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1 Introduction
In recent years, the drug discovery process has been revolutionised by progress in
the areas of proteomics and genomics, together with advances in high-throughput
screening (HTS) of compounds for activity in various biological assays.1 This in turn
has created a much higher demand for the rapid production of novel and function-
ally diverse compounds, thereby driving chemists to look for new ways to simplify,
expedite and automate the process of organic synthesis. The importance of synthe-
sising high-quality arrays of discrete compounds, from which meaningful structure
activity relationships can be derived and also act as assets for future screening pro-
tocols is now well recognised.2

The origins of high-throughput organic chemistry can be traced back to the work
of Merrifield3 who pioneered solid-phase peptide synthesis. The development of this
approach enabled the subsequent automation of peptide synthesis.4 Early attempts
at high-throughput chemistry utilised this strategy,5–7 exploiting the advantages 
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4 Chapter 1

of solid-phase chemistry, which facilitates reaction work-up and rapid sample 
processing.

Today, although solid-phase organic synthesis (SPOS) remains a powerful tech-
nique for some aspects of high-throughput chemistry, there are a number of limita-
tions that restrict its application. For example, while in some instances, by-product
formation on the resin can be monitored without cleavage from the resin, separation
of these materials from the desired product is not feasible until the end of the reac-
tion sequence. The consequences are often cumulative, resulting in a complex final
purification step. Additionally, even though a number of well-established methods
for monitoring resin-bound intermediates have been developed, accurate quantitative
measurement of immobilised material still represents a major challenge. Techniques
such as magic angle spinning (MAS)-NMR8–10 and IR11,12 enable the analysis of
molecules covalently bound to the resin, whereas MS techniques8,13 or the use of
analytical constructs,14,15 require that the analyte be cleaved from the resin. The
development of new chemistry on the solid support is therefore difficult and often
protracted, requiring extended reaction rehearsal and optimisation.

Although SPOS is well suited to the synthesis of large, but relatively simple com-
pound libraries, typically using combinatorial methods, the time required for route
development and limitations as to the synthetic transformations that can be reliably
performed is often restrictive. Increasingly, therefore, higher quality, smaller arrays
are being synthesised by employing a much wider range of precedented solution-
phase chemistries.16 Historically, attempts to increase the throughput of solution-
phase chemistries have been confounded by the need for extensive work-up and
purification procedures. An increasingly popular approach to circumvent many of
these drawbacks involves the use of supported reagents.17–19 In this way, the advan-
tages of performing chemistry in solution, namely, straightforward reaction moni-
toring and optimisation, are maintained. Excess reagents and their associated
by-products may be readily separated from the desired solution-phase reaction prod-
uct by simple filtration. A wide variety of reagents and scavenger resins have been
developed in recent years to extend the scope of this new paradigm.

The concept of a reagent being immobilised on a solid-support was first exploited
in catalytic applications as early as 1946.20 However, it was not until the end of the
twentieth century that solid-supported nucleophiles and electrophiles immobilised
on a polystyrene (PS) support were applied to the rapid purification of compounds
prepared using standard solution-phase procedures.21 This application and its subse-
quent extension to the immobilisation of reagents has stimulated an explosion in the
number of publications describing the development of novel polymer-bound
reagents, catalysts and scavengers.17,22,23 As an ever-increasing number of these
reagents becomes commercially available, interest in applying polymer-assisted
solution-phase (PASP) techniques within industrial settings escalates.

PASP synthesis can be divided into two main approaches; these being (a) the use
of supported reagents and scavengers, and (b) the adoption of a catch-and-release
strategy (Figure 1). Both of these techniques allow the production of clean products,
without the need to resort to traditional purification techniques, such as column
chromatography. In an ideal case, the incubation of a substrate with a supported
reagent causes its complete transformation into a new chemical entity, with any
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excess or spent reagent being removed by a simple filtration. This process circum-
vents the need for further purification and allows reactions to be driven to comple-
tion through the use of reagent excesses. Furthermore, reaction progress can
conveniently be monitored by standard solution-phase techniques (TLC, LC/MS
etc.), thereby minimising the time required to optimise a transformation. However in
reality, many reactions are not totally selective and by-products are often formed. In
many cases, these can be removed by incubation with an appropriate scavenger
resin, which targets a specific functional group, unique to these by-products. For
example, in Figure 1a, following condensation of the amine and carboxylic acid in
the presence of a polymer-supported carbodiimide, remaining excess amine is
removed by attachment to the strongly acidic polymer-supported sulfonic acid resin,
which in turn affords the desired carboxamide product in high purity.

Conversely, purification can sometimes be conveniently performed by selectively
capturing the desired reaction product using a suitable resin, washing away the by-
products, and then releasing the immobilised product back into solution. This is typ-
ically referred to as solid-phase extraction (SPE) and is particularly useful when the
target molecule contains acidic or basic functionality.24

An alternative approach utilises the concept of catch-and-release whereby one of
the reactants is first attached to the solid phase by an activated bond that is subse-
quently cleaved by exposure to a conjugate reactant. For example, in Figure 1b, the
carboxylic acid is initially immobilised as a tetrafluorophenyl ester. Although intrin-
sically stable, the activated ester is highly susceptible to nucleophilic cleavage, and
in the presence of a substoichiometric amount of amine, the desired carboxamide
product is cleanly released into solution.

Immobilisation also allows the combination of two or more otherwise mutually
incompatible reagents to be used in the same pot. This was elegantly demonstrated
by Parlow,25 who, in an important early contribution, utilised a combination of three
different polymeric reagents simultaneously in a single reaction vessel to perform a
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Figure 1 Schematic representation of PASP strategies for the synthesis of carboxamides. 
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three-step synthesis of pyrazoles. Notably, the yield of the pyrazole product 1 was
greater when the supported reagents were combined in one flask as opposed to being
used sequentially (Scheme 1).

In addition, supported reagents have been demonstrated to be effective under reac-
tion conditions when either thermal17 or microwave heating26,27 is employed. They
have also been utilised in traditional batch synthesis, stop-flow methods and contin-
uous flow processes.28–30 However, one caveat is that the immobilisation of reagents
can change their reactivity. For example, polymer-supported borohydride selectively
reduces α,β-unsaturated carbonyl compounds to the α,β-unsaturated alcohol31 in
contrast to the behaviour of the solution-phase counterpart, which additionally
causes double bond reduction.

To date, immobilised reagents have mainly been PS based. PS supports have the
advantages of being inexpensive, relatively easy to handle, have reasonably high
loadings and, additionally, there is a vast amount of literature precedent17 available
for their use. Reagents can either be covalently attached to the polymer, as in the
polymer-supported Schwesinger base, 2-tert-butylimino-2-diethylamino-1,3-
dimethylperhydro-1,3,2 diazaphosphorin (PS-BEMP)32 2, or electrostatically bound,
for example, in the macroporous polymer-supported tetraalkylammonium triace-
toxyborohydride 3 (Figure 2).33 Macroporous resins contain a higher degree of
cross-linking than PS supports. In practice, this means that in contrast to microp-
orous PS supports, the resin-bound functional groups of a macroporous resin come
into contact with reagents by diffusion through the network of pores and therefore
do not require the use of a solvent that will normally swell the resin. More recently,
catalysts have been microencapsulated within a polymeric matrix.34,35 However,
issues with the degradation of resins under certain reaction conditions have led to the
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development of alternative supports such as controlled pore glass,36 monoliths,37–41

cellulose,42 zeolites43 and silicas.44

2 PASP Synthesis Approaches to Biologically Active
Compounds

2.1 Applications to the Synthesis of Commercial Drug
Molecules

A number of syntheses targeting commercially available drugs have been reported,
which demonstrate the utility and effectiveness of supported reagents for the rapid
and efficient preparation of drug-like scaffolds. The introduction of Sildenafil45 4 for
the treatment of male erectile dysfunction has been incredibly successful, resulting
in it becoming one of the largest selling globally marketed prescription drugs.46

Sildenafil acts by inhibiting the phosphodiesterase enzyme PDE5, which is the main
phosphodiesterase present in the smooth muscle of the corpus cavernosum. Upon
sexual stimulus, nitric oxide is released from nerve terminals in the corpus caver-
nosum. The nitric oxide activates guanylate cyclase to produce cyclic guanosine
monophosphate (cGMP), causing the intracellular levels of cGMP within the smooth
muscle cells of the penis to increase. In healthy tissue, the elevated cGMP is returned
to basal levels by the action of the PDE5 enzyme. Inhibition of the PDE5 enzyme
prevents the breakdown of cGMP and thus potentiates the smooth muscle relaxation.
This increases the blood flow in the cavernosum causing an erection.47

The polymer-assisted synthesis48 to Sildenafil (Scheme 2) follows a precedented
route,45,49 which concludes with the convergent coupling of the two key fragments 5
and 6. These fragments were prepared using PASP techniques, without the need for
column chromatography, the former in a two-step sequence and the latter utilising
seven different transformations. Fragment 5 was found to be contaminated with
approximately 10% of the bis-esterified material 7, which could be removed in the
subsequent catch-and-release step. Notably by using a catch-and-release strategy in
the penultimate amide-coupling step, this transformation acts as an in-line purifica-
tion step while concomitantly activating the acid group to nucleophilic attack.
Introduction of 6, followed by scavenging with isocyanate resin to remove any unre-
acted amine, cleanly yielded the amide. Assembly of the pyrimidine ring system is
performed using microwave heating to effect the rapid dehydration of 8. A simple
removal of the water formed during the cyclisation step was achieved with MgSO4
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2.2 Applications of PASP to the Synthesis of Biologically Active
Natural Products

Some of the most extensive applications of PASP strategies have been directed
towards the synthesis of biologically active natural products. The total synthesis of the
cytotoxic antitumour natural product Epothilone C56 14 is a tour de force, the syn-
thetic strategy demanding the exploitation and development of new immobilised
reagent methods, to meet the goal of a chromatography free synthesis. The route to
the 16-membered macrocycle Epothilone C, followed similar published strategies57,58
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involving coupling of three core fragments via a stereoselective C6–C7 aldol reaction,
prior to either C1–C15 macrolactonisation or C12–C13 ring closing metathesis
(Figure 3). The target molecule was prepared in high overall yield in 29 steps, with
the longest sequence of linear steps being just 17. Impressively, considering the size,
stereogenic centres and complexity of the molecule, only a single short column chro-
matography purification step was necessary at the end of the sequence to remove
residual impurities and small quantities of the minor diastereoisomers that had been
carried through the synthesis. Moreover, routes to fragments 1 and 3 are reported
where the stereogenic centres are installed during the synthesis, via Oppolzer’s sul-
tam chiral auxiliary approach or an asymmetric Mukaiyama aldol reaction for frag-
ment 1 and an asymmetric Brown allylation for fragment 3. However, the optimum
synthesis to fragment 2 and ultimately fragment 3 relied on the use of chiral-starting
materials to generate the desired stereochemistry.

The use of supported reagents has also been applied to the total synthesis of nat-
ural products, which have not previously been synthesised by traditional methods.
An example of this is the first total synthesis of (�)-plicamine59,60 15 and its unnat-
ural enantiomer (Figure 4). (�)-Plicamine is a member of the amaryllidaceae alka-
loids, which exhibit antitumour, immunosuppresive and analgesic activity and have
recently found application in the therapeutic treatment of Alzheimer’s disease.61

Other examples of biologically active natural products synthesised using supported
reagents include the alkaloids (�)-oxomaritidine62 16 and (�)-epimaritidine62 17,
and the potent analgesic (�)-epibatidine63 18 isolated from the Ecuadorian poison
frog Epipedobates tricolor.

The neolignan polysphorin 19, isolated from Piper polysphorum C in China and
the leaves and stems of Rhaphidopora decursiva in Vietnam, has been shown to pos-
sess in vitro antimalarial activity. In order to synthesise the neolignans, the general
synthetic strategy has utilised an oxidative coupling, which afforded racemic mixtures
of syn and anti products. An asymmetric route to both enantiomers of polysphorin,
together with a small array of unnatural analogues has been reported, which utilises
polymer-supported reagents and scavengers.64 Noteworthy is the installation of the
two stereogenic centres, through the use of a Sharpless asymmetric dihydroxylation
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(AD) and the application of a catch-and-release procedure using a supported boronic
acid to effect in-line purification of the diol 20 (Scheme 5). The enantiomer of 20
could readily be obtained through the use of AD-mix-β in the Sharpless asymmetric
dihydroxylation reaction. The two alcohol groups of the diol could subsequently be
differentiated using an enzymatic selective protection.

2.3 PASP Synthesis in the Library Production of Biologically
Active Small Molecules

Many examples of early library production involved the use of a scavenger resin to
facilitate reaction purification. An initial example was reported by Kaldor65 for the
synthesis of a 4000-membered pooled urea library of potential antirhinoviral com-
pounds (Scheme 6). In this case, amines were reacted with an excess of isocyanate
to afford the corresponding ureas 21. The excess isocyanate was then scavenged
through the use of a polymer-supported amine to yield the library compounds with
adequate purities for direct biological screening. Two compounds were identified as
potent antivirals after screening and deconvolution of the library. Gratifyingly, the
biological screening data obtained on the library compounds was highly repro-
ducible and consistent with the data obtained for the same compounds made by tra-
ditional solution-phase chemistry and purified to homogeneity by recrystallization
and column chromatography.

In 1999, Ryder et al.66 described the multiple parallel synthesis of N,N-
dialkyldipeptidylamines 22 as N-type calcium channel blockers. Selective N-type
voltage sensitive calcium channel blockers have shown utility in several models of
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stroke and pain. The preparation of 30 compounds surrounding a lead is described
using a one-pot procedure for the coupling of an N,N-disubstituted leucine acid 23
with a tyrosine amine 24 (Scheme 7). All array members were isolated in �80%
purity (HPLC) and good yields (60–95%). The compounds were screened in an in
vitro assay, with the range of potencies observed between the most and least potent
analogues being 325-fold. To alleviate any concerns with the reproducibility of
screening data between compounds synthesised by parallel synthesis using supported
reagents and traditional medicinal chemistry techniques, a number of compounds
were remade. Reassuringly, when seven of these were prepared by traditional synthe-
sis and purified to microanalytic purity, the biological screening data was identical.
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was microwaved for 10–15 min at 110 °C in ethanol under an ambient atmosphere
in sealed microwave tubes. This procedure is highly amenable for parallel synthesis
and has been used within Abbott for routine library generation.

In addition to the synthesis of discrete compounds, there have also been multi-step
parallel syntheses to drug-like compounds using polymer-supported reagents.
Indeed, our group reported the early use of a PASP approach to generate an array of
substituted hydroxamic acid derivatives 27, which are known to have activity against
matrix metalloproteinases.72 These enzymes are mediators for the breakdown of
structural proteins of the extracellular matrix. Their proposed pathogenic role
includes tissue breakdown, metastasis and tumour angiogenesis. Five synthetic
transformations (Scheme 9) were required to afford an array of final compounds 27,
all in �90% purity (LC) without the use of any chromatography.

Other examples of arrays of biologically active compounds accessed through a
multi-step PASP approach, include the synthesis of cysteine protease inhibitors by
Ellman,73 and Armstrong’s synthesis of a 25-membered array of analogues of the
breast cancer drug Tamoxifen.74,75
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The use of PASP synthesis in medicinal chemistry programmes to date has been
extensively exploited by Parlow et al.,76,77 previously at Pharmacia, in their search
for tissue factor VIIa (TF/VIIa) inhibitors. Cardiovascular disease is one of the most
common causes of mortality in the Western world, with Warfarin currently the only
approved oral antithrombotic therapy. However, this drug has a narrow therapeutic
window and its use is complicated by the need for frequent monitoring due to bleed-
ing side effects, drug–drug interactions and food effects resulting from the narrow
therapeutic window of the drug. Therefore, there remains an unmet need to develop
potent and selective TF/VIIa inhibitors as safe and effective oral anticoagulants.

To this end, Parlow et al.76,77 investigated two different compound series for their
potential to inhibit TF/VIIa. Their initial approach was based upon the utilisation of a
tripeptide, in which the scissile amide bond had been replaced by an electron-deficient
carbonyl group. The design was of the general form D-Phe-L-AA-Arg-α-ketothiazole
28, which is closely related to the known inhibitor D-Phe-L-Phe-Arg-chloromethylke-
tone. The crystal structure of D-Phe-L-Phe-Arg-chloromethylketone had recently been
determined bound to active site of TF/VIIa, allowing comparisons to be made with the
closely related proteases such as thrombin and Factor Xa. In order to rapidly prepare
libraries of α-ketothiazole peptidyl protease inhibitors in a parallel format, a five-step
PASP synthesis was developed (Scheme 10). Initially, each of the steps in the synthe-
sis was independently validated to identify and optimise the conditions, such that each
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transformation could be performed in a high-yielding parallel format. In total, a 38-
membered array was prepared using this methodology, with purity levels ranging from
70 to 99%.

The 38 compounds were screened for potency against TF/VIIa and for other
enzymes affecting coagulation such as Factor Xa and Thrombin (IIa), to determine
the specificity. The most potent compound from the array was 29, which incorporated
L-phenylalanine at the point of variation (Figure 6). Gratifyingly, a number of com-
pounds demonstrated selectivity for TF/VIIa, with compound 30 having a selectivity
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ratio (VIIa/IIa) of over 500-fold. These initial results confirmed that a potent TF/VIIa
inhibitor with selectivity versus thrombin could be obtained.

A crystal structure of 30 was obtained to gain a better understanding of the struc-
tural differences responsible for selectivity. This information, when combined with
the known crystal structures facilitated the development of a series of highly selec-
tive, small molecule inhibitors of TF/VIIa that were nonpeptidic and did not interact
with the catalytic apparatus of the enzyme. Based on the key features of the TF/VIIa
crystal structure, a series of six-membered heterocyclic cores were docked, which
led to the pyrazinone scaffold 31 as a prototype inhibitor from which to start future
small molecule structure-based drug design (Figure 7).78,79 Several hundred com-
pounds were prepared with PASP techniques without the need for chromatography
or isolation of intermediates. To maximise the efficiency of the multi-step process
and to minimise manual manipulation of the reaction vessels, multiple reaction steps
were carried out in the same vessel. The three points of diversity on the template
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were explored simultaneously and each compound screened against TF/VIIa for
potency and Factor Xa and thrombin for selectivity. Compound 32 was identified as
a result of these studies and displayed good potency against the TF/VIIa proteases
and respective selectivity over Factor Xa and Thrombin. Compound 32 was deemed
selective enough to proceed with the preclinical intravenous proof of concept stud-
ies to demonstrate the separation between antithrombotic efficacy and bleeding side
effects in a nonhuman primate model of electrolytic-induced arterial thrombosis.80

3 Automated PASP Synthesis of Biologically Active
Molecules

3.1 Stepwise Automation of PASP Synthesis in Batch Mode

The adoption of PASP synthesis presents the opportunity for in-line purification
strategies, through the use of supported scavengers or reagents and catch-and-release
strategies. In this way, conventional purification techniques such as aqueous work-
ups and column chromatography can be eliminated. In addition, the use of PASP
synthesis reduces the vast number of traditional synthetic manipulations to a series
of repetitive incubations and subsequent filtrations, which are in principle well
suited to automated processing.

However, early attempts at synthesising compound arrays using polymer-sup-
ported reagents and automation81 proved to be problematic. Our group82 used an
ACT 49683 automated synthesiser to produce a 96-membered array of compounds in
a single automated step. In this array, 12 aromatic aldehydes were reacted with eight
aliphatic amines in the presence of polymer-supported cyanoborohydride to produce
the corresponding secondary amines 33 (Scheme 11).

In this single automated step, 88 reactions were found to have worked. The fail-
ures can be largely attributed to the variation in reactivities typically encountered
across a given monomer set, and illustrates a recurring problem associated with com-
binatorial chemistry.

The preparation of the 3-thioalkyl-1,2,4-triazole chemotype using a ‘catch, cyclise
and release’ approach mediated by the strong polymer-supported base PS-BEMP has
been reported by Graybill.84 Condensation of excess acyl hydrazide and isothio-
cyanate affords the diacylhydrazide 34, which is immobilised by the PS-BEMP as
the ion pair. After thorough resin washing to remove any impurities, cyclisation to
the 3-thio-1,2,4-triazole 35 is accomplished by heating at 85 °C. Finally, treatment
of 35 with a substoichiometric amount of alkylating agent releases the S-alkylated
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triazole products 36 into solution (Scheme 12). The results of 64 compounds from a
larger hit identification array are exemplified. The authors state that this procedure
was used successfully on a number of automated platforms, such as the Myriad Core
System85 and the Argonaut Quest 210,33 but no details are given.

The stepwise automated PASP synthesis of a 72-membered library of 2-alkylth-
iobenzimidazoles 37 and benzimidazolin-2-ones 38 has been reported using a com-
bination of manual and automated equipment.86 By incorporating automated
aqueous work-ups together with in-line scavenging and catch-and-release protocols,
the desired compounds, containing three points of diversity were obtained directly
in good yields and excellent purities without the need for column chromatography.
The benzimidazole moiety has been exploited in many medicinal chemistry pro-
grammes and displays a range of biological activities, such as antiviral87 and anti-
histamine activity88 or the ability to modulate ion channels (Figure 8).89

A more highly automated synthetic route to these two classes of compounds has
recently been reported utilising a Zinsser Sophas robotic synthesiser.90,91 A single
robot was used to rapidly synthesise 96 thiobenzimidazoles derivatives 39 and a 72-
membered library of benzimidazolin-2-ones 40 (Scheme 13). The transformations
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were performed sequentially by the robot, with manual intervention only necessary
at the hydrogenation step, which for safety reasons was incompatible with the syn-
thesis robot used. In both arrays, �80% of the final compounds were isolated in
�80% purity.

3.2 Fully Automated PASP Synthesis of Drug-Like Molecules in
Batch Mode

Recently, a number of publications have dealt with the synthesis of drug-like mole-
cules via fully automated PASP (auto-PASP) synthesis. This scenario entails the use of
a series of immobilised reagents and scavenger reagents to perform a variety of
sequential synthetic transformations in a common solvent. Each of the transformations
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required can be automated using a commercially available robotic synthesiser. The first
auto-PASP synthesis described was the preparation of a 36-membered array of Histone
Deacetylase (HDAc) inhibitors92 41 by a 4-5 step sequence, which included a catch-
and-release in-line purification step (Scheme 14).

The robot was preloaded with all the resins and reagents necessary and the 180
reactions required were allowed to run unattended over a 4-day period. A total of 34
out of 36 compounds targeted were obtained successfully, with compounds purities
between 55 and 80%. Following a single auto-preparative purification step, the com-
pounds were subjected to biological testing.93 This publication demonstrates not only
the ability to automate multi-step solution-phase chemistry successfully, but in addi-
tion that a considerable time saving can be made through the adoption of automation.

Another example of fully automated PASP synthesis is the preparation of a 192-
member 2D array of 1,5-biaryl pyrazoles.94 The 1,5-biaryl pyrazole moiety is found
in a number of important pharmaceuticals, such as the selective COX-2 inhibitor
Celecoxib95 and the nonsteroidal antiinflammatory agent Tepoxaline.96,97 The syn-
thetic route to the 1,5-biaryl pyrazoles, exemplified by the library member 42
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(Scheme 15), employed a solution-phase condensation reaction of a diketone and
hydrazine to form the pyrazole ring. Adoption of a catch-and-release strategy for the
amide bond formation enabled an in-line purification and concomitant activation of
the acid functionality. The 192-membered library was synthesised in a single run
using a top-filtration robotic synthesiser; after loading the synthesiser with the
required starting materials and reagents, no further manual intervention was neces-
sary. The total library synthesis took 44 h for the robot to complete and, impres-
sively, �80% of compounds were isolated in �80% purity. This library production
demonstrates that the use of a multi-step automated PASP strategy can deliver com-
pounds rapidly in purities suitable for direct biological evaluation.

3.3 Flow Chemistry and Automation in the Synthesis of
Drug-Like Molecules

As an alternative to conventional batch synthesis procedures, the use of polymer-
supported reagents has been described for the implementation of flow-through
processes using cartridge or column-based reactors.98 Flow chemistry is perceived to
have a number of benefits over batch reactions, including facile automation, repro-
ducibility, safety and process reliability.30 Indeed, flow chemistry could allow the
rapid transfer of reactions from the research level to process development without
time-consuming adaptation and optimisation of methods from laboratory scale to
production plant scale. Scale up can be achieved by extending run time or by the use
of parallel reactors (scale-out). In addition, by assembling different reactor combi-
nations, linear, divergent or convergent syntheses are all possible (Figure 9).

An early example of the use of a polymer-supported reagent in a flow system is
the oxidation of Penicillin G 43 to the corresponding sulfoxide 44 in good yield,
using a polymer-supported peroxy acid (Figure 10).99 Notably, the column could be
regenerated in situ by treatment for 12 h with hydrogen peroxide and methanesul-
fonic acid at 20 °C. The ability to regenerate expensive supported reagents is a
highly desirable attribute that can be facilitated using flow processes.
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(b) Linear set-up of flow-through reactors:

(c) Divergent set-up of flow-through reactors:
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The derivatisation of the O-silylated steroid 45 into the amino derivative 46 using
three different supported reagents columns (PASSflow reactors) under flow condi-
tions is illustrated in Scheme 16.100 The oxidation of alcohol 45 catalysed by 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) via the bound bromate (I) anion in column
gave ketone 47, which was subsequently desilylated after being flowed through a
fluoride-loaded reactor. Finally, the reductive amination step was performed by the
in situ generation of the imine using benzylamine and passing this solution through
a reactor loaded with borohydride to furnish the desired amine 46, albeit contami-
nated with small amounts of the diol.101 Having only anions immobilised, ensured
the simple regeneration of the reactor columns after each reaction.

A catalytic asymmetric reaction process that involves a series of reaction
columns, each of which is packed with supported reagents or catalysts, has been
reported by Hafez et al.102 (Figure 11). This process was applied to the catalytic
asymmetric synthesis of β-lactams 48, to yield pure products with excellent enan-
tio- and diastereoselectivity. Acyl substituted β-lactams are known inhibitors of
many biological targets, including prostate-specific antigen (PSA1)103 and
cytomegalovirus protease.104 There are four discrete steps in the β-lactam forma-
tion; (1) formation of reactive ketenes in column A; (2) formation of imines in situ
in column B; (3) catalysis of the condensation of the ketene and imine to form a β-
lactam product in column C; and finally (4) removal of unwanted by-products from
the reaction stream with a scavenger resin in column D. Reaction solutions were
allowed to percolate through the columns in a sequential fashion. After passing
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through the scavenger resin column, the eluted reaction mixture was concentrated
to afford β-lactams 48. Although only two compounds are exemplified, it is stated that
this flow procedure would be applicable to the production of a variety of β-lactam
products.

The fully automated, sequential flow-through synthesis of a 44-member array of
thioethers via a resin capture-and-release reactor column was performed in our lab-
oratory.105 Each of the acidic heterocycles (49–52) containing thiourea moieties were
deprotonated by the use of a strong polymer-supported base, such as 1,5,7-
triazabicyclo[4.4.0]dec-5-ene polystyrene (PS-TBD) to generate an immobilised
ionic complex on the column (Figure 12).

Introduction of a substoichiometric amount of alkylating agent promoted an
alkylative release of the corresponding S-thioether from the column (Figure 13).
This process was repeated until the column was depleted. The PS-TDB column
could then be regenerated by eluting with a solution of a stronger base, such as
BEMP. The compounds were obtained in high yield (�75%) and excellent purities
(�95% according to LC/MS and 1H NMR).

In a further extension of this work, a 576-member combinatorial array was pre-
pared in a sequential manner from a set of 24 heterocyclic thiourea and 24 alkylating
agent building blocks, reusing the same reactor column over 40 times. Remarkably,
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less than 2% of the unpurified library members fell below the 80% purity threshold,
even when the yield was less impressive (Figure 14).106 This provides a clear demon-
stration of the power of flow processes to deliver high purity compound libraries, par-
ticularly for chemistries that may be implemented as a catch-and-release strategy.
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