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Exploring Chemical Space: Recent Advances in Chemistry

Yung-Sing Wong

Abstract

Recent advances and concepts for exploring chemical space are highlighted in this chapter and show how
the synthetic chemical world meets the demand of making large and relevant collection of new molecules
for analyzing the biological world more closely.
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1. Introduction

The terms chemical, biological, or pharmacological space have
found widespread use in the last few years, more specifically in
research programs involving high-throughput screening (HTS)
(1-3); they encompass an even more global vision of the intercon-
nectivity between chemistry and biology. Structural information
obtained from chemical libraries in association with their perfor-
mance in HTS bioassays can be qualitatively and quantitatively
assessed according to descriptors, making possible data analysis
and virtual screening (4). How can chemical space be defined in
chemical biology or pharma arrays? Organic chemicals can be
characterized by a wide range of descriptors, such as their physico-
chemical properties (molecular mass, lipophilicity, etc.) or their
topological features (such as molecular structure, chirality, etc.).
Lipinski’s “rule of five” is a good example of how a chemical space
can be defined in compliance with four physicochemical descriptors
which are molecular weight, hydrogen-bond donors, hydrogen-bond
acceptors, and lipophilicity (5). Lipinski’s analysis of the World
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Drug Index has revealed that an orally active drug has no more
than one violation of the following criteria: molecular weight less
than 500 Da, number of hydrogen-bond donors less than 5,
number of hydrogen-bond acceptors less than 10, and log P less
than 5. These descriptors taken as a whole and in accordance with
the latter guidelines, define a chemical space for predicting orally
active drugs. Another chemical space definition is illustrated by the
representation of three-dimensional (3D ) molecular shapes through
descriptors. Recent advances in easily and reliably capturing topo-
logical data from molecules according to 3D shape descriptors
have provided routine tools for synthetic chemists (6, 7). A recent
example is the use of normalized principal moments of inertia
(PMI) ratios that is becoming popular for analyzing molecular
shape-based diversity (8). Biological targets, like biomacromolecules,
are chiral and highly complex to ensure functional specificity.
Indeed, recent analysis of structural complexity of libraries shows
that collections of molecules with higher numbers of carbon sp?
centers have a greater propensity for succeeding at various stages of
the drug discovery process (9, 10). As sp* carbon is a major source
of chirality and a source of molecular complexity and diversity in
synthesis, carbon saturation can be used as a measurement of
structural complexity. This is defined by the fraction sp* (Fsp?),
where Fsp®=(number of sp3-hybridized carbon/total carbon in
the molecule) (9).

In terms of making collections of molecules for biological
screening, synthetic chemists have to design a way of introducing
and modulating descriptor features prior to synthesis. The choice
of reactions also depends on whether the synthetic chemist works
for academia or the pharma world as shown in Fig. 1. However,
and more importantly, both institutions share preferential criteria
for reactions which must be efficient, practical, robust, functionally
tolerant (without the need for protecting groups), and combinato-
rial (for rapidly increasing diversity). The suitability of pathways for
rapid and relevant analogue synthesis is essential for HTS assays.
Whereas pharma company practice more often defines a focused
and restricted chemical space prior to starting library synthesis
(11, 12), a more exploratory paradigm aspires to cover a much
broader chemical space; this may not be covered by existing HTS
programs, and it is expected that new regions in chemical space will
reveal new and potent biological targets (13-15).

This brief review places emphasis on (1) the use of stereoselec-
tive multicomponent reactions to access diverse and complex pure
analogues in a powerful combinatorial way and (2) to review recent
synthetic pathways and concepts devoted to exploring chemical
space (both defined or expanded).
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Fig. 1. Criteria required for a reaction to be selected in an array program from academic
and pharma point of views.

2. Recent
Advances in
Stereoselective
Multicomponent
Reactions

2.1. Diastereoselective
Multicomponent
Reactions

2.2. Enantioselective
Multicomponent
Reactions

Multicomponent reactions (MCRs) can be defined as three or
more reactants that join together in a single synthetic step to form
new products containing portions of all the components. These
time and cost-effective reactions are powerful tools that are appli-
cable to combinatorial and parallel syntheses in particular (16-20).
However, MCRs for library synthesis are often selected to produce
only high quantities of new compounds rather than high quality
products (i.e., more diverse and chiral products in pure form).
Thus, recent efforts have been made to offset this trend by building
chirality into collections of new compounds with the help of efficient
stereoselective MCRs (21).

Figure 2 represents four unique three-component reactions (3CR)
(eq 14) in which one chiral center is set up on one reactant (sym-
bolized by a dashed square) which can then induce a high diaste-
reoselectivity. The first two reactions (eq 1 (22) and eq 2 (23)) are
suitable for making chiral ethers 1 and 2 with syz configuration,
whereas the last two reactions (eq 3 (24) and eq 4 (25, 206)) are
designed to yield chiral amines displaying in either the sy 3 or
anti 4 configuration.

The preparation of optically pure collections of products by
enantioselective MCR implies the action of efficient chiral cata-
lysts. The Biginelli reaction that assembles aldehydes, urea/thio-
urea, and enolizable carbonyls into dihydropyrimidinethiones 6
(Fig. 2, eq 5) has for a long time been selected as the MCR of



14 Y.-S. Wong
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Fig. 2. Diastereoselective three-component reactions (3CR).

choice for gaining access to biologically active libraries (27).
However, the control of stereochemistry in the formation of the
new chiral center (symbolized by *) has been a long-standing
challenge and has only recently been solved by the use of the
Bronsted acid catalyst 5 having a broad tolerance of functional
groups (eq 5) (28). Another milestone is the poor stereocontrol
generally observed in MCR with isocyanide 7 (eq 6, see Fig. 3), a
powerful functional group implicated in many MCR patterns
(29). Interestingly, recent examples have shown that the enanti-
oselective Passereni reaction can be efficiently catalyzed by chiral
Lewis acids such as tridentate indan (pybox) Cu(II) 8 (eq 6) (30)
or chiral salen-complex (31).

An enantioselective variant of Petasis reaction catalyzed by the
chiral biphenol 10 was applied to the synthesis of optically active
amines 11 (eq 7) (32). Enantioselective addition of alkyne catalyzed
by the chiral copper-phosphine ligand in MCR offers a practical
pathway to obtain homochiral propargylamines like 12 (eq 8) (33).
The last decade has also witnessed the emergence of organocatalysts,
derived from natural products like amino acids (with more emphasis
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Fig. 3. Enantioselective MCRs.

on proline), as an impressive, though simple, tool for catalyzing
various enantioselective MCRs (34, 35). Starting from three
simple achiral reactants and in the presence of a catalytic amount of
prolinol derivative 13, a six-membered ring was created with the
stereocontrol of four new chiral centers giving access to the optically
pure product 14 (306).

3. Recent Concepts
in the Exploration
of Chemical Space

Protein folds and natural product scatfolds are highly conserved in

3.1. Focused
Structural Diversity:
Biology-Oriented
Synthesis

nature. From this observation, Waldmann proposes a concept
termed biology-oriented synthesis (BIOS) (37-39). The idea rests
on the hypothesis that proteins showing similar tertiary and
quaternary structures (similar folding) should have the propensity
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Fig. 4. Solid-phase synthesis of biologically relevant products inspired by natural o, 3-unsaturated &-lactones.

3.2. Expanded
Structural Diversity:
Diversity-Oriented
Synthesis

to bind natural products with similar scaffolds. Thus, synthetic
chemists have to design pathways that connect natural scaffolds to
each other according to a biologically prevalidated scaffold tree.
In addition, natural product scaffolds are structurally complex and
rich in chiral centers; they also cover chemical space that is distinct
from most existing synthetic libraries (40, 41). Furthermore, nature
provides efficient biomimetic reactions or pathways from which
inspiration can be drawn to make compound collections (42).

A o,B-unsaturated 8-lactone library, inspired by bioactive natural
products such as fostriecin and pironetin (Fig. 4), has been syn-
thesized on a solid support in a highly enantioselective manner
using the Lewis acid Ti-(R)-BINOL catalyst 15 (43). After subse-
quent transformations, a collection of 50 analogues containing
structures 17, 18, and 19 were subjected to biological evaluation
in phenotype-based screens. A few of them have been shown to be
modulators of cell cycle progression and inhibitors of viral entry
into cells.

Rather than being directed toward a single and defined biological
target, diversity-oriented synthesis (DOS) (13, 44—49) aims at
making collections of structurally diverse molecules to gain access
to wider, and often unexplored, chemical space. Thus, new strate-
gies for library design deal with the challenge of maximizing
stereochemical, appendage, and skeletal diversity within a minimal
number of steps. These approaches make use of the concepts of
divergent selectivity in either stereochemistry, reactivity, or by com-
bination of both using short synthetic pathways.
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Divergent diastereoselective 3CR
driven by reagent

Aza-Sakurai-Hosomi-3CR (eq 12)
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Fig. 5. Divergent diastereoselective three-components and “one-pot” reactions.

3.2.1. Divergent
Diastereoselective
Multicomponent Reactions

The difference between two diastereomers can be seen as the
difference between the spatial orientation of their appendages.
Divergent diastereoselective MCR is a straightforward method

which gives rise to a unique diastereomer in each vessel. One strategy
rests on the use of two chiral reactants where one chiral inductor
dominates the other. Two examples are represented in Fig. 5 where
the chiral aldehydes 20, (25)-21, and (2R)-21 act as the dominant
stereogenic inductor (eq 10 (23) and eq 11 (50)). Use of different
reagents can also end up forming two distinct diasterecoselectivities
(eq 12 (51)). In Roush’s “one-pot” double allylboration reaction
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Fig. 6. Dual catalyst system in enantioselective and diastereodivergent 3CR.

3.2.2. Enantioselective
Diastereodivergent
Multicomponent Reactions

3.2.3. The Build/Pair
Strategy

3.2.4. The Build/Couple/
Pair Strategy

sequence (52), the difference in steric hindrance between boronate
esters 22 and 23 results in orienting the stereochemistry to form
either (E)-1,5-anti diols 24 or (Z)-1,5-syn diols 25, respectively.

Starting from achiral reactants, dual and highly enantioselective
catalyst system can govern the overall stereodivergent process.
Ingenious examples in the field of organocatalysis have been
reported (53). For instance, the combination of catalyst 26 and
homochiral proline (Fig. 6) led to an optically pure diastereomeric
product, either 27 and 28, depending upon whether L or D pro-
line was used (54).

The diversity-generating process can also be conducted over two
steps with a Build /Pair strategy. Ideally, the first step would involve
a MCR which assembles and installs (the Build) combinations of
fragments having all the diversity and functionality required for
performing divergent post-transformations (the Pair) (55). The
Ugi-four-component reaction (Ugi-4CR) is a powerful build
process involving an isocyanide group 29 (Fig. 7) as key reactant
which forms peptide-like products such as 30, 31, 32, and 33.
Subsequent conversions into novel skeletons are then possible to
give diverse new scaffolds such as 34, 35, 36, and 37. Identification
of lead compounds as antagonists of protein Bcl-x; has been
reported using such a Build /Pair approach (56).

After the build process the diversity potential can be enriched by
adding a new fragment with functionalities which offer new pairing
combinations with existing functional groups (Couple). An illustra-
tion of this Build /Couple /Pair strategy is shown in Fig. 8 (57).
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library 2

-0

Fig. 9. Molecular shape analysis of libraries 1 and 2 by normalized principal moments of inertia (PMI) ratio plots.

Interestingly, the description of shape using normalized PMI
ratios (Fig. 9) reveals that the collection of molecules issued from
38 (library 1) populates a structural region between sphere and
disc shaped, whereas compounds issued from 39 (library 2) are
more located in rod and disc-like regions. In this example, DOS
strategy has succeeded in covering a large chemical space using no
more than 73 compounds, with only five steps required for the
longest synthetic pathways.

An aldol-based Build/Couple/Pair strategy has recently been
applied for the discovery of new histone deacetylase inhibitors (58).

4, Conclusion

Targeting defined or expanded chemical space has inspired chemical
and conceptual innovations that facilitate and forge close links
between chemistry and biology. This cross disciplinary approach
strives to reveal hidden connections between drugs (chemical space
defined by small molecules) and diseases (space defined by biological
targets) and will certainly provide even more promising discoveries in
near future.
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