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Solution-phase synthesis in
combinatorial chemistry:
Applications in drug discovery

Richard Storer

The application of combinatorial chemistry principles to
produce libraries of compounds, together with effective
use of high-throughput biological screening, is set to
revolutionize the way in which chemical leads for drug
discovery programmes are generated and evaluated. In
this overview, solution-phase synthesis is compared and
contrasted with solid-phase synthesis, which remains
the method of choice for most combinatorial library
work. The author discusses a variety of specific

approaches from different groups exemplifying the

potential of solution-phase work.

he pharmaceutical industry is currently experiencing

a period of intense self-examination to improve the

efficiency of its drug discovery programmes. Press-

ure to be first-to-market with the best compounds
requires close examination of all possible means to improve
lead generation and to reduce time from lead discovery to
identification of development candidates. The number of
biological targets to be investigated will increase dramati-
cally, and new approaches, both in chemistry and biology,
are essential if such demands are to be met. The capacity to
generate and evaluate much larger numbers of compounds
of the widest possible diversity will be central to these new
initiatives. High-throughput screening and combinatorial
chemistry are currently the subject of exponential growth in

the area of lead generation!->. Lead evaluation and opti-
mization are also beginning to benefit from the application
of multiple-synthesis techniques and from the increasing

use of automation in many aspects of organic synthesis.

Library approach and format

Some fundamental choices must be made in deciding which
libraries of compounds to prepare and how they might best
be synthesized. These decisions will be influenced by
whether the library is to be used as a primary library for lead
generation or as a focused library for lead optimization,
although there is no defined boundary between the two. For
lead generation allied to drug discovery, the most direct
approach is to synthesize libraries that consist of structurally
acceptable starting points for medicinal chemistry pro-
grammes. It is possible to control size, functionality and
diversity within a library by appropriate selection of the sets
of molecular building blocks from which the library is con-
structed. Decisions regarding library size and whether to
construct it as mixtures (pools) or as single entities (dis-
cretes) will be influenced greatly by the purpose for which
the library is designed. There are advantages and disadvan-
tages with each approach, and specific requirements will
determine which is most appropriate in any one case.

Pool generation using solid-phase chemistry uses the ‘split
and mix’ procedure to generate one compound per bead.
Generation of pools using solution-phase chemistry can
employ mixtures of reactants, but adequate development
work is required to ensure the reaction of all constituents
under the conditions used. The products obtained are more
difficult to analyse chemically for quality-control purposes.
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The data obtained from screening pools will be less precise
or reliable than those generated from testing of discrete com-
pounds. Pools have an advantage when screen capacity is lim-
ited and when it would be impractical to generate equivalent
numbers of discretes. Where the library is constructed and
tested as pools, then a viable plan for ‘decoding’ to identify
individual compounds of interest must be devised as part of
the planning process.

The selection of specific target structures and the chemistry
required to effect their preparation should ideally be consid-
ered together with the final major decision — whether to work
in solid or solution phase. Solid-phase synthesis enables bet-
ter control of purity by allowing extensive washing between
steps. The use of excess reagent, when cost allows, can also
be employed to drive reactions to completion. These advan-
tages are of particular importance where multiple steps are
involved in the synthesis of the target molecules. However, it
can be difficult to control stoichiometry, and the use of solid
phase imposes some chemical constraints and structural lim-
itations. A suitable functional site is required for attachment
to the solid support via an appropriate linker molecule. For
most assays, cleavage from the support is required and, for
many reactions that are currently employed, a residue result-
ing from the attachment to the linker is present in the final
structure. Much effort is being devoted to expanding the range
of developed chemistry for solid-phase work and in devising
ways to circumvent the above limitations.

A wide range of reactions is potentially available for solu-
tion-phase library generation. In contrast to solid-phase work,
no additional steps for attachment to or detachment from sup-
ports are required, and thus only the particular reaction of
interest need be developed. There are no concerns about
compatibility of the chemistry being conducted with either
stability on the support or any tagging method employed.
Furthermore, the reactions and techniques to be employed
in solution-phase library generation are already familiar to all
organic chemists, an especially important feature in helping
to encourage rapid acceptance of the new approaches and
technologies by nonspecialists. For short reaction sequences,
in particular, this approach has much to recommend it, and it
is easy to generate significant numbers and quantities of com-
pounds in a format that is directly compatible with the require-
ments for most screens.

Equipment and automation

The specific equipment to be used for library generation and
the degree of automation to be employed are important
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considerations. The principle should be to automate where
appropriate; many smaller libraries might most appropri-
ately be generated manually using simple equipment.
Equipment suitable for the generation of solid-phase
libraries on various supports, such as resins and pins, is
commercially available and will continue to develop rapidly.
Some specialist companies, such as Affymax! (Palo Alto, CA,
USA), have developed equipment that is compatible with
their own niche technologies. For automated solution-phase
library synthesis, a selection of liquid-handling robots that
have been custom-modified for library generation are now
available. Some commercially available equipment caters for
a variety of simple synthetic operations, allowing the prepa-
ration of relatively modest numbers (tens) of compounds for
focused libraries or building block generation. Specialist
companies are actively working to produce purpose-built
equipment designed for library generation, and many
options will become available commercially in the next few
years.

Quality control and decoding

Chemical analysis and quality control are of paramount
importance for all libraries. Where solution-phase synthesis
of pools is undertaken, the difficulty of adequate chemical
analysis increases with the number of components per pool.
Although NMR has some utility for very small pool sizes,
which can be a useful option during development work, a
combination of MS and HPLC has emerged as the most suit-
able combination of techniques in most cases.

Whichever method is used to construct a pooled library,
appropriate decoding methods need to be included in the
design to allow access to information about active compo-
nents. Many elaborate methods have been devised for decod-
ing solid-phase, bead-based libraries, including tagging pro-
cedures. Such techniques are facilitated by the fact that pooled
libraries prepared by the ‘split and mix” approach consist of
one compound per bead. Pools made by solution chemistry
must either be subjected to fractionation in order to identify
the active components in an active pool or there must be some
provision in the library design to facilitate decoding.

Solution-phase synthesis of pooled libraries
Solution-phase work so far described has included libraries
both of pools and of discrete compounds. Where the
libraries have been developed as pools, a range of strategies
(described below) to provide convenient methods for iden-
tification of the active components have been attempted.
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A design that would allow a chemical decoding procedure
was employed in the ‘diamide trimer’ library (Figure 1) pre-
pared by the GlaxoWellcome group®” (Stevenage, UK). Amide
bond formation was used to produce a trimer library by cou-
pling sets of carboxylic acids and amines to the amine and
acid functionality respectively of a central amino acid to give
compounds of type (1). Using sets of 80 carboxylic acids, 50
amino acids and 40 amines produced a library of 160,000
‘diamide trimers’. The library was generated as 4,000 pools of
40 compounds using the 40-amine mixture as the pool origin.
The synthesis was carried out, in part, manually but also
involved the use of custom robotic equipment for dispensing
liquid and subsequent evaporation of solvents and volatile
materials. The principle of the chemistry allowed a reversible
element to provide for a simple chemical decoding of active
pools.

The library was produced in an 80 well per plate format,
which paralleled the microtitre format employed for screen-
ing. Thus each plate represented a single amino acid, each
unique two-dimensional well address on each plate repre-
sented a single carboxvylic acid, and each well had the same
representation of the 40 amine mixture. A number of controls
were implemented to ensure that screening data were as reli-
able as possible. Reactants and coupling agents that were
likely to be present in the final products were prescreened to
ensure that they did not interfere with the assays. The devel-
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oped automated procedure was also used to prepare a com-
pound of the library class that was known to have biological
activity, and the activity of the product was confirmed. Such
controls are a very important feature of the development
programme.

The chemistry to decode active pools was undertaken as
indicated above to produce the constituents of each pool of
interest as discretes for rescreening. In some cases, a range of
activities in the components provided some tentative SAR
data, but more reliably indicated the most promising com-
pounds to prepare in pure, fully characterized form. In other
cases, no compound of significant activity was found, the
activity of the pool having resulted presumably from additive
weak activities, Good medicinal chemistry lead structures
were identified in a number of areas and are exemplified by
compounds shown in Figure 2 —an HIV protease inhibitor (2;
IC,, = 10 pg/ml) and an NK, antagonist (3; pK; = 7.3).

A variety of groups have worked to devise alternative ways
in which to simplify the identification of the active and most-
active compounds from pools prepared using solution
chemistry. Smith and coworkers? investigated an orthogonal
approach in a library consisting of amides and esters resulting
from reaction of 40 acid chlorides with a set of 40 nucleophiles
comprising alcohols and amines. The sets were selected in
such a way that the hydrochloric acid liberated during the
reaction was scavenged by a tertiary amine centre in the
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Figure 1. Principle of reversible decoding. ‘A’
represents the amine sel, ‘B’ represents the amino
acid set and 'C’ represents the carboxylic acid set.
(a) Manual preparation of feedstock dimers,
automated synthesis of final trimers. (b) Decoding
reverse direction syntbesis, maintain automated
synthesis of final trimers.
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- Figure 2. Lead structures from the diamide trimer
| library: an HIV protease inbibitor (2) and an NK,
antagonist (3)).
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nucleophile molecule. Each individual nucleophile was
reacted with an equimolar mixture of the acid chlorides, and
each individual acid chloride was reacted with an equimolar
mixture of the nucleophiles. The complete library was thus
prepared as 80 sample mixtures, each containing a nominal
40 compounds. The design strategy determined that each poss-
ible product should appear in a unique pair of samples.
Knowledge of positive samples from screening both halves of
the library thus allows the structure of active compounds 10
be deduced immediately. The potential of this approach was
demonstrated by the identification of compounds from the
library which provided weak leads with properties of NK,
antagonism (4; IC,, = 60 wM) and matrix metalloproteinase-1
inhibition (5; IC,, of 55 wM) when prepared and tested in pure
form (Figure 3).

In a similar approach, Pirrung and Chen” have prepared an
‘indexed combinatorial library’ of 54 carbamates from a set of
nine alcohols and a set of six isocyanates. The library was pre-
pared as 15 sublibraries in which each of the alcohols and iso-
cyanates was reacted with an equimolar mixture of the other
set of reactants. The product mixtures were screened as
inhibitors of acetylcholinesterase from the electric eel, and
their activities used as ‘indices’ to the rows or columns of a
two-dimensional matrix reflecting the activities of individual
products. Selective synthesis of carbamates from the most
active row and column demonstrated that the most active cell
in the matrix could be identified using this sublibrary
approach. The most potent compound prepared was the pre-
viously unknown O-succinimidyl Amethylcarbamate (6; Fig-
ure 4). Such a procedure would be generally applicable to any
chemistry that can be carried out in a similar modular manner.

A variation on this theme, where all synthetic work is not

carried out at the beginning of the exercise, was provided by
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Figure 3. Amide leads from the orthogonal library
approach: an NK; antagonist (4) and a matrix
metalloproteinase-1 inhibitor (5 ).
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Figure 4. Novel acetylcholinesterase
inbibitor from the indexed library ~y /ﬁ o
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Figure 5. Core templates (7, 8) used by Rebek and
coworkers’1! in library synthesis and the novel
trypsin inbibitor subsequently identified (9).

Rebek and coworkers!®11, Their library approach used rigid
multifunctional cores and monomer sets with comparable
chemical reactivity towards the core molecules (Figure 5). Vali-
dation of the chemistry was by preparation of representative
small sublibraries. Synthesis of (hopefully) all constituents as
complex mixtures is followed by several rounds of iterative
sublibrary generation and screening. They employed as cores
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the 9,9-dimethylxanthene and cubane tetracid chlorides (7)
and (8) and an initial set of 21 amines. Results from this exer-
cise then determined the constitution of the next sublibrary to
be generated. Thus, increasingly potent compounds in pro-
gressively smaller pools can be identified. The potential of this
approach was demonstrated by the identification from this
work of a micromolar inhibitor (9) of trypsin.

Pooled pyrazole libraries of up to 1,000 members have been
described!? by a group from SmithKline Beecham (Harlow,
UK) and were prepared using a variety of reaction types,
including amidation, esterification, saponification, Mitsunobu,
alkylation, decarboxylation and Claisen rearrangements
(Scheme 1). Their policy has been to try to ensure that com-
ponents are present in equal quantities whilst using multistep
sequences and to envisage an iterative procedure for the iden-
tification of the structures of lead compounds from the active
pools.

Solution-phase synthesis of libraries of single
compounds

Where the available capacities allow, generation and screen-
ing of libraries of individual compounds rather than pools
affords, in addition to the benefits discussed earlier, direct
knowledge of the structures of active compounds. Where it
is feasible 1o screen at several concentrations, it is also poss-
ible to obtain a more precise indication of which com-
pounds are more active than others. Furthermore, for most
SAR work, single-compound synthesis is essential. Where it
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Scheme 1. Synthesis of pyrazole libraries.
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is desirable to test pools, then robotic mixing of discretes of
different structural classes has advantages. This procedure
allows for rapid rescreening of the components of an active
pool and should reduce the risk of activity in a pool result-
ing from additive weak activities of the constituents.

The GlaxoWellcome group has devoted considerable effort
to extending the range of solution-phase chemistry employed
in library generation beyond amide bond formation. The
range currently includes 1,4-additions, alkylations, car-
bonyl/active methylene condensations, halide displacements
and carbonyl derivative formation. The objective is to estab-
lish a toolkit of useful reactions developed in a suitable form
for use in automated synthesis, and these reactions have been
used to prepare libraries of a variety of different compound
classes, largely as single compounds. The synthesis of a vari-
ety of heterocyclic systems has been a high priority!?, and the
libraries prepared to date are exemplified by aminothiazoles
(10) and oxadiazoles (11) which include the known anti-
inflammatory compound (12) and the histamine H; antag-
onist (13), respectively (Figure 6). This exemplifies the impor-
tant principle of including in the library, wherever possible,
one or more compounds of the class that are known to have
specific biological actions and which thus provide valuable
standards when the library is screened with the appropriate
assays.

Other groups have developed methods for the synthesis of
libraries of single compounds using solution-phase chemistry.
The group at Arqule!* (Medford, CT, USA) has developed

libraries based on azlactone chemistry
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and employing multistep procedures
(Scheme 2) to give compounds of type
(14).

Aminimides have also received atten-

tion from the Arqule group. These are

Q

X

zwitterionic substances having no net
charge and which are freely soluble in
O-Alkylation both water and organic solvents. Com-
pounds are prepared in systematic arrays
where each member bears a formal
OFt structural relationship to its neighbours

to facilitate identification of trends in

activity. Specific examples of interesting
i compounds that have been successfully
X ¢ identified from using the approaches of
this group include an HIV-1 proteinase
inhibitor (15; K = 100 nM; Figure 7).
The reactions employed are largely
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three-step sequences, but the group

size, from tens to thousands, for a particu-

believes that, with suitable chemistry, up to Rix 5. Ry lar requirement. The scale on which the
five steps may be possible while retaining R, /N_< NI components are prepared will also
adequate control of purity. As further clean, Fa depend on the status of the project;
robust reactions are identified, it should be 10 larger quantities of smaller numbers will
increasingly possible to assemble multistep be required as the project progresses
sequences that can produce solution-phase towards a development candidate.
libraries meeting required specifications. . _40. N Although it is always desirable to pre-

Panlabs!> (Bothell, WA, USA) are produc- ! N’IL R pare libraries in as pure a form as poss-
ing libraries commercially using solution- 11 : ible, the essential required levels of purity

based chemistry. Their approach is to con-
centrate on the synthesis of libraries of small
organic molecules as individual compounds
for lead generation or follow-up. They too
have developed a toolkit of useful reactions,
including the formation of esters, alcohols,
amides, ureas, carbonates and carbamates.
Reaction validation is by single-compound
synthesis and appropriate quality control of
a representative sample to a predetermined
level, with HPLC and MS being the pre-
ferred combination of techniques. In a
collaboration with Tripos Inc. (St Louis,
MO, USA), they now offer a service for
library design using Tripos software and
subsequent Panlabs
technology.

synthesis  using

Libraries of single compounds in lead
optimization
Most organic synthesis carried out in me-

dicinal chemistry groups in pursuit of lead

optimization is currently performed in

|¢N
HN\/)\\\<O_ N cl
13

Figure 6. Examples of
heterocyclic compounds
JSrom arvay synthesis. Such
libraries are exemplified by
aminothiazoles (10) and
oxadiazoles (11 ), which
include the knouwn anti-
inflammatory compound
(12) and the bistamine H,
antagonist (13 ), respectively.

also depend on the status of the project.
In the early stages of lead generation or

optimization, lower standards may be
sufficient to allow identification of those
compounds most worth pursuing in a
fully purified and characterized form.
For later-stage optimization, libraries of
pure compounds are required for the gen-
eration of reliable quantitative data. There
are a variety of ways in which this objec-
tive can be realized. The identification of
robust, clean, high-yielding reactions is
clearly of great importance. A great many

reactions should prove eminently suitable
for automated solution-phase synthesis.
Automated purification, for example by
preparative HPLC, is also possible, and it
is easy to envisage the generation of

libraries of compounds to whatever level
of purity is appropriate. Other possibilities

for improving the quality of solution-
phase libraries will continue to be
explored. The use of supported reagents

solution phase. In future, as more leads

are generated using solid-phase chemistry, lead optimiz-
ation using solid phase will become more important. The use
of solution-phase array synthesis of individual molecules is

rapidly becoming an accepted part of lead optimization pro-

(e.g. triphenylphosphine!) is clearly a
most attractive option, allowing the possibility of removing
byproducts and excess reagent easily. In this way it should
be possible to enjoy some of the benefits of solid-phase
approaches whilst retaining the versatility of solution-phase

grammes. Such focused libraries may be of an appropriate  work.
R1Y N R,CHO R1\F N R3NH, o | Rz ., Figure 7.
o( T oo h RN Ny MR HIV o _
o) Ho 5 proteinase J .
inhibitor from o N T N 0
14 S oH k©

an aminimide

Scheme 2. Use of azlactones for library synthesis. J library. 15

J L
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Conclusions Optimal use of such in-house expertise will be one way in
Solution-phase automated synthesis has a very important  which such pressure may be minimized.

role to play in the future of drug discovery both for lead gen-

eration and for lead optimization. For the very large pooled ~ BEFERENCES
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