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Scaffold diversity is a crucial feature of compound collections that has
a huge impact on their success in biological screenings. The synthesis
of highly complex and diverse scaffolds, which could be based on
natural products, for example, is an arduous task that requires exper-
tise in various aspects of organic synthesis and structural analysis. This
challenge has been addressed by a number of synthesis designs, which
employ natural products as a source of scaffold diversity, transform
suitably designed common intermediates into various molecular
frameworks, or entail highly concise synthetic routes to a number of

distinct and complex scaffolds. In this Minireview, we highlight recent
synthetic developments towards the construction of diverse and
complex scaffolds and the application of the resulting compound

collections in drug and probe discovery.

1. Introduction

The art of organic synthesis provides chemists with a great
toolbox for the creation of novel structures with new proper-
ties and thereby prodigiously impacts on human life.!!! Since
Wohler’s synthesis of urea, the field has witnessed tremen-
dous developments in the construction of small to complex
molecules of natural origin and has crucially supported the
medical sciences.”) Since 2000, aside from its traditional
importance to drug discovery, organic synthesis has faced
further challenges with regard to the delivery of small-
molecule probes for improving our understanding of different
biological processes.””! The use of small molecules in chemical
biology, nanomedicine, and chemical genetics, for example,
has undoubtedly broadened the horizons of chemical syn-
thesis.[! At the heart of these applications lies the search for
biologically active small molecules, which are often identified
through biological screenings of compound libraries. Lessons
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learnt from disappointing high-
throughput screenings (HTS) of com-
bichem libraries, which largely com-
prise structurally similar molecules, in
the mid-1990s marked the beginning of
divergent chemical synthesis ap-
proaches,”! in particular the diversity-
oriented synthesis (DOS) strategy pioneered by Schreiber
and co-workers.”! The idea was to expand the existing
chemical space with new synthetic molecules, hoping to
identify novel and better drug and probe molecules.” In the
words of Burke and Schreiber:® “In an ideal DOS pathway
all of the products of one diversity-generating process are
substrates for another, thus making it possible to use split-pool
synthesis to access combinatorially matrices of building blocks,
stereochemical isomers, and even molecular skeletons.” DOS
thus made a smarter use of combichem techniques to quickly
access new, diverse, and complex molecules.’! Meanwhile,
biology-oriented synthesis (BIOS), a concept developed by
the Waldmann group, emerged as an interesting but arguably
more challenging concept that aimed on the one hand to
identify natural product (NP) based common ligands for
functionally diverse proteins embodying similar ligand-bind-
ing sites’”’ and on the other hand to explore compound
collections based on biologically prevalidated scaffolds"” in
chemical biology and medicinal chemistry.'!! The quality of
compound libraries thus began to gain attention.'” The focus
of synthetic chemists moved to the diversity and complexity
of the core structures or scaffolds present within a compound
collection.™?!

The scaffold is the core molecular framework that
provides the basic shape, rigidity, or flexibility of a mole-
cule," and exposes various substituents over its periphery in
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three-dimensional space, which can interact with diverse
biological targets. Scaffold diversity is therefore the most
important feature of a compound library that determines its
success in screening endeavors, ™! in particular when identi-
fying bioactive molecules in unbiased phenotypic screenings
or modulators of ill-defined or novel biological targets where
rational ligand design is rather arduous. In such scenarios,
a compound collection rich in scaffold diversity stands better
chances to identify hit and lead molecules.!'")

Interestingly, and worryingly too, organic synthesis has
exploited only a small percentage of the plausible chemical
space.'l The precarious structural space that the pharma-
ceutical industry has been scrutinizing in HTS campaigns
further adds to the capriciousness of drug discovery.'¥! The
lack of efficient synthetic access to a large number of NP-
based scaffolds, which could provide a potential source of lead
molecules in probe and drug discovery, remains a major
reason for the fact that commercial libraries of limited
structural diversity and complexity are still preferred for
screening purposes.’*>*) The generation of compound col-
lections with highly complex and appropriately decorated
molecular scaffolds requires an approach that integrates the
logic and methodology of NP total or divergent total
syntheses and the efficacy of combichem methods. At the
same time, concise complexity-building transformations of
easily accessible substrates could provide practical synthetic
solutions to building compound collections of structurally rich
small molecules.
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Scaffold diversity has been an important goal in pharma-
ceutical research as well as in synthesis approaches, such as
DOS or lead-oriented synthesis, developed in academic
research groups.””’ However, when the target scaffolds are
highly complex, the rules of these approaches are often not
easy to implement in synthesis designs. For instance, the
de novo synthesis of a compound collection based on the
structure of a complex NP scaffold might not be feasible in
a few steps (5-6) as demanded by DOS. Molecular complexity
often renders even simple transformations extremely chal-
lenging to optimize. Therefore, parallel synthesis or split-pool
methods might not be feasible with structurally distinct and
differently decorated scaffolds. In this Minireview, we focus
on the recent developments in building compound collections
that are based on complex molecular scaffolds, in particular
on NP structures. We also briefly present emerging trends in
divergent and concise synthesis design that afford structurally
diverse and complex scaffolds. Some applications of the
resulting compound collections in medicinal chemistry and
chemical biology are also highlighted. In some of the
presented examples, an overlap with other divergent synthesis
approaches may be unavoidable; however, we did not include
examples from already extensively reviewed topics, such as
DOS. Readers interested in the various other divergent
synthesis approaches and their applications are referred to the
cited references.®>"?!l

Muthukumar G. Sankar was born in 1980
in Tirunelveli, India. After his M.Sc. in
Chemistry at Manonmaniam Sundaranar
University, Tirunelveli, he received his Ph.D.
from the Indian Institute of Technology
Madras, Chennai (India) in 2010, working
under the supervision of Prof. S. Baskaran.
Since 2011 he has been carrying out
postdoctoral research in the area of natural-
. product-based compound-collection synthesis
with K. Kumar at the MPI Dortmund.

Kamal Kumar was born in Amritsar, India.
He studied Pharmaceutical Sciences at
Guru Nanak Dev University, Amritsar, and
later completed his Ph.D. under the super-
vision of Prof. M. P. S. Ishar at the same
university. He moved to the MPI Dortmund
in 2004, and since 2006, he has been
leading a group in the Department of
Chemical Biology at the same institute. His
research interests include the development
of concise methods for the synthesis of
natural-product-based libraries, cascade re-
actions, catalytic and asymmetric cycloaddi-
tion/annulation reactions, and probing
biological functions with small molecules.

www.angewandte.org

An dte

Chemie

7587


http://www.angewandte.org

GDCh
~—

7588

1.1. Scaffolds and Scaffold Diversity

Defining the term “scaffold” is very subjective and may
depend on both the chemist and the context in which it is
discussed. For a synthetic chemist, a scaffold might be a ring
system or a target framework for which a synthetic strategy is
designed, whereas a medicinal chemist would define a scaffold
as the core structure required for a given pharmacological
activity, that is, a pharmacophore. Murcko et al. defined
a scaffold as a framework derived from molecules by
removing side-chain atoms while preserving the atoms in
the ring systems or linking ring systems and the sp* atoms
directly bonded to these atoms.”’ Each molecule can be
further dissected into rings as sub-structures of n+ 1 levels,
which are numbered sequentially from level 0 (one single
remaining ring) up to level n (the whole molecule). The level
n—1 is termed “Murcko framework” or “Murcko scaffold”
(Figure 1). A scaffold tree is a hierarchical arrangement of
ring systems or scaffolds. For instance, in the scaffold tree of
lysergic acid amide (I), removing the amido and methyl side
chains reduces it to Murcko scaffold IL?? Further dissection
of the complex Murcko scaffold II by cleaving linker bonds
between the rings provides different levels of scaffold
simplification (Figure 1a).*! A different terminology is used
in the cyclic skeleton (CSK)? concept. Here, aside from the
removal of appendages, all non-hydrogen atoms are con-
verted into sp’ carbon atoms (VI; Figure 1a). Thus, every
CSK represents a range of equivalent scaffolds that differ only
in their heteroatom scaffold substituents (e.g., benzene and
pyridine). Yet another definition that is popular among
medicinal chemists is that the scaffold is the largest central
cyclic system, while the smaller ring substituents (decora-
tions) do not belong to the scaffold.

Waldmann and co-workers developed an approach for the
structural classification of NPs (SCONP) that is based on the
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hierarchical classification of scaffolds that consist of ring
systems and their aliphatic linkers but not other chains.!'®
The scaffold tree enables the organization of scaffolds into
a tree-like pattern, as scaffolds are simplified by the removal
of one ring at a time until the parent scaffold, as the simplest
unit, is reached. Chromones, for instance, are the parent
scaffold of flavones and isoflavones (Figure 1b). Priority rules
were defined to ensure that less characteristic, peripheral
rings are removed first to afford well-defined chemical
entities, thus making the classification chemically intuitive
to chemists designing synthetic plans (Figure 1c).

In a generally accepted definition that is meaningful to
compound libraries, a molecular scaffold may be described as
the minimum core structure that represents a compound
collection and defines the spatial arrangement of the sub-
stituents or appendages. Different scaffolds can place the
same functionality in different positions in a three-dimen-
sional space and thus are the key to interactions with different
protein targets. In fact, a scaffold provides more than the
spatial orientation of appended functional groups. Even
simple carbocyclic scaffolds without any hydrogen-bond
acceptors and donors can interact with other molecules, such
as proteins, through van der Waals interactions, hydrophobic
effects, or non-classical hydrogen bonds® " and thus have
a greater role in modulating biological activity. A compound
collection rich in scaffold diversity provides ample opportu-
nities for interactions between small compounds and macro-
molecules.

Analyzing the scaffold diversity of compound databases
has multiple applications in medicinal chemistry and drug
discovery, including library design, compound acquisition,
virtual screening, and the assessment of structure-activity
relationships. However, such an analysis of compound
collections is not a trivial task and depends on the specific
approach applied to generate the scaffolds as well as on the
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Figure 1. a) Scaffold-tree representation of lysergic acid diethylamide with different scaffold levels and a cyclic skeleton (in the right box).
b) Generation of simplified NP scaffolds and c) one of the thirteen rules guiding the parent—child assignment in the newly developed scaffold-

tree-generating algorithm.
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size of the database. There are different computational
methods to derive the scaffold of a molecule in a systematic
and consistent manner and to analyze scaffold diversity.
However, a detailed discussion of these methods is beyond
the scope of this Minireview, and readers are referred to the
cited references for further information.'”?! Briefly, the
number of scaffolds is recorded along with the number of
scaffolds that is only represented by one compound in the
library (i.e., singletons). The scaffold frequency count, that is,
the fraction of scaffolds relative to the dataset size (number of
scaffolds divided by the size of the database), and the fraction
of singletons relative to the dataset size provide an assessment
of the scaffold diversity. The distribution and diversity of
different scaffolds in compound collections can also be
analyzed using measures such as the Shannon entropy (SE)
approach or cumulative scaffold recovery (CSR) curves. ¥
Whereas SE provides a measure for the distribution of
scaffolds in a library, in CSR, the fraction of compounds is
plotted against the fraction of scaffolds, and the gradient
provides the degree of scaffold diversity for a given com-
pound collection. The parameter Fy, enumerates the fraction
of scaffolds that represent 50% of the molecules of a given
library; the lower the value, the higher the diversity.

Molecular fingerprinting and related techniques that turn
molecules and their properties into a sequence of bits that can
be easily compared with those of other molecules, are
common and popular methods in drug discovery and virtual
screening to assess the features of a given compounds.?'=
Extended connectivity fingerprints (ECFPs) can be used to
analyze scaffold structures. In ECFP_6, for instance, all
structural features within the range of six bonds of each
scaffold atom will be included in the fingerprint and can be
interpreted as substructures.***! Thus the fingerprint covers
the complete molecular environment. The Tanimoto coeffi-
cient is a measure of the similarity of different fingerprints,
ranging from zero for no similarity to one for identical
structures.”!

A novel two-dimensional scaffold fingerprint (SFP) was
presented by Rabal et al.’”! for mining ring fragments (Fig-
ure 2). This method not only encodes the usual 2D and 3D
descriptors, such as shape, topology, heteroatoms, bridges,
spirocyclic centers, diversity points, sp® carbon atoms, and
chirality, but also pharmacophoric features, such as the
number of hydrogen-bond donors and acceptors and their
relative orientation (vectors), as they play a critical role in

Compound from the Database
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Figure 2. Generation of a scaffold fingerprint from a structure, indicat-
ing which parameters are influenced by the corresponding structural
features.
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drug discovery. SFP can be used 1) to identify alternative
chemotypes, including bioisosteres, to a reference ring either
in a visual mode or by running quantitative similarity searches
and 2) in chemotype-based diversity selection.

2. Synthetic Approaches to Scaffold Diversity

The molecular architectures of NPs are intriguing and
challenging synthetic targets that inspire many organic
chemists to take up tedious and time-consuming total syn-
thesis projects. Often, these endeavors are unable to provide
adequate numbers and amounts of NPs and their derivatives
for screening purposes. Therefore, modern probe- and drug-
discovery programs have resorted to employ a significant
number of accessible synthetic chemical libraries for HTS
campaigns.®l However, the failure of this approach to deliver
the expected returns has turned the focus back onto the
structural complexity and diversity of the compound libraries.
To this end, mainly two types of synthesis objectives have
been targeted. In the first one, structural diversity around
a given class or type of scaffold is targeted. For instance,
synthetic methods that transform an available NP into
different scaffolds not only diversify its molecular complexity,
but also afford novel structures with structural features of the
parent NP embedded in a novel molecule. In the second case,
the aim is to build rather unbiased scaffold diversity, but in
a very concise and efficient manner. For instance, synthesis
designs based on cascade or domino reactions afford diverse
scaffolds with varying molecular complexity. In many of these
cases, a designed common precursor or intermediate enables
different inter- and intramolecular reactions leading to highly
complex and diverse frameworks. With this approach, scaf-
fold diversity is built up in a quick and efficient manner.

2.1. Creating Diversity Based on Natural Product Scaffolds

Most of the NPs produced by microorganisms or plants
were actually not produced to bind human proteins; however,
owing to conservation and similarities in the structural
domains of human drug targets and the targets for these
NPs, these secondary metabolites have a privileged status.
Many of the currently marketed drugs, particularly in the
fields of oncology and infectious diseases, are either NPs or of
NP origin.*” The structural differences between combichem
molecules, drugs, and NPs clearly indicate that NPs inter-
rogate a different and broader chemical space./*") NPs embody
stereochemically and sp*-rich as well as 3D complex scaffolds
and exhibit potent biological activities with desirable phar-
macological profiles. These characteristics of NPs have fueled
great interest in producing synthetic libraries that retain the
structural features of NPs in various manners and can be
explored*! in drug and probe discovery."**! To avoid the
tedious de novo construction of complex NP-based mole-
cules, easily accessible NPs can themselves be used as a source
for the synthesis of novel molecular scaffolds. The following
examples represent some of the brilliant synthetic efforts for
the transformation of NPs that were reported in recent years
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and have not only raised the bar for the quality of molecules
in compound collections but have also added a fresh impetus
to the concept of building NP-based and -derived scaffold
diversity.

Hergenrother and co-workers reported®! a novel syn-
thesis approach wherein the core ring structures of readily
available and structurally complex NPs were selectively
rearranged by ring-distortion reactions and, in an average of
three chemical steps, transformed into markedly diverse and
distinct core scaffolds (Scheme 1). The scaffolds thus gener-
ated were inherently rich in structural as well as stereochem-
ical complexity. The approach took cognizance of how nature
constructs diverse NPs from common intermediates™! and
was influenced by previously developed processes around
these NPs. In this first divergent scaffold-diversity synthesis
employing NPs, gibberellic acid, adrenosterone, and quinine
were each converted into a series of novel and diverse
scaffolds by combinations of ring-cleavage, ring-expansion,
ring-fusion, and ring-rearrangement reactions (Scheme 1).

Gibberellic acid (1) is a plant hormone and contains
a tetracyclic diterpene core with a fused lactone, two allylic
alcohols, an exocyclic olefin, and a carboxylic acid unit. These
functional groups can facilitate the selective and independent
functionalization of each ring of the core structure by a variety
of reactions that distort the ring system and afford novel
scaffolds. Opening of the lactone on gibberellic acid (1) and
derivatization of the carboxylic acid and hydroxy groups
afforded tetracyclic triene 4 (Scheme 1b). Interestingly, the
tetrasubstituted olefin in 4 yielded two distinct scaffolds, § and
6, under neutral and acidic oxidative conditions, respectively.
Rearrangement of the fused lactone ring in 1 under basic
conditions followed by amidation and epoxidation produced
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Scheme 1. Hergenrother's ring-distortion strategy to build NP-derived diverse scaffolds (key reactions are given in parentheses).
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compound 7 by a Wagner—-Meerwein (WM) rearrangement.
In another three-step transformation, oxidative cleavage of
the vicinal diol generated after cleavage of the lactone moiety
and olefin isomerization in ring A was followed by intra-
molecular [442] cycloaddition affording acetal 8. In two
different sets of three-step reaction sequences that involve the
decarboxylation and aromatization of 1 or a WM rearrange-
ment of 1 followed by a Baeyer—Villiger (BV) oxidation as
key reactions, scaffolds 9 and 10, respectively, were efficiently
built up.

Adrenosterone (2), a steroid hormone produced in the
adrenal cortex of mammals, contains five contiguous stereo-
genic centers. Four of the carbocyclic rings of 2 are
functionalized with an enone or ketone. These key functional
groups provide synthetic handles to transform 2 into a set of
diverse frameworks in few synthesis steps. By exploiting ring-
expansion processes, namely a Schmidt reaction and a BV
oxidation, and selective ring-opening reactions, five distinct
and complex scaffolds (11-15) with functional groups for
further modifications were generated (Scheme 1c¢).

The alkaloid quinine (3), with two distinct ring systems
and a tertiary amine, a secondary alcohol, an olefin, and
a quinoline unit as key functional groups, is an ideal candidate
to create diverse molecular scaffolds by the ring-distortion
approach. Selective cleavage of the quinuclidine ring at the
N1—-C2 bond with O-phenyl chlorothionoformate triggered
an in situ diastereoselective rearrangement of the free alcohol
unit leading to thiocarbamate 16. Acid-catalyzed Hofmann-
type elimination of 3 with cleavage of the N1-C8 bond
afforded scaffold 17 in few steps when (§)-2-(methoxyme-
thyl)pyrrolidine was used as the external nucleophile. Alter-
natively, ring-closing metathesis (RCM) of a common inter-

3 steps
(aromat.,
WM rearr.,

3 steps OAc [o)e]
(lactone i) mCPBA H

E opening) ii) PCC
Ac

07N e “'OAc
MeO,C md” (CoaMe

i) mCPBA
iy PCC, H*
AcO' Ac
/\ MeO,C e oue

AcO =
l[\:IIeOZC Me COzMe

20 OPh

a) NPs employed.

b—d) Generation of diverse molecular scaffolds from gibberellic acid (1; b), adrenosterone (2; c), and quinine (3; d). Bn=benzyl, mCPBA = meta-

chloroperbenzoic acid, PCC= pyridine chlorochromate.
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mediate led to [4.4.0] bicyclic scaffold 18 (Scheme 1d). In an
interesting mode of cyclization, nucleophilic addition of
isoamylmagnesium bromide to the pyridine ring in 3 was
followed by formation of a cyclic hemiaminal, thus affording
19 as a single diastereomer. Reduction of a similar hemi-
aminal formed by addition of phenylmagnesium chloride to 3
followed by bis-acylation led to scaffold 20 as the major
product (Scheme 1d).

Twelve of the 49 scaffolds thus generated were further
functionalized by coupling reactions with various building
blocks to produce additional 119 library members, demon-
strating the utility of these scaffolds in building focused
compound collections. This collection of NP-derived mole-
cules was found to be richer in stereochemical content (an
average of 5.2 vs. 0.2 stereocenters) and bond saturation
(average C, content: 0.59 vs. 0.23), and had a hydrophobicity
that was over ten times lower that that of the commercial
ChemBridge library (2.9 vs. 4.0 average clog P, where P is the
octanol/water partition coefficient). The molecular finger-
prints of the scaffolds showed very low pair-wise similarities
(Tanimoto coefficients), indicating high structural diversity in
the compound collection.

Hergenrother and co-workers applied a similar complex-
ity-to-diversity approach to another NP, abietic acid
(Scheme 2).! Reaction sequences were designed to rapidly
modulate the core ring system of abietic acid (21). To this end,
under oxidative reaction conditions, simple ring-expansion
and -contraction transformations were utilized to deliver the
new scaffolds 22-26. Additional one or two transformations
on these scaffolds yielded NP-like molecules 27-32, which
contain novel scaffolds amenable for the synthesis of com-
pound collections. A collection of 84 complex compounds
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with ring systems of lower and higher orders in relation to the
parent NP scaffold were generated, covering a large chemical
space around the given NP structure.

The C19 diterpenoid alkaloid deltaline (33; Scheme 3) is
a nicotinic acetylcholine receptor antagonist and structurally
a staggeringly complex molecule. Deltaline is based on
a hexacyclic, cage-like, densely substituted scaffold and poses
a formidable synthetic challenge for the complexity-to-
diversity approach. Wang and co-workers successfully adapt-
ed the ring-distortion approach to transform deltaline into 32
highly complex, diverse, and unique frameworks in less than
ten synthetic steps each on the milligram to multi-gram
scale.”! Some of the 32 scaffolds constructed from deltaline
(34-42) are depicted in Scheme 3. What kind of scaffold-
transforming reactions can be used on a given NP depends on
the functional groups of the NP. For deltaline, which is
a highly oxygenated NP with more than one hydroxy group,
a pinacol rearrangement, lactonization, Grob fragmentation,
alcohol-to-ketone oxidation, and BV oxidation were per-
formed to obtain novel ring systems. It is highly remarkable
that simple methods and reagents can enable efficient and
facile chemical transformations in rather complex molecular
settings.

Bryonolic acid (43), a pentacyclic triterpenoid isolated
from the common zucchini in multi-gram quantities (1.34 %
yield by mass), and lanosterol (44), an intermediary product
in the biological transformation of squalene into cholesterol,
have a unique double bond between the steroidal B and C
rings (Scheme 4). Tochtrop and co-workers systematically
explored the oxidative cleavage of protected bryonolic acid
(43) as well as lanosterol (44) by exploiting the alkene moiety
to rearrange the carbocyclic skeletons of these abundant NPs
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ii) Mel ii) Mel CHO
iii) triphosgene iii) Pb(OAc),
MeO,C Meh H X5
2 HOC§ H MeO,C Md
23 C Me . . .
) abietic acid (21) 22
i) 0sO, i ngE i) LIOH
ii) Pb(OAC), ii) AgBF4 i) Mel ii) BANH,, PyBOP KO'Bu 0
‘ ii) Se0, iii) NaCNBH3, ipr
. ¢ iii) Swern Ox. PMBNH,
5 E 'Pr
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X3 i) PhaPCHBr, "BuLi 28
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Scheme 2. Ring-distortion approach to build diverse molecular scaffolds from abietic acid. PMB = para-methoxybenzyl, PyBOP = (benzotriazol-1-

yloxy)tripyrrolidinophosphonium hexafluorophosphate.
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derivatives by oxidative cleavage of
the double bond between the steroi-
dal B and C rings using ruthenium
chloride (Scheme 4 a). First, the pho-
totransformation potential of bis-
(ketones) 46 and 52 was exploited in
a Norrish-Yang reaction to form the
novel scaffolds 51, 53, and 54. Second,
transannular aldol reactions under
different reaction conditions were
expediently performed on these poly-
carbonyl substrates to afford mole-
cules with NP-derived scaffolds (48—
50, 55; Scheme 4 a).

The ring-fusion olefin in the pro-
tected lanosterol derivatives 56 and
57 was cleaved under oxidative con-
ditions to afford the corresponding
carbonyl compounds 59 and 61, which

underwent similar photochemical transformations to afford
the unique complex scaffolds 60 and 62 (Scheme 4b).
Although the yields for some of these phototransformations

48 (45%)

CO,Me

CO,Me

Scheme 4. Ring diversification of polyketones derived from a) bryonolic acid (43) and b) lanosterol (44). LDA =lithium diisopropylamide,

TFA =trifluoroacetic acid.
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were relatively low, the field of photochemistry is currently
receiving great interest and has enormous potential to
provide highly unique molecular frameworks that cannot be
built by other conventional synthetic means.

Resorting to a NP as a substrate to build different
molecular scaffolds is inherently advantageous over the
de novo construction of complex molecules. This approach
naturally shortens the synthesis, and therefore even the
moderate yields of some difficult transformations, such as
photochemical reactions, can be accommodated. Further-
more, inheriting the structural features as well as the
molecular properties of NPs enormously raises the potential
of NP-derived molecules as modulators of different biological
functions. A major limitation of this strategy remains the
accessibility of NPs, in particular of those that are rich in
chemical functionalities that facilitate scaffold diversity.
Advances in NP isolation techniques as well as in preparative
biosynthesis could provide further sources of complex mol-
ecules that can be employed in scaffold diversity synthesis.

2.2. Emerging Strategies towards the Concise and Efficient
Construction of Complex and Diverse Scaffolds

In recent years, a surge in the demand for compound
libraries based on scaffolds that are missing from or ill-
represented by compound collections already available to the
pharmaceutical industry has been observed. To access bio-
logically relevant and novel chemical space that could greatly
influence and speed up the discovery of new medicines, the
pharmaceutical industry has shown its willingness to share
risks and collaborate with academic research partners. A
common interest and goal is the development of short,
feasible, and affordable as well as to
some extent scalable syntheses of
structurally rich compound libraries.

Many research groups have thus de-
veloped concise synthetic routes to
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(+)-serratezomine A (64)
6/6/6/5 system

‘5 steps
3 steps

(-)-lycoposerramine-U (67)

(-)-serratinine (69) HO 6/5/7/6 system

6/5/6/5 system m

(+)-8a-hydroxyfawcettimine (68)
6/5/7/6 system

Scheme 5. Synthesis of Lycopodium alkaloid based molecules. Boc=
tert-butoxycarbonyl, TMS = trimethylsilyl.

Remarkably, ten highly complex alkaloid NP-like scaffolds
that also included four NPs, namely (+)-serratezomine A
(64), (—)-serratinine (69), (+)-8a-hydroxyfawcettimine (68),
and (—)-lycoposerramine-U (67), were synthesized in a con-
cise and parallel process (Scheme 5).1*)

The way that biosynthetic strategies employ divergent
intramolecular cyclizations of a common intermediate to
produce diverse arrays of scaffolds inspired Mizoguchi et al.
to employ dehydrosecodine (73; Scheme 6) as a common

complex molecular frameworks. In N 1,"‘
fact, providing feasible synthetic ac- ) Y R' Me0,C 72
N N7, CO,Me
cess to a number of NP-based scaf- H COMe COMe |
folds could fill the vacuum generated iboga type (74) ° Cu

by many pharmaceutical companies
discontinuing their NP research. An
emerging trend in this direction uti-
lizes a carefully designed common
precursor that can be subjected to
different cyclization/cycloaddition re-
actions to construct diverse scaffolds.

Inspired by the functional-group
pairing patterns in Lycopodium alka-
loids, X. Lei et al. designed a common
spirocyclic intermediate 63 to gener-
ate structurally complex and diverse
scaffolds (Scheme 5).¥! The identifi-
cation of different functional-group
pairings on bicyclic substrate 63 was
key to successfully build different
highly complex and NP-like scaffolds.

Angew. Chem. Int. Ed. 2016, 55, 7586 — 7605

H é H
[Ru(bpy)s]- CO,Me
(BF"V non-natural type (78)
H
2 steps O I
- . N
N\ oTIPS
NT 2
H

CO,Me
andranginine type (77)

COR?
CO,Me

dehydrosecodine (73)
common intermediate
(in situ)
R?= Me

2 steps
H
~
N A
N ’ gt ) \
H CO,Me N N :
aspidosperma type (76) H CO,Me H CO,Me

(#)-vincadifformine (79) (#)-andranginine (80)

Scheme 6. Biosynthesis-inspired approach to furnish diverse alkaloidal scaffolds. bpy =bipyridine,
DCE=1,2-dichloroethane, TIPS =triisopropylsilyl.
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intermediate to build different polycyclic indole scaffolds.”

Dehydrosecodine has been proposed as an intermediate in
the biosynthesis of many indole alkaloid NPs.”!] Therefore,
the polyunsaturated structure of dehydrosecodine has pre-
encoded chemical information to build the architectural
complexity as well as the scaffold variation of the cognate
alkaloids.®!! The synthesis was designed to generate the
reactive and oxidation-prone intermediate 73 insitu from
a precursor enyne 72 (Scheme 6). Different cyclization and
cycloaddition reactions were conducted with this common
intermediate, affording highly complex NP-like molecules
either directly from 73 or in few more steps (Scheme 6). The
divergent and concise method provided access to four
naturally occurring scaffolds (74-77) and a non-natural
variant 78, each within six to nine steps from tryptamine.
The versatile reactivity of intermediate 73, which undergoes
different annulation reactions, was further demonstrated in
the short synthesis of the NPs (4)-vincadifformine (79) and
(4+)-andranginine (80; Scheme 6). This approach thus enabled
the systematic diversification of the skeletal, stereochemical,
and functional-group properties of naturally occurring alka-
loids without much structural simplification.

In another biosynthesis-inspired synthesis of scaffold
diversity, Baran and co-workers explored various skeleton-
modifying transformations on two key intermediates, namely
epoxy-germacrenol (81) and (4)-shiromool (82), which were
generated in few steps from commercially available farnesol
and afforded germacrene-type NPs as well as polycyclic
sesquiterpene frameworks (Scheme 7).F% In three simple
steps, that is, acetylation, hydroboration, and oxidation of the
formed diol, 11,13-dihydro-epi-parthenolide (84) was ob-
tained as a mixture of diastereomers. a-Bromination of
lactone 84 followed by dehydrobromination gave rise to 7-
epi-parthenolide (85). Hydroxyallohedycaryol (86) was ob-
tained in a four-step sequence from 81 by homoallylic alcohol

7-epi-parthenolide @)
(85) ¥ steps

{steps

2
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directed epoxidation, chemoselective reduction of the less
hindered epoxide, mesylation, and reductive elimination of
the corresponding epoxy mesylate with lithium naphthale-
nide.

Chemoselective hydrogenation of the isopropylidene side
chain in 81 using Crabtree’s catalyst afforded (+)-shiromool
(82) in good yield. Epoxidation of 82 with mCPBA led to a 4:1
diastereomeric mixture of the natural scaffold 87 in excellent
yield. A three-step reaction sequence starting from acetylated
(4)-shiromool (83) delivered (4)-acoragermacrone (88,
Scheme 7). After successfully generating the sesquiterpenes
84-88, the guaiane framework was constructed in the com-
pounds (4)-90, (+)-92, and (+)-93 by means of various acid-
mediated and -catalyzed transformations of common
(+)-shiromool derivatives (Scheme 7). This synthetic cam-
paign illustrates an important example of a divergent syn-
thetic process generating a series of NPs and structural
variants thereof that are rich in stereochemistry and func-
tional groups.

In 2011, Zografos and Fotiadou described a unique route
to the structurally diverse pyridone alkaloids based on
a common synthetic scaffold (Scheme 8).°* The cores of the
NPs akanthomycin, septoriamycin A, and citridone A were
prepared by highly selective and novel carbocyclization
reactions from derivatives of a common intermediate (94—
96). For instance, intermediate 94 generated the septoriamy-
cin core 97 in 66 % yield upon heating to 110°C through a 1,5-
hydride shift followed by intramolecular Michael addition.
With a minor change in substrate, that is, with a protected
hydroxy group (95), citridone core 99 was obtained upon
treatment with bismuth triflate (probably via bismuth amide
complex 98) in 54 % yield. In the meantime, when compound
96, which bears no such substituent (R'=H), was reacted
with copper(II) acetate, a completely different pathway was
promoted, leading to the akanthomycin core 101 by a radical

7-endo-dig cyclization of inter-

mediate 100.
Macrocycles are an important
class of organic molecules with
o a variety of impressive biological
activities. In fact, a number of
macrocycles are currently in de-
velopment or already approved by
the FDA for clinical use.”® The
biological activities of naturally
occurring macrocycles may result
from their preorganization ability
as well as their flexibility, which

i H
HO "o

i) HCI (g) (+)-89
or

(-)-4-hydroxyallohedycaryol
(86)

H

N

HO

OH
KoCO3, [ (+)-93;R=H “I‘rl.o H
MeOH L_ (+)-93a; R = Ac

(+)-92

Scheme 7. Collective enantioselective synthesis of germacrenes and related scaffolds. Cy = cyclohexyl,
PTSA = para-toluenesulfonic acid, py = pyridine, Tf=trifluoromethanesulfonyl.
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facilitates the interaction with and
binding to biological targets. With
regard to macrocycles, scaffold
diversity results from variations
either in the ring size and the
substituents around the ring or in
the nature of the bonds forming
the macrocycle, and can provide
ample opportunities for interac-
tions with biological targets.>”)
Aiming to construct diverse mac-
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R' = H \Cu(OAc),
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H
o
A\
Xy \CuOAc
H i NTTo
N™ ~O
H 100

97

akanthomycin core

septoriamycin core

Scheme 8. Synthesis of septoriamycin and analogues of citridone and
akanthomycin. TBS =tert-butyldimethylsilyl.

rocycles of various sizes and medium-sized rings, in particular,
Marcaurelle et al. reported impressive synthesis efforts, which
led to the discovery that certain macrocyclic lactones are
histone deacetylase inhibitors."

Initially, a series of asymmetric syn and anti aldol
reactions were performed to produce four stereoisomers of
a Boc-protected y-amino acid (103; Scheme 9). The coupling
of 103 with either of the two stereoisomers of O-PMB-
protected alaninol (102) followed by amide reduction led to
the eight stereoisomers of amine 104 (Scheme 9). To build
different macrocycles, 104 was subjected to three different
reactions for intramolecular ring formation: nucleophilic
aromatic substitution (SyAr), Huisgen [342] cycloaddition,
and RCM. This strategy provided a variety of skeletons

OTBS

PMBo\/kNH HOC AN Neg
Me 103

4 stereoisomers N \)\i/\ NG Boc
Me

OTBS W H 12-or 13-
PMBO\)\ /\)\/ membered ring

Me \ N=
4 stepsj 104 2 steps 108

e pvBO. Me > 14000
\/*< Me compounds

PMBO N N~
ON o= ,Boc
2 N

(W 0 Me

SNAr
8-or9-
RCM

/kﬁ,«ll) membered ring

OPMB

{

2 stereotsomers

N
s /7 Huisgen

14-membered

nng OzN
109, n=0or1
ﬂi) NO, reduction

ii) amine derivatization

2 histone deacetylase inhibitors  potent suppressor of g-cell apoptosis

Scheme 9. Marcaurelle’s approach to diverse macrocycles.
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ranging from eight- to fourteen-membered rings (Scheme 9).
The 48 scaffolds thus generated were subjected to further
derivatizations using SynPhase Lantern technology, affording
more than 30000 compounds. Furthermore, the use of this
library in a variety of biochemical and cell-based screens led
to the discovery of several low-micromolar histone deacety-
lase (HDAC) inhibitors.”®! Another related library (with
6488 members) afforded a potent eight-membered macro-
lactam as a suppressor of P-cell apoptosis (Scheme 9).5”)
Importantly, the presence of all stereoisomers in the screening
collection was crucial for the preliminary determination of the
structural and stereochemical requirements for cellular
activity, leading to an approximately threefold increase in
activity compared to the initial hit molecule.

Nelson and co-workers, who had already developed
a lead-oriented synthesis approach to produce molecules
with drug-like molecular properties,”! extended this ap-
proach to a short synthesis of diverse lead-like scaffolds, by
employing substituted chiral allylic amines (110) as common
substrates for different cyclization reactions leading to a range
of different heterocycles (Scheme 10).?*! For instance, reac-
tions of appropriately functionalized 110 with carbonyl
diimidazole (CDI) afforded molecules of type 111. Reactions
of 110 with a-haloacetyl halides delivered various derivatives
112. Similarly, Pd-catalyzed aminoarylations of 110 led to
scaffolds 120 and (via 111 and 112) 121 and 113. Whereas
lactamization of 110 yielded 117 and 118 and (via 120) 119,
RCM afforded scaffolds 114-116. A number of distinct
molecular scaffolds with lead-like molecular properties were
thus synthesized. Notably, the scaffolds were suitably func-
tionalized for further chemical derivatization and modifica-
tion (Scheme 10).

Targeting diverse sp’-rich three-dimensional scaffolds,
Stockman et al. devised a two-directional approach employ-
ing a symmetric linear “rope-like” ketodienolate, which was
then subjected to twelve separate tandem reactions to build
twelve NP-like scaffolds. The scaffolds thus generated were
already equipped with functional groups for further elabo-

q%@

CO,Me Boc Ar

lactami- R

zation 2 i N
N
R! N‘RZ 119 BocN ‘R2 04\} ‘\ArBr, pd'!
120 21 )\
R
ArBr, Pd! BocHN/\/\N $

2
111, Z=N-PG, O

6

i) XCH,COX % XCH,COX RS
) N B =
ii) Grugbs | R 110R \er :
X=Cl, Br iGrubbs Il
i @W Ar Oél\/z
(M N oy n=12 RS 112,Z=N-PG,0

BocN

117, n—1
118,n=2

PG BocN N /s, P
115, n=1 NHBoc L /™ N Z
116, n=2 >—
114 13 §

Scheme 10. Nelson's unified synthesis approach to afford diverse lead-
like compounds. PG = protecting group.
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~COE (e.g., oxime, imine, azomethine ylide, or eno-
. ; late), which then reacted with the tethered a.,3-
0" . .
5500E unsaturated esters at the termini of the chain
_CO,Et CO,Et N (e.g., various [3+42] cycloadditions or amine/
135 . s
% . PCoEt 125 - enolate conjugate addition).>
eycion 4z I h d ion based desi
COEt ‘¢ycloaddition ) 126 n another cascade reaction based design,
A _ cross o e, EOL our group explored the various electrophilic
134 reduction/ metathesis 1,4-prototopic H ..

D %ﬁ::ﬂ shift, [3+2] moieties of a common precursor to generate
/ . . [60] . .
L -‘"\co 3 L scaffold leers1ty. Various mppo- a.lnd .bIS-

L— i/EtO»‘»C“= ﬂA U 'W{ ; COQEt S H 1% o nucleophiles as well as nucleophilic zwitterions
CO,Et ~aza:Michae! £ 2 were identified during reaction optimization
COEt  Sm-mediated 124 and successfully reacted with 136 to yield
radical cyclization Michael hydrazone | . )
addition cyclization E‘O2C thirteen diverse scaffolds (Scheme 12). The
0 e ~COaEt Ph nucleophile employed determines the type of
128 . .
i domino reaction that occurs as well as the
4 EtO,C EtO,C COqEt scaffold type that is formed. Eleven nucleo-
132 COEt COEL H bo,et philes yielded thirteen diverse scaffolds in nine
131 129 different domino reactions (137-149). These

MA = Michael acceptor
® = enolizable position

2 = reactive functional groups

novel chemotypes represent a broad chemical
space and embody the structural fingerprints of
Scheme 11. Stockman’s two-directional approach to transform a symmetric linear NPs and medicinally important compounds.
substrate into diverse sp*-rich scaffolds. Employing tryptamine as a bis-nucleophile led

to the discovery of the centrocountins (137),

mitotic modulators that target the centrosomal
ration (Scheme 11).5% The central ketone moiety in 124 was  proteins nucleophosmin and Crm-1 (Scheme 12; see also
transformed into a range of nucleophilic functional groups  Figure 6).1°"

[11 scaffolds in an average of 1.25 steps]

- 9 different cascade reactions|

- 13 diverse scaffolds
unprecedented novel scaffolds - more than 200 molecules

R'0,C CO,R’
med. chem. 148

scaffolds : \/\
N

natural-product scaffolds

Scheme 12. Branching cascade strategy to build scaffold diversity.
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In most of the synthetic approaches that exploit a common
intermediate to deliver different scaffolds, multistep process-
es are required to build these suitably functionalized sub-
strates. A less-travelled alternative synthetic route employs
simple primary substrates to build structral diversity and
complexity. Our group recently reported a de novo branch-
ing-cascade approach that is based on cascade reactions of
commercially available substrates to build scaffold diversi-
ty.ll Interestingly, these simple substrates did not contain any
of the ring systems contained in the diverse scaffolds formed
by the domino reactions. In that sense, this approach
resembles the de novo biosynthesis of diverse NPs from
acyclic primary substrates. Our strategy was based on the fact
that a nitrone (formed in situ) can be transformed into either
a benzazepinone (153) or a vinylindole (154) under different
reaction conditions (Scheme 13). The different reactive sites
available on these intermediates could be exploited in diverse
cyclization reactions by simply modifying the reaction con-
ditions. Thus the three primary substrates N-phenylhydroxyl-
amine (150), dimethyl acetylenedicarboxylate (151), and
allene carboxylate 152 yielded seven distinct molecular
frameworks in different cascade reactions under optimized
reaction conditions in the “scaffold diversity phase”
(Scheme 13). In the scaffold elaboration phase, four of these
scaffolds were transformed into complex molecular frame-
works by single-step transformations. With three primary
substrates, a compound collection of 61 molecules represent-
ing 17 diverse scaffolds was synthesized (Scheme 13), which
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was then analyzed in biological assays (see Figure 5 and
accompanying text).

Patil and co-workers designed a catalytic branching-
cascade strategy that delivered drug-like polyheterocycles
(Scheme 14).! The reaction of a common precursor, alky-
noic acid A, with several scaffold-building agents (SBAs;
variables) in the presence of a suitable metal catalyst led to
the formation of various ketoamide intermediates B. When
subjected to different metal-catalyzed cyclization cascade
reactions, the latter afforded various heterocyclic scaffolds C.
With their relay catalytic branching cascade (RCBC) ap-
proach, a collection of 65 molecules representing 21 diverse
scaffolds was generated (Scheme 14). The collection also
contained molecules that are highly selective against Myco-
bacterium smegmatis.”*

In a very innovative and interesting approach that leads to
structurally rich and diverse NP scaffolds, Waldvogel and co-
workers employed an electrochemical transformation to build
an intermediate (176) that was utilized to generate various
complex molecular scaffolds (Scheme 15).! Anodic oxida-
tion of 2,4-dimethylphenol (175) on platinum electrodes with
Ba(OH),-8H,0 in methanol as the electrolyte afforded
oxygen-rich compound 176. Further simple transformations
(one to two steps) of 176 led to fourteen compounds based on
four distinct scaffolds with almost exclusive selectivity and in
reasonable yields.

—CO,Me
—COyMe CO,Me
CO,Me
) COLE CO,Et
........... - ~COMe H
162 2
=5 COoMe CO,Me
COLEt [y
\ COZR3 R (0]
OH (0]
coMme-. 183
¢y variable substituents -/ ~COMe 2 HH COEt 465
s ~_ OzMe N { R2 CO,Me
reactive sites to explore different 0 CO.Et
cascade reaction designs 2R3 O O A\ =
R" R2 O ézH N ‘
""" 156 H  COR® 166 CO,Me
x__a N O CO,Et
NHOH K g 169
€O Me:e g 0 -,. N\ COzMe
+ 157R CO,Me i N
, 150 R 151 (o] 4 H
—c CO,Me /N 7 N
R? CO,Et O — CO,Et
152 t i “CO,EL 1700 Ot
s © H 158
primary substrates CO,Me COMe
N NBn
A cascade sequence of j \ i £0,Me
nitrone formation, [3+2 3
Sk and[ ] @ COZMe . COzR E 1710 CO,R®
rearrangement -0 ; 3
Me0,C N P ” COzMe R2 COR R?
R CO,R? COZMe {
MeO-C CO,R® 160 Z ~CO,Me
161 N OH
172 & cosEt

SCAFFOLD DIVERSITY PHASE

SCAFFOLD ELABORATION PHASE

Scheme 13. Our de novo branching-cascade approach for the construction of novel and diverse scaffolds.
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3. The Potential of
Scaffold-Rich Compound
Collections in Drug and
Probe Discovery

multifunctional polyheterocyclic scaffolds

‘ 24 SBAs used

8 different alkynoic acids
one-pot catalytic reaction

The diverse and complex
nature of the biological targets
of small molecules requires
a similar level of structural
diversity and complexity in
the screening libraries. A scaf-
fold-rich library is essentially
a library of libraries with good
representatives for each and
every scaffold that it contains.
Scaffold diversity bequeaths
functional diversity and thus
leads to a library of compounds
with different biological func-
tions, which provides an ideal
platform for medicinal-chemis-
try and probe-discovery re-
search projects. Although the
potential of recently synthe-
sized scaffold-rich libraries in
drug and probe discovery will
emerge slowly over time, some
interesting cases described be-
low strongly support the devel-
opment of various approaches
for scaffold-diversity synthesis.

A scaffold-rich macrocyclic
compound collection synthe-

65 molecules

| —

21 diverse scaffolds spread over

sized by Marcaurelle and co-
workers (see Scheme 9) was

biologically evaluated by vari-

Scheme 14. Patil’s RCBC approach to scaffold diversity.

Me
PivCl, DMAP (1%), NEts,

Me NaCN, CH5CN,
80 °C, 24 h, 82%

=

RT, 2 days, 81%

OH
Me

175 Me
Pt electrodes s
Ba(OH),+8H,0 L

MeOH

DCM, conc. H,S0,, toluene,

) RT, 4 h, 75%
Me’

/' EtSiH, TFA, DCM,
RT, 24 h, 80%

Scheme 15. Waldvogel's approach to build NP-based scaffold diversity. DCM =dichloro-
methane, DMAP = 4-dimethylaminopyridine.
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ous groups.* Fang etal.
screened a library of 100000
molecules to discover small
molecules that interact with
MCLI1 (myeloid cell leukemia),®” an anti-
apoptotic protein./®®! The binding mode of
the initial hit was established by a fluores-
cence polarization assay, which measured
the ability of ligands to competitively bind
in the presence of the NOXA BH3 peptide,
and later validated by biophysical methods,
such as differential scanning fluorimetry,
isothermal titration calorimetry, and differ-
ential scanning calorimetry. Initial struc-
ture-binding relationship studies consider-
ing the configuration as well as the substi-
tution of the scaffold led to the identifica-
tion of compound 181 (see Figure 4), which
gave an ICs, value as low as 4.5 uM in
a fluorescence polarization assay. The bind-
ing mode was ultimately determined by X-
ray structure analysis of the macrolactam as
well as other well validated MCL1 ligands
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co-crystallized with a designed MCL1 protein construct
(Figure 3a). Lactam 181 is the first ligand that binds MCL1
without engaging R263 and takes up a hydrophobic binding
pocket that was not occupied by other MCLI1 ligands
(Figure 3b). This finding opens up new possibilities for the
discovery and design of potent MCL1 inhibitors.

Figure 3. Crystal structures of a) compound 181 co-crystallized with
MCL1, revealing a new binding mode, and b) a well-known MCL1
indole inhibitor bound to MCL1. Reproduced from Ref. [65] with
permission. Copyright 2014, ACS.

In another project, modulators of scavenger receptor
class B type I (SR-BI), the receptor for high-density lip-
oprotein cholesterol (HDL-C) particles, were sought by
Dockendorf et al.l®! SR-BI is an important target receptor
involved in the hepatic uptake of HDL-C and a co-receptor
for the entry of pathogens into hepatocytes, including the
hepatitis C virus (HCV) and malaria (Plasmodium). Aside
from its recognized role in lipid metabolism and infectious
diseases, it also has a strong impact on immune response and
female fertility. In a Dil-HDL-C uptake assay,’®! measuring
the transfer of the fluorescent lipid Dil from HDL-C particles
to CHO cells overexpressing SR-BI, potent inhibitors of SR-
BI were identified from the macrocycle library."”! Modifica-
tion of the eight-membered lactam hits led to the soluble and
non-toxic compound 182 (Figure 4), which was found to
possess a superior combination of potency (average ICs,=
100 £20 nm) and solubility (79 um in PBS) and was desig-
nated as a probe for SR-BI.

The notion that the scaffold diversity of a compound
collection results in functional diversity”” was validated by
exposing the compound collection that we had generated by
the de novo branching-cascade strategy to two phenotypic
cell-based assays (Scheme 13).1! Tn the first study, approx-
imately sixty molecules with over seventeen scaffold struc-

Figure 4. Macrocyclic molecules that interact with MCL1 (181) and SR-
BI (182).
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tures were screened for their ability to modulate the hedge-
hog pathway.I"!! This pathway plays a fundamental role during
animal embryonic and post-embryonic development as well
as in tumorigenesis as aberrant hedgehog signaling is detected
in various cancers. Therefore, small-molecule modulators of
the hedgehog pathway are well sought after for drug
discovery as well as chemical-biology investigations. Screen-
ing the compound collection identified three molecules with
three different scaffolds, namely 156a, 157b, and 159¢, as
inhibitors of hedgehog signaling with ICs, values of 0.79, 0.84,
and 0.16 um, respectively (without influencing cell viability;
Figure 5a,b). The purmorphamine-induced expression of the
hedgehog target gene Ptchl in NIH/3T3 cells was suppressed
by these compounds (Figure 5c). Furthermore, several hedge-
hog inhibitors operate by binding and inhibiting the trans-
membrane protein Smoothened (Smo). However, 156 a, 157b,
and 159 ¢ failed to displace BODIPY—cyclopamine from Smo,
and thus most likely do not bind to this receptor (Figure 5d).
These small molecules thus are vital starting points for the
development of probes that can illuminate the role of this
signaling pathway in various disease states and hedgehog-
inhibition-based therapeutics."”

Another high-content phenotypic assay that monitored
changes in the cytoskeleton and DNA in HeLa cells revealed
that compound 158 causes cytoskeleton impairment (Fig-
ure 5 f) and mitotic arrest (Figure 5e¢) followed by apoptosis.
Treatment with 158 for 48 hours reduced the viability of
HelLa cells with an ICs, value of 3.87 +0.01 pMm. In a competi-
tion experiment, compound 158 displaced (colchicine could
not) fluorescent BODIPY-FL-vinblastine from tubulin in
a concentration-dependent manner with a half-maximal
effective concentration (ECs,) of 0.67 +1.51 um (Figure 5g),
and therefore most likely binds to the vinca alkaloid binding
site in tubulin.

The branching-cascade strategy developed by our group
delivered tetrahydroindolo[2,3-a]quinolizines 137
(Scheme 12), which were found to be mitotic inhibitors.
Later, our group, in collaboration with the Waldmann group,
reported a twelve-step cascade synthesis of this class of
molecules, which were called centrocountins.®® A pheno-
typic screen of indoloquinolizines that looked for mitotic
arrest in BSC-1 and HeLa cells showed that compound 137a
(centrocountin 1; Figure 6a) causes the formation of multiple
mitotic spindles and the accumulation of mitotic cells (Fig-
ure 6g,h). Further investigations revealed that centrocoun-
tin1 was a modulator of centrosome integrity, inducing
fragmented and supernumerary centrosomes, chromosome
congression defects, multipolar mitotic spindles, acentrosomal
spindle poles, and multipolar cell division. Target identifica-
tion by means of a chemical proteomics approach revealed
that pulldown (PD) probe 183 (R enantiomer), but not
control probe 184 (S enantiomer; Figure 6b), binds to the
nucleolar and centrosomal protein nucleophosmin (NPM),
which is involved in the regulation of centrosome duplication
during mitosis and also promotes ribosome biogenesis.

The reversible binding of NPM to 183 further confirmed it
as the target protein (Figure 6¢). NPM in a complex with the
nuclear export receptor Crm1 regulates centrosome duplica-
tion. Further elaboration of the affinity PD experiment by

www.angewandte.org

An dte

Chemie

7599


http://www.angewandte.org

( lD‘ h M o o . An dte
v ’ n ’ r eV’ eWS Internatic Chemie
a 1y COMe N PO Et
N~ =
WS=COMe - A
COg8n A~ O COMe
0 'CO,Et d
Me 4 02 140+
156a 157b 159¢ G 1201
120 -
&
>
= 1007 e G 1004 ]
b = . g
120 = 2
o * =
2 8ol g 801
100 3 o~ *x e
<] S 3
IS £ ok S
g 80 “‘_’ 601 g 601
5 hkk =]
% 60 g 5 40
o 401 *xk 8
g 40 2 g
= £
2 209 204
20
A B AN |
0.00001 0.0001 0.001 001 0.1 1 10 100 DMSO 2\M 10pM 20iM 10yM 20pM 204M  30pM not DMSO 2pM 10pM  10uM  10pM
concentration [uM] Purmorph- transfected Vismodegib 156a  157b  159c
amine 156a 157b 159¢
100
€ 60 t e
COMe E e Vincristine
50 1% £ 80
(%) c = 158
g 2
— E
= a0 \ 'CO,EL g 60
2 g
8 30 158 3
o o 40
5 3 2
2 2 2 =
§1 2 20
10 3
8 (]
0 0 +
DMSO 1.875uM 3.75uyM 7.5pM  15uM  30puM  Noc 0.01 0.1 1 70 100
0.5 uM

7600

concentration [uM
158 [uM]

Figure 5. Biological evaluation of active molecules synthesized by the de novo branching-cascade approach. a) Chemical structures of 156a, 157b,
and 159c. Effect of the addition of 156a, 157b, and 159¢c b) on purmorphamine-mediated osteogenesis in C3H10T1/2 cells based on the activity
of alkaline phosphatase, c) on the relative expression of Ptch-1, and d) on the binding of BODIPY—cyclopamine to Smo. e) The concentration-
dependent percentage increase in mitotic cells suggesting that 158 induces mitotic arrest. f) Cytoskeleton impairment caused by 158 in Hela
cells. g) Displacement of BODIPY—FL-vinblastine from tubulin by 158.

immunoblotting with a Crm1-specific antibody revealed the  revealed this molecule to be the first-in-class triple top-
binding of Crml to the immobilized centrocountin probe  oisomerase I/topoisomerase II/tubulin inhibitor. The identifi-
(Figure 6¢). Evidence for the direct interaction
between indoloquinolizine probe 185 and NPM,
as well as Crm1, in HeLa cells was obtained by
fluorescence lifetime imaging (FLIM) experi- R
ments (Figure 6 d—f). The scaffold-diversity syn-
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cies with low toxicity. Target profiling studies  Scheme 16. Synthesis of diverse scaffolds inspired by the natural product evodiamine.
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(137a) and b) probes 183-185, which were used in PD experiments. c) Immunodetection of NPM and Crm1 binding to immobilized 183. d) FLIM
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g) Dose-dependent accumulation of mitotic HelLa cells upon treatment with compound (R)-137a. h) Z projections of two image stacks of HelLa
cells incubated with DMSO or (R)-137a, depicting multiple defects on spindle formation, centrosomes, and centrioles.

cation of a series of highly potent antitumor molecules with
promising features as drug candidates in this study further
encourages chemists looking for novel bioactive molecules to
synthesize NP-scaffold-based compound collections.

In contrast to the evolutionary optimization of NPs, which
is driven by the functional benefits to their host organism, the
synthesis of molecules and the analysis of their activity are
often isolated developments. Inspired by nature’s function-
oriented synthesis designs, Nelson and co-workers developed
an activity-directed synthesis approach.” The versatility of
rhodium carbenes, which were formed from diazo com-
pounds, to build different ring systems by different cyclization
reactions was exploited to enrich the collection, which was
then assayed to identify androgen receptor agonists. For the
reactions, a 96 well plate was used, and twelve differently
substituted a-diazo arylamide substrates were employed in
combination with different rhodium catalysts and solvents,
leading to 96 different reaction conditions. After 48 hours,
metal contaminants and the solvents were removed, and the
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reaction mixtures were tested in an assay to identify the
androgen receptor agonist properties of the products by
FRET (Forster resonance transfer) techniques. The four
substrates that yielded highly active product mixtures were
then used for the next round of reaction/screening (round 2)
together with two that had not shown reactivity as negative
controls. Solvent and catalyst were varied, and in this
screening round, the concentration of the compounds was
reduced by a factor of ten to identify more potent molecules.
The third reaction setup included the two most active
substrates from the previous round as well as four structurally
similar substrates along with various solvents and catalysts. In
this round, the concentration was again reduced by a factor of
ten. The eight reactions whose product mixtures exhibited the
best activity were then scaled up, and the major products were
isolated and identified (Figure 7).

Three distinct products tested at different concentrations
for their androgen receptor agonist activities displayed
ECs, values of 340-470 nm. Whereas f-lactams 198 and 200
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were identified to be full agonists of the androgen receptor,
v-lactam 199 was a partial agonist. Interestingly, none of the
two scaffolds that these compounds represent had previously
been annotated with androgen agonist activity. The activity-
directed synthesis approach is highly useful for identifying
interesting starting points for drug and probe discovery.

4. Outlook

Despite the fact that the pharmaceutical industry has
moved beyond the brute-force approach towards more
effective drug-discovery strategies over the past decades, the
productivity challenges that result from unmet medical
needs” remain substantial.””! New and recurring drug-
resistant infections," aggressive forms of different cancers,”””!
and an increasing number of new druggable protein targets!®!
identified in genome studies desperately call for a pipeline
rich in structurally novel bioactive small molecules. Even in
this post-genomic era, our understanding of human biology
remains limited. More knowledge about the various aspects of
disease- and non-disease-state biology would equip us well to
meet the challenges of drug discovery. A number of chemical
probes that can shed light on intricate signaling pathways and
other complex biological functions are urgently required.
Unfortunately, only a few probe molecules that can be
universally used for biological investigations have been
discovered thus far.®) The chemical space that could provide
bioactive molecules with novel modes of action to deliver
first-in-class drug candidates and/or chemical probes needs to
be identified, accessed, and explored. The quest for modu-
lators of biological functions therefore calls for coherent
synthetic efforts to create structurally rich compound collec-
tions that yield functionally diverse small molecules.

Notably, despite the recent developments in the synthesis
of diverse scaffolds of natural or non-natural (novel) origin,
efforts to suitably represent each scaffold in a library are often
lacking, and therefore, such libraries tend to consist of many
singletons and poorly decorated scaffolds. A sparse repre-
sentation of a large number of molecular frameworks is less
likely to deliver any structure—activity relationships and
therefore hit confirmations. An awareness for the desired
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and undesired structural features in a small-molecule library
is equally important. In particular, when a compound collec-
tion developed by an academic research group is a side
product of their original research goals, for instance, a reaction
discovery, they usually do not focus on improving the
structural features or molecular properties of the library.
The removal or modification of undesired features, at least for
some of the compounds, would help identifying false pos-
itives. An academia—industry collaboration®™ can easily
address these issues and avoid the repeated identification of
wrong starting points. For example, the European lead factory
(ELF) consortium is a unique collaboration of academic and
industrial partners working towards building a joint European
compound library (JECL) that is based on novel and complex
scaffolds yet with more drug-like molecular properties. The
ELF aims to deliver innovative starting points for drug
discovery and methods to advance our biological under-
standing by screening the JECL.[*

Natural products have historically been a rich source of
biologically active molecules, and their chemical space needs
to be further explored. The generation of structurally rich and
diverse NP-based or -derived compound libraries is a formi-
dable challenge that may benefit from cutting-edge expertise
in NP total or divergent total synthesis. Examples of
successful scalable syntheses of various natural products
indicate the possibility of totally synthetic analogues of
complex natural products being part of future compound
collections for various screenings.’> Methods to manipulate
biosynthetic designs and deliver structurally modified com-
plex natural products or their precursors for divergent
synthesis strategies would help the scientific community
engaged in discovery research to come out of the current
productivity crisis.*™ Simple modifications of a functional
group can be extremely challenging on a complex molecule,
such as a natural product.® Time is also ripe for new
chemoselective functional-group transformations that can be
applied in complex three-dimensional settings.
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