1.1. INTRODUCTION

Chemical genetics describes the use of molecules as “chem-
ical probes” to investigate biological systems [1-3]. In
contrast with traditional genetics, in which gene knock-
outs on the level of the DNA are used, chemical genetics
uses biologically active small molecules to directly atten-
uate the corresponding biological macromolecular (usu-
ally protein) product. Thus, the ready availability of bioac-
tive small molecules is of crucial importance in chemical
genetics studies. Such small molecules can be identified
by screening compound collections (libraries) in suitably
designed assays. This chapter describes the use of diversity-
oriented synthesis (DOS) to prepare structurally diverse small
molecule libraries. Structurally diverse libraries show a
greater variety in not only their physiochemical proper-
ties but also, and of most relevance here, in their biological
activities. Herein we describe some of the most effective
strategies that have been used in DOS library design and
preparation.

1.2. SMALL MOLECULES, CHEMICAL GENETICS,
AND CHEMICAL GENOMICS

Chemical genetics experiments can be performed in either
a forward or a reverse sense (Figure 4.1). The first step
of both approaches requires the identification of a small
molecule that either induces a desired phenotype (forward
chemical genetics) or modulates the function of a specific
protein of interest (reverse chemical genetics). Thus, in
the former case, investigations proceed from phenotype to
protein, whereas in the latter case, investigations progress
from protein to phenotype.
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Chemical genomics has been defined as the search for
selective small molecule modulators of each function of all
gene products (e.g., proteins) — that is, the application of
reverse chemical genetics on a genome-wide scale [2]. Pos-
session of such molecules would allow the systematic explo-
ration and perturbation of biological systems with obvious
potential for the development of improved chemothera-
peutic treatments [2]. The challenges presented by a chem-
ical genomics approach are daunting. It has been estimated
that roughly 10% of the human genome (approximately
thirty thousand genes) encode proteins that can bind to
“drug-like” compounds [4]. However, small molecule part-
ners for only approximately one thousand members of
this total “druggable” proteome have been identified [5].
Fewer still can be considered as specific in their interac-
tion. Clearly, there exists a significant need for the dis-
covery of many more biologically active small molecules
that are capable of selectively modulating gene product
function.

One of the fundamental considerations of chemical biol-
ogy is what type of compounds should be synthesized and
employed in biochemical or biological screenings [6]. Ulti-
mately, this is determined by the requirements placed on
the compounds. For example, if the goal of a screening
process is to identify a small molecule for application as
an orally bioavailable drug, then several observations have
been made regarding molecular characteristics that are
desirable, such as molecular size, shape, and tolerable func-
tional groups [5, 7]. However, these demands are consider-
ably different from those placed on a compound required
for cell-based or in vitro assays [5, 8].

Biologically active small molecules can be identified by
screening libraries of compounds in either phenotypic or
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FIGURE 4.1: (A) In a forward chemical genetics approach, a library of small molecules is screened to identify those that that induce
a desired phenotypic effect (e.g., different mitotic behavior) on the biological system under investigation. Once a suitable small
molecule has been identified, further investigation allows the gene product (i.e., protein) with which the molecule interacts to be
discovered. (B) Reverse chemical genetics involves the use of small molecules against a known protein of interest (e.g., the LasR
quorum sensing receptor protein). A small molecule that binds to the protein is identified, and the phenotypic effect induced by the
action of this small molecule helps to define the role of its protein partner.

protein-binding assays. In the latter case, where the target
protein is known (e.g., in a reverse chemical genetics exper-
iment), libraries containing compounds synthesized in a
“hypothesis-driven” fashion — that is, designed to interact
with a specific target — are more appropriate. Such com-
pounds are usually selected/designed based on knowledge
of the target’s structure or the structure of known natu-
ral ligands [9]. In phenotypic assays, in which the precise
nature of the eventual biological target is unknown, the
selection criterion for small molecules is complicated dra-
matically. In these situations, the successful identification
of “useful” biologically active small molecules may be aided
by screening functionally (biologically) diverse compound
libraries, because it has been argued that a greater sam-

ple of the bioactive chemical universe (i.e., of all bioactive
molecules) increases the chance of identifying a compound
with the desired properties [10, 11]. Such an approach
may also be advantageous in the case of a reverse chemical
genetic experiment in which the precise structural features
of the biological target of interest are unknown (e.g., the
structure of the target protein has not yet been fully char-
acterized), or known natural ligands are unselective and
interact with more than one protein target, meaning that
closely related analogs may not be suitable for use.

The functional (biological) diversity of a library of small
molecules has been shown to be directly correlated with its
structural diversity, which in turn is related to the amount
of chemical space the library occupies [11, 12].
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FIGURE 4.2: The distribution in chemical space of cyclooxygenase-1 inhibitors (red squares) and a subset of compounds from the
MDL Drug Data Repository (MDDR) database (green squares). Once the chemical descriptors have been defined and calculated for
each compound, this information can be condensed using a mathematical process known as principle component analysis (PCA).
This allows for the construction of two-dimensional (2D) or three-dimensional (3D) displays that are accessible to human interpre-
tation. This 2D visual representation shows that the cyclooxygenase-1 inhibitors populate a broad region of chemical space on the
background of the MDDR compounds. In this diagram, each compound is plotted at a discrete point in chemical space. MW = molec-

ular weight.

1.3. STRUCTURAL DIVERSITY AND THE
CONCEPT OF CHEMICAL SPACE

1.4. BIOLOGICALLY RELEVANT
CHEMICAL SPACE

Chemicals can be characterized by a wide range of physio-
chemical and topological descriptors that contain informa-
tion about either the bulk properties of the compound, such
as molecular mass and lipophilicity, or its topological fea-
tures, such as degree of branching [13-16]. Chemical space
is a term often used in place of multidimensional descrip-
tor space; it is a region defined by a particular choice of
descriptors and the limits placed upon them [17]. In the
context of small molecule libraries, chemical space can be
defined as the “total descriptor space that encompasses all
the small carbon-based molecules that could, in principle,
be created” [17].

A specific molecule will reside at a discrete point in
chemical space because of its unique combination of molec-
ular descriptor values. The structural features of a collec-
tion of molecules will therefore influence the distribution
of the molecules in chemical space (Figure 4.2). Therefore,
it follows that the more structurally diverse the library,
the more chemical space it interrogates. Maximizing the
structural diversity and thus chemical space coverage of a
library should, in turn, increase its overall functional (bio-
logical) diversity; as “molecular shape is intrinsically linked
to biological activity, the greater the structural diversity in
a library, the better the odds of identifying ligands for a
broad range of targets” [12].

The degree of overlap between total chemical space and
biologically relevant chemical space is somewhat of a con-
tentious issue and subject to much debate in the litera-
ture [5, 6, 18]. The limits of biologically relevant chem-
ical space are defined by the specific binding interactions
that must occur between small molecules and the three-
dimensional (3D) molecular recognition patterns on bio-
logical molecules such as proteins [5]. What it not known
is the size of this region in comparison to total chemical
space — that is, whether the biologically relevant region is
“small” and most of the chemical universe is “empty” (con-
taining no therapeutically interesting compounds) [5]. In
other words, are the regions of chemical space defined by
natural products and known drugs the best or most fertile
regions for discovering small molecules, or is their scope
for discovering biologically useful molecules, particularly
those with novel modes of action, from “untapped” areas
of chemical space? [5, 18]

In spite of this controversy, structural diversity (and
thus total chemical space coverage), though rarely the “end
game” in a synthesis project, is generally perceived to be an
important consideration in small molecule library synthe-
sis, particularly when the precise nature of the biological
target molecule is unknown or the identification of a novel
biologically active molecule is desired [19]. Indeed, the
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generation of libraries of pure, structurally diverse com-
pounds is thought by some to be the “key to the discovery
of new medicines and to the elucidation of biological path-
ways through chemical genetics” [20].

1.5. STRUCTURAL DIVERSITY AND THE
IMPORTANCE OF STRUCTURAL COMPLEXITY

The synthesis of a collection of structurally diverse small
molecules offers a unique challenge to the synthetic chemist
[6, 21]. It is widely accepted that it is not synthetically
feasible to produce all theoretically stable, small carbon-
based molecules [5, 21]. Thus, selectivity in synthesis is an
important consideration. This issue has spurred the devel-
opment of a variety of different approaches that aim to effi-
ciently interrogate wide regions of chemical space simulta-
neously or to identify regions of chemical space that have an
enhanced probability of containing biologically active com-
pounds [6]. Before evaluating the relative merits of some of
the most commonly used methods, it is useful to consider
what is meant by the term structural diversity in the context
of library synthesis.

Though the word diversity is, to some degree, a subjec-
tive one, there are four principle components of structural
diversity that have been consistently identified in the liter-
ature: [19, 21, 22]

1) Appendage diversity (or building-block diversity): Varia-
tion in different structural moieties around a common
skeleton;

2) Functional group diversity: Variation in the functional
groups present;

3) Stereochemical diversity: Variation in the orientation of
potential macromolecule-interacting elements; and

4) Skeletal diversity: Presence of many distinct molecular
skeletons (or frameworks/scaffolds)’.

Increasing the skeletal diversity in a small molecule library
is widely regarded as one of the most effective ways of
increasing the overall structural diversity of the library
(12, 24, 25]. Furthermore, computational analyses have
been carried out to support the notion that small multiple-
scaffold libraries are superior to large single-scaffold
libraries in terms of biorelevant diversity [11]. Libraries
based around a single scaffold, regardless of their size,
are restricted to a limited number of molecular shapes, as
opposed to smaller libraries designed around multiple scaf-
folds [11, 12]. Libraries of “compounds that have a common

* The term molecular skeleton has no strict definition. Within the con-
text of this discussion, the description recently outlined by Schreiber
is appropriate; “we use the term skeleton loosely to denote rigidify-
ing elements in small molecules; these can be atom connectivities that
yield either linked, fused, bridged or spiro rings, or acyclic confor-
mational elements that provide substantial rigidification by avoiding
non-bonding interactions” [23].

molecular skeleton display chemical information similarly
in 3D space, thus limiting the pool of potential binding
partners to only those macromolecules with a complemen-
tary 3D binding surface” [18, 24]. Thus, variation in 3D
structure, rather than the nature of the peripheral sub-
stituents, is key for interaction with a broad range of molec-
ular targets [26]. Conversely, conservation of 3D structure
(i.e., the nature of the core molecular skeleton) in a small
molecule collection generally means that the molecules will
bind a narrower range of molecular targets.

Despite the acknowledged correlation between skele-
tal diversity and overall structural and functional (biologi-
cal) diversity, the need to incorporate skeletal diversity in
small molecule libraries is a somewhat contentiousissue and
is very much application dependent. In instances where a
specific protein is being targeted, small molecule libraries
are generally based around a single molecular skeleton —
for example, the skeleton of a known natural ligand that
has demonstrated the ability to bind to the desired pro-
tein. Furthermore, the synthesis of small molecule libraries
around scaffolds present in known biologically active com-
pounds has been cited as a possible means of identifying
small molecules with novel biological properties. The syn-
thesis of such “biased” small molecule libraries is discussed
later in this chapter.

In addition to structural diversity, structural complexity is
another characteristic that is important in small molecule
libraries. Although there is some debate in the literature, it
has been argued that molecules that are structurally com-
plex are likelier to interact with biology in a selective and
specific manner [5, 27].

1.6. SOURCES OF SMALL MOLECULES

There are a number of potential sources of small molecules
for use in biological screens, each of which addresses various
aspects of the structural diversity and structural complexity
criteria in a different manner and with varying degrees of
success.

1.6.1. Natural Products

Traditionally, nature has served as a rich source of biologi-
cally active molecules [22, 28, 29]. Natural products exhibit
enormous structural diversity [30], and though they may
vary in terms of structural complexity, many exhibit a high
degree of specificity for their biological target. Numerous
natural products have proven to be useful as drugs or leads
[31, 32] and are still a major source of innovative therapeu-
tic agents for infectious diseases [28].

Unfortunately, there are several problems associated
with using natural product compounds in screening exper-
iments. These include difficulties with purification and
bioactive component(s) identification. Additionally, chem-
ical modification and analog synthesis, processes that are



particularly pertinent in the drug development process,
may be extremely challenging because of the highly com-
plex nature of most natural products [19]. Furthermore,
natural products occupy only a small proportion of chem-
ical space [5, 17], which runs the risk of omitting a vast
number of possibly biologically valuable small molecules
from any screening process [18].

1.6.2. The Synthesis of Small Molecule Libraries

The crucial need for high-quality compound libraries in
biological screening experiments has spurred the develop-
ment of several synthetic approaches toward small molecule
library synthesis. It is possible to analyze these approaches
in terms of the various design concepts they employ. One
of the most fundamental of these is the control in the nature
of the molecular skeletons present in the small molecules.
Based on this consideration, synthetic approaches to struc-
turally diverse small molecule libraries can be divided into
two distinct, broad groups:

1) Biased approaches: The synthetic route is designed with a
pre-encoded structural bias, such that all of the resultant
molecules are based around a similar molecular skeleton

(i-e., a biased library).

2) Nonbiased approaches: The synthetic route is designed
with no pre-encoded structural bias, such that there are
a variety of different molecular skeletons present in the
final products (i.e., a nonbiased library).

1.6.2.1. Biased Approaches: Combinatorial Chemistry
Commercially available combinatorial libraries and phar-
maceutical proprietary compound collections are tradition-
ally very important sources of small molecules [12, 30].
Combinatorial chemistry may be defined, in a very broad
sense, as the rapid synthesis and screening of libraries of
varied compounds to identify agents with desired func-
tional properties [33]. Combined with established high-
throughput screening (HTS) techniques, the development
of combinatorial chemistry strategies in the early 1990s
enabled the generation and testing of libraries of hun-
dreds of thousands of different compounds at compara-
bly low cost [30]. The method was quickly embraced by
the pharmaceutical industry, with the hope that drug leads
would be produced by sheer weight of numbers. However,
the expected surge in productivity has not materialized.
Indeed, as of the end of 2007 there was only one reported
de novo new chemical entity (1) resulting from this method
of chemical discovery that had been approved for drug use
(Figure 4.3) [32].

This disappointing degree of productivity is generally
attributed to defects in the nature of the libraries produced.
Early combinatorial libraries have been described as being
“intrinsically useless for drug discovery” [34] because the
compounds were too similar to each other, having limited
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FIGURE 4.3: The antitumor compound 1 known as sorafenib
(Nexavar) from Bayer, approved by the U.S. Food and Drug
Administration (FDA) in 2005. It is a multikinase inhibitor and
is in multiple clinical trials as both a combination and a single-
agent therapy.

structural diversity [30] and consequently offering “only a
narrow slice” of chemical space [34]. This limited degree
of overall structural diversity may be chiefly attributed
to a lack of skeletal diversity. Traditionally, combinato-
rial libraries were based on a “one synthesis/one skeleton”
approach, which resulted in a high degree of appendage
diversity (and possibly stereochemical diversity) but little
variety in the nature of the core molecular scaffold [12, 18,
19].

In an attempt to combat this problem, a more con-
sidered approach has been taken to combinatorial chem-
istry in recent years to try to increase the structural
diversity exhibited by combinatorial libraries [12]. Nev-
ertheless, even these approaches are generally limited to
known biologically active frameworks and, as such, have
met with limited success in identifying novel biologically
active small molecules.”

It is widely recognized that molecules that have a com-
mon molecular skeleton tend to display chemical informa-
tion similarly in 3D space and, as a result, are predisposed
to bind to certain molecular targets that possess a com-
plementary 3D binding surface [11, 18, 24]. In the case
of a reverse chemical genetics experiment, in which small
molecule modulators of a specific protein of interest are
desired, it therefore can be advantageous to have a library
of compounds based around a specific 3D structure (molec-
ular skeleton) that has demonstrated affinity for the protein.
The presence of specific structural features (such as a cer-
tain molecular skeleton) in a small molecule should pre-
dispose it toward binding the specific protein of interest.
These desired/prerequisite binding structural features may
be deduced from knowledge of the 3D structural features
of the desired protein itself (e.g., a crystal structure) or of
a known natural ligand for the protein. In the context of
a reverse chemical genetics, it could be argued that it is
inherently wasteful to synthesize (and screen) a library of
skeletally diverse molecules that are designed to bind to a

* In the context of this discussion, a zovel biologically active molecule can
be defined as a molecule with a previously unknown biological activity
that exerts this biological effect through a unique mechanism/mode
of action.
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wide range of proteins when only a specific protein is being
targeted.

Although the 3D structure of a small molecule — that
is, the nature of its core molecular skeleton — is of central
importance in determining the range of molecular targets it
can interact with, variation in the functional groups (struc-
ture and stereochemistry) present in the molecule is often
important in terms of the strength and specificity of these
interactions. Thus, reverse chemical genetics experiments
may benefit from the screening of small molecule collec-
tions that display appendage, stereochemical, and func-
tional group diversity around a common molecular skele-
ton, as this may facilitate the identification of ligands that
bind with increased selectivity (and/or affinity) for the pro-
tein of interest.

1.6.2.2. Biased Approaches: Synthesis around a Priv-
ileged Molecular Skeleton Although molecules based
around a specific core skeleton are generally limited to a
smaller range of biological partners than molecules based
around a diverse range of skeletons, it has emerged that
there is a subset of molecular skeletons whose presence in
molecules confers upon them more flexible binding prop-
erties. The frameworks in question are so-called privileged
frameworks that have been defined as “molecular scaffolds
with versatile binding properties, such that a single scaf-
fold is able to provide potent and selective ligands for a
range of different biological targets through modification
of functional groups” [35]. These are molecular scaffolds
that are common to known bioactive molecules (usually
natural products) and thus have proven biological relevance
[6, 36].

In recentyears, there has been an increase in the synthe-
sis of small molecule libraries that are based around such
privileged structures. The rationale behind using such an
approach is based on two main hypotheses. The firstis that
evolutionary pressure over millions of years has “preval-
idated” natural products, and thus compounds that are
structurally similar, to be able to modulate protein function.
Second, the chemical space explored by natural products
and protein structure during evolution is strongly limited
in size and highly conserved. That is, there is a concept of
evolutionary convergence of structures in that natural products
have evolved to interact with multiple proteins [37, 38].
Synthesis around a privileged scaffold, which has also been
referred to as natural product-guided synthesis, has been
described as being distinct from the process of (focused)
combinatorial library synthesis because the ultimate goal is
the identification of compounds with novel biological prop-
erties distinct from those of the original privileged com-
pound [39]. It has been argued that privileged structure—
based synthesis may permit such compounds to be found
with enhanced probability and quality.

For example, Park et al. have recently reported the
construction of a library of small molecules composed of

twenty-two discrete and novel core skeletons embedded
with a privileged benzopyran motif (2) through a branch-
ing DOS strategy [40]. The outline of the synthetic routes
used is given in Scheme 1.

Starting from compounds 3a and 3b, intermediates 4
and 5 could be generated by reaction pathways A and
B, respectively. These served as branch points for var-
ious chemical transformations such as Diels-Alder reac-
tions (paths Al and B1), click chemistry (A2 and B2),
and palladium-mediated cross-coupling (A3 and B3). Using
this strategy, Park and colleagues were able to synthesize
twenty-two novel molecular architectures, each one con-
taining the benzopyran substructure. The biological diver-
sity of the library was demonstrated by the dramatic dif-
ferences in the biological activities (ICs5( values against a
human cancer cell line) of compounds sharing the same
appendices but having different 3D structures; that is, the
variation in biological activity was reported to be a func-
tion of the core molecular skeleton rather than of the
appendages present.

The use of a synthesis around a privileged structure
approach again highlights the controversial issue of the
degree of overlap between total chemical space and bio-
logically relevant chemical space — that is, whether there
is any point in exploring seemingly uncharted regions of
chemical space (which nature may have indeed “sampled”
through the process of evolution over the course of millions
of years but ultimately ignored as a source of biologically
useful molecules) when chemical space occupied by known
natural products and medicinal compounds is enriched with
bioactive structures. What is clear is that if we do not try
to access such regions, we will never know! Clearly, library
synthesis around a privileged structure is particularly rel-
evant when a specific protein target is being considered.
When a less focused approach is required — for example,
if the protein target is unknown or we are hoping to find
novel biologically active molecules — the use of nonbiased
synthetic approaches that aim to access a wider range of
chemical descriptor space may be more useful.

1.6.3. Nonbiased Approaches: DOS

The aim of a nonbiased approach toward library synthe-
sis is to create a structurally diverse (including skeletal
diversity) and functionally diverse small molecule collec-
tion with the potential to provide hits against a panel of
biological targets, allowing the discovery of small molecules
with previously unknown (and potentially novel) biological
effects [41]. DOS has recently emerged as a new synthetic
approach to achieving this objective.

The goal of a DOS is to efficiently interrogate wide areas
of chemical space simultaneously; this may include known
bioactive regions of chemical space #nd unexplored regions
of chemical space [9, 18, 21, 42]. The hope is that by sam-
pling a greater total area of chemical space, the functional



Chapter 4 o Diversity-Oriented Synthesis

R
/3 0

NN R =Me, Me =3a
N R R=-CH,(CH,),CH,-=3b
HO 0
X

R

A
HO 0R

\AZ l oTf l Bz~ O

o0 oo
S

Ho 0-<r ©\/j HO 0" R

0

HO,
A3 4aand 4b 5aand 5b B3
HO / Benz;pyran
o/
R
R Ry

0 / R, A1 B1

HO

SCHEME 1: Outline of the synthetic strategy employed by Park and co-workers to generate a
library based around twenty-two distinct core molecular skeletons embedded with a privileged ben-
zopyran motif. The benzopyran motif common to all the members is highlighted in red. Tf =
trifluoromethanesulfonate.

Combinatorial Library Synthesis: Diversity-Oriented Synthesis:
Q
O <O
<» Similar -~ g Diverse
. . 68 Target o —~o<E (. Target
Structures N 8 Structures
G

. Forward
Simels Retrosynthetic Complex & Simple & Synthetic Complex &
— Similar Similar =——— Diverse
Analysis Analysis

FIGURE 4.4: A comparison of the synthetic planning strategies used in a traditional combinatorial
synthesis with a DOS, together with a visual representation of the chemical space coverage achieved
in both cases (i.e., focused around a specific point or diverse coverage).

45



46 CHEMICAL GENOMICS

Combinatorial library
(appendage &

TOS stereochemical diversity)

DOS library
(skeletal, appendage
& stereochemical diversity)
All possible

A

~

P8

compounds

~

increasing structural diversity

Least Diverse [

> Most Diverse

FIGURE 4.5: The “molecular diversity spectrum.” “Diversity” can be viewed as a spectrum ranging from a target-oriented synthesis
(TOS) of a specific molecule (i.e., a total synthesis) to the synthesis of all possible compounds (i.e., total chemical space cover-
age); compound collections arising from a traditional combinatorial approach and those arising from a DOS sit between these two

extremes [19].

(biological) diversity of the library will be greater, increas-
ing the chances of identifying a compound with the desired
properties [10-12].

An illustration of the synthetic strategy used in a DOS
is given in Figure 4.4. A DOS synthetic pathway is ana-
lyzed in the forward sense; a single, simple starting material
is converted into a collection of structurally diverse small
molecules in no more then five synthetic steps (to maxi-
mize synthetic efficiency) [18, 21, 43]. The overall aim is
the broad, nonfocused coverage of chemical space, which
can be contrasted with the outcomes of more traditional
combinatorial syntheses.

A successful DOS must address the four principle types
of structural diversity mentioned previously (Section 1.5),
that is, appendage, functional group, stereochemical, and
skeletal” [6, 18, 19, 43, 44]. It is the ability of a DOS to
incorporate skeletal diversity into a compound collection
thatis the most challenging facet of this method and of cen-
tral importance to its success [18, 24, 42, 45]. The efficient
generation of multiple molecular scaffolds is regarded as
one of the most effective methods of increasing the over-
all structural diversity of a collection of molecules and has
been reported to “increase the odds of addressing a broad
range of biological targets” [11] (relative to a single-scaffold
library) [12, 19, 24, 46].

* The process of varying functional group, appendage, and stereochem-
ical diversity around privileged scaffolds is occasionally referred to in
the literature as DOS around a privileged scaffold. However, the true
ethos of DOS is based around a diverse, nonfocused coverage of chem-
ical space, which is most efficiently achieved though variation in all
aspects of diversity, including skeletal. In this context, we believe that
the term DOS around a privileged scaffold is somewhat of a contradic-
tion in terms and that other descriptions are more appropriate for
the process of library generation around a privileged scaffold, e.g.,
natural-product-inspired syntbesis.

There is a clear distinction between DOS and tradi-
tional combinatorial methods; DOS libraries are generally
smaller but consist of molecules that are structurally more
complex, have a greater variety of core structures (skele-
tons), and possess richer stereochemical variation [33].
However, the boundary between modern, more considered
combinatorial approaches and DOS is less clear-cut, and
the terms DOS and combinatorial chemistry are often used
interchangeably in the literature. Indeed, because many of
the principles of combinatorial chemistry are used in DOS,
it is probably best to consider DOS as a more evolved ver-
sion of traditional combinatorial methodologies.” Recently,
the concept of the “molecular diversity spectrum” has been
introduced as a useful qualitative means for comparing the
structural diversity associated with a particular molecular
collection (Figure 4.5). It should therefore “be the goal of
a DOS to synthesize, in a qualitative sense, collections of
small molecules which are as near as possible to the right
hand side of this spectrum” [19].

It should be noted that reverse chemical genetics experi-
ments may benefit from the use of nonbiased (i.e., skeletally
as well as functionally diverse) small molecule collections.
Access to a range of different molecular architectures may
allow the discovery of a small molecule that is completely
unrelated structurally to any natural ligand(s) for the pro-
tein of interest but is capable of modulating the activity of
this protein in a much more useful manner (e.g., is more
selective, binds with a higher affinity, is easier to access).

1 Itis widely accepted in the literature that the use of a traditional com-
binatorial approach (diversity around a single scaffold) as a means for
structural optimization once a biologically active molecular skeleton
has been identified is without par; the principle benefit of DOS is in
the initial discovery of (potentially novel) biologically active skeletons
[32].
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1.6.3.1. Achieving Skeletal Diversity via a DOS from
Simple Starting Materials The efficient synthesis of a
functionally, stereochemically, and skelerally diverse col-
lection of small molecules from a common, simple start-
ing material was the process described and developed by
Schreiber in much of his pioneering work in the field of
DOS [18, 24, 47]. The remainder of this chapter focuses
on the general methods that have been developed to maxi-
mize skeletal diversity in small molecule libraries generated
through a DOS approach.

There are two main approaches that have been devel-
oped to generate skeletal diversity in DOS libraries, based
either upon the reagent (the reagent-based approach) or the
substrate (the substrate-based approach) [18, 23, 48].

1.6.3.1.1. The reagent-based approach. The re-
agent-based approach is a branching synthetic strategy that
involves a short series of divergent, complexity-generating
reactions from a common starting material to generate a
collection of compounds with distinct molecular skeletons
(Figure 4.6) [18].

Critical to the success of this strategy is the choice of a
synthetically versatile starting substrate that has the poten-
tial to be converted into two or more products with differ-
ent molecular skeletons through the variation of reagents
alone. These products in turn should be suitable for fur-
ther diversification, preferably in further branching reac-
tions (i.e., conversion into two or more skeletally diverse
products again through choice of reagents).

In practice, reagent-based skeletal diversity is achieved
via two main methods: [18, 19]

1) The use of a pluripotent functionality whereby exposure of
a given molecule to different reagents results in different
reactions occurring at the same part (functional group)
of the molecule; and

2) The use of a densely functionalized molecule whereby dif-
ferent functionalities in the same molecule are trans-
formed by different reagents.

1.6.3.1.2. The use of a pluripotent functionality.
Thomas et al. have recently reported an example of the
use of a pluripotent functional group strategy to generate

a skeletally diverse compound collection (Scheme 2) [49].
This work employed the solid-supported phosphonate 6
as the starting unit. The immobilization of 6 on a silyl-
polystyrene support greatly simplified product purification
during library synthesis.

In the first step of the DOS, 6 was reacted with a vari-
ety of aldehyde building blocks (building block diversity)
to deliver twelve o,B-unsaturated acyl-imidazolidinones
7. The second step of the DOS involved three catalytic
enantioselective divergent reaction pathways (stereochem-
ical diversity): 1) dihydroxylation (reaction b); 2) [2 + 3]
cycloaddition (reaction c); and 3) [4+2] cycloaddition
(reaction d) to yield a collection of molecules based on three
molecular frameworks (skeletal diversity). The next step of
the DOS (step 3) involved a series of branching reactions
to diversify these key branch-point substrates further. For
example, the pyrrolidine products 8 could be acylated or
alkylated (reactions e and f, respectively) to yield 9 and
10 (appendage diversity). The norbornene derivatives 11
(formed in step d) served as suitable intermediates for a
series of branching reactions (reactions I to o) to generate
five different molecular scaffolds (skeletal diversity). For
example, a tandem ring-closing-opening-closing metathe-
sis reaction was carried out (reaction o) to give skeletally
diverse tricyclic products 12a (7-5-7) and 12b (7-5-8)." Of
particular note was the generation of the cis-trans-fused 7-
5-7 scaffold of 12a, which has no known representation in
nature, highlighting the capability of this DOS approach to
generate products that populate new, unexplored regions
of chemical space. In the final step of the DOS (step 4),
the compounds were cleaved off the solid support using a
variety of reagents (appendage diversity).

Using the chemistry shown in Scheme 2 and a lim-
ited number of structurally diverse building blocks, a
DOS of 242 small molecules that have eighteen molec-
ular frameworks, among other unique structural features,
was achieved.

* Spandl and co-workers have recently developed a related tandem
metathesis process that allows the generation of complex polycyclic
molecular architectures from substituted norbornene derivatives in a
highly efficient and atom-economical manner [50].
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SCHEME 2: DOS of 242 compounds based of 18 discrete molecular frameworks. Conditions: (a)
LiBr, 1,8-diazabicyclo[5.4.0]Jundec-7-ene, R CHO, MeCN; (b) AD-mix B, THF:H20 (1:1); (c) (R)-QUINAP,
AgOAc, iPr2NEt, o« -imino-ester, THF, — 78°C to 25°C; (d) chiral bis(oxazoline), Cu(OTf)2, 3A ms,
CH2CI2, C5H6; (e) R?COCI, DMAP, pyridine, CH2CI2; (f) R°*CHO, BH3-pyridine, MeOH; (g) SOCI2, pyri-
dine, CH2CI2, 40°C; (h) R*Br, Ag20, CH2CI2, 40°C; (i) R°C(O)R°, TsOH, DMF, 65°C; (j) RECHO, TsOH,
DMF, 65°C; (k) NaN3, DMF, 100°C then DMAD, toluene, 65°C; (I) mCPBA, CH2CI2 then MeOH, 65°C;
(m) CH2=CHCO2Bn, Grubbs’ second-generation catalyst, ethylene, toluene, 120°C; (n) OsO4, NMO,
CH3C(O)CH3:H20 (10:1); (0) RNH2, Me2AICI, toluene 120°C; then NaH, R''X, DMF, THF; then tole-
une, 120°C, Grubbs’ second-generation catalyst, ethylene; (p) NalO4, THF:H20 (1:1); then R”NH2,
NaB(OAc)3H, CH2CI2; (q) NalO4, THF:H20 (1:1); then RENHR®, NaB(OAc)3H, CH2CI2; (r) R°CHO, DMF,
TsOH, 60°C; (s) R'°C(O)R'"°, DMF, TsOH, 60°C. (DHQD)PHAL = hydroquinidine 1,4-phthalazinediyl
diether; DMAD = dimethyl acetylenedicarboxylate; DMAP = N,N-dimethylaminopyridine; DMF = N,N-
dimethylformamide; Grubbs Il = 1,3-(bis(mesityl)-2-imidazolidinylidene) dichloro (phenylmethylene) (tri-
cyclohexylphosphine) ruthenium; mCPBA = meta-chloroperbenzoic acid; NMO = 4-methylmorpholine-
N-oxide; THF = tetrahydrofuran; Ts = para-toluenesulfonyl.

A branching DOS strategy was also utilized by Wyatt
etal. for the synthesis of a skeletally diverse small molecule
library (Scheme 3) [46]. The fluorous tagged diazoacetate
compound 13 was identified as an attractive starting unit
for two main reasons: 1) diazoacetate compounds exhibit
enormous synthetic versatility, allowing a wide variety of

different synthetic transformations to be carried out on the
starting material; and 2) polyfluorocarbon tag technology
allowed standard solution-phase parallel synthesis methods
to be coupled with the benefits of fluorous-based purifica-
tion protocols [51, 52], thus simplifying the isolation of the
library compounds.
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DMAD = dimethyl acetylenedicarboxylate; Grubbs’ Il = 1,3-(bis(mesityl)-2-imidazolidinylidene) dichloro
(phenylmethylene) (tricyclohexylphosphine) ruthenium; LDA = lithium diisopropylamide; mCPBA =
meta-chloroperbenzoic acid; Tf = trifluoromethanesulfonate; THF = tetrahydrofuran.
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The main pathways are summarized in Scheme 3. In the
first stage of the DOS, the reactive diazoacetate function-
ality was exploited in four main branching reactions. Each
branching reaction was chosen so as to generate at least one
unique molecular skeleton (Step 1, Scheme 3):

1) Cycloaddition with benzene and alkynes (reactions a and
b, respectively);

2) Cycloaddition with the heteroaromatic compounds
furan and thiophene (reactions c and d, respectively);

3) 1,3-Dipolar cycloadditions with dimethyl acetylenedi-
carboxylate (DMAD) and methyl acrylate and a three-
component ylide-mediated cycloaddition (reactions {, g,
and h, respectively); and

4) a-Deprotonation followed by trapping of the resul-
tant anion with an electrophile and subsequent
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FIGURE 4.7: A 2D visual representation of the distribution of different chemical collections in physicochemical and topological
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libraries synthesized are depicted by red squares (A: Wyatt et al. B: Thomas et al.). For comparison, a focused library (blue squares),
the MDL Drug Data Repository (MDDR; black dots), and antibacterial drugs (gray dots) (B only) are depicted. Data for the average
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of the corresponding chemical space diagrams.

metal-catalyzed hydrogen or carbon migration to form
B-dicarbonyl compounds (reaction e).

The second stage of the DOS involved a series of
complexity-generating reactions to diversify these molec-
ular frameworks further, leading to the generation of more
skeletal diversity in the library (Step 2, Scheme 3, reac-

tions i through q). In some cases, a third stage of reactions
was carried out (reactions r, s, and t) to introduce addi-
tional complexity and diversity. Appendage and functional
group diversity were introduced into the library through
variation in the substrates used in these branching reactions
. .. . 1-10 .. ..
(i.e., variation in R'™'Y). In addition, additional appendage
and functional group diversity were incorporated into the
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products from these pathways via the use of different ester
cleavage mechanisms (i.e., ester hydrolysis, transesterifica-
tion, transamidation, and ester reduction; R replaced by
R!I R12 etc.).

Various substrates (building blocks) were used in the
branching synthetic routes outlined in Scheme 3 to syn-
thesize a library of 223 compounds based on thirty dif-
ferent core molecular skeletons in no more than four
linear synthetic steps from a simple diazoacetate starter
unit.

A fundamental problem when attempting the synthesis
of a diverse small molecule library is the subjective nature
of diversity itself; that is, how does one determine how suc-
cessful one library synthesis is compared with another in
terms of diversity generation? Recent years have witnessed
significant progress toward the development of compu-
tational methods that allow an assessment of the rela-
tive diversity present in different chemical collections in
a more quantitative fashion. For example, for each com-
pound in the DOS libraries synthesized by Wyatt et al.
and Thomas et al., the values of 184 different physiochem-
ical and topological chemical descriptor properties (e.g.,
molecular weight, degree of branching, pKa, charges) were

calculated. The data sets produced for each compound were
analyzed using principal component analysis (PCA) to gen-
erate a unique set of coordinates for each compound in
chemical space.

Using this method, a two-dimensional (2D) visual rep-
resentation of the distribution of the compounds of the
DOS libraries in chemical space was derived (Figure 4.7A
for the library of Wyatt et al., Figure 4.7B for the library of

Common
Reagents

/O

<>
Pre-encoded starting Distinct molecular
material skeletons

FIGURE 4.9: The substrate-based approach (folding process)
to generating skeletal diversity.
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Thomas et al.). For comparison, the distribution in chem-
ical space of two “benchmark” molecule collections was
also computed and included in these diagrams. The first
of these collections was a focused library (indicated by blue
squares) that was produced via a more traditional combina-
torial approach (whereby a common scaffold is decorated
with differentappendages) [53]. The second of these bench-
mark collections was a sample of all known drug molecules
with a similar weight range to the compounds present in
the DOS libraries (molecular weight cutoff of 650) taken
from the MDL Drug Data Repository (MDDR) database
(small gray dots) [54]. Finally, in the case of the library
synthesized by Thomas et al. (Figure 4.7B), the chemical
space coverage achieved by the 3,762 compounds marked
as “antibacterial” in the MDDR database is also included. A
quantitative estimation of the diversity achieved on a per-
compound basis for each of these three chemical collections
was also made (this can be interpreted as a measure of the
average chemical space occupied per compound for each
compound collection).

In both cases, the DOS libraries (high skeletal diver-
sity) span a larger region of chemical space than that occu-
pied by the focused library (low skeletal diversity). This
supports the premise that maximizing skeletal diversity in
a small molecule library is critical in terms of maximiz-
ing overall structural diversity and thus chemical space
coverage. In the case of the library synthesized by Wyatt
et al., the largest coverage of chemical space is achieved
by the MDDR sample. However, the DOS library, despite
having significantly fewer compounds, seems to occupy a
relatively large region of chemical space, illustrating the
value of this DOS approach to generate structurally diverse
products that span a wide area of chemical space in an effi-
cient manner. Perhaps of greater significance was the fact
that the compound collection produced by Thomas et al.
was shown to be even more diverse than the MDDR library
in terms of (relative) diversity units — thatis, 22 for the DOS
library, 19 for MDDR, 13 for the antibacterials, and 0.6 for
the focused library.

Computational analyses such as those described pre-
viously (Figure 4.7) can be performed to determine if a
library synthesis has been successful in terms of achiev-
ing a high degree of diversity. However, it is important to
remember that the ultimate success of any small molecule
library is determined by the biological relevance of the
compounds it contains; if the small molecule library does
not yield hits in a chosen biological screening experiment,
it will be deemed unsuccessful, no matter how structurally
diverse it is. Phenotypic screening experiments performed
using the DOS libraries of Wyatt et al. and Thomas et al.
identified a number of structurally novel compounds that
displayed antibacterial activity against pathogenic strains
of methicillin-resistant Staphylococcus aurens (EMRSA 15
and EMRSA 16, the strains responsible for the majority of
MRSA infections in the United Kingdom), demonstrating

the utility of the DOS approach for the discovery of new
antibacterial agents. The most active compound identified
was 14a, named gemmacin, which displayed a broad range
of activity against Gram-positive bacteria and is believed to
operate as a cell-membrane disruptor (Figure 4.8).

These examples clearly illustrate that biologically active
molecules (so-called hits) can be identified through the
screening of structurally diverse small molecule collec-
tions. However, optimization is usually required to trans-
form these “hits” into “leads” that possess more useful
properties (e.g., increased potency or specificity). Such
optimization is usually achieved by the synthesis of a
focused library around the original bioactive molecule
through variation in appendage, functional group, and
stereochemical diversity elements. Subsequent screening
of these compounds allows structure-activity relationships
(SARs) to be investigated. Recently, Thomas and co-
workers have reported such a SAR investigation of the
antibacterial compound gemmacin that was identified in
the DOS campaign discussed previously (Scheme 2)[55].
Their studies identified compound 14b, named gemmacin
B, which demonstrated higher levels of bioactivity against
EMRSA 16 (Figure 4.8). Interestingly, these SAR studies
suggested that antibacterial activity was very dependent on
the original structural features displayed by gemmacin; the
authors surmised that “the gemmacin architecture appears
to be situated on an ‘isolated island of bioactivity’ where
little manoeuvrability (i.e., chemical diversification) is pos-
sible if antibacterial activity is to be retained.”

Further examples of the use of a pluripotent function-
ality approach to DOS can be found in some reviews and
recently published articles [18, 43, 45, 56].

1.6.3.1.3. The use of a densely functionalized
molecule. Schreiber et al. have reported the synthesis of a
skeletally and stereochemically diverse small molecule col-
lection via a DOS approach based around the varied reac-
tivity of densely functionalized B-amino alcohol derivatives
[57].

A Petasis three-component coupling of 15, 16, and 17
generated compound 18; subsequent amine propargyla-
tion furnished the highly functionalized B-amino alcohol
derivative 19 (Scheme 4). The stereochemical outcome of
the Petasis reaction was found to be controlled by the lac-
tol 15, suggesting that all four possible anti-amino alco-
hol stereoisomers could (in principle) be generated (stere-
ochemical diversity).

Initially, a series of seven skeletal diversification reac-
tions was carried out on 19, yielding products 20 through
26 (Scheme 5). These reactions were based around reactiv-
ity at four of the different functionalities present in 19 —
that is, the hydroxyl group, the alkene, the alkyne, and
the cyclopropane moieties: 1) palladium-catalyzed cycloi-
somerization (route a); 2) ruthenium-catalyzed cycloiso-
merization (route b); 3) cobalt-mediated Pauson-Khand
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SCHEME 5: Conditions: (a) [Pd(PPh3)2(0OAc)2] (10 mol%), benzene, 80°C; (b) [CpRu(CH3CN)3PF6]
(10 mol%), acetone, rt; (c) [Co2(CO)8], trimethylamine N-oxide, NH4Cl, benzene, rt; (c') [Co2(CO)8],
trimethylamine N-oxide, benzene, rt; (d) Hoveyda-Grubbs second-generation catalyst (10 mol%),
CH2CI2, reflux; (e) 4-methyl-1,2,4-triazoline-3,5-dione, CH2CI2, rt; (f) NaAuCl4 (10 mol%), MeOH, rt;
(g) NaH, toluene, rt; (h) mCPBA, THF, —78 to 0°C. rt = room temperature; mCPBA = meta-
chloroperbenzoic acid.
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reaction (route c); 4) enyne metathesis (route d); 5) gold-
catalyzed intramolecular cyclization (route f); 6) lactone
formation (route g); and 7) mCPBA-mediated rearrange-
ment (route h).

Subjecting lactone 25 to a similar set of conditions used
in the diversification of 19 led to products 27 through
30. Further diversification of compounds containing a 1,3-
diene moiety (21,27,and 31) was achieved via a Diels-Alder
reaction with 4-methyl-1,2,4-triazolin-3,5-dione to yield
products 32 through 34 (route e). The whole DOS path-
way was repeated using alternative amine building blocks in
the Petasis reaction (substitutional diversity). The netresult
was that this DOS strategy enabled the synthesis, in only
three to five steps, of a diverse collection of single-isomer
small molecules whose members displayed substitutional,
stereochemical, and skeletal diversity, with fifteen different

molecular skeletons being present among the molecules
produced.

1.6.3.2. The Substrate-Based Approach The substrate-
based approach to skeletal diversity is based around a
folding process. It involves the conversion of a collection
of substrates that contain appendages with suitable “pre-
encoded” skeletal information (so-called o-elements) into
products have distinct molecular skeletons using a common
set of conditions (Figure 4.9) [18, 42, 48].

Spiegel and co-workers have reported the synthesis
of a library of skeletally diverse small molecules using
such an approach, based around reactive “oligomers” that
could be subjected to a chemical transformation that causes
them to fold up into distinct 3D shapes (Figure 4.10)
[58].
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FIGURE 4.10: Schematic depiction of the oligomer-based approach used by Spiegel et al. [58] Red
circles indicate reactive groups, green lines indicate monomer attachment sites, and dashed red lines

indicate newly formed covalent bonds.

The library synthesis was based around three monomer
units, (S)-35, (R)-35 and 36, which were converted into all
nine possible 2-mers (a combination of 2 monomers) 37 to
40 via intermediate sulfonamides 41 and 42 (Scheme 6).

Treatment of all stereoisomeric variants 37 to 40 with
Grubbs’ first-generation catalyst provided eight different
products having three types of skeletons: disubstituted
tetrahydopyridine 43, vinyl tetrahydropyridine 44, and
dihydropyrrole 45 (three selected examples are illustrated
in Scheme 7).

Various 3-mers (a combination of 3 monomers) (S, R)-
46, (S, S)-46, and 47 were then accessed from the 2-mers

N H
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I|1 “H —— N
Bs X Bz0 N

(S, 837
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SCHEME 7: Three examples of the generation of skeletally
diverse products by treatment of three different 2-mers with
a common reagent; (a) Grubbs’ I (5 mol%), toluene, ethylene,
reflux, 16-30 h. Newly formed bonds are shown in red. Boc =
tert-butoxycarbonyl; Bs = brosylate (BrC6H4S02); Bz = benzoyl;
Grubbs’ | = benzylidene-bis(tricyclohexylphosphine)dichlo-
roruthenium.

(5)-38 and 40 using a Fukuyama-Mitsunobu coupling reac-
tion (Scheme 8). Under the common metathesis conditions
employed for the reaction of the 2-mers, polycyclic com-
pounds (S, R)-48, (S, S)-48, and 49 were formed.

By the methods outlined above, a library of small
molecules based on twelve distinct molecular skeletons was
produced. The 1,3-diene products of the oligomerization-
skeletalization sequence also served as substrates in a second
skeletal diversification step using Diels-Alder reactions (not
shown). Overall, starting from only three simple monomer
units, a library of small molecules based around seventeen
unique molecular skeletons was produced. Further exam-
ples of the use of a substrate-based approach to DOS can
be found in some reviews and recently published articles
(19, 23, 24, 48].

1.6.3.3. The Build-Couple-Pair Strategy Recent work
by Schreiber has identified a common strategic feature
present in many DOS pathways. This is the so-called
build/couple/pair (B/C/P) three-phase strategy [23] (Fig-
ure 4.11).

The three phases involve can be defined in the following
fashion: [23]

1) Build: Asymmetric syntheses of chiral building blocks;

2) Couple: Intermolecular coupling reactions that join the
building blocks are performed; this process provides the
basis for stereochemical diversity; and

3) Pair: Intramolecular coupling reactions that join pair-
wise combinations of functional groups incorporated in
the “build” phase are performed; this process provides
the basis for skeletal diversity.

The characteristics of a B/C/P approach toward skeletal
diversity construction can be identified in both reagent-
and substrate-based DOS pathways. For example, the DOS
pathway outlined in Scheme 4 and Scheme 5 can be ana-
lyzed in terms of a B/C/P strategy; the “build” phase
involved assembly of fragments 15, 16, and 17; the Petasis
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reaction followed by alkylation served as “couple” phases;
and the subsequent reagent-controlled skeletal diversifica-
tion reactions served as “pair” phases in which different
combinations of the moieties of 19, both polar and non-
polar, were “paired” in functional group specific reactions.
For example, the palladium- and ruthenium-based cata-
lysts selectively paired the nonpolar alkene, alkyne, and
cyclopropane groups of 19, enabling the cycloisomeriza-
tion reactions leading to compounds 20 to 22, whereas
sodium hydride-mediated lactonization selectively paired
the polar functional groups to form 25.

The DOS pathway of Spiegel et al. outlined in Schemes
6, 7, and 8 can also be analyzed in a similar fashion.
The “build” phase involved the synthesis of non-racemic
monomers 35 and 36. The combination of these monomers
by reaction of their polar groups to form 2-mers and 3-mers
comprised the “couple” phase, and the “pair” phase focused
on joining the nonpolar groups of these 2-mers and 3-mers
through the use of ruthenium-catalyzed metathesis reac-
tions [23].

1.6.4. Conclusions

Small molecule libraries that display a high degree of struc-
tural and thus functional (biological) diversity have proven
to be valuable in the discovery of molecules that can mod-
ulate the activities of biological macromolecules in a useful
fashion. The synthesis of such diverse small molecule col-
lections presents many challenges to the synthetic chemist.
In recent years, many innovative DOS strategies have been
developed in an attempt to increase the overall structural
diversity of small molecule libraries in an efficient manner.
The issue of maximizing skeletal diversity is widely recog-
nized as the key to achieving this goal; “that the diversity
of the (small molecule) library is defined by the diversity of
the scaffolds (molecular skeletons) that make up the library
is becoming an axiom” [25]. Many compound collections
synthesized using a DOS approach have been successfully
exploited in chemical genetics to identify useful modu-
lators for biological systems [59, 60]. Nonetheless, there
still remains a need for the development of new sources of
diverse small molecules that can be exploited as potential
therapeutic agents and research tools in biological systems.
However, it is once again worth emphasizing that the ulti-
mate success of any small molecule library is determined
by the biological relevance of the compounds it contains. If
the library does not yield hits in a chosen biological screen-
ing experiment, it will be deemed unsuccessful, no matter
how structurally diverse it is.
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