by 1H-NMR spectroscopy.
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Experimental procedure for the reaction in acetone

Microwave Unit: Discover

2,3-Dibromo-3-phenylpropanoic acid (0.431 g, 1.40 mmol), potassium carbonate 
(0.431 g, 3.12 mmol), and acetone (5 mL) are placed in a 10-mL glass microwave 
reaction vessel containing a stir bar. The reaction vessel is sealed with a cap and 
then placed into the microwave cavity. The pressure device is put in place on top 
of the reaction vessel. The unit should then be programmed to heat the reaction 
mixture to 115 °C and hold for 5 minutes. After the reaction is complete and the 
vessel has cooled until it is below 50 °C, the pressure device can be disconnected 
and the vessel removed from the microwave cavity.

CAUTION: The tube may still be hot to the touch.

The reaction mixture is transferred from the vessel with a pipette into a round-
bottom flask. It is not necessary to transfer the white solid but if some is transferred 
it will not affect the results. The acetone is removed on a rotary evaporator or 
under a stream of nitrogen, leaving a colorless oil. Dichloromethane (5 mL) is 
added to the flask and the solution is transferred using a pipette into a separatory 
funnel containing 5 mL of water. An additional small amount of dichloromethane 
is used to rinse the round bottom flask and then added to the separatory funnel. After 
stoppering the funnel, the solution is repeatedly shaken and vented. The layers 
are then allowed to separate. The organic layer is removed to an Erlenmeyer flask 
and the aqueous layer is extracted two more times with dichloromethane (5 mL). 
The combined organic layers are washed with saturated sodium chloride solution 
and dried over sodium sulfate. The organic solution is transferred into a pre-weighed 
flask and the dichloromethane is removed on a rotary evaporator, or under a 

Reagents used:

The quantities of starting material are such that the reaction makes sufficient product to 
take on to the final step of the multi-step synthesis. If the product is not to be used for 
the multi-step sequence, the reagent amounts, with the exception of the solvent, can be 
decreased accordingly.

SAFETY PRECAUTIONS:

2,3-Dibromo-3-phenylpropanoic acid and potassium carbonate are classified as 
irritants. Acetone is a flammable liquid and should not be used near open flames.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.
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stream of nitrogen, leaving a colorless oil. The flask containing the product is 
weighed and the yield for the reaction calculated. Determine the purity of the 
product by refractive index or TLC using 10% ethyl acetate/ hexane as the eluent. The 
structure of the product formed, as well as the E/Z ratio, can be confirmed by 
1H-NMR spectroscopy.
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Experimental procedure for the reaction in water

Microwave Unit: MARS

SAFETY PRECAUTIONS:

2,3-Dibromo-3-phenylpropanoic acid and potassium carbonate are classified as 
irritants. 

Reagents used:

The quantities of starting material are such that the reaction makes sufficient product to 
take on to the final step of the multi-step synthesis. If the product is not to be used for 
the multi-step sequence, the reagent amounts, with the exception of the solvent, can be 
decreased accordingly.

2,3-Dibromo-3-phenylpropionic acid (0.539 g, 1.75 mmol), potassium carbonate 
(0.540 g, 3.91 mmol), and water (8 mL) are placed in a GlassChem microwave 
reaction vessel containing a magnetic stir bar. NOTE: The final volume in each vessel 
must be at least 3 mL. Place the vent plug in the top of the vessel. Finger-tighten the 
vessel top and then use the preset torque wrench to tighten it until a single click is 
heard. Insert protective sleeves into the turntable receptacles and place the vessel 
fully into one of the sleeves. Note the position of the vessel in the turntable. Place the 
reaction control vessel into a protective sleeve in the turntable and securely fasten 
the turntable top onto the turntable. After the turntable and shield are properly 
installed in the microwave cavity, take the fiber optic probe that is connected to the 
cavity ceiling and insert the end into the control vessel thermowell. Program the 
microwave using the ramp-to-temperature method to heat to 150 °C over a 2-minute 
period and then hold at this temperature for 5 minutes. Allow the solution to cool 
for 20 minutes or until it is below 50 °C before removing it from the microwave unit.

CAUTION: The vessel may still be hot to the touch.

When cooling is finished, detach the turntable shield and remove the vessel from 
its protective sleeve. The reaction mixture is transferred with a pipette from the 
vessel into a separatory funnel. Dichloromethane (5 mL) is added to the funnel. After 
stoppering the funnel, the solution is repeatedly shaken and vented. The layers 
are then allowed to separate. The organic layer is removed to an Erlenmeyer flask 
and the aqueous layer is extracted two more times with dichloromethane (5 mL). 
The combined organic layers are washed with saturated sodium chloride solution 
and dried over sodium sulfate. The organic solution is transferred into a pre-weighed 

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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flask and the dichloromethane is removed on a rotary evaporator, or under a 
stream of nitrogen, leaving a colorless oil. The flask containing the product is weighed 
and the yield for the reaction calculated. Determine the purity of the product by 
refractive index or TLC using 10% ethyl acetate/ hexane as the eluent. The structure 
of the product formed, as well as the E/Z ratio, can then be confirmed by 1H-NMR 
spectroscopy.
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Experimental procedure for the reaction in water

Microwave Unit: Discover

2,3-Dibromo-3-phenylpropanoic acid (0.539 g, 1.75 mmol), potassium carbonate 
(0.540 g, 3.91 mmol), and water (6 mL) are placed in a 10-mL glass microwave 
reaction vessel containing a stir bar. The reaction vessel is sealed with a cap with 
a septum and then placed into the microwave cavity. The pressure device is put in 
place on top of the reaction vessel and the unit programmed to heat the reaction 
mixture to 100 °C and hold for 5 minutes. After the reaction is complete and the 
vessel has cooled until it is below 50 °C, the pressure device can be removed and 
the vessel taken from the microwave cavity. 

CAUTION: The tube may still be hot to the touch.
  
The reaction mixture is transferred with a pipette from the vessel into a separatory 
funnel. Dichloromethane (5 mL) is added to the funnel. After stoppering the funnel, 
the solution is repeatedly shaken and vented. The layers are then allowed to separate. 
The organic layer is removed to an Erlenmeyer flask and the aqueous layer is 
extracted two more times with dichloromethane (5 mL). The combined organic 
layers are washed with saturated sodium chloride solution and dried over sodium 
sulfate. The organic solution is transferred into a pre-weighed flask and the 
dichloromethane is removed on a rotary evaporator, or under a stream of nitrogen, 
leaving a colorless oil. The flask containing the product is weighed and the yield 
for the reaction calculated. Determine the purity of the product by refractive index 
or TLC using 10% ethyl acetate/ hexane as the eluent. The structure of the product 
formed, as well as the E/Z ratio, can be confirmed by 1H-NMR spectroscopy.

Reagents used:

The quantities of starting material are such that the reaction makes sufficient product to 
take on to the final step of the multi-step synthesis. If the product is not to be used for 
the multi-step sequence, the reagent amounts, with the exception of the solvent, can be 
decreased accordingly.

SAFETY PRECAUTIONS:

2,3-Dibromo-3-phenylpropanoic acid and potassium carbonate are classified as 
irritants.

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.
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Lab Questions

1. Explain why the elimination reaction in acetone promotes an E2 mechanism 
while water promotes an E1 mechanism.

2. Which product is more thermodynamically stable, the E or Z isomer?

3. How can you use NMR spectroscopy to differentiate between the E and Z products 
and also determine their relative ratio?

4. When the solvent for the reaction is acetone, the procedure recommends that 
the acetone be removed prior to the extractions, why is this important?

5. In the extraction procedure, which layer do you expect to be the organic layer, 
and which layer do you expect to be the aqueous layer? What physical property 
do you need to know in order to predict this?
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Preparation of stilbene from 1-bromo-2-phenylethene

Introduction

In Experiment 4, the Suzuki reaction was used to link two benzene rings together. The 
reaction involves a palladium catalyst and can be used not only for linking two aromatic 
rings, but also for other substrates. A bromoalkene like 1-bromo-2-phenylethene 
(also called b-bromostyrene) can be coupled with a boronic acid like phenylboronic 
acid [C6H5-B(OH)2] to give, in this case, 1,2-diphenylethene (stilbene). The geometry 
of the product will be dictated by that of the 1-bromo-2-phenylethene. This means 
that using cis 1-bromo-2-phenylethene in the reaction will lead to cis-stilbene and 
using trans-1-bromo-2-phenylethene will lead to trans-stilbene.

Experiment

11

The hardest type of Suzuki 
reaction to perform is that 
involving an alkyl halide and 
an alkyl boronic acid. This 
so-called sp3-sp3 coupling 
requires very specialized 
catalysts.

An outline of how the reaction works is given in Experiment 4. The catalytic cycle 
for the reaction is the same regardless of the substrate. Just as in Experiment 4, here 
palladium acetate, Pd(OAc)2, is used as the catalyst and the reaction is run in water as 
a solvent. Tetrabutylammonium bromide (TBAB) is used as a phase-transfer agent to 
make the organic compounds soluble in the water. Trans-1-bromo-2-phenylethene 
is coupled with phenylboronic acid to give trans-stilbene.
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Experimental procedure

Microwave Unit: MARS

SAFETY PRECAUTIONS:

Tetrabutylammonium bromide (TBAB), and sodium carbonate are classified as 
irritants. 

Reagents used:

Phenylboronic acid (122 mg, 1 mmol), sodium carbonate (392 mg, 3.7 mmol), TBAB 
(322 mg, 1 mmol), b-bromostyrene (182 mg, 1 mmol), palladium acetate (1 mg, 0.004 
mmol) and de-ionized water (5 mL) are placed in a GlassChem microwave reaction 
vessel containing a magnetic stir bar. NOTE: The final volume in each vessel must 
be at least 3 mL. Place the vent plug in the top of the vessel. Finger-tighten the vessel 
top and then use the preset torque wrench to tighten it until a single click is heard. 
Insert protective sleeves into the turntable receptacles and place the vessel fully 
into one of the sleeves. Note the position of the vessel in the turntable. Place the 
reaction control vessel into a protective sleeve in the turntable and securely fasten 
the turntable top onto the turntable. After the turntable and shield are properly 
installed in the microwave cavity, take the fiber optic probe that is connected to the 
cavity ceiling and insert the end into the control vessel thermowell. The microwave 
is programmed using the ramp-to-temperature method to heat to 130 °C over a 
3-minute period and then hold at this temperature for 5 minutes. The solution is 
the allowed to cool for 20 minutes or until it is below 50 °C before removal from 
the microwave unit.  

CAUTION: The vessel may still be hot to the touch. 

When cooling is finished, detach the turntable shield and remove the vessel from 
its protective sleeve. The reaction mixture is transferred from the microwave 
vessel into a separatory funnel using a pipette. De-ionized water (10 mL) is used 
to rinse the reaction vessel and is then added to the separatory funnel along 
with diethyl ether (10 mL). Any solids remaining in the microwave vessel are 
dissolved in diethyl ether and added into the funnel. After stoppering the funnel, 
the solution is repeatedly shaken and vented. The layers are then allowed to 

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
GlassChem vessel. Information 
on programming the MARS 
System can be found in the 
supplemental section at the 
end of this manual.
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separate. The aqueous layer is removed to an Erlenmeyer flask. The organic layer 
is washed with saturated sodium chloride solution and dried over sodium sulfate. 
The organic solution is transferred into a pre-weighed flask and the diethyl ether 
is removed using a rotary evaporator or under a stream of nitrogen, leaving a tan 
solid. The product can be further purified by re-crystallization. Dissolve the solid 
product in a minimum amount of hot ethanol. Once the solid has dissolved, add 
hot water one drop at a time until the solution appears cloudy. Briefly reheat the 
solution until it turns clear again and then slowly cool it to room temperature. 
Cool the solution further in an ice bath to ensure complete crystallization and collect 
the product by vacuum filtration. The yield of the product can then be determined 
and the melting point compared to the literature value. The structure of the product
formed is confirmed by IR, 1H-NMR and/or 13C-NMR spectroscopy.
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Experimental procedure

Microwave Unit: Discover

Refer to Chapter 3 for more 
detailed instructions on setting 
up and safely securing your 
reaction vessel.

Phenylboronic acid (122 mg, 1 mmol), sodium carbonate (392 mg, 3.7 mmol), 
TBAB (322 mg, 1 mmol), b-bromostyrene (182 mg, 1 mmol), palladium acetate (1 mg, 
0.004 mmol) and de-ionized water (2 mL) are added to a 10-mL glass microwave 
reaction vessel containing a magnetic stirring bar. The reaction vessel is sealed 
with a cap with a septum and then placed into the microwave cavity. The pressure 
device is put into place on top of the reaction vessel and the unit programmed to 
heat the reaction mixture to 130 °C and to hold at this temperature for 5 minutes. 
After the reaction is complete and the reaction has cooled until it is below 50 °C, the 
pressure device can be removed and the vessel may be taken from the microwave 
cavity.

CAUTION: The tube may still be hot to the touch.

The reaction mixture is transferred from the microwave tube into a separatory 
funnel using a pipette. De-ionized water (10 mL) is used to rinse the reaction vessel 
and is added to the separatory funnel along with diethyl ether (10 mL). Any 
solids remaining in the microwave vessel are dissolved in diethyl ether and added 
into the funnel. After stoppering the funnel, the solution is repeatedly shaken and 
vented. The layers are then allowed to separate. The aqueous layer is removed to 
an Erlenmeyer flask and the organic layer washed with saturated sodium chloride 
solution and dried over sodium sulfate. The organic solution is transferred to a pre-
weighed flask and the diethyl ether is removed using a rotary evaporator or under 
a stream of nitrogen, leaving a tan solid. The product can be further purified by 
recrystallization. Dissolve the solid product in a minimum amount of hot ethanol. 
Once the solid has dissolved, add hot water one drop at a time until the solution 
appears cloudy. Briefly reheat the solution until the solution turns clear again 

Reagents used:

SAFETY PRECAUTIONS:

Tetrabutylammonium bromide (TBAB), and sodium carbonate are classified as 
irritants.
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and slowly cool the solution to room temperature. Cool the solution further in an 
ice bath to ensure complete crystallization and collect the product by vacuum 
filtration. The yield of the product can then be determined and the melting point 
compared to the literature value. The structure of the product formed is confirmed 
by IR, 1H-NMR and/or 13C-NMR spectroscopy.
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Lab Questions

1. What chemical transformation is accomplished with the Suzuki coupling reac-
tion?

2. What are the advantages of using water as the solvent in an organic reaction?

3. Based on the physical properties of cis and trans stilbene, why is the trans compound 
easier to isolate and purify at the end of a Suzuki reaction?

4. In the extraction procedure, a film of fine black particulate substance clings to 
the walls of the separatory funnel. What is this? 

5. What is another palladium-catalyzed reaction? Write an example.



131



132



133

Reference Books and Further Reading

This manual is designed specifically for use with microwave systems. As a 
result, it focuses exclusively on techniques related to microwave instrumentation. 
The experiments contained herein are designed for use in the undergraduate 
laboratory setting in conjunction with additional reference materials outlining 
common laboratory techniques, such as extraction, chromatography, melting 
point determination, etc. Refer to outside sources, such as those listed below, for 
further information on these and other common laboratory procedures.

The following laboratory textbooks and manuals contain information on 
techniques for the organic laboratory as well as conventional experiments.

Textbooks with Experiments for the Organic Laboratory

Bell, C.E. Jr.; Taber, D.F.; Clark, A.K. Organic Chemistry Laboratory with 
Quantitative Analysis: Standard & Microscale Experiments, 3rd ed.; Thomson 
Brooks/Cole: Belmont, CA, 2001.

Gilbert, J.C.; Martin, S.F. Experimental Organic Chemistry: A Miniscale & 
Microscale Approach, 4th ed.; Thomson Brooks/Cole: Belmont, CA, 2006.

Mayo, D.W.; Pike, R.M.; Trumper, P.K., Microscale organic laboratory: with 
multistep and multiscale synthesis, 4th ed.; Wiley: New York, 2000.

Pavia, D.L.; Lampman, G.M.; Kriz, G.S.; Engel, R.G. Introduction to Organic 
Laboratory Techniques: A Small Scale Approach, 2nd ed.; Thomson Brooks/
Cole: Belmont, CA, 2005.

Williamson, K.L. Organic Experiments, 9th ed.; Houghton Mifflin: Boston, 
MA, 2003. 

Williamson, K.L. Macroscale and Microscale Organic Experiments, 4th ed.; 
Houghton Mifflin: Boston, MA, 2003.

Laboratory Technique Manuals

Mohrig, J.R.; Hammond, C.N.; Schaltz, P.C.; Morrill, T.C. Techniques in 
Organic Chemistry; W.H. Freedman: New York, 2003.

Mohrig, J.R.; Hammond, C.N.; Schaltz, P.C.; Morrill, T.C. Modern Projects and 
Experiments in Organic Chemistry: Miniscale and Standard Taper Microscale, 2nd 
ed.; W.H. Freedman: New York, 2003.

Mohrig, J.R.; Hammond, C.N.; Schaltz, P.C.; Morrill, T.C. Modern Projects and 
Experiments in Organic Chemistry: Miniscale and Williamson Microscale, 2nd 
ed.; W.H. Freedman: New York, 2003.
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Pavia, D.L.; Lampman, G.M.; Kriz, G.S.; Engel, R.G. Microscale and Macroscale 
Techniques in the Organic Laboratory; Thomson Brooks/Cole: Belmont, CA, 
2002.

Zubrick, J.W. The Organic Chem Lab Survival Manual: A Student’s Guide to 
Techniques, 6th ed.; John Wiley and Sons: Hoboken, NJ, 2004.

For those interested in finding out more about microwave chemistry, these books 
provide an in-depth discussion of how microwave heating works and how it can 
be used in organic chemistry.

Hayes, B.L. Microwave Synthesis: Chemistry at the Speed of Light; CEM Publishing: 
Charlotte, NC, 2002.

Loupy, A. Microwaves in Organic Synthesis; Wiley-VCH, 2002. 

Tierney, J. and Lidstrom, P. Eds, Microwave Assisted Organic Synthesis; Blackwell, 
2005.

C. O. Kappe and A. Stadler, Microwaves in Organic and Medicinal Chemistry; 
Wiley-VCH, 2005. 
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Anti-coplanar; 114
Aprotic; 113, 114
Aromatic ring; 13, 39, 67, 71-76, 106, 125
Arrhenius equation; 4, 5, 9
Attenuator; 25, 28, 36

B

Batch processing; 19
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Catalytic cycle; 13, 67, 68, 125
Cavity; 6, 7, 8, 14, 23, 25, 27, 28, 31, 33, 34, 36
Concerted mechanism; 59, 113
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D
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Ether; 50, 51, 52, 53, 54, 55, 56, 79, 80, 81, 82, 126, 
 127, 128
Extender; 100

F

First order elimination (E1); 113
Frequency; 2, 5, 6, 19

G
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Green chemistry; 11, 12, 20, 21
GlassChem™; 29, 31, 40, 41, 42, 50, 51, 52, 60, 61, 
 70, 71, 72, 80, 92, 108, 116, 120, 126

H

Halide; 13, 67, 71-76, 79, 105, 113, 125
Halogen; 39, 67, 79, 105
Hydrogen bonding; 113
Hydrolysis; 49, 91
b-Hydroxy aldehyde; 85
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I

Intramolecular Aldol reactions; 85
Ionic conduction; 3, 9

K

Knoevenagel, Emil; 99
Knoevenagel condensation; 14, 97, 99

L

Leaving group; 39, 79
Ligands; 67

M
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Nucleophile; 39, 79, 99
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P

Palladium; 13, 18, 67, 68, 70, 71, 72, 73, 74, 75, 76, 
 125, 126, 128
Parts per billion (ppb); 13
Peptide; 16, 17
Peptide bond; 16
Pericyclic; 59
Phase-transfer agent; 68, 79, 125
Polarization; 3, 9, 105
PowerMAX™; 18
Pre-exponential factor; 5
Pressure control; 25
Pressure device; 26, 27, 44, 45, 46, 54, 55, 56, 62, 63, 74, 
75, 76, 82, 88, 94, 110, 118, 122, 128
Pressurized reactions; 14, 35

Protecting group; 16
Proteins; 16, 17
Proteomics; 17
Protic; 113
Protonation; 49

R

Racemization; 16
Rate-determining step; 39, 113
Reflux; 13, 14, 15, 49, 100, 102
Regiochemistry; 59
Resonance stabilization; 99, 111
Retrosynthesis; 97

S

SafeSeal™; 25, 26
Saponification; 91
Safety; 14, 27, 28, 29, 35, 40, 41, 42, 44, 45, 46, 50, 51,  
 52, 54, 55, 56, 60, 61, 62, 63, 70, 71, 72, 74, 75, 76,  
 80, 82, 86, 88, 92, 100, 102, 108, 110, 116, 118, 120,  
 122, 126, 128
S-cis-conformation; 59
Second order elimination (E2); 113
Scale up; 19
Simultaneous cooling; 18
SN2; 79
Solvation; 113
Solvent effect; 113
Solvents; 5, 6, 7, 12, 35, 113
Spectrum; 2
Spencer, Percy; 1
Stereochemistry; 59, 79
Stir bar; 25, 28, 29, 32, 33, 40, 41, 42, 44, 45, 46, 50, 51,  
 52, 54, 55, 56, 60, 61, 62, 63, 70, 71, 72, 74, 75, 76,  
 80, 82, 86, 88, 92, 94, 100, 102, 108, 110, 116, 118,  
 120, 122, 126
Stirring; 128
Superheating; 4, 5, 9
Suzuki coupling; 13, 67, 85
Suzuki, Akira; 67

T

Thermal conductivity; 1, 3, 9
Torque wrench; 29, 40, 41, 42, 50, 51, 52, 60, 61, 70, 71, 
72, 80, 86, 91, 108, 116, 129, 126
Trypsin digest; 17

W

Water, as solvent; 13, 18, 19, 21, 40, 50, 51, 53, 54, 55,  
 56, 59, 60, 61, 68, 79, 80, 86, 113, 125
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Watt; 8
Waveguide; 6, 7
Williamson ether synthesis; 79
Williamson, Alexander; 79
Woodward-Hoffmann rules; 59
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Microwave Instrumentation
Additional Information for Chapter 3

Discover® System

The Discover® line of instruments is specifically designed for laboratory-scale 
synthesis in institutional and academic settings. This single mode system can be 
used as a tool for both research and teaching. Its modularity and compact size 
enable the customization of the instrument for a wide variety of needs. The Discover 
BenchMate™ with SafeSeal™ pressure device, and Discover LabMate™ with 
IntelliVent™ pressure device, provide the maximum flexibility to customize the 
system. Additional features, such as an autosampler and larger vessel flexibility 
can be added for additional features with the same microwave instrument. The 
Discover line is designed so that users, both highly advanced and those less 
experienced, can operate the instrument with complete assurance of their safety 
at all times. The microwave is capable of delivering up to 300 Watts of power to a 
small single mode cavity. The advanced feedback system modulates the power to 
control the rate of heating during the reaction.

Prior to class

 1. Ensure that the appropriate attenuator (microwave door) is properly   
  positioned.

 2. If a sealed vessel reaction is to be performed,
  a. ensure that the pressure device (either the SafeSeal or IntelliVent) is   
   plugged into the 7-pin connector in the back of the Discover instrument; 
  b. ensure that the display reads “Discover.” (If not, refer to the owner’s manual.)

 3. If an open vessel reaction is to be performed,
  a. ensure that the Teflon® disk is properly positioned in the microwave cavity;
  b. change the instrument to the “Open Vessel” setting (see below).

 4. Program a method into the Discover, if desired.
  a. Methods can be preloaded prior to the beginning of class—all the student   
   needs to do is press the start key. (Refer to “To Create New Method.”)
  b. Students can also use the Discover System by entering the desired reaction   
   parameters (temperature and time) using the hot keys. (Refer to the   
   section on Speed Set Programming.)

All manuals and instruction booklets accompanying vessel sets and instruments 
should be read and understood prior to performing microwave reactions.
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Method Control Options

In programming a method, the software allows control over power, temperature, 
time, and pressure during a run. These options permit the user to control how the 
system applies the microwave energy to the reaction. They are controlled two ways: 
either by a method programmed at the beginning of a reaction or by modifying 
the method using the hot keys during the run. 

The user programs:
 1. the maximum amount of microwave power that can be applied; 

 2. a temperature control point;

 3. a pressure control point;

 4. a run time (the maximum run time for the method for situations where the   
   control point is not reached); and,

 5. a hold time (the time the system maintains the control parameters)

The unit can be programmed for up to five stages for multiple irradiation steps 
and is a general control method for maintaining critical control points.

Temperature Control Option

The standard temperature control for the Discover System consists of a non-con-
tact infrared sensor, which monitors and controls the temperature conditions of 
the reaction vessel. The temperature sensor is centrally located beneath the cavity 
floor and “looks” up at the bottom of the vessel. A lens is positioned between the 

Instrument Description

Power switch

Hot keys

Arrow keys to
toggle between 

menus

Start 
button

Stop 
button

Menu
keys

Pressure device -
either IntelliVent

or SafeSeal

Numeric
keypad
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sensor and the cavity floor to protect the sensor. The temperature sensor data is 
set up in a feedback control loop with the magnetron to regulate the power output to 
maintain the temperature set-point through the onboard processor. The instrument 
software is designed so that the magnetron provides the lowest power output to 
maintain the set-point, thus maximizing the “on” time of the microwave energy 
input.

Indirect Pressure Management or Control System

Indirect Pressure Management System

The vessel sealing system incorporates a snap-on plastic cap with integrated 
septa that does not require any tools for assembly or removal from the vessel. 
This unique vessel sealing system allows excessive pressures to automatically be 
released from the pressurized reaction vessel. Unsupported, the sealing system 
provides a low-pressure seal {< 2 Bar (30 psi)}, guarding against vessel failures 
from reactions that develop excessive pressures due to spontaneous gas evolution 
upon the addition of the reactants. Supported in the reaction chamber, the sealing 
system provides a high-pressure seal {> 20 bar (300 psi)} that enables the system 
to withstand the rigorous conditions called for in many microwave-enhanced 
reactions. However, should the vessel exceed the safe operating limits, the system 
will automatically allow the vessel to vent the evolved gases while maintaining 
a completely enclosed and captured system, offering uncompromising operator 
safety. Safe operation dictates that reaction vessels not be removed from the reaction 
chamber until the pressure normalizes. The IntelliVent SafeSeal system allows 
the instrument to safely relieve this residual pressure and normalize the reaction 
vessel after the reaction procedure concludes through the manual operation of the 
SafeSeal locking cover, increasing the throughput of the System.

Indirect Pressure Control System

This patent-pending technology features the IntelliVent™ Sensor and Reaction 
Vessels. The vessel sealing system incorporates a snap-on plastic cap with integrated 
septa that does not require any tools for assembly or removal from the vessel. 
This unique vessel sealing system allows excessive pressures to automatically be 
released from the pressurized reaction vessel. Unsupported, the sealing system 
provides a low-pressure seal {< 2 Bar (30 psi)}, guarding against vessel failures        
ons that develop excessive pressures due to spontaneous gas evolution on addition 
of the reactants, as can happen with tool-sealed vessels that do not provide for 
pressure release. Supported in the reaction chamber, the sealing system provides a 
high-pressure seal {> 20 bar (300 psi)} that enables the system to withstand the 
rigorous conditions called for in many microwave-enhanced reactions. However, 
should the vessel exceed the safe operating limits, the system will automatically allow 
the vessel to vent the evolved gases while maintaining a completely enclosed and 
captured system, offering uncompromising operator safety. Safe operation dictates 
that reaction vessels not be removed from the reaction chamber until the pressure 
normalizes. The IntelliVent sealing system is the only system to automatically and 
safely relieve this residual pressure and normalize the reaction vessel immediately 
after the reaction procedure concludes, increasing the throughput of the system. 
The IntelliVent Pressure Sensor incorporates a motor-driven mechanism, managed 
automatically by the controller that allows this safe, automatic and unattended 
venting capability while also ensuring a completely contained system.

IntelliVent SafeSeal™ option 
featuring the patent-pending 

IntelliVent™ technology

IntelliVent™ Pressure Feedback 
Control option featuring an 
onboard pressure feedback 

control system with a pressure 
range of 0-20 bar (0–300 psi)
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CAUTION: The IntelliVent SafeSeal™ and Intellivent™ Sensor can be used only 
with CEM supplied 10 mL reaction vessels and septa.

Sample Stirrer

Depending on system design, the sample stirrer is a rotating plate consisting of either 
electromagnetic coils or permanent magnets positioned beneath the instrument 
cavity floor. It works in conjunction with stirring bars or “fleas” placed in the reaction 
vessel to affect stirring and ensure a homogeneous sample. An initial supply of 
magnetic stir bars or “fleas” are provided. Additional stir bars can be purchased 
from CEM Corporation. Any commercially available magnetic stir bars or “fleas” 
are acceptable for use with the Discover System. 

Note: The stir bars are Teflon®-coated iron oxide bars. When placed in the microwave 
field, the iron oxide bars will reflect the microwave energy without harming the 
instrument.

WARNING!

Cardiac pacemakers require magnets to control operation during checkout. If 
the Discover System is equipped with an optional sample stirrer, some danger 
exists if a pacemaker is positioned in close proximity to the instrument cavity. 
If the instrument is suspected of interfering with the operation of a pacemaker, 
the instrument should be turned off or the pacemaker wearer should move away 
from the instrument.

Cooling

The cooling option consists of necessary valves and ports to direct a cooling gas 
(either nitrogen or “clean” air) onto the vessel in the system cavity. This option will 
decrease the temperature of a 2-mL solution in a 10-mL Pyrex® reaction vessel 
from ~150 °C to ~40 °C in less than 120 seconds. Method setup enables the cooling 
feature. The gas is user supplied at a minimum pressure level of 20 psi (~1.5 bar) 
and a flow rate of 25 liters/minute. 
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Programming Instructions

“Edit”
button

“Home” button
for the main 

menu
“Open Folder” 
button for the 
method menu

Arrow keys 
for toggling 

between menus

Hot Keys:

Power

Temperature

Time

Pressure

Cooling

Start or pause
the reaction Stop the

microwave

Speed Set

As an alternative to entering all of the data for a new method, the hot keys can be 
utilized to modify the required reaction parameters (generally time and tempera-
ture) prior to performing the reaction. 

To modify temperature,

 1. press the temperature hot key (T°);

 2. enter the desired temperature value, and

 3. press ENTER to exit.

To modify time,

 1. press the time hot key (    );

 2. enter the desired time value in minutes and seconds, and

 3. press ENTER to exit.

Additional parameters can be modified in the same manner. 

Press the            (Start/Pause) key to begin the programmed method.

The method can be saved under the existing method name by pressing the “File” 
key. A prompt will appear, asking if the user wants to save the method. “Y (Yes)” 
will overwrite the current method parameters with the new parameters. “N (No)” 
will not save any of the changes.

Creating A New Method 

 1. With the main menu displayed, press the “File” key.

 2. Press the left arrow key to toggle and select “New Method.” Press ENTER.

At this point, the portion of the screen being modified is the bottom line.
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Note: If a solvent is requested, select either the appropriate solvent for the reaction. If 
the solvent is not listed, enter the new solvent into the solvent list (following the 
instructions in the DISCOVER OPERATION MANUAL), or select a solvent with 
a boiling point equal to or greater than the boiling point of the solvent or most 
abundant liquid. 

 3. The method selected should read “Standard.” Press ENTER. The instrument   
 is now prepared to edit or create stage #1 of a method using the “Standard”   
 control option.

 4. Using the numeric keypad, enter the power setting for the method (1 to   
 300 watts). Unless otherwise indicated in the experiment instructions, use   
 150 W. Press ENTER.

 5. Using the numeric keypad, enter the temperature setting (ambient to 300 °C)   
 as specified in the “Student Microwave Synthesis Instrumentation Manual.”   
 Press ENTER.

 6. Using the numeric keypad, enter the pressure setting (250 psi). Press   
 ENTER.

 7. Using the numeric keypad, enter the run time, or maximum time to reach 
 the set temperature, in minutes and seconds (0 to 60 minutes). The 
 recommended default value is 5 minutes. Press ENTER.

 8. Enter the hold time in minutes and seconds (0 to 60 minutes) as specified   
 in the “Student Microwave Synthesis Instrumentation Manual.” Press ENTER.

 9. Using the arrow keys, select “HI” as the stirring option. Press ENTER.

 10. The cooling option should be turned “OFF” for most experiments (cooling   
 will automatically start at the end of the reaction to cool the vessel. It does   
 not need to be programmed into the method). Press ENTER.

Note: The length of cooling time and the release parameters are preprogrammed.

The next screen will ask the user if a “Next Stage” is desired. Generally, this is not 
necessary. If an additional stage is required, refer to the DISCOVER OPERATION 
MANUAL for additional instructions.

 11. Using the arrow key(s), toggle and select “N (No).” Press ENTER to   
 advance to the next screen. 
 12. Using the arrow key(s), toggle and select “Y (Yes)” or “N (No)” to save   
 the  method name in the instrument directory. Press ENTER and follow the   
 instructions below.

Saving Parameters 

 1. Using the arrow keys, highlight the first letter of the method name. 

 2. Press ENTER. Continue to use the arrow key(s) and the ENTER key to 
 complete the name of the method (12 characters maximum). When the   
 name is completed, use the arrow key(s) to highlight “Exit”.

Note: Use the        (right arrow) key to erase a character. Use the “ ” to add a space in the name.

 3. Press ENTER. 

Note: If the name entered exists in the method directory, a screen will appear, asking if 
the user would like to overwrite the method. The user can either overwrite the existing 
method or change the method name. Up to 20 methods can be stored in the Discover 
software. Refer to the DISCOVER OPERATION MANUAL for additional instructions. 

 4. Press the           (Start/Pause) key to begin the programmed method.
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Before beginning a reaction, ensure that the fume hood is positioned at an 
appropriate height.

Note: If the method is not saved, it can still be run; however, the parameters will 
need to be reprogrammed each time, or the necessary parameters can be entered 
using the Speed Set programming instructions outlined above.

Loading or Editing a Programmed Method

 1. Press the “File” button to access the method menu.

 2. Use the right arrow to scroll through the programmed methods to locate   
 the desired method.

 3. The method can be selected by pressing ENTER or modified by pressing the   
 “Edit” key.

 4. Selecting the method using the ENTER key will display the method name   
 on the Main Menu and pressing           (Start/Pause) will begin microwave   
 irradiation.

 5. If modification is necessary, when the “Edit” key is pressed, the display will   
 show each programmed parameter. Entering a different number will modify the   
 parameter. Once all necessary parameters have been modified, press ENTER.

 6. If a parameter does not require modification, pressing ENTER, as if the   
 parameter was modified, will accept the previously programmed value. 

 7. Once all necessary parameters are modified, the method can either be saved   
 using the same name or with a new name.

Discover® BenchMate™ Operation

n

j

k

l

m

BenchMate Accessories

j 10-mL thick-walled Pyrex® reaction vessels
k Teflon® septa with snap-on top
l Small Vessel Attenuator – for use with the Pyrex® reaction vessels and SafeSeal™

m SafeSeal™ Pressure Management System
n Teflon®-coated stir bars (1 mm x 3 mm)

Note: The SafeSeal maintains pressure, but does not measure pressure. During 
routine use, the SafeSeal should remain connected to the 7-pin connector located 
on the back of the Discover instrument. 
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Reaction Set-up:

Instructions for vessel assembly are outlined in the “Student Microwave Synthesis 
Instrumentation Manual.”

 1. Ensure that the cavity is empty and clean.

 2. Place the small attenuator (microwave door), #3 in illustration above, in   
 position and turn it clockwise until it locks. (An audible click can be heard.)

 3. Push down on the cover of the attenuator (microwave door). 

 4. Assemble the vessel with appropriate reagents as outlined in the “Student  
 Microwave Synthesis Instrumentation Manual.”

 5. Place the reaction vessel with a stir bar into the opening of the attenuator so  
 that the cap is visible.

 6. Position the pressure device on top of the reaction vessel.

 7. Push the “ears” on the SafeSeal (pressure device) down into the locked   
 position.

“ears”

 8. Secure the SafeSeal by rotating the top of the assembly clockwise until it   
 stops.

 9. Ensure that the programmed parameters on the screen are the appropriate  
 parameters for the applicable reaction.

Push down on “ears”.

Tighten the top piece until it stops. SafeSeal locked in position
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Note: If the parameters are not applicable, press the appropriate hot key (T° for 
Temperature or     for time) and enter the appropriate value. Upon completion, 
press ENTER or consult the previous section on Method Programming.

 10. Press            (Start/Pause) to begin the reaction.

Note: If the instrument does not start, check the display for any error messages 
and refer to the DISCOVER OPERATION MANUAL for additional information.

Note: If pressure exceeds 300 psi during the reaction, the excess pressure will 
automatically be released, the vessel will reseal, and the reaction will continue.

Removing the Reaction Vessel

WARNING! 

Do not attempt to remove the reaction vessel until the cool-down cycle has terminated 
and the reaction has cooled to a temperature below 50 °C.

 1. Slowly open the pressure device by turning the top component counter-  
  clockwise. 

 2. Once the pressure device had been opened, pull up on the handles of the  
  pressure device to release the vessel.

 3. Remove the pressure device.
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 4. Remove the reaction vessel from the cavity.

WARNING!

To prevent the possibility of severe burns, ensure that insulated gloves and 
protective gear are worn, as outlined in the user’s safety program.

5. With the top of the vessel tilted toward the back of the fume hood (away   
  from the user) carefully remove the top from the reaction vessel.

 6. Continue the work-up of the reaction as outlined in the “Student    
  Microwave Synthesis Instrumentation Manual.”

WARNING!

Refer to the manufacturer’s material safety data sheet (MSDS) and the user’s 
safety program for proper handling and disposal procedures for the selected 
reagent(s).

Discover® LabMate™ Operation

n

j

k

l

m

LabMate Accessories

j	10-mL thick-walled Pyrex® reaction vessels
k	Teflon® septa with snap-on top
l	Small Vessel Attenuator – for use with the Pyrex® reaction vessels and   
 IntelliVent™

m	IntelliVent™ Pressure Sensor
n	Teflon®-coated stir bars (1 mm x 3 mm)
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Reaction Set-up:

Instructions for vessel assembly are outlined in the “Student Microwave Synthesis 
Instrumentation Manual.”

1. Ensure the cavity is empty and clean.

2. Place the small attenuator (microwave door), #3 in the illustration above, in   
  position and turn it clockwise until it locks. (An audible click can be heard.)

3. Assemble the vessel with the appropriate reagents as outlined in the   
  “Student Microwave Synthesis Instrumentation Manual.”

 4. Place the reaction vessel with a stir bar into the opening of the attenuator so   
  that the cap is visible.

5. Place the IntelliVent pressure sensor on top of the vessel.

6. Ensure that the appropriate method or method parameters are programmed. 
  (Refer to “Programming Instructions” for additional information.) Press  
          (Start/Pause). The pressure sensor will automatically close, capturing  
  the vessel. The microwave irradiation process will begin once the vessel is  
 secured within the cavity. 

Note: If the microwave method does not begin automatically, check the display 
for any error messages and refer to the DISCOVER OPERATION MANUAL for 
additional information. 

 7. Upon completion of the reaction, the cooling cycle will automatically  
  begin. Once the cooling cycle has been completed and the safe release  
  parameters have been attained, the pressure sensor will automatically  
  open, releasing the vessel. Remove the pressure sensor and vessel from  
  the cavity.
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WARNING!

To prevent the possibility of severe burns, ensure that insulated gloves and protective 
gear as outlined in the user’s safety program are worn.

 7. With the top of the vessel tilted toward the back of the fume hood (away   
  from the user) carefully remove the top from the reaction vessel.

 8. Continue the work-up of the reaction as outlined in the “Student    
  Microwave Synthesis Instrumentation Manual.”

WARNING!

Refer to the manufacturer’s material safety data sheet (MSDS) and the user’s safety 
program for proper handling and disposal procedures for the selected reagent(s).

Open Vessel Operation

Open Vessel Accessories

j Large Vessel Attenuator – for use with open vessel reactions 
k Vessel Spacer (Teflon®)
l User-supplied glassware (round bottom flask, up to 125 mL and up to 24/40  
 ground glass joint, with appropriate condenser)

Open Vessel Set-up

To perform a reaction under reflux, or in an open vessel fashion, the operation 
mode of the Discover instrument must be changed to “Open Vessel.” 

 1. From the Main Menu, press the “Edit” key. The screen will display:

System Setup
Temperature

j

k

l
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2. Press the right arrow key until the screen displays:

System Setup
Open Vessel

 3. Press ENTER.

 4. Select “Y (Yes)” when the display prompts the user to select if Open Vessel   
  Mode is desired.

 5. Press ENTER.

 6. Press the “Home” key to return to the Main Menu.

 7. The top line on the Main Menu should read “Open Vessel.”

 To convert the instrument back to performing sealed tube reactions, follow the 
same procedure, but select “N (No)” in step 4.

Reaction Set-up

1. Place all reagents into a round bottom flask with a stir bar.

2. Ensure that the cavity is clean.

3. Ensure that the top line of the display of the Discover reads “Open Vessel,”   
  not “Discover.” If it does not read “Open Vessel,” refer to the previous   
  instructions.

4. Place the vessel spacer flat in the cavity with the opening in the spacer  
  positioned over the center of the cavity and the cutout positioned over the   
  hole in the rear of the cavity. 

 5. Place the flask containing the reaction and stir bar into the cavity.

 6. Place the open vessel attenuator on top of the flask, ensuring that the neck  
  of the flask enters the opening of the attenuator.

 7. Rotate the attenuator clockwise until it locks into position. (The Discover   
  will not turn on until the attenuator is properly locked.)

 8. Attach a condenser, as the experiment instructions dictate.

 9. Ensure that the programmed parameters visible on the screen are the   
  appropriate parameters for the desired reaction.

 If they are not, press the appropriate hot key (T° for Temperature   
or      for time) and enter the required value using the keypad or   
consult the programming instructions above.

 Press ENTER.

 10. Press           (Start/Pause) to begin the reaction.

 11. Upon completion of the reaction, wait until the cool-down cycle has   
  terminated and the reaction has cooled to a temperature below 50 °C prior  
to attempting vessel removal. If necessary, remove the condenser, followed   
by the attenuator. The round bottom flask can then be removed from the   
  cavity and the reaction work-up can be performed as described in the   
  “Student Microwave Synthesis Instrumentation Manual.” 

WARNING!

Refer to the manufacturer’s material safety data sheet (MSDS) and the user’s safety 
program for proper handling and disposal procedures for the selected reagent(s).
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MARS™ System

GlassChem™ Vessels

The MARS™ System is an industrial-type multi-mode microwave, designed for use 
in applications such as digestion, extraction, and synthesis. The large cavity enables 
the parallel processing of multiple samples in a single run. With the MARS, users 
can perform larger scale reactions, in either a single batch format or in parallel, than 
is possible in a smaller, single mode system. The power output on this particular 
system is programmable up to 1600 Watts and uses an advanced feedback system 
to monitor and control the rate of heating of the sample(s) in the cavity.

Prior to class:

 1. Read and understand all manuals accompanying the instrument and vessels.

 2. Inspect all GlassChem vessels for cracks and scratches.

 3. Verify that the torque wrench is set to 5 ft-lbs.

 4. Program a method into the MARS system. (Refer to “To Create a New   
  Method” in the supplement.)

Note: The turntable can be installed before class begins, if desired.

During Class:

 1. Place the control vessel in the turntable. 

 2. Arrange the vessels symmetrically around the turntable. Ensure that each   
  student notes the position of his/her vessel prior to performing any reactions.

 3. Place the turntable shield on the turntable snd secure the shield in place.

 4. Install the turntable in the microwave cavity. Plug in the temperature sensor   
  and insert the fiber optic probe in the thermowell. 

Note: All manuals and instruction booklets accompanying vessel sets and instruments 
should be read and understood prior to performing microwave reactions.
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Maintenance

1. Perform a power test on the system prior to beginning each semester.

2. Ensure that the cavity is clean and clear od debris prior to each class.

3. When attaching the fiber optic probe, ensure that the temperature value is   
  appropriate (room temperature). If the temperature displayed does not seem   
  reasonable, refer to the MARS OPERATION MANUAL to calibrate the   
  temperature sensor.



Instrument Description

Display
Numeric
Keypad Menu Keys

Push Button
Door Opener

Start/Pause
Button

Stop 
Button

Power
Switch

Vessel Set
on Turntable

Standard Temperature Control System

The standard temperature control system for MARS™ is the RTP-300 Plus™

(Resonance Temperature Probe), also referred to as a fiber optic probe, which 
monitors and controls the temperature conditions inside the sample vessels.

A microwave transparent temperature probe is connected to a snap-in port in the 
center of the cavity’s ceiling, and is inserted into the control vessel so that the tip 
of the probe reaches the bottom of the thermowell. 

A feedback signal from the RTP-300 Plus probe to the magnetron of the system 
regulates microwave power output to maintain a selected temperature parameter. 

CAUTION: The RTP-300 Plus probe and the thermowell are both fragile. Exercise 
care when handling either of these components.
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Standard Pressure Control System

The MARS system is capable of monitoring pressure with the ESP-1500 Plus™ 
pressure sensing option. The ESP-1500 is designed for use with HP-500 Plus™, 
XP-1500 Plus™, and GreenChem Plus™ vessels, which are not used in this 
manual. The ESP-1500 Plus™ is not compatible with GlassChem vessels. Pressure 
cannot be directly measured while using the GlassChem vessels.

CAUTION: Never use more than one type of vessel simultaneously in a MARS 
System.

Sample Stirrer

The sample stirrer is a rotating magnetic field in the bottom of the instrument 
that works in conjunction with stirring bars placed in the vessel liners to ensure a 
homogeneous sample.

Note: The stir bars are Teflon®-coated iron oxide bars. When placed in the microwave 
field, the iron oxide bars will reflect the microwave energy without harming the 
instrument.

WARNING!

Because cardiac pacemakers require magnets to control operation during checkout, if 
the MARS instrument is equipped with an optional sample stirrer, some danger 
exists if a pacemaker is positioned in close proximity to the instrument cavity. 
If the instrument is suspected of interfering with the operation of a pacemaker, 
the instrument should be turned off or the pacemaker wearer should move away 
from the instrument.

Turntable Drive System

The MARS is furnished with an alternating and/or continuous turntable drive 
system. Rotational configuration is automatically selected by the vessel choice. 
During sample heating in alternating mode, the turntable rotates 355°, then 
reverses direction to prevent the fiber optic temperature sensor from becoming 
damaged. The turntable always operates when the microwave power is on. The 
turntable stops rotating when the microwave sample preparation cycle ends, or 
when the “Stop” key is pressed, or when the instrument door is opened. To rotate 
the turntable while the instrument door is open, press the Q rotate key.
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Exhaust Blower

The MARS is equipped with an exhaust blower to remove corrosive or harmful 
fumes and flammable vapors from the cavity. The blower moves air at the rate of 
3.6 m3/ minute (125 ft3/minute).

Solvent Sensor

The MARS System is equipped with an optional Solvent Sensor to assist in the 
detection of any vessel leaks or the presence of other solvents in the microwave 
cavity. This sensor is attached to the exhaust blower upon installation of the system. It 
will need to be turned on each time the instrument is turned off and back on.

Optional Inlet/Outlet Ports

Two Inlet/Outlet Ports, located on the right side of the instrument, permit access 
to the interior of the cavity for optional pressure and temperature control.

WARNING!

Never insert metallic objects, such as wire, into the inlet/outlet ports and never 
modify the ports. Serious microwave leakage and/or electrical shock may result. 
The inlet/outlet ports of the MARS are electrically grounded to the microwave 
cavity and are designed to prevent leakage of microwave energy.

Keyboard

Start/Pause – begins the method currently displayed on the screen or pauses the 
operation during any stage of the method

Stop – stops operation of the method and returns to the main menu

Home – returns to the main menu from any point in the software selections

Select – enters selected parameter, method, etc. and in some instances advances 
to the next screen
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Setup – permits entering or editing of system parameters

Print – permits printing of method data, system information, method program 
and/or setup parameters

Arrow Keys – permit the user to scroll through selections such as methods, 
vessels, etc.

Back – returns to the previous screen during editing or creating a method or in 
setup menus

Next – advances to the next screen during editing or creating a method or in 
setup menus

Note: When using GlassChem vessels, only temperature is monitored. The toggle 
alternates between the main screen and a temperature-versus-time graph.

P/T – toggles current pressure and temperature on instrument screen and displays 
a pressure/ temperature versus time curve during a test

Rotate – rotates the turntable when the instrument door is open

First-Time Use Instructions

Break-in Procedure

New vessel tops require a break-in period to ensure proper vessel function. If this 
is the first time these GlassChem vessels are being used, the following procedure 
should be used.

1. Place 10 mL of water with a Teflon® coated stir bar into each of the vessels.

 2. Place the vent plugs on each of the vessels followed by the vessel tops.   
 Tighten the vessel tops with the preset torque tool.

 3. Heat the reaction vessels to 150 °C and hold at this temperature for 5   
 minutes.

 4. Allow the vessels to cool to about 70 °C and loosen the tops. Reseal the   
 vessel tops while they are still warm withh the preset torque tool.

 5. Reheat the vessels to 150 °C as in step 3.

 6. If the vessels leak during the second heating to 150 °C, repeat the procedure  
 in step 4.

Once the vessel tops have been broken in, the vessels are ready for regular use.
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GlassChem 20 Control Vessel
Installation of the Thermowell into the Vent Plug 

1. Install a ferrule on the thermowell so that the tapered end of the ferrule   
 points toward the open end of the thermowell when fully assembled (Figure 4). 

2. Install the thermowell and ferrule into the opening in the vent plug by passing  
 the closed end of the thermowell through the opening from the top side of the  
 vent plug (Figure 5). 

 3. Slide the control top onto the thermowell assembly (Figure 6). 

Figure 4
Install ferrule on 

thermowell

Figure 5
Slide vent plug on 

thermowell from bottom

Figure 6
Slide vent plug and 

thermowell into
control top



4. Insert the nut through the top of the control top into the vent plug, and   
finger-tighten the nut, ensuring that the thermowell is fully seated against the   

 nut  (Figure 7). 

Figure 7

CEM Method Menu

‘Start’ Current Method:
XXXXXXXX

Edit/Create 
Method

Load
Method

MARS Setup Menu

DELETE METHOD
SYSTEM VARIABLES
SELECT SENSOR
PRINTER SETUP

COMM PORT SETUP
INFORMATION
SYSTEM HISTORY
SELECT LANGUAGE

 2. Using the arrow keys, highlight “Select Sensor.” Press the “SELECT” key.

Select Sensor

PRESSURE
SENSOR

TEMPERATURE
SENSOR

Note: Additional optional sensors are available for the MARS instrument. Based 
on whether or not the additional sensors are installed, the instrument screen may 
be slightly different.

 3. Using the arrow keys, highlight “Pressure Sensor.” Press the “SELECT”   
  key. 

Pressure Setup

Disabling the Pressure Sensor

1. From the Main Menu, press the “SETUP” key to access the “MARS Setup   
  Menu.”



Directory Menu

CEM Directory User Directory

Edit/Create Method From:

 3. Use the right or left arrow keys to highlight “User Directory.” Press the   
 “SELECT” key.

Creating a New Method

Note: Prior to programming a new method, if the pressure feature is not being 
used, follow the instructions to deselect the pressure option.

Note: The screens below are representative of the programming screens. There 
may be additional or slightly different options. 

1. New methods can be created in the User Directory only. 

2. From the Home Screen, using the right or left arrow keys, highlight   
 “Edit/Create Method.” Press the “SELECT” key.

CEM Method Menu

‘Start’ Current Method:
XXXXXXXX

Edit/Create 
Method

Load
Method

  Based on the type of pressure sensor(s) being used with the instrument,   
  a screen similar to one shown below will appear.

Note: The ESP-1500 Plus cannot be used with GlassChem vessels. 

 4. Using the arrow keys, highlight the appropriate pressure sensor to be used   
 with the system. If no pressure control is to be used, highlight “None” and   
 press the “SELECT” key to return to the “Select Sensor” screen.

 5. Press the “HOME” key to return to the Main Menu.

Pressure Sensor

ESP-1500 Plus NONE



User Directory
NEW METHOD

XXXXXX
XXXXXXXX

XXXXXXXXXX
XXXXXXX

XXXXXXXXX

 4. Use the right or left arrow keys to highlight “New Method.” Press the   
 “SELECT” key.

Select Vessel Type

GlassChem
UDV/HDV
Beaker

XP-1500
HTV
AutoVent

ACV/QDV
PFA
QXP

 5. Using the right or left arrow keys, highlight the type vessel to be used for   
 the method (“GlassChem” for the sealed vessels, “Beaker” for open vessel   
 reactions). Press the “SELECT” key. Press the “SELECT” key.

Select Control Type
STANDARD CONTROL
RAMP TO TEMPERATURE
RAMP TO PRESSURE
POWER/TIME CONTROL
MICROVAP

 6. Using the right or left arrow keys, highlight “Ramp To Temperature” as   
 the control type to be used for the method. Press the “SELECT” key.

ENTER METHOD PARAMETERS

Press Select to Change

STAGE

1 000 00:00 00:000000 000 0400 W

POWER
MAX      % CONTROL

RAMP PSI °C S HOLD

 7. Power. Using the right or left arrow keys, highlight the wattage. Press the   
 “SELECT” key.  

 8. Using the up and down arrow keys, highlight the desired wattage. Press   
 the “SELECT” key to select the wattage and to return to the “Enter Method   
 Parameters” screen.

Note: General guidelines for 100% power are as follows:
 1 - 4 vessels: 400 watts
 5 - 10 vessels: 800 watts
 11-24 vessels: 1600 watts

Note: Based on the vessel type chosen for the method, the instrument will not 
accept pressures or temperatures higher than the maximum allowable parameters 
for the selected vessel. If a parameter higher than the maximum for the vessel is



entered, a “beep” will sound, and the entered parameter will not be stored. If no 
control is selected, the instrument will not accept pressures and temperatures. The 
maximum temperature for GlassChem control vessels is 180 °C. 

 9. Upon return to the “Enter Method Parameters” screen, the % power will be   
 highlighted. Using the numeric keypad, enter the desired power percentage   
 (generally 100%). Press the right arrow key to move to the next parameter.

ENTER METHOD PARAMETERS

Press Select to Change

STAGE

1 100 00:00 00:000000 000 0400 W

POWER
MAX      % CONTROL

RAMP PSI °C S HOLD

ENTER METHOD PARAMETERS

Press Select to Change

STAGE

1 100 02:00 00:000000 000 0400 W

POWER
MAX      % CONTROL

RAMP PSI °C S HOLD

 10. Ramp time. Using the numeric keypad, enter the time in minutes and   
 seconds as outlined in the “Student Microwave Synthesis Instrumentation   
 Manual.” Press the right arrow key to move to the next parameter.

ENTER METHOD PARAMETERS

Press Select to Change

STAGE

1 100 02:00 00:000200 000 0400 W

POWER
MAX      % CONTROL

RAMP PSI °C S HOLD

11.  Pressure limit. Though the pressure option is not available for the 
 GlassChem vessels, the instrument will prompt for a pressure parameter (use 
200 psi). During the method run, a value will not be displayed.
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ENTER METHOD PARAMETERS

Press Select to Change

STAGE

1 100 02:00 00:000200 125 0400 W

POWER
MAX      % CONTROL

RAMP PSI °C S HOLD

 12. Control temperature. Using the numeric keypad, enter the temperature   
 as outlined in the “Student Microwave Synthesis Instrumentation Manual.”   
 Press the right arrow key to advance to the next parameter.
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ENTER METHOD PARAMETERS

Press Select to Change

STAGE

1 100 02:00 00:000200 125 3400 W

POWER
MAX      % CONTROL

RAMP PSI °C S HOLD

 13. Stirring speed. Press the “SELECT” key to modify the stirring speed. A   
  small window will appear on the instrument screen with different stirring  
  speed options. Using the up and down arrow keys, select the appropriate   
  speed for the reaction. (Normally, use a stirring speed of 3, or “HI.”) Press  
  the “SELECT” key to select the stirrer speed and to return to the Enter   
  Method Parameters screen

ENTER METHOD PARAMETERS

Press Select to Change

STAGE

1 100 02:00 05:000200 125 3400 W

POWER
MAX      % CONTROL

RAMP PSI °C S HOLD

Note: For viscous and/or reactive samples, either low or medium stirrer speed 
should be selected. For samples with a viscosity similar to water, medium or high 
speed should be used. For inorganic samples, high speed should be used.

 14. Hold time. Using the numeric keypad, enter the time in minutes and seconds   
  as outlined in the “Student Microwave Synthesis Instrumentation Manual.”

 15. All of the method parameters have now been programmed into the   
  method. Press the “NEXT” key.

 16. The method can now be saved by using the up, down, left, or right arrow   
  keys to select (highlight) the first letter or number of the selected method   
  name. Press the “SELECT” key. Continue selecting the letters/ numbers of 
  the name and pressing the “SELECT” key for each letter/number (24   
  maximum) until the selected name is displayed on the screen.

 17. When the method name is complete, press the “NEXT” key. 

 18. The additional regent and/or method information will appear. This screen  
  is for optional sample information for the user. Follow the instructions in  
  the MARS OPERATION MANUAL, if additional information is desired.  
  Otherwise, press the “NEXT” key to return to the Home screen.

 19. The method should be displayed on the bottom line of the Main Menu.  
  Once the vessels have been loaded into the cavity, press the Start/Pause  
  key to begin the method.

For further instructions, refer to the MARS OPERATION MANUAL.
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Power Test

Note: Perform a power test prior to the start of each semester of microwave work 
or at any point during the semester when there is a question as to the amount of 
power being delivered to the samples.

Note: Ensure that the solvent sensor assembly is disconnected prior to performing 
any power test on the MARS system.

Use the following procedure to determine actual power output at 400, 800 and 
1600 watts.

1. Install the turntable in the microwave cavity.

2. With the main menu displayed, highlight “Load Method.” Press the   
  “SELECT” key. The “Directory Menu” screen will appear.

3. Use the arrow keys to highlight “CEM Directory.” Press the “SELECT”   
  key. The “CEM Menu” screen will appear.

 4. Use the arrow keys to highlight “400 W Power Test.” Press the “SELECT”  
  key to return to the Main Menu.

 5. Place 1000 mL of ambient temperature (18-22 °C) deionized water in a 
  1000-mL Teflon® or polypropylene beaker.

 6. Using a thermometer with 0.1 °C gradations, measure and record the 
  initial water temperature, Ti. Ensure that the thermometer is immersed to its   
  indicated immersion line prior to reading the temperature.

 7. Remove the thermometer from the beaker. Carefully place the beaker in   
  vessel #1 position on the turntable. Close the door gently to avoid spilling   
  any water.

 8. Press Start.

 9. At the end of the programmed time (2 minutes), remove the beaker from   
  the microwave cavity. Stir the water thoroughly for 30 seconds, then measure  
  and record the peak temperature reading. This is the final temperature, Tf.

The microwave power output is calculated as follows:
Power in Watts = 47 (Tf – Ti)

  If the measured power is below 340 W, repeat the microwave power   
  measurement.

  If the power remains less than 340 W, the instrument is not producing   
  adequate microwave power at the 400 W selection.

 10. Repeat steps 2 through 9 for the 800 W and 1600 W power tests.

  For the 800 W power test:
  a. If the measured power is below 680 W, repeat the power measurement. 
  b. If the power remains less than 680 W, the instrument is not producing   
   adequate microwave power at the 800 W selection.

  For the 1600 W power test:
  a. If the measured power is below 1360 W, repeat the power measurement. 
  b. If the power remains less than 1360 W, the instrument is not producing   
  adequate microwave power at the 1600 W selection.

If the instrument is not producing sufficient wattage, refer to the “Troubleshooting 
Guide” in the MARS OPERATION MANUAL.
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2. Using the arrow keys, highlight “Select Sensor.” Press the “SELECT” key.

Solvent Sensor

Note: The solvent sensor requires reactivation each time the microwave is turned 
on. Follow the instructions below to turn the solvent sensor on.

1. From the Main Menu, press the “SETUP” key to access the “MARS Setup   
  Menu.”

CEM Method Menu

‘Start’ Current Method:
XXXXXXXX

Edit/Create 
Method

Load
Method

MARS Setup Menu

DELETE METHOD
SYSTEM VARIABLES
SELECT SENSOR
PRINTER SETUP

COMM PORT SETUP
INFORMATION
SYSTEM HISTORY
SELECT LANGUAGE

Select Sensor

PRESSURE
SENSOR

SOLVENT
SENSOR

TEMPERATURE
SENSOR

 3. Using the arrow keys, highlight “Solvent Sensor.” Press the “SELECT” key   
  to toggle between “on” and “off.” The default setting on power-up for the   
  solvent sensor is “Off.” Each time the instrument is turned off and back on,  
  the solvent sensor is “Off.” 

 4. If necessary, see the MARS OPERATION MANUAL for instructions on   
  calibrating the solvent sensor.

 
Maintenance

 1. Perform a power test on the system prior to beginning each semester.

 2. Ensure that the cavity is clean and clear of debris prior to each class.

 3. When attaching the pressure and temperature sensors, ensure that the values   
  are appropriate. If they do not appear to be reasonable (room temperature  
  and no pressure), refer to the MARS OPERATION MANUAL for calibrating   
  the temperature and/or pressure.
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Supplemental Information for Experiments
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Instructor Supplement to Experiment 1

Nucleophilic aromatic substitution

Materials list

MARS unit:     Discover unit:
GlassChem reaction vessel assembly  10-mL reaction vessel & cap 
stir bar      stir bar
vacuum filter flask    vacuum filter flask
Hirsch/Büchner funnel    Hirsch/Büchner funnel
filter paper     filter paper
NMR tube     NMR tube
clay plate     clay plate
ice bath      ice bath

Chemicals list:

The list includes chemicals needed for a class of 12 students: 4 students per nucleophile.

Product information:

The reported IR spectrum was collected using a Perkin Elmer Spectrum One in reflectance mode. The 1H and 13C 
NMRs were collected using a 300 MHz JEOL NMR spectrometer in CDCl3.

Note: When only one yield is listed, the yields for performing the reaction in both instruments were very similar.
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Instructor Supplement to Experiment 2

Esterification

Materials list

MARS unit:     Discover unit:
GlassChem reaction vessel    10-mL reaction vessel & cap 
stir bar      stir bar
separatory funnel    separatory funnel
round-bottom flask    round-bottom flask
Erlenmeyer flask (2)    Erlenmeyer flask (2)
NMR tube     NMR tube 
       

Chemicals list:
The list includes chemicals needed for a class of 12 students: 4 students per alcohol.

Product information:

The reported IR spectrum was collected using a Perkin Elmer Spectrum One in reflectance mode. The 1H and 13C 
NMRs were collected using a 300 MHz JEOL NMR spectrometer in CDCl3.

Note: When only one yield is listed, the yields for performing the reaction in both instruments were very similar.
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Instructor Supplement to Experiment 3

Diels-Alder reaction

Materials list

MARS unit:     Discover unit:
GlassChem reaction vessel assembly  10-mL reaction vessel & cap
stir bar      stir bar
separatory funnel    round-bottom flask
round-bottom flask    NMR tube
Erlenmeyer flask    
clay plate      
NMR tube      
      

Chemicals list:
The list includes chemicals needed for a class of 12 students: 6 students per reaction.

* Use only with dimethyl fumarate.

Product information:

The reported IR spectrum was collected using a Perkin Elmer Spectrum One in reflectance mode. The 1H and 13C 
NMRs were collected using a 300 MHz JEOL NMR spectrometer in CDCl3.
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Instructor Supplement to Experiment 4

Suzuki coupling

Materials list

MARS unit:     Discover unit:
GlassChem reaction vessel assembly  10-mL reaction vessel & cap 
stir bar      stir bar
separatory funnel    separatory funnel
round-bottom flask    round-bottom flask
Erlenmeyer flask    Erlenmeyer flask 
NMR tube     NMR tube 
      

Chemicals list:

The list includes chemicals needed for a class of 12 students: 4 students per aryl halide.

Product information:

The reported IR spectrum was collected using a Perkin Elmer Spectrum One in reflectance mode. The 1H and 13C 
NMRs were collected using a 300 MHz JEOL NMR spectrometer in CDCl3.

Note: When only one yield is listed, the yields for performing the reaction in both instruments were very similar.
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Instructor Supplement to Experiment 5

Williamson ether synthesis

Materials list

MARS unit:     Discover unit:
GlassChem reaction vessel assembly  10-mL reaction vessel & cap
stir bar      stir bar
separatory funnel    separatory funnel
round-bottom flask    round-bottom flask
Erlenmeyer flask    Erlenmeyer flask
NMR tube     NMR tube 
      

Chemicals list:

The list includes chemicals needed for a class of 12 students.

Product information:

Note: When only one yield is listed, the yields for performing the reaction in both instruments were very similar.

The reported IR spectrum was collected using a Perkin Elmer Spectrum One in reflectance mode. The 1H and 13C 
NMRs were collected using a 300 MHz JEOL NMR spectrometer in CDCl3.
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Instructor Supplement to Experiment 6

Intramolecular aldol condensation

Materials list

MARS unit:     Discover unit:
GlassChem reaction vessel assembly  10-mL reaction vessel & cap
stir bar      stir bar
Erlenmeyer flask    Erlenmeyer flask
NMR tube     Separatory funnel
Separatory funnel    NMR tube
Round bottom flask    Round bottom flask
     
      

Chemicals list:

The list includes chemicals needed for a class of 12 students.

The reported IR spectrum was collected using a Perkin Elmer Spectrum One in reflectance mode. The 1H and 13C 
NMRs were collected using a 300 MHz JEOL NMR spectrometer in CDCl3.

* Used as TLC solvent: 50% ethyl acetate/hexane.

Note: When only one yield is listed, the yields for performing the reaction in both instruments were very similar.
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Instructor Supplement to Experiment 7

Hydrolysis of a nitrile

Materials list

MARS unit:     Discover unit:
GlassChem reaction vessel assembly  10-mL reaction vessel & cap
stir bar      stir bar
Erlenmeyer flask    Erlenmeyer flask
NMR tube     NMR tube
pH paper     pH paper
vacuum filter flask    vacuum filter flask
clay plate     clay plate
Hirsch/Büchner funnel    Hirsch/Büchner funnel
filter paper     filter paper
ice bath      ice bath

Chemicals list:

The list includes chemicals needed for a class of 12 students.

Product information:

Note: When only one yield is listed, the yields for performing the reaction in both instruments were very similar.

The reported IR spectrum was collected using a Perkin Elmer Spectrum One in reflectance mode. The 1H and 13C 
NMRs were collected using a 300 MHz JEOL NMR spectrometer in CDCl3.
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Instructor Supplement to Experiment 8

Synthesis of trans-cinnamic acid:
Microwave-promoted Knoevenagel condensation

Materials list

MARS unit:     Discover unit:
round-bottom flask    round-bottom flask
reflux condenser and extender   reflux condenser
magnetic stir bar    magnetic stir bar
Erlenmeyer flask    Erlenmeyer flask 
pH paper     pH paper
Hirsch/Büchner funnel    Hirsch/Büchner funnel
filter paper     filter paper
vacuum filter flask    vacuum filter flask
clay plate     clay plate
NMR tube     NMR tube      

Chemicals list:

The list includes chemicals needed for a class of 12 students.

Product information:

The reported IR spectrum was collected using a Perkin Elmer Spectrum One in reflectance mode. The 1H and 13C 
NMRs were collected using a 300 MHz JEOL NMR spectrometer in CDCl3.
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Instructor Supplement to Experiment 9

Synthesis of 2,3-dibromo-3-phenylpropanoic acid:
Bromination of trans-cinnamic acid

Materials list

MARS unit:     Discover unit:
GlassChem reaction vessel assembly  10-mL reaction vessel & cap
stir bar      stir bar
50- mL Erlenmeyer flask   50- mL Erlenmeyer flask
ice bath      ice bath 
vacuum filter flask    vacuum filter flask
Hirsch/Büchner funnel    Hirsch/Büchner funnel
filter paper     filter paper
clay plate     clay plate
NMR tube     NMR tube
     

Chemicals list:

The list includes chemicals needed for a class of 12 students.

* Trans-cinnamic acid from Experiment 8 can be used, or it can be purchased from commercial sources.

Product information:

The reported IR spectrum was collected using a Perkin Elmer Spectrum One in reflectance mode. The 1H and 13C 
NMRs were collected using a 300 MHz JEOL NMR spectrometer in CDCl3.

Note: When only one yield is listed, the yields for performing the reaction in both instruments were very similar.
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Instructor Supplement to Experiment 10
Synthesis of 1-bromo-2-phenylethene:

Elimination

Materials list

MARS unit:     Discover unit:
GlassChem reaction vessel assembly  10-mL reaction vessel & cap
magnetic stir bar    magnetic stir bar
separatory funnel     separatory funnel
Erlenmeyer flask    Erlenmeyer flask 
round-bottom flask (2)    round-bottom flask (2)
NMR tube     NMR tube
      
      
Chemicals list for reaction in acetone:
The list includes chemicals needed for a class of 12 students.

Chemicals list for reaction in water:
The list includes chemicals needed for a class of 12 students.

Note: Erythro-2,3-dibromo-3-phenylpropanoic acid from Experiment 9 can be used or it can be purchased from commercial sources.

* Used as TLC solvent: 10% ethyl acetate/hexane.
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Product information:

The reported IR spectrum was collected using a Perkin Elmer Spectrum One in reflectance mode. The 1H and 13C 
NMRs were collected using a 300 MHz JEOL NMR spectrometer in CDCl3.

Note: When only one yield is listed, the yields for performing the reaction in both instruments were very similar.
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Instructor Supplement to Experiment 11
Preparation of stilbene from 1-bromo-2-phenylethene

Materials list

MARS unit:     Discover unit:
GlassChem reaction vessel assembly  10-mL reaction vessel & cap
magnetic stir bar    magnetic stir bar
separatory funnel     separatory funnel
round-bottom flask    round-bottom flask 
NMR tube     NMR tube
Erlenmeyer flask    Erlenmeyer flask 
     
      
Chemicals list:
The list includes chemicals needed for a class of 12 students.

Product information:

The reported IR spectrum was collected using a Perkin Elmer Spectrum One in reflectance mode. The 1H and 13C 
NMRs were collected using a 300 MHz JEOL NMR spectrometer in CDCl3.

Note: When only one yield is listed, the yields for performing the reaction  in both instruments were very similar.
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