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The discovery of biologically active small molecules is shaped, in large part, by their synthetic (or
biosynthetic accessibility). However, chemists’ historical exploration of chemical space has been highly
uneven and unsystematic. This article describes synthetic strategies that have emerged that may allow
chemical space to be explored more systematically. Particular emphasis is placed on approaches that
allow the scaffolds of small molecules to be varied combinatorially. In addition, some examples of
bioactive small molecules that have been discovered by screening diverse small molecule libraries are
highlighted. The authors comment on the likely scope of each of the strategies to deliver skeletally-
diverse libraries. In addition, the authors highlight some key challenges for the future: the extension to
libraries based on hundreds of distinct scaffolds; and the development of approaches that focus overtly

on drug-relevant chemical space.

Introduction

Biologically active small molecules continue to make a tremendous
contribution to our ability to treat disease,' and to understand
the molecular basis of biological mechanisms.> The discovery
of such molecules is necessarily shaped, in large part, by their
synthetic (and biosynthetic) accessibility.® For example, high-
throughput screening requires access to large libraries of small
molecules that populate diverse regions of biologically relevant
chemical space.* Even computational approaches,’ for example
in which small molecules are docked onto a protein structure,®
require virtual libraries of compounds that can ultimately be either
purchased or prepared using established robust synthetic methods.
Furthermore, following the initial identification of promising lead
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molecules (or fragments’), further synthesis is required to drive
optimisation.

Small molecule scaffolds play a key role in guiding chemists’
navigation of biologically-relevant chemical space.® Vast sources
of historic structure—activity relationship data have allowed the
chemical space defined by known bioactive ligands to be mapped.’
It has been proposed that biologically active small molecules may
be focused in specific sub-fractions of chemical space.’® Indeed, the
field of biology-oriented synthesis (BIOS)" seeks to target such
“bioactivity islands” by designing libraries around scaffolds'? that
have been biologically validated.

Worryingly, chemists’ historical exploration of chemical space
using synthesis has been exceptionally uneven and unsystematic.
Around half of all known compounds are based on just 0.25%
of the known molecular scaffolds (Fig. 1)!"* This uneven explo-
ration is also reflected in small molecule screening collections:'
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consequently, the biological properties of small molecules have
not been annotated systematically, with huge emphasis on the
most synthetically accessible scaffolds. To what extent, then, are
our collective views about the biological relevance of chemical
space skewed by our uneven exploration by synthesis?

This article describes synthetic approaches that may allow
chemical space to be explored more systematically. A central
challenge in this area is to develop synthetic approaches that allow
the scaffolds of small molecules to be varied combinatorially.
This article will focus on the burgeoning field of diversity-
oriented synthesis,’® with specific emphasis on approaches that
have emerged to allow control over molecular scaffold.

The “build—couple—pair” approach

An extremely powerful strategy for preparing small molecule
libraries with high scaffold diversity involves the exploitation of
simple building blocks in combination. The “build—couple—pair”
approach requires building blocks to be prepared (“built”) and
then connected (“coupled”). Finally, pairs of functional groups
are reacted (“paired”) intramolecularly to yield new ring systems
in the final scaffolds. The so-called “build—couple—pair” strategy*®
has been reviewed.'>
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Fig.1 Scaffold diversity of the organic chemistry universe. The 24 282 284
cyclic compounds known in the CAS registry in 2008 are grouped from
the most popular 5% to the least popular 5% of scaffolds. Around half
of known compounds are based on just 0.25% of known molecular
scaffolds!"

The scope of the “build-couple—pair” strategy is extremely
broad, which can be considered to include other diversity-
oriented synthetic approaches that have been developed. For
example, many ambiphile pairing reactions, folding pathways and
branching pathways (see below), as well as all oligomer-based ap-
proaches, may be considered to exemplify the “build-couple—pair”
strategy.

Ambiphile pairing reactions

A conceptually simple approach to the synthesis of small molecule
scaffolds would involve reaction between pairs of bifunctional
building blocks;} such reactions have been dubbed “ambiphile
pairing reactions” (Fig. 2)."” To be synthetically useful, reactions
between the pairs of building blocks need to be selective, and,
ideally, can be performed in a single pot. Thus, the initial reaction

+ Throughout this article, the reactive atoms in each building block are
highlighted in the same colour. In some schemes, the atoms in different
building blocks that ultimately become bonded are highlighted by the
same shape.
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Fig. 2 Synthesis of small molecule scaffolds from pairs of bifunctional
building blocks using ambiphile pairing reactions. The approach may be
used to prepare monocyclic scaffolds (Panel A), or, by using cyclic building
blocks, spirocyclic (Panel B) or fused (Panel C) scaffolds.
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between the building blocks must be chemoselective (for example,
between the pair of functional groups highlighted with circles;
Fig. 2); subsequent intramolecular reaction between the remaining
functional groups (for example those illustrated with diamonds;
Fig. 2) then leads to the formation of a new ring.

The overall approach may allow variation of the specific scaffold
that is synthesised. First, to vary the functional groups in the new
ring, it may be possible to vary the nature of the chemistry used in
either the initial condensation or in the cyclisation step. Second,
it may be possible to vary the size of the new ring by varying the
distance between the reactive functional groups in either building
block. Finally, by exploiting cyclic building blocks, polycyclic
scaffolds may be prepared (e.g. spirocyclic or fused scaffolds; see
Panels B and C, Fig. 2).

Some reactions in which pairs of bifunctional building blocks
react selectively to yield new scaffolds are shown in Scheme 1. With
Marsden, Nelson has exploited Rh-catalysed Michael additions of
o-substituted boronic acid derivatives in the synthesis of a range of
heterocycles (Panel A, Scheme 1)."® For example, 2-aminopheny!
boronic acids (e.g. 1) were reacted with a range of o, f-unsaturated
ketones (e.g. 2); subsequent cyclisation gave the corresponding
cyclic imines, and oxidation yielded the corresponding quinolines
(e.g. 3)."% Tt was possible to vary the scaffold prepared by varying
the chemistry exploited in the cyclisation step: for example, Rh-
catalysed addition of the 2-aminophenyl boronate ester 4 to an
o,B-unsaturated ester 5 yielded the corresponding tetrahydro-
quinolinone 6. Tt is envisaged that the approach may be extended
to the synthesis of other heterocyclic scaffolds through further
variation of the electrophile and the o-substituted phenylboronic
acid derivative used.

A range of sulfonamides with pendant electrophiles has been
exploited in the synthesis of sultam scaffolds (Panel B, Scheme
1).'" For example, o-fluorobenzenesulfonamides have been re-
acted with the ortho-quinone methide generated from 8; thus
sulfonamides (e.g. 7) could be converted into the corresponding
eight-membered sultams (e.g. 9) with cyclisation by intramolecular
S\Ar substitution.” Alternatively, ring-opening of epoxides (e.g.
11) with unsaturated sulfonamides (e.g. 10) could be followed
by oxa-Michael cyclisation to give the corresponding seven-
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Scheme 1 Examples of the synthesis of small molecule scaffolds from
bifunctional building blocks using ambiphile pairing reactions. The atoms
in different building blocks that ultimately are bonded are highlighted with
the same shape. Panel A: Synthesis of heterocyclic scaffolds by reaction
between o-substituted boronic acid derivatives and unsaturated carbonyl
compounds. Panel B: Syntheses of alternative sultam scaffolds.

membered sultams (e.g. 12)."7 It has also been shown that o-
fluorobenzenesulfonamides can react selectively with epoxides
to give related benzo-fused sultam scaffolds.”” These reactions
illustrate a number of tactics to vary the scaffold prepared: the use
of cyclic building blocks to give fused scaffolds (e.g. 7 to give 9);
the variation of the distance between reactive functional groups
in building blocks; and the variation of the specific cyclisation
chemistry used (compare the syntheses of 9 and 12).

A range of other ambiphile pairing reactions have been
developed to allow the synthesis of small molecule scaffolds.
For example, organocatalysed reactions between 3-isothiocyanato

This journal is © The Royal Society of Chemistry 2012
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Scheme 2 A folding pathway based on the Achmatowicz reaction.
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Scheme 3 A cascade reaction involving a folding pathway. After expulsion of molecular nitrogen from 19, 2-aza-dienes 20—the substrates for a folding
pathway—are produced. The fate of the reaction of the 2-aza-dienes 20 depends on the substituents R? and R*® which determine whether 20 is the
final product; whether intramolecular Diels-Alder reaction is possible (— 22 or 23); or whether intramolecular Diels—-Alder reaction and subsequent

cyclisation takes place (— 21).

oxindoles and ketones,® and between cyclic B-keto amides
and unsaturated aldehydes, enable the synthesis of spirocyclic
scaffolds. In addition, Pd-catalysed approaches have been ex-
ploited in 3 + 3 approaches to saturated heterocycles including
piperidines.*

Folding and branching pathways

The folding pathway and branching pathway approaches are
complementary strategies for the variation of small molecule
scaffolds. Folding pathways involve the transformation of al-

ternative substrates into alternative scaffolds under common
reaction conditions. In contrast, branching pathways involve
the transformation of individual substrates into many different
scaffolds under different reaction conditions.

Schreiber has developed a folding pathway which exploits the
Achmatowicz reaction (Scheme 2).% The fate of folding pathways
depends on strategically placed groups within the substrates
(sometimes known as o-elements).”® The fate of the furans 13
depended on the functionalisation of groups elsewhere within
the molecule. Hence, oxidation of the furan 13¢, which does
not bear any free hydroxy groups, simply generated the enedione

20 | Org. Biomol. Chem., 2012,10, 17-28
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Scheme 4 Selected examples of alkaloid-like compounds that were prepared using two consecutive three-component reactions: a cascade reaction
initiated by an inverse-electron demand Diels—Alder reaction; and a Joullié-Ugi reaction.

14c. However, with suitably positioned nucleophilic groups in the
substrates (as in 13a and 13b), the cis- enedione intermediate could
be intercepted to yield either cyclic (as in 14b) or bridged bicyclic
(as in 14a) scaffolds. A range of other folding pathways have
been developed to yield skeletally diverse small molecules: for
example, Rh-catalysed cyclisation—cycloaddition chemistry has
been exploited in the synthesis of diverse indole alkaloid-like
molecules.?*

The efficiency of folding pathways may be increased if both
the construction and the folding of substrates may take place in
a single reaction. Within the Nelson group, we have exploited
cascade chemistry*®—initiated by a three-component reaction—
in the synthesis of a range of alkaloid-like scaffolds (Schemes 3).%
Furthermore, the approach could be used in combination with
a second three-component reaction to control the substitutional
diversity of the final compounds (Scheme 4).

The reaction between secondary amines 15, carbonyl com-
pounds 16 and triazines 17 yielded a range of skeletally-diverse
alkaloid-like compounds. Condensation between the secondary
amines 15 and the carbonyl compounds 16 is believed to generate
enamines 18 which can undergo an inverse-electron demand Diels—
Alder reaction with the triazines 17 (— 19); expulsion of molecular
nitrogen then yields 2-azadienes 20, which are substrates for a
subsequent folding pathway. The substituents in 20 determine the
molecular scaffold that is ultimately obtained. Thus, in the absence
of a tethered dienophile, the 2-aza diene 20 is itself the product of
the reaction. However, with an appended dienophile in either the

R? or the R? substituent, a subsequent intramolecular Diels—-Alder
reaction can yield either 23 (with R? = E-octa-3-enyl) or 22 (with R?
= allyl). Finally, with R® = allyl, and a pendant nucleophile in R?,
intramolecular Diels—-Alder reaction and subsequent cyclisation is
possible (— 21).

In many cases, the three-component cascade reaction (Scheme
3) could be followed by a second three-component reaction: a
Joullie—Ugi reaction. Some selected examples of the alkaloid-like
products that were accessible using the approach are shown in
Scheme 4. Thus, after the folding pathway, some of the products,
such as for example, the 2-aza diene 20a, the cyclic imines 22a,
22b and 23a, were reacted with an isocyanide and a carboxylic
acid to give final products (such as 24-27). In contrast, with an
appropriate pendant nucleophile in place (such as the NHCbz
group in 16e), a cyclisation terminated the three-component
cascade reaction (—21a). In total, 43 final products were prepared
which were, in general derived from five separate components. The
products were based on 28 distinct graph-node-level frameworks:}
the high scaffold diversity of the products stemmed both from
rings found in the individual components and from the power of
the folding pathway.

Oguri and colleagues demonstrated a powerful strategy utilising
metathesis to ‘fold’ alternative substrates into polycyclic ring
systems (Scheme 5).” The folding substrates 29a—f were prepared

1 Frameworks defined at the graph-node level describe the connectivity
and type of the atoms (but not the bond types between atoms).

This journal is © The Royal Society of Chemistry 2012
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Scheme 5 A folding pathway leading to analogues of the sesquiterpene artemisinin.

in 34 steps from the o,-unsaturated nitrile 28. Subsequent fold-
ing, using ring-closing ene—yne—ene metathesis cascade chemistry,
generated the tricyclics 30a—f. Further synthetic transformations
yielded analogues of the sesquiterpene artemisinin (34), some of
which exhibited anti-trypanosomal activity.

In contrast, branching pathways involve the conversion of
common precursors into a range of distinct molecular scaffolds
through careful choice of the reaction conditions. An ingenious
branching pathway, which exploits complementary cyclisation
reactions, is illustrated in Scheme 6.2 A four-component Petasis
reaction was used to assemble flexible cyclisation precursors
(e.g. 35). Alternative cyclisation reactions were then used to
yield products with distinct molecular scaffolds: Pd-catalysed
cyclisation (— 36a); enyne metathesis (— 36b); Ru-catalysed
cycloheptatriene formation (— 36¢); Au-catalysed cyclisation of
an alcohol onto an alkyne (— 36d); base-induced cyclisation
(— 36e); Pauson-Khand reaction (— 36f); and [2,3]-sigmatropic
rearrangement (not shown). Four of these cyclisation reactions

could be used again to convert the enyne 36e into molecules with
four further scaffolds (37b—e). In addition dienes (such as 36b)
were substrates for Diels—Alder reactions (to yield adducts such
as 37a). The key to the approach lay in design of precursors (e.g.
35) which were effective substrates for a range of efficient and di-
astereoselective cyclisation reactions. Other successful branching
pathways have also exploited complementary transition metal-
catalysed cyclisation reactions.”

Spring has developed a branching pathway which exploits nu-
merous, asymmetric, reactions (Scheme 7). This approach utilises
the diverse reactivity of o,B-unsaturated acyl imidazolidinone
39. The unsaturated imidazolidinone 39 underwent 1,3-dipolar
cycloaddition (— 40), asymmetric dihydroxylation (— 41) and
catalytic, asymmetric Diels—Alder (— 42) reaction. From this
initial branching point, the diverse functional groups embedded
within 40, 41 and 42 were exploited in further branching pathways,
for example, metathesis cascades (— 46¢) and oxidative cleavage
followed by tandem reductive amination (— 47a). This synthetic

22 | Org. Biomol. Chem., 2012,10, 17-28
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Scheme 6 A branching pathway exploiting complementary cyclisation reactions.

approach enabled the discovery of gemmacin (based on the
framework 47a) which exhibits antibacterial activity towards
methicillin-resistant Staphylococcus aureus (MRSA).

Kozmin reported a strategy which produced a library of nearly
200 members with a broad distribution of molecular shapes and
physicochemical properties (Scheme 8).3' The approach was based
upon an initial branching pathway from the enyne 48, utilising a
variety of transition metal mediated cycloisomerisations, leading
to 1,3-dienes (49a — 49d). 1,3-Dienes were reacted combinato-
rially with five dienophiles, generating a diverse array of mono-
and polycyclic compounds (e.g. 50d and 50¢). The Diels—Alder
products were dihydroxylated to yield the corresponding diols
with good to excellent diastereoselectivity. Finally, tin-mediated
mono- or bis-carbamylation of diols, completed the synthesis of
the library. Screening of the library led to the identification of a
compound, 52, which suppressed glycolytic production of ATP
and lactate in CHO-K1 cell lines.

Oligomer-based approaches to scaffold diversity

A powerful version of the “build-couple—pair” strategy involves
the iterative assembly, and subsequent cyclisation, of oligomeric
substrates.** An oligomer-based approach has been used to har-
ness the rich cyclisation chemistry of N-acyl iminium ions (Scheme
9).32 Initially, peptide synthesis was used to prepare peptides
55 which contained a masked aldehyde, a suitably positioned
secondary amide, and a pendant nucleophile. Treatment of the
peptides with acid triggered the release of an aldehyde, the
formation of an N-acyl iminium ion, and the cyclisation to yield
final scaffolds (e.g. 56-61).

Metathesis cascades involving oligomeric substrates have
underpinned the synthesis of skeletally diverse small molecule
libraries.>* Using this approach, we have, within the
Nelson group, prepared natural product-like molecules with
unprecedented scaffold diversity (Scheme 10).3* A wide range of

This journal is © The Royal Society of Chemistry 2012
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Scheme 7 Branching pathway based on complementary catalytic asymmetric reactions. Reagents and conditions: (a) LiBr, DBU, R'CHO, MeCN; (b)
(R)-QUNIAP, AgOAc, iPr,NEt, THF, =78 — 25 °C; (c) AD-mix, DHQD,PHAL, 1: 1 THF-H,0; (d) chiral bisoxazoline ligand, Cu(OTf),, 3 A sieves,
CH,Cl,; (e) R*COCI1, DMAP, pyridine, CH,Cl,; (f) R*CHO, BH;-pyridine, MeOH; (g) SOCl,, pyridine, CH,Cl,, 40 °C; (h) R*Br, Ag,0, CH,Cl,, 40 °C;
(1) R°C(O)R’, TsOH, DMF, 65 °C; (j) R°CHO, TsOH, DMF, 65 °C; (k) NaN;, DMF, 100 °C then dimethyl acetylenedicarboxylate, PhMe, 65 °C; (1)
mCPBA, CH,Cl, then MeOH, 65 °C; (m) CH,=CHCO,Bn, ethylene, cat. Grubbs II catalyst, PhMe, 120 °C; (n) OsO,, NMO, 10: 1 acetone-H,O; (0)
RNH,, Me,AlCl, PhMe, 120 °C; then NaH, R""X, DMF, THF; then PhMe, cat. Grubbs II catalyst, ethylene, 120 °C; (p) NalO,, 1:1 THF-H,O; then
R’NH,, NaB(OAc);H, CH,Cl,; (q) NalO,, 1:1 THF-H,O then R*NHR®, NaB(OAc);H, CH,Cl,; (r) R°"CHO, DMF, TsOH, 60 °C; (s) R""C(O)R",
DMEF, TsOH, 60 °C.

oligomeric metathesis substrates were prepared by the iterative that the building blocks were connected through bonds that either
attachment of unsaturated building blocks to a fluorous-tagged did, or did not, remain as a vestige in the final products. Finally,
linker. Crucially, alternative attachment reactions were used such metathesis cascades were used to “reprogramme” the scaffolds,
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Scheme 9 Acid-catalysed cyclisation of N-acyl iminium ions to yield a range of small molecule scaffolds.

and to release the products of successful cascade processes
from the fluorous tag. The resulting library had unprecedented
scaffold diversity (over eighty distinct molecular scaffolds).

We extended the approach by exploiting metathesis cascade
chemistry in combination with either inter- or intramolecular

Diels—Alder reactions (Scheme 11). The metathesis substrates
(e.g. 71-73) were assembled iteratively from the corresponding
building blocks (in the case of 71 and 72, using a fluorous
tagged “safety catch” linker that we had previously developed?®).
In the illustrated cases, the metathesis cascade resulted in the
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Scheme 10 Synthesis of natural product-like molecules with unprecedented scaffold diversity. Oligomeric metathesis substrates were assembled by
iterative attachment of “propagating” and “terminating” building blocks to a fluorous-tagged linker via either temporary or permanent linkages; the
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small molecules with over eighty distinct molecular scaffolds were obtained. X = OH or NHNS.

formation of a 1,3-diene whose reactivity was exploited in a
Diels—Alder reaction. The fate of the 1,3-dienes 74-76 illustrates
three distinct tactics that we employed: attachment of a dienophile
and intramolecular Diels—-Alder reaction (— 77); intermolecular
Diels—Alder reaction (— 78); and intramolecular Diels—Alder
reaction involving a tethered dienophile also formed in the
cascade (— 79).

Summary and outlook

The historically uneven exploration of chemical space using
synthesis presents a huge challenge to synthetic chemists: to
develop synthetic approaches that allow chemical space to be
probed more systematically. This challenge has required the
development of synthetic approaches that allow molecule scaffolds
to be varied combinatorially. The development of the “branching”
and “folding” pathway strategies has enabled the synthesis of
libraries based on up to ~30 scaffolds. These strategies are
extremely ingenious; however, extension to the libraries based on
many scores of alternative scaffolds is likely to be difficult (and
unlikely to be general).

How feasible will it be, then, to devise reliable syntheses of
molecules based on hundreds or even thousands of distinct
scaffolds? Oligomer-based approaches provide the first glimpse
into how this challenge might be met. The assembly of oligomeric
substrates iteratively, using reliable reactions, may be combined
with cyclisation reactions of broad scope. A significant challenge
will be to identify reactions other than metathesis that have
the broad scope and chemoselectivity needed to yield molecular
scaffolds combinatorially. But it is at least possible that oligomer-
based approaches may, in the future, be harnessed to yield libraries
that target huge swathes of chemical space.

Another major challenge is to develop diversity-oriented syn-
thetic methods that map onto the requirements of drug discovery
programmes.’” Established diversity-oriented approaches have
tended to focus on small molecules that lie well outside drug-
like space. How, then, might these approaches be adapted to be
more relevant in drug discovery? It is now generally accepted that
attrition rates are strongly linked to molecular properties® such as
molecular weight, lipophilicity, the number of aromatic rings,**
and the fraction of sp*-hybridised*” carbon atoms. Optimisation
almost always leads to increases in both molecular weight and
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Scheme 11 Exploitation of metathesis cascades in combination with inter- and intramolecular Diels—Alder reactions. Metathesis substrates were
assembled iteratively from building blocks, and subjected to metathesis cascade reactions. In the illustrated cases, the cascade resulted in the formation

of a 1,3-diene whose reactivity was exploited in a Diels—Alder reaction.

lipophilicity. So it is essential to have good starting points for
optimisation, and, therefore, to control the properties of initial
leads. The development of general strategies that are able to deliver
skeletally diverse compounds—but within the boundaries of lead-
like space—is likely to be extremely demanding. But this goal is,
nonetheless, an important challenge for synthetic chemists in the
twentyfirst century.
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