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In their simplest forms, medicinal chem-
istry and drug development rely on
basic organic synthesis techniques—

reactions that have remained largely
unchanged since chemists like Suzuki,
Heck, and Biginelli performed their first
simple phase separations. But as with any
chemical synthesis, achieving high yields
in reasonable reaction times remains a
distinct challenge in the formulation of
new compounds. Heat can be a chemist’s
friend in this respect, but even here prob-
lems can appear. Some organic constituents
can be highly unstable at high tempera-
tures, and uneven heating can lead to unde-
sired side products. Thus, chemists contin-
ue to search for a safer and better way of
performing efficient reactions.

Most people reading this article have
no doubt used a microwave oven to prepare
food, so it is no great leap of logic to
suppose that the same energy used to
heat a bowl of soup could be harnessed for
microwave-assisted organic synthesis
(MAOS) reactions. But how does the heat-
ing occur, and what advantages does it offer
over conventional heating methods such
as oil baths?

Microwave Mayhem
When dipolar molecules are exposed to an
electrical field, they align with the field.
When the field oscillates—approximately
5 × 109 times per second in a standard
microwave oven—the molecules realign
themselves. As the molecules align and
realign, they generate molecular friction,
which results in heat. Because this heating
is generated from within the sample, the
reactants experience fewer hot spots than
they would in an immersion bath, where
the walls of the reaction vessels are warmer
than their cores (Figure 1). This homoge-
neous heating allows the reaction temper-
ature to rise quickly (up to 10 °C/s) and
minimizes the generation of side products.

Over the past few years, there has
been some speculation as to whether the
energy of the actual microwave photons
has any effect on the reaction itself, in some
way altering the molecular structures of
the reactants. Recent studies, however, have

shown this not to be the case, and it is
generally believed that the low energy of
the microwave photons (on the order of
0.03 kcal/mol) is insufficient to perturb
the typical binding energies of chemical
bonds (80–120 kcal/mol).

Multimode vs Monomode
Two types of MAOS reactors are avail-
able: multimode units and monomode
units. The multimode unit is best typi-
fied by the standard kitchen microwave
oven. Although this unit is relatively inex-
pensive, the distribution of the electric
field is heterogeneous, leading to the
formation of hot spots in the chamber.
Also, because it is difficult to set the
temperature in such a unit, reaction repro-
ducibility is poor. To some extent, this
problem is offset through the use of built-
in magnetic stirrers, which distribute
the heat energy.

In the monomode unit, however, the
electromagnetic energy is focused by a wave-
guide, which leads to a more homogeneous
distribution of the energy in the chamber.
Thus, by using fiber-optic probes, infrared
sensors, or even a digital thermometer
and software, the MAOS reactor operator
can regulate the reaction temperature and
pressure. Generally, monomode units can
only accommodate a single reaction vessel
per experiment, but according to Oliver
Kappe, a researcher at Karl-Franzens-Univer-
sity Graz (www.maos.net), integrated robot-
ics systems can be used to move various
reaction vessels in and out of the microwave
cavity (1). But this type of reaction control
isn’t without expense.

Although MAOS units, like that recent-
ly introduced by CEM Corp. (www.cem.
com), sell for as little as $10,000, many of
the standard microwave reactors can cost
significantly more. “[This cost] is beyond
the buying power of many laboratories,”
says Kappe. But he argues that the tech-
nology is worth the expense.

“Although the initial investment costs
are considerable, the dramatically increased
efficiency of the microwave approach allows
a return of investment in a short time span,”
he continues. “This has prompted several
pharmaceutical companies to install multi-
ple microwave reactors in their R&D labo-
ratories, in some cases even eliminating
oil baths and heating mantels from their
laboratories.”

Solution-Phase Solutions
Historically, MAOS has had its greatest
successes in solution-phase synthesis, and
the literature is rife with examples of how
microwave energy has enhanced the yield
and completion of reactions ranging
from Suzuki and Heck couplings to Biginel-
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Figure 1. The heat is on. (A) Microwaves heat
an organic reaction sample more evenly than (B)
the conventional heating mantel or oil bath, reduc-
ing reaction hot spots that might trigger the
formation of side products. (Adapted with permis-
sion from Ref. 3.)
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li condensations (Table 1, 2). These solu-
tion-phase reactions have become so
routine that companies such as Personal
Chemistry (www.personalchemistry.com),
with its Coherent Synthesis process, have
developed prepackaged organic chemistry
kits that work with its MAOS units.

MAOS also offers researchers an oppor-
tunity to work in a more environmental-
ly friendly manner by performing high-
er-efficiency reactions that use fewer (and
often safer) reagents. For example, Yong-
Qiang Tu and colleagues at Lanxhou
University (www.lzu.edu.cn) recently
showed that MOAS techniques could be
used to facilitate the direct amination of
aryl halides in the absence of a transition-
metal catalyst (3). The elimination of the
metal is yet another feather in the cap of
the “greenness” of MAOS—a further sign
that such reactions can be performed with
fewer compounds that might harm the
environment.

But regardless of whether the reactions
are mediated by microwaves, the key chal-
lenges of solution-phase synthesis remain:
scavenging side products and purifying the
final product. In traditional combinator-
ial chemistry, these problems were largely
addressed with a move to solid-phase
synthesis.

Solid-Phase Results
Several methods are available to researchers
who want to perform MAOS in the solid
phase. Researchers can impregnate a solid
support that absorbs microwave energy,

such as silica, clay, or alumina, with the
reaction mixture in solvent, and then allow
the solvent to evaporate. The dry samples
can then be irradiated with microwaves and
the product extracted with a second solvent
for further analysis by HPLC or SPE. As
described in a recent review (4 ), this method
was used to great effect in a 96-well plate
setting for the synthesis of a library of pyri-
dine compounds.

Alternatively, researchers can use a
phase-transfer catalyst such as medium- to
high-molecular-weight polyethylene glycol
(PEG), which is a solid at room temper-
ature but melts upon heating to 50 °C.
During MAOS operation, compounds
conjugated to PEG are free to react in solu-
tion, but when the microwave system is
stopped, the PEG-bound products solid-
ify out of solution, making them easier
to separate from the rest of the reaction.
Using such a mechanism, researchers have
performed reactions ranging from benzoate
esterification to α-amino acid synthesis.

Of course, MAOS methods are not
limited to the realm of combinatorial
and medicinal chemistry.

Peptide Synthesis
Ironically, one recent application is based
on one of the earliest uses of MAOS. Solid-
phase peptide synthesis was first described
by Bruce Merrifield in the early 1960s and
has been the standard process ever since.
Unfortunately, for all of the developments
in process automation, many of the orig-
inal problems of lengthy reaction times

(several hours to days), sample aggrega-
tion, premature peptide chain termina-
tion, and steric hinderance from protect-
ing groups remain.

In 1992, however, Hui-Ming Yu and
colleagues at Academia Sinica (www.sinica.
edu.tw) and the National Taiwan Univer-
sity (www.ntu.edu.tw) used microwave
irradiation to show that it was possible
to attach FMOC-amino acids to a glycine
moiety bound to resin more efficiently
than by using traditional methods (5 ).
The microwave-enhanced methods even
worked with the technically challenging
β-branched amino acids such as valine
and isoleucine and showed no racemiza-
tion. But despite these early successes, the
focus of MAOS shifted to the synthesis
of small molecules.

Recently, however, the area of peptide
synthesis and MAOS has seen a renais-
sance, and at the 2003 American Peptide
Symposium in Boston, Jonathan Collins
and colleagues at CEM described their
efforts to perform microwave-enhanced
solid-phase peptide synthesis using the
company’s Discover platform (6 ). Specif-
ically, they synthesized an acyl carrier
peptide on glycine-functionalized Wang
resin with 60-s deprotection and 90-s
coupling reactions. They also generated a
challenging hydrophobic deca-alanine
peptide using slightly longer deprotec-
tion and coupling reaction times. Using
reversed-phase HPLC and either ion trap
or ESI-MS to detect and analyze their reac-
tion products, the researchers found that

Reaction Example Conventional MAOS

Time Yield Time Yield

Biginelli condensation 12–14 h 15–60% 5 min 60–90%

Heck coupling 20 h 68% 3 min 68%

Mitsunobu reaction 18 h 65% 5 min 78%

Sonogashira coupling 12 h 80% 25 min 97%

Table 1. A Numbers Game
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their reactions went to completion in less
than 2 h and generated a single product.

Technical Developments
Besides speeding up reaction chemistry,
many of the recent developments in
MAOS have been on the instrumentation
side—usually the result of researchers trying
to solve some of the technical challenges.
One such problem is scalability. To date,
most MAOS reactions have been small

in scale (milliliters) and yield (grams). To
move beyond this scale, however,
researchers will have to overcome the inabil-
ity of microwave energy to penetrate much
beyond the outer few centimeters of the
reaction vessel.

To address this problem, Kappe and
colleagues decided that rather than simply
increase the volume of a single reaction,
they would increase the number of reac-
tion vessels in a single apparatus (7 ). 

They developed a multimode system
composed of 8 reaction chambers (~60
mL each) in a 1400-W microwave system
with magnetic stirring and on-line temper-
ature and pressure control. In testing a vari-
ety of reaction chemistries—multicom-
ponent reactions, solid-phase reactions,
metal-catalyzed couplings—with a range
of solvents, catalysts, and reaction times
and temperatures, the researchers found
that the results of their large-scale experi-
ments were roughly equivalent to their
small-scale counterparts under the same
conditions, both in overall yield and
reaction completion.

Another relatively recent develop-
ment in MAOS hardware is the ability to
perform reactions in a continuous flow
mode. Typically, the reactants pass through
tubing that itself passes through the
microwave chamber and then into a prod-
uct container. By varying the flow speed
and volume of the reactants through the
tubing, researchers can optimize the yield
of the reactions. One example of this
type of system is the Voyager instrument
from CEM. Similarly, Milestone, Inc.
(www.milestonesci.com), will be introduc-
ing its Pilot 4000 labstation, designed for
kilogram-level production.

The Bottom Line
Ultimately, the degree to which the phar-
maceutical community accepts MAOS will
largely depend on the breadth of its appli-
cations, beyond small-molecule reactions
to roles in genomics and proteomics. Oliv-
er Kappe is confident. “In 5 to 10 years,
we are probably going to see a microwave
reactor in every academic and industrial
laboratory,” enthuses Kappe (1). “They
will truly become the Bunsen burner of
the 21st century.”
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