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Natural products have a long history in drug discovery, with their inherent biological activity often tailored

by medicinal chemists to arrive at the final drug product. This process is illustrated by numerous examples,

including the conversion of epothilone to ixabepilone, erythromycin to azithromycin, and lovastatin to

simvastatin. However, natural products are also fruitful starting points for the creation of complex and

diverse compounds, especially those that are markedly different from the parent natural product and

accordingly do not retain the biological activity of the parent. The resulting products have

physiochemical properties that differ considerably when compared to traditional screening collections,

thus affording an opportunity to discover novel biological activity. The synthesis of new structural

frameworks from natural products thus yields value-added compounds, as demonstrated in the last

several years with multiple biological discoveries emerging from these collections. This Highlight details

a handful of these studies, describing new compounds derived from natural products that have

biological activity and cellular targets different from those evoked/engaged by the parent. Such re-

engineering of natural products offers the potential for discovering compounds with interesting and

unexpected biological activity.
1. Introduction
1.1 Natural product platforms for drug discovery and
compound library design

With high-throughput screening (HTS) now commonplace in
drug discovery,1–3 a pre-requisite is access to suitable collec-
tions of compounds. Natural products (NPs) have long been
a fruitful source for drug discovery, from early examples of
screening NP mixtures derived from Actinomycetes4 to
modern times where NP-based therapeutics are now used to
treat a range of human diseases.5 However, with hundreds of
abundant NPs now discovered,6 there are bottlenecks asso-
ciated with isolating and identifying new NPs. While there
are many creative technologies that can assist in the removal
of these bottlenecks, in practice these challenges have
limited the routine use of NPs in modern drug discovery. As
a result, screening collections are largely populated with
synthetic small molecules that can be considered structurally
‘simpler’ than NPs by many metrics; for example, possessing
fewer stereogenic centers and a lower fraction of sp3-
hybridized carbons (Fsp3, a measure of the proportion of
carbons in a compound that are sp3-hybridized).7 While
dozens of drug leads have been identied from screening
omic Biology, Cancer Center at Illinois,

SA. E-mail: hergenro@illinois.edu

of Chemistry 2020
such compound collections (particularly drugs targeting
GPCRs, kinases, and ion channels),5 some targets and
processes have proven challenging to engage or perturb. As
such, new paradigms in compound library generation have
surfaced, particularly those aimed at delivering more
complex compounds that may have the possibility of
engaging different types of biological targets.
1.2 Natural product-inspired compound generation and re-
engineering

With the goal of generating screening collections of
compounds whose physicochemical properties align with
those of NPs, it is useful to categorize the various approaches
as “bottom up” and “top down” (Fig. 1A). Diversity oriented
synthesis (DOS, Fig. 1A)8–26 is the prototype bottom-up
approach, creating complexity through a build/couple/pair
strategy,27 with simpler acyclic and cyclic precursors possess-
ing useful functionality for cyclization and coupling (Fig. 1B).
Complex ring scaffolds and connectivity are subsequently
achieved through strategic and atom economical reaction
sequences. Related strategies, such as biology oriented
synthesis (BiOS, Fig. 1A)28–33 and fragment based designs,34–37

employ larger NP-inspired synthetic precursors (Fig. 1B) that
are coupled or structurally elaborated using chemistry that
leverages the rich reactivity within NP-like fragments. Func-
tion oriented synthesis37–40 (FOS) abides by similar synthetic
Nat. Prod. Rep.
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Fig. 1 Strategies for construction of collections of complex, NP-like compounds. (A) Bottom-up strategies build complexity from simpler
starting materials, whereas top-down approaches are premised on making dramatic structural alterations to an already complex NP. (B) Some
simpler precursors used in bottom-up approaches. (C) NPs that are suitable for top-down diversification through the Complexity-to-Diversity
(CtD) strategy. (D) Using a complex NP as a starting material for the generation of compounds with a variety of different scaffolds/ring systems,
exemplified here with pleuromutilin.
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paradigms as DOS and BiOS but aims to identify new
compound collections for specic biological functions. These
highly impactful bottom-up approaches are outside the scope
of this highlight and have been comprehensively reviewed
elsewhere.11,12,41–46

Herein, we overview biologically active compounds discov-
ered from a complementary synthetic approach. In this top-
down strategy, termed as “Complexity-to-Diversity” (CtD,
Fig. 1A),47 complex and abundant NPs are utilized as synthetic
starting points (some examples in Fig. 1C). Through core
modications of these NPs, particularly by way of reactions that
alter the ring systems, nal products with diverse structural
landscapes are produced (Fig. 1D).
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1.3 Optimization of NPs for use as medicines

Of course, NPs are oen used as synthetic starting points in drug
design, primarily in the context of semi-synthesis; that is, NPs with
well-established biological activity are structurally altered for
greater potency or enhanced pharmacological properties.48–53 Oen
times, these modications are constrained so that the pre-existing
skeletal features of the NP remain intact, as is the case with ixa-
bepilone,37 azithromycin54 and simvastatin55 (Fig. 2A). As such,
these compounds engage the same target as the parent/progenitor
NP; indeed, this feature is a key hallmark of semi-synthesis, and is
a major point of distinction from CtD. In CtD, NPs are instead
utilized as synthetic precursors for more dramatic forms of
Prof. Paul J. Hergenrother is the
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Chemistry and Professor of
Chemistry. He received his B.S.
in chemistry from the University
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terial drugs, and four anticancer compounds discovered in his lab
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which he founded to advance the anticancer compound PAC-1.
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Fig. 2 Semi-synthesis of NPs, and how it differs from CtD. (A) Exam-
ples of NPs being tailored through synthesis, resulting in impactful
therapeutics. (B) The semi-synthesis approach results in compounds
that have only modest structural differences and that engage the same
target of the parent NP. In contrast, CtD provides compounds where
the skeleton has been radically altered, resulting in compounds that
can engage new biological targets.
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synthetic alteration, with the explicit goal of identifying compounds
with different biological activity from the parent NP (Fig. 2B).

The inherent biological activity of many NPs has been
instrumental in discovering new therapeutics, and semi-
synthesis campaigns show that modifying the periphery of
NPs can oen preserve their canonical biological function. With
the goal of developing functionally- and structurally-unbiased
compound collections, top-down discovery platforms instead
revolve around reconguring the rigid and spatially dened
ring systems found in many NPs (as highlighted in Fig. 1D). In
doing so, novel compounds that are NP-like in their physico-
chemical properties can be accessed. As NPs inherently possess
a combination of physicochemical properties making them
different from compounds in traditional screening libraries (for
example, high Fsp3, greater number of stereogenic centers, ring
scaffold-diversity, etc.), use of NPs as synthetic starting points
can result in a unique collection of compounds with NP-like
structural complexity.
This journal is © The Royal Society of Chemistry 2020
1.4 NP diversication through CtD

CtD studies have shown that pre-organized functionality and
ring systems within many NPs are conducive to executing
classic ring system distorting transformations such as the
Beckmann rearrangement, Baeyer–Villiger oxidation, Diels–
Alder reaction, and cationic ring expansion/contraction reac-
tions. The pre-requisites for NP selection and the governing
synthetic blueprints underlying CtD have been reviewed47 and
documented in manuscripts on CtD.56–67 These strategies have
been employed to construct compound collections from various
NPs, with the explicit goal of identifying new pharmacophores
with biological activity that diverges from the parent NP. The
works discussed below are recent examples of the successful
execution of CtD-guided NP re-engineering to identify inter-
esting new biologically active molecules.
2. Complex molecules with novel
biological activity identified from
compounds created through the CtD
strategy
2.1 Repurposing yohimbine through ring-distortion yields
a compound with HIF-dependent anticancer and anti-
inammatory activity

Yohimbine (1, Fig. 3) is a complex indole alkaloid isolated from
the bark of Pausinystalia trees and the Rauwola root. Indole
alkaloids are a distinguished class of NPs, as many constituents
of this class are approved therapeutics (such as vincristine,68

pericine,69 and zofran70) used to treat various human ailments.
Yohimbine possesses a tryptoline core, an additional fused ring
system, and ve stereogenic centers, and itself has modest
therapeutic value, primarily utilized as an over-the-counter
stimulant. As such, large quantities of high purity yohimbine
Fig. 3 Ring distortion strategies for diversification of yohimbine.

Nat. Prod. Rep.
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can be purchased from various commercial vendors. The Hui-
gens group leveraged the unique structural features of yohim-
bine in developing a strategy for construction of novel complex
compounds from this NP.65

Yohimbine has been utilized in previous studies involving
modications of various functional groups without major
modication of the core ring system. These efforts include
oxidation of the secondary alcohol,71 allylation of the indole 3-
position,72 alkylation73 and hydroxylation of the indole
nitrogen,74,75 reduction of the 2,3-positions of the indole
heterocycle,74,75 and ethylene glycol protection of the 2,3-posi-
tions of the indole nucleus.76 While these products do not
possess structural features that signicantly diverge from those
present in yohimbine, these studies were helpful in under-
standing the basic reactivity patterns of this NP. Accordingly,
the authors focused on tryptoline ring distortion pathways,71,77

which could provide novel structural features. Employing three
orthogonal C–N cleavage strategies and a C–C cleavage (I–IV,
Fig. 3), and subsequent modications of the ring-distorted
intermediates, a broad and structurally diverse set of
compounds was created. Overall, these synthetic excursions
provided 70 complex compounds that share little structural
resemblance to yohimbine.65

CtD-based library construction designs can rapidly produce
compounds with skeletal and functional group diversity, as
evidenced here with this library possessing an average of 5.54
stereogenic centers and an average value of 0.5 for Fsp3 (Fig. 3).
The authors noted that the average number of stereogenic
centers for FDA approved drugs (100 top selling drugs of 2013)
is only 2.58. Additionally, the number of stereocenters and Fsp3

for the ChemBridge commercial screening collection is only
0.24 and 0.24 respectively.65

Screening the collection in several phenotypic assays (anti-
cancer, anti-inammatory and antibacterial activity) and
subsequent validation studies revealed that compound 2 (Fig. 4)
exhibited HIF-dependent anticancer activity, while ve other
analogues (not shown herein) demonstrated either activation or
inhibition of the Nrf2-antioxidant response element (ARE) at
concentrations below 100 mM.

Compound 2 stands out as the most selective anti-
proliferative agent from this collection and exhibits a Hypoxia-
Fig. 4 Synthesis of 2, a compound with HIF-dependent anticancer
activity.

Nat. Prod. Rep.
Inducible Factor (HIF) dependent cancer-cell death phenotype
(IC50 ¼ 10–32 mM in HIF-positive colorectal cancer cell line
(HCT116); IC50 $ 100 mM in HCT116HIF-1a�/�HIF-2a�/�

). Hypoxia is
an environmental hallmark of most solid tumour types, and
cancers cells have keenly adapted to these conditions through
HIF pathways. Consequently, cancer cells that enlist these
transcriptional programs exhibit more aggressive biological
behaviours.78 To date, no HIF inhibitors have reached clinical
approval.79,80 Although its biological target remains to be
elucidated, compound 2 may offer promise as a member of
a new class of HIF-dependent anticancer agents. As described in
Fig. 4, compound 2 is synthesized in only four steps from
yohimbine, starting with a key oxidative contraction of ring A,
yielding the oxindole core in IA. Subsequent di-alkylation of
intermediate IA provided lead compound 2. With this robust
synthetic route, along with the dense functionality of this
current lead and opportunities for late-stage diversication,
extended SAR studies can now be used to identify more potent
analogues and facilitate identication of the biological target of
2. In accordance with CtD design principles, the compounds
accessed from yohimbine do not appear to have retained the
biological activity of the NP.
2.2 Discovery of autophagy inhibitors via ring-fusion of
cinchona-alkaloids

Cinchona-alkaloids are well-studied NPs within synthetic
organic chemistry and drug discovery. Of the more than 30
cinchona alkaloids isolated from the Cinchona genus, quinine
(4) and quinidine (5) (Fig. 5A) are the only variants commonly
employed as therapeutics (anthelmintic and arrhythmia,
respectively),81 and are isolated on industrial scales. While
cinchonidine (6) and cinchonine (7) have limited current-day
medicinal value,81,82 they are also commonly isolated on large
scale, making any of these four alkaloids (Fig. 5A) viable starting
Fig. 5 Cinchona alkaloids as starting points for the construction of
complex and diverse compounds.

This journal is © The Royal Society of Chemistry 2020
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points for CtD studies. The rich reactivity of cinchona-alkaloids
endowed with pre-existing functionality (an aromatic quinoline
ring, a quinuclidine moiety, vinyl substituent, and a central
hydroxyl group) offers an empowering linchpin for rapid
structural elaboration, and indeed several groups have utilized
these compounds as starting points for CtD syntheses.58,62,64

Waldmann and co-workers have reported such efforts, rst
converting quinidine and cinchonidine into their oxazatricyclo
[4.4.0.0]decane (oxazatwistane) counterparts (Fig. 5B).62 While
oxazatwistanes have been studied as organocatalysts,83,84

comprehensive assessment of their biological activity has not
been reported. These compounds can be accessed quickly from
quinidine or cinchonidine under exposure to catalytic amounts
of acid (Fig. 5B). Using this key methodology in conjunction
with quinoline ring modications, the authors generated
a focused compound collection containing 45 oxazatwistane
members (Fig. 5B), with subsequent evaluation of these novel
compounds as inhibitors of the Wnt and Hedgehog pathways,
as well as their ability to inhibit autophagy induced by amino
acid starvation (starvation induced autophagy (SIA) as described
in Fig. 6).62

Although none of the compounds in this collection inhibited
the Wnt and Hedgehog pathways, two novel derivatives, coined
oxautin-1 (8) and -2 (9) (Fig. 6), demonstrate potent autophagy
inhibition and appear to inhibit both autophagosome biogen-
esis and autophagosome maturation.62 Autophagy inhibition
has emerged as a potentially fruitful anticancer therapeutic
strategy.85,86 Among the promising preclinical and clinical
studies are those that have demonstrated that MAPK targeted
therapies (such as MEK inhibition) could be potently combined
with autophagy inhibitors, such as chloroquine and
hydroxychloroquine.87,88

Consistent with the CtD paradigm, none of the four common
cinchona-alkaloid NPs in Fig. 5A demonstrate any ability to
inhibit autophagy at 30 mM, highlighting CtD's ability to
Fig. 6 Autophagy inhibition by oxautin-1 and -2. SIA: starvation
induced autophagy.

This journal is © The Royal Society of Chemistry 2020
engineer new biological function beyond that endowed in the
progenitor natural product. The quinoline modications in the
two lead compounds were also critical to activity, as demon-
strated by the lack of autophagy inhibition of related oxa-
zatwistanes (such as compounds 10–12, Fig. 6). The authors
also tested various functionalized quinolines lacking the qui-
nuclidine or oxazatwistanemotif, none of which showed activity
below 30 mM. Importantly, the oxautins add to the growing body
of chemical tools useful for autophagy inhibition.
2.3 Complex compounds from pleuromutilin yields
ferroptocide, a pro-ferroptotic anticancer agent

Pleuromutilin (13, Fig. 7) is a diterpene NP produced by
multiple species of fungi that possesses antibacterial activity
through binding to the 50s ribosomal subunit.89 This novel
mechanism of action has inspired intensive semi-synthetic
efforts,89–91 ultimately leading to analogues that are approved
as treatments for infections caused by Gram-positive bacteria in
humans92 (retapamulin (14)) and Mycoplasma spp., Brachyspira
spp., and L. intracellularis infections in farm animals and pets
(valnemulin (15), tiamulin (16)).89 Pleuromutilin's unique
tricyclic core and complex stereochemical landscape has also
piqued the interest of organic chemists, resulting in several
elegant total syntheses of this diterpene.93–97 These structural
features, as well as its various functional handles, positions
pleuromutilin as an intriguing starting point for library devel-
opment and synthetic diversication through CtD. To this end,
Hergenrother and co-workers constructed a diverse compound
collection from pleuromutilin using the CtD platform, with
a focus on altering the tricyclic core of this NP.57,59 This work
ultimately enabled the identication of a unique covalent
modifying agent that induces cancer cell death through
ferroptosis.

The construction of complex-and-diverse compounds start-
ing from pleuromutilin was carried out through ve different
synthetic pathways, each involving one to three ring system
distortions (fusion, cleavage, rearrangement, contraction or
expansion, as described in Fig. 8). Each sequence resulted in
a unique subclass of compounds and intermediates, 27 novel
compounds in total. Notably, each member retained the high
levels of stereochemical complexity and ring density present
Fig. 7 Pleuromutilin and its derivatives are potent antibiotics with
significant clinical utility.

Nat. Prod. Rep.
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Fig. 8 Pleuromutilin as a starting point for creation of a collection of
complex and diverse compounds.
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within the parent NP. This collection also possessed
compounds with physicochemical features different from FDA
approved drugs and virtual and commercial screening libraries
as measured by comparison to FDA approved oncology drugs,
FDA approved antibiotics, Drugbank, Chembridge-CL,
Chembridge-EXP, Microformat, MLSMR-NP and PNAS CC
collections.59 In all cases, the pleuromutilin derived collection
possesses at least twice the number of stereogenic centers and
two-fold greater Fsp3 and ring complexity.

The compounds in this collection were assessed for their
ability to kill a broad panel of cancer cell lines, with the goal of
identifying compounds that induce cancer cell death via an
Fig. 9 Anticancer activity of ferroptocide and related compounds, as
shown by their ability to kill ES-2 (ovarian cancer) cell.

Nat. Prod. Rep.
unusual mechanism. From these studies emerged ferroptocide
(17, Fig. 9). A notable and dening trait for ferroptocide is the
signicant cell death observed in <1 hour in the ES-2 (ovarian
cancer) cell line; this activity is notably faster than a host of
other cell death inducing agents. Ferroptotic cell death was
determined through cytoprotective studies (i.e. using ferropto-
sis inhibitors or lipophilic antioxidants in the presence of fer-
roptocide) and by monitoring lipid peroxide levels (i.e. dose
dependent increases observed with ferroptocide).

Importantly, through detailed proteomic studies the authors
were able to determine the cellular target of ferroptocide. The a-
chloroester electrophile was found to be critical to activity (as
evidenced by the activity of ferroptocide vs. 18 in Fig. 9), and
protein pull-down experiments revealed that ferroptocide
inhibits thioredoxin by covalently modifying its reactive cyste-
ines, thereby inducing ferroptosis. Currently, this is the only
pro-ferroptotic agent known that operates through this mode-
of-action.

Ferroptocide was constructed in 1 step from 19 (5 steps from
pleuromutilin) as part of a derivative synthesis campaign that
followed the initial phenotypic screen. This screen identied 19
(Fig. 9, product of a ring contraction of pleuromutilin) as being
an inducer of cancer cell death, and the introduction of the
triazolidine-3,5-dione ring system in ferroptocide afforded an
approximately 5-fold increase in potency against the ES-2 cancer
cell line (Fig. 9, ferroptocide vs. 19). Five different electrophilic
Fig. 10 Compound leads identified by applying the CtD strategy to
yohimbine, quinidine, and pleuromutilin.

This journal is © The Royal Society of Chemistry 2020
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side chains were also incorporated during these investigations,
with the a-chloroester offering the most promising potency and
selectivity. Pleuromutilin exhibits none of the anticancer
activity displayed by either ferroptocide or 19, and likewise,
while pleuromutilin is effective in inhibiting the growth of
Gram-positive bacteria, ferroptocide possesses no such anti-
bacterial activity.59
2.4 Summary

Application of the CtD strategy to yohimbine, two different
cinchona alkaloids, and pleuromutilin, followed by subsequent
biological evaluation, led to the discovery of novel compounds
possessing biological activity signicantly different from the
parent NP (Fig. 10). All of these NP starting points contain
diverse functionality that enable the CtD strategy, and all can be
accessed from commercial sources on decagram scale. Through
strategic implementation of ring-distortion pathways, each
parent NP was rapidly deconstructed/rearranged, leading to
compound collections with structural features that diverge
signicantly from the parent NP. The physicochemical features
of each collection also differ greatly from traditional drug
screening libraries, and each CtD campaign yielded a promising
probe with interesting and useful biological activity, while the
progenitor NPs exhibited none of the re-engineered biological
activity. Remarkably, these ventures revealed three new bio-
logically active compound classes from only 142 different
screening compounds, highlighting the promise of compounds
derived from CtD for biological discovery.
3. Outlook on the field

Natural products (NPs) have been a rich source for the devel-
opment of novel therapeutics over the past century. Their
diverse structural architectures and stereochemical landscapes
oen confer a specic biological function; if necessary, the
chemical features of NPs can be tailored for optimal medicinal
value via semi-synthesis. While the discovery of new NPs will
continue to fuel this mode of drug discovery, there are bottle-
necks preventing rapid identication of scores of novel NP-
classes. To generate a complementary set of compounds,
bottom up synthetic paradigms have been implemented to
construct compounds with NP-like features using strategies
such as DOS, BiOS, FOS, and NP-fragment based designs. As
presented throughout this Highlight, complexity-to-diversity
(CtD) provides a top-down alternative, complementing these
powerful techniques and utilizing complex natural products as
synthetic starting points.

The selection of NPs to initiate a CtD campaign requires
some consideration. Dozens of densely functionalized NPs can
be purchased from a host of vendors on decagram scale. These
compounds should possess pre-existing functional-groups, and
ideally several contiguous/overlapping ring systems that can be
differentially modied, enabling creation of a broad and diverse
compound collection. As described in reports enlisting yohim-
bine, quinidine, and pleuromutilin, only 3–5 chemical steps
were needed to arrive at distinct compound classes. While many
This journal is © The Royal Society of Chemistry 2020
classic synthetic reactions have been integral to these CtD
successes, the continued development of more selective and
functional group tolerant synthetic methodologies will expand
the scope and utility of CtD as a drug discovery platform.
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