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2.1 INTRODUCTION

Why do companies build and maintain large chemical libraries? Often described as the most
important asset of a pharmaceutical company’s research arm (the ‘crown jewels’1) they are
typically the product of a large number of man years for internal synthesis plus a significant
(multimillion dollar) spend on external compound acquisition from an ever widening range of
commercial sources. Significant overhead is spent annually on selecting, acquiring, synthesising,
maintaining and analysing compounds and the investment in facilities to curate, protect and
distribute collections,2 with direct equipment costs estimated to fall in the $1–2 million range.3

The answer to the initial question in the previous paragraph is clear—to increase the chance
of finding something novel. For any company progressing lead discovery and optimisation
programmes, if enough is known about a particular target and the type of molecules capable of
interacting with it (in a pharmacologically relevant manner) then as long as there is novelty
inherent in that knowledge, a curated and diverse collection of compounds is not required. All
that is demanded of a compound management process in that situation is the shepherding of
new compounds through any required assays to support project progression. However for other
targets, often early stage and novel, but also fast follower targets where an organisation is trying
to catch and overtake the known state of discovery, a compound collection becomes an in-
valuable source to potentially find something novel (usually a small molecule start point, but
also target validation tools) that can be used to initiate a medicinal chemistry discovery
programme. Where little or nothing is known about the requirements of the target active site in
terms of preferred interacting molecules then that search may most likely be based on complete
sampling of as much variety of chemical space as possible. If there is predetermined knowledge
of the target (specific protein structure or knowledge of closely related proteins) then it may be
possible to sample the compound collection to produce a set of compounds with a predeter-
mined bias towards that target. However, whether the target structure is known or not, the main
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element of the screening exercise is the same—to find something new by accessing and sam-
pling the best possible selection of hit, lead or drug like compounds available. Of course such
an approach should not be considered in isolation for any new target, and should be carefully
considered alongside other more rational design and established empirical medicinal chem-
istry approaches that are highlighted in many sections of this book. But it is true to say that
there are now many examples where well designed arrays associated with high throughput
screening methods have led to compounds that are now into the clinic.4 For example, Sorafenib
(Bayer/Onyx)5 and Dasatinib (BMS)6 are both tyrosine kinase inhibitors discovered in part from
initial high throughput screening (in 1994 and 1997, respectively) followed by targeted array
synthesis (Figure 2.1).

So what could be defined as a well-designed library? Like the old story of economists, put five
chemists into a room and ask that question and the likelihood is that you’ll get at least six
separate answers. Indeed, studies have shown in some cases just asking the same chemist twice
on separate occasions can provide differing results. In a 2004 study by Pharmacia7 when
chemists were asked to select/reject compounds from a set of 2000, the average pairwise
agreement within the 13 chemists included was only 28%. Moreover nine chemists were sub-
sequently given the same set of compounds to repeat the rejection process, with a result of only
51% consistency. But putting personal subjectivity aside there are some underlying principles
that can be applied and are independent of any one favourite algorithm for selecting A over B or
grouping X with Y instead of Z. It was during the initial development of combinatorial chemistry
approaches to collection design in the 1990s, and the associated explosion in chemical tech-
nologies (design, synthesis, purification and analysis) that many key concepts of successful
application of library design to drug discovery were learnt (or in many cases relearnt after
having been forgotten!). The next sections of this chapter will briefly review the historical de-
velopment of key approaches to library synthesis and construction to illustrate how we have got
to our current stages of compound library and screening collection design. The remainder of
the chapter will then focus on design strategies for general compound libraries and larger
targeted arrays aimed towards specific protein classes. The development of the concepts and
specific technologies of combinatorial chemistry and the application of combinatorial ap-
proaches to specific target prosecution (sometimes through equally large libraries) is beyond
the scope of this chapter and has been covered in detail elsewhere.8

2.2 THE START OF COMBICHEM IN DRUG DISCOVERY

The development of miniaturised screening leading to high throughput approaches was a
significant advancement of drug discovery.9 The standardisation of assay format into microtitre
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Figure 2.1 Examples of marketed drugs where high throughput screening and optimisation were part of
the discovery process.
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plates, initially 96 well format, alongside the development of automated processing, radically
changed the opportunity for screening to deliver new leads into drug discovery programmes.
Automation of plate movement, liquid handling and plate reading processes meant that where a
few 10s of compounds may have been tested in a day by manual techniques, suddenly 1000s
were possible in enzyme, (membrane bound) receptor and even whole cell assay format. Further
enhanced by the miniaturisation of wells on the plates, from 96 to 384 (and subsequently 1536),
high throughput screening of compound collections of 100 000s or more became clearly feas-
ible, and when run alongside mechanism and knowledge/structural based targeted screening
approaches provided much greater opportunity to identify novel lead series and structural
classes.

As high throughput screening developed rapidly in the late 1980s and early 1990s attention
was turned to the feedstock for such efforts—company compound collections. These had
typically built up by a combination of ‘file’ compounds from previous and ongoing lead opti-
misation programmes and natural products, sourced either from in house fermentation or
through external acquisition of samples, be they soil, microbe or plant derived. A compound
collection of one to two hundred thousand such compounds was not atypical, but the potential
for further growth through these traditional routes would always be limited. A ‘traditional’
medicinal chemist was likely to add no more than 40–50 compounds in any year, and perhaps
even more significantly any file collection built on past programmes would clearly only repre-
sent those chemical areas that had been of interest. Many collections were significantly
populated by specific structural classes, for example b-lactams or steroids. Meanwhile natural
products were often complex structures, difficult to work with in lead optimisation, and be-
coming harder to source with exclusivity. International treaties correctly limited the ability to
source natural products from countries without due regard to intellectual property ownership10

and even when novel active natural products were identified, it was possible for more than one
company to independently and concurrently identify the same structural series.11,12

So if high throughput screening presented the opportunity to screen 100 000s of compounds
in a matter of days whilst collection sizes were still limited, alternative mechanisms to grow the
collections were targeted. Collection sharing deals were struck between companies13 and this
concept was effectively continued in the mergers of the 1990s14 where the formation of com-
binations such as GlaxoWellcome, Smithkline Beecham, AstraZeneca, Novartis, and Aventis, for
example, provided immediate increases in corporate collection size. A recent analysis15 of the
combination of compound libraries from Bayer Healthcare AG and Schering AG following the
takeover of the latter by Bayer showed a very low direct overlap of chemical structures between
the two organisations (0.04% for in house synthesised and 1.5% in total) and reached the
conclusion that collaborative screening efforts between companies (either through consortia or
the result of more commercial takeovers) would be an effective means of increasing diversity
coverage of screening libraries.

In addition, acquisition of compounds from external sources was increased, both from
commercial and academic sources. Commercial suppliers provided compounds that could be
added to screening collections, though these were available to all companies, thus raising
concern over intellectual property control, and at that time were limited to only a few suppliers
of fine chemicals. Access to more varied chemistry was available through academic collabor-
ations, and many academic groups found they could fund several aspects of their research with
money from compound selling, however a combination of structural integrity, purity, and
sustainability of resupply were all potential issues for the pharmaceutical companies using this
approach.

The optimum solution for companies appeared to be a combination of the above, but en-
hanced with an even greater component derived from a significant increase of productivity from
their own chemists. Such internally derived compounds would be proprietary, exclusive and

34 Chapter 2
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could be targeted if necessary to areas of most interest to the company concerned. Knowledge
would be retained for further synthesis, follow up and analogue work thus providing confidence
downstream of any initial positive results. The rapid development of high throughput screening
had demonstrated that technology and rethinking of strategies could in combination provide
major increases in productivity, and drug companies began to consider whether this could be
also true for chemistry.

Fortunately such ideas and approaches had already been developed, though not in the field of
synthetic organic chemistry but in peptide chemistry. The technology and methodology of solid
phase chemistry had been developed by Merrifield16 in the 1960s and subsequent automation of
the approach, maximising the advantages of forcing conditions (through excess reagent) and
purification (through filtering), was well developed by this time.17 Indeed, some solid phase
work with non-peptide structures had been developed by the 1970s18 though had not achieved
widespread use in mainstream synthetic chemistry.

The ability to carry out peptide chemistry on support in parallel was demonstrated by
Geysen19 with the development of polystyrene coated pins. Using this methodology synthesis
could be carried out in spatially addressed arrays so that common steps (deprotection and
activation steps for example) could be performed using bulk reagents and reaction vessels. At
around the same time Furka20 was developing the approach of split and mix using resin beads
to allow synthesis of large numbers of peptides (albeit as mixtures) in very few reactions (Figure
2.2). Houghten21 introduced the compartmentalisation of resin beads as ‘‘teabags,’’ thus
allowing a more efficient and scaled up handling of the process, and introducing the idea
that packaged resin could then be traced through the synthetic sequence thus allowing iden-
tification of the resulting compound (or compound mixture depending on the approach
adopted).

Figure 2.2 Polymer supported strategy of split-mix synthesis in the production of screening compound
libraries.
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08
:3

6:
02

. 
Pu

bl
is

he
d 

on
 0

9 
D

ec
em

be
r 

20
14

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

82
62

18
36

-0
00

32
View Online

http://dx.doi.org/10.1039/9781782621836-00032


These initial developments focused on manufacturing large numbers of small peptide frag-
ments, used for example to evaluate protein–protein interactions (epitope mapping)22 or en-
zyme23,24 and antibody25 specificities. The mixtures produced using the split mix approach
needed to be deconvoluted to single active compounds, and a number of methods were de-
veloped, including iterative deconvolution26 (fixed positions in mixtures and subsequent
sub-library synthesis), positional scanning27 (replicated synthesis of same library but with a
different fixed position in each mixture) and orthogonal pooling strategies28 (replicated syn-
thesis with orthogonal chemistries allowing different pooling strategies) (Figure 2.3).

Figure 2.3 Deconvolution strategies to identify single compound hits from pooled samples out of split-
mix libraries.

36 Chapter 2
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For readers interested in the statistical effectiveness of such strategies and the subsequent
development of these approaches for HTS, especially with implementation into post synthesis
pooling, the review by Kainkaryam and Woolf is worth reading.29 The authors explore the
concepts of adaptive versus non adaptive pooling strategies and provide several further ex-
amples of the effectiveness of the approaches.

2.3 FROM PEPTIDES TO SMALL MOLECULES

The ability of combinatorial chemistry to make large numbers of peptides, combined with
various new screening approaches did not escape the attention of those involved in early hit
identification programmes. Although peptides were not suitable compounds for lead identifi-
cation, analysis of drug discovery literature confirmed what many practitioners were aware of,
that the large majority of drug discovery programmes involved amide bond formation or related
reactions (including heterocycle formation through subsequent dehydration). As such, many of
the drug discovery compounds should be accessible using similar chemistries to those of
peptide synthesis.

The first ‘small molecule’ combinatorial library was published by Ellman,30 who demon-
strated that a library of 40 benzodiazepines could be produced using solid phase approaches,
with three points of diversity, or variation, on the core structure (Scheme 2.1). Ellman expanded
this work, using the pin method of Geysen to give 192 compounds,31 and further expanded this
to several thousand compounds in later publications.32 De Witt described the preparation of
array compounds on solid phase using the ‘Diversomer’ approach,33 coupled with simple
automation that was the first of many automated synthetic approaches to be introduced. That
De Witt was based in industry was significant—the approach of combinatorial chemistry was
clearly applicable to issues of drug discovery where obtaining data to make the next structural
series decisions was the driving component of the research rather than the development of the
core discipline.

Over the following few years the two main strategies of split and mix (to generate large lib-
raries using solid phase approaches) and parallel synthesis (focused on smaller libraries) were
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Scheme 2.1 The first published example of a small molecule array synthesised on solid phase—Ellman’s
benzodiazepine synthesis.30

37Parallel Synthesis and Library Design

08
:3

6:
02

. 
Pu

bl
is

he
d 

on
 0

9 
D

ec
em

be
r 

20
14

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

82
62

18
36

-0
00

32
View Online

http://dx.doi.org/10.1039/9781782621836-00032


refined and developed. The main focus for lead discovery split and mix approaches was on
means of identifying compounds without the need for resynthesis or deconvolution stages,
which typically took too long for fast moving lead discovery projects to allow simple mixture
libraries to have an impact.34 Tagging approaches were developed, where the solid phase was
orthogonally reacted with molecules that could be ‘read’, typically using mass spectrometric
approaches (Figure 2.4).35 At the same time the ‘‘teabag’’ concept of Houghten was further
developed, both with advancements of the container system, but more importantly with the
inclusion of inert radiofrequency tags.36 These then allowed the synthetic history of any con-
tainer to be either tracked or directed, thus combining the potential of split and mix with both
the potential scale and single product outcome of parallel methods.

At the same time there were also rapid developments in both the range of chemistry ap-
plicable to solid phase and in alternative approaches looking to maximise the advantages of
solid phase techniques whilst keeping those of solution phase. The range of chemistries on
solid phase became almost as broad as traditional solution chemistry,37–39 though in the
context of this review it is worth noting (perhaps discouragingly) that a recent review40 of the
current ‘medicinal chemistry toolbox’ showed a similar prevalence of amide chemistry in drug
programmes. Considering just ‘constructive’ reactions (excluding protection/deprotection and
oxidation/reduction processes) then 24.4% of reactions were simple acylations, whilst an add-
itional 11.3% were N-heterocycle formations primarily through dehydration of intermediate
acylated amines. N/O alkylation (including reductive amination methods) accounted for an
additional 26% of reactions.

Attempts to get the solid phase ‘in solution’ included soluble polymers (e.g. polyethylene
glycol monomethyl ethers,41 non-cross-linked polystyrenes42) that could be precipitated for
purification purposes, and the combination of fluorocarbon fluids and perfluorinated sub-
strates43 to allow separation from both aqueous and organic solution when required. The most
applicable development to address the combination of solid and solution phase approaches was

Figure 2.4 Introduction of encoding tags and strategies to split-mix synthesis.
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in supported reagents, either as scavengers to remove excess reagents or unreacted substrates44

or as removable reagents to catalyse specific reaction steps.45 These approaches have achieved
widespread use in mainstream synthetic chemistry as well as in the combinatorial research area,
and have been extensively reviewed elsewhere.46,47 Further examples specifically associated with
array library design will be discussed later in the chapter in the section on realising a collection.

2.4 MY LIBRARY’S BIGGER THAN YOUR LIBRARY—THE ‘UNIVERSAL’ LIBRARY

Before considering current best practices and use of high throughput and parallel chemistry in
drug discovery and lead optimisation it is important to understand how the initial promise of
combinatorial chemistry failed to deliver, and the subsequent backlash against large com-
binatorial approaches that heralded the start of the 21st century. As has been described above,
high throughput screening had rapidly developed as a key component of drug discovery, to be
utilised where possible alongside other lead seeking strategies to maximise the chances of new
serendipitous results. The need for ‘feedstock’ for the screening regime was compelling a push
to maximise the scale of compound collections. New elements of diversity driven design were
exploring a whole range of new ideas on compound structures.48–53 In this light the power of
combinatorial chemistry to generate potentially millions of compounds could not be over-
looked. Pharmaceutical companies rapidly followed each other in building in-house com-
binatorial groups, whilst external new companies were developed to focus on the technology of
delivering large numbers of compounds. Many of these were subsequently acquired by
pharmaceutical companies, often accompanied with the expressed intent to allow these new
technology companies to continue to operate independently of the mainstream world of drug
discovery.

Thus by the mid to late 1990s there were many groups using combinatorial chemistry to
generate large numbers of compounds, either within pharmaceutical companies or standalone
companies operating fee for service provision of libraries. The range of chemistry and structural
motifs expanded, and groups were able to make libraries of hundreds of thousands of com-
pounds with a wide variety of structures, extremely rich in functionality.

The pinnacle of such approaches were the ‘Universal Libraries’, a concept that developed under
a range of titles in many groups.54,55 The hypothesis was a simple and powerful one. By using a set
of core templates with several differentially protected functionalities and decorating these in a
comprehensive combinatorial fashion with sets of compounds rich in potentially pharmaco-
logically relevant functional groups displayed in directionally controlled manners, it should be
possible to devise a single library that would cover all of ‘pharmacological space’ as relevant to
target proteins in drug discovery. Some groups suggested this could be achieved with only a small
number of cores series, whilst others argued that greater central variety would be needed. How-
ever all had one thing in common—the technology of synthesis, the concepts of spatial design of
the molecules and the power of combinatorial numbers had driven the development rather than
any real consideration of the nature of the resultant structures, which had to be viable structures
for drug discovery optimisation programmes. Indeed at that time the belief was expressed by
some that the need for optimisation itself would be mostly eliminated—after all, from such a large
and comprehensive library surely the drug itself would be present in the first screening.

2.5 FROM COMBICHEM TO HIGH THROUGHPUT CHEMISTRY—REMEMBERING
IT’S ALL ABOUT DRUGS

‘‘The pharmaceutical industry has benefited. . .from rapid access to a large number of novel com-
pounds and related biological data though combinatorial chemistry and high throughput screening.
However this plethora of data has yet to translate into clinical success.’’

39Parallel Synthesis and Library Design
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The above extract from Oprea’s review56 of the impact of combinatorial chemistry is just one of
many that could be used at this point. Clearly the generation of millions of compounds, not to
mention the investment of significant resources into developing technologies, strategies and
expertise had not reaped the hyped dividends so readily promised in the early days of com-
binatorial chemistry. So where did it go wrong?

One of the most fundamental issues was a misconception around the scale of synthetic
compound numbers as they related to all of potential chemical (or biological chemistry) space.
Traditional medicinal chemistry and drug discovery had been a discipline where, once bio-
logical data had pointed the direction, the next compound for test used to take a week to
prepare, and a medicinal chemist was seen as prolific if they added 100 test compounds over the
lifetime of a particular project. The promise of 100 000 or more compounds from a small team
and a few weeks’ effort was therefore clearly a step change. Multiply that by concerted planning
and the promise of hits every time from a library of maybe 1–2 million compounds appeared to
be a reasonable supposition. In short, the naive view was that this step up in compound
productivity was bound to yield success in screening campaigns and optimisation work.
However, as computational chemists had been pointing out all along, the reality of druggable
chemical space was in a completely different dimension. Final numbers vary between advocates
of different techniques, but certainly the number of potential compounds to fill that space can
be measured in numbers vastly greater than could ever be made (indeed greater than the
number of atoms in the universe).57,58 In a conceptual world of perhaps 1070 potential drug
molecules then 106 is never going to deliver every time!

Even if the design of a library meant the potential blockbuster drug compound was intended
to be in the library, the possibility of it actually being present was limited by the quality of the
chemistry of the early libraries, and moreover the means of assessing whether it was in there did
not exist. Although analytical (and purification) tools and capabilities have become much more
powerful (vide infra) in the early days it was only possible to assess quality through extensive
validation of the chemistry on sample sets and then build confidence by sampling a subset of
final compounds, though even this step was not viable if split mix approaches yielding mixtures
of compounds were being pursued. Solid phase methods especially were prone to producing
varied yields in parallel steps, and the final cleavage of compounds often could generate un-
expected and indefinable products due to the often forcing nature of cleavage conditions.59

The combinatorial chemists of the 1990s set themselves up as the new force in drug discovery.
Although other areas of chemistry saw and utilised the potential of combinatorial approaches60

it was in drug discovery that the practitioners viewed their way as revolutionary, leading as it
would to a complete change in approaches to lead identification. As such, those who got in-
volved in the field were often excellent scientists who were driven by the development of
technology and the strategies of maximising the value of those technologies. Attempts to spread
combinatorial approaches into mainstream drug discovery were at best of limited impact.61 The
belief that they were developing a whole new, and more effective, science for drug discovery is
well illustrated by the publication challenges and how they were overcome. As the early prac-
titioners of combinatorial chemistry looked to publish work they found the mainstream jour-
nals reluctant to accept manuscripts, demanding as they did levels of quality assurance and
data than were not only not being gathered but due to the nature of the techniques of the day
were not even feasible. Rather than work within the established literature constraints to refine
how combinatorial chemistry could be adapted the result was the establishment of new journals
dedicated to the science of Combichem.62

The separation of combinatorial technology approaches from mainstream drug discovery had
a most significant impact on the design of libraries. Driven as it was by the desire to produce
large numbers and to make maximum use of the associated technologies, it was almost
inevitable that the libraries produced would have large, highly functionalised structures.63

40 Chapter 2
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In addition, the production of large numbers of compounds around similar core structures
created an illusion of diversity but in reality exacerbated the issue identified so much earlier
within compound collections being dominated by common core motifs.

The rehabilitation of combinatorial chemistry (as high throughput chemistry) was enabled by
a number of analyses of problems associated with the earlier approaches (leading to several
strategies such as described below), alongside the more widespread development of under-
standing of factors critical in limiting attrition in potential drugs across all aspects of drug
discovery. Three particular strategies are worth noting here as they have had major impact on
the design of combinatorial approaches; the physicochemical properties of drug structures and
their ability to cross biological membranes; the size of lead molecules and subsequent opti-
misation impact; and the incorporation of experience and knowledge into targeted library
approaches.

The first of these is the seminal publication of Lipinski,64 outlining the ‘rule of 5’ as criteria to
determine to likelihood that a particular compound will pass through biological membranes,
and therefore have potential to act as a drug substance. Early library structures typically had a
profile of properties with mean molecular weight well above the Lipinski limits of 500, and high
functionality counts (especially amide bonds) that inevitably leads to too high a level of both
H-bond acceptors and donors.65 Therefore screening such libraries in any lead discovery phase,
or using such design templates in lead pursuit and optimisation is fraught with developability
issues and, not surprisingly, initial results from such libraries did not become successful
development candidates. As all the Lipinski parameters can be calculated from compound
structures it was simple to incorporate such factors into any design approach, for example using
weighted penalties in a design strategy or just setting hard limits on molecular weight and other
properties.

Extending the physicochemical property limitation further, Teague and colleagues from
AstraZeneca published an analysis that showed that for lead compounds these parameters
needed to be even stricter,66 as lead optimisation consistently added both molecular weight and
lipophilicity to any series as it progressed towards development candidate status. On a similar
note, Hann67 demonstrated that success rate of lead discovery was inversely related to the
complexity of the screening structures, and that for more complex designs the likelihood of
finding a successful hit against a target were very low.

Finally, the application of knowledge of past success has been brought into the design of
libraries, most effectively for large targeted libraries for protein family screening. One example
of this is the work of Lewell and Judd68 where the knowledge of known active compounds
against classes of related 7-TM structures was used to design library building block sets in-
corporating ‘privileged’ substructures. Computational algorithms looked for common feature
motifs across a range of active structures, using chemically intelligent fragmentation ap-
proaches to identify real substructures that could be introduced into new designs.

2.6 REALISING A COLLECTION—TECHNOLOGY DEVELOPMENT AND
COMMERCIAL OFFERINGS

Alongside the development of strategies of design and selection the development of com-
binatorial chemistry and subsequent movement to high throughput chemistry approaches has
driven a number of technological advances. Many of these have been ‘of the moment’; for ex-
ample a number of high level automation approaches were extremely effective in producing
large numbers of compounds but now exist only in archives of scientific equipment. Others
however have become commonplace approaches, as have many of the developments in parallel
analysis and purification, initially driven by the challenge of large number synthetic
approaches.

41Parallel Synthesis and Library Design
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Synthetic automation is perhaps the most notable example of such short lifetime technolo-
gies. As in other sections of this review, fully comprehensive reviews of the wide range of
synthetic automation equipment are available elsewhere,69 and only illustrative examples
are used here. For example, three synthetic automated technologies were in use within
GlaxoWellcome in the late 1990s, all of which are now ‘retired’ (and indeed examples of all have
been donated to the Science Museum in London). Initial solid phase work was driven by ‘Ad-
vanced Chemtech’ ACT machines.70 Based around liquid handling robotics, and using pro-
prietary designed reaction blocks there were a number of designs supporting solid phase
chemistry. At the same time split mix approaches incorporated through the acquisition of
Affymax by GlaxoWellcome were carried out on Encoded Synthetic Library (ESL) synthesisers,71

automation based around adaption of peptide synthesisers with the ability to mix and re-
distribute resin to reaction vessels. Finally an arm of solution phase based work was supported
by the development of synthetic robotics on a Tecan liquid handling bed with adaption for
solvent removal through gas enhanced evaporation.72 Between these three technologies mil-
lions of compounds were synthesised during the late 1990s, however all were to be subsequently
overtaken by the development of RF-encoded encapsulated resin in the IRORI system.73 Using
automated directed sorting with capacity for up to 10 000 vessels this became the workhorse of
large number synthesis, but was itself superseded by IRORI development of the X-Kan,74 with
2D bar-coding replacing the RF tag approach. In the period of only 10 years, within just one
company therefore we have seen the introduction and subsequent displacement of over four
separate automated synthesisers, and in reality several more systems (e.g. Myriad,75 Zinnser
Sophas,76 Argonaut Trident and Quest systems77) were also in use during the same period, again
most of which are now no longer in use.

The type of automated synthetic equipment outlined above has typically remained as tools of
the dedicated diversity chemist, with the development of expertise around synthetic automation
technology, and several groups continue to develop extensions to these approaches.78 Of much
greater impact and lasting effect was the development of simpler parallel reaction equipment,
much of which was developed in pharmaceutical laboratories and subsequently commercial-
ised through equipment manufacturer partnerships.72 Many examples are available and in use
today, but examples include parallel tube based reaction blocks introduced by companies such
as STEM,79 allowing controlled stirring and heating of arrays of solution based reactions at
significant scale, whilst Radleys introduced equipment based on commercialising the common
practices of having several reactions on a single stirrer hotplate.80 The carousel took advantage of
the magnetic field created by a stirrer, whilst the greenhouse allowed reactions to be carried out
readily under inert conditions. For solid phase chemistry a number of block based clamped filter
based systems were introduced, including Bohdan Miniblocks,81 which took advantage of a layout
format identical to microtitre plates, thus facilitating subsequent transfer to assay plates.

As discussed earlier, the development of polymer supported reagents and sequestration
agents has made solution phase approaches to parallel chemistry viable, allowing filtration and
work up approaches to be used in parallel using filtration reagent blocks. This area has recently
been reviewed82 and includes resin capture and release approaches, tagged reagents and sub-
strates. The following examples illustrate how these approaches have been applied in library
syntheses. Strohmeier and Kappe83 used resin capture and release steps in the preparation of
1,3 thiazine libraries (Scheme 2.2). Parlow84 reports the use of 2 different tagged reagents to
support purification by removal of reagent by-products in Suzuki coupling reactions
(Scheme 2.3). Wang85 describes the use of polymer supported phosphines in the wide ranging
syntheses of triazolopyridines (Scheme 2.4). Perhaps the ultimate demonstration of the power
and flexibility of polymer supported reagents and reactions is in the synthetic work of the
Ley group, who has produced several publications of total syntheses of natural products
(Scheme 2.5)86 as well as a number of approaches to library and array syntheses.87
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One now commonplace technique that developed alongside the high throughput chemistry
techniques has been the use of microwaves to heat and accelerate reactions.88 Although it was
initially thought that microwaves could have a specific effect on reaction trajectories and rates,
it is now generally agreed that the primary impact is the same as thermal acceleration, albeit a
much faster and energy efficient one.89 There are specific exceptions where homogeneous re-
actions may be affected by localised heating of solid catalysts90 and recent designs of reaction
vessels incorporate microwave absorbing materials to maximise the effectiveness of microwave
heating.91 However generally microwave technology has the main advantage of rapid heating,
combined with being linked to automatic processing equipment that allows array chemistry to
use this approach as a very specific tool for rapid compound synthesis. For example, a recent
synthesis of dihydropyrimidone libraries using stepwise multi component Biginelli chemistry
and Pd/Cu mediated cross coupling reactions, both accelerated and in high yield, illustrates
some of the range and impact of microwave assisted synthesis (Scheme 2.6).92

Alongside parallel synthesis developments, the ability to analyse and purify large number of
compounds has also developed extensively. The use of scavenger reagents and supported se-
questration approaches, alongside catch and release methodologies certainly improved the
purity and quality of combinatorial chemistry reactions. However it has been the development
of fast, automated LC-MS analysis systems93 and the more recent development of fast, parallel,
mass directed preparative LC94 that has allowed the approach of purifying all synthesised
compounds to take over from previous triage processes,95 whereby moderate to good purity
compounds were typically progressed into screening without additional purification, and only
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Scheme 2.2 Using polymer bound reagents to capture an intermediate with subsequent release into
solution on further reaction.
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Scheme 2.4 Example of supported reagents in solution phase synthesis.
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the less successful reactions were purified. The ability to estimate concentration using LC
methods96,97 has added a further level of quality into library compound in screening, as assay
level concentrations can now also be determined with greater confidence rather than assuming
only a single concentration across an entire collection.

The development of equipment and technologies to deliver novel chemical libraries within
pharmaceutical companies as illustrated above was driven by the intent to create novelty within
a company’s collections. However, the lack of a wide variety of chemistry applicable to such
approaches, combined with a limited internal resource meant that this could only be partially
successful. As indicated above, some companies addressed this further through the acquisition
of small synthesis companies, whilst others commissioned the external creation of companies
to focus more closely on pure synthesis of collection compounds. However, the opportunity for
alternative external support of collection development was not missed by others, and companies
offering compounds for sale, often acquired through collaborative approaches with academic
institutions, became more prominent. Initial issues of compound quality and of access to
material for follow up studies plagued this process, but as more companies became involved
and began to offer higher quality assured products the option to build collections though
purchase of compounds became more prominent. In particular the opening up of the former
Soviet states in Eastern Europe and Russia allowed the rapid development of a number of
companies offering compounds, initially brokering academic sourced material but rapidly
moving towards commissioned and designed libraries. Today there exists a highly competitive
supply market built on a long tradition of good organic chemistry in these regions that offer
screening sets targeted to particular proteins, general screening sets with the ability to cherry
pick bespoke selections, custom synthesis of novel structures around array formats and full
contract research services.98 This market has developed in response to the needs and quality
demands of the customers, typically the large pharma organisations, though many academic
grant applications have been built around a component of library purchase for novel target
investigation in universities. Many of the companies are now correctly regarded as design
leaders in their own right, developing algorithms and approaches to defining novel chemistry
and chemical space. As an illustration of the most well-known and valued companies, Table 2.1
shows a breakdown in percentage coverage terms of the top eight suppliers that MRCT used in
an exercise in 2011 to build a representative diversity set suitable for screening in academic
laboratories with modest HTS capacity.

In addition, the suppliers have continued to take note of the developing understanding of
undesirable structural types and properties. Knowledge of many of these has only developed
through screening and (failed) follow up across a number of targets, and publications such as
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Scheme 2.6 Microwave assisted synthesis of a library of dihydropyrimidones.
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the PAINS paper from Baell and Holloway99 are now used to help define desirable chemical
space by suppliers. However, the onus still rests with the purchaser (caveat emptor) to ensure
that any process of compound acquisition has robust mechanisms of analysis and filtering that
are maintained to current knowledge to maximise the likelihood of quality hits from any screen,
and such approaches will be outlined in the following sections.

At the time of writing the total commercial offering of screening compounds is in the excess
of 20 million compounds and the efficiency of compound delivery, cherry pick selection and
variable quantity supply at modest cost per unit item means that purchase of compounds is the
preferred route for rapid collection development for the majority of parties interested in de-
veloping libraries for screening. Sub-selection from the commercial offering for initial library
preparation also supports initial follow up of screening results through purchase of similar
structures—‘analogue by catalogue’ (vide infra). There is still some question however over the
absolute breadth of coverage of commercial offerings, in the same way that combinatorial
‘universal libraries’ were once believed to represent all of chemical space. In a follow up paper to
the PAINS publication Baell has postulated that the commercial offering of millions of com-
pounds is a ‘shallow pool’ that can be represented with fewer than 350 000 compounds,100 and
undoubtedly there are many more regions of chemical space that could be opened up and
explored by alternative chemistries (and indeed technologies, such as the DNA encoding ap-
proaches that can increase the compound count to billions—more on that later)—the question
beyond this chapter (though picked up in other sections of this book) is how much of that is
truly ‘drug space’.

2.7 DESIGN STRATEGIES

As highlighted in the introduction to this chapter, a compound collection can be broadly cat-
egorised as supporting two types of investigation—either looking for start points for discovery
programmes where little or nothing is known about the target or for maximising the chances of
finding novel results for targets where we believe we do have some understanding of the
underlying requirements for that target (usually but not exclusively structurally derived). The
first approach requires a focus on diversity and as wide a selection of compounds exploring
chemical (or drug like) space as possible, though there are limitations that need to be con-
sidered around structures carrying unwanted liabilities that may potentially limit the devel-
opability of a particular series. The second approach needs to rely on structure guided
knowledge to allow the library to focus down to advantageous regions of chemical space (often
around ‘privileged’ motifs and structures). A good chemical collection design strategy can and
should encompass both components (at least for collections intended for broad usage—an
organisation whose whole focus is on one particular protein target class would do best to focus

Table 2.1 Top eight suppliers of compounds used in a recent 10K library
construction at MRCT.

Supplier Compounds % of library

Enamine Ltd. 3117 31
ChemDiv Inc. 1530 15
ChemBridge Corp. 1459 15
Vitas-M Laboratory Ltd. 1026 10
Maybridge (Thermo Fisher Scientific) 960 10
Life Technologies Corp 619 6
Asinex 606 6
InterBioScreen Ltd. 382 4
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towards maximising coverage around knowledge based design for that target class). However for
the sake of clarity the two types of use (and relevant design) will be considered sequentially in
this review.

2.8 DIVERSITY COLLECTIONS

Approaches to diversity, with extensive focus on the algorithms behind computational, che-
minformatic and mathematical modelling, and the comparative analysis of the effectiveness of
such design strategies, have been extensively discussed elsewhere101–104 and are covered in
other chapters of this book; a relatively high level appreciation is all that is necessary to illus-
trate the issues relevant to this chapter. Indeed, the effectiveness of any particular diversity
model and design strategy is difficult to quantify objectively, as by the very nature of the use of
such diversity libraries sparse data sets are created as primary outcomes, with the majority of
data based on single point biological measurements that even when positive are not exhaust-
ively followed through to confirmation. Potential chemical structures of interest are typically
rapidly reduced down to a small number of compounds through cascades of counter screening
(again often single point), calculated physical properties, and structural evaluation based on
chemist intuition and it is this smaller subset that then may have more detailed data measured
and evaluated. The objective of any novel target drug discovery screening campaign is to reach a
decision point on ‘hit identification’ as fast as possible preferably generating a few good
structural series for further medicinal chemistry development rather than on statistical valid-
ation of the effectiveness of any particular design strategy. A screening campaign is expensive in
both time and consumable costs (often under close scrutiny to remain tight to budget and
timelines) even when focused as rapidly as possible towards the hit finding goal and it is not
surprising that experiments to understand why a design strategy may be effective or otherwise
are not considered worth pursuing.

Although objective result based evaluation of a collection design is therefore rare, the im-
portance of applying good design principles, especially around those learnt through the mis-
takes of the earlier days of chemical libraries, is clearly understandable. A good design must
first and foremost try to limit the presence of undesirable compounds (why have them if they
will never be followed up) whilst working to the physical constraints of the collection itself and
the means of generating such collections (for example, it is easier to achieve a very favourable
property profile through individual purchase of compounds but may be more cost effective and
efficient to generate compounds through a combinatorial synthesis approach that will generate
a wider profile of properties, even though this will produce a small number of undesirable
structures). The overall size of a collection should reflect the constraints set by physical capacity
(how many compounds can be held and processed by a particular group or organisation), level
of automation in both compound handling and screening (what capacity of screening is actually
achievable) and the cost per well of particular screening targets (is the focus on high
throughput, low cost biochemical assays or higher cost cell based or complex reagent based).

Once the realistic limits of the size of a collection have been decided, then the next stage is to
determine the highest quality selection of compounds to use as the potential library selection
set. This could be defined from commercially available compounds and/or based on virtual
libraries from available and reliable synthetic transformations available to the library designers
(again the synthesis of these libraries may be from commercial suppliers as well as in house
resources). The use of virtual libraries based on parallel and combinatorial synthesis ap-
proaches brings additional constraints of practicality, as sparse synthesis of representatives of a
matrix of compounds is often much more labour intensive than blanket synthesis of all, but
again this is a balance that needs to be considered for each case in turn and cost/value analysis
carried out for each synthesis design and sub-selection strategy. For the sake of this process
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however this review will focus on the commercial purchase strategy, but all the decision pro-
cesses can and should be equally applied if using a synthesis driven approach.

All commercial compounds available need to be collated together and then analysed to re-
move those compounds that would not be wanted in a general diversity screening campaign—
that is anything that can be predicted to have toxicity or promiscuity effects, plus all compounds
where the molecular properties and physicochemical parameters mean that the compounds
would be very unlikely to be successfully progressed to a small molecule drug candidate. Once
again the actual values of for example molecular weight cut-off or polar surface area value are
subjective decisions based on the strategy and previous experience of the designer and the
organisation involved, and many different views will exist, though in a study on using the
wisdom of crowds to develop compound libraries Agrafiotis105 found some strong common held
understanding of important properties and parameters. This study involved medicinal chemists
from six different Johnson and Johnson Pharmaceuticals R&D sites across the US and Europe,
and examples of the findings are shown in Table 2.2. One overall finding was that it appears
easier for chemists to agree on molecules that they do not like rather than on those that they
may all favour.

Many exclusion filters applied at this stage are well understood and include historic con-
siderations such as those based on known reactive and toxic functionailities;106,107 these will
include structures such as alkylating agents (epoxides, aziridines, activated alkyl halides etc.),
acylating agents (acyl halides, anhydrides, sulfonyl halides etc.) reactive carbon–heteroatom
multiple bonds (aldehydes, ketones, imines, 1,2-dicarbonyls etc.) and heteroatom–heteroatom
single bonds (disulfides, perethers etc.). Others are those that have been learnt through several
years of high throughput screening99 (and having been the repeated subject of failed hit to lead
prosecutions). The actual mechanisms by which these compounds may interfere with screens
are varied, and will include off target effects through promiscuous activity, false screening re-
sults due to protein aggregation, non-stoichiometric non-specific binding or interference with
assay read out technologies. It should also be remembered that knowledge around problem
structural types and functionalities is continually developing and regular reanalysis of a
screening collection based on updated filters is to be recommended. A single structural type to
illustrate these issues is shown in Figure 2.5.

Rhodanines and related thiohydantoin structures have been identified in a multiple of
screens across a wide range of target classes. A comprehensive review108 of this class of com-
pound concluded that many of the results could be put down to aggregation effects, reactivity to
proteins (through a conjugate addition mechanism) and the generation of reactive compounds
through photochemistry during assays. However in another study,109 a large library of rhoda-
nines and other related structures were synthesised and analysed for their propensity to hit
multiple targets. Structures containing an exocyclic sulfur double bond and with a benzylidene
substitution (thus creating an extended aromatic system) were identified as ‘frequent hitters’.
However further studies precluded both aggregation and protein reactions as mechanisms

Table 2.2 Preferred compound properties identified by ‘crowd
sourcing’ methodology within Johnson and Johnson.

Property Preferred Disliked

Molecular weight 300–400 o250 or 4425
Rotatable bonds 4 o3 or 46
H-Bond donors 1 42
H-Bond acceptor 3 o2 or 44
ALogP Dependant on

target location
44
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involved—the authors concluded that the electronic and hydrogen bonding potential of these
structures led to the formation of a wide range of weak/moderate molecular interactions. As
such the compounds were acting in a specific manner, but were able to do so with a wide range
of proteins.

A typical process to define a diversity based screening collection can therefore be summarised
in Figure 2.6.

In brief, an initial collection of commercially available compounds is drawn together from
reliable suppliers (another aspect that in reality is developed through experience of ordering
compounds—it is important to use suppliers that have the track record of delivering com-
pounds to order, as any design will be compromised if suppliers cannot supply their catalogue
compounds). This set is then subjected to filters to remove undesirable and reactive structures
and functionalities. Additional property limits will also be applied, such as molecular weight
and lipophilicity ranges to ensure the set falls within a desired range of properties (again de-
pendant on the type and use of the set—for example, focus on CNS targets may have a different
lipophilicity profile), yielding a final set of available and acceptable structures. At this point the
application of a selection method is required to reduce the numbers down to a final level that
can be accommodated in the physical limitations of the collection housing. This will typically be
a two-step process, with firstly some form of structural based algorithm applied which places
the available compounds into clusters of ‘like’ compounds—the definition of like being based
on the algorithm applied (most commonly based on Tanimoto similarity indices).110,111 A
second stage sampling method is then applied to the clusters to select representation of the
clusters. Statistical methods112 have been developed to consider the optimum number of
compounds that need to be selected to maximise the potential of finding a hit from a cluster

SNH
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O R

SNH

S

O R

NHNH

S

O R

NHNH

S

O R

Rhodanines

Thiohydantoins

Figure 2.5 Rhodanine and related heterocycles—frequent hitting PAINS or viable hit to lead start points?

Figure 2.6 Typical process flow in the design and selection of a screening library from commercial
sources.
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(assuming that there is a hit in that cluster), but in simplistic terms the intention is to obtain a
sufficient density of coverage of each cluster to maximise the chances of finding a positive from
that cluster whilst at the same time allowing reasonable sampling across all the clusters. Within
the MRCT collection, for example, the range is variable but an aim during the initial con-
struction and subsequent refinement has always been to achieve between 10 and 20 repre-
sentative cluster members for each substructure.

The advantage of using the cluster-selection approach is that it allows the design of an op-
timum representation of a full set of compounds within the constraints applied to the screening
set (most typically size and cost driven). Though used typically to generate screening libraries
that range from 10’s of thousands up to millions of compounds, the approach can be used to
support other diversity based strategies. For example, if the ability to carry out a large (100 000
plus compound) HTS campaign is limited for a particular target (possibly by reagent cost or
technical capability) then sampling of the clustered diversity screening library can be used to
define smaller ‘index’ sets of compounds, based on a sparser selection of compounds from the
original clusters in the initial screening collection build. Clearly such an approach may limit the
statistical likelihood of finding hits for any given cluster (as sampling is much more sparse) but
it may be a pragmatic necessity that allows for a target to still be explored through screening
approaches, and should any hits be found then there is immediate available follow up from the
larger screening set which may then allow rapid assessment of the potential of a particular
structural series.

Sampling of the wider cluster should also be the preferred first steps for following up any hits
resulting from a full diversity HTS. Any hits from a screen should be analysed to identify
whether there are multiple hits from a particular structural cluster. Follow up confirmation
screening should be applied not only to the compounds that were found in the initial screen but
also to other nearest neighbours in the same cluster. Assuming this initial rescreening confirms
interest in the structural series then the next stage should be to return to the larger com-
mercially available cluster that the screening set was drawn from and near neighbours should
then be purchased for screening and the establishing of any early SAR trends (often referred to
as ‘analogue by catalogue’). Although there will never be perfect coverage of all the substituted
analogues a good SAR design would demand, this approach is a highly efficient and time
effective means of rapidly assessing a series’ potential for further SAR development and allows
for comparison between series rapidly. Testament to the (cost) effectiveness of such an ap-
proach (initial screen, confirm close neighbours, explore SAR by accessing wider cluster com-
pounds) is the adoption of similar approaches by many large pharmaceutical companies to
sample their in house diversity compound decks. Often several million compounds in size, the
economics of screening such large collections has become challenging, and smaller sets rep-
resenting the large set are now often screened, with the equivalent of ‘analogue by catalogue’
then being carried out on their in house large set (and also externally with commercial com-
pounds). In one example an exercise based primarily on elimination of molecular redundancy
within a screening file has allowed Pfizer to reduce their primary screening deck by almost 1.5
million compounds.113

Building a diverse screening set based on commercially available ‘lead like’ small molecules is
the most common approach adopted for building and developing a screening capacity.114

However alternative approaches towards diverse sets are used and these can be particularly
valuable for some classes of targets, especially if the outcome of a screen is focused towards the
generation of tool compounds for target validation and biological understanding of a particular
target or pathway rather than the specific identification of a potential small molecule drug
discovery start point. A number of smallish sets of pharmacologically active compound sets are
available, some from commercial sources (e.g. Sigma Aldrich Lopac115 or the Prestwick
screening collection116) whilst others have been built by charitable groups to support specific
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areas of disease biology (e.g. NINDS set117). Such sets can be used to interrogate biological
pathways, for example in whole cell or in vivo phenotypic screens, as many of the compounds in
the set will have well described pharmacology and underlying target information (albeit often
developed in alternative indication studies). Such sets can also be used for studies looking at
repositioning known compounds for new indications, identifying previous unseen pharma-
cology in novel systems that have the potential to become therapeutic intervention points.

Sets of natural products can serve a similar purpose to the pharmacologically active sets, and
many are available as well defined and characterised sets of isolated compounds (as opposed to
earlier natural product screening approaches based on fractionated uncharacterised extracts). It
has been argued118 that natural products should have a greater success rate in screening for
biologically active compounds given that they are generated in a ‘biological selection environ-
ment’ and certainly hits found from natural products can often serve as tool compounds for
valuable target validation exercises (assuming they have a good level of selectivity) even if they
are not obvious start points for drug discovery programmes due to complexity or limited
availability. In an extension to just accessing and screening natural products, the biosynthetic
pathways themselves can in some cases be used to generate diversity compounds. For example,
the polyketide biosynthesis pathways have been studied and modified to generate compound
sets for biological evaluation.119 Taking the idea one step further and into the synthetic
chemistry domain, the concept of Diversity Oriented Synthesis (DOS)120,121 has been developed
to allow synthetic chemists to focus on delivering structures similar to natural products in their
complexity. This approach allows synthetic chemistry groups to exploit their established
chemistry methodology to generate screening compounds, though it is worth noting that to date
the majority of these efforts have been limited to screening within the local generating groups.

Before moving on to more focused library design it is worth considering the concept of
fragment screening and dynamic combinatorial libraries as parts of the whole spectrum of
diversity screening approaches.

Fragment screening represents an alternative approach to lead discovery and subsequent
optimisation by accessing the widest possible diversity of chemical space using smaller mol-
ecules. Rather than sampling chemical space through a large number of discrete compounds,
fragment screening covers wide areas with few compounds in a very nebulous manner, with any
interactions likely to be weak but still identifiable, and that can subsequently be optimised
through structure guided synthesis and design. Fragment screening has become a significant
approach to diversity screening122 and is covered in much greater detail in the dedicated
chapter of this volume.

The related approach of dynamic combinatorial libraries typically uses a fragment like ap-
proach, but instead of following lead discovery programmes using iterative structural based
design, the concept relies on the protein target itself building directed larger molecules of
interest from a cocktail of fragments present in an assay mixture, using reversible bond forming
reactions.123 Astex have described the extension of fragment screening to generate larger lead
like molecules bound to CDK2.124 Mixtures of aryl hydrazines and isatins were soaked into
individual crystals of CDK2, and under equilibrating conditions reacted in a condensation re-
action to form hydrazones. These were then examined in situ using X-ray crystallography, before
the most promising compounds were resynthesised and fully profiled in typical assays. The best
compound had an IC50 of 30 nM (Scheme 2.7).

Another dynamic combinatorial approach using the target protein to template the chemistry
was described by Sunesis pharmaceuticals.125 In this example, the target Aurora Kinase was
initially modified by site directed mutagenesis to present a cysteine SH close to the putative
binding site. This handle was then exploited in a dynamic combinatorial chemistry strategy
using mixtures of disulphide building blocks, which under the equilibrating conditions
underwent S–S cleavage and reformation of disulphide bonds. Any building block favoured to fit
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in the binding site of the kinase was therefore held close to the cysteine handle in a favourable
position to form a disulphide bridge. The initial series of monomers incorporated a second set
of disulphide links, thus allowing a second round of equilibration with another set of mono-
mers, and finally yielding compounds with activity in the single micromolar range (Scheme 2.8).

An alternative approach to performing reactions directly in the presence of a protein is to
allow the dynamic mixture to equilibrate before introducing the target protein. Therascope have
described such an approach to target novel neuraminidase inhibitors, using reductive amina-
tion chemistry on a scaffold related to known inhibitors.126 In this example the initial imine
formation was performed in the absence of the neuraminidase, and the resulting mixture re-
duced to yield a set of amines that could be profiled by LC-MS. The same reaction sequence was
then repeated, this time with the introduction of neuraminidase during the initial imine
equilibration and following the reduction step the amine profile was again analysed. A specific
number of ketone examples were dramatically amplified by the addition of the enzyme, with all
subsequently shown by resynthesis to be potent inhibitors of the enzyme, the most potent
having a Ki of 85 nM (Scheme 2.9).
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Scheme 2.7 Using reversible dynamic combinatorial chemistry in screening an extended fragment library
in situ during crystal soaking experiments against the protein kinase CDK2.
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compounds active at Aurora Kinases.
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2.9 TARGETED LIBRARIES

The design of targeted sets of compounds against specific protein classes can be approached
from two complementary approaches akin to other design methods used in computational
approaches to single target drug discovery, either protein structure based or ligand/substrate
based. However, with the intent in designing such sets being to target future as yet unknown
family members of the same protein family, additional care needs to be taken in selecting the
most experimentally validated targets and ligands to build from, and to ensure any alignment of
structures (protein or ligand based) is undertaken with an eye to class related common features
wherever possible. However, even the best designed arrays can provide surprising results as
demonstrated in the design of novel arrays targeting the kinase CDK2127 and related family
members. Based on crystallographic structural data using active oxindole compounds novel
structures were designed around an aza indole structure, with the intent to maximise the
interaction with the hinge region of the active site by picking up additional binding. However,
analysis of the active compounds from the subsequent arrays using crystallography showed that
rather than just picking up additional binding, the novel structures had adopted two new
binding poses, with one even having reversed the direction of the core scaffold in its binding to
the hinge region (Figure 2.7).

Rational design of targeted libraries based on protein structures is likely to be most effective
where a significant amount of structural information around the protein family is known. The
kinase family128 and several protease family sub-classes129 are good candidates for such ap-
proaches, sharing as they do significant active site structural homology between members of the
same family. Perhaps surprisingly, another class of drug targets that has received similar
structural attention is protein–protein interaction targets. In this case it is structural motifs that
are the product of the protein secondary structure that are targeted, for example mimetics of the
spatial arrangement of alpha helix side chains.130

Where limited structural knowledge of the protein class is available then ligand based
screening sets have often been designed around trying to define privileged structures and
motifs from active ligands and inhibitors of related proteins which can then be incorporated
into targeted library designs, approaches that have been outlined by both AstraZeneca131 and
GSK.68 As a simple illustration of the concept, the selection of a tricyclic biphenyl motif to
include as a monomer building block would come from the analysis of known serotonin/
adrenergic reuptake inhibitors (Figure 2.8).

There are however some issues with using this approach to define targeted sets and libraries.
By designing a library around known structural motifs then there is a built in risk that any
results from that library will sit in close structural space to known compounds, which in turn
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Scheme 2.9 Target protein driven amplification of dynamic combinatorial chemistry to identify
favoured constructs for inhibiting neuraminidase following reduction to non-reversible
products.
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brings issues around patentability and freedom to operate. Moreover the grouping of some
common protein structures is often at a superficial and broad level, leading to very generic
designs (for example, libraries purportedly focused for ion channels or GPCRs rather than sub-
classes of these targets). A limited number of studies have shown that for many of these ‘tar-
geted’ library approaches, outside of kinase and some family A GPCR focused libraries, the
statistical results of screening campaigns are no different from using general diversity based
high throughput screening,101 which if done at full scale also brings the potential for moving
into truly novel chemical space for a target class. There are however published examples where
targeted libraries have been used to successfully identify novel start points for drug discovery
programmes, including kinases,129 voltage gated ion channels132,133 and serine/cysteine
proteases.129

2.10 COMBINATORIAL POWER IN DESIGN

The original drive behind the development of combinatorial chemistry to support high
throughput screening was the potential to access very large numbers of compounds using ef-
ficient synthetic paradigms. The limited success of early screening approaches using mixtures,
either synthesised as such or through pooling strategies, combined with the increasing capacity
of screening campaigns meant the focus shifted significantly to one assay one compound
strategies, and this has remained the standard approach to screening in most companies to
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Figure 2.7 Three distinct modes identified for (aza)oxindoles binding to the hinge region of protein
kinases.
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date. However as illustrated in the historical review earlier in this article, a significant pro-
portion of screening has shifted to more targeted approaches, either to specific protein families
or to more refined means of interrogating diverse chemical space. This has been the result of a
number of factors, with the cost of screening large numbers of compounds being a key
component.

The alternative approach to controlling costs whilst still maximising the scale of combina-
torial chemistry would be to return to the screening of compounds as mixtures, and approaches
to support this have continued to develop in parallel to the mainstream developments in single
compound screening. Houghten has continued to use and develop combinatorial libraries
screening methodologies to maximise the effectiveness of compound mixture screening,134

with extensive use of computational135 and mathematical136 modelling to support lead
identification.

Finally, in an approach that takes the art of combinatorial synthesis back to its initial be-
ginnings and focus on very large numbers, the use of DNA encoding to allow the rapid
screening of extremely large mixtures of compounds has been described by several
groups,137,138 illustrated here by the production of 7 million triazine compounds by the
Praecis group (Figure 2.9).139 Making use of the sensitivity of PCR approaches to rapidly
amplify a particular code, libraries of multiple millions of compounds have been prepared,
screened and deconvoluted, though the range of chemistry associated with the small molecule
still carries the same potential restrictions and liabilities associated with previous polymer
bound and tagged approaches. Now part of GSK, this group recently published140 the dis-
covery of highly potent and selective ADAMTS-5 inhibitors using this technology, with the
identification of compounds that did not carry the usual type of zinc binding motif (e.g.
hydroxamic acids) that typically create selectivity issues across other zinc containing metal-
loproteinases (Figure 2.10).

Figure 2.8 Illustration of the process that ReCap uses to identify privileged monomers from known active
compounds.
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2.11 CONCLUSION

Combinatorial practices, be they large library purchase, syntheses or focused efforts of parallel
chemistry around SAR generation, have become widespread throughout the drug discovery
process. The initial promise of Combichem, leading as it did in the 1990s to the development of
specialist teams and companies, has gone through a process of expansion, realisation, dis-
appointment and reassessment, to reach a point where it is a valuable tool, part of the overall
armoury of drug discovery to be used alongside other approaches. Compound collection
numbers, very much the initial driver of the combinatorial explosion, are still significant factors
in defining how drug discovery can be prosecuted. However, rather than the in house (or
commissioned) combinatorial approach it is as much through purchase of compounds that
these numbers are built.114 Whereas 15 years ago purchasing compounds was very often a
lottery of quality, availability and pharmaceutical relevance, it is now possible to build very large
high quality diverse screening sets from commercial sources.

Figure 2.9 Preparation of a three point diversity triazine library with DNA encoding.
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Figure 2.10 Selective and potent ADAMTS-5 inhibitor identified through the screening of a 4 billion
member DNA encoded triazine library.
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So what should be the take home messages from the last 15–20 years of combinatorial ap-
proaches to drug discovery? Well established understanding and due reflection on the multi
parameter complexity of drug discovery should never be displaced by the technological chal-
lenges of a new strategy—after all it is still about finding an active compound that will elicit the
correct response in a physiological system, not about the technology. Universal approaches will
almost certainly never exist, and application of knowledge about the target proteins can
maximise the effectiveness of one design over another. The application of derived drug/lead like
properties at the start of any design strategy will save a lot of time at the screening stages of any
program.

Combinatorial chemistry began as a tool for understanding biological processes. The appli-
cation to drug discovery and the generation of small molecule drug compounds became a
dream that for many developed into a nightmare of over investment and limited return. But
20 : 20 hindsight is always right, and we should not be so quick to condemn the work of the
earlier combinatorial pioneers. Without those pushing the boundaries of the science we
wouldn’t now have an approach that when applied correctly can enormously shorten the dis-
covery cycle and maximise the opportunity to optimise in parallel across a wider range of
parameters than could ever have been imagined. Pick up any copy of the Journal of Medicinal
Chemistry or Biological and Medicinal Chemistry and randomly open to an article—the odds
are now very strong that one of the descriptors ‘parallel’, ‘array’, ‘high throughput’ or even
‘combinatorial’ will be prominent. The hype came and went but the processes embedded and
stayed.

HINTS AND TIPS 1

Typical Equipment for the Parallel Synthesis Chemist

There are many varieties of parallel equipment available on the market, supporting synthesis,
analysis, purification and final characterisation, and it would be impossible to provide a
comprehensive listing here. The following suggestions are those which the author and his
group have found to be useful, reliable and where relevant user friendly. This should not be
viewed as a specific endorsement and many equivalent products are available. Moreover
there is much to be recommended in a pragmatic approach of adaptation of normally
available equipment—the development of some of these pieces of hardware that are now
commercial products began life as elastic band and sealing tape prototypes in the author’s
laboratories back in the early 1990s.

Synthesis equipment: Adaptation of a normal magnetic stirrer to allow parallel reactions
with varying levels of heating cooling and inert atmosphere control can be achieved using
equipment such as the suite of reaction stations supplied by Radleys (www.radleys.com);
including the simple Starfish multiple reaction station, the range of carousel stations and the
greenhouse parallel synthesisers. The latter two series also have the advantage of companion
workup stations that allow for simple work up procedures in a matching format to the re-
action numbers. For more dedicated parallel reaction stations then either the Metz heater
shaker system (also available from Radleys) or the STEM RS series reaction stations
(www.electrothermal.com) provide dedicated parallel tube systems. More specialist equip-
ment, typically relying on sequential flow reactions rather than parallel reactions, is also
available, either for general reaction conditions (see www.syrris.com) or specialist gas re-
actions (H-Cube; www.thalesnano.com/h-cube). Finally the use of microwave heating has
radically changed parallel chemistry capabilities over the past decade, and either CEM
(www.cemmicrowave.co.uk) or Biotage (www.biotage.com) equipment is readily usable in the
research laboratory.
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Work up and purification: Parallel filtration and aqueous extraction processes are avail-
able to match the reaction stations as described above, and parallel evaporation systems such
as the range of Genevac centrifuge systems (www.genevac.com) or gas evaporation systems
such as the FlexiVap work stations (www.glascol.com) allow rapid concentration of multiple
reactions. Filtration cartridges can be used either as simple clean up filters or by careful se-
lection of resin content can allow selective removal or sequestration of various functionalities—
for the range of solid phase extraction (SPE) and filtration cartridges available see suppliers
such as Agilent (www.chem.agilent.com). For more complex purification and separation then
parallel column chromatography such as the Isolera system from Biotage (www.biotage.com)
can process up to four samples in parallel through automated column chromatography.

HINTS AND TIPS 2

Compounds and Functionalities to Avoid—the PAINS of Hit Discovery

As discussed in the main chapter, there have been a number of publications describing the
issues of ‘frequent hitters’ and trying to understand why some structural motifs are best
avoided in any hit to lead follow up program. There are a number of grey areas, and it is not
for this author to state categorically that any particular class of molecule, even if pursued
carefully, will never yield a viable lead compound for further optimisation. However, there are
several classes of compounds that, through repeated evaluation, have clearly been identified
as ‘problem’ structures that should be progressed only with open eyes and an awareness of
the history of similar strategies. That list is ever changing and, as more is understood about
underlying mechanisms of biological non-specific activity, changes in both increasing and
reducing directions. However, the types of core structures highlighted in the PAINS paper99

are always worth treating with care (Figure 2.11):
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Figure 2.11 Illustrative core cyclic and heterocyclic structures identified as having ‘frequent hitter’
potential by Baell and Holloway in the PAINS paper.99
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HINTS AND TIPS 3

Compounds and Functionalities to Avoid—the AZ approach

Perhaps easier to identify and avoid are more specific functional groups and reactive
structures. AstraZeneca has identified a wide range of such functionalities in a recent
paper,141 including several of the following motifs:

Class 1: Bland structures
� Compounds containing atoms other than hydrogen, carbon, nitrogen, oxygen,

sulfur, fluorine, chlorine, bromine and iodine
� Fewer than four carbon atoms
� Fewer than 12 heavy atoms
� No polar atoms (nitrogen, oxygen, sulfur)
� Straight or unbranched structures
� Positively charged atoms (for example, quaternary nitrogen)
� Compounds with three or more acidic groups
� Alkyl or aryl amine (with no other heteroatom)
� Hydroxyl or thiol (with no other heteroatom)
� Only hetero atom is one acid or derivatives

Class 2: reactive structures
� Michael acceptors: C¼C–C¼O, C¼C–CN, C¼C–SO2, C¼C–NO2

� Reactive ester or thioester
� Anhydride
� Alpha halo ketone
� Halo methylene ether
� Acid halide and thio acid halide
� Aliphatic and aromatic aldehyde
� Peroxide
� Epoxide, aziridine, thiirane or oxazirane
� Thiocyanate
� Isocyanate, isothiocyanate
� Isocyanide, isonitrile

Class 3: frequent hitters
� More than two nitro groups
� Dihydroxybenzene
� Nitrophenols

Class 4: dye-like structures
� Two nitro groups on same aromatic ring, including naphthalene
� Diphenyl ethylene cyclohexadiene

Class 5: unlikely drug candidates or unsuitable fragments
� Large ring ZC9
� C9 chain not in any rings
� Crown ethers
� Multi-alkene chain: C¼CC¼CC¼C or N¼CC¼CC¼C
� Diyne: –C�C–C�C–
� Annelated rings such as phenanthrene, anthracene and phenalene
� Two sulfur atoms (not sulfones) in 5-membered rings or 6-membered rings
� Triphenylmethyl
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Class 6: difficult series or natural compounds
� Steroids
� Penicillin or cephalosporin
� Prostaglandins

Class 7: general ‘ugly’ halogenated structures
� Di- or trivalent halogens
� N–, S–, P– and O–halogens
� Sulfonyl halides
� Triflates: SO3CX3

Class 8: general ‘ugly’ oxygen
� Five or more hydroxyl groups
� p-,p0-dihydroxybiphenyl
� p-,p0-dihydroxystilbene
� Formic acid esters

Class 9: general ‘ugly’ nitrogen
� Hydrazine (not in ring)
� Three or more guanidines
� Two or more N-oxides
� Azo (N¼N) or diazonium (N�N)
� Carbodiimide
� N-nitroso groups
� Aromatic nitroso groups
� Cyanohydrin or (thio)acylcyanide
� Nitrite
� Nitramine
� Oxime

Class 10: general ‘ugly’ sulfur
� Five or more sulfur atoms
� Disulfide
� Sulfate
� Sulfonic acid
� Thioketone
� Sulfonic ester (except for aryl or alkyl–SO3–aryl groups)
� Sulfanylamino groups
� 1,2-thiazol-3-one
� Dithiocarbamate
� Thiourea, isothiourea, thiocarbamic acid or thiocarbonate
� Isocyanate or isothiocyanate
� Thiocyanate
� Thiol
� Dithioic or thioic acid

HINTS AND TIPS 4

How to Build a Diverse Collection–The 5 Minute Practical Guide:

The main body of text contains a significant discussion on the steps and processes in de-
signing a collection–but the basic principles and steps can be summarised in a few short
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bullets (and referring back to Figure 2.6 in the main chapter):

� Identify as many viable commercial compound collections as possible
� Collate into a single data set in a format best suited to downstream analysis
� Apply initial exclusion filters based on strategic considerations to reduce to only com-

pounds that would be acceptable in the collection
� Identify any cost and storage constraints to which the overall collection must comply to

determine any size and/or format limitations
� Analyse the compound set using a relevant similarity and clustering protocol to generate

a clustered available dataset
� Select representation from the cluster analysis to meet the number constraints of the

compound collection whilst maximising coverage of the clustered dataset
� Allow chemist analysis of the selected compounds to ensure best options from cluster

selections have been chosen by algorithm
� Spend the money. . . . . . . . .
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