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1 Review
The use of polymer-supported reagents and scavengers provides
an attractive and practical method for the clean and efficient
preparation of novel chemical libraries with potential appli-
cation in the pharmaceutical or agrochemical industries. These
methods can be extended in a multi-step fashion to provide
access to more complex structures, including biologically
active natural products. In this review, an extensive listing of
known supported reagents, catalysts and scavenging agents
has been included as an aid in the future design of synthesis
programmes.

1.1 Overview

The creativity and art of organic synthesis has reached an inter-
esting stage in its development. Although we now have some
excellent methods to effect the construction of target molecules,
with an ever increasing level of complexity, there is a need to
find new, strategically important processes which are environ-
mentally cleaner, more efficient and which lead to greater
structural variation in a shorter period of time. The demands
of modern society for new, functional chemical entities has
driven the development of novel technologies which have
begun to produce compounds at a greater rate than ever
before thought possible. These methods are revolutionising the
way we think, plan and optimise chemical processes and have
far reaching consequences, particularly in the pharmaceutical
and agrochemical sectors. In the future, the impact will be even
greater by influencing both materials discovery and catalyst
design.

In order to effect high throughput parallel synthesis or
combinatorial chemistry, one must understand the key issues
associated with molecular assembly, since it introduces complex
decision making at all stages of the synthesis process. To be
effective, one has to balance experience, creativity and innov-
ation with the practical aspects of the process, using the
modern computational aids, state of the art instrumentation
and all of the analytical methods which are available. Indeed,
management of these resources is a crucial factor in efficient
synthesis programmes.

There is no generic way to make a molecule and even the
decision of what to make is a non-trivial problem. At the
synthesis planning stage one has to define a strategy using a
retrosynthetic analysis, which can also incorporate invention
and the best of the modern synthetic methods. The larger the
molecule however, the more pathways there are that can be
adopted often leading to a daunting problem of which direction
to pursue. Again, these decisions will have to be based upon
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product requirements (e.g. quantity and purity), experience,
safety issues, efficiency and economics, not all of which will be
consistent with one another. The synthesis itself is a juggling
act of gigantic proportions as it requires the interplay and
control of many variables ranging from the substrates and
reagents used, solvent(s), temperature, stoichiometry, and the
reaction times etc. Also, the reactions will often require sub-
stantial analysis and variation of conditions to produce an
optimum yield of the desired product at any stage of a multi-
step process. Moreover, there can be a large number of
reagents available to achieve a particular transformation and
it is necessary to make an optimal choice, again based on a
large number of variables such as cost, availability, safety,
likelihood of success etc. Having come this far, the task is by
no means over owing to the need to work-up the reaction and
obtain the product in an acceptable yield and purity. This
final aspect of the synthesis process can be the most frustrat-
ing and depends critically on the quality of the earlier deci-
sion making. It also depends upon the skill and ability of the
synthetic chemist to master all of the available analytical,
separative and purification techniques which are under con-
stant technological development. If a combination of the
above processes has worked effectively, one has been able to
devise, synthesise and isolate a new molecule with potential
biological or other functions.

With the ever increasing demand for new compounds,
synthetic chemists have been expected to greatly accelerate their
rate of production of chemical entities. In response to this, over
the last few years enormous advances have been made to
enhance the synthesis and design of molecules which fit a set of
parameters rather than just indiscriminately and wastefully
synthesising a vast number of compounds. Indeed, the current
trend in compound library generation is towards well designed,
individual, pure and fully characterised compounds with
quantities in excess of 20 mg. However, these criteria are also
subject to change as new technologies develop. One should also
not lose sight of the fact that we still need to invent new
synthetic methods which provide strategic advantages. The
methods of combinatorial multiparallel synthesis can aid this
discovery process if correctly harnessed.

1.2 Solid-phase organic synthesis (SPOS)

In order to overcome some of the problems associated with
classical multi-step synthesis in solution and to produce large
numbers of compounds in a multiparallel fashion, a modifi-
cation of the techniques introduced by Merrifield 1 and
Letsinger 2 has been extensively developed. This involves using a
polymeric resin or other solid material to support a substrate,
which can then be elaborated using an excess of reagents and
coupling components to drive reactions to completion. The
desired molecule is then detached from the support material
and isolated following a simple filtration. This general process
has become the backbone of modern combinatorial chemistry
and is now a widely used technique.3–5

Despite the success and advantages of this type of solid-
phase organic synthesis, there are also severe limitations to this
approach which are worth noting. Firstly, the reactions can be
slow relative to their solution-phase counterparts and it can be
difficult to monitor reaction progress. Although considerable
improvements have been made in this area in recent years (e.g.
FTIR, MALDI-MS, Gelphase and MAS NMR etc.),6,7 these
techniques still do not provide the same quality of analysis
as rapidly and conveniently as conventional solution-phase
techniques (e.g. TLC, GC-MS, LC-MS, SFC-MS, NMR etc.).
A second fundamental feature of this approach is that
additional steps are required to attach and detach products
from the resins: often a vestigial part of the linker unit is found
in the final product and linker compatibility with the reagents
used can be a source of problems or limitations. It is also not

possible to undertake convergent syntheses using this method-
ology and the resin loading and swelling characteristics can be
poor, necessitating the use of solvents which are perhaps not
optimal for the chemistry being carried out. However, the most
frustrating aspect of this type of chemistry, is usually the time
consuming process of attempting to optimise solution-phase
chemistry on a polymer-supported substrate, particularly where
a long synthetic sequence is required.

1.3 Beyond conventional solid-phase organic synthesis

Owing to these problems, a number of alternative and innov-
ative approaches have also been developed for chemical library
generation, some of which are now beginning to show con-
siderable promise. The use of fluorous molecules as reagents
and scavengers in conjunction with fluorous solvents,
for example, is an attractive concept designed to exploit
multi-reaction and separation phases.8 Many believe that the
advantages of solution-phase chemistry so far outweigh the
disadvantages, that their efforts focus around improved high-
throughput purification technology to clean-up the products
from complex reaction streams.9 Others have concentrated
their efforts on using insoluble polymer 10 and other solid-
supported 11–13 agents to scavenge by-products and excess starting
materials thereby purifying reaction products produced in
solution.14 The idea that one can use a suitably functionalised
polymer-support to selectively capture the required product
away from any contaminating impurities, filter and then
re-release it (catch and release) in a pure form is also an import-
ant purification concept.15 Perhaps most significant is that both
hetero- and homogeneous 16,17 polymer-supported reagents,
including immobilised enzymes, which have been known and
used for a long time, are making a noticeable comeback and are
likely to have a crucial impact in the future on how this whole
area will develop.

1.4 The review

This review is divided into two sections. The first emphasises
those processes which involve the application of more than one
solid-supported species, to either effect reactions or product
clean-up or employ catch and release techniques. We believe
that the combined application of these methods is the best way
of preparing libraries of truly significant functional molecules
in a clean, effective and general manner. The second section of
the review tabulates the literature on known solid-supported
reagents, catalysts and scavengers together with catch and
release materials. Due to the pictorial fashion in which it is
presented, it should provide an accessible and comprehensive
reference to the large amount of data which has now been
published. The intention is also to stimulate new work by
presenting the reagents currently available for incorporation
into multi-step parallel synthesis programmes and to highlight
areas which would benefit from the development of new or
improved supported materials.

1.5 Some definitions

A large number of terms, phrases and buzz-words have been
introduced into the vocabulary during the application of these
new technologies to organic synthesis programmes, not all of
which have been helpful or informative. Therefore it is pertinent
to define some expressions that will be used commonly during
this review.

Supported reagents are reactive species which are associated
with a support material. They transform a substrate (or sub-
strates) to a new chemical product (or products) and the excess
or spent reagent may be removed by filtration.

Supported catalysts are reactive species which are associated
with a support material. They are used in sub-stoichiometric
quantities to transform a substrate (or substrates) to a new
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chemical product (or products) and may be removed by filtra-
tion and recycled.

Supported scavengers are reactive species which are associated
with a support material. They selectively quench or sequester
by-products of the reaction or remove excess or unreacted
starting materials and may be removed by filtration. Also
referred to as ‘sequestering agents’ or ‘quenching agents’ and
variants thereof.

Catch and release is a technique used to selectively trap the
desired product of a solution-phase reaction onto a functional-
ised support material. Following filtration (and washing) to
remove solution-phase contaminants, the compound may then
be released from the support. Also referred to as ‘capture and
release’ and variants thereof.

1.6 Solid-supported reagents and scavengers

Solid-supported reagents,18–23 and scavengers,24,25,14 have been
used in organic synthesis programmes from 1946 26 although
key contributions appeared somewhat later from Frechet,
Cainelli, Camps, Font, Hodge, Leznoff and Sherrington among
others. However, if anything this work was before its time since
these reagents were regarded by many to be either prohibitively
expensive or too difficult to recycle or that reaction times were
too slow to be generally useful. It is unfortunate to note that, in
the current fever to find new chemical approaches to synthesis,
these earlier contributions from the literature have often been
poorly cited. In recent years however, many new and several
improved solid-supported reagents have been developed, an
ever increasing number of which are becoming commercially
available. The increased level of interest has largely been due to
the need to generate large numbers of new compounds in a
cleaner, faster and more efficient manner, and the potential of
these reagents to achieve this.

The reasons why solid-supported reagents are so attractive
in combinatorial chemistry programmes are numerous. A key
advantage is that it is possible to use excess reagent to drive
reactions to completion and, as work-up is by simple filtration
to remove products, the chemistry is clean. This filtration also
results in isolation of the solid-supported species which
is a crucial feature in cases either where the reagent acts
as a catalyst, or where the spent material can be regenerated
and recycled. Another attractive aspect is that toxic, noxious
or hazardous reagents and their by-products, can be immobil-
ised and therefore not released into solution thereby improving
their general acceptability, utility and safety profile. More
than one reagent can be used simultaneously and, due to site
isolation of reagents, even species that are incompatible in
solution may be used together to achieve one-pot trans-
formations that are not possible in homogenous solution.
Furthermore, if the reactions proceed poorly or generate
by-products and impurities, scavengers or catch and release
techniques can lead to isolation of pure products in a simple
fashion without the need for conventional work-up and
purification procedures. The fact that only simple work-up
operations are necessary, involving filtration and solvent
removal or exchange, is a crucial feature for library generation
as the chemistry should then be suitable for automation using
robotic devices.

What has particularly attracted us and others is that
reactions can be optimised and scaled up extremely readily
because they can be constantly monitored using conventional
methods (TLC, LC-MS, GC-MS, SFC-MS, NMR etc.).
Additionally, because the chemistry is carried out in solution,
they often require only minimal optimisation compared to that
involved in transferring a solution-phase reaction onto a
polymer-bound substrate. This is a considerable advantage over
conventional solid-phase organic synthesis as both long linear
syntheses (i.e. in excess of ten steps) and convergent strategies
now become possible in a general sense.

1.7 Multi-step use of solid-supported reagents and scavenging
reagents

The preparation of biologically active and many other func-
tional materials from small, commercially available building
blocks inevitably involves more than one synthetic step. For
example, the synthesis of most modern drugs requires at least
ten transformations and for more complex molecules, it is not
uncommon to use in excess of twenty steps. Also, while there
are a large number of simple starting materials currently
available for synthesis, industry would like to have available
more sophisticated scaffolds for combinatorial decoration and
more functionalised monomer sets to lead more rapidly to
drug-like molecules.

In order to address these goals, we believe that a much better
practical solution for the preparation of large chemical libraries
would be to use solid-supported reagents in a designed,
sequential, and multi-step fashion. Not only would this solve
many of the problems associated with conventional solid-phase
organic synthesis but, in combination with the fundamentally
important developments using scavenging agents and catch and
release techniques, even greater opportunities for organic
synthesis become apparent.

This section of the review describes, in an approximately
chronological order, how polymer-supported reagents and
scavengers have been and may be used to effect sequential steps
in organic synthesis programmes.

In an early experiment (1974), designed to exploit different
phases for the generation and capture of reactive intermediates,
Rebek showed that a polymer-supported cyclobutadiene iron
complex (1) could be treated with an oxidant (ceric ammonium
nitrate) to release the unstable parent cyclobutadiene. This was
then immediately trapped in a Diels–Alder reaction by a second
polymer (2) containing a succinimide functional group.27

Upon subsequent reaction with methylamine this released the
diamide (3) into solution (Scheme 1). In addition to providing
evidence for an uncomplexed cyclobutadiene species, this work
represents the first example of two polymeric reagents being
used in conjunction for the synthesis of an organic product.

In 1975, Pittman described the use of various polymer-
bound nickel, rhodium and ruthenium catalysts to effect
sequential cyclooligomerisation and hydrogenation or hydro-
formylation reactions.28 For example, butadiene reacts with a
mixture of polymer-bound triphenylphosphine ligated nickel
and rhodium catalysts to give a mixture of cyclooligomerised
products. Upon sequential treatment with H2 and CO at 500 psi
in the presence of the same catalysts, aldehydes (5) and (6) are
formed via selective hydroformylation of the exocyclic double
bond of (4) (Scheme 2). However, although a number of other
catalytic reactions were reported, none were directed towards
synthesis programmes.

Scheme 1
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Scheme 2

The next advance in the area came from the work of the
Cohen group in 1977, who reported what they described as a
“wolf and lamb” reaction.29 The initial part of this process
involves the use of a polymer-bound trityllithium base (7) to
remove an acidic proton from acetophenone. The anion gener-
ated then undergoes a C-acylation reaction with a benzoyl-
transfer polymer (8) and is passed without isolation into
Amberlyst A-15 resin (hydrazine form), affording 3,5-
diphenylpyrazole in 91% yield when filtered from the spent
polymer reagent (Scheme 3). Once again, this interesting early
example illustrates a key concept in that, due to site isolation
of the polymer-bound reagents, mutually incompatible species
may be used in conjunction with one another to achieve
reaction sequences that are not possible in one-pot processes
with homogeneous reagents. Simple filtration affords products
in high yield and purity. In the above example, the spent poly-
meric reagents from the first step were recovered and separated
via a selective flotation protocol and recycled for use in further
reactions. Although this particular reaction sequence has not
been exploited in chemical library generation, additional
examples using similar approaches have subsequently been
reported.30

In 1979 Cainelli, one of the champions of polymer-
supported reagents, described a simple but effective two-step
procedure which provides a source of unsaturated nitriles from
acetals (Scheme 4).31 The simultaneous use of acidic Amberlyst
15-H and basic Amberlyst A-26 (phosphonate form) allowed
sequential acetal deprotection and Horner–Wittig alkene
formation. Once again, mutually incompatible reagents were
supported on polymers and used together, in order to accom-
plish in one-pot a transformation that is not conceivable in
homogeneous solution. Work-up of the products consisted of
filtration and evaporation to obtain pure material in yields
ranging from 40–98%, depending upon the substrate used.

In a further demonstration of this principle, a two step
process involving an alcohol oxidation with poly(vinylpyr-
idiniumchlorochromate) (PVPCC), previously described by
Frechet,32 and concurrent alkene reduction with a polyethylene
diphenylphosphine immobilised Wilkinson’s catalyst was
achieved in generally good yields for a range of unsaturated
alcohols (Scheme 5).33 Under the reaction conditions, the
supported Wilkinson’s catalyst is homogeneous and product
isolation consisted of cooling the reaction to precipitate the
supported catalyst, followed by subsequent filtration. An
efficient method for recovery of the catalyst involving soxhlet
extraction with hot toluene is also reported.

An attractive one-pot cleavage reaction of 1,2-diols to
primary alcohols, as a route towards antiviral precursors, has
also been described.34 This process also uses mutually
incompatible reagents, but in this case reactions were carried

out by simply pumping the reaction solution through a column
packed with a 1:1 mixture of the polymers, until TLC indicated
good conversion (Scheme 6). A particular advantage in this
case is that the unstable dialdehyde resulting from diol cleavage
is immediately reduced in situ by the polymer-supported
borohydride, thus minimising the lifetime of this species and
improving the overall yield for the two step process. This
protocol has subsequently been used in the cleavage of 1,2 :5,6-
di-o-isopropylidenemannitol in a synthesis of Bolaform phos-
phatidylcholines.35

In a further demonstration of two reagents being combined
in one-pot, Regen reported a chain homologation of alkenes
(Scheme 7).36 In this strategy, a polystyrene supported rhodium
catalyst effects a hydroformylation of the alkene with synthesis
gas to generate aliphatic aldehydes. These then react with a

Scheme 3

Scheme 4

Scheme 5
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polystyrene-supported Wittig reagent to produce two-carbon
homologated alkenes which can then re-enter the reaction cycle.
Advantages of this strategy include milder reaction conditions
and less complex mixtures than traditional alkene homo-
logation methods.

A convenient method for the synthesis of thiols from alkyl
halides or tosylates has also been reported.37 In this strategy,
displacement of the leaving group with a supported thioacetate
reagent afforded the intermediate thioester. Subsequent
addition of polymer-supported borohydride with a catalytic
quantity of palladium acetate resulted in reduction of the
thioacetate to the thiol (Scheme 8).

In a significant piece of work by Cardillo, a new polymeric
reagent was developed by adsorbing iodine onto Amberlyst
A-26 (carbonate form).38 This allowed the synthesis of
oxazolidin-2-ones from allylic amines and was used in the
synthesis of (±)-propanolol, a β-adrenergic receptor agonist
(Scheme 9). Although use of the polymer-bound reagents

Scheme 6

Scheme 7

Scheme 8

obviated the need for an aqueous work-up, silica gel chrom-
atography was used after each step to give pure products.

Following these early results, the field lay relatively dormant
until in 1995, Parlow accomplished a transformation involving
a combination of three different polymeric reagents in a single
reaction vessel to afford the pyrazole (9) in 48% overall yield
(Scheme 10).39 Despite being an impressive example of multi-
step synthesis using supported reagents, only a single example
was reported and no mention was made of how these processes
could be used in combinatorial chemistry or parallel synthesis
programmes. However, this work stimulated our interest in the
area and in conjunction with the exciting developments in
solid-supported scavengers, which were beginning to appear for
small library generation in solution, tremendous opportunities
for synthesis became apparent.

Although the principles of using polymeric reagents to scav-
enge unwanted by-products or excess starting materials at the
end of a reaction were well established by the early pioneers, the
need to rapidly prepare large numbers of new chemical entities
for drug discovery programmes stimulated renewed interest
in these systems. Key advances in the area have been made
by several industrial laboratories including Eli-Lilly, Warner-
Lambert/Parke-Davis and Searle/Monsanto and it has now
been established as a highly desirable and useful technology.
These methods are therefore becoming widespread in chemical
library preparation, particularly as they are amenable to auto-
mation techniques.

Kaldor, Siegel et al. 40 were the first to show the power of
these solid-supported scavengers in the expedient construction
of parallel arrays. In this work, involving amine alkylation
and acylation reactions, various scavengers were reported,
including an immobilised amine, isocyanate, aldehyde and
acid chloride to effect reaction clean-up and impressive pur-
ities of relatively complex products were reported (90–95%).
Scheme 11 is a representative example and neatly illustrates
the complementary use of polymer-supported reagents and
scavengers in a two-step synthesis. The first reductive amin-
ation requires the use of an excess of amine to drive the imine
formation reaction to completion. Following treatment with
polymer-bound borohydride, this excess is then scavenged
by polystyrene-bound carbaldehyde. The resulting secondary
amine is subsequently reacted with an excess of a function-
alised isocyanate and gives the final urea after scavenging
any unreacted isocyanate with an aminomethylated poly-
styrene resin. The authors report that thousands of amides,
sulfonamides, ureas and thioureas have been prepared for
biological evaluation using these general concepts. Kaldor
went on to use these methods to discover antirhinoviral leads
with sub-micromolar potency by screening a combinatorial
library of ureas, which was prepared using aminomethyl-
polystyrene as a covalent scavenger to remove isocyanate
impurities.41

Scheme 9
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Scheme 10

Scheme 11

Scheme 12

Booth and Hodges also demonstrated the utility of solid-
supported scavengers in parallel purification.42 Several different
compound classes were prepared including many drug-like sub-
stances and by way of example, the pyrazole (10) was obtained
in excellent purity after two synthetic steps (Scheme 12). In this
case, scavengers are used to remove hydrochloric acid and excess
hydrazine in the first step. In the second stage, following acid
activation and coupling to form an amide, polymers again
remove unreacted starting materials to give a clean product.

Work from the Searle/Monsanto chemists employs a strategy
for chemical library purification based on similar principles of
complementary molecular reactivity and recognition.43 Whilst
they too describe many alternative sequences and strategies, the
parallel oxidation of hydroxyethylamines under Moffat con-

ditions illustrates the designed choice of functionalised reagents
and polymeric agents used to effect reaction and product
clean-up (Scheme 13). In this protocol, solution-phase reagents
(e.g. a carbodiimide) are modified with a functional group (e.g.
a tertiary amine) which enables removal of excess reagent and
reagent derived by-products upon reaction completion with a
complementary polymer-supported reagent (e.g. an acid). Once
again, the principle of polymer-bound site isolation allows
mutually incompatible species to be used in conjunction,
to effect a simultaneous acid and base quench thus further
simplifying the work-up procedure.

These complementary reactivity and recognition concepts
were refined further to provide better scavenging reagents
and subsequently used in the solution-phase synthesis of
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Scheme 13

Scheme 14

heterocyclic amide based libraries (Scheme 14).44 Over 400
compounds were produced during this programme of work,
resulting in the identification of an active herbicide with a
four-fold increase in potency over the original lead compound.

In 1998, the number of papers published utilising solid-
supported reagents and particularly scavengers in multi-step
sequences increased dramatically. In an effort to prepare
chemical libraries with potential pharmaceutical or agro-
chemical use, our group devised a new route to isoxazolidines
using only polymer-supported reagents.45 In order to increase
the diversity in the reaction products, two routes were used
which employed different starting materials. Secondary
hydroxylamines, readily prepared from amines by in situ treat-
ment with dimethyldioxirane, may be oxidised directly to
nitrones with polymer-supported perruthenate (PSP). Altern-
atively, alcohols can be used as starting materials which upon
oxidation with polymer-supported perruthenate give aldehydes.

These in turn condense with primary hydroxylamines, mediated
by polymer-bound acetate, to produce nitrones. The nitrones
produced using either method then undergo a 1,3-dipolar
cycloaddition with various alkenes to give the corresponding
isoxazolidines (Scheme 15).

The use of catalytic polymer-supported perruthenate 46,47 to
cleanly convert readily available alcohols to aldehydes is an
important transformation since it can be carried out on multi-
gramme scale and can provide starting materials for combin-
atorial chemistry programmes that would not necessarily
be available from chemical suppliers. Aldehydes are versatile
starting materials in synthesis and the ability to make these in
large-scale quantities using polymer-supported reagents allows
the opportunity for splitting of the batch and diversion to many
different synthesis projects. In the first example, if a portion
were reacted separately with silyl enol ethers to achieve
a Mukaiyama aldol reaction, when Nafion–TMS is used as
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Scheme 15

Scheme 16
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Scheme 17

a catalyst the direct conversion to unsaturated carbonyl
compounds is realised.48 These products are similarly very
useful building blocks in organic synthesis and, upon reaction
with hydrazines, dihydro-1H-pyrazoles are obtained in excellent
yield (Scheme 16). Compounds of this type have found many
useful applications as antibiotics and as antioxidants. In an
alternative pathway, reaction with trifluoromethyl anion,
generated from Me3SiCF3 and polymer-supported fluoride,
affords alcohols which can be oxidised with solid-supported
oxidants to generate trifluoroacetyl derivatives 49 (Scheme 16).
Alternatively, if the aldehyde is subjected to reductive amina-
tion using polymer-supported cyanoborohydride, secondary
amines are obtained which in turn can be used further in
library generation.50 For example, sulfonylation is possible
using a polymer-bound aminomethylpyridine sulfonylating
agent and a small library of compounds was therefore gener-
ated using an ACT 496 synthesiser (Scheme 16). Finally, if the
aldehyde is split into a fourth channel and then reacted with
polymer-supported Wittig reagents, alkenes are obtained as the
products 51 (Scheme 16). This reaction is particularly useful
since the phosphine oxide by-product is attached to the
polymeric-support and therefore completely removed by filtra-
tion. Alkenes produced by this method also serve as excellent
precursors for further synthesis and consequently, upon treat-
ment with dimethyldioxirane, a clean preparation of epoxides
ensues. In principle, these too could be diverted to other syn-
thesis programmes in a multi-parallel fashion but in this
particular work they were reacted further with amines to give
β-hydroxyamino compounds which are considered to be
privileged structural motifs in pharmaceutical products
(Scheme 16).

The methods reported above, using carefully designed,
multi-step polymer-supported reagent sequences, allow the
conversion of readily available alcohols into a range of struc-
tural motifs. These protocols may be useful in the generation
of compounds for screening purposes or alternatively, in the
formation of novel monomer sets for other combinatorial
chemistry programmes.

A further example of the multi-step use of polymer-bound
species was reported as a convenient method for the N-
alkylation of weakly acidic heterocycles.52 The use of polymer-
supported 2-tert-butylimino-2-diethylamino-1,3-dimethylper-
hydro-1,3,2-diazaphosphinine (P-BEMP) as a base to promote
these reactions was described (Scheme 17) and, following
scavenging with aminomethylpolystyrene, very high yields and
product purities were obtained. In this elegant example of
a two-step, one-pot reaction sequence, the differing acidities
of the amino functionalities of (11) are exploited. Selective
alkylation of the piperidinyl-N was achieved with a polymer-
supported tertiary amine base and excess alkyl halide was con-
veniently removed by treatment with aminomethylpolystyrene
resin. Subsequent treatment with P-BEMP in the presence of
alkyl halide resulted in regioselective alkylation of a pyrazole-N

which, upon treatment with aminomethylpolystyrene resin and
filtration, afforded amines in high yields (95–98%) and purities
(86–96% by HPLC). This work complements previous studies
by this group which used polymer-supported guanidinium
bases for O- and N-alkylation reactions.53 The use of P-BEMP
for the alkylation of other weakly acidic heterocycles, in com-
bination with a polymeric trisamine scavenger, has recently
been reported.54

The Merck Frosst group 55 have described an efficient prep-
aration of acylsulfonamide libraries using two resin-bound
reagents. Firstly, polymer-supported 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide was used to activate the carboxylic
acid component. This was then reacted with a primary
sulfonamide, in the presence of 3 equivalents of dimethylamino-
pyridine (DMAP), to give the coupled product. Scavenging
of the DMAP with Amberlyst A-15 resin followed by simple
filtration afforded some 25 acylsulfonamide products in
respectable yields (56–81%) and excellent purities (85–92% by
HPLC) (Scheme 18).

Multi-component condensation reactions, such as those
developed by Ugi, Passerini, Biginelli and others, are attractive
for combinatorial chemistry programmes since a single reaction
step can produce medicinally useful compounds. Using a
new three-component condensation, scientists at Millennium
Pharmaceuticals developed a parallel synthesis of 3-amino-
imidazo[1,2-a]pyridines and pyrazines.56 The key reaction uses
scandium triflate catalysis in CH2Cl2–MeOH at room temper-
ature for 72 hours and the major product of the reactions was
captured in a second step onto a strongly acidic cation exchange
resin, thereby removing it from contaminating impurities and
unreacted aldehyde and isonitrile. Pure product was released
from the resin by treatment with methanolic ammonia (Scheme
19). In order to decorate the product further, it was acylated in
the presence of a polymer-supported morpholine catalyst with
excess acid chloride being scavenged by a polymer-supported
tris(2-aminoethyl)amine derivative (Scheme 19). This report is

Scheme 18
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Scheme 19

Scheme 20

Scheme 21
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significant in that functionalised polymers are utilised not only
as reagents and scavengers, but also to effect a catch and release
purification.

Another significant development in the area demonstrated
that it was possible to generate a piperidinothiomorpholine
library, using up to seven polymer-supported reagents and
scavengers in a multi-step synthesis.57 Scheme 20 is represent-
ative of only one of the possible reaction combination profiles.
Filtration and evaporation at each stage allowed isolation of
essentially pure products. Therefore, in addition to the final
library members, the intermediates from each variant sequence
could also be screened for biological or other activity and a
large number of compounds could be prepared in a relatively
short period of time.

Alternatively, the intermediates at various stages of the reac-
tion sequence could be incorporated into different reaction
schemes. An example of this is illustrated below with reference
to the variety of transformations that can be carried out on just
one intermediate from the previous reaction sequence (Scheme
21). In this way, functionality may easily be varied and
introduced to certain points of the heterocyclic template. This
may have many uses, particularly in establishing structure
activity relationships in drug discovery programmes. Whilst all
of the specific reactions and polymer-supported reagents are

Scheme 22

well established, it is their combined use which distinguishes
this work and gives confidence that much longer synthetic
routes can be contemplated using these concepts. This could
then lead directly to drug substances, new materials and even
natural products.

Further developments in the use of solution-phase methods
have been reported for the rapid optimisation of the synthesis
of an interleukin-1β converting enzyme inhibitor, using
multiple reaction conditions in a parallel array.58 This was an
important study in that it compared a large range of reaction
conditions including organic and inorganic acids and bases,
solid-supported reagents and scavenging agents during the
conversion of a β-tert-butyl aspartic acid bromoethylketone
(12) to the corresponding acyloxyketone (13) (Scheme 22).
While this work reports the sequential use of two polymeric
reagents in just a few examples, optimisation of the reaction
sequence was accomplished in just three to four days and in
excess of 200 different reaction conditions were evaluated. A
polymer-supported thiourea was also developed to scavenge
out any unreacted α-bromoketone. Eventually, over 500
compounds were then prepared using these conditions. What
is noteworthy about these studies is how easily polymer-
supported reagents and scavengers can be incorporated into
such optimisation studies and synthetic routes.

The first full paper in the area, utilising mainly polymer-
supported reagents and scavengers, reports the construction
of an acylaminopiperidine library (Scheme 23).59 The reaction
sequence involves the ytterbium triflate catalysed hetero Diels–
Alder reaction of imines, formed in situ from aldehydes and
amines, with Danishefsky’s diene. This is followed by the use of
a scavenging resin to remove any unreacted imine as well as
by-products derived from diene hydrolysis. An aqueous acidic
work-up produces dihydropyridones in good yields and
purities. The double bond was reduced with L-selectride and
then treated with aqueous hydrogen peroxide to obtain the
product. The ketone functionality could be reductively
aminated using polymer-supported borohydride with a variety
of amines and scavenging by a polymer-supported aldehyde to
remove any excess primary amine. Acylation in the presence of
polymer-bound morpholine and use of a basic scavenger to
remove any excess acid chloride afforded the final products
(Scheme 23). This sequence is impressive both in the number of
steps involved and in the number of points of diversity in the
final heterocyclic framework.

Scheme 23
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Tetrabutylammonium salts can be difficult to remove from
synthesised products. However, Parlow has shown that simul-
taneous use of a calcium sulfonate polymer and a sulfonic acid
polymer may be used to quench and purify a trimethylsilyl
deprotection reaction involving tetrabutylammonium fluoride
(Scheme 24).60 The calcium sulfonate polymer reacts with
any excess tetrabutylammonium fluoride to afford insoluble
calcium fluoride whilst the acidic polymer protonates the
ammonium alkoxide, with each then giving the polymer-bound
ammonium salt. Filtration and removal of volatile fluoro-
trimethylsilane in vacuo affords clean alcohol. This eliminates
the need for a liquid extractive protocol and thus may easily be
introduced into multi-step and parallel synthesis programmes.

In an extension to the complementary molecular recognition
reagents described earlier, chemically modified Mitsunobu
reagents have been utilised in the synthesis of solution-phase
libraries (Scheme 25).61 The specially designed phosphine
(14) and azodicarboxylate (15) reagents achieve the initial
Mitsunobu process. Following treatment with trifluoroacetic
acid, the tert-butyl ester groups contained within these excess
reagents and the by-products derived from them are hydrolysed
to acids which can then be readily scavenged with polymer-
supported methylammonium carbonate. This also removes
the Boc protecting group from the 2� amine, which can then
be further acylated. Treatment with tetrafluorophthalic
anhydride 62 derivatises any hydroxylic starting materials and
is removed, along with any remaining acid chloride, by a
polyamino scavenging resin (Scheme 25). This whole process,
although appearing convoluted, solves a difficult problem in
solution-phase synthesis using the Mitsunobu reaction, namely
how to efficiently remove spent and contaminating reagents
from the main synthesis product without using traditional
purification methods.

Scheme 24

Several features introduced previously (Schemes 24 and 25)
have been brought together in an elegant synthesis of a benz-
oxazinone library (Scheme 26).63 Coupling of a substituted
aniline with a range of electrophiles was mediated by polymer-
supported dimethylaminopyridine and reactions were sub-
sequently cleaned-up by derivatisation with tetrafluorophthalic
anhydride followed by scavenging with aminomethylpoly-
styrene resin. Acid-catalysed removal of the Boc group
unmasked a second aniline group which could in turn be
reacted with a range of different electrophiles. Deprotection
of the 2-(trimethylsilyl)ethyl ester with tetrabutylammonium
fluoride proceeded smoothly, and the reaction mixture was then
quenched and purified using the combination of a calcium
sulfonate resin and sulfonic acid resin described above. Cyclo-
dehydration to afford the benzoxazinone framework was
then achieved using polymer-supported 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide and gave the products in respect-
able yields and purities for this five-step sequence.

Solid-supported scavengers have also found application
in the synthesis of a new family of chiral ligands for enantio-
selective catalysis.64 In this case, 1,2-diamines are reacted with a
number of amino-acid derived sulfonyl chlorides, to give a 30-
membered library of interesting chiral ligands (Scheme 27). The
reaction is catalysed by polymer-bound dimethylaminopyridine
and excess sulfonyl chloride is subsequently removed with an
amino scavenging resin.

A solution-phase synthesis of ureas has also been devised
using nitrophenylcarbamates which react with amines to give
ureas with reactions being purified with polymer-supported
scavengers (Scheme 28A).65 The disadvantage of this approach
is that the initial nitrophenyl carbamates must themselves
be prepared from the reaction of nitrophenyl chloroformate
with amines. In addition, the clean-up depends upon which
components must be used in excess to drive the reactions
to completion. Any excess amine may be removed with
either a polymer-bound chloroformate or isocyanate and
the p-nitrophenol by-product is sufficiently acidic to be
readily removed using a polymer-bound amine scavenger.
The Searle–Monsanto group have also reported a range of
resins designed to scavenge both active ester and leaving
group by-products during amide bond formation (Scheme
28B),66 somewhat similar to the above reaction. However, in
this study a wider range of active ester groups and scaveng-
ing resins were investigated. A recent report has utilised the
reaction of acyl and sulfonyl chlorides with a range of
nitrogen nucleophiles.67 The combined use of solid-supported
reagents and scavengers then allowed the preparation of
a 300 membered library of cathepsin D inhibitors (Scheme
28C).

Scheme 25
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Scheme 26

Scheme 27

The Dess–Martin reagent is an important oxidant for the
conversion of alcohols to carbonyl compounds under mild
conditions. However, the spent or excess reagent can be difficult
to remove, often necessitating chromatographic work-up. In an
effort to scavenge the by-products and excess oxidant, a new
thiosulfate resin has been developed and these oxidations
can now be easily incorporated into parallel synthesis
programmes.68 Upon completion of reactions, treatment with
thiosulfate resin results in any remaining I() and I() species
being reduced to 2-iodobenzoic acid. This may then be readily
removed by a basic scavenger resin (Scheme 29).

A catch and release strategy has been employed during the
preparation of some 1,2,3-thiadiazoles, in yields ranging from
48 to 98%.69 A Weinreb amide derivative is used as the starting
point and reacted with a number of Grignard reagents in order
to add diversity. The products are worked-up by protonation
with sulfonic acid resin and then captured by addition of
a sulfonyl hydrazine functionalised polystyrene resin. The
thiadiazoles are then released by a Hurd–Mori reaction with
thionyl chloride and filtered through liquid–liquid extraction

cartridges to give the products after solvent evaporation
(Scheme 30).

Further multi-step sequences involving polymer-supported
reagents and scavengers have also been reported by our group.
In the first of these, a route to pyrrole derivatives was developed
since these compounds have important medical and agricul-
tural applications.70 The route begins with the oxidation of
readily available alcohols to aldehydes using polymer-
supported permanganate (PSM). These are then condensed
with nitroalkanes using Amberlite IRA-420 (hydroxide form)
to promote a Henry reaction, conditions which were found to
be superior to the literature report of Amberlyst A-21 for a
similar process.71 The products were then eliminated to afford
nitrostyrene derivatives using trifluoroacetic anhydride followed
by triethylamine. Work-up of these reactions was achieved
using aminomethylpolystyrene and acidic Amberlyst A-15 as
scavengers to give clean products. The pyrrole ring was then
constructed by addition of tert-butyl isocyanate to the nitro-
styrenes in the presence of the polymer-supported guanidine
base 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD-P) in tetrahydro-
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Scheme 28

furan and propan-2-ol (Scheme 31). These pyrrole products
were further decorated using a polymer-supported phos-
phazene base to mediate an N-alkylation reaction with alkyl
halides and excess halide was removed with aminomethyl-
polystyrene in the normal way. Importantly, benzylic halides
which are not commercially available can be prepared from the
corresponding alcohols and carbon tetrabromide with polymer-
supported triphenylphosphine, further increasing the potential
diversity of this process. Further modification of the product
pyrroles is also possible since, upon treatment with trifluoro-

Scheme 29

acetic acid, cleavage of the tert-butyl esters occurs followed by
in situ decarboxylation to give the parent pyrroles (Scheme 31).

In order to broaden the scope of chemistry amenable to this
multi-polymer approach, it is often necessary to develop new
immobilised reagents and scavengers or alternatively, to modify
existing systems that have been reported in the literature. In
keeping with this philosophy, we have developed polymer-
supported hypervalent iodine reagents 72 as it was anticipated
that the rich, diverse chemistry known for these reagents in
solution might translate well to an immobilised variant.73,74

A range of polymer-supported hypervalent iodine reagents
were prepared and characterised and then shown to facili-
tate a variety of oxidative processes, for example oxidation of
hydroquinones to quinones using polymer-supported di-
acetoxyiodobenzene (PSDIB) (Scheme 32). We attempted to
demonstrate the utility of these new polymer-supported tools in
the synthesis of natural products. Indeed, in just five or six steps

Scheme 30
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Scheme 31

Scheme 32
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Scheme 33

respectively, the syntheses of the alkaloids (±)-oxomaritidine
(16) and (±)-epimaritidine (17) were achieved in high overall
yield in a sequence using only polymer-supported reagents.75

The route begins with polymer-supported perruthenate oxid-
ation of the alcohol (18) to provide the corresponding aldehyde
in quantitative yield. This in turn is subjected to reductive
amination with amine (19) using immobilised borohydride and
following selective protection of the secondary amino function
as the trifluoroacetate, oxidative intramolecular phenolic
cyclisation affords the spirodienone (20). This oxidation was
best achieved using polymer-supported diacetoxyiodobenzene
in trifluoroethanol and led directly to the desired para–para
coupled product in 70% yield with no other products detected
by LC-MS. An advantage of this polymer-supported variant
is that the iodobenzene by-product is localised on resin and,
following removal by filtration, may be conveniently recycled by
treatment with peracetic acid, increasing the overall efficiency
of this process. Deprotection of (20) with polymer-supported
carbonate in methanol resulted in spontaneous intramolecular
1,4-addition to give (±)-oxomaritidine (16). This in turn could
be elaborated to a further natural product (±)-epimaritidine
(17), by stereoselective reduction with supported borohydride
in the presence of a catalytic quantity of nickel() chloride or
copper sulfate (Scheme 32). These reactions can readily be
scaled up and therefore, significant quantities of both inter-
mediates and the natural products can be obtained and used

as starting materials for other combinatorial programmes.
Furthermore, the route could also be readily adapted to provide
unnatural analogues using this general strategy. What is sig-
nificant from this work is that only minimal optimisation
is required since the route is derived from a known solution-
phase synthesis by Kita,76 but uses complementary polymer-
supported reagents to accomplish the same transformations.
However, work-up at any stage requires no chromatography or
conventional purification methods and rather the product is
obtained in high yield and purity only by filtration and solvent
removal.

The natural product epibatidine (21), which has extraordin-
arily potent analgesic properties, has also been synthesised
using a sequence of polymer-supported reagents (Scheme 33).77

In this case, no less than ten polymer-bound reagents were used
to effect the synthesis, including reagents and scavengers
together with resin catch and release techniques. Rather than
commenting on each individual step, attention is focused on the
last few steps of the synthesis. The selective reduction of the
aliphatic nitro group of (22) was carried out with immobilised
nickel boride in the presence of the mesylate and without
concomitant reductive dechlorination of the pyridyl ring. The
key transannular displacement of mesylate by the amino group
of (23) proceeded well under dilute conditions in the presence
of the polymer-supported phosphazine base P-BEMP and any
impurities were conveniently removed by scavenging with
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Scheme 34

Scheme 35

aminomethyl polystyrene resin. However, the final step in the
synthesis, namely the epimerisation of (24) to (±)-epibatidine
(21), required extensive optimisation. It was eventually found
that microwave irradiation not only accelerated the reaction
considerably, but also shifted the equilibrium in favour of the
desired exo isomer (21) relative to previously reported con-
ditions which gave a 1 :1 mixture of exo (21) and endo (24)
isomers.78 The amine product was then captured onto a sulfonic
acid ion exchange resin (Amberlyst A-15) and washed to
remove any non-basic impurities. Finally, treatment of the resin
with ammonia in methanol afforded a 3 :1 mixture of easily
separable exo (21) and endo (24) isomers (Scheme 33). This
work clearly demonstrates the potential of what may now be
possible using polymer-supported species in multi-step organic
synthesis.

In an effort to demonstrate the power of these methods when
applied to contemporary drug design, the synthesis of an array
of potential matrix metalloprotease (MMP) inhibitors has been
carried out.79 A series of amino acid sulfonamides, containing
the key hydroxyamino acid feature common to other MMP
inhibitors, was prepared using six polymeric reagents and
scavengers in succession. Noteworthy in this work is the use
of carbon tetrabromide and polymer-supported diphenyl-
phosphine to convert an acid to the reactive acyl bromide
in situ, prior to formation of the protected hydroxyamino acid
(Scheme 34). This procedure has proven to be very reliable and
has been used in other synthetic programmes.

Previously, this review has highlighted the fact that α-
bromoketones are attractive precursors for synthesis (Scheme
21) and two recent reports further illustrate their potential.
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Scheme 36

Bromination of commercially available acetophenones with
polymer-supported pyridinium perbromide proceeded well for
an electronically diverse range of examples. Careful control of
the reaction temperature is required in order to avoid poly-
bromination but conditions are readily optimised using LC-MS
analysis. The resultant α-bromoketones were then converted
to benzofurans by one of two routes (Scheme 35).80 Reaction
with substituted phenols in the presence of solid-supported
1,5,7-triazobicyclo[4.4.0]dec-5-ene (TBD-P) affords the substi-
tution product and, upon treatment with Amberlyst A-15, 3-
arylbenzofurans are produced. In an alternative route, reaction
of α-bromoketones with 2-cyanophenol leads directly to 3-
aminobenzofurans. In a complementary study it was shown
that if these α-bromoketones were treated with catechols in
the presence of a carbonate resin, 1,4-benzodioxanes were
produced.81 These could be further modified upon hemiacetal
exchange with alcohols in the presence of an acidic resin
(Scheme 35). Also, α-bromoketones undergo reaction with
thiourea in the presence of a polymer-supported guanidinium
base to give 2-amino-4-phenyl-1,3-thiazole derivatives. This
aspect of the chemistry was used to synthesise a number of
compounds including SCRC 2941-18, a compound recently
found to inhibit the interleukin-6 (IL-6) induction stimulated
by parathyroidal hormone in osteoblastic MC3 T3-E1 cells.

The combination of polymer-supported reagents and scav-
engers could also find application in materials science
programmes. A method for the construction of both phenolic
and amino azo-dyes has been reported using a polymer-
supported nitrite reagent to effect diazotisation of aromatic
amines (Scheme 36). Waste minimisation and operational
simplicity are key advantages of polymer-supported reagents in
this area.82

In perhaps the most comprehensive demonstration of the
scope of polymer-supported reagents to date, a rigid bicyclo-
[2.2.2]octane scaffold (25) has been cleanly constructed and
subsequently decorated utilising no less than eleven different
reagents and scavenging resins (Scheme 37).83 A range of reac-
tions including bromination, ketone reduction, lactonisation,
reductive amination, N-alkylation, sulfonylation and amide
formation were used to alter the functionality at various points
on this bicyclic framework. The absence of any conventional
work-up or chromatographic purification at any stage during
this programme of work significantly reduced the time required
to generate library members and suggests considerable poten-
tial for the way in which structure–activity relationship studies
for example, could be carried out in the future. It is also of
considerable interest to note that a structurally similar library
was previously constructed using conventional solid-phase
organic synthesis on a Wang resin support.84 In this case
however, a significantly less diverse library was generated with a

much greater development time required compared with the
routes presented in Scheme 37.

Finally, the synthesis of Sildenafil (26) (ViagraTM),85 a potent
and selective inhibitor of the enzyme phophodiesterase type
five (PDE-5), has recently been completed by our group
(Scheme 38). A key feature of this work is that a convergent
synthetic strategy was used. The heterocyclic amine (27) was
assembled in six steps from readily available n-butanal. A
polymer-supported hydroxybenzotriazole mediated coupling
to the carboxylic acid (28) proceeded smoothly in the presence
of bromo-trispyrrolidinophosphonium hexafluorophosphate
(PyBrOP). This process allows simultaneous activation of
the acid (28) and purification from ester impurities by simple
filtration. Reaction of the resin-bound activated ester with
amine (27) resulted in amide bond formation with any excess
amine being scavenged by polymer-supported isocyanate.
Cyclodehydration of (29) was then effected using sodium
ethoxide under microwave irradiation conditions to afford gram
quantities of Sildenafil (26) in excellent overall yield.

1.8 Conclusions and future perspective

This review has attempted to bring together a large amount of
literature data on polymer-supported reagents and scavengers
(together with catch and release agents) and also illustrates
how they may be utilised in multi-step organic synthesis
programmes. These methods are particularly attractive for
applications in combinatorial chemistry but their potential is
much wider and one can envisage a much greater impact in the
future upon the way that organic synthesis is carried out in
general. The limitations of some of the current technologies, for
example the cost of such materials, will undoubtedly change
as demand increases. However, improved, higher loading
solid-supported reagents and scavengers are required and the
potential of alternative supporting materials such as cellulose,
mesoporous solids, dendritic systems and aerogels should be
fully investigated. The presentation format of the reagents
should also be modified so as to have more practically useful
devices, particularly for automation, which could include
plug-in cartridges and porous pouches for example. New
approaches to process-scale synthesis can also be envisaged,
perhaps utilising stacked reactors, flow systems and surface
immobilised reagents. The development of more catalytic
and recyclable systems will also become a priority if these
systems are to be properly integrated into reaction
scale-up programmes. Due to the importance of these tools for
complex, multi-step, molecular assembly, we should therefore
expect a rapid development of all of these methods and
hence, their increased application in modern organic synthesis
programmes.
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Scheme 37
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Scheme 38

2 Introduction to the tables
2.1 Organisation of tables (reagent and catalyst section)

Data entries are generally grouped into tables according to the
type of functionality produced. The heading of each table is
included in the alphabetical contents for easy reference. Within
each individual table, entries are further grouped according to
type of reaction (e.g. aldol, Diels–Alder, alklyation, palladium
coupling) to facilitate comparison of the large amount of
available reagents which can be used to carry out these trans-
formations. A miscellaneous section is also included, contain-
ing data entries that could not clearly be categorised into the
existing tables.

2.2 Representative data entry (reagent and catalyst section)

Aldehydes/Ketones

Reagent: Diagram of the solid-supported reagent with
additional information about the support type (e.g. Amberlyst,
Amberlite) is shown with the reagent loading given below. The
following abbreviations are used for the various types of
support:
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In cases of supported metal catalysts, unless the coordinated
structure is explicitly described in the paper, a blank bead is
shown with the metal, oxidation state and support structure
defined beneath.

Transformation: A diagram of the general reaction scheme with
any additional reagents and the number of examples is reported.
The type of reactant substitution is also detailed in this section.
Specific reaction conditions, e.g. solvent and temperature, are
not given as in many cases a range of conditions were used.

Data/%: A range of yields (Y), conversions (C) or purity (P) is
given for the examples reported. Stereochemical information
(ee, de) or ratios of products in the case of mixtures is also
summarised.

Comments: Additional information about the reactions,
especially regarding functional group compatibility, stability of
the reagent and methods for regenerating or recycling is
presented here. General procedure indicates that a sample
experimental method is reported either within the main text of
the paper, in the reference section or at the end. ‘Experimental
section’ indicates the fact that additional characterisation data
is reported and ‘Full experimental section’ indicates char-
acterisation data is reported for all examples in addition to
detailed experimental information. References to additional
related reagents or futher examples are also included.

Ref.: The reference number of the paper (or group of papers) is
given.

Prep. Ref.: The reference number of a paper detailing the
preparation of the solid-supported reagent.

2.3 Organisation of Tables (scavenging agents section):

In this section, data entries are grouped according to the type of
functionality scavenged. Within the comments section, other
functionality that is scavenged by the reagent is included to
facilitate the appropriate choice of scavenger.

2.4 Representative data entry (scavenging agents section)

Alcohols

3 Tables of reagents and catalysts
3.1 Acetals and thioacetals 3838
3.2 Acyl and sulfonyl halides 3846
3.3 Aldehydes/ketones 3847
3.3.1 (From alcohols with Cr based oxidants) 3847
3.3.2 (From alcohols with Ru, Mn, and Mo based

oxidants) 3855
3.3.3 (From alcohols with miscellaneous oxidants) 3858
3.3.4 (From acetals and thioacetals) 3865
3.3.5 (From alkenes) 3867
3.3.6 (From alkynes) 3872
3.3.7 (From oximes and related compounds) 3874
3.3.8 (From miscellaneous) 3875
3.4 Alkanes 3884

3.4.1 (From alkenes and alkynes) 3884
3.4.2 (From �,�-unsaturated carbonyls and related

compounds) 3889
3.4.3 (From haloalkanes) 3895
3.4.4 (From miscellaneous) 3898
3.5 Alkenes 3899
3.5.1 (From aldehydes/ketones) 3899
3.5.2 (From elimination) 3904
3.5.3 Alkene (From alkynes/alkenes/allenes) 3906
3.6 Alkynes and haloalkynes 3908
3.7 Amides 3908
3.7.1 (From amines) 3908
3.7.2 (From miscellaneous) 3916
3.8 Amines 3918
3.8.1 (From azides and nitro compounds) 3918
3.8.2 (From oximes, imines and related compounds) 3922
3.8.3 (From reductive amination of carbonyls) 3924
3.8.4 (From miscellaneous) 3927
3.9 Amino acids (synthesis & coupling of amino acids

and protected forms) 3931
3.10 Amino alcohols 3933
3.11 Anhydrides 3934
3.12 Azides 3935
3.13 Aziridines 3936
3.14 Carbonates and carbamates 3937
3.15 Carboxylic acids 3938
3.16 Cyclopropanes 3941
3.17 Diazo compounds 3942
3.18 Diols 3943
3.19 Enamines 3949
3.20 Epoxides 3950
3.21 Esters 3960
3.21.1 (From acids) 3960
3.21.2 (From miscellaneous) 3967
3.22 Ethers 3976
3.23 Haloalkanes 3983
3.23.1 (Monohalogenated) 3983
3.23.2 (Dihalogenated) 3991
3.24 Haloalkenes 3996
3.24.1 (Monohalogenated) 3996
3.24.2 (Dihalogenated) 3997
3.25 �-Halocarbonyls 3999
3.26 Aryl halides 4403
3.27 Heterocycles 4007
3.27.1 (5 Ring or smaller) 4007
3.27.2 (6 Ring or bigger) 4014
3.28 Hydrazines and hydrazones 4020
3.29 Hydroxy 4022
3.29.1 (From aldehydes/ketones –

delivery of H from B or Al species) 4022
3.29.2 (From aldehydes/ketones –

delivery of H from other species) 4030
3.29.3 (From aldehydes/ketones –

delivery of alkyl groups) 4035
3.29.4 (From acetals) 4042
3.29.5 (From epoxides) 4043
3.29.6 (From esters) 4045
3.29.7 (From halides) 4047
3.29.8 (From miscellaneous) 4048
3.30 Imines, haloimines and related compounds 4052
3.31 Isocyanates 4054
3.32 Isothiocyanates and thiocyanates 4054
3.33 Nitriles 4056
3.34 Nitro compounds 4061
3.35 Nitrones 4065
3.36 N-Oxides 4066
3.37 Organometallics 4066
3.38 Oximes 4068
3.39 Peroxides 4068
3.40 Polymers 4069
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3.41 Ureas 4071
3.42 Silyl containing compounds 4071
3.43 Sulfur containing compounds 4073
3.43.1 (Thiols) 4073
3.43.2 (Sulfides) 4075
3.43.3 (Disulfides) 4078
3.43.4 (Sulfoxides) 4081
3.43.5 (Sulfones) 4083
3.43.6 (Sulfonates) 4084
3.43.7 (Sulfonamides) 4085
3.43.8 (Thiocarbonyls, thioesters and related

compounds) 4087
3.44 Phosphorus containing compounds 4089
3.45 Selenium containing compounds 4091
3.46 Tin containing compounds 4091
3.47 Reactions 4091
3.47.1 (Aldol and related reactions) 4091
3.47.2 (Alkylation, Michael and related reactions) 4101
3.47.3 (Friedel–Crafts acylation and alkylation) 4107
3.47.4 (Diels–Alder and related cycloadditions) 4113
3.47.5 (Palladium coupling reactions) 4117
3.48 Miscellaneous 4126

4 Tables of scavengers
4.1 Acids 4133
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7 Abbreviations
AA amino acid
Ac acetate
Acac acetylacetone
ACT advanced chemical technologies
Ar aryl
9-BBN 9-borabicyclo[3.3.1]nonane
BER borohydride exchange resin
Bz benzoyl
Boc tert-butoxycarbonyl
B.p. boiling point
Bn benzyl
Cat. catalytic
Cbz benzyloxycarbonyl
CDI carbonyl-1,1�-diimidazole
COD cycloocta-1,5-diene
CSA camphor-10-sulfonic acid
DBP dibenzoyl peroxide
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DEAD diethyl azodicarboxylate
DHQ dihydroquinine
DHQD dihydroquinidine
DMAP 4-dimethylaminopyridine
DMF N,N-dimethylformamide
DMSO dimethyl sulfoxide
DNB 2,4-dinitrobenzene
DNP 2,4-dinitrophenyl
EGDMA ethylene glycol dimethyl acetate
Et ethyl
Equiv. equivalent(s)
ether diethyl ether
EWG electron withdrawing group
Fmoc fluoren-9-ylmethoxycarbonyl
FTIR Fourier transform infrared spectroscopy
GC gas-phase chromatography
HEMA 2-hydroxyethyl methacrylate
het heterocycle
HOBT 1-hydroxybenzotriazole
HMPA hexamethylphosphoramide
HPLC high performance liquid chromatrography
h hour(s)
Im imidazole
IR infrared
IUPAC International Union of Pure and Applied

Chemistry
LC liquid chromatography
LDA lithium diisopropylamide
M mol dm�3 or undefined metal
MAS magic angle spinning
m-CPBA m-chloroperbenzoic acid
MCM Mobil corporation mesopore
Me methyl
min minute(s)
Ms mesylate

MS mass spectrometry or molecular sieve
N normal
NBS N-bromosuccinimide
NCS N-chlorosuccinimide
NIS N-iodosuccinimide
NMO N-methylmorpholine N-oxide
NMR nuclear magnetic resonance
Nu nucleophile
OPA orthophosphoric acid
PCC pyridinium chlorochromate
P-BEMP polystyrene bound 2-tert-butylimino-2-diethyl-

amino-1,3-dimethylperhydro-1,3,2-diazaphos-
phinine

PEG polyethylene glycol
Ph phenyl
PMMA poly(methyl methacrylate)
ppm parts per million
PPTS 3-[5-(sulfonatophenyl)-2-pyridyl]-1,2,4-triazin-

5-ylbenzenesulfonic acid, disodium salt
PTSA toluene-p-sulfonic acid
Pr propyl
PSDIB polymer-supported diacetoxyiodobenzene
psi per square inch
PSM polymer-supported permanganate
PSP polymer-supported perruthenate
PVA poly(vinyl alcohol)
PVP poly(vinyl pyridine)
PVPCC poly(4-vinylpyridiniumchlorochromate)
Py pyridine
R unspecified group
ROMP ring opening metathesis polymerisation
rt room temperature
(Sal-H)2 salicylaldoxime
Salphen O-phenylene bissalicylaldimine
SFC supercritical fluid chromatography
TBAF tetrabutylammonium fluoride
TBDMS tert-butyldimethylsilyl
TBDPS tert-butyldiphenylsilyl
TBD-P polystyrene bound 1,5,7-triazabicyclo[4.4.0]-

dec-5-ene
TBSCl tert-butyldimethylsilyl chloride
TDCPP 5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin
TFA trifluoroacetic acid
THF tetrahydrofuran
THP tetrahydropyran
TLC thin layer chromatography
TMS trimethylsilyl
TRIM trimethylolpropanetrimethacrylate
TRIP triisopropylphenyl
Trityl triphenylmethyl
Ts tosyl
X unspecified heteroatom
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