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1. Introduction

Microwave technology has become very important in synthesis
and it is reasonable to assert that there are now very few areas of
synthetic organic chemistry that have not been shown to be
enhanced using microwave heating. It has become recognised that
many chemical reactions, which require heating are likely to pro-
ceed more rapidly using this different form of heating. In 1995 one
of us wrote an article, which provided an overview of the area and
since that time it has become clear that organic synthesis has
greatly benefited from the development of microwave technology.1

In this article we present a new overview of the area and include
selected highlights of the innovative ways in which synthetic
All rights reserved.
chemists utilise microwaves to achieve fast, clean and high-yielding
transformations. The impact has been dramatic and now
microwave heating is used to add value to synthetic trans-
formations in undergraduate programmes,2–4 in facilitating rapid
discovery in medicinal chemistry5–9 and of course in mainstream
organic synthesis. Moreover, it is also finding utility in other areas
such as nanoparticle synthesis10 and PCR.11,12 Part of the reason for
the successful uptake has been the development of newer and more
readily available instruments, which can allow microwave heating
to be achieved in a controlled manner. The area is still burgeoning
and this is in no small part due to the positive interaction between
suppliers of microwave equipment and the research community.

The principles of microwave dielectric heating have been
described on numerous occasions in books and review articles, and
so for detailed description the reader is referred elsewhere.13,14

Despite this, it is still occasionally found that the misconception

mailto:s.caddick@ucl.ac.uk
www.sciencedirect.com/science/journal/00404020
http://www.elsevier.com/locate/tet
www.sciencedirect.com/science/journal/00404020
http://www.elsevier.com/locate/tet


PhSO2Cl
FeCl3

300 W, MW
45 s

PhO2S

95%

Scheme 4.

S. Caddick, R. Fitzmaurice / Tetrahedron 65 (2009) 3325–33553326
that specific bonds can be activated using microwave heating
persists. Microwave dielectric heating is a bulk effect and the
heating is a consequence of dielectric loss. Thus, if one or more
species in the reaction mixture has a permanent dipole then di-
electric heating by irradiation with microwave energy, at 2.45 GHz,
will be possible. Hence, solvents such as methanol, DMF, acetonitrile,
ethyl acetate and water are commonly employed in microwave en-
hanced reactions. Hexane, and similar solvents, containing no dipole
do not couple with microwave energy and in order for microwave
dielectric heating to be successful another reaction component must
contain a dipole. It should be noted that in the majority, if not all,
cases the nature of the microwave enhancement can be directly at-
tributed to a heating effect. However, it would be remiss not to note
that there is a view that there may be other non-thermal microwave
effects, although in recent years the numbers of such claims have
diminished. However, there have been a number of useful articles,
which discuss this topic at length and the reader is directed to those
for a detailed discussion of the non-thermal effects.15,16 Despite the
interesting nature of some of the observations, it is still the case that
non-thermal microwave effects, if they exist, are not widely un-
derstood.17,18 Certainly not, to date, to such an extent to provide
a platform for generic synthetic methodologies.19 It is of course
important to understand the potential role of non-classical effects,
such as heterogeneity, especially when consideration is given to
scale-up of microwave-mediated processes.14,20–25

It is clear that microwave chemistry can provide access to syn-
thetic transformations, which may be prohibitively long or low
yielding using conventional heating.26 Moreover, there have been
numerous technical developments in terms of instrumentation,
which allows microwave heating with cooling, bespoke peptide
synthesisers, and instruments, which allow larger scale reflux con-
ditions. In addition, the academic community has been actively en-
gaged in technological developments and in particular there has been
intense activity directed towards the development of reactors to allow
continuous flow. For example Bagley and Wood describe a simple
microreactor and demonstrate its utility with substitution, Fisher
indole and Bohlmann–Rahtz reactions.27 Other contributions from
Wilson,28 Haswell,29,30 Sahle-Demessie,31 Kappe,32 Kappe and
Kunz,33 Organ,34–37 Leadbeater,38 and Ley39 have all provided im-
portant developments in reactor design for continuous-flow pro-
cesses. Another area of technical development has been reported by
Kappe40,41 involving the development of bespoke silicon carbide
microtitre plates, which can be used to carry out 48 reactions at a time.
The plate itself couples with microwaves and therefore reactions
containing no dipolar materials can be carried out at up to 20 bar.

In the area of reaction monitoring, Leadbeater42,43 and Stone-E-
lander44 have made some important contributions and Leadbeater
has examined the integration of UV, IR and Raman spectroscopy with
microwave instruments and, most recently, examining macroscopic
effects by utilisation of a digital camera.45 Leadbeater has also been
interested in examining the benefits of multimode versus monomode,
which is now available due to developments in instrumentation.46

It has been known for some years that microwave heating can pro-
vide an excellent basis for the development of high quality preparation
of analytical samples and Colmsjo has described the development of an
apparatus for microwave enhanced dynamic extraction.47 The protocol
appears straightforward and provides similar efficiencies to conven-
tional Soxhlet extraction, but in a much reduced time.

The growing importance of water as a solvent for organic
transformations is particularly noteworthy and, given the high
temperatures that can be achieved very rapidly under microwave
heating, it is unsurprising that many microwave enhanced pro-
tocols utilise water as an alternative and preferable solvent to many
more conventional organic transformations.48,49 More specific ex-
amples of the use of water as a solvent in microwave enhanced
reactions will be seen throughout the article.
It should also be noted that over the years a number of general and
specific review articles have been published and these have been
valuable in promoting the area.13,48,50–53 In this article, rather than
attempting to provide an exhaustive treatment, we will focus on
highlighting a few key examples of microwave enhanced reactions in
the myriad areas of synthesis, which have now been studied.
2. General synthetic transformations

Although solvent-free reactions have been utilised for a long
time,54 it was found that microwave heating offers possibilities to
extend and enhance such processes.55,56 This has been a continuing
area for development in recent years and Varma and Namboodiri
have, for example, shown that a microwave-enhanced solvent-free
approach can be used to make ionic liquids.57 Seijas has recently
described a route to functionalised flavones under microwave en-
hanced solvent-free conditions (Scheme 1).58 Thus treatment of
phloroglucinol with a-keto-esters leads directly to flavones in a few
minutes and in good overall yields and this method provides a very
nice complement to other methodologies for preparing this impor-
tant class of compound. Wang has described a microwave-enhanced
solvent-free approach to b-hydroxy nitro compounds via a Lewis
acid mediated Henry reaction (Scheme 2).59 Lee has described a two-
step method for the synthesis of a-halo-carbonyls by a-keto-tosy-
lation using Koser’s reagent, [hydroxy(tosyloxy)iodo]benzene
(HTIB), and then conversion into the halo-compound using MgX2

(Scheme 3).60 Both reactions are very rapid and the reaction appears
to be applicable to iodides, bromides and chlorides.
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In the area of electrophilic aromatic substitution, Dubac and co-
workers have described a solvent-free sulfonation of aromatics under
microwave heating conditions (Scheme 4).61 Thus, using benzene-
sulfonyl chloride and FeCl3, m-xylylene underwent smooth sulfona-
tion with 45 s of microwave heating to give the desired product.
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One of the early observations made was the enhancement of
condensation reactions under microwave heating. It is likely that
many of the advantages can be attributed to the ability of micro-
wave heating to drive the reaction to completion by heating of the
generated water. In a very simple, but important, practical example
of this type of reaction Turnbull described the use of a microwave
enhanced imine formation as a method for attachment of carbo-
hydrates and amine containing labels and surfaces.62 Bagley has, in
a series of papers, described the synthesis of pyridines and py-
rimidines using microwave enhanced sequences involving con-
densation reactions (Scheme 5).63–65 In the synthesis of pyrroles
and furans, microwave heating has enabled Taddei to enhance the
Paal–Knorr synthesis (Scheme 6).66
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Imidazole synthesis has been improved utilising microwave
heating and in two recent contributions the groups of Wolken-
berg67 and Combs68 have developed two distinct microwave en-
hanced approaches to this important class of compounds (Scheme
7). Wolkenberg’s approach utilises the condensation of an aldehyde
with a 1,2-diketone and ammonium acetate in acetic acid at high
temperature. Combs’ approach relies on the microwave-assisted
deoxygenation of an N-hydroxyimidazole (Scheme 8).
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Ley has recently described a microwave enhanced indole syn-
thesis based on the Leimgruber–Batcho synthesis (Scheme 9).69

Thus, microwave irradiation provided a very practical approach to
the required enamines, which could then undergo reductive cyc-
lisation under standard or microwave-mediated conditions.
In a very nice example of heterocycle formation, Seijas reported
the use of Lawesson’s reagent to convert benzoic acids into benzox-
azoles and benzothiazoles in a single step (Scheme 10).70 The re-
actions proceed very well in a few minutes of microwave heating at
190 �C and these are carried out under open vessel conditions. An-
other nice example of heterocycle synthesis is described by Ley using
a microwave induced trimerisation of nitriles to give pyrimidines in
a single step (Scheme 11).71 The protocol requires the use of potas-
sium tert-butoxide and the nitrile is heated neat at 165 �C. It is notable
that the process can be carried out on reasonable scale and so is ideal
for production of monomer building blocks.
Lambert has described the synthesis of benzhydryl-phenyl ureas
using a microwave-mediated rearrangement process in an open
system (Scheme 12).72 Treatment of a 1,2-diketone with a urea led
to the isolation of a substituted urea via benzyl rearrangement
followed by decarboxylation.
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Orru73 first and more recently Ferroud74 have reported that car-
boxylic acids and amines undergo coupling directly and in the ab-
sence of any reagent at elevated temperatures (Scheme 13). Whilst
the transformation has been described previously, it would appear
that in this case a much wider range of amines can be coupled, in-
cluding amino acids. A key to success appears to be the use of very
high temperature, >200 �C, and Orru reports impressive yields.
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In synthetic aromatic chemistry there have been numerous con-
tributions describing the potential value and importance of using
microwave irradiation. Shackelford and co-workers have described
the use of a microwave enhanced nitration protocol, which uses
tetramethylammonium nitrate and trifluoromethanesulfonic acid
(Scheme 14).75 This reagent system generates nitronium triflate and
allows the rapid and high-yielding nitration of aromatics and hetero-
aromatics to be achieved on reasonable scale and with very simple
aqueous work-up required to give analytically pure material.
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Ganesan and Srinivasan have described the microwave en-
hanced Pictet–Spengler reaction, which is used for the rapid Lewis
acid catalysed synthesis of tetrahydro-b-carbolines (Scheme 15).76
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Moseley has reported the use of microwave heating to enhance the
Newman–Kwart rearrangement, which is an excellent method for the
preparation of 2-thiocarbamates from O-thiocarbamates (Scheme
16).77,78 The authors describe a detailed optimisation protocol, which
allows them to demonstrate that, in contrast to previous reports, it is
possible to optimise reactions at lower temperatures even for some
apparently more difficult classes of substrate.
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Microwave heating has long been known as an excellent
method for improving the scope of substitution reactions and this
has continued to be a valuable development. Thanh has shown the
use of a microwave enhanced method for the preparation of ionic
liquids (Scheme 17).79 Although there are a number of reports on
the use of microwave heating for the synthesis of ionic liquids,
this report focuses on preparation of chiral variants from (�)-N-
methylephedrine and the ability to N-alkylate under microwave
conditions is an important part of the overall sequence. Shieh and
co-workers report an interesting O- or N- methylation protocol
utilising DBU (Scheme 18).80 Thus, phenols, indoles or benzimid-
azoles could be readily methylated using dimethyl carbonate in
good to excellent yields with microwave heating at 160 �C.
Given the renewed popularity of azides, particularly in cyclo-
addition chemistry, there is interest in simplified methods for their
production. Varma reported a very convenient synthesis of azides
from tosylates, chlorides and bromides under aqueous conditions
(Scheme 19).81 The method can be extended to other displacement
processes, for example, to thiocyanates and sulfones.
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Epoxides are well established as good electrophiles and given
the large number of methods available for their preparation they
are attractive intermediates for organic synthesis. In a couple of
recent contributions it is noted that microwave irradiation can
provide a benefit to substitution reactions of epoxides. Flitsch de-
veloped an excellent microwave-mediated approach to amino-
propanols as anti-parasitic agents and the key part of the library
production was based around a smooth opening of an epoxide
(Scheme 20).82 Application to the asymmetric synthesis of ana-
logues is notable and this simple methodology allowed the group to
identify new anti-parasitic agents with promising levels of bi-
ological activity.
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Scheme 20.
In an alternative method, Jacobs reported the chromium–salen
catalysed opening of epoxides.83 The conventional methodology
provides a good route into enantiopure azido alcohols via desym-
metrisation or kinetic resolution and so the interest here is to de-
termine the effect of the microwave dielectric heating on the
stereoselectivity. It was confirmed that in addition to reducing the
reaction time these reactions could be carried out with equal effi-
ciency under microwave heating. This shows a real advantage over
conventional heating, which leads to an erosion of the observed
selectivity.

Pohl recently described the use of a microwave enhanced
cleavage of a Weinreb amide (Scheme 21).84 This is of particular
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note because of the value of Weinreb amides in synthesis and the
fact that the hydrolysis was unsuccessful under conventional
thermal conditions.
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The ubiquitous application of isonitriles in the Ugi and other
multi-component reactions provides an impetus for the de-
velopment of improved protocols for their synthesis. Thus, Porch-
eddu found that the dehydration of formamides could be readily
achieved using 2,4,6-trichloro[1,3,5]triazine (TCT) and this was
applicable to aliphatic and aromatic formamides (Scheme 22).85 An
appealing feature of these reactions is the ability to simply filter the
products and directly use the product isonitrile.
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Moving from isonitriles to nitriles, Ellman has described the
conversion of N-sulfinyl aldimines into nitriles (Scheme 23).86 After
describing an intramolecular self-condensation for the synthesis of
cyclopentanes, they described that the aldimines can readily un-
dergo elimination to give the corresponding nitriles with micro-
wave heating.
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Another nice example of a simple, but potentially valuable,
transformation was described by Larhed (Scheme 24).87 This work
provides an effective route to aryl triflates from alcohols using
a microwave enhanced triflation using N-phenyltriflimide and the
application to solid-phase synthesis is discussed.
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Caddick has reported a method for the selective benzoylation of
diols, which classically would require a stannane to derive selec-
tivity (Scheme 25).88 However, judicious choice of base achieved
selective benzoylation. The use of microwave heating is beneficial
in that it helps avoid prolonged heating, which was shown to be
detrimental to yield and selectivity.
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BzO
OH

88%

BzCl, NEt3, MeCN
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Scheme 25.
Scheidt has described a microwave enhanced cyclisation to
generate g-lactams and it is notable that, even with fairly sensitive
functionality, further undesirable reactions such as elimination
were not observed (Scheme 26).89
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Conjugate addition reactions have also been shown to benefit
from microwave heating. Zare has described the microwave en-
hanced conjugate addition of sulfonamides to a,b-unsaturated
esters using zinc oxide in ionic liquids (Scheme 27).90
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Scheme 27.
Oxidation reactions can be enhanced using microwave heating,
although care often has to be taken to avoid the hazards associated
with over-oxidation. In this arena, Sahle-Demessie reported olefin
epoxidation on magnesium aluminium hydroxide carbonate,
hydrotalcite, using hydrogen peroxide (Scheme 28).91 The use of
microwave heating was shown to have a very beneficial effect and
facilitated reactions in a few minutes, as opposed to hours under
conventional conditions.

hydrotalcite
-

H2O2, MeCN
nBu nBu

O 100%  480 W, MW, 3 min
57%    70 °C, thermal, 8 h

Scheme 28.
Bogdal has described the use of a microwave enhanced protocol
for modification of aromatic side chains (Scheme 29).92 Thus, using
the DuPont catalyst Magtrieve�, it is possible to oxidise a range of
aromatic compounds.
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90 min

O O

O

80%

Scheme 29.
Moving from oxidation to reduction, Bartoli and Marcantoni
have reported a simple and efficient method for the reduction of
azides to primary amines (Scheme 30).93 The method can be carried
out under conventional heating, 24 h, or microwave heating,
NH2N3

73%

NaI, CeCl3.7H2O, MeCN
100 °C, MW, 20 min

Scheme 30.
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20 min, but irrespective of the mode of heating both methods rely
on an excess of sodium iodide and CeCl3.

Vasudevan reported hydration of alkynes to give ketones
assisted by microwave heating (Scheme 31).94 This transformation,
originally mediated using gold catalysis, was found to proceed for
electron-rich aryls in excellent yields without any metal catalysis.
For electron-deficient examples the reaction was slow, but could be
promoted using 2 mol % AuBr3 without recourse to the more
commonly employed acidic conditions. In a particularly elegant
example of the work, the authors show alkyne hydration followed
by imine formation. Thus, treatment of an alkyne and an amine in
water leads to an imine directly.
H2O
200 °C, 20 min

H2O, 200 °C
MW, 20 min

MeO MeO
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MeO
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thermal 60%
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87%

MeO

Scheme 31.
In another very useful transformation, Larhed has described the
formation of ureas using Co2(CO)8 (Scheme 32).95 The reaction has
principally been used for the preparation of symmetrical ureas and
there is evidence to suggest that it proceeds via an isocyanate.
Successful application of this methodology to the synthesis of un-
symmetrical ureas requires 5:1 stoichiometry of the amine part-
ners. Unfortunately, even under these conditions the yields of
unsymmetrical products were only modest.
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Scheme 32.
Hon has recently described the a-methylenation of ketones
under microwave conditions (Scheme 33).96 The reaction, which
conventionally involves a very slow reaction even at reflux re-
quiring large excesses of CH2Br2 and Et2NH, can be reduced to less
than 30 min using microwave heating.

In a nice example of a microwave-mediated isomerisation,
Braddock described a microwave enhanced method for the iso-
merisation of paracyclophanes (Scheme 34).97 These species are
highly desirable and the present paper describes a very simple,
CH2Br2, Et2NH

CH2Cl2 
MW, 20 min

O O
O O

68%

Scheme 33.
practical and scalable method for the isomerisation of the 4,16
isomer into the 4,12 species.
3. Radical chemistry

A small but growing number of contributions are being made in
the area of microwave enhanced free-radical chemistry. There are
likely to be increasing contributions in the area of microwave en-
hanced free-radical polymerisation methods.98 However, in the
synthetic organic chemistry community there is a growing recog-
nition that radical chemistry can potentially benefit from micro-
wave heating. Studer has been particularly interested in developing
cleaner methods for carrying out free-radical chemistry (Scheme
35).99–101 He has focused on the exploitation of the persistent
radical effect and in a nice description of the approach that provides
examples of inter- and intramolecular radical reactions, which rely
on the homolytic cleavage of TEMPO derivatives. Because of the
stability of the TEMPO radical it can reversibly capture other in-
termediate radicals and allow useful chain processes to take place.
Microwave irradiation can significantly enhance both inter- and
intramolecular variants of this methodology, allowing them to be
carried out in minutes as opposed to days.
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Demonceau has reported the microwave enhanced radical
addition process mediated by ruthenium (Scheme 36).102 This
atom-transfer process is potentially synthetically useful but can be
prohibitively slow, since after 300 h heating products were only
isolated in 20% yield. However, after microwave heating for 5 h
a 60% yield was obtained.

6
6

Cl

Cl

Cl

59%

RuCl2(p-cymene)(PPh3)
DMF

160 °C, MW
5 h

Scheme 36.
Remaining with atom-transfer radical processes, Quayle has
reported a remarkable microwave induced benzannulation. Thus,
treatment of trichloroacetates with catalytic CuCl under microwave
conditions led to the isolation of a novel and unexpected arylation
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reaction.103 The reaction does require a reasonably long period of
irradiation, 2 h, and high temperatures but has been shown to be
general in terms of applicability with a number of interesting ex-
amples presented (Scheme 37). The authors speculate that the
mechanism involves an atom-transfer radical cyclisation followed
by spirocyclic b-lactone formation and retro [2þ2] cycloaddition
(Scheme 38).
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Parsons has further developed his phosphorus hydride medi-
ated method for cyclopentane formation using microwave heating
(Scheme 39).104 Thus, by appropriate choice of substituent it is
possible to promote phosphorus radical formation simply under
microwave heating conditions and in the absence of an initiator.
Given the significant difficulties that can be associated with initi-
ation processes in radical chemistry, this type of approach has the
potential to be generalised.
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In addition, Kilburn has reported microwave enhanced radical

cyclisations utilising isocyanides (Scheme 40).105 The overall
transformation is very appealing as it leads directly into function-
alised cyclic imines. The use of microwave heating reduces the
reaction time and increases the isolated yields.
Radical chemistry has been successfully transformed onto solid
phase and Fukase has described a microwave enhanced solid-phase
radical cyclisation to give indole derivatives (Scheme 41).106 Also,
Bowman has extended work on ipso substitution to the solid phase
and demonstrated the utility of microwave heating.107
4. Organocatalysis

Organocatalysis has recently emerged as a major methodology
for organic synthesis and there are examples of microwave en-
hanced protocols. For example, the groups of Yang108 and Yadav109

showed that the Stetter reaction can be enhanced under microwave
conditions using solvent-free or ionic liquid protocols (Scheme 42).
Of course, one of the most significant and important aspects of
organocatalysis relates to its ability to deliver enantiomerically
enriched compounds. Alexakis110 (Scheme 43) and Kappe111

(Scheme 44) have explored the impact of microwave energy on
asymmetric organocatalysed transformations and shown that there
are significant practical benefits associated with elevated
temperature.
More recently, Najera has shown the positive impact that mi-
crowave heating can have on bifunctional prolinamide catalysed
conjugate additions of ketones to unsaturated nitro compounds
(Scheme 45).112 In an unusual variant on the organocatalysis theme,
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Westermann has reported the use of dihydroxy acetone in the
diastereocontrolled organocatalytic Mannich-type reaction
(Scheme 46).113 In the latter cases the use of trifluoroethanol (TFE)
and microwave heating allowed the reduction of the reaction time
from 20 h to 5–15 min.
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In a final example in this section, Massi and Dondoni describe an
unusual organocatalytic reaction (Scheme 47).114 Thus, they dem-
onstrate that, using enamine catalysis under microwave irradiation,
it is possible to induce anomerisation in carbohydrate derived
aldehydes.
O
BnO

BnO
BnO

OBn

O

O
BnO

BnO
BnO

OBn

O

(S)-proline
MeOH

60 °C, 13 W 
MW, 1 h

95%

Scheme 47.
5. Cycloaddition

The benefit of microwave irradiation to a range of pericyclic
reactions has been known since the early days of the development
of this area.115 There has been considerable activity in this area in
recent years. For example, Brummond reported an interesting and
relatively unusual [2þ2] intramolecular cycloaddition between an
alkyne and an allene (Scheme 48).116 The reaction was optimised at
relatively high temperatures, 250 �C, and the use of an ionic liquid
as an additive was required to assist the dielectric heating. Under
these conditions the intramolecular cycloaddition was successfully
applied to a range of substrates.

More commonly, microwave radiation is used to assist or en-
hance Diels–Alder cycloadditions and as with the case in other
MePh
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15 min
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70%
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Scheme 48.
areas of microwave chemistry the combination of technologies can
be useful. For example, Kappe and van der Eycken have reported
the benefits associated with combining high pressure methods
with microwave chemistry, with the observation that pre-pres-
surisation of reaction vessels may offer significant benefits.117

Moreover, the use of microwave chemistry can help mediate re-
actions that are in some way more environmentally benign than
traditional methods.118

In an example of the use of microwave irradiation to mediate an
unusual inverse-demand cycloaddition, Schubert described an in-
teresting investigation into cycloadditions of tetrazines with al-
kenes and alkynes (Scheme 49).119 The desired reactions work very
well under microwave conditions. However, what is particularly
notable is the finding that tetrazines react with aldehydes and
ketones. The products are derived from reaction of the tetrazine
with the enol tautomer of the aldehyde or ketone. Although the
yields are not uniformly excellent this is a very appealing potential
route to pyridazines derived from formal cycloaddition of gaseous
dienophiles.
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Ley has reported a microwave enhanced trimerisation metho
dology based on alkynes (Scheme 50).120 Thus, appropriately
substituted triynes can undergo a much improved cyclo-
trimerisation using microwave heating.
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Scheme 50.
Solid-phase variations of microwave enhanced cycloaddition
chemistry have also emerged in recent times. For example, van der
Eycken reports the use of immobilised pyrazinones with dien-
ophiles.121 In general the cycloaddition/retrocycloaddition re-
actions are clearly shown to benefit from microwave heating
conditions and the application of the method to a traceless metho-
dology augurs well for the implementation of this approach into
medicinal chemistry programmes.

In a somewhat different approach, Diaz-Ortiz and Prieto
reported the use of a solvent-free cycloaddition between a 1,2,3-
triazole and an alkyne (Scheme 51).122 The reaction requires high
temperature and employs silica-bound Lewis acids, the extrusion of
a nitrile leading to substituted pyrazoles in moderate to excellent
yields.
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Dai has recently reported the development of a microwave en-
hanced tandem Wittig/Diels–Alder reaction, which exhibits sig-
nificant rate enhancement upon microwave heating. However,
some loss of some selectivity in the Wittig step is observed at
elevated temperatures (Scheme 52).123
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There has been a particularly high level of activity in the area of
microwave enhanced [3þ2] cycloadditions.124 Azomethine ylides
have been generated and employed in intermolecular cycloaddition
reactions under microwave conditions. In a report by Sarko, an
amino acid, an aldehyde and a maleimide are combined to give
proline derivatives (Scheme 53).125 This highly modular approach
was exploited in the rapid synthesis of an 800-member collection
of compounds.
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Bashiardes has reported a microwave enhanced intramolecular
azomethine ylide cycloaddition (Scheme 54).126 Once again, we see
the potential for solvent-free reaction conditions and simple
treatment of alkenyl or alkynyl aldehydes with an amino ester led
to the isolation of cycloadducts in excellent overall yields and with
significantly reduced reaction times.
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Nitrone cycloadditions have also been studied under microwave
heating conditions. In the intermolecular sense, Fisera demon-
strated that microwave heating could be used to enhance the rate of
chiral nitrone cycloadditions, although it was noted that selectivity
suffered as a result.127 Under solvent-free conditions, Singh and co-
workers report that intramolecular cycloaddition of nitrones ben-
efits from microwave heating.128

The generation and cycloaddition of nitrile oxides have also
been described under microwave heating. Hence, Giacomelli de-
scribed a microwave enhanced route for the generation of nitrile
oxides from nitro compounds using 4-(4,6-dimethoxy[1,3,5]-
triazin-2-yl)-4-methylmorpholinium chloride (DMTMM).129 In an
impressive one-pot protocol treatment of an alkyne with a nitro
compound in the presence of DMAP and DMTMM in acetonitrile for
3 min led to the desired isoxazole in 95% yield (Scheme 55).
Application to a solid-phase variant is also particularly notable.
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Scheme 55.
More recently, Muller has reported the reaction of nitrile oxides
with alkynyl ketones (Scheme 56).130 Again, the benefit in this case
is the modular nature of the assembly of precursors, coupled with
an efficient microwave enhanced cycloaddition.
In a nice illustration of the applicability of nitrile oxides and
nitrone cycloaddition, Taillefumier and Chapleur described the
participation of exo-glycals with dipoles in [3þ2] cycloadditions
(Scheme 57).131 Of particular note are the nitrone cycloadditions,
which are only successful under microwave heating conditions,
with no product reported under thermal conditions.
Unsurprisingly, the most significant area of development in
microwave enhanced cycloaddition chemistry has been to promote
the reaction of azides with alkynes and alkenes. Now known by
many as ‘click reactions’, these cycloadditions have been recognised
to be very useful, especially in biology and polymer science
applications.132

The most common cycloaddition reaction using an azide is
probably now with an alkyne and this provides a route to triazoles.
However, in a nice alternative, Lam described the cycloaddition of
vinyl sulfones with azides (Scheme 58).133 The work is directly
applied to a solid-phase approach and provides very convenient
access to triazoles. A microwave enhanced sequence involving
sulfinate conversion into a sulfone, Knoevenagel condensation and
finally azide cycloaddition is reported. It is notable that each step is
enhanced under microwave heating.

Returning to the reaction of azides with alkynes, it is interesting
to note the report by Katritzky who described the cycloaddition of
azides with alkynyl amides (Scheme 59).134 These alkynes are
generally rather resistant to cycloaddition, but under microwave
enhanced solvent-free conditions they occur cleanly and in high
yield.

van der Eycken and Fokin have described a one-pot synthesis of
triazoles using the copper catalysed version of the Huisgen 1,3-dipolar



S
O

ONa
SR1

O O

SR1

O O

R2
N

HN
N R1

R2

R1CH2X, DMF*
60 °C, MW 

20 min

R2CHO, piperidine
DMF, 111 °C
MW, 20 min

NaN3, DMF
120 °C, MW 

20 min

N
HN

N CN

Ph

70%

N
HN

N CO2Me

72%

S
N

HN
N O

O

Cl

68%

Scheme 58.

55 °C, MW
30 minN

H

O
Bn O N3

84%

N
H

O
Bn

N
N N

O

Scheme 59.

PhN3, [Cp*RuCl]4
DMF

110 °C, MW
20 min

92%
N

N

Cl

N

N

Cl

N
N N

Ph

Scheme 62.

O

OH

N3 N

NH

O

O

O

O

TBDMSO N

NH

O

O

O

OH

N

NH

O

O

O

O

TBDMSO N

NH

O

O

N
N N

Scheme 63.

S. Caddick, R. Fitzmaurice / Tetrahedron 65 (2009) 3325–33553334
cycloaddition (Scheme 60).135 Thus, reaction of an alkyl halide with
an azide can be achieved in the presence of an alkyne and thence
cycloaddition takes place, all in a single microwave enhanced
protocol. The reactions are completely regiocontrolled and pro-
ceeded in good to excellent yields.
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The use of copper to catalyse these cycloadditions has been an
important development and in a recent advance, Lipshutz de-
scribed the use of copper on charcoal for catalysis (Scheme 61).136

This heterogeneous protocol offers advantages over existing cata-
lytic methods, however, what is particularly noteworthy is the
finding that under microwave heating the reaction can be carried
out without base and with exquisite 1,4-selectivity in a few min-
utes. Moreover, the level of copper contamination is minimal and,
indeed, ICP-AES analysis of the triazoles indicated that levels are so
low that accurate measurement was not possible.

An alternative to the copper catalysed cycloaddition requires the
use of alternative metals and Fokin has reported an interesting
development of a new variant on ruthenium chemistry, which
generates the 1,5-isoxazole, which cannot be accessed using Cu
mediated or uncatalysed reactions (Scheme 62).137 Hence, the use
of pentamethylcyclopentadienylruthenium(II)chloride tetramer
could be employed in DMF under microwave irradiation. Of par-
ticular note is the success reported when utilising aryl azides,
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which are notoriously unreactive under most cycloaddition
conditions.

Applications of the azide–alkyne cycloaddition are widespread
and, here too, microwave heating can enhance reactivity. Zerrouki
has reported the generation of triazole linked dithymidines making
extensive use of microwave heating for both precursor synthesis,
via alkylation reactions, and the cycloadditions themselves
(Scheme 63).138
Kappe has made extensive use of microwave heating to enhance
cycloaddition reactions of azides. For example, in the synthesis of 4-
triazolyl-2(1H)-quinolones phenyl azides undergo microwave en-
hanced cycloaddition with alkynes, employing copper sulfate and
sodium ascorbate (Scheme 64).139 The same group has in-
corporated these microwave-enhanced cycloadditions into multi-
component reaction sequences in order to make known and new
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classes of heterocycle including dihydropyrimidinones and pyr-
azinones (Scheme 64).140,141

One of the major attractions for utilisation of this type of
cycloaddition is the potential application to the synthesis of
biologically important molecules or probes.142 For example,
Santoyo-Gonzales has reported that microwave enhanced
cycloaddition of multivalent neoconjugates could be mediated
employing (Ph3P)3$CuBr and (EtO)3P$CuI as organic soluble
catalysts (Scheme 65).143 In Morvan’s paper, microwave-enhanced
cycloadditions of modified supported oligonucleotides with azide
derivatives of sugars are described (Scheme 66).144 As noted by the
authors there are several advantages to this methodology including
the ability to introduce several alkynes with good positional con-
trol, the rapid reactivity and the ease of purification.
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Modified peptides have also been made utilising microwave-
enhanced azide cycloaddition. For example, Liskamp reported the
synthesis of peptide based polymers.145 Variation of the reaction
conditions led to different levels of products isolated from cyclo-
addition of the peptide based azido-alkyne. In particular, the use of
microwave heating conditions apparently leads to high molecular
weight polymers.

Application of microwave-enhanced azide cycloaddition
chemistry to dendrimer synthesis and functionalisation has been
reported by several groups. Weck has described the mono-
functionalisation of dendrimers. Under copper catalysis with
microwave heating these reactions proceed with extremely high
yields.146 Liskamp and Pieters describe the synthesis of
glycodendrimers and dendrimeric peptides via microwave-en-
hanced cycloadditions.147,148 In the latter work, access to smaller
and larger peptide based systems with the potential as protein
mimetics is provided (Scheme 67).

Finally in this section the application of microwave enhanced
cycloaddition reactions to the functionalisation of fullerenes and
nanotubes will be considered. Thus, azomethine ylides can undergo
a regiocontrolled addition to C70 and the benefit of using micro-
wave heating is the ability to modify the regiochemistry to give
predominantly the 5–6 isomer.149 The authors go on to propose
that the regiocontrol can be explained by a kinetically controlled
cycloaddition process. Diels–Alder cycloaddition of o-quinodi-
methane to single-wall carbon nanotubes has also been reported by
Navarette and Langa.150 More recently, Prato and Vazquez reported
reversible microwave-enhanced cycloaddition of aziridines to sin-
gle-wall nanotubes.151 These results point to an important future
development, as functionalised single-wall nanotubes are both
desirable and presently fairly difficult to obtain. It is likely that this,
along with the development of microwave enhanced nanoparticle
synthesis, will be an area of considerable activity in the coming
years.10

6. Metathesis

In recent times, there has been considerable interest in the ap-
plication of microwave irradiation to a range of metathesis pro-
cesses and this area has been the subject of recent reviews.152,153 As
expected, there is considerable benefit in the high temperatures
that can be rapidly achieved with microwave conditions and the
utilisation of reagents and catalysts containing thermally stable
ligands, such as N-heterocyclic carbenes, provides ample oppor-
tunity for the enhancement of metathesis. Unsurprisingly, it has
been ring-closing metathesis, which has been the focus of many
studies and microwave enhanced ring-closing metathesis of dienes
has been reported and in the main it appears that enhancement can
be attributed to a heating effect.154–156 Some additional benefits can
be accrued by careful control of reaction conditions, for example, by
carrying out the reactions under solvent-free conditions157 or by
using ionic liquids158 or by combining microwave irradiation with
inert gas sparging.159 These protocols have been used for a variety
of ring-closing metathesis applications and it is notable that ap-
plication to natural product synthesis has been successfully ach-
ieved.160 The application of several microwave enhanced
transformations has been nicely illustrated by van der Eycken in
approaches to buflavine analogues, which involve a microwave
enhanced Suzuki–Miyaura reaction and a microwave enhanced
ring-closing metathesis.161

A particularly good example of the application of ring-closing
metathesis in synthesis was reported by Collins for the synthesis of
helicenes (Scheme 68).162 As noted in the paper, the approach can
be used to make 5-, 6- and 7-helicene in excellent yields and this
method represents one of a small number of applications of me-
tathesis to make aromatic ring systems.

Another nice application of microwave enhanced ring-closing
metathesis towards strained systems is reported by Campagne in
which a 1,5-enyne metathesis is mediated under microwave con-
ditions using Grubbs–Hoveyda II catalyst (Scheme 69).163 Although
the yields are not outstanding these reactions do proceed better
under microwave conditions and represent an important advance.

Microwave enhanced ring-closing metathesis has featured in
the synthesis of peptides and peptide mimetics. In a seminal
contribution, Leatherbarrow showed that solid-phase ring-closing
metathesis could be used for the synthesis of Bowman–Birk in-
hibitor analogues (Scheme 70).164 A similar approach was used by
Robinson in the synthesis of analogues of a-conotoxin IMI
(Scheme 71).165
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In a very nice sequential approach Brown demonstrated the use
of tandem ring closing and cross-metathesis under microwave
enhancement (Scheme 72).166

Whilst the latter example highlights the potential for utilising
microwave enhancement in the realm of cross-metathesis, it is
certainly the case that this is an area, which has attracted consid-
erably less attention and there are significant opportunities for
further development. In 2005, Murray reported microwave en-
hanced cross-metathesis of electron-deficient alkenes with an
electron-rich alkene.167 The benefits of using microwave enhance-
ment are dramatic: conventional heating requires 2–6 h whereas
with yields between 60 and 80%, under microwave heating the
Ser Asp
Pro

Arg
Hag

Hag
Cys

Ala

TrtS

GlyFmocHN

Trp Arg Cys N
HTrtS

Ser Asp
Pro

Arg
Hag

Hag
Cys

Ala

GlyNH2

Trp Arg Cys NH2

i) Grubbs II, CH2Cl2, 100 °C, MW
1.5 min
ii) RhI(PPh3)3Cl, H2, MeOH, CH2Cl2
iii) cleave and deprotect

Scheme 71.

N
SN

Bn

O
O

Bn

Ph

N
SN

Bn

O
O

Bn

100 °C, MW, 1 h
Grubbs II, CH2Cl2

Ph

79%

Scheme 72.



S. Caddick, R. Fitzmaurice / Tetrahedron 65 (2009) 3325–3355 3337
reactions require 1–15 min with yields of 50–80%. Rodriguez has
examined a significant variety of alkene partners in alkene–alkene
cross-metathesis and has concluded that not only does microwave
heating reduce the reaction time but it also has a positive impact on
the TON of the catalysts.168

In alkene–alkyne cross-metathesis, Botta has also demonstrated
a very elegant approach to dienes (Scheme 73).169 Treatment of an
alkyne with ethylene using Grubbs II under microwave enhanced
conditions leads to moderate to good yields of the desired products
with no racemisation.
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In another very elegant example of cross-metathesis, Fustero
showed a powerful combination of microwave enhanced cross-
metathesis of an electron-deficient alkene with a mono-substituted
alkene bearing an amine (Scheme 74).170 Under conventional con-
ditions a modest yield of the desired product is isolated. However,
under microwave irradiation the cross-metathesis product then
undergoes intramolecular conjugate addition with the formation of
the cyclic amine products in excellent yields. Although the re-
actions could be carried out under conventional heating conditions
over a prolonged period of 4 days, they were more conveniently
mediated over a 20 min period utilising microwave conditions.
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Finally in this area, cross-metathesis has been used as a method
for joining peptide fragments. In an attempt to make main chain
peptide mimetics, Caddick has reported cross-metathesis of alkene
modified amino acids (Scheme 75).171 In order for the reactions to
proceed, there is a requirement for the use of Grubbs II and the
reactions require careful gassing/purging. However, under these
conditions a variety of microwave enhanced cross-metatheses have
been mediated to give novel peptide mimetics.
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7. Metal mediated transformations

In the area of rhodium chemistry, Souers and co-workers have
described a microwave enhanced C–H activation protocol.172 This
team showed that it is possible to mediate a benzimidazole CH
activation using between 2 and 10% of a rhodium catalyst to allow
the preparation of cyclic structures in good yields and with short
reaction times. Careful selection of the solvent was an important
factor in the successful optimisation of this protocol with 25% of
acetone in o-dichlorobenzene (DCB) identified as being optimal
(Scheme 76). A very impressive development was the extension to
an intermolecular variant, which was successful in a modest 58%
yield. A more recent report from Bergman and Ellman describes
a detailed extension of the C–H activation approach and shows how
aryl halide coupling can be carried out in addition to the original
alkene carbometallation approach.173
Rhodium mediated conjugate addition has also benefited from
microwave irradiation and the groups of Loupy and Jun,174 and
Frost175 have both made important contributions. The well known
rhodium mediated hydroacylation of alkenes is explored under
microwave conditions by Loupy and the key to their success is the
use of a solvent-free method and the addition of 2-amino-3-pico-
line, aniline and benzoic acid (Scheme 77). In the work described by
Frost, alkene functionalisation was carried out using a boronic acid
and the reaction was rendered enantioselective via selective
protonation.
Zhan has also contributed to conjugate addition chemistry un-
der microwave heating conditions. In their work, they utilise
a samarium(III) catalysed conjugate addition of indoles to a,b-un-
saturated ketones and nitro compounds (Scheme 78).176 The
method works well in that it proceeds to give good yields of
product with reduced reaction times.
In the area of molybdenum catalysis, Larhed177 and Moberg178

have both described asymmetric allylic substitution under micro-
wave enhanced conditions and in the latter case utilising a solid
support. In the former case the ability to utilise Mo(CO)6 as an air
stable precatalyst is also noteworthy.

Alterman has recently described a interesting alcohol de-
oxygenation utilising Mo(CO)6 and Lawesson’s reagent under mi-
crowave conditions (Scheme 79).179 The reaction is compatible with
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aryl halides and proceeds in modest to excellent yields with
a variety of substrates.

Moving to nickel, Leadbeater has reported microwave enhanced
halide exchange.180 Thus, treatment of aryl iodides with nickel
bromide or chloride led to moderate to good yields of the corre-
sponding iodides or bromides. The reaction is also compatible with
bromides and it is possible to convert chlorides into bromides. The
protocol is simple and fairly quick, although it does require
1–2 equiv of the nickel salt.

Kerr recently described a very efficient Dotz annulation, which is
remarkably rapid and in some cases very high yielding (Scheme
80).181
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Remaining with alkyne functionalisation, Doye described a mi-
crowave enhanced alkyne amination protocol (Scheme 81).182 Thus,
treatment of a terminal or disubstituted alkyne with a range of
primary amines employing around 3% Cp2TiMe2 under microwave
conditions led to intermediate imines, which were then subjected
to reduction to give unsymmetrical secondary amines.

Alkynes of course are well known for their participation in the
remarkable Pauson–Khand reaction and Groth has reported the use
of microwave heating to promote intermolecular and intra-
molecular cyclisation to generate enones (Scheme 82).183 The
benefit of the use of microwave conditions is that it allows the
reaction to proceed with 20% of cobalt complex with no re-
quirement for an additional source of CO.
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Microwave heating has been shown to have a beneficial effect
on cyclotrimerisation of alkynes and related compounds and con-
tributions have been made from a number of groups, who have
utilised cobalt, nickel and ruthenium (see Scheme 11 and Scheme
50 above). Snyder showed that cobalt mediated [2þ2þ2] cyclisa-
tions are possible utilising a combination of nitriles and alkynes
(Scheme 83).184 This report provides a very interesting method for
the production of unusual heterocyclic templates and the study
contains some applications of interesting heteroatom-containing
linking chains and chiral attachment points.
Dieter has also been active in this area and in two recent reports
describes alkyne cyclotrimerisation using nickel and ruthe-
nium.185,186 The nickel protocol is carried out in solution phase and
is applied to the construction of carbocycles (Scheme 84), whereas
the ruthenium protocol is carried out on solid phase (Scheme 85).
Moving from polyalkynes to enynes, Echavarren has explored
the use of microwave heating for gold catalysed cycloaddition re-
actions. Although many of these reactions do proceed at ambient
temperatures it is shown that many of them can be accelerated
from hours/days to minutes with microwave heating (Scheme
86).187 It is likely that the impact of microwave heating on gold
catalysis will be an area of significant future development.
Diene cyclisations have also been shown to benefit from mi-
crowave heating. Thus, Fairlamb has examined the ruthenium
catalysed diene cyclisation and found that increased yields and
reduced reaction times result from microwave heating (Scheme
87).188
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8. Palladium catalysed coupling reactions

This is an area of enormous significance in organic chemistry and
there have been a very significant number of research investigations
reported, which are focused on the use of microwave irradiation to
enhance palladium catalysed coupling protocols and several review
articles have provided a detailed analysis of this area so this section
will only provide a selection of recent highlights.189,190

Given the powerful nature of palladium chemistry it is
unsurprising that application of microwave enhanced protocols to
diversity oriented synthesis is now being reported.191 Similarly,
applications of microwave enhanced solid-phase palladium catal-
ysis are also becoming more commonplace and most commonly
the ligand is being tethered to the solid support.192,193 However, it is
important to note that a robust linkage between the support and
the ligand needs to be in place and it is not always clear that this
will always be the case. Moreover, careful consideration of the
impact of changes on the ligand structure, and indeed the ligand–
metal stoichiometry, all need to be carefully considered when
developing this type of heterogeneous approach.

Of course, a variety of bonds will undergo oxidative addition as
a first step in the majority of palladium catalysed protocols and
under usual circumstances the aim is to make a C–C, C–N, C–O or
C–S bond. However, there are occasional reasons for wishing to
carry out some form of reduction. In an interesting observation,
Nolan has reported that using a microwave-mediated protocol,
employing (NHC)Pd(allyl)Cl complexes they can achieve good
yields for reduction of aryl chlorides (Scheme 88).194
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In an interesting study, Dankwardt has explored the use of aryl
fluorides in coupling with Grignard reagents. Some success is
achieved using a microwave-mediated protocol with moderate to
good yields obtained in coupling of aryl fluorides with aryl Grignard
reagents under palladium and nickel catalysis (Scheme 89).195
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Given the interest in development of different types of palla-
dium catalyst it is not surprising that many researchers are in-
vestigating the interplay between reagent and method of heating
and some notable useful developments have resulted. Some in-
teresting protocols based on palladium nanoparticles have recently
been described and of course this is particularly useful as often
many of the organic ligands utilised in palladium chemistry can by
themselves add limitations to coupling reactions.196,197 One of the
advantages of using nanoparticles is that it has the potential to
deliver a methodology that requires very small quantities of pal-
ladium. In a recent report, Cravotto and Palmisano have studied
a range of Suzuki couplings using ligandless conditions and, using
a novel flow reactor, were able to combine both microwave and
ultrasound to give excellent yields of biaryls with very short re-
action times.198

Although not quite as widely used as in the past, the Stille re-
action is still useful for organic synthesis and recent illustrations in
the steroid area and polythiophene synthesis highlight the poten-
tial value of using microwave enhancement.199,200 In a particularly
good example, Maleczka reported a microwave enhanced one-pot
protocol, which allows the conversion of an alkyne into a vinyl-
stannane and thence direct coupling with a vinyl iodide. The con-
versions are good to excellent and this allows the synthesis of
functionalised alkenes and dienes using simple and practical pro-
cedures (Scheme 90).201
The Sonogashira reaction of an alkyne with an aryl halide has
also been subjected to microwave enhancement.202 Erdeyli has
shown that aryl halides and triflates will undergo a rapid coupling
with alkynes in good yields (Scheme 91).203 The same group has
shown that this work can be extended to a solid-phase variant by
attachment of the aryl halide onto an appropriate resin.204
Both the Negishi and Kumada reactions have also been en-
hanced using microwave heating. Kappe has reported that a variety
of factors are important for optimisation of these reactions (Scheme
92).205 The microwave dielectric heating is an important factor not
only in the coupling reaction but also for the preparation of the
organometallic coupling partner.206 Extension to a solid-supported
variant has also been discussed by Kappe.205
The introduction of a nitrile via palladium catalysed coupling of
aryl halides can be a useful alternative to other methods and has
been the subject of some investigation. Thus, Pitts described a mi-
crowave enhanced method, which could be used for multi-gram
synthesis via batch or flow processes (Scheme 93).207 Similarly,
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Neumeyer reported cyanation of triflates under microwave irradi-
ation specifically for the synthesis of functionalised morphinans
(Scheme 94).208
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The related transformation involving carbonylation has also
been successfully improved/enhanced using microwave chemistry.
Larhed reported that aminocarbonylation can be readily mediated
using molybdenum hexacarbonyl and this provides a route into
biaryl amides (Scheme 95).209 The author also reported the use of
DMF as an alternative to molybdenum.210 In addition, he has de-
scribed the conversion of aryl halides into their corresponding
carboxylic acids (Scheme 96).211
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There have been a significant number of reports on the suc-
cessful improvement of the Suzuki, Suzuki–Miyaura and similar
reactions using microwave conditions. For example, Yan has de-
scribed the direct coupling of iodonium salts with sodium tetra-
phenylborate (Scheme 97),212 whereas Xu derived similar products
from the palladium catalysed coupling of sodium tetraphenylborate
and aryl bromides in water with very low catalyst loading,
0.05 mol % (Scheme 98).213

Water is being utilised increasingly as a solvent for palladium
catalysed couplings.214,215 For example, Leadbeater showed the use
of palladium acetate at low catalysts loading, 0.4 mol %, in water for
the coupling of arylboronic acids with aryl bromides and then more
recently the use of palladium on carbon for the analogous reaction
utilising aryl chlorides.216,217 Key to this latter work is the uti-
lisation of the heating–cooling protocol, which the authors suggest
will prolong the lifetime of the aryl chloride during the reaction.
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The same author has also reported a microwave enhanced Suzuki
reaction, which can proceed with ultra-low levels of metals present
in bases commonly employed in Suzuki reactions (Scheme 99).218

More recently, the same group has reported the use of the bases
DBU and DABCO as alternatives in aryl halide couplings of this type
(Scheme 100).219
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Remaining with the theme of water, Varma has also used a wa-
ter-based system for a ligandless Suzuki reaction in water. In this
case, the key to success was the utilisation of polyethylene glycol,
which serves as an alternative to more conventional solvent sys-
tems.220 Freundlich described the arylation of bromophenols using
palladium on carbon and which is enhanced using microwave ir-
radiation.221 Microwave enhanced Suzuki reactions have also found
utility in poly(thiophene) synthesis. For example, Barbarella has
described solution phase and solvent-free microwave enhanced
Suzuki couplings employing thiopheneboronic acids.222,223 Kabalka
has reported solvent-free Suzuki couplings using palladium doped
onto potassium fluoride alumina.224 In a very nice development,
the Ley group has described the use of a microwave enhanced
Suzuki protocol utilising their palladium EnCat catalyst.225 This
encapsulated metallic species can be used in flow and batch pro-
tocols and has wide applicability for Suzuki couplings.

The majority of Suzuki and related coupling reactions are carried
out utilising bromides and iodides. However, Greaney has used
triflates in an efficient microwave enhanced synthetic approach to
functionalised oxazoles. Thus, arylboronic acids could be coupled
effectively to triflates, illustrated particularly well by a one-pot
approach to bis-oxazoles (Scheme 101).226
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Zhang has described the use of fluorous-phase sulfonates as
participants in Suzuki-type couplings (Scheme 102).227 This is ad-
vantageous because of the ease of purification of intermediates that
have this type of fluorous tag. The couplings proceeded very well
under microwave conditions and offer an alternative to classical
triflates.

Kappe has reported the use of thiones as coupling partners with
arylboronic acids (Scheme 103).228 Thus, direct coupling of
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a thioamide with a phenylboronic acid, employing palladium ca-
talysis in the presence of Cu(I) thiophene-2-carboxylate, CuTC,
under microwave conditions gives the aryl dihydropyrimidines.
One of the appealing features of this work is that the precursors can
be prepared in a rapid microwave enhanced multi-component re-
action and, in two steps, a large collection of substituted dihy-
dropyrimidines can be prepared.

Of particular importance in palladium chemistry is the ability to
use aryl chlorides and it is often found that microwave chemistry
can be useful in helping render this class of compound useful for
Suzuki coupling. There are now numerous methods for mediating
Suzuki coupling reactions using aryl chlorides.229 However, a par-
ticularly good example of the use of chlorides in palladium catalysis
is provided by Furstner (Scheme 104).230 In this study, a microwave
enhanced coupling was utilised to develop a route to aryl pinacol
boronates from aryl chlorides and bis(pinacolato)diboron,
employing an imidazolium chloride (IPr$HCl) and microwave
heating.
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It is also the case that microwave enhancements have been
commonly observed in the Heck reaction. For example, classical
Heck reactions using aryl bromides and acrylates can be accelerated
and proceed in good yield when carried out under microwave ir-
radiation using ionic liquids.231,232 The ionic liquid has been shown
to be recyclable and the products were easy to isolate from these
reaction conditions. Cravotto has described a Heck protocol with
relatively low levels of palladium, 0.01 mol %.233 In this case, they
utilise an organic solvent, but the key to their success is the ap-
plication of microwave irradiation and ultrasound.

Another area of development for the microwave enhanced Heck
reaction has been the use of water as a solvent and in concert with
very low levels of palladium. Thus, Leadbeater and co-workers have
reported Heck reactions of electron-rich and electron-deficient al-
kenes using aryl bromides under microwave conditions in water
(Scheme 105).234 Very low levels of 1 ppm palladium have been
employed and this protocol looks potentially useful for scale-up.
The use of a stoichiometric quantity of tetrabutylammonium bro-
mide and potassium carbonate is required and the reactions pro-
ceed in moderate to good yields.
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Najera has also reported a water-based protocol for the mono
and double Heck arylations of electron-deficient alkenes. In this
work, several protocols are recommended for different classes of
substrate. However, a unifying feature is the use of an oxime-
derived palladacycle as the catalyst.235–237

One of the key issues in the Heck reaction is that of regio-
chemistry and it is most common to observe b selectivity for
addition to mono-substituted alkenes. In a very elegant piece of
work, Larhed described the development of a microwave en-
hanced oxidative Heck reaction (Scheme 106).238,239 Thus, using
arylboronic acids under an oxygen atmosphere electron-rich al-
kenes, including enol ethers and amides, undergo a-arylation and
the use of microwave irradiation reduces the reaction time to
10 min. In a related report, the same group also report the syn-
thesis of b-disubstituted alkenes via Heck arylations utilising aryl
chlorides employing a palladacycle and Fu’s [(tBu3)PH]BF4 pre-
ligand.240
Another key issue in the microwave enhanced Heck reaction is
asymmetric induction and Larhed has made important contribu-
tions in this area.241 Thus, high levels of enantioselectivity can be
obtained when carrying out the Heck reaction of dihydrofurans
using aryl triflates, employing a palladium–phosphineoxazoline
catalyst. The use of microwave irradiation is beneficial, but it does
tend to compromise the levels of asymmetric induction. However,
by judicious design of the catalyst Andersson has demonstrated
that excellent levels of enantioselectivity can be achieved (Scheme
107).242 Dieguez and co-workers have also been active in this area
and have developed a microwave enhanced asymmetric Heck re-
action employing sugar-based oxazolines. With their optimised
system, they are able to mediate Heck reactions with cyclopentene
and other less commonly studied alkenes (Scheme 108).243
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C–N bond formation has also been an area of considerable ac-
tivity and Tu recently reported a microwave-mediated amination
via the base-mediated generation of a benzyne. Yields are high and
the reaction times are short and this provides a useful extension of
methods for generating aryl amines (Scheme 109).244
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Caddick has used a palladium–imidazolium salt protocol to
mediate amination of aryl chlorides under microwave conditions
and has compared the use of these in situ methods with the ap-
plication of bis-carbene–palladium complexes.245 In a more
demanding case, Harmata showed that sulfoximines can undergo
N-arylation with aryl chlorides under microwave conditions.
Careful choice of substrates in this study allows the authors to
demonstrate the potential for utilising this method for the syn-
thesis of heterocycles (Scheme 110).246 Remaining with C–N bond
formation, Cao has also used N-arylation, employing chlorides.
However, in this case the amine component is a sulfonamide and
this method provides a good route into N-aryl substituted sulfon-
amides (Scheme 111).247

Intramolecular N-arylation is also very useful and, in a very el-
egant example, Turner not only demonstrated the value of micro-
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wave enhanced aryl amination, but also used microwave protocols
to assemble the cyclisation precursor (Scheme 112).248 Thus, direct
condensation of a carboxylic acid with an amine took place under
solvent-free conditions and then the reagents were introduced for
the intramolecular amination step. The overall yields of this
transformation are good and this provides a very rapid entry into
oxindoles.
In a very nice example of the generality of microwave-enhanced
palladium catalysed transformations, Wannberg demonstrated the
prospect for functionalisation of peptides from an aryl iodide
(Scheme 113).249 Thus, the iodide undergoes functionalisation via
Heck, Suzuki, Suzuki–Miyaura and Sonogashira reactions. The
prospect for protein functionalisation in the future is very clear
from this very interesting piece of work.

Although all of the work considered in this section have been
focused on aryl halides/triflates, it is important to note that other
modes of reactivity can be usefully enhanced by utilising micro-
wave heating. For example, microwave-enhanced palladium cata-
lysed allylic substitution can provide a useful route to
enantiomerically pure dicarbonyl compounds.250,251

More recently, Tsukamoto has reported an elegant microwave-
enhanced palladium catalysed cyclisation of allenyl aldehydes with
concomitant alkylation, originating from an arylboronic acid.252

Thus, under microwave conditions an undesirable allene arylation
can be suppressed leading to the desired cyclisation. The method is
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applicable to an interesting variety of ring systems and by use of
a range of boronic acids a variety of substituents can be introduced
(Scheme 114). The authors demonstrate the transfer of chirality
from an enantiomerically enriched allene and this is not only
synthetically useful, but also informs us about the mechanism. On
the basis of these results, the authors invoke a trans-specific ad-
dition of the arylboronic acid to the palladium complexed allene
(Scheme 115).
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9. Combinatorial and solid-phase chemistry

This has been an area of enormous growth and has been the
subject of a variety of review and summary articles.253–260 One of
the areas of recent development has been that of microwave en-
hanced polymer synthesis.261–263 In the area of living polymerisa-
tion, Wisnowksi described the use of microwave-enhanced living
free-radical polymerisation (Scheme 116).264 In this report, the
TEMPO-methyl resin is heated with a styrene derivative to give
very large and high loading ‘‘rasta’’ resins around 150 times faster
than conventional methods. Not only does microwave heating
speed up the process, but it also seems to lead to much improved
functionality.
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Scheme 116.
In the area of ring-opening metathesis polymerisation (ROMP),
Kiessling has reported an immobilisation strategy to enable the
solid-phase synthesis of polymers (Scheme 117).265 Thus, polymers
derived from ROMP were immobilised via a microwave enhanced
Diels–Alder reaction between a resin-bound furan and a maleimide
functionalised block co-polymer. Using microwave irradiation, the
capture of the polymer was very effective (>90%).

Another area of considerable development has been solid-
supported reagents and microwave heating has been shown to
impart a significant benefit to such reactions. A number of groups
have utilised microwave enhanced coupling reactions such as
acylations.266 In an elegant example, Corelli and Botta show that
they can synthesise a solid-supported acylating agent using
a sequence, which is entirely carried out under microwave con-
ditions and they then demonstrate the applicability of this re-
agent to promote acylation of amines, alcohols and thiophenols
(Scheme 118).267

Taddei has reported a modified PS-Mukaiyama reagent for
a microwave enhanced acylation process enabling the rapid syn-
thesis of carboxylic esters in high purity.268 Wang and co-workers
described the synthesis of oxadiazoles from carboxylic acids and
amidoximes in high yields and with good levels of purity using
microwave enhanced dehydration with polymer-supported re-
agents (Scheme 119).269

Westman has developed a microwave enhanced solid-phase
protocol for Wittig olefination, which relies on the use of a sup-
ported triphenylphosphine reagent (Scheme 120).270 The reaction
is very appealing, as it allows a fast one-pot protocol for the syn-
thesis of alkenes from aldehydes, phosphines and alkyl halides.

Porco has reported the development of a solid-supported an-
thracene derivative as a scavenger for dienophiles in a recent paper
(Scheme 121).271 Thus, microwave-enhanced cycloadditions of
flavones with dienophiles can be carried out in the presence of
a solid-phase scavenger, which then allows easy purification of the
products.

The Ley group has been one of the pioneers of the use of mi-
crowave heating to enhance polymer-supported reagent chemistry.
For example, they have demonstrated the use of a polymer-sup-
ported oxazophospholide for the synthesis of isocyanides. Thus
isothiocyanates were smoothly converted into isocyanides under
microwave irradiation utilising a polymer-supported reagent sys-
tem (Scheme 122), and these were then incorporated into a multi-
component reaction array employing the Ugi reaction.272 Ley has
also reported the development of a polymer-supported thionating
agent, which can promote effective thiocarbonyl formation under
microwave heating (Scheme 123).273 A key component here is the
importance of the addition of a small quantity of an ionic liquid to
facilitate the dielectric heating. More recently, the synthesis of
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more than 1500 2-aminosulfonamide substituted oxadiazoles has
been reported using supported reagents under microwave
irradiation.274

The Ley group has also pioneered the use of polymer-supported
reagent chemistry in the area of total synthesis.275 In an impressive
example of multi-stage natural product synthesis, the group de-
scribes the total synthesis of plicamine.276 The synthesis is multi-
step and each step involves a supported reagent, thus negating the
requirement for silica-gel chromatography. Moreover, in a couple of
steps, the use of microwave heating enhanced the yields and se-
lectivity of the transformations (Scheme 124).277

Microwave heating has also been shown to have a beneficial
impact on solution-phase combinatorial chemistry. For example,
Lehn described the benefit of using microwave heating to enhance
the scandium(III) mediated coupling of a hydrazone and a bis-
hydrazinopyrimidine.278 This is a useful reaction as it underpins the
development of dynamic libraries of molecular helices.

Fluorous technology has emerged as an important method for
enabling combinatorial chemistry and the Zhang group has made
extensive use of the microwave enhanced variant for multi-com-
ponent and combinatorial chemistry applications.279 For example,
they use fluorous-tagged sulfonates to enable them to carry out
dipolar cycloadditions, palladium catalysed coupling reactions and
Ugi reactions.280–282

Yan has described the use of microwave enhanced fluorous
chemistry to carry out the synthesis of compound collections based
on thiazolidinone and thiazinone libraries (Scheme 125).283 The use
of a fluorous-tagged benzaldehyde in a coupling with mercapto-
acetic acids and amines was reported. The use of a microwave-
enhanced palladium catalysed, fluorous cleavage/biaryl coupling is
particularly noteworthy.

In the area of solid-phase chemistry, there have been many
developments and the attachment and cleavage of materials under
microwave heating conditions are now well established.284

For example, Dai has reported a resin-linker construct, which
contains a poly-glycine unit, which is used to capture a copper ion
required for heterocycle formation (Scheme 126).285,286

In a series of papers, Blackwell has reported the development of
small-molecule macroarrays, which have exciting possibilities for
drug discovery and chemical biology.287 This approach leads to the
immobilisation of discrete compounds on a cellulose support and
microwave irradiation has been important in developing the
methodology. For example, the attachment of a linker via tosyl
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displacement using an amine has been enhanced using microwave
heating (Scheme 127).288 Moreover, microwave enhanced amide
bond formation (Scheme 128) and dihydropyrimidine chemistry
have been described (Scheme 129).289,290 This methodology is very
simple and potentially very powerful, in part because of the toler-
ance of biological assays to the cellulose, thus allowing direct
screening, without the requirement for removal of the compounds
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from the support. However, if cleavage is required it is easily ach-
ieved using TFA.

Porcheddu has also reported on the development of cellulose-
based systems (Scheme 130).291 Using an amino-derivatised cel-
lulose bead they carry out microwave enhanced pyrazole and
oxazole synthesis. It is noteworthy that these new supports are
compatible with the high temperatures often associated with mi-
crowave heating and can be recycled up to 10 times with no sig-
nificant loss of yield when microwave radiation is employed.
Gmeiner has described the use of a microwave-enhanced pal-
ladium catalysed coupling on solid phase. Specifically, they find
that they can enhance Sonogashira couplings (Scheme 131).292

Finally in this section, Martinez has described a solid-supported
approach to the Dotz benzannulation (Scheme 132).293 They show
that a solid-supported chromium carbene precursor undergoes
a microwave enhanced annulation with alkynes to generate bicyclic
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aromatics. The group reports a sixfold reduction in reaction time
and the reactions proceed in moderate to good yield.

10. Multi-component and tandem reactions

In pursuit of enhanced functionality chemists often aspire to
make compound collections in order to populate a wide area of
physico-chemical space and, in this arena, multi-component re-
actions continue to hold considerable utility. For this reason, there
is continued appetite for the development of new variations on the
multi-component reaction theme and many of these have been
neatly summarised in recent review articles.294 It is striking that
many of these review articles highlight the importance of micro-
wave heating. Although there is still always ongoing debate sur-
rounding the microwave effect, it appears that in most cases the
enhancements can simply be attributed to elevated temperature
along with the occasional use of open vessels, allowing rapid
evaporation of solvent and/or volatile products, e.g., water. It is
notable that multi-component reactions based on condensation,
using, for example, 1,3-dicarbonyl compounds, are particularly
susceptible to enhancement, and a variety of interesting compound
collections based on heterocyclic templates have been prepared
rapidly and efficiently using microwave irradiation.295

Although there are a number of interesting examples, which
illustrate the importance of these reactions, for example, the
Hantzsch dihydropyridine synthesis,296 it is notable that there has
been considerable attention paid to the benefit that microwave
heating can have on the Biginelli reaction, and an early pioneer to
demonstrate the potential benefit of microwave heating was
Kappe.297 This group along with others has shown that this reaction
can under appropriate conditions be automated and Orru showed
that this approach can be extended to a four-component approach
leading to a considerable product diversity.298 Other useful con-
tributions in this area include the use of water,299 solvent-free
conditions,300 and the use of soluble polymers to generate PEG-
bound dihydropyrimidinones, which could be readily cleaved.301

Scheidt reported a very elegant one-pot microwave enhanced
sila–Stetter/Paal–Knorr approach to pyrroles (Scheme 133).302 In
this work, a silyl-ketone is combined with an unsaturated ketone in
the presence of a thiazolium catalyst to generate a 1,4-dicarbonyl,
which then undergoes condensation with an amine to generate
tetrasubstituted pyrroles. Although the reaction works quite well
under conventional conditions, it is notable that the reaction can be
carried out in 3% of the time when using microwave heating.
Remaining with pyrroles, Organ has described a one-pot approach
to functionalised pyrroles from a sequence involving an aza-Claisen
rearrangement, imine–allene approach (Scheme 134).303
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In an example of a more complex pyrrole synthesis, Werner
applied a microwave enhanced condensation reaction to give
heavily functionalised pyrroles (Scheme 135).304 The reactions are
rapid, high yielding and, in this case, have been applied to a wide
range of amines.

An expeditious approach to pyrazino[2,1-b]quinazoline-diones
is to be found in the work of Liu (Scheme 136).305 In this
three-component approach, a Boc-protected amino acid is com-
bined with an anthranilic acid and the intermediate benzoxazin-
4-one reacted with another amino acid derivative to give the
target heterocycles rapidly in good yield when carried out with
microwave heating.

In another example of a one-pot protocol, Andreana demon-
strates an even greater potential for diversity by utilising bi-
functional acceptors in microwave-assisted multi-component
cascades.306 Multi-component Ugi reactions were high yielding
(Scheme 137) and displayed a range of subsequent reactivity, de-
pendent upon the substrate and solvent (Scheme 137 and Scheme
138), for example, Ugi products containing phenol-derived g-lac-
tams via Michael addition in protic media (Scheme 136). However,
Ugi products containing other electron-rich aromatics gave dike-
topiperazines, via an aza-Michael process, in protic media, but gave
tricyclic lactams, via an intermolecular Diels–Alder reaction, when
the reactions were carried out in CH2Cl2 (Scheme 138).

Although common, it is not inevitable that a multi-component
reaction will be utilised for the production of polycyclic systems.
For example, Tu has developed a synthetic route to functionalised
propargylic amines from the combination of an aldehyde, amine
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and alkyne (Scheme 139).307 Under microwave conditions in water,
the reactions are rapid and are catalysed using a relatively in-
expensive copper salt as a catalyst. The authors go on to show that
the protocol can be extended to a diastereoselective variant and
propose a mechanism for the transformation involving the addition
of an alkynylcopper to an iminium.
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The Petasis reaction has also been shown to benefit from mi-
crowave enhancement by Follmann (Scheme 140).308 The synthesis
of a range of amino acids derived from aromatic boronic acids has
been considerably improved when using microwave heating.
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Of course, multi-component reactions have benefited greatly
from microwave enhancement and there are a number of oppor-
tunities for microwave chemistry to provide an advantage.
For example, it may be possible to enhance the overall value of
a multi-component reaction if microwave irradiation benefits each
component of the process. However, oftentimes the benefit is
associated with enhancement of one reaction step in the overall
sequence, for example, in Bonnaterre’s synthesis of oxindoles in
which the intramolecular Buchwald–Hartwig process is accelerated
utilising microwave irradiation.309

In the area of tandem reactions, there have also been some very
nice developments assisted by the use of microwaves. Taylor has
described a microwave induced tandem sequence involving an
olefination/Claisen rearrangement sequence (Scheme 141).310

Lindsay has described a microwave enhanced aza-Cope/Mannich
scheme (Scheme 142).311 Moody has described a Mitsunobu/
Claisen sequence to phenols (Scheme 143),312 and Barriault de-
scribes an oxy-Cope/ene sequence (Scheme 144).313
Finally in this section, Stevens reports an intriguing approach to
functionalised isoindoles via microwave induced cascade (Scheme
145).314 Thus, an amino phosphonate ester bearing pendant al-
kynes rearranges to an isoindole in moderate to good yield, with
the reaction only really becoming feasible using microwave
conditions.

11. Natural products and target synthesis

One of the greatest tests of any synthetic methodology is the
application into complex molecules, in particular natural products,
and in recent times it has become clear that many complex systems
can tolerate the high temperatures associated with microwave
heating, at least for short periods. Alternatively, such heating can, in
some cases, lead to novel modes of reactivity of complex natural
products.315 Moreover, it is also clear that microwave heating can
rescue a synthetic route and be an important part of a successful
target synthesis endeavour.316 Bagley has developed very short
synthetic sequences to medicinally important target molecules by
exploiting microwave heating.317,318 A variety of microwave en-
hanced cycloaddition reactions have been used by Trost,319

Moody320 and Romo.321
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In the total synthesis of (þ)-didemniserinolipid B, Ley322 and
Burke323 have independently both exploited a microwave en-
hanced O-sulfation in order to complete their respective syntheses
(Scheme 146).
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In an approach to frondosin C, Ovaksa reported a cyclisation–
Claisen rearrangement sequence, which is more efficient using
microwave heating (Scheme 147).324,325
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In an impressive approach to steganacin and steganone ana-
logues, van der Eycken described a microwave enhanced Suzuki
protocol (Scheme 148).326 At a later stage in the synthetic route, the
authors again use a microwave protocol, but this time to enhance
a 1,3-dipolar cycloaddition and complete their synthesis.

A Suzuki–Miyaura coupling was essential for the successful
completion of the synthesis of the macrocycle biphenomycin B by
Zhu (Scheme 149),327 in which an intramolecular coupling could be
readily carried out with microwave enhancement using either
Pd(OAc)2 or more effectively using a hindered phosphine.
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Palladium catalysed Heck reactions are also well established
under microwave conditions and Overman has exploited this
technique in an asymmetric Heck cyclisation as part of their suc-
cessful synthetic approach to the strychnos alkaloid minfiensine
(Scheme 150).328 Under conventional heating, the reaction was
slow, but it could be accelerated using microwave heating, from
100 h to 30 min, with no loss of enantioselectivity compared to the
thermal case.
In order to complete their total synthesis of the cinchona alka-
loids quinine and quinidine, Jacobsen used a microwave enhanced
deprotection/nucleophilic substitution sequence (Scheme 151).329

All other approaches led to poor yields and/or unacceptable re-
action times and the microwave protocol was complete within
20 min.

As part of the development of what was to become the suc-
cessful total synthesis of azadirachtin, Ley showed that consecutive
pulses of microwave irradiation led to reproducibly high yields in
the key Claisen rearrangement (Scheme 152).330

As was seen earlier in this article, the area of metathesis has also
benefited from microwave enhancement. In an elegant application
in natural products synthesis, Furstner has used an intramolecular
alkyne metathesis employing molybdenum-based catalysts
(Scheme 153).331
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In addition to microwave enhanced reagent-based protocols,
microwave enhancement has also been used to help mediate bond
reorganisation/isomerisations. For example, in his synthetic ap-
proach to furaquinocin, Trost utilised a microwave enhanced
cyclobutenone to quinone rearrangement (Scheme 154).332 It
should be noted that under other more conventional conditions the
reactions did not reach 100% conversion.
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i) O

O NH2
Finally, in a very elegant example of the power of microwave
enhancement, Baran described a fascinating reorganisation of
sceptrin to ageliferin, which could only be achieved by using a mi-
crowave enhanced methodology (Scheme 155).333 This is a re-
markable transformation and it provides a powerful case for the use
of microwave heating in natural products synthesis.
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12. Peptides, proteins and enzymes

12.1. Coupling protocols

Significant developments in microwave enhanced peptide and
protein chemistry have been a highlight of the last five years and
this is to a large extent a consequence of specific instrumentation,
which can allow both solution and solid-phase peptide chemistry
to be carried out readily and effectively.334 It has been known for
some time that the use of microwave irradiation can have a bene-
ficial impact on amide bond formation.335 This of course has led to
a more detailed assessment of the potential benefits of using mi-
crowaves to make amide bonds in the context of peptide synthesis.
Bradley utilised microwave irradiation to enhance couplings using
secondary amines utilising DIC and HOBt in DMF.336 The coupling
proceeds with an improvement over the conventional PyBroP
protocol with a shorter reaction time and more efficient use of
monomer. It is also noteworthy that the protocol allows the use of
substrates, which contain the Fmoc protecting group, which is
known to be sensitive to elevated temperature. In addition, fluo-
rescein–peptide coupling with peptoids were also reported to be
significantly improved under microwave conditions. The work
demonstrates that complex peptides requiring labelling can po-
tentially benefit from microwave-mediated protocols and that
under these circumstances the use of microwave chemistry may
obviate the use for more expensive and elaborate peptide-coupling
agents. In a nice extension to this work, the same group has applied
this methodology to the construction of peptoid dendrimers.337

Microwave enhanced DIC coupling features in Kodadek’s solid-
phase synthesis of peptoids (Scheme 156).338 Their synthetic
strategy involves coupling of a-halo amides with primary amines.
The appeal of this sequence is its rapidity, with the individual steps
only requiring a reaction time of 1 min, and the efficiency of the
coupling. In a very important variation, Blackwell discovered that
this methodology could be extended to unreactive secondary
amines.339

Of course, the rapid synthesis of complex peptides through
microwave enhanced coupling is potentially very beneficial, par-
ticularly in view of the inherent inefficiency of any linear synthetic
sequence. It has become clear that rapid coupling using microwave
irradiation can be very powerful. However, concerns must be raised
about the prospect for racemisation, particularly in view of the fact
that very early work identified that irradiation of amino acids can
lead to very effective racemisation. However, careful consideration
of the specific reaction conditions is clearly critical in developing
synthetic sequences for peptide synthesis and this can be done in
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a manner, which avoids the problems of racemisation. In a very
interesting study, Collins carried out a detailed evaluation of the
impact of microwave irradiation on synthetic transformations uti-
lised in Fmoc solid-phase peptide synthesis.340 In a model system,
it was found that several amino acids are prone to racemisation
during SPPS, but that lowering the temperature can help minimise
these problems. It appears that there is a temperature dependency
on the stability of the activated esters of the amino acids.

In an elegant example, Liskamp showed how microwave
enhanced alkylation can be important for the development of
protocols for modification of peptides (Scheme 157).341 In this
work, N-acyl sulfonamides can be activated efficiently with elec-
trophiles under a microwave enhanced protocol, whilst avoiding
the more common TMS–diazomethane activation. This allows the
efficient cleavage of these species with a variety of amines. The
benefit of this work is that it overcomes some of the previous
limitations in using acylsulfonamides in peptide synthesis.
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Of particular note is the recent report by Nakahara, who de-
scribed an approach to the synthesis of peptide thioesters (Scheme
158).342 These species are highly desirable because of their poten-
tial utilisation in protein ligations. The production of peptide
thioesters incorporating glycosyl residues can be a particular
problem, but this now appears to be more readily achieved via
a microwave enhanced N/S acyl thioester exchange.

What has become clear is that the development of micro-
wave enhanced methods can underpin the linear peptide syn-
thesis.343–345 Some very nice recent examples include Kappe’s
approach to the calmodulin binding peptide and Gellman’s com-
binatorial approach to 14-helical b-peptide libraries.167,346–349 Of
particular note in the latter example is the considerable enhance-
ment in synthetic efficiency in the latter stages of the synthesis.
This indicates that microwave conditions may offer unexpected
advantages for the preparation of difficult sequences. Shepartz has
also shown very significant benefit associated with microwave
enhanced linear peptide synthesis in their very impressive ap-
proach to Z28.350 It will be of interest to see whether it is generally
the case that the synthesis of longer peptides is optimised using
a microwave enhanced protocol. Moreover, it will be important to
understand the basis for any such enhancement, which may po-
tentially be attributable to microwave-mediated disaggregation
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effects associated with a developing secondary structure in longer
peptides as they are synthesised. A final example reported by
Nishimura illustrated the application of enhanced coupling pro-
tocols to the synthesis of glycopeptides.351 In the synthesis of
MUC1, coupling of N-terminal amino acids with glycosylated Fmoc-
protected amino acids could be significantly enhanced under mi-
crowave conditions with a dramatic reduction in the overall re-
action time, from 4 days to 7 h.

The coupling of sugars to peptides can also be enhanced
using microwave-based protocols. In this area, Katritzky utilises
aminoacyl benzotriazoles, which couple well with sugars under
microwave conditions (Scheme 159).352 Papini has also synthesised
N-glycosyl amino acids utilising microwave enhanced coupling
utilising a triazine-based coupling reagent.353
12.2. Peptide/protein analysis

It has been known for many years that microwave irradiation
can be invaluable for digestion of samples to ensure high quality
analysis and so it is interesting to see the emergence of micro-
wave-assisted protein digestion, as an aid to proteomics/protein
analysis. Over the last few years, there have been a few interesting
papers describing a number of protocols. In a relatively early
study, Bose and co-workers described a variety of proteolysis
procedures using trypsin or lysine C in systems for analysis of
cytochrome C, ubiquitin, lysozyme, myoglobin and interferon a-
2b.354 In these systems, the benefit is associated principally with
the rapid availability of the peptides for MS analysis. This ap-
proach has been extended by Juan and co-workers to the direct
trypsin digestion of proteins excised from 2-D gels.355 More recent
applications have sought to examine the effectiveness of acid-
based digestion protocols and considerable success has been
reported. For example, Lee has reported partial hydrolysis of
tryptic glycopeptides using triflic acid;356 and Sze has shown that
C-terminal asp cleavage can be mediated by careful hydrolysis
using formic acid.357 This type of approach has been further de-
veloped by Basile, who developed an online variant, which in-
volves the attachment of a microwave flow cell directly to an MS
instrument.358
12.3. Enzymes

The use of microwave radiation to enhance enzyme processes
has been explored with some success and a brief overview high-
lighting the potential of this area has been published.359,360 In
a couple of recent papers, Brimble361 and Cao362 have in-
dependently examined a lipase catalysed kinetic resolution of
secondary alcohols using Novozyme 435 and it is reported that
higher values of efficiency are associated with microwave en-
hancement (Scheme 160).
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13. Concluding remarks

It is clear that microwave heating effects have a major impact on
many areas of preparative science and particularly in the area of
synthetic chemistry. It is notable that the impact has probably been
far greater than many other technological developments and that
microwave heating methods have become mainstream. Numerous
laboratories have commercial instruments, particularly as they
have become very reliable, safe and relatively inexpensive. It has
become clear that, unlike many new technologies, microwaves
have genuinely become an acceptable and routinely applied
method for synthesis.

So where next for microwave enhanced science? Continued
efforts by the suppliers of instruments should hopefully make the
technology available to every bench chemist and perhaps even
every bench scientist who needs to heat a sample. Although costs
have dramatically reduced in recent years, we have yet to see them
reduce to a point where the instruments become viewed as
a standard piece of individual laboratory equipment. If that does
happen then we could see further dramatic developments in the
uptake of this valuable technology. The size of instruments may
also need to reduce a little such that every laboratory bench could
readily accommodate an instrument. So, further developments
from equipment suppliers could continue to enhance the field
further.

Scientifically, we can envisage still further attempts to speed up
processes. One of the most exciting developments has probably
been in peptide chemistry and the idea that we might at some point
be able to make large-scale synthetic proteins in a day is an ap-
pealing prospect. Further major impacts on sample preparation for
biology, materials science, nanotechnology, and polymer science
are all likely to result in the next 5–10 years. Although there have
been exciting developments, there are still many opportunities for
microwave heating to revolutionise these areas.
Acknowledgements

We would like to express our sincere gratitude to all of those
who supported our work in the microwave area over many years.
Particular thanks go to David Lofty, Mike Collins and all at CEM UK
and CEM Corporation for their support of our programme and also
for their enthusiastic engagement with many of the key players in
the microwave area, which has been vital for the many exciting
developments. We also gratefully acknowledge Mike Williams
(Pfizer), Duncan Judd (GSK) and David Sandham (Novartis) for their
support of our efforts in the microwave area. Financial support from
GSK, Pfizer, Novartis, CEM UK, AstraZeneca, EPSRC, BBSRC and the
Wellcome Trust are all gratefully acknowledged.
References and notes

1. Caddick, S. Tetrahedron 1995, 51, 10403–10432.
2. Katritzky, A. R.; Cai, C. M.; Collins, M. D.; Scriven, E. F. V.; Singh, S. K.; Barn-

hardt, E. K. J. Chem. Educ. 2006, 83, 634–636.
3. Musiol, R.; Tyman-Szram, B.; Polanski, J. J. Chem. Educ. 2006, 83, 632–633.
4. Aktoudianakis, E.; Chan, E.; Edward, A. R.; Jarosz, I.; Lee, V.; Mui, L.; Thati-

pamala, S. S.; Dicks, A. P. J. Chem. Educ. 2008, 85, 555–557.
5. Wathey, B.; Tierney, J.; Lidstrom, P.; Westman, J. Drug Discov. Today 2002, 7,
373–380.

6. Mavandadi, F.; Lidstrom, P. Curr. Top. Med. Chem. 2004, 4, 773–792.
7. Mavandadi, F.; Pilotti, A. Drug Discov. Today 2006, 11, 165–174.
8. Dzierba, C. D.; Combs, A. P. Microwave-Assisted Chemistry as a Tool for Drug

Discovery. In Annual Reports in Medicinal Chemistry; 2002; Vol. 37, pp 247–256.
9. Larhed, M.; Hallberg, A. Drug Discov. Today 2001, 6, 406–416.

10. Gerbec, J. A.; Magana, D.; Washington, A.; Strouse, G. F. J. Am. Chem. Soc. 2005,
127, 15791–15800.

11. Fermer, C.; Nilsson, P.; Larhed, M. Eur. J. Pharm. Sci. 2003, 18, 129–132.
12. Orrling, K.; Nilsson, P.; Gullbergh, M.; Larhed, M. Chem. Commun. 2004,

790–791.
13. Lidstrom, P.; Tierney, J.; Wathey, B.; Westman, J. Tetrahedron 2001, 57, 9225–

9283.
14. Herrero, M. A.; Kremsner, J. M.; Kappe, C. O. J. Org. Chem. 2008, 73, 36–47.
15. Dressen, M.; van de Kruijs, B. H. P.; Meuldijk, J.; Vekemans, J.; Hulshof, L. A.

Org. Process Res. Dev. 2007, 11, 865–869.
16. de la Hoz, A.; Diaz-Ortiz, A.; Moreno, A. Chem. Soc. Rev. 2005, 34, 164–178.
17. Roy, I.; Gupta, M. N. Tetrahedron 2003, 59, 5431–5436.
18. Perreux, L.; Loupy, A.; Delmotte, M. Tetrahedron 2003, 59, 2185–2189.
19. Perreux, L.; Loupy, A. Tetrahedron 2001, 57, 9199–9223.
20. Leadbeater, N. E.; Williams, V. A.; Barnard, T. M.; Collins, M. J. Org. Process Res.

Dev. 2006, 10, 833–837.
21. Bowman, M. D.; Holcomb, J. L.; Kormos, C. M.; Leadbeater, N. E.; Williams, V. A.

Org. Process Res. Dev. 2008, 12, 41–57.
22. Stadler, A.; Yousefi, B. H.; Dallinger, D.; Walla, P.; van der Eycken, E.; Kaval, N.;

Kappe, C. O. Org. Process Res. Dev. 2003, 7, 707–716.
23. Marquie, J.; Salmoria, G.; Poux, M.; Laporterie, A.; Dubac, J.; Roques, N. Ind.

Eng. Chem. Res. 2001, 40, 4485–4490.
24. Larhed, M.; Moberg, C.; Hallberg, A. Acc. Chem. Res. 2002, 35, 717–727.
25. Anderson, N. G. Org. Process Res. Dev. 2001, 5, 613–621.
26. De La Hoz, A.; Diaz-Ortiz, A.; Moreno, A. Curr. Org. Chem. 2004, 8, 903–918.
27. Bagley, M. C.; Jenkins, R. L.; Lubinu, M. C.; Mason, C.; Wood, R. J. Org. Chem.

2005, 70, 7003–7006.
28. Wilson, N. S.; Sarko, C. R.; Roth, G. P. Org. Process Res. Dev. 2004, 8, 535–538.
29. He, P.; Haswell, S. J.; Fletcher, P. D. I. Lab Chip 2004, 4, 38–41.
30. He, P.; Haswell, S. J.; Fletcher, P. D. I. Appl. Catal., A 2004, 274, 111–114.
31. Pillai, U. R.; Sahle-Demessie, E.; Varma, R. S. Green Chem. 2004, 6, 295–298.
32. Glasnov, T. N.; Kappe, C. O. Macromol. Rapid Commun. 2007, 28, 395–410.
33. Mennecke, K.; Cecilia, R.; Glasnov, T. N.; Gruhl, S.; Vogt, C.; Feldhoff, A.; Vargas,

M. A. L.; Kappe, C. O.; Kunz, U.; Kirschning, A. Adv. Synth. Catal. 2008, 350,
717–730.

34. Comer, E.; Organ, M. G. Chem.dEur. J. 2005, 11, 7223–7227.
35. Comer, E.; Organ, M. G. J. Am. Chem. Soc. 2005, 127, 8160–8167.
36. Shore, G.; Morin, S.; Organ, M. G. Angew. Chem., Int. Ed. 2006, 45, 2761–2766.
37. Bremner, W. S.; Organ, M. G. J. Comb. Chem. 2007, 9, 14–16.
38. Barnard, T. M.; Leadbeater, N. E.; Boucher, M. B.; Stencel, L. M.; Wilhite, B. A.

Energy Fuels 2007, 21, 1777–1781.
39. Baxendale, I. R.; Hayward, J. J.; Ley, S. V. Comb. Chem. High Throughput

Screening 2007, 10, 802–836.
40. Matloobi, M.; Kappe, C. O. Chem. Today 2007, 25, 26–31.
41. Kremsner, J. M.; Stadler, A.; Kappe, C. O. J. Comb. Chem. 2007, 9, 285–291.
42. Leadbeater, N. E.; Schmink, J. R. Nat. Protoc. 2008, 3, 1–7.
43. Leadbeater, N. E.; Smith, R. J. Org. Biomol. Chem. 2007, 5, 2770–2774.
44. Getvoldsen, G. S.; Elander, N.; Stone-Elander, S. A. Chem.dEur. J. 2002, 8,

2255–2260.
45. Bowman, M. D.; Leadbeater, N. E.; Barnard, T. M. Tetrahedron Lett. 2008, 49,

195–198.
46. Leadbeater, N. E.; Schmink, J. R. Tetrahedron 2007, 63, 6764–6773.
47. Ericsson, M.; Colmsjo, A. J. Chromatogr., A 2000, 877, 141–151.
48. Dallinger, D.; Kappe, C. O. Chem. Rev. 2007, 107, 2563–2591.
49. Kremsner, J. M.; Kappe, C. O. Eur. J. Org. Chem. 2005, 3672–3679.
50. Kappe, C. O. Chem. Soc. Rev. 2008, 37, 1127–1139.
51. Galema, S. A. Chem. Soc. Rev. 1997, 26, 233–238.
52. Kappe, C. O. Angew. Chem., Int. Ed. 2004, 43, 6250–6284.
53. Kuhnert, N. Angew. Chem., Int. Ed. 2002, 41, 1863–1866.
54. Tanaka, K.; Toda, F. Chem. Rev. 2000, 100, 1025–1074.
55. Varma, R. S. Pure Appl. Chem. 2001, 73, 193–198.
56. Loupy, A. C.R. Chim. 2004, 7, 103–112.
57. Varma, R. S.; Namboodiri, V. V. Chem. Commun. 2001, 643–644.
58. Seijas, J. A.; Vazquez-Tato, M. P.; Carballido-Reboredo, R. J. Org. Chem. 2005, 70,

2855–2858.
59. Gan, C. S.; Chen, X.; Lai, G. Y.; Wang, Z. Y. Synlett 2006, 387–390.
60. Lee, J. C.; Park, J. Y.; Yoon, S. Y.; Bae, Y. H.; Lee, S. J. Tetrahedron Lett. 2004, 45,

191–193.
61. Marquie, J.; Laporterie, A.; Dubac, J.; Roques, N.; Desmurs, J. R. J. Org. Chem.

2001, 66, 421–425.
62. Yates, E. A.; Jones, M. O.; Clarke, C. E.; Powell, A. K.; Johnson, S. R.; Porch, A.;

Edwards, P. P.; Turnbull, J. E. J. Mater. Chem. 2003, 13, 2061–2063.
63. Bagley, M. C.; Glover, C.; Merritt, E. A. Synlett 2007, 2459–2482.
64. Bagley, M. C.; Hughes, D. D.; Lubinu, M. C.; Merritt, E. A.; Taylor, P. H.; Tom-

kinson, N. C. O. QSAR Comb. Sci. 2004, 23, 859–867.
65. Bagley, M. C.; Lunn, R.; Xiong, X. Tetrahedron Lett. 2002, 43, 8331–8334.
66. Minetto, G.; Raveglia, L. F.; Taddei, M. Org. Lett. 2004, 6, 389–392.
67. Wolkenberg, S. E.; Wisnoski, D. D.; Leister, W. H.; Wang, Y.; Zhao, Z. J.; Lindsley,

C. W. Org. Lett. 2004, 6, 1453–1456.



S. Caddick, R. Fitzmaurice / Tetrahedron 65 (2009) 3325–33553352
68. Sparks, R. B.; Combs, A. P. Org. Lett. 2004, 6, 2473–2475.
69. Siu, J.; Baxendale, I. R.; Ley, S. V. Org. Biomol. Chem. 2004, 2, 160–167.
70. Seijas, J. A.; Vazquez-Tato, M. P.; Crecente-Campo, J. Synlett 2007, 2420–2424.
71. Baxendale, I. R.; Ley, S. V. J. Comb. Chem. 2005, 7, 483–489.
72. Muccioli, G. G.; Wouters, J.; Poupaert, J. H.; Norberg, B.; Poppitz, W.; Scriba, G.

K. E.; Lambert, D. M. Org. Lett. 2003, 5, 3599–3602.
73. Gelens, E.; Smeets, L.; Sliedregt, L.; van Steen, B. J.; Kruse, C. G.; Leurs, R.; Orru,

R. V. A. Tetrahedron Lett. 2005, 46, 3751–3754.
74. Ferroud, C.; Godart, M.; Ung, S.; Borderies, H.; Guy, A. Tetrahedron Lett. 2008,

49, 3004–3008.
75. Shackelford, S. A.; Anderson, M. B.; Christie, L. C.; Goetzen, T.; Guzman, M. C.;

Hananel, M. A.; Kornreich, W. D.; Li, H. T.; Pathak, V. P.; Rabinovich, A. K.;
Rajapakse, R. J.; Truesdale, L. K.; Tsank, S. M.; Vazir, H. N. J. Org. Chem. 2003, 68,
267–275.

76. Srinivasan, N.; Ganesan, A. Chem. Commun. 2003, 916–917.
77. Moseley, J. D.; Lenden, P. Tetrahedron 2007, 63, 4120–4125.
78. Moseley, J. D.; Sankey, R. F.; Tang, O. N.; Gilday, J. P. Tetrahedron 2006, 62,

4685–4689.
79. Thanh, G. V.; Pegot, B.; Loupy, A. Eur. J. Org. Chem. 2004, 1112–1116.
80. Shieh, W. C.; Dell, S.; Repic, O. Org. Lett. 2001, 3, 4279–4281.
81. Ju, Y. H.; Kumar, D.; Varma, R. S. J. Org. Chem. 2006, 71, 6697–6700.
82. Robin, A.; Brown, F.; Bahamontes-Rosa, N.; Wu, B.; Beitz, E.; Kun, J. F. J.; Flitsch,

S. L. J. Med. Chem. 2007, 50, 4243–4249.
83. Dioos, B. M. L.; Jacobs, P. A. J. Catal. 2005, 235, 428–430.
84. Jaipuri, F. A.; Jofre, M. F.; Schwarz, K. A.; Pohl, N. L. Tetrahedron Lett. 2004, 45,

4149–4152.
85. Porcheddu, A.; Giacomelli, G.; Salaris, M. J. Org. Chem. 2005, 70, 2361–2363.
86. Schenkel, L. B.; Ellman, J. A. Org. Lett. 2004, 6, 3621–3624.
87. Bengtson, A.; Hallberg, A.; Larhed, M. Org. Lett. 2002, 4, 1231–1233.
88. Caddick, S.; McCarroll, A. J.; Sandham, D. A. Tetrahedron 2001, 57, 6305–6310.
89. Lettan, R. B.; Woodward, C. C.; Scheidt, K. A. Angew. Chem., Int. Ed. 2008, 47,

2294–2297.
90. Zare, A.; Hasaninejad, A.; Zare, A. R. M.; Parhami, A.; Sharghi, H.; Khalafi-

Nezhad, A. Can. J. Chem. 2007, 85, 438–444.
91. Pillai, U. R.; Sahle-Demessie, E.; Varma, R. S. Tetrahedron Lett. 2002, 43, 2909–

2911.
92. Lukasiewicz, M.; Bogdal, D.; Pielichowski, J. Adv. Synth. Catal. 2003, 345, 1269–

1272.
93. Bartoli, G.; Di Antonio, G.; Giovannini, R.; Giuli, S.; Lanari, S.; Paoletti, M.;

Marcantoni, E. J. Org. Chem. 2008, 73, 1919–1924.
94. Vasudevan, A.; Verzal, M. K. Synlett 2004, 631–634.
95. Enquist, P. A.; Nilsson, P.; Edin, J.; Larhed, M. Tetrahedron Lett. 2005, 46, 3335–

3339.
96. Hon, Y. S.; Hsu, T. R.; Chen, C. Y.; Lin, Y. H.; Chang, F. J.; Hsieh, C. H.; Szu, P. H.

Tetrahedron 2003, 59, 1509–1520.
97. Braddock, D. C.; Ahmad, S. M.; Douglas, G. T. Tetrahedron Lett. 2004, 45,

6583–6585.
98. Zhang, H. Q.; Schubert, U. S. Macromol. Rapid Commun. 2004, 25, 1225–1230.
99. Studer, A.; Schulte, T. Chem. Rec. 2005, 5, 27–35.

100. Studer, A. Chem. Soc. Rev. 2004, 33, 267–273.
101. Wetter, C.; Studer, A. Chem. Commun. 2004, 174–175.
102. Borguet, Y.; Richel, A.; Delfosse, S.; Leclerc, A.; Delaude, L.; Demonceau, A.

Tetrahedron Lett. 2007, 48, 6334–6338.
103. Bull, J. A.; Hutchings, M. G.; Quayle, P. Angew. Chem., Int. Ed. 2007, 46,

1869–1872.
104. Jessop, C. M.; Parsons, A. F.; Routledge, A.; Irvine, D. J. Eur. J. Org. Chem. 2006,

1547–1554.
105. Lamberto, M.; Corbett, D. F.; Kilburn, J. D. Tetrahedron Lett. 2003, 44,

1347–1349.
106. Akamatsu, H.; Fukase, K.; Kusumoto, S. Synlett 2004, 1049–1053.
107. Allin, S. M.; Bowman, W. R.; Karim, R.; Rahman, S. S. Tetrahedron 2006, 62,

4306–4316.
108. Zhou, Z. Z.; Ji, F. Q.; Cao, M.; Yang, G. F. Adv. Synth. Catal. 2006, 348, 1826–1830.
109. Yadav, J. S.; Anuradha, K.; Reddy, B. V. S.; Eeshwaraiah, B. Tetrahedron Lett.

2003, 44, 8959–8962.
110. Mosse, S.; Alexakis, A. Org. Lett. 2006, 8, 3577–3580.
111. Hosseini, M.; Stiasni, N.; Barbieri, V.; Kappe, C. O. J. Org. Chem. 2007, 72, 1417–

1424.
112. Almasi, D.; Alonso, D. A.; Gomez-Bengoa, E.; Nagel, Y.; Najera, C. Eur. J. Org.

Chem. 2007, 2328–2343.
113. Westermann, B.; Neuhaus, C. Angew. Chem., Int. Ed. 2005, 44, 4077–4079.
114. Massi, A.; Nuzzi, A.; Dondoni, A. J. Org. Chem. 2007, 72, 10279–10282.
115. de la Hoz, A.; Diaz-Ortis, A.; Moreno, A.; Langa, F. Eur. J. Org. Chem. 2000,

3659–3673.
116. Brummond, K. M.; Chen, D. T. Org. Lett. 2005, 7, 3473–3475.
117. Kaval, N.; Dehaen, W.; Kappe, C. O.; van der Eycken, E. Org. Biomol. Chem. 2004,

2, 154–156.
118. Brummond, K. M.; Wach, C. K. Mini-Rev. Org. Chem. 2007, 4, 89–103.
119. Hoogenboom, R.; Moore, B. C.; Schubert, U. S. J. Org. Chem. 2006, 71,

4903–4909.
120. Saaby, S.; Baxendale, I. R.; Ley, S. V. Org. Biomol. Chem. 2005, 3, 3365–3368.
121. Kaval, N.; van der Eycken, J.; Caroen, J.; Dehaen, W.; Strohmeier, G. A.; Kappe,

C. O.; van der Eycken, E. J. Comb. Chem. 2003, 5, 560–568.
122. Diaz-Ortiz, A.; de Cozar, A.; Prieto, P.; de la Hoz, A.; Moreno, A. Tetrahedron

Lett. 2006, 47, 8761–8764.
123. Wu, J. L.; Sun, L. J.; Dai, W. M. Tetrahedron 2006, 62, 8360–8372.
124. Dinica, R. M.; Druta, II; Pettinari, C. Synlett 2000, 1013–1015.
125. Wilson, N. S.; Sarko, C. R.; Roth, G. P. Tetrahedron Lett. 2001, 42, 8939–8941.
126. Bashiardes, G.; Safir, I.; Mohamed, A. S.; Barbot, F.; Laduranty, J. Org. Lett. 2003,

5, 4915–4918.
127. Dugovic, B.; Fisera, L.; Hametner, C.; Cyranski, M. K.; Pronayova, N. Monatsh.

Chem. 2004, 135, 685–696.
128. Singh, S.; Ishar, M. P. S.; Singh, G.; Singh, R. Can. J. Chem. 2005, 83, 260–265.
129. Giacomelli, G.; De Luca, L.; Porcheddu, A. Tetrahedron 2003, 59, 5437–5440.
130. Willy, B.; Rominger, F.; Muller, T. J. J. Synthesis 2008, 293–303.
131. Enderlin, G.; Taillefumier, C.; Didierjean, C.; Chapleur, Y. Tetrahedron: Asym-

metry 2005, 16, 2459–2474.
132. Binder, W. H.; Sachsenhofer, R. Macromol. Rapid Commun. 2007, 28, 15–54.
133. Gao, Y. N.; Lam, Y. Org. Lett. 2006, 8, 3283–3285.
134. Katritzky, A. R.; Singh, S. K. J. Org. Chem. 2002, 67, 9077–9079.
135. Appukkuttan, P.; Dehaen, W.; Fokin, V. V.; van der Eycken, E. Org. Lett. 2004, 6,

4223–4225.
136. Lipshutz, B. H.; Taft, B. R. Angew. Chem., Int. Ed. 2006, 45, 8235–8238.
137. Rasmussen, L. K.; Boren, B. C.; Fokin, V. V. Org. Lett. 2007, 9, 5337–5339.
138. Lucas, R.; Neto, V.; Bouazza, A. H.; Zerrouki, R.; Granet, R.; Krausz, P.; Cham-

pavier, Y. Tetrahedron Lett. 2008, 49, 1004–1007.
139. Glasnov, T. N.; Kappe, C. O. QSAR Comb. Sci. 2007, 26, 1261–1265.
140. Khanetskyy, B.; Dallinger, D.; Kappe, C. O. J. Comb. Chem. 2004, 6, 884–892.
141. Kaval, N.; Ermolat’ev, D.; Appukkuttan, P.; Dehaen, W.; Kappe, C. O.; van der

Eycken, E. J. Comb. Chem. 2005, 7, 490–502.
142. Pieters, R. J.; Rijkers, D. T. S.; Liskamp, R. M. J. QSAR Comb. Sci. 2007, 26,

1181–1190.
143. Perez-Balderas, F.; Ortega-Munoz, M.; Morales-Sanfrutos, J.; Hernandez-Ma-

teo, F.; Calvo-Flores, F. G.; Calvo-Asin, J. A.; Isac-Garcia, J.; Santoyo-Gonzalez, F.
Org. Lett. 2003, 5, 1951–1954.

144. Bouillon, C.; Meyer, A.; Vidal, S.; Jochum, A.; Chevolot, Y.; Cloarec, J. P.; Praly,
J. P.; Vasseur, J. J.; Morvan, F. J. Org. Chem. 2006, 71, 4700–4702.

145. van Dijk, M.; Mustafa, K.; Dechesne, A. C.; van Nostrum, C. F.; Hennink, W. E.;
Rijkers, D. T. S.; Liskamp, R. M. J. Biomacromolecules 2007, 8, 327–330.

146. Yoon, K.; Goyal, P.; Weck, M. Org. Lett. 2007, 9, 2051–2054.
147. Joosten, J. A. F.; Tholen, N. T. H.; El Maate, F. A.; Brouwer, A. J.; van Esse, G. W.;

Rijkers, D. T. S.; Liskamp, R. M. J.; Pieters, R. J. Eur. J. Org. Chem. 2005,
3182–3185.

148. Rijkers, D. T. S.; van Esse, G. W.; Merkx, R.; Brouwer, A. J.; Jacobs, H. J. F.;
Pieters, R. J.; Liskamp, R. M. J. Chem. Commun. 2005, 4581–4583.

149. Langa, F.; de la Cruz, P.; de la Hoz, A.; Espildora, E.; Cossio, F. P.; Lecea, B. J. Org.
Chem. 2000, 65, 2499–2507.

150. Delgado, J. L.; de la Cruz, P.; Langa, F.; Urbina, A.; Casado, J.; Navarrete, J. T. L.
Chem. Commun. 2004, 1734–1735.

151. Brunetti, F. G.; Herrero, M. A.; Munoz, J. D. M.; Giordani, S.; Diaz-Ortiz, A.;
Filippone, S.; Ruaro, G.; Meneghetti, M.; Prato, M.; Vazquez, E. J. Am. Chem. Soc.
2007, 129, 14580–14581.

152. Coquerel, Y.; Rodriguez, J. Eur. J. Org. Chem. 2008, 1125–1132.
153. Aitken, S. G.; Abell, A. D. Aust. J. Chem. 2005, 58, 3–13.
154. Garbacia, S.; Desai, B.; Lavastre, O.; Kappe, C. O. J. Org. Chem. 2003, 68,

9136–9139.
155. Yang, C. M.; Murray, W. V.; Wilson, L. J. Tetrahedron Lett. 2003, 44, 1783–1786.
156. Efskind, J.; Undheim, K. Tetrahedron Lett. 2003, 44, 2837–2839.
157. Thanh, G. V.; Loupy, A. Tetrahedron Lett. 2003, 44, 9091–9094.
158. Mayo, K. G.; Nearhoof, E. H.; Kiddle, J. J. Org. Lett. 2002, 4, 1567–1570.
159. Nosse, B.; Schall, A.; Jeong, W. B.; Reiser, O. Adv. Synth. Catal. 2005, 347,

1869–1874.
160. Vu, N. Q.; Chai, C. L. L.; Lim, K. P.; Chia, S. C.; Chen, A. Tetrahedron 2007, 63,

7053–7058.
161. Appukkuttan, P.; Dehaen, W.; van der Eycken, E. Org. Lett. 2005, 7, 2723–2726.
162. Collins, S. K.; Grandbois, A.; Vachon, M. P.; Cote, J. Angew. Chem., Int. Ed. 2006,

45, 2923–2926.
163. Debleds, O.; Campagne, J. M. J. Am. Chem. Soc. 2008, 130, 1562–1563.
164. Miles, S. M.; Leatherbarrow, R. J.; Marsden, S. P.; Coates, W. J. Org. Biomol.

Chem. 2004, 2, 281–283.
165. Robinson, A. J.; Elaridi, J.; van Lierop, B. J.; Mujcinovic, S.; Jackson, W. R. J. Pept.

Sci. 2007, 13, 280–285.
166. Salim, S. S.; Bellingham, R. K.; Brown, R. C. D. Eur. J. Org. Chem. 2004, 800–806.
167. Bargiggia, F. C.; Murray, W. V. J. Org. Chem. 2005, 70, 9636–9639.
168. Michaut, A.; Boddaert, T.; Coquerel, Y.; Rodriguez, J. Synthesis 2007,

2867–2871.
169. Castagnolo, D.; Renzulli, M. L.; Galletti, E.; Corelli, F.; Botta, M. Tetrahedron:

Asymmetry 2005, 16, 2893–2896.
170. Fustero, S.; Jimenez, D.; Sanchez-Rosello, M.; del Pozo, C. J. Am. Chem. Soc.

2007, 129, 6700–6701.
171. Morris, T.; Sandham, D.; Caddick, S. Org. Biomol. Chem. 2007, 5, 1025–1027.
172. Tan, K. L.; Vasudevan, A.; Bergman, R. G.; Ellman, J. A.; Souers, A. J. Org. Lett.

2003, 5, 2131–2134.
173. Lewis, J. C.; Berman, A. M.; Bergman, R. G.; Ellman, J. A. J. Am. Chem. Soc. 2008,

130, 2493–2500.
174. Loupy, A.; Chatti, S.; Delamare, S.; Lee, D. Y.; Chung, J. H.; Jun, C. H. J. Chem. Soc.,

Perkin Trans. 1 2002, 1280–1285.
175. Frost, C. G.; Penrose, S. D.; Lambshead, K.; Raithby, P. R.; Warren, J. E.; Gleave,

O. R. Org. Lett. 2007, 9, 2119–2122.
176. Zhan, Z. P.; Lang, K. Synlett 2005, 1551–1554.



S. Caddick, R. Fitzmaurice / Tetrahedron 65 (2009) 3325–3355 3353
177. Kaiser, N. F. K.; Bremberg, U.; Larhed, M.; Moberg, C.; Hallberg, A. Angew. Chem.,
Int. Ed. 2000, 39, 3596–3598.

178. Belda, O.; Lundgren, S.; Moberg, C. Org. Lett. 2003, 5, 2275–2278.
179. Wu, X. Y.; Mahalingam, A. K.; Alterman, M. Tetrahedron Lett. 2005, 46,

1501–1504.
180. Arvela, R. K.; Leadbeater, N. E. Synlett 2003, 1145–1148.
181. Hutchinson, E. J.; Kerr, W. J.; Magennis, E. J. Chem. Commun. 2002, 2262–2263.
182. Bytschkov, I.; Doye, S. Eur. J. Org. Chem. 2001, 4411–4418.
183. Fischer, S.; Groth, U.; Jung, M.; Schneider, A. Synlett 2002, 2023–2026.
184. Zhou, Y.; Porco, J. A.; Snyder, J. K. Org. Lett. 2007, 9, 393–396.
185. Young, D. D.; Sripada, L.; Deiters, A. J. Comb. Chem. 2007, 9, 735–738.
186. Teske, J. A.; Deiters, A. J. Org. Chem. 2008, 73, 342–345.
187. Nieto-Oberhuber, C.; Perez-Galan, P.; Herrero-Gomez, E.; Lauterbach, T.;

Rodriguez, C.; Lopez, S.; Bour, C.; Rosellon, A.; Cardenas, D. J.; Echavarren, A. M.
J. Am. Chem. Soc. 2008, 130, 269–279.

188. Fairlamb, I. J. S.; McGlacken, G. P.; Weissberger, F. Chem. Commun. 2006,
988–990.

189. Appukkuttan, P.; van der Eyeken, E. Eur. J. Org. Chem. 2008, 1133–1155.
190. Alcazar, J.; Diels, G.; Schoentjes, B. Comb. Chem. High Throughput Screening

2007, 10, 918–932.
191. Fitzmaurice, R. J.; Etheridge, Z. C.; Jumel, E.; Woolfson, D. N.; Caddick, S. Chem.

Commun. 2006, 4814–4816.
192. Wang, Y.; Sauer, D. R. Org. Lett. 2004, 6, 2793–2796.
193. Dawood, K. M.; Kirschning, A. Tetrahedron 2005, 61, 12121–12130.
194. Navarro, O.; Kaur, H.; Mahjoor, P.; Nolan, S. P. J. Org. Chem. 2004, 69,

3173–3180.
195. Dankwardt, J. W. J. Organomet. Chem. 2005, 690, 932–938.
196. Choudary, B. M.; Madhi, S.; Chowdari, N. S.; Kantam, M. L.; Sreedhar, B. J. Am.

Chem. Soc. 2002, 124, 14127–14136.
197. Budarin, V. L.; Clark, J. H.; Luque, R.; Macquarrie, D. J.; White, R. J. Green Chem.

2008, 10, 382–387.
198. Cravotto, G.; Beggiato, M.; Penoni, A.; Palmisano, G.; Tollari, S.; Leveque, J. M.;

Bonrath, W. Tetrahedron Lett. 2005, 46, 2267–2271.
199. Skoda-Foldes, R.; Pfeiffer, P.; Horvath, J.; Tuba, Z.; Kollar, L. Steroids 2002, 67,

709–713.
200. Tierney, S.; Heeney, M.; McCulloch, I. Synth. Met. 2005, 148, 195–198.
201. Maleczka, R. E.; Lavis, J. M.; Clark, D. H.; Gallagher, W. P. Org. Lett. 2000, 2,

3655–3658.
202. Appukkuttan, P.; Dehaen, W.; van der Eycken, E. Eur. J. Org. Chem. 2003,

4713–4716.
203. Erdelyi, M.; Gogoll, A. J. Org. Chem. 2001, 66, 4165–4169.
204. Erdelyi, M.; Gogoll, A. J. Org. Chem. 2003, 68, 6431–6434.
205. Walla, P.; Kappe, C. O. Chem. Commun. 2004, 564–565.
206. Mutule, I.; Suna, E. Tetrahedron Lett. 2004, 45, 3909–3912.
207. Pitts, M. R.; McCormack, P.; Whittall, J. Tetrahedron 2006, 62, 4705–4708.
208. Zhang, A.; Neumeyer, J. L. Org. Lett. 2003, 5, 201–203.
209. Wannberg, J.; Larhed, M. J. Org. Chem. 2003, 68, 5750–5753.
210. Wan, Y. Q.; Alterman, M.; Larhed, M.; Hallberg, A. J. Org. Chem. 2002, 67,

6232–6235.
211. Kaiser, N. F. K.; Hallberg, A.; Larhed, M. J. Comb. Chem. 2002, 4, 109–111.
212. Yan, J.; Zhu, M.; Zhou, Z. Eur. J. Org. Chem. 2006, 2060–2062.
213. Lu, G.; Franzen, R.; Zhang, Q.; Xu, Y. J. Tetrahedron Lett. 2005, 46, 4255–4259.
214. Bai, L.; Wang, J. X.; Zhang, Y. M. Green Chem. 2003, 5, 615–617.
215. Leadbeater, N. E. Chem. Commun. 2005, 2881–2902.
216. Leadbeater, N. E.; Marco, M. Org. Lett. 2002, 4, 2973–2976.
217. Leadbeater, N. E.; Marco, M. J. Org. Chem. 2003, 68, 888–892.
218. Arvela, R. K.; Leadbeater, N. E.; Sangi, M. S.; Williams, V. A.; Granados, P.;

Singer, R. D. J. Org. Chem. 2005, 70, 161–168.
219. Chanthavong, F.; Leadbeater, N. E. Tetrahedron Lett. 2006, 47, 1909–1912.
220. Namboodiri, V. V.; Varma, R. S. Green Chem. 2001, 3, 146–148.
221. Freundlich, J. S.; Landis, H. E. Tetrahedron Lett. 2006, 47, 4275–4279.
222. Melucci, M.; Barbarella, G.; Zambianchi, M.; Di Pietro, P.; Bongini, A. J. Org.

Chem. 2004, 69, 4821–4828.
223. Melucci, M.; Barbarella, G.; Sotgiu, G. J. Org. Chem. 2002, 67, 8877–8884.
224. Kabalka, G. W.; Wang, L.; Pagni, R. M.; Hair, C. M.; Namboodiri, V. Synthesis

2003, 217–222.
225. Baxendale, I. R.; Griffiths-Jones, C. M.; Ley, S. V.; Tranmer, G. K. Chem.dEur. J.

2006, 12, 4407–4416.
226. Flegeau, E. F.; Popkin, M. E.; Greaney, M. F. Org. Lett. 2006, 8, 2495–2498.
227. Zhang, W.; Chen, C. H. T.; Lu, Y. M.; Nagashima, T. Org. Lett. 2004, 6, 1473–1476.
228. Lengar, A.; Kappe, C. O. Org. Lett. 2004, 6, 771–774.
229. Bedford, R. B.; Butts, C. P.; Hurst, T. E.; Lidstrom, P. Adv. Synth. Catal. 2004, 346,

1627–1630.
230. Furstner, A.; Seidel, G. Org. Lett. 2002, 4, 541–543.
231. Vallin, K. S. A.; Emilsson, P.; Larhed, M.; Hallberg, A. J. Org. Chem. 2002, 67,

6243–6246.
232. Xie, X. G.; Lu, J. P.; Chen, B.; Han, J. J.; She, X. G.; Pan, X. F. Tetrahedron Lett.

2004, 45, 809–811.
233. Palmisano, G.; Bonrath, W.; Boffa, L.; Garella, D.; Barge, A.; Cravotto, G. Adv.

Synth. Catal. 2007, 349, 2338–2344.
234. Arvela, R. K.; Leadbeater, N. E. J. Org. Chem. 2005, 70, 1786–1790.
235. Botella, L.; Najera, C. J. Org. Chem. 2005, 70, 4360–4369.
236. Botella, L.; Najera, C. Tetrahedron 2004, 60, 5563–5570.
237. Botella, L.; Najera, C. Tetrahedron Lett. 2004, 45, 1833–1836.
238. Andappan, M. M. S.; Nilsson, P.; von Schenck, H.; Larhed, M. J. Org. Chem. 2004,

69, 5212–5218.
239. Lindh, J.; Enquist, P. A.; Pilotti, A.; Nilsson, P.; Larhed, M. J. Org. Chem. 2007, 72,
7957–7962.

240. Datta, G. K.; von Schenck, H.; Hallberg, A.; Larhed, M. J. Org. Chem. 2006, 71,
3896–3903.

241. Nilsson, P.; Gold, H.; Larhed, M.; Hallberg, A. Synthesis 2002, 1611–1614.
242. Kaukoranta, P.; Kallstrom, K.; Andersson, P. G. Adv. Synth. Catal. 2007, 349,

2595–2602.
243. Mata, Y.; Pamies, O.; Dieguez, M. Chem.dEur. J. 2007, 13, 3296–3304.
244. Shi, L.; Wang, M.; Fan, C. A.; Zhang, F. M.; Tu, Y. Q. Org. Lett. 2003, 5, 3515–3517.
245. McCarrolll, A. J.; Sandham, D. A.; Titcomb, L. R.; de Lewis, A. K.; Cloke, F. G. N.;

Davies, B. P.; Perez de Santana, A.; Hiller, W.; Caddick, S. Mol. Divers. 2003, 7,
115–123.

246. Harmata, M.; Hong, X. C.; Ghosh, S. K. Tetrahedron Lett. 2004, 45, 5233–5236.
247. Burton, G.; Cao, P.; Li, G.; Rivero, R. Org. Lett. 2003, 5, 4373–4376.
248. Poondra, R. R.; Turner, N. J. Org. Lett. 2005, 7, 863–866.
249. Wannberg, J.; Sabnis, Y. A.; Vrang, L.; Samuelsson, B.; Karlen, A.; Hallberg, A.;

Larhed, M. Bioorg. Med. Chem. 2006, 14, 5303–5315.
250. Bremberg, U.; Lutsenko, S.; Kaiser, N. F.; Larhed, M.; Hallberg, A.; Mobert, C.

Synthesis 2000, 1004–1008.
251. Braga, A. L.; Silveira, C. C.; de Bolster, M. W. G.; Schrekker, H. S.; Wessjohann, L.

A.; Schneider, P. H. J. Mol. Catal. A: Chem. 2005, 239, 235–238.
252. Tsukamoto, H.; Matsumoto, T.; Kondo, Y. J. Am. Chem. Soc. 2008, 130, 388–389.
253. Blackwell, H. E. Org. Biomol. Chem. 2003, 1, 1251–1255.
254. Lew, A.; Krutzik, P. O.; Hart, M. E.; Chamberlin, A. R. J. Comb. Chem. 2002, 4,

95–105.
255. Kappe, C. O. Curr. Opin. Chem. Biol. 2002, 6, 314–320.
256. Dai, W. M.; Shi, J. Y. Comb. Chem. High Throughput Screening 2007, 10, 837–856.
257. Coleman, C. M.; MacElroy, J. M. D.; Gallagher, J. F.; O’Shea, D. F. J. Comb. Chem.

2002, 4, 87–93.
258. Boldt, G. E.; Dickerson, T. J.; Janda, K. D. Drug Discov. Today 2006, 11, 143–148.
259. O’Neill, J. C.; Blackwell, H. E. Comb. Chem. High Throughput Screening 2007, 10,

857–876.
260. Santagada, V.; Frecentese, F.; Perissutti, E.; Favretto, L.; Caliendo, G. QSAR

Comb. Sci. 2004, 23, 919–944.
261. Sinnwell, S.; Ritter, H. Aust. J. Chem. 2007, 60, 729–743.
262. Wiesbrock, F.; Hoogenboom, R.; Schubert, U. S. Macromol. Rapid Commun.

2004, 25, 1739–1764.
263. Zhang, C.; Liao, L. Q.; Gong, S. Q. S. Green Chem. 2007, 9, 303–314.
264. Wisnoski, D. D.; Leister, W. H.; Strauss, K. A.; Zhao, Z. J.; Lindsley, C. W. Tet-

rahedron Lett. 2003, 44, 4321–4325.
265. Pontrello, J. K.; Allen, M. J.; Underbakke, E. S.; Kiessling, L. L. J. Am. Chem. Soc.

2005, 127, 14536–14537.
266. Nicewonger, R. B.; Ditto, L.; Kerr, D.; Varady, L. Bioorg. Med. Chem. Lett. 2002,

12, 1799–1802.
267. Petricci, E.; Mugnaini, C.; Radi, M.; Corelli, F.; Botta, M. J. Org. Chem. 2004, 69,

7880–7887.
268. Donati, D.; Morelli, C.; Taddei, M. Tetrahedron Lett. 2005, 46, 2817–2819.
269. Wang, Y.; Miller, R. L.; Sauer, D. R.; Djuric, S. W. Org. Lett. 2005, 7, 925–928.
270. Westman, J. Org. Lett. 2001, 3, 3745–3747.
271. Lei, X. G.; Porco, J. A. Org. Lett. 2004, 6, 795–798.
272. Ley, S. V.; Taylor, S. J. Bioorg. Med. Chem. Lett. 2002, 12, 1813–1816.
273. Ley, S. V.; Leach, A. G.; Storer, R. I. J. Chem. Soc., Perkin Trans. 1 2001, 358–361.
274. Baxendale, I. R.; Ley, S. V.; Martinelli, M. Tetrahedron 2005, 61, 5323–5349.
275. Baxendale, I. R.; Lee, A. L.; Ley, S. V. J. Chem. Soc., Perkin Trans. 1 2002,

1850–1857.
276. Baxendale, I. R.; Ley, S. V.; Piutti, C. Angew. Chem., Int. Ed. 2002, 41, 2194–2197.
277. Baxendale, I. R.; Ley, S. V.; Nessi, M.; Piutti, C. Tetrahedron 2002, 58,

6285–6304.
278. Giuseppone, N.; Schmitt, J. L.; Lehn, J. M. J. Am. Chem. Soc. 2006, 128, 16748–

16763.
279. Zhang, W. Tetrahedron 2003, 59, 4475–4489.
280. Zhang, W.; Chen, C. H. T. Tetrahedron Lett. 2005, 46, 1807–1810.
281. Zhang, W. Comb. Chem. High Throughput Screening 2007, 10, 219–229.
282. Zhang, W.; Tempest, P. Tetrahedron Lett. 2004, 45, 6757–6760.
283. Zhou, H. Y.; Liu, A. F.; Li, X. F.; Ma, X. F.; Feng, W.; Zhang, W.; Yan, B. J. Comb.

Chem. 2008, 10, 303–312.
284. Stadler, A.; Kappe, C. O. Eur. J. Org. Chem. 2001, 919–925.
285. Sun, L. P.; Dai, W. M. Angew. Chem., Int. Ed. 2006, 45, 7255–7258.
286. Dai, W. M.; Guo, D. S.; Sun, L. P.; Huang, X. H. Org. Lett. 2003, 5, 2919–2922.
287. Blackwell, H. E. Curr. Opin. Chem. Biol. 2006, 10, 203–212.
288. Bowman, M. D.; Jacobson, M. M.; Pujanauski, B. G.; Blackwell, H. E. Tetrahedron

2006, 62, 4715–4727.
289. Lin, Q.; O’Neill, J. C.; Blackwell, H. E. Org. Lett. 2005, 7, 4455–4458.
290. Bowman, M. D.; Jeske, R. C.; Blackwell, H. E. Org. Lett. 2004, 6, 2019–2022.
291. De Luca, L.; Giacomelli, G.; Porcheddu, A.; Salaris, M.; Taddei, M. J. Comb. Chem.

2003, 5, 465–471.
292. Loaiza, P. R.; Lober, S.; Hubner, H.; Gmeiner, P. Bioorg. Med. Chem. 2007, 15,

7248–7257.
293. Shanmugasundaram, M.; Garcia-Martinez, I.; Li, Q. Y.; Estrada, A.; Martinez,

N. E.; Martinez, L. E. Tetrahedron Lett. 2005, 46, 7545–7548.
294. Orru, R. V. A.; de Greef, M. Synthesis 2003, 1471–1499.
295. Simon, C.; Constantieux, T.; Rodriguez, J. Eur. J. Org. Chem. 2004, 4957–4980.
296. Ohberg, L.; Westman, J. Synlett 2001, 1296–1298.
297. Stadler, A.; Kappe, C. O. J. Chem. Soc., Perkin Trans. 2 2000, 1363–1368.
298. Vugts, D. J.; Koningstein, M. M.; Schmitz, R. F.; de Kanter, F. J. J.; Groen, M. B.;

Orru, R. V. A. Chem.dEur. J. 2006, 12, 7178–7189.



S. Caddick, R. Fitzmaurice / Tetrahedron 65 (2009) 3325–33553354
299. Polshettiwar, V.; Varma, R. S. Tetrahedron Lett. 2007, 48, 7343–7346.
300. Gohain, M.; Prajapati, D.; Sandhu, J. S. Synlett 2004, 235–238.
301. Xia, M.; Wang, Y. G. Tetrahedron Lett. 2002, 43, 7703–7705.
302. Bharadwaj, A. R.; Scheidt, K. A. Org. Lett. 2004, 6, 2465–2468.
303. Bremner, W. S.; Organ, M. G. J. Comb. Chem. 2008, 10, 142–147.
304. Werner, S.; Iyer, P. S.; Fodor, M. D.; Coleman, C. M.; Twining, L. A.; Mitasev, B.;

Brummond, K. M. J. Comb. Chem. 2006, 8, 368–380.
305. Liu, J. F.; Ye, P.; Zhang, B. L.; Bi, G.; Sargent, K.; Yu, L. B.; Yohannes, D.; Baldino,

C. M. J. Org. Chem. 2005, 70, 6339–6345.
306. Santra, S.; Andreana, P. R. Org. Lett. 2007, 9, 5035–5038.
307. Shi, L.; Tu, Y. Q.; Wang, M.; Zhang, F. M.; Fan, C. A. Org. Lett. 2004, 6,

1001–1003.
308. Follmann, M.; Graul, F.; Schafer, T.; Kopec, S.; Hamley, P. Synlett 2005, 1009–

1011.
309. Bonnaterre, F.; Bois-Choussy, M.; Zhu, J. P. Org. Lett. 2006, 8, 4351–4354.
310. Quesada, E.; Taylor, R. J. K. Synthesis 2005, 3193–3195.
311. Johnson, B. F.; Marrero, E. L.; Turley, W. A.; Lindsay, H. A. Synlett 2007, 893–896.
312. Jacob, A. M.; Moody, C. J. Tetrahedron Lett. 2005, 46, 8823–8825.
313. Gauvreau, D.; Barriault, L. J. Org. Chem. 2005, 70, 1382–1388.
314. Dieltiens, N.; Stevens, C. V. Org. Lett. 2007, 9, 465–468.
315. Li, C. M.; Bardhan, S.; Pace, E. A.; Liang, M. C.; Gilmore, T. D.; Porco, J. A. Org.

Lett. 2002, 4, 3267–3270.
316. Kang, Y.; Mei, Y.; Du, Y. G.; Jin, Z. D. Org. Lett. 2003, 5, 4481–4484.
317. Bagley, M. C.; Davis, T.; Dix, M. C.; Rokicki, M. J.; Kipling, D. Bioorg. Med. Chem.

Lett. 2007, 17, 5107–5110.
318. Bagley, M. C.; Davis, T.; Dix, M. C.; Widdowson, C. S.; Kipling, D. Org. Biomol.

Chem. 2006, 4, 4158–4164.
319. Trost, B. M.; Crawley, M. L. J. Am. Chem. Soc. 2002, 124, 9328–9329.
320. Hughes, R. A.; Thompson, S. P.; Alcaraz, L.; Moody, C. J. J. Am. Chem. Soc. 2005,

127, 15644–15651.
321. Dransfield, P. J.; Dilley, A. S.; Wang, S. H.; Romo, D. Tetrahedron 2006, 62, 5223–5247.
322. Kiyota, H.; Dixon, D. J.; Luscombe, C. K.; Hettstedt, S.; Ley, S. V. Org. Lett. 2002,

4, 3223–3226.
323. Marvin, C. C.; Voight, E. A.; Burke, S. D. Org. Lett. 2007, 9, 5357–5359.
324. Li, X.; Ovaska, T. V. Org. Lett. 2007, 9, 3837–3840.
325. Li, X.; Kyne, R. E.; Ovaska, T. V. Org. Lett. 2006, 8, 5153–5156.
326. Beryozkina, T.; Appukkuttan, P.; Mont, N.; van der Eycken, E. Org. Lett. 2006, 8,

487–490.
327. Lepine, R.; Zhu, J. P. Org. Lett. 2005, 7, 2981–2984.
328. Dounay, A. B.; Overman, L. E.; Wrobleski, A. D. J. Am. Chem. Soc. 2005, 127,

10186–10187.
329. Raheem, I. T.; Goodman, S. N.; Jacobsen, E. N. J. Am. Chem. Soc. 2004, 126,

706–707.
330. Durand-Reville, T.; Gobbi, L. B.; Gray, B. L.; Ley, S. V.; Scott, J. S. Org. Lett. 2002,

4, 3847–3850.
331. Furstner, A.; Stelzer, F.; Rumbo, A.; Krause, H. Chem.dEur. J. 2002, 8, 1856–

1871.
332. Trost, B. M.; Thiel, O. R.; Tsui, H. C. J. Am. Chem. Soc. 2003, 125, 13155–13164.
333. Baran, P. S.; O’Malley, D. P.; Zografos, A. L. Angew. Chem., Int. Ed. 2004, 43,
2674–2677.

334. Collins, J. M.; Leadbeater, N. E. Org. Biomol. Chem. 2007, 5, 1141–1150.
335. Montalbetti, C.; Falque, V. Tetrahedron 2005, 61, 10827–10852.
336. Fara, M. A.; Diaz-Mochon, J. J.; Bradley, M. Tetrahedron Lett. 2006, 47, 1011–

1014.
337. Diaz-Mochon, J. J.; Fara, M. A.; Sanchez-Martin, R. M.; Bradley, M. Tetrahedron

Lett. 2008, 49, 923–926.
338. Olivos, H. J.; Alluri, P. G.; Reddy, M. M.; Salony, D.; Kodadek, T. Org. Lett. 2002,

4, 4057–4059.
339. Gorske, B. C.; Jewell, S. A.; Guerard, E. J.; Blackwell, H. E. Org. Lett. 2005, 7,

1521–1524.
340. Palasek, S. A.; Cox, Z. J.; Collins, J. M. J. Pept. Sci. 2007, 13, 143–148.
341. Merkx, R.; van Haren, M. J.; Rijkers, D. T. S.; Liskamp, R. M. J. J. Org. Chem. 2007,

72, 4574–4577.
342. Nagaike, F.; Onuma, Y.; Kanazawa, C.; Hojo, H.; Ueki, A.; Nakahara, Y. Org. Lett.

2006, 8, 4465–4468.
343. Katritzky, A. R.; Khashab, N. M.; Yoshioka, M.; Haase, D. N.; Wilson, K. R.;

Johnson, J. V.; Chung, A.; Haskell-Luevano, C. Chem. Biol. Drug Des. 2007, 70,
465–468.

344. Erdelyi, M.; Gogoll, A. Synthesis 2002, 1592–1596.
345. Bacsa, B.; Desai, B.; Dibo, G.; Kappe, C. O. J. Pept. Sci. 2006, 12, 633–638.
346. Bacsa, B.; Kappe, C. O. Nat. Protoc. 2007, 2, 2222–2227.
347. Murray, J. K.; Farooqi, B.; Sadowsky, J. D.; Scalf, M.; Freund, W. A.; Smith, L. M.;

Chen, J. D.; Gellman, S. H. J. Am. Chem. Soc. 2005, 127, 13271–13280.
348. Murray, J. K.; Gellman, S. H. J. Comb. Chem. 2006, 8, 58–65.
349. Murray, J. K.; Gellman, S. H. Nat. Protoc. 2007, 2, 624–631.
350. Petersson, E. J.; Schepartz, A. J. Am. Chem. Soc. 2008, 130, 821–823.
351. Matsushita, T.; Hinou, H.; Kurogochi, M.; Shimizu, H.; Nishimura, S. I. Org. Lett.

2005, 7, 877–880.
352. Katritzky, A. R.; Angrish, P.; Narindoshvili, T. Bioconjugate Chem. 2007, 18,

994–998.
353. Paolini, A.; Nuti, F.; Pozo-Carrero, M. D.; Barbetti, F.; Kolesinska, B.; Kaminski,

Z. J.; Chelli, M.; Papini, A. M. Tetrahedron Lett. 2007, 48, 2901–2904.
354. Pramanik, B. N.; Mirza, U. A.; Ing, Y. H.; Liu, Y. H.; Bartner, P. L.; Weber, P. C.;

Bose, M. K. Protein Sci. 2002, 11, 2676–2687.
355. Juan, H. F.; Chang, S. C.; Huang, H. C.; Chen, S. T. Proteomics 2005, 5, 840–842.
356. Lee, B. S.; Krishnanchettiar, S.; Lateef, S. S.; Gupta, S. Rapid Commun. Mass

Spectrom. 2005, 19, 1545–1550.
357. Hua, L.; Low, T. Y.; Sze, S. K. Proteomics 2006, 6, 586–591.
358. Hauser, N. J.; Basile, F. J. Proteome Res. 2008, 7, 1012–1026.
359. Rejasse, B.; Lamare, S.; Legoy, M. D.; Besson, T. J. Enzyme Inhib. Med. Chem.

2007, 22, 518–526.
360. Roy, I.; Gupta, M. N. Curr. Sci. 2003, 85, 1685–1693.
361. Bachu, P.; Gibson, J. S.; Sperry, J.; Brimble, M. A. Tetrahedron: Asymmetry 2007,

18, 1618–1624.
362. Yu, D. H.; Wang, Z.; Chen, P.; Jin, L.; Cheng, Y. M.; Zhou, J. G.; Cao, S. G. J. Mol.

Catal. B: Enzym. 2007, 48, 51–57.



trahedron 65 (2009) 3325–3355 3355
S. Caddick, R. Fitzmaurice / Te
Biographical sketch
Stephen Caddick graduated with a Ph.D. from the University of Southampton in 1989
having completed a thesis on free-radical chemistry with P.J. Parsons. After a postdoc-
toral position at Imperial College with W.B. Motherwell he joined the academic staff at
Birkbeck College in 1991. In 1993 he moved to the University of Sussex where he re-
mained for 10 years rising to the position of Professor of Chemistry. In 2003 he joined
UCL as Vernon Professor of Organic Chemistry and Chemical Biology and Director of
the Centre for Chemical Biology. Since 2008 he has been Head of Department of Chem-
istry. His research interests are in synthetic organic chemistry, catalysis, chemical bio-
logy and drug discovery.
Richard Fitzmaurice completed his MChem at the University of Southampton in 2000
and obtained his Ph.D. in 2004 from the same institution under the supervision of J.D.
Kilburn in 2004. He then took up a postdoctoral position at UCL with S. Caddick where
he has remained and is now Senior Research Fellow. His research interests are princi-
pally in the area of synthetic methodology with particular focus on diversity oriented
synthesis.


	Microwave enhanced synthesis
	Introduction
	General synthetic transformations
	Radical chemistry
	Organocatalysis
	Cycloaddition
	Metathesis
	Metal mediated transformations
	Palladium catalysed coupling reactions
	Combinatorial and solid-phase chemistry
	Multi-component and tandem reactions
	Natural products and target synthesis
	Peptides, proteins and enzymes
	Coupling protocols
	Peptide/protein analysis
	Enzymes

	Concluding remarks
	Acknowledgements
	References and notes


