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Introduction

Small organic molecules can be powerful tools for impact-
ing biology and medicine, functioning as both thera-
peutics and as probes that help to illuminate the
macromolecules regulating biological processes [1°].
Yet, despite advances on many fronts, including the
ability of synthetic chemists to prepare libraries contain-
ing thousands of compounds efficiently, the ability to
make critical discoveries pertinent to disease remains a
slow and, arguably, serendipitous one [2°]. For instance,
high-throughput synthesis and screening of compound
collections through phenotypic or biochemical assays
often vyields disappointing results in terms of a paucity
of specific, useful compounds discovered, relative to the
high cost in time and resources expended [3°].

In large part, this state of affairs reflects the fact that we
simply do not understand all the factors necessary to
create compound collections that have potent and specific
biochemical activity. Commercial compound libraries, for
example, while readily available, suffer from low hit rates;

this result is in part because their members typically
possess low structural diversity and poor physicochemical
properties (often combined with reactive and undesirable
functional groups) since they are produced with an eye
towards overall quantity, rather than quality [3°]. Collec-
tions based on bioactive natural products, to some degree,
overcome the issue of low hit rates since the parent
structure has evolved over millennia for a specific bio-
chemical purpose [3°]; however, these natural product
collections less frequently lead to the discovery of activity
distinct from the parent compound, since they are typi-
cally the product of simple analog generation by mod-
ulating functional handles, rather than rationally altered
with an eye towards generating novel specificity [1°].
Consequently, solving the challenge of creating collec-
tions of unique, highly potent bioactive small molecules,
could dramatically accelerate the rate at which critical
biochemical discoveries are made, and ultimately, poten-
tially enable a number of diseases not only to be managed,
but also to be eradicated.

Here, we focus on one approach to this problem: creating
compound collections based on ‘privileged scaffolds,’
molecular frameworks, as first coined by Evans in the
late 1980s, are seemingly capable of serving as ligands for
a diverse array of receptors [4]. Though he was originally
referring to the benzodiazepine nucleus, which is thought
to be privileged because of its ability to structurally mimic
beta peptide turns [5], work over the past several decades
from both academic and industrial groups has revealed
that there are additional such scaffolds; a major challenge
is in accessing large number of a given privileged frame-
work [6°°]. In this review, we hope to accomplish three
main objectives: to provide one of the most comprehen-
sive listings of privileged scaffolds; to reveal through four
selected examples the present state of the art in privi-
leged scaffold library synthesis (in hopes of inspiring new
and even more creative approaches); and also to offer
some thoughts on how new privileged scaffolds might be
identified and exploited.

Privileged scaffolds

As revealed by a thorough search of the literature, the
term ‘privileged scaffold’ has been used fairly liberally
versus Evans’ original conception of the term, in that the
ability to bind multiple targets is less thoroughly
employed as a strict criterion for membership versus
the notion of multiple molecules of the same scaffold
having bioactivity. Such an expansion, in our opinion, is
reasonable since it allows for a more thorough evaluation
of the idea. We note, however, that because work with
such scaffolds has derived from multiple environments
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Table 1

Examples of privileged scaffolds in drugs and natural products

Privileged Scaffold Structures
Drugs

H
N
@:2 N

Indole

/
S

Medmain
Therap Cat: Serotonin inhibitor

Natural Products

H
Okaramine N

Source: Penicillium simplicissium
Biological Activity: Insecticidal activity

Drugs
OH
)
Z =
Quinaline Br

Broxyquinoline
Therap Cat: Antiseptic; disinfectant

Natural Products

Quinine
Source: Quina Bark
Biological Activity: Anti-malarial

Drugs
OMe

MeQ.
C e
N
P> N OMe
Isoquinoline
Papaverine

Therap Cat: Vasodilator
(cerebral)

Natural Products

Berberine
Source: Berberis and Mahcnia
Biological Activity: Causes Respiratory
stimulation, transient hypotension, and
convulsion. Cholinesterase and
tyrosine decarboxylase inhibitor.

HN i
Qiﬁm
MeO K/N
MeO \©

Oxypertine
Therap Cat: Antidepressant

OH

H
N N
AL
0]
Nostodione A

Source: The terrestrial blue-green algae
Nosteccommune

Biological Activity: Mitotic spindle posion

COH

Brequinar
Therap Cat: Immunosuppressant

Camptothecin
Source: The Chinese tree Camptotheca
acuminata Decne
Biological Activity: Anti-cancer activity

|
I
o)

=N
=

Dimethisoquin
Therap Cat: Anesthetic (topical)

10
o T
MeO Fh

@
MeO

Chelerythrine
Source: The plant Greater celandine,
Chelidonium majus

Biological Activity: Potent protein kinase C

inhibitor.

HO\O

=
S\
HO™ Y N~

Psilocybin
Therap Cat: Psychomimetic

Vinblastine
Source: Leaves of Madagascar periwinkle
plant (Cantharanthus roseus)

Biological Activity: Anticancer agent; causes
apoptosis by stopping spindle formation
during mitosis

] N,

HN N/\
OHI\
Amodiaquin

Therap Cat: Antimalarial

NH,

Njaoamine F
Source: Neopetrosia
Biological Activity: Cytotoxic

98¢
o

\/O XN
/\o -
Ethaverine

Therap Cat: Antispasmodic

Liriodenine
Source: The tulip tree Liriodendron tulipifera
Biological Activity: Leishmanicidal activity.
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Table 1 (Continued)

Privileged Scaffold Structures
Drugs A
H oy 0 0 0
N NS )J\/\/\ 1 )
P a L NN NN
N “ 2 |
N HaN7 N7 TN A 7 A 4
Purine 7 OFNTTN 0ZNTTN
Q\/OH ! ! OH
Abacavir Pentoxifyilline Cafaminol
Therap Cat: Antiviral (HIV) Therap Cat: Hemorheologic agent Therap Cat: Decongestant (nasal)
Natural Products
0 | NH; NH; ;
~ N ~ N N
N N7 N%
:ji % L 50 o oleyd
o} T N o rr N 07 >N" N
|
Caffeine 1,3 Dimethylisoguanine 3,7 Dimethylisoguanine

Source: Coffee beans, tea leaves
Biological Activity: Stimulant

Source: Amphimedon viridis
Biological Activity: Cytoxic to human
ovarian cancer cells

Source: Agelas longissima

Biological Activity: Antibacterial

Drugs
S
Oy H, : Br
N N N7 N H H
5 N N CO,H N N N N\
/ T S0 ey
N NZCOosH N N N7
Quinoxaline
Quinacillin Varenicline Brimonidine
Therap Cat: Antibacterial Therap Cat: Aid in smoking cessation Therap Cat: Antiglaucoma
COzH
Natural Products N oH
®
P
Ny N N7
[N
f;f R
N (0]
' COH A0~ %n
Pyocyanine 6,6"(1,2-dimethyl-1,2ethanediyl)bis CNB-253
Source: Pseudomonas aeruginosa [1-phenazinecarboxylic acid] Source: Streptomyces
Biological Activity: Antibiotic activity against Source: Streptomyces. Biological Activity: Antibacterial
Gram-positive and Gram-negative Biological Activity: Phosphodiesterase
bacteria, fungi, and protozoa inhibitor

Drugs
o]
N
S N
NH Y = ] /©
L AL et 3
N
N
I o s
Quinazolinone HoN \N
Etaqualone Mecloqualone Nolatrexed
Therap Cat: Sedative; hypnotic Therap Cat: Sedative; hypnotic Therap Cat: Antineoplastic
Natural Products \|/
o NMeO L o
\j)\ NH MeO.
N N
N
P \:/&o P (o)
N o ¢ N o N
o N—CONH,
Tryptanthrin Aurantiamide A (-)-Circumdatin H
Source: Various plant sources Source: Penicillium aurantiogriseum Source: The fungus Aspergillus
Biological Activity: Active against African Biological Activity: Cytotoxic to tumor cell lines ochraceus

trypanosomes Biological Activity: Inhibits mitochondrial

respiratory chain
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Table 1 (Continued)

Privileged Scaffold Structures
Drugs

qe) SIS
OH

Tetrahydroisoquinoline
Hydrastinine

Therap Cat: Hemostatic

Natural Products

Saframycin R
Source: Streptomyces lavendulae
Biological Activity: Anti-tumor agent

Drugs

¢ ]
) YO
(o]
N N
H 0)\l/CI
Tetrahydroquinoline

Quinfamide  ©!
Therap Cat: Antiamebic

Natural Products

cl
N N—ome

H

Virantmycin
Source: Streptomyces nitrosporeus
Biological Activity: Inhibits growth of DNA

and RNA viruses and has weak
anti-fungal activity

Drugs

o e

Benzoxazole Zoxazolamine

Therap Cat: Muscle relaxant (skeletal);
uricosuric

Natural Products
CO,H

\_/ "

Antibiotic A 16886A
Source: Streptomyces
Biological Activity: Active against
gram-positive bacteria
and viruses

Cephaeline
Therap Cat: Emetic; antiamebic

OMe

Dioncophylline B
Source: Triphophyllum peltatum
(Dioncophyllaceae)
Biological Activity: Activity against
P. falciparum, Leishmania, and
Trypanosoma

FaC CFs

(o]
MeOJ\ N
FiC

N
A~
Torcetrapib

Therap Cat: Antilipemic;

antiatherosclerotic

OMe

N7
H
0% 0H

Helquinoline
Source: Janibacter limosus
Biological Activity: Antibiotic

0
E < > §
\ND\TCOQH

Flunoxaprofen

Therap Cat: Anti-inflammatroy

Pseudopteroxazole
Source: West Indian gorgian coral
Pseudoterogoria
Biological Activity: Anti-tuberculosis
activity

Debrisoquin

Therap Cat:Antihypertensive

Ecteinascidin 743
Source: The tunicate Ecteinascidia
turbinata

Biological Activity: Anti-tumor agent

Argatroban
Therap Cat: Antithrombotic

HaNOC cl
N N—ome

H
Benzastatin C
Source: Streptomyces nitrosporeous
Biological Activity: Inhibitatory activity against
glutamate toxicity and lipid peroxidation

0
o
N CO,H

Benoxaprofen
Therap Cat: Anti-inflammatory; analgestic

; NHMe

COH

Antibiotic A23187
Source: Streptomyces chartreusis
Biological Activity: Antibiotic
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Table 1 (Continued)

Privileged Scaffold Structures

Drugs
oy, A y
V4 N’Y\O
Benzofuran H OH o o) 0 NH
4 7" o
Befunolol Buturalol Oxetorone
Therap Cat: Antiglaucoma Therap Cat: Antianginal; Therap Cat: Analgesic (specific in migraine)
antihypertensive
Natural Products COH
OH
MeQO Vi OH
S Q
HO Q 4 o o P OH p
o OH
HO
Eupomatenoid-5 Cnidioside A Cacalol
Source: Piper regnellii Source: Leaves of Peucedanum Source: Psacalium decompositum
Biological Activity: Anti-fungal activity japonicum Thunb Biological Activity: Anti-inflammatory activity
Biological Activity: Anti-oxidant activity

Drugs

jo®s
CN . OH

(jo

o

3,3-dimethylbenzopyran

Nabilone Levcromakalim Centchroman
Therap Cat: Antiemetic Therap Cat: Antihypertensive Therap Cat: Oral contraceptive
Natural Products
O OMe
I N I o]
| X
Metachromin T Phaseolin Acronycine
Source: Spongia sp. Source: The bean Phaseolus vulgaris Source:Acronychia baueri
Biological Activity: Cytotoxic Biological Activity: Anti-fungal agent Biological Activity: Antieoplastic agent
0. .0
O’\/ HO,C._ O o _COH
2 | |
OH
| o D\)\/O o
o o
Chromone Efloxate Flavoxate Cromolyn
Therap Cat: Vasodilator (coronary) Therap Cat: Antispasmodic Therap Cat: Antiasthmatic; antiallergic
Natural Products
Tricin Hormothamnione Cissampelflavone
Source: Wikstremia indica Source: The marine cryptophye Source: Cissampelos pareira
Biological Activity: Anti-leukemic agent Crsophaeum talyori Biological Activity: Active against African
Biological Activity: Anticancer agent trypanosomes
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Table 1 (Continued)

Privileged Scaffold

Structures
Drugs
0.0 NO,
L
CCL 5
(oo} 5
Coumarin

Acenocoumarol
Therap Cat: Anticoagulant

Natural Products

Visnadin
Source: Fruits of Ammi visnaga
and Phlododicarpus
Biological Activity: Blocks calcium

channels

Drugs

HO OH
HO.

? ”Oé&,
Ho OH
HO’ OH

NH2
OH Glucosamine

Carbohydrate Therap Cat: Antiarthritic

Natural Products

OH
HO 0 OH
HoM Ho HOZBZZOH,
HO o o 2
HzN NH;

Kanamycin A
Source: Streptomyces Griseus
Biological Activity: Antibiotic

; 3
Steroid Fluocinolone Acetonide
Therap Cat: Glucocorticoid;
anti-inflammatory

Natural Products

Guggulstercne
Source: Gum resin of the tree

Commiphoa mukul
Biological Activity: Anti-arthritic activity
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HO. 0. o]
HO 7
N
N
Folescutol

Therap Cat: Capillary protectant

=

(e) [exie]

oSN

Suksdorfin

Source: Lomatium suksdorfii
Biological Activity: Anti-HIV agent

NH;
HOO i HoN
H
Ho ol H OH
N NH,
o]
HOX @
MeHNOH
Isepamicin

Therap Cat: Antibacterial

N OH

SO Ne
o
o]
4 1
HO HO' OH

OH
OH

Amarogentin
Source: Upper parts of Sweria chirata

(Loganiaceae)
Biological Activity: Leishmanicidal activity

Pregnan-3 alpha-ol-20-one
Therap Cat: Anesthetic (local)

Squalamine

Source: Dogfish shark, Squalus acanthias

Biological Activity: Originally antibiotic activity,
used in treatment of ovarian cancer

0
oo 0._.0

= r(\
Chromonar
Therap Cat: Vasodilator (coronary)
OH OH
O = = O
Q" T00” "0
Dicoumarol

Source: Isolated from spoiled hay
Biological Activity: Anticoagulant

OH o
. cl
HO O o-RoNH ™
Ho HN
OH l

. Cl
Glufosfamide

Therap Cat: Antieoplastic

Erythromycin

Source: Saccharopolyspora erythraea

Biological Activity: Antibiotic

Quinbolone
Therap Cat: Anabolic

N-desmethyl-holacurtine

Source: Leaves of Holarrhena curtisii
Biological Activity: Leishmanicidal activity
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Table 1 (Continued)

Privileged Scaffold Structures
Drugs
o o
2 ""\:-:/\-/:LOMe
-"\/\/\)L
OH e @
Ck,v\/\/ HO ws o

Prostanoic acid Enprostil

Therap Cat: Antiulcerative,
anti-secretory agent

Natural Products

Prostaglandin E1
Source: Various mammalian sources

Biological Activity: V ipheral)

and from scientists with different emphases, no exhaus-
tive listing of privileged scaffolds has yet been assembled.

Tables 1-4 attempt to provide such a listing. Their
members were selected by identifying privileged scaf-
folds from the perspective of both molecules created e
novo, which are now drugs, largely from the pharmaceu-
tical industry, as well as compounds provided by nature in
the form of natural products that either are, or have served
as inspiration for, pharmaceuticals. Critical in our evalu-
ation of natural-product-based architectures was that they
have phylogenetically diverse origins, as such ubiquity
might suggest an evolutionary driving force to generate a
particular arrangement of atoms.

As can be discerned after study of these tables, there is a
remarkable overlap between structures of both classes, as
the vast majority of scaffolds have members from both
groups. This outcome may not be so surprising in the
sense that nature often will repeat itself once it has found
a suitable solution to a particular biochemical problem,
and, of course, the macromolecular structures in living
systems have a high level of non-random patterning.
Interestingly, there are a few examples of molecules that
chemists have fashioned, but for which analogs are typi-
cally not obtained from a natural source (Table 2). Yet, as
noted above, identifying privileged scaffolds is one mat-
ter; preparing collections of them is the more relevant
concern that we now address.

Library synthesis

We start with what has become a classic contribution in
library construction that of a collection of 1,4-benzodia-
zapenes created in the early 1990s by Ellman and col-
leagues [7]. As shown in Scheme 1, these researchers

Biological Activity: Oxytocic; abortifacient

Latanoprost
Therap Cat: Antiglaucoma

Rioprostil
Therap Cat: Antiulcerative

Prostaglandin E2
Source: Various mammalian sources

Prostaglandin D2
Source: Various mammalian sources
Biological Activity: Neuromodulator

prepared a total of 192 members with 4 points of diversity,
including amide, acid, amine, phenol, and indole func-
tionalities, by combining 2-aminobenzophenones, amino
acids, and alkylating agents. Of note, the 2-aminobenzo-
phenones were attached to a solid pin support (Geysen’s
Pin apparatus) through an acid cleavable linker.

Biological studies of this compound collection began by
screening their binding capability to the cholecystokinin
(CCK) receptor A, a target with roles in gastrointestinal
cancer, neuroprotection, and satiety [8]. As an added
benefit, the binding assay for this target was amenable
to high-throughput testing. Ultimately, while many
library members had activity (verifying this scaffold as
a privileged one), these researchers found that benzo-
diazepines with D-tryptophan or L-tryptophan showed
particularly high receptor affinity. Subsequent phenoty-
pic screening of this subset of compounds led to the
identification of the pro-apoptotic benzodiazepine Bz-
423 [9], which was reported to induce the production
of mitochondrial superoxide. Ultimately, this work
prompted further study of the therapeutic potential of
the class as a whole.

One recent example of such a study was provided by Kim
and co-workers, who created a library of compounds
around the 1,4-pyrazolodiazepin-8-one structure (which
can be found in Table 4) with the goal of using these
diazepines to closely mimic the B-turn structure of a
number of peptides [10]. This scaffold allowed for intro-
ducing three points of diversification while still allowing
for compounds to maintain the necessary triangular geo-
metries of such peptide turns. It is important to note thata
number of privileged scaffolds possess structures thought
to have similar capabilities of mimicking the peptide
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Table 2

Examples of privileged scaffolds found primarily in drugs

Privileged Scaffold

Structures

% ok
N O\‘( ~
O«
o O

Camazepam

Therap Cat: Anxiolytic

Q0

N

A

Ipiperidine Butdipine
An Therap Cat: Antiparkinsonian

o

>

Benzodiazepine

50

Q QK\OH
(;J -

Arylpiperazine

Dropropizine
Therap Cat: Antitussive

s ()
HN
SR 0
Benzylpiperidine

Benzetimide
Therap Cat: Antiparkinsonian

HO s
(O

s (o]
v ¢
Benzothiophene C\Nfo

Raloxifene
Therap Cat: Antiosteoporotic

0

N
H

Dihydropyridines

Efenidipine
Therap Cat: Antihypertensive

H

Benzimidazole

Thiabendazole
Therap Cat: Antihelmintic

Biphenyltetrazole Therap Cat: Antihypertensive

0N
Nimetazepam
Therap Cat: Sedative, hypnotic

N,
HO o
Jd
Hydroxypethidine

Therap Cat: Analgesic (narcotic)

N F F
QAT
|
F COH
o

Fleroxacin
Therap Cat: Antibacterial

Donepezil
Therap Cat: Nootropic

Zileuton
Therap Cat: Antiasthmatic

Nimodipine
Therap Cat: Vasodilator (cerebral)

Clemizole
Therap Cat: Antihistaminic

Valsartan
Therap Cat: Antihypertensive

QzN
Flunitrazepam
Therap Cat: Hypnotic

N o™

Repaglinide
Therap Cat: Antidiabetic

|0

Mepiprazole
Therap Cat: Tranquilizer

Ifenprodil
Therap Cat: Vasodilator
(cerebral and peripheral)

(e
Q

0
HO' s

Arzoxifene
Therap Cat: Antineoplastic (hormonal)

Nifedipine
Therap Cat: Antianginal;
antihypertensive

Noo
Crird -
N
-2
Q —\_\
Rabeprazole OMe
Therap Cat: Antiulcerative

N N
‘}—O/_ N
N N
COH O O

Candesartan
Therap Cat: Antihypertensive. In
treatment of congestive heart
failure.
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Table 3

Examples of privileged scaffolds in natural products

Privileged Scaffold Structures
O H s_
HY R HQ —cn P HQ —co,Me
e Cr$ joes
N N
H H Br H
3-substituted-3-hydroxy-2 3-(R)-maremycin B (R})-(+)-3-cyanomethyl-3-hydroxindole (R)-convolutamydine A
-oxindole Source: Terrestrial Streptomyces Source: Rheum maximowiczii Source: Amathia Convoluta (maine
Biological Activity: Cytotoxic Biological Activity: Activation/inhibition bryozoan)
of specific cytokines. Biological Activity: Inhibits diffentiation
promyelocytic leukimia cells HL-60.
o]
(o]
(o]
o]
HO
Helenalin Parthenin Chinensiolide B
5-7-5 lactone ring system Source: Amnica montana and Source: Arnica montana Source: Ixeris chinensis Nakai
Arnica chamissonis Biological Activity: anti-Leishmanial and
Biological Activity: anti-inflammatory, Trypanosomal activity

inhibits the activation of the transcription
factor NF-kB

HO—, OH
—Q O
6,6-spiroacetal <:),

B \)—-0OH
&H HN
OH
Spiket-P Integramycin Routiennocin
Source: Spongistatins Source: Actinoplanes Source: Streptomyces routienni

Biological Activity: Antimitotic Biological Activity: HIV-1 integrase inhibitor Biological Activity: In vitro activity against
gram positive and anaerobic bacteria

Table 4

Other examples of privileged scaffolds

Ar

e}
2 o] O HN A
NN A= a L nere R Y B g
LK / o RO X e )
RIVONTEX N H RINA R 1l
H R2
Dihydropyrimidone Indolizine Biphenyl Triazaspirodecanone N-Acylhydrazone Pyrrolinone
[X=SorQ]
N N
x =
o R R Rg J_ =0 N =R Nr-/
HO R3 N ) g
N o} N/
H ﬁl o) X H & m
NR?
Hydroxyamate trans-Lactam/Lactone Hexahydroisoindole Benzimidazolone Indoline 2-Arylbenzothiazole Imidazolequinoxaline
[X=NorQ]
H
N 2 o o
NN A N0
— ik RS
D_NHR R-N ) R SR RN =
N-N N W\( "0 =
R2 S
Spiroindanylpiperidine Aminopyridazine 1,4-Pyrazolodiazepin-8-one Rhodanine Pyranopyridone Pyranoquinolone
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Scheme 1 Scheme 2
0 NHFmoc Linker
2 5 " 3 OMeO OMe
\\ NHFmoc RaNH R
(Lo oo S 4.9 o
support ab support Qo OMe Qo OMe OMe
— =7, 6 7
=
R'<— |
\; cl Cl
N
O e, 00
| >
a,cl F/"\N/ N> —> FJ\N/ N SiMes
H \_O
H 9
R2 N O cl
[\\ = o
d i ’_O Me /—O—OMQ
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Synthesis of 1,4-benzodiazepine library.

backbone; these include N-acylhydrazones [11], pyrroli-
nones [12], and the hydroxyamates [13], all of whose
structures are also listed in Table 4.

Our second entry comes from Schultz and colleagues,
who sought to target the purine scaffold [14], arguably the
most abundant N-based heterocycle in nature [15]. The
possibility that purines should have a privileged status
seems intuitive, given their involvement in a vast array of
metabolic and other cellular processes. Indeed, in the
yeast genome, it is estimated that 10% of the encoded
proteins are dependent on purine-containing compounds
to carry out their function [14]. Specific domains that
purines bind to include P-loop containing N'T'P hydro-
lases (the 4th most frequent domain in human genome
database), protein kinases (the 5th most common
domain), and actin-like domains [16°].

The goal of the Schultz group’s efforts was to identify
purine-based compounds that could modulate the activity
of cyclin dependent kinases (CDKs) and, ultimately,
human leukemic cell growth, given the essential role
of CDKs in regulating the cell cycle. In particular, they
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Reagents and conditions: (a) p-methoxybenzylamine, NaBH(OAc)z;, AcOH
(2%), DMF, 25 °C; (b) SEM-CI (1.2 eq), DIEA, DMF, 0—>25 °C; (c) DIEA, n-
BuOH-DMSO (1:1), 7; (d) TBAF (0.25 M), THF, 60 °C; (e) -PrOH (0.5 M),
DIAD (0.5 M), PhaP (1.0 M), THF/CH,CI, (1/1); (f) 3-amino-1-propanol,
DIEA, N-methylpyrrolidinone, 110 °C; (g) TFA-H,O (95:5), 25 °C.

Solid-phase synthesis of 2,6,9-substituted purine library.

wanted to identify a small molecule that could interact
with CDKs adenosine triphosphate (ATP) binding site
[17]. Previous efforts from other groups using both pur-
ines and non-purines had been directed towards the same
goal, and some leads had been generated; however, no
compound had the desired efficacy and selectivity. Thus,
the strategy of Schultz and co-workers was to identify
synthetic pathways that allowed diversification at not just
one position on the purine core as most earlier efforts had
done, but concurrently on the 2-positions, 6-positions,
and 9-positions, with the goal of increasing specificity.

Their initial synthetic approach is shown in Scheme 2,
based on using solid-phase chemistry and immobilizing a 2-
fluoro-substituted purine at the 6-position. Key to this
achievement, given the starting material, was the use of
a trimethylsilylethoxymethyl (SEM) group at N-9 position
to enhance the electrophilicity at the desired attachment
point. Subsequent Mitsunobu alkylations and aminations
introduced diversity the 9-positions and 2-positions,
respectively. To obtain functionalization at the 6-position,
aswell as toachieve improved substitution at C-2 (since the
solid-phase approach allowed only small amine reactants),
two solution-phase routes were also devised. As shown in
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Two alternative solution-phase routes for purine library synthesis.

Scheme 3, the first of these routes (Route I) involved the
sequential functionalization of 2-amino-chloropurine at
the 9-positions, Z-positions, and 6-positions, while the
second route (Route II) started with 2-fluoro-6-chloropur-
ine (the same starting material as in the solid-phase
approach) and used Mitsunobu alkylations at the 9-position
followed by aminations at C-6. The remaining fluorine at
C-2 was then employed to attach both primary and sec-
ondary amines. Though most of these reactions are con-
ventional, the combination of both solution and solid-
phase approaches was particularly effective.

Biological testing of these compounds revealed several
materials that induced specific cell-cycle arrests. For
instance, purvalanol A, and aminopurvalanol were
shown to cause arrest in G2, while compound 52 brought
about arrest in M-phase, and compound 212 resulted in
apoptosis [14]. One inhibitor of CDK2, purvalanol B, had

an ICsy of 6 nm, and was further investigated through
high-resolution structural approaches and shown to fit
snuggly within the target protein’s ATP-binding site
[17]. Screening of the purine collection in several other
assays provided many additional hit compounds. Among
these, several estrogen sulfotransferase (EST) inhibitors
with nanomolar potency were obtained; given the critical
role that sulfated molecules play in disease states, such as
breast cancer in the case of EST, these discoveries offer
hope for the future [18].

Our third entry in privileged scaffold library synthesis
comes from the industrial sector, namely the efforts by
scientists at Merck to use the 2-arylindole nucleus to search
for G-protein-coupled-receptor ligands [19]. The fact that
the indole-containing amino acid tryptophan serves as a
biosynthetic precursor for serotonin is a plausible expla-
nation for the serotonin receptor affinity [20°]. Unlike the
two previous examples, where distinct compound synthesis
was achieved, these researchers instead chose to prepare
combinatorial mixtures in an effort to create a vast indole
library containing tens of thousands of members in rela-
tively few synthetic operations. At the heart of their design
was the classic Fischer indole synthesis, which had pre-
viously been reported to work in the solid-phase format [21].

As indicated in Scheme 4, they first immobilized an
alkylaryl keto acid onto the sulfonamide resin, and then
effected cyclization with the requisite arylhydrazine to
generate the indole ring. In total, up to 400 unique
compounds were possible at this stage given the use of
20 different members of each building block. The resin so
produced was divided equally into 80 different pools,
where the sulfonamides were alkylated, via Mitsunobu
conditions, and displaced by 80 different amines; these
operations accounted for the preparation of up to 32 000
distinct materials. The resin was recombined, and then
separated into two pools, leading ultimately to 128 000
compounds through the separate generation of two new
libraries from each half of this material, one consisting of
amines and the other of amides.

As hoped, biological screening that followed these endea-
vors resulted in potent hits in several different GPCR
binding assays, including hits against neurokinin, chemo-
kine, and serotonin receptors. One of these hits, a high
affinity binder to human neurokinin-1 (kNK1), served as
a candidate for a new Merck chemistry program, in which
several rounds of medicinal chemistry led to a clinical
candidate [22].

Finally, we end with a more recent entry, one which
targeted the 2,2-dimethylbenzopyran motif found in hun-
dreds of natural products as a potentially new privileged
scaffold for drug discovery [23]. Rather than simply
functionalize a benzopyran core, the Nicolaou group at
The Scripps Research Institute instead developed a novel
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Synthesis of amide and amine-based 2-arylindole libraries.

chemical strategy that allowed for the systematic modi-
fication of the entire skeleton, creating a diverse collec-
tion that was able to mimic the rigidity of the heterocyclic
nucleus while also incorporating multiple aromatic rings
and function groups. The molecules produced were also
drug-like in that they typically possessed molecular
weights between 200 and 600 as well as 3—-6 heteroatoms
per compound.

As indicated in Scheme 5, the starting point for the library
was a group of nine aldehyde-containing compounds
that were immobilized on a novel phenylselenium resin
developed specifically for the library synthesis. Several
diversity-generating reactions, including organometallic
additions, reductive aminations, and Knoevenagel con-
densations onto the aldehyde functionality, led to
materials that were subsequently acylated or sulfonylated
to introduce further diversity. In addition, in an effort to
imitate the glycosides found in natural products, many
compounds containing alcohol and phenol groups were
further joined to carbohydrates.

Although there are several elements of this chemistry
leading to over 10000 distinct library members worth
further discussion, we will mention two here. First, the
cyclization sequence to cleave the material from the resin
provided traceless release, with no selenium by-products
detected in solution following several diagnostic assays;

Initial aldehyde scaffold for 3,3-dimethylbenzopyran library synthesis;
scheme illustrates key branching point where organometallic addition,
reductive amination and Knoevangel condensation can then occur.

this outcome was critical as selenium by-products were
envisioned to affect a number of biological assays during
screening efforts. Second, the library was encoded through
the Nanokans'™ optical encoding method, and was the
first published application of this technology. This method
uses small, plastic reaction vessels that hold individual
resin batches and are laser etched with a ceramic grid on
the exterior that can be optically read as each chemical
transformation is performed. Upon completion, the indi-
vidual Nanokans'™ were readily sorted and auto-concen-
trated into 96-well plates; as such, this system, coupled
with the robustness of the chemistry, allowed for the
preparation of the entire library in just eight days.

Hit rates from this compound collection proved to be high
in a variety of assays, with one of note being compounds
that inhibit hypoxic activation of reporter genes, as this is
critical to tumor physiology. One compound in particular,
103D5R, was a potent inhibitor of hypoxia-inducible
factor-1 (HIF-1), and has since undergone several rounds
of additional structure—activity relationship studies.

Future perspectives: identifying new
privileged scaffolds

Globally, what these four isolated examples hopefully
indicate is that the key to library construction within the
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privileged scaffold manifold is not just the development
of new technologies as well as reactions of broad scope,
but intelligent library design, taking into consideration
drug-like parameters, knowledge regarding activity of the
scaffold in biological assays, and effective screening tests.

The question we wish to end with is how does one
discover new privileged scaffolds? One recent approach
was undertaken by Fesik and co-workers, who attempted
to identify such novel scaffolds using NMR-based bind-
ing assays of over 10 000 compounds with 11 different
protein targets [24]. Intriguingly, most of the structures
identified were re-occurring elements in biologically
active compounds already known and considered as
privileged before the study [6°°]. This suggests a signifi-
cant fraction of privileged scaffolds may already be
known, at least within the realm of compounds whose
structures are known. However, future endeavors along
the lines of Fesik and colleagues may well lead to the
discovery of new privileged scaffolds. For instance, Hu
and co-workers recently conducted a systematic, com-
putational selectivity profile analysis of the BindingDB
database. This large-scale study explored the molecular
selectivity of bioactive compounds and found over 200
scaffolds which have selectivity in communities of clo-
sely related targets, some of which are potentially new
scaffolds [25].

Outside of these studies, given the number of possible
ways in which atoms can be combined into organic
structures, it is reasonable to expect that the currently
explored regions of chemical physical property space is

Figure 1

extremely low versus the full range of structural complex-
ity and properties that is possible [26]. Thus, it seems
highly probable that there are dozens of privileged scaf-
folds yet to be defined. The use of diversity-oriented
synthesis, a concept pioneered by Stuart Schreiber, is one
way to address this issue. In this manifold, novel mol-
ecules in terms of both structure and stereochemistry are
created in relatively short reaction sequences, typically no
more than 4 or 5 steps, by incorporating complexity-
building reactions (such as Diels—Alder cycloadditions
or Ugi multi-component coupling reactions). Additional
strategic approaches to achieve diversity include reagent-
based differentiation pathways [27°°], substrate-based
folding pathways [27°°], and the three-phase build/
couple/pair strategy [28°°], which are discussed in detail
in the cited references. With little question, this approach
facilitates the discovery of new, biologically useful struc-
tures and may allow for the identification of new privi-
leged scaffolds as data on particular skeletons are
collected.

A second possibility is to evaluate structural motifs that
have traditionally proven difficult to access, but which are
present in dozens of natural products. Such examples are
certainly more rare. For instance, Table 3 illustrates three
ubiquitous structures found in nature but which are not
currently found in marketed drugs. We offer here halo-
genated natural products such as those shown in Figure 1
as another salient example. Although there are hundreds
of such structures in nature, known to be formed by
haloperoxidase-induced cyclizations of polyene precur-
sors, synthetic methods for accessing these materials in
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the laboratory have proven difficult to identify [29°].
Thus, whether they are truly privileged or not remains
to be secen, as more thorough testing is needed and
synthesis has yet to deliver them broadly for such pur-
poses. Yet, given their prevalence in nature, finding such
methods would appear worthwhile.

What we can state with certainty is that we have not
reached saturation in terms of the number of possible
privileged scaffolds whose members can modulate bio-
logical systems. Hopefully in time much more will have
been accomplished in terms of their synthesis, screening,
and identification, with biomedical research advanced
significantly as a result.

Acknowledgements

Brent R Stockwell is an Early Career Scientist of the Howard Hughes
Medical Institute, and is supported by additional funding from the
Arnold and Mabel Beckman Foundation, NYSTAR and the National
Institutes of Health (RO1CA097061, RO1GMO085081, and
RC2CA148308). Scott A Snyder is an Eli Lilly Grantee, and is supported
by additional funding from the Research Corporation for Science
Advancement (Cottrell Scholar Award) as well as grants from the
National Institutes of Health (RO1GM84994) and the National Science
Foundation (CHE-0844593).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

-

Stockwell BR: Exploring biology with small organic molecules.
Nature 2004, 432:846-854.

2. Stockwell BR: Chemical genetics: ligand-based drug discovery
. of gene function. Nat Rev Genet 2000, 1:116-125.

3. Payne DJ, Gwynn MN, Holmes DJ, Pomplinano DL: Drugs for bad
e bugs: confronting the challenges of antibacterial discovery.

Nat Rev Drug Discov 2007, 6:29-40.

4. Evans BE, Rittle KE, Bock MG, DiPardo RM, Freidinger RM,
Whitter WL, Lundell GF, Veber DF, Anderson PS, Chang RSL et al.:
Methods for drug discovery: development of potent, selective,
orally effective cholecystokinin antagonists. J Med Chem 1988,
31:2235-2246.

5. Ripka WC, De Lucca GV, Bach AC I, Pottorf RS, Blaney JM:
Protein beta-turn mimetics. I. Design, synthesis, and
evaluation in model cyclic peptides. Tetrahedron 1993,
49:3593-3608.

6. DeSimone RW, Currie KS, Mitchell SA, Darrow JW, Pippin DA:

ee Privileged structures: applications in drug discovery. Comb
Chem High Throughput Screen 2004, 7:473-493.

This review provides an in depth analysis of the concept of privileged

structures as they relate to the discovery of therapeutic agents. It

illustrates several examples of privileged structures along with numerous

biologically active compounds containing each scaffold.

7. Bunin BA, Plunkett MJ, Ellman JA: The combinatorial synthesis
and chemical and biological evaluation of a 1,4-
benzodiazepine library. Proc Nat/ Acad Sci U S A 1994,
91:4708-4712.

8. Martin-Martinez M, Bartolome-Nebreda JM, Gomez-Monterry |G,
Gonzalez-Muniz R, Garcia-Lopez MT, Ballaz S, Barber A,
Fortuno A, Del Rio J, Herranz R: Synthesis and stereochemical
structure-activity relationships of 1,3-dioxoperhydropyride
[1,2¢c] pyrimidine derivatives: potent and selective
cholecystokinin-a receptor antagonists. J Med Chem 1997,
40:3402-3407.

9. Boitano A, Ellman JA, Glick GD, Opipari AW: The proapoptotic
benzodiazephine bz-423 affects the growth and survival of
malignant B cells. Cancer Res 2003, 63:6870-6876.

10. Le JY, Kim YC: Combinatorial library synthesis and biological
evaluation of pyrazolo[4,3-e][1,4]diazepine as a potential
privileged structure. Chem Med Chem 2009, 4:733-737.

11. Filho JM, Leite ACL, de Oliveria BG, Moreira DRM, Lima MS,
Soares MBP, Leite LF: Design, synthesis and cruzain docking of
3-(4-substituted-aryl)-1,2,4-oxadiazole-N-acylhydrazones as
anti-trypanosoma cruzi agents. Bioorg Med Chem 2009,
17:6682-6691.

12. Costantino L, Barlocco D: Privileged structures as leads in
medicinal chemistry. Curr Med Chem 2006, 13:65-85.

13. Muller G: Medicinal chemistry of target family-directed
masterkeys. Drug Discov Today 2003, 8:681-691.

14. Chang YT, Gray NS, Rosania GR, Sutherlin DP, Kwon S,
Norman TC, Sarohia R, Leost M, Meijer L, Schultz PG: Synthesis
and application of functionally diverse 2,6,9-trisubstituted
purine libraries as CDK inhibitors. Chem Biol 1999, 6:361-375.

15. Rosemeyer H: The chemodiversity of purine as a constituent of
natural products. Chem Biodiv 2004, 1:361-401.

16. Breinbauer R, Vetter IR, Waldmann H: From protein domains to

e drug candidates — natural products as guiding principles in
the design and synthesis of compound libraries. Angew Chem
Int Ed 2002, 41:2878-2890.

The authors discuss natural products as a biologically validated starting

point for library construction. They analyze rational library design in the

context of structural biology and bioinformatics.

17. Gray NS, Wodicka L, Thunnissen AW, Norman TC, Kwon S,
Espinoza FH, Morgan DO, Barnes G, LeClerc S, Meijer L et al.:
Exploiting chemical libraries, structure, and genomics in the
search for kinase inhibitors. Science 1998, 281:533-538.

18. Verdugo DE, Cancilla MT, Ge X, Gray NS, Chang YT, Schultz PG,
Negishi M, Leary JA, Bertozzi CR: Discovery of estrogen
sulfotransferase inhibitors from a purine library screen. J Med
Chem 2001, 44:2683-2686.

19. Wiloughby CA, Hutchins SM, Rosauer KG, Dhar MJ, Chapman KT,
Chicchi GG, Sadowski S, Weinberg DH, Patel S, Malkowitz L et al.:
Combinatorial synthesis of 3-(amidoalkyl) and 3-(aminoalkyl)-
2-arylindole derivatives: discovery of potent ligands for a
variety of G-protein coupled receptors. Bioorg Med Chem Lett
2002, 12:93-96.

20. Fraga CAM, Barreiro EJ, de Sa Alves FR: From nature to drug
. discovery: the indole scaffold as a ‘privileged structure’. Mini
Rev Med Chem 2009, 9:782-793.

21. Hutchins SM, Chapman KT: Fischer indole synthesis on a solid
support. Tetrahedron Lett 1996, 37:4869-4872.

22. Dinnell K, Chicchi GG, Dhar MJ, Elliott JM, Hollingwork GJ,
Kurtz MM, Ridgill MP, Rycroft W, Tsao K, Williams AR, Swain CJ:
2-Aryl indole NK1 receptor antagonists: optimization of the 2-
aryl ring and the indole nitrogen substituent. Bioorg Med Chem
Lett 2001, 11:1237-1240.

23. Nicolaou KC, Pfefferkorn JA, Mitchell HJ, Roecker, Batluenga AJ,
Cao GQ, Affleck RL, Lillig JE: Natural product-like combinatorial
libraries based on privileged structures. 2. Construction of
10 000 membered benzopyran library by direct split-and-pool
chemistry using nanokans and optical encoding. J Am Chem
Soc 2000, 122:9954-9967.

24. Hajduk PJ, Bures M, Praestgaard J, Fesik SW: Privileged
molecules for protein binding identified from NMR-based
screening. J Med Chem 2000, 43:3443-3447.

25. Hu Y, Wassermann AM, Lounkine E, Bajorath J: Systematic
analysis of public domain compound potency data identifies
selective molecular scaffolds across druggable target
families. J Med Chem 2010, 53:752-758.

26. Haggarty SJ: The principle of complementarity: chemical
versus biological space. Curr Opin Chem Biol 2005, 9:296-303.

27. Burke MD, Schreiber SL: A planning strategy for diversity
ee oriented synthesis. Angew Chem Int Ed 2004, 43:46-58.

Current Opinion in Chemical Biology 2010, 14:1-15

www.sciencedirect.com

Please cite this article in press as: Welsch ME, et al. Privileged scaffolds for library design and drug discovery, Curr Opin Chem Biol (2010), doi:10.1016/j.cbpa.2010.02.018



http://dx.doi.org/10.1016/j.cbpa.2010.02.018

COCHBI-733; NO. OF PAGES 15

Scaffolds for library design and drug discovery Welsch, Snyder and Stockwell 15

Comprehensive review on diversity-oriented synthesis, specifically
focusing on reagent-based differentiation and substrate folding path-
ways. It includes several examples of key diversity-generating strategies
and reactions.

28. Nielsen TE, Schreiber SL: Towards the optimal screening

ee collection: a synthesis strategy. Angew Chem Int Ed 2008,
47:48-56.

The authors discuss diversity-oriented synthesis using the three-phase

build/couple/pair strategy.

29. Snyder SA, Treitler DS: Et,SBreSbClIsBr: an effective reagent for
e direct, bromonium-induced polyene cyclizations. Angew Chem
Int Ed 2009, 48:7899-7903.

Additional References of Interest

30. Tan C, de Noronha RG, Roecker AJ, Pyrzynska B, Khwaja F,
Zhang Z, Zhang H, Teng Q, Nicholson AC, Giannakakou P et al.:
Identification of novel small-molecules inhibitor of the
hypoxia-inducible factor 1 pathway. Cancer Res 2005,
65:605-612.

31. Xiao X, Zhao C, Potash H, Nova MP: Combinatorial
chemistry with laser optical encoding. Angew Chem 1997,
109:799-801.

32. Lee ML, Schneider G: Scaffold architecture and
pharmacophoric properties of natural products and trade
drugs: application in the design of natural-product based
libraries. J Comb Chem 2001, 3:284-289.

33. Koehn FE, Carter GT: The evolving role of natural products in
e drug discovery. Nat Rev Drug Discov 2005, 4:206-220.
Discusses the decline of natural product research in the pharmaceutical
industry with emergence of high-throughput screening technology. Pro-
vides a forward thinking approach of how to efficiently integrate natural
products into the drug discovery process.

34. Schreiber SL: Target-oriented and diversity-oriented organic
ee synthesis in drug discovery. Science 2000, 287:1964-1969.

An excellent article comparing and contrasting target-oriented and diver-
sity-oriented synthesis. Provides an insightful analysis of both concepts
as ways to identify biologically active compounds.

35. Boldi AM: Libraries from natural product-like scaffolds. Curr
Opin Chem Biol 2004, 8:281-286.

36. Cordier C, Morton D, Murrison S, Nelson A, O’Leary-Steele C:

. Natural products as an inspiration in the diversity-oriented
synthesis of bioactive compound libraries. Nat Prod Rep 2008,
25:719-737.

An interesting review discussing how the chemical diversity and evolu-

tionary validity, make natural products a great source of inspiration for

diversity-oriented synthesis.

37. Tan DS: Diversity oriented synthesis: exploring intersections
e between chemistry and biology. Nat Chem Biol 2005, 1:74-84.

38. Duarte CD, Barreiro EJ, Fraga CAM: Privileged structures: a
useful concept for the rational design of new lead drug
candidates. Mini Rev Med Chem 2007, 7:1108-1119.

39. Ge X, Wakim B, Sem DS: Chemical proteomics-based drug
design: target and antitarget fishing with catechol-rhodanine
privileged scaffold for NAD(P)(H) binding proteins. J Med Chem
2008, 51:4571-4580.

40. Magedov IV, Manpadi M, Ogasawara MA, Dhawan AS, Rogelj S,
Van slambrouck S, Steelant WFA, Evdokimov NM, Uglinskii PY,
Elias EM et al.: Structural simplification of bioactive natural
products with multicomponent synthesis. 2. Antiproliferative
and antitubulin activities of pyrano[3,2-c]pyridones and
pyrano[3,2-c]quinolones. J Med Chem 2008, 51:2561-2570.

41. Masic LP, Tomasic T: Rhodanine as a privileged scaffold in drug
. discovery. Curr Med Chem 2009, 16:1596-1629.

42. Westwell AD, Weekes AA: 2-Arylbenzothiazole a privileged
e scaffold in drug discovery. Curr Med Chem 2009, 16:2430-2440.

43. An H, Eum SJ, Koh M, Lee SK, Park SB: Diversity-oriented
synthesis of a privileged benzopyranyl heterocycles from s-
cis-enones. J Org Chem 2008, 73:1752-1761.

44. Poondra RR, Kumar NN, Bijian K, Prakesch M, Campagna-
Slater V, Reayi A, Reddy PT, Choudhry A, Barnes ML, Leek DM
et al.: Discovery of indoline, natural-product-like compounds
as probes of focal adhesion kinase signaling pathways. J
Comb Chem 2009, 11:303-309.

45. Beghyn T, Deprez-Poulain R, Willand N, Folleas B, Deprez B:
. Natural compounds: leads or ideas? Bioinspired molecules for
drug discovery. Chem Biol Drug Des 2008, 72:3-15.

www.sciencedirect.com

Current Opinion in Chemical Biology 2010, 14:1-15

Please cite this article in press as: Welsch ME, et al. Privileged scaffolds for library design and drug discovery, Curr Opin Chem Biol (2010), doi:10.1016/j.cbpa.2010.02.018



http://dx.doi.org/10.1016/j.cbpa.2010.02.018

	Privileged scaffolds for library design and drug discovery
	Introduction
	Privileged scaffolds
	Library synthesis
	Future perspectives: identifying new privileged scaffolds
	References and recommended reading
	Acknowledgements


