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The Game with the Large Numbers

Variation of a Lead Structure: Small Changes with Big Effects
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A Lottery for Medicinal Chemist




What i1s Chemical Libraries ?

A collection of stored small molecules usually used
ultimately in high-throughput screening.

Each chemical has associated information stored in some kind of
database with information such as the chemical structure, purity,
guantity, and physiochemical characteristics of the compound.

High Throughput Screening & Combinatorial Chemistry

-

From Wikipedia



Chemical Libraries & Two main approaches in “Lead generation”
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What i1s Chemical Genetic ?

The study of biological systems using small molecule intervention,
instead of only genetic intervention

Forward Genetics (i) random mutations - discover gene

henotype —> gene normal (i) select phenotype different responsible for
P bacterial cell cell morphology  desired phenotype
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Forward Chemical Genetics

» Goal is target identification
» A wide variety of small molecules is screened in “black box assays”
» Those that cause a specific phenotype of interest

are used to isolate and identify the protein target
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Reverse Chemical Genetics
(Target Validation)

» Goal is target function and validation

« Use a known protein of unknown function

« Screen for compounds that bind to the protein
» Optimize for selectivity rather than potency

Ty,

Find ligand for protein of interest
Optimize for selectivity
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Requirements for Chemical Genetics

1st: A number of small molecules
- Combinatorial Chemistry based on TOS (Target-Oriented Synthesis), or
DOS (Diversity-Oriented Synthesis)

25t Proteins
- For forward chemical genetics, the identification of the
small molecule-protein partner is a longstanding challenge

3st: Biological Assays
- To recognize and characterize the small molecule-protein
interaction



What i1s Chemical Libraries ?

An important source in Drug Discovery

From Wikipedia



Research Trends in Chemical Libraries...
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MICAD is a key component of the NIH Rozdmag; it is developed by the National Center for
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855 agents currently listed. Latest update: August 02, 2010.
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Sources for Chemical Library
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Types of Library -01

Generic library

Targeted / Biased library

Focussed library

Chemistry

3D-QSAR Model
Pharmacophore

Number of Compounds and / or Coverage of

Physicochemical Properties

Figure 13.1. Library design depending on knowledge aboul biological targets and analogues.



Types of Library -02

Random Libraries

multiple libraries

many targets
highly diverse

mixtures

> 5.000 compounds

solid phase synthesis
non-purified compounds

on bead screening, if possible

Focused or targeted Libraries

Template- scaffold library
one target
high structural similarity

single compounds

<< 5,000 compounds

synthesis in solution, solid phase
pure compounds

screening in solution



Types of Library Synthesis

« Combinatorial Synthesis
The Game with the Large Numbers

e Diversity Oriented Synthesis

e Biology Oriented Synthesis



Combinatorial Synthesis

A+ B —— % AB (A)
Atn  + B A1-0B1n or (E)

A N B1 A1Bs Ai1B2 — Ai1Bn

An — Bn A;E1 Ar:Bz ------ -AnBn

Figure 1.2, {A) In general, in a conventional synthesis one starting material A reacts with one reagent B
resulting in one product AB. (B) In a combinatorial synthesis different building blocks of type A {Al-An)
are treated simultaneously with different building blocks of type B (B1-Bn) according to combinatorial
principles, 1.e. each starting material A reacts separately with all reagents B resulting in a combinatorial
library Al-nB1-n.



Principles of
Combinatorial Chemistry

The basic principle of combinatorial chemistry is to prepare
a large number of different compounds at the same time

Instead of synthesizing compounds in a conventional one-
at-a-time manner.

The characteristic of combinatorial synthesis is that different
compounds are generated simultaneously under identical
reaction conditions in a systematic manner, so that ideally
the products of all possible combinations of a given set of
starting materials (termed building blocks) will be obtained
at once

The collection of these finally synthesized compounds is
referred to as a combinatorial library.



Types of Library Synthesis
* Diversity Oriented Synthesis

\'E

Aims of Diversity Oriented Synthesis

Diversity oriented synthesis aims at building structurally complex, diverse archi-
tectures in a high-throughput manner [5]. This strategy emerged because of the
growing need to access diverse and often natural product-like skeletons that could
be further utilized in library generation. Unlike combinatorial synthetic approaches
that were often focused on the generation of aromatic and heterocyclic compound
libraries, the establishment of three-dimensional structural complexity by explor-
ing stereo- and enantio-selective reactions on a solid phase is one of the main
characteristics of DOS (Box3.1). The libraries generated by DOS are meant to
provide small-molecule chemical probes for the study of cellular processes and are
not biased by a given biological target.




 Concept of Diversity Oriented Synthesis

(a) Diversity-Oriented Synthesis (DOS)
Diverse
>Target
Structures
Simple & Forward Synthetic\ GComplex & 2 building blocks
. P e b) functional groups
Similar Analysis Diverse c) stereochemistry

d) branching reaction
pathways



* Diversity Oriented Synthesis

(a) Appending or Building Block Diversity
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e Diversity Oriented Synthesis

(b) Sterochemical Diversity
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e Diversity Oriented Synthesis

(C) Skeletal Diversity
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« DOS Based Library Synthesis and
Evaluation

; —Q red. amination

;Pr\

;’Pr’ 3 steps \/\Of)\"/ \@V

23 24

f r

Phi(OAc),

Br.
Pd(PPh;)4

O~ S"“rPr
r‘Pr

elaboration ll

Op— imine formation

stereoselective o ‘

O!,r,.,“‘
Br o - additions MeO
Mitsunobu
- RO N O. Si /\/\@ Nie
1 - -~ I\ o
_4 Ry Pe Py )
acylation, alkylation Galanthamine

28




« DOS Based Library Synthesis and
Evaluation

secramine

plasma

Golgi membrane

Figure 3.3 Discovery of
Secramine, a galanthamine-
like molecule that perturbs
protein trafficking. (Reprinted

VSVG-GFP arrested Control: VSVG-GFP
in Golgi apparatur at plasma membrane;
by 15-secramine no compound

B = VSVG-GFP: A marker of protein trafficking




Considerations in DOS-Library Design

The reaction evaluation (a new synthetic route & innovative scaffold).
A new scaffold must be synthetically accessible thru a novel, elegant route
It must be evaluated that building blocks are compatible with particular synthetic scheme.

The library uniqueness evaluation
Every new compound is unique

There is a higher probability of finding a given biological activity in clusters of similar
molecules where activity has been already detected than dissimilar ones.

The library diversity evaluation

To design a generic library for lead finding, the consideration of two very similar
compounds does not enhance the ability to find different types of biological activity.

This concept is the key motivating factor for the design of optimally diverse compound
libraries (J. Biomol. Screen. 1996, 23, 3-25.)

The library itself must exhibit a wide coverage of the physico-chemical property space.
Consider diversity, representativity, complementarity.

The reactant/product diversity evaluation
Use diversity-based selection on reactants

The most diverse library will be obtained by a pure diversity selection on the full product
matrix.

Sometimes it is not very practical, as the combinatorial scheme is violated.



Types of Library Synthesis
« Biology Oriented Synthesis (BIOS)

Aims of Biology Oriented Synthesis

BIOS takes the structures of natural products, and often other small molecules
with proven biological relevance, as the basis for design and hypothesis generation.
The frameworks of inherently biologically relevant molecules are characterized by
an extra element of quality and relevance of the libraries to be synthesized. The
concept of BIOS on the one hand originated from the insight that, during the

evolution of proteins, only a small fraction of all possible amino acid combinations

that could have been probed by biosynthesis [13] was actually explored by nature.

The three-dimensional folds of proteins (which typically are the targets for natural
products and other biocactive molecules) have been shown to be even more
conserved during evolution than their underlying sequence since similar three-
dimensional structures can be formed by different amino acid sequences [14]. On
the other hand, this structural conservatism in the protein world is paralleled by
a relatively small number of basic natural products classes. These complementary
elements of conservatism in bioactive small molecules (natural products and other
bioactive molecules) and their targets, that is proteins, were merged [15] into a
new concept for library synthesis, termed BIOS (Box 3.3).



The Similarity Principle

‘Similarity Principle’ Formulated by Johnson & Maggiora in 1990. (Maggiora, G. M.;
Johnson, M.A. Concepts and Applications of Molecular Similarity, Wiley, New York, 1990,
pp99-117.)

Structurally similar molecules are assumed to have similar physico-chemical & biological
properties.

This principle leads to the design & evaluation of compound libraries spanning a wide
range of chemical & biological properties and to the prediction of target properties for new
molecules using known values for similar compounds.

The use of very similar molecules for primary screening does not enhance the probability
to find different types of biological activities, while using dissimilar molecules should
enhance the probability for finding interesting leads on different targets.

Similarity radius: compounds within this radius of another molecule were shown to have
comparable biological properties.

Taking a large variety of compounds within an initial virtual library, an optimal procedure
would select only dissimilar compounds outside this similarity radius, leading to a more
diverse subset, which increases the probability of finding lead.



 Concept of Biology Oriented Synthesis (BIOS)

Key hypothesis = Similar proteins bind Similar ligands

PSSC

Protein Cluster: a group of proteins
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« BIOS Based Library Synthesis and
Evaluation

a. The target of Dysidiolide = Cdc25A
b. Protein structure similarity clustering with Cdc25A
c. ldentifying 11-beta-HSD and AChE

Cdc25A and 11-B-Hydroxysteroid-Dehydrogenase Acetylcholine Esterase and Cdc25A phopshatase

Dysidiolide

Cdc25A and 11-B-HSD: 80 Residues OH
RMSD 4.13 A Cdc25A:9.4 uM
Sequence identity 5.0%

AchE and Cdc25A prteins:49 Residues
RMSD 2.74 A,
| Sequence identity 8.2%



« BIOS Based Library Synthesis and
Evaluation
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Figure 3.4 (a) Synthesis of 2- and 3-substituted furans and
v-hydroxybutenolides and (b) synthesis of 5-substituted
butenolides and bisbutenolides.



BIOS Based Library Synthesis and
Evaluation

| Dysidiolide

. ; OH
Cdc25A and 11-8-HSD: 80 Resldues AchE and Cdc25A proteins:49 Residues
RMSD 4.13 A Cdc25A:9.4 uM RMSD 2.74 A,
Sequence identity 5.0% l Sequence identity 8.2%

Library of analogues

e
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Cdc25A: 0.35 u Cdc25A: 45 WM Cdc26A: 1.8 ph
AChE: >20 ul AGhE: >20 uM AchE: >20uM
11BHSD1: 14 uM 11BHSD1: 10 p 11BHSDA: 19 u
11BHSD2: 85 1M 11BHSD2: 6.7 ulvl

11BHSD2: 2.4 M
Figure 3.5 Application of BIOS for targeting protein cluster with common ligands.

Discovery of the new type of ligand



Synthetic Methodology for Library
Construction

» Solid-Phase Organic Synthesis
The compound library have been synthesized

on solid phase such as resin bead, pins, or chips

» Solution-Phase Organic Synthesis
The compound library have been synthesized

In solvent in the reaction flask



Solid phase synthesis techniques

1. Overview

- Introduction

- Resins & Linkers
- Protecting groups
- Building blocks

2. Practical Synthesis
- Peptide
- Oligonucleotide
- Small molecule



Introduction

What is a solid phase organic synthesis?

Organic reactions carried out on substrates
that are covalently attached to a polymeric support

Advantages of solid phase versus solution phase synthesis?

- Synthetic intermediates don’t have to be isolated

- The excess reagents are just washed away each step
- It is often quicker and easier than solution phase

- The process can easily be automated using robots
Solid phase synthesis

[Reagent] Filter

linker—[Substrate] —————— O—Iinker—[Product] + [Reagent] —— > linker—[Product]
vs Solution phase synthesis
[Reagent] Purification

[Substrate] ———— [Product] + [Reagent] — = [Product]



Resin

What Is aresin?

- The polymeric backbone that synthesis is performed on
- Different resins have different swelling properties

1. Polystyrene (PS): (cheap!): Swells in non-polar solvents

2. Polyethylene glycol (PEG): Swells in polar and non-polar solvents
3. Many others exist with different swelling properties

é - Ph  Ph Ph] O

styrene Polystyrene Ho/\©\ cl O
O/\@\ O
F/ ‘Q/j/\ Ph

Wang resin
Divinylbenzene

Ph

Trityl chloride resin

styrene Tentagel -OH resin
cross - linked polystyrene



Swelling?

SEM (Scanning Electron Micrograph) of CLEAR
resin particles: The structure is nearly 100% cross-
linked. The polyethylene glycol backbone makes the
resin fully accessible to a wide range of solvents
and reagents including aguecus solutions. Unlike
liguid phase PEG resins, CLEAR parficles are easy
to filter and resistant to all but the most harsh acid
or base solutions.

reactant ,/O reactant

e

Organic solvent

»

Before swollen After swollen



Linker

« Whatis a linker?
= An intermediate organic structure that the resin and substrate

are covalently attached to:

@—Ilinherl—L substrate

« Different linkers can be cleaved by different reaction
conditions! (e.g. acid, photolysis, nucleophilic attack, etc.)

=« Different linkers can be used to unmask different functional
groups on the substrate upon cleavage!

For ideal linker

- Efficient attachment to the resin

- Efficient loading to the desired compounds
- Clean and fast release of product

- Stable through all the synthetic steps



Solid phase synthesis: resins and linkers

= Examples of linkers commonly used in solid phase peptide
synthesis:

o
AL HE 0 \
@D/\D ) HO”U‘F:

Mermrifield linker

g oo [y
(TFA}
@ HGJLR

Wang linker

')
I TY |
4’.
o 350 nm HO™ "R

a-methylphenacyl ester



Solid phase synthesis: resins and linkers

= A couple more linkers:

OMe

@ o)
MeQ O TFA
—_—
NJLR ‘H:N’u“ﬂ\
@ @ "
(o)

"Rink Amide" linker

@[} Qe TFA
———— = | HO-R

THF linker

N

Silyl linker




Solid phase synthesis: building blocks

= Solid phase allows rapid attachment of building blocks to make new
molecules.

= What classes of molecules can be synthesized?

= Three examples that we’ll address:
s Peptides (from amino acid building blocks):

] =
ng"\n‘ N coH PQ_HN.J\I(GH PN, Hz"’lﬁrg_@
O Ha o Ry Qo

s DNA oligomers (from nucleotide building blocks):

HD—@E-I FE_G_kij_l

0,

_ 0
HO-F=@ Cp—X Pg-O e
B Pg-O g
o — 7@
0 s,
HO_'FI:-:G F'JQ-C]"F'_I: [ [} o 33
@

OH
s Almost anything else (small molecules, etc.)




Practical Synthesis

- Peptide
- DNA
- Small molecule



Solid phase synthesis: protecting groups

= What is a protecting group?
= A species conjugated to a functional group that blocks the
reactivity of that group

= Good protecting groups are easily attached and removed using
mild reaction conditions

= There are many hundreds of protecting groups, but only a
small subset are practical for solid phase synthesis

= A few protecting groups used in solid phase synthesis:

For amines For carboxylic acids
Removed w/acid: Boc tert-Bu ester
Removed w/base: Fmoc Fm ester
Removed w/fluoride: Tmsec Tmse ester
Removed w/Pd° Alloc Allyl ester
Removed w/thiols: Nosyl n/a

= All of these protecting groups are “orthogonal”
= (Boc can be removed in the presence of Fmoc, etc.)



Solid phase synthesis: protecting groups

= Acid labile protecting groups: Boc and fert-Bu ester

TFA
R-NH-Boc B R-NHo
o 5 (TFA = CF3CDij
TFA
RJLhO_fBU - R’J-L‘DH strong acid!!
o/'ﬁ\‘ ot (OH
H™ (
[ -CO2
R‘HJ\L‘A\ =N ?’F R—N::J\\‘D —® R-NH;
- H H EI
Boc
{){] =il L J\
™ + _H
j]\ J< L;-— (j)l\f"\k j I
o
R e} R O RAD
l._v_l
tert-Bu



Solid phase synthesis: protecting groups
= Base labile protecting groups: Fmoc & Fm ester

piperidine

R-NH-Fmoc - R-MNH» H
N
o ineridine =
,JL piperdine j\ pipendine I/\)

[ O-Fm - = OH

A asrs
p

Fm esfer




Solid phase synthesis: to make peptides

= Now let's make peptides — there are two general strategies:
= Boc peptide synthesis strategy (uses Merrifield linker)
= Fmoc peptide synthesis strategy (uses Wang linker)

= The two strategies use different protecting groups for the
growing peptide chains (Boc or Fmoc)

= Furthermore, the resins are cleaved by different reagents:
« Merrifield linker cleaved by HF (nasty / toxic / eats glass ')
= Wang linker cleaved by TFA (not that bad)

= Due to the nastiness of HF, the Boc-Merrifield strategy has
mostly been replaced by the Fmoc-Wang strategy




Solid phase synthesis: to make peptides

= First is the "Boc strategy” of SPSS: (making H-Leu-Val-Ala-OH):

(o]
E:m:rHN\_/J.‘QH
5 Ba:-HF-IfDH Q TF :
TFA o H A \T/
smﬁmyﬁno@ — = BocHN N“_._”JLG@ -
- ﬂ -

PyBOP
DIEA

PyEOP
E DIEA,
Merrifield linker purchased

“Pre-laaded” wilh Alanine

& O L H O
HEN\,LL,;,(WLAGH o EE&HM‘?;LENJD@,__

: H z . n z

‘\r— Q - ©

o clegee

Merrifield! \T’

= The sequence can be abbreviated like this:

TFA, Boc-Wal-OH TEA Boc-Leu-OH
Eﬂ&ma_g(a - - Boc-Val-Ala-O{g) — = Boc-Leu-Val-Ala-O{g)
PyBOP PyBOP
DIEA DIEA ¢ HF

| H-Leu-Val-Ala-OH I




Solid phase synthesis: to make peptides

= And here is the "Fmoc strategy” of SPSS: (H-Leu-Val-Ala-OH):

O
j:r FmocHN. AL
OH =
Frnoc-HR o o ‘\I/'
ru:l ] H piperiding
me\,,ﬂ‘ @ T ...FmHmru\_,AkG@ >

PyBOP z FyBOP
DIEA = DIEA

Wang linker purchased
"Pre-loaded” wilth Alaning

HE'N-V-J'Lj;.r H/J_LEH H2O prp-enn-nne meHN?JLEFq‘,N\:_,REO@ g
cleaves "TJ o =
fram Wang

resin!

= The sequence can be abbreviated like this:

1) pipending 1} piperidine

me—Alﬂ-D{a h—Fm&t-Vﬂ[—.ﬁ.la-D{a e Fmoc-Leo-Wal-Alae-O
2 Fmaoc-Val-OH 2) Fmoc-Leu-0OH @
PyBOP PyBOR *TFA. H=G
DIEA DIEA

| H-Leu-Val-Ala-OH l




Solid phase synthesis: to make peptides

= How does one deal with reactive side chains of amino acids?
= They are masked with “semi-permanent” PGs until cleavage:
= Example: H-Lys-Ser-OH:

NH-Boc

MH-Boc
OH

Frmoc-HN TEA
piperiding O p:perlcllne H20

Fmioc- HN.\_,,-]J\ '@ = Cmoc-HN "“'lL' @

PyBOP
~o-Bu DIEA T O-tBu
(protected seringe) TFA does this:
NH» deprotect Boc
deprolect 1Bu
cleave product
g
i
HaM e OH
O HDH




Solid phase synthesis: to make peptides
= There are Fmoc-building blocks for all 20 natural amino acids
= The PGs below are removed by acid during cleavage from resin

- Fmoc-Ala-OH Fmoc-Leu-OH Boc

o Fmoc-Arg(Boc) ,-OH Fmoc-Lys(Boc)-OH \"‘J

o Fmoc-Asn(Trt)-OH Fmoc-Met-OH

=  Fmoc-Asp(O-Bu)-OH Fmoc-Phe-OH Froe-HN” ~y OF

- Fmoc-Cys(Trt)-OH Fmoc-Pro-OH ©

= Fmoc-Glu(O-#Bu)-OH Fmoc-Ser(O-Bu)-OH rmoc-R(Eackon
u Fmoc-GIn(Trt)-OH Fmoc-Thr(O-8u)-OH Boc
- Fmoc-Gly-OH Fmoc-Trp(Boc)-OH | N,>

- Fmoc-His(Boc)-OH Fmoc-Tyr(O-Bu)-OH /(HIESH
=  Fmoc-Ile-OH Fmoc-Val-OH FmesH

Fmoc-His{Boc)-OH

E!mw\T"’N‘B"’C i o Q o o
NH " Trityl™
(Trt) O NH
(8]
Fmoc-HN
Fmoc-HN OH Frioc-HN OH me-HN

@ 0
Frioc-Arg{ Bacy:-OH Emoc-Asn{Tri)-OH Fmoc- Gys[Trt} -OH Fmoe-Glu( O-1Bu)-OH



Solid phase synthesis: to make peptides

= A cool application of peptide synthesis: peptide cyclization

= This sort of approach can be used to synthesize many
biologically relevant cyclic peptides

OH
anc—HNl\n’

0
FITICIG-HNVJ'L. '@ pipenidine Q plpendlne

: — -

il - chm-HNJ\rr ‘fu“ @
PyBOP
DIEA

anc—HN_‘/u\_oH
o

FyBOP
Fmﬂc-HN\_,f'u‘\ Jwr”v'u‘- @' F":.'l':'F" Pd[F"F‘h;g] an{rHM‘\-‘””‘ J\“'N“-‘JL @ EJEA

}_JHH\/l/ DA F’hSnHa /}‘o ay (r -

NH-Alloc
i pipendine

HEM\,J-L J\lfﬂ‘“JLDH
BN ’}HNH\/(




Solid phase synthesis: to make peptides

Brief tidbit: Peptidomimetics

Peptides are generally bad drugs, why? Poor bioavailability
= Easily proteolyzed
= High molecular weight
= Often too polar

These pharmacokinetic issues can be solved using
peptidomimetics:

. Peptidomimetics have modified structural features to limit the
undesirable characteristics of peptides.

= This is a very large topic that we'll only briefly mention here.

One class of peptidomimetics: pseudopeptides
= Modification of the “polyamide” peptide backbone



Solid phase synthesis: to make peptides

= Brief tidbit: Peptidomimetics: Pseudopeptides

= All of these can be constructed by solid phase using
appropriate building blocks

Q Rs Ry O
H H !
~N N ~N \)I\g
3 \)J‘ﬁ’t\ﬁ 2 My
R-] O R3 R2
peptide peptoid
H Q B2y
ng\:/"\N,J'I\N/k/NYg er'\\ /'\/ \(g
= H H & o
R4 i o R-|
oligourea oligocarbamate
Cl) a o Ro 0
g,S\/A\S/'\/'S\/g g,l\l J]\ 'NTH"ng
R 6‘- Ra R+ Ho o Iéz3
oligosulfoxide azatide




Solid phase synthesis: to make DNA

= The concept is very similar to peptide synthesis:

« Linear sequence of reactions connecting nucleotide building
blocks

=  Why synthesize DNA?
= Primer synthesis (for PCR)

=« Synthesis of radiolabeled DNA fragments / probes

and for many other molecular biology reasons that I'm
ignorant about!

»= Useful “tag system” in combinatorial chemistry (later lecture)



Solid phase synthesis: to make DNA

= The strategies for the linker and protecting groups are different
« The linker and “semi-permanent” PGs cleave w/ agueous base
= The growing sugar backbone PG cleaves w/ acid

cleaved
with acid

OMe

OMe
Dimethoxytrityl Benzoyl
(DMTr) (Bz)

protecting group definitions

fo.cu’xg

Cyanoethyl
(CNE)




Solid phase synthesis: to make DNA

= DNA synthesis is done using the “phosphoramidite” strategy.

= This a two step process:
= Coupling of the nucleotide fragments

= Oxidation of the coupled phosphorous atom to the phosphate
oxidation state

Pg-O B
g bz
Pg-O B Pg-O B
O Q 2 . 0O 2
pg-0-F~N
Hofoﬁ\f,) ) 0O o,
:

N =0
b I —
1 oxidizes o B
i : o
o nucleotide coupling —kj phosphorous —@

D,ﬁg ng



Solid phase synthesis: to make DNA

= One brief example: synthesis of a short oligonucleotide

DMTr-O Bz
: bﬂﬂ } DMTF-DHQ{E?L]

O

DMT-C B4(Bz) ;
o cne-0-P~N Q
b, ,,  GNE-O~ P=0

8]
TFA 0 B4(Bz)
UN H’@ remover o i —kﬁ
()] oM Ir O
H

DMTr-O waiaﬂ o
HC B
7

Q.
chNe-o-F=0
E:}‘F' o) 2 0 o Ba(B2)
oH-P= 1) TFA b |
E:: 2 nother TFA
Dw? :\lHdGH O - ucleotide =
cleavage L
and  CNE-0-F=0 (elc...)

Q. ! (o] B.(Bz
HO-P=0 deprotection! —@1[ )
(8] E; ()
a
Q
oy -
Q




Solid phase synthesis: “small molecules”

What do we mean by “small molecules?”

n By this we typically mean “"non-biopolymers” (biopolymers
being peptides, DNA, etc.)

= Why are small molecules interesting?

= They typically have drug-like properties and are designed to
be bioavailable

= Most modern drugs are considered small molecules

= This will be covered only very briefly here

= The chemistry|requires a much larger vocabulary of synthetic

reactions! (Way more than you're expected to know now)

= WEe'll just present two examples of the small molecule
“scaffolds” concept



Solid phase synthesis: “small
molecules”

= Example of small molecule scaffold: benzodiazepines

Q
.
b Y
N {H S
o J
Diazepam
O F {GABA, receptor)
N o

Trifluadom

1l {opiate receptor) 3

‘i" NH el =N
~N HI) benzodiazepine
HoN
O / \ GYKI 52466
L-384718 (AMPA Receptor)

{CCK receptar)
o/‘ o O

L-265260 R-15
{Gastrin Receptor) {K+ Chaﬂ”5| Receptor)




Solid phase synthesis: “small
molecules”

= Example of small molecule scaffold: 1,4-dihydropyridines

Y

'\/ N ;©
BMYZ20084 HaCO

{ex- receptor]

Feladipine
/%\ (T Channzl)
leed|p|ne
{L Channel}

(Thromboxane)

N
/ \ WY2T589
Cl

N
UKT74505 Niguldipine H
(PAF) (K r-receplaor)



Synthesis of 1,4-benzodiazepines

NHBoC Pdodbag NH
—0—» _>
0O Sn(CHs), R,COCI
20 Acid R1
chlorides 20 compounds
H @]
1) Piperidine Bas/e\’ A
. R, 9 ' Y
2) AcOH @) —N 16 Alkylating
R, agents
700 compounds
Split-mix step: <> >

R
O Oﬁ/\NHFmoc
FJH/RZ NH
NHFmoc § o
<> > @)
35 Amino acids Ry

20 x 35 compounds

0
N
&Rz
@) —N
R1
20 x 35 x 16 = 11,200 compounds

N,



Solution Phase Synthesis

Three major techniques for solution phase synthesis:
¢ Liquid/Liquid Extraction

“ Solution phase synthesis using scavenger resins

% Fluorous phase synthesis

The goal in both cases:

“ High throughput synthesis making large amounts of compounds
quickly



Solution Phase Synthesis of
Stilbene Libraries

organic
MeO -(OMe), MeO X Ar
P ex. ArCHO layer
I S - ArCHO
O 18-crown-6 \©/\6( +

5
OMe , KOH, CH,Cl, aqueous OMe
layer
" j:]
Igl) 18-crown-6 H
MeOQ);” "OH KOH
(Meo); " HN N NMesCl
O
AcOH, CH,Cl,
organic agueous
a. Cat. I,, Heptane H
MeO S Ar ol MeO X Ar layer layer <N
- Ar” N NMeCl
b. NaHSO3 o)
OMe - aqueous workup OMe 6 AcOH

Sanghee Kim, Hyojin Ko, Jae Eun Park, Sungkyu Jung, Sang Kwang Lee, Young-Jin Chun J. Med. Chem. 2002, 45, 160-164.



Solution Phase Synthesis: Scavenger Resins

= Whatis it?
« Do normal organic synthesis in solution phase
« Use “scavenger resins” to consume excess reagents
« The resin is then simply filtered away
« This helps avoid time consuming purification




Solution Phase Synthesis: Scavenger Resins

= Traditional solution phase synthesis:

[reagent]

urification
[substrate] ——m= [product] + [reagent] P
excess!

fime consuming

= [product]

= Solid phase synthesis (last lecture):

[reagent] filter
@ Isubstrate] ——m= (G [product]) + [reagenti] — e @ [product)

excess/! easyll

= Solution phase synthesis with scavenger resins (this lecture):

[reagent] [scavengeri/‘q [smvengerk/@
[substrate] ———®= [product] + [reagent] [product] + |
excess! [reagent]

filter
easy/f!

[product]




Solution Phase Synthesis: Scavenger Resins
= We'll consider two strategies in using scavenger resins

= Theissue is whether the reagent is electrophilic or nucleophilic
« If the reagent is electrophilic, use a nucleophilic scavenger!
= If the reagent is nucleophilic, use an electrophilic scavenger!

[electrophile] [nucleophil EWQ, [nucleo pn:'!e]a“’*@.
[substrate] —?... [product] + [electrophile] [product] + |
excess

[electrophile]

¢ filter
[product] I

[nucleophile] [.a-na»::in:p;:-l-li|e|/‘Qb [electmpniley’*@
[product] + ]

[substrate] ——— = [product] + [nucleophile]
excess! [nucleoaphile]

* filter
[product]




Solution Phase Synthesis: Scavenger Resins

= Electrophiles scavenged by a nucleophilic resin:
« Example 1: urea synthesis

NH;

/}Gﬂf\ﬂ? @'\waﬁNHg

- NHg isocyanate

filter

excess!

(scavenger far isocyanate)

o
quick!

urea product
84% yield
98% purity




Solution Phase Synthesis: Scavenger Resins
= Or alternatively...

= Nucleophiles scavenged by an electrophilic resin:
« Example 1: urea synthesis

" 1 0 T
NH Aoy N. _N
; Ej_,r; S A TR @J\ N filter ik 5 \ ;
0 w r - T - 0 Y/
excess i i uick!
isocyanate e Meluib il q urea product
(scavenger for amine) 99% yield

98% purity




Solution Phase Synthesis: Fluorous technology

= What do we mean by “fluorous™?

= A molecule with long tag containing many fluorine
atoms - e.qg.:

[substrate]

= What is special about fluorous molecules?

= They have very weird chemical properties!
= e.g. They can be extracted using

“fluorous solvents”
« Anything “non-fluorous” doesn't get
extracted!




Solution Phase Synthesis: Fluorous technology

= A newer/quicker separation strategy
“Fluorous solid phase extraction” (F-SPE)

(£ e
[B] @0
(FHAI 18]

elute with
fluorophobic
solvent
R

80% aq. MeOH

"FluoroFlash™™

separation
cartridge

Fluorous Technologies Inc.
www fluorous.com

[B]

[B]

(B]

elute with
fluorophilic
solvent

THF




Solution Phase Synthesis: Fluorous technology

= [wo general fluorous strategies we’ll quickly look at:

(reagent] [scavenger] F.SPE
[substrate] ———— yme [product] + [reagent] - —— -~ [product]
excess! quick!

F-SPE

t
subslrate] m pmduct] + [reagent] W pmduct]

excess!
¢ remove tag

F-SPE

‘ [product] \




Solution Phase Synthesis: Fluorous technology

= Nucleophiles scavenged by an electrophilic fluorous scavenger
« Examples: urea and thiourea synthesis

N -
H O=C=N CgF17 - j\ ,\p
ess! -

H H

urea product
100% vyield
=95% purity

' F-SPE SN
excess! - @ N L N N
H A—
thicisocyanate thiourea product

100% yield
= 95% purity




Solid or Solution Phase Combinatorial Synthesis?

Solid Phase

+ Easy purification
+ Easy automation

+ Split and mix synthesis

+ Pseudo-dilution effects

- Adapt chemistry to solid phase and
develop linking/cleaving strategies

- Reaction monitoring difficult

- Limited scale

- Expensive;
polymers, excess reagents

Useful for the synthesis of
larger series of compounds

Solution Phase

+ Chemistry not limited by support or
linker

+ Monitor by traditional techniques
+ Purification possible after each step

+ Unlimited amounts(scales) available

+ Avoids extra steps for linking, etc

+ Mixture or parallel synthesis

- Parallelization and automation requires
more initial effort

- Time consumimg purifications

- Removal of excess reagents and
reactants limits scope

Efficient for small libraries



e

Synthetic Strategies towards
Combinatorial Libraries

Parallel Synthesis towards Combinatorial Libraries
Tea Bag method
Multipin method

Split-mix (Split-pool) Synthesis towards Combinatorial
Libraries

Reagent Mixture Synthesis towards Combinatorial
Libraries



Parallel and Combinatorial Synthesis

We'll address these two synthetic problems:

- [a] tiny library: dipeptides consisting of 2 amino acids:

] H'AAl'AA2‘OH

= T'he two amino acids we’ll use are Ala and Gly
= There will be 2¥2 = 4 compounds in this library!

= [b] larger library: tripeptides consisting of 3 amino acids:

«  H-AAI-AAZ-AA3-OH

= The three amino acids we’'ll use are Ala, Gly, and Trp
= There will be 3¥*3*%3 = 27 compounds in this

library!

H-Ala-Ala-OH  H-Gly-Ala-QH
H-Ala-Gly-OH H-Gly-Gly-OH

tiny library [a]

H-Ala-Ala-Ala-OH
H-Ala-Ala-Gly-OH
H-Ala-Ala-Trp-0OH

H-Gly-Ala-Ala-OH
H-Gly-Ala-Gly-OH
H-Gly-Ala-Trp-0OH

H-Trp-Ala-Ala-OH
H-Trp-Ala-Gly-OH
H-Trp-Ala-Trp-OH

H-Ala-Gly-Ala-OH
H-Ala-Gly-Gly-OH
H-Ala-Gly-Trp-OH
H-Gly-Gly-Ala-OH
H-Gly-Gly-Gly-OH
H-Gly-Gly-Trp-OH
H-Trp-Gly-Ala-CH

H-Trp-Gly-Gly-0OH
H-Trp-Gly-Trp-OH

H-Ala-Trp-Ala-OH
H-Ala-Trp-Gly-OH
H-Ala-Trg Trp-OH

H-Gly-Trp-Ala-QH
H-Gly-Trp-Gly-OH
H-Gly-Trp Trp-GH
H-Trp-Trp-Ala-OH
H-Tro-Trp-Gly-Q
H-Trp-Trp Trp-CH

farger library [b]




Parallel and Combinatorial Synthesis

= Parallel synthesis of the tiny library [a]

couple A cleave Mote: "A-A" here means
P ——» AAD » H-Ala-Ala-OH
(or H-AA-CH)

couple G cleave
P S A @— | GA

couple A cleave
c@® 4!];., A-GP — =

i

cleave
c@ el @ —m| GG

= Four individual dipeptides isolated
= 4+4=8 reactions that were carried out



Parallel and Combinatorial Synthesis

= Combinatorial synthesis of the tiny library [a]:

= This|is also called the "mix and split” method

Now mix

A@| upthe
resins!

— Y

GP

start with two
different

resins in two
different
vassals

A-D

(eR -]

split them
up into 2
vessels!

AP
G

AP
G@

couple A

couple G

A-A-D
A-GD

G-A-®
G-G-P

= Two groups of two dipeptides each are isolated

= 2+2=4 reactions that were carried out
= Hmm... we're making mixtures of compounds, is that ok? (yes)

cleave

cleave
G-A
S



Parallel and Combinatorial Synthesis

Parallel synthesis of the larger library [b]

 @-3z32z» (32
@52 @ sz0» %
@-zz<» (224
\ Ly 83o3z>[z03
@z @30 0-30o»[E0]
AN @-zo0<»EFod
.\‘\ @|W-A|W+ E
@—z-< = B—z-2-0 > 5-2-0)
==
r®<zz» (<=3
@0z @—<z-0-» (<=0
\ ANO—z<> T2
o @—<-0-3-»[<-0-3]
@0 » @00 @ <00 (<00
N @ —<-0-< = [c0-4]
g4 B—<<3-—» E
@0« = @—<-<-0 = E
N @ —<-a- 3 [T-<-)
P ==,
@<z m @ <z0-»[F70])
ROz« »T=T
\.‘ @IA-G.W  _ E
B—< 3 B—<-0 3 B—<-0-0 » [<0-0)
N @0« [T5T
o @—<-<-3 > _m—
B << @ <co»T<0)
N ®-

Lo — P Lo

lated

SISO

ide

tripept

idual

v

27 ind

(3*3) + (3*%9) + (3*9) = 63 reactions carried out



Combinatorial synthesis of the larger library [b]

Parallel and Combinatorial Synthesis

{Edn vl iPwee balches of reses

each in indiviual wesseds]

®
W

bl

3 groups of 9 tripeptides each

3+3+3 = only 9 rxns done!
isolated

Note

g

A G W |

20

e

—

o I

Sl TN RS Md=Tiane il Sed Yesssls!

--:———___l_

| el [Find Fnimiad Firarh ile [Pl aeicB i ld”

e W —

+ i g @l of ey re s compluialy!
.*H‘HI e l nessin coenplebedy |

L

.

B-z-z | 223
B0z z |®-ovz3 |o-z.2
B3| & |®-czz| ¢ _ e
®-zo| § |®-zoz i |zoz
ﬂ|ab..u - alﬁ_lﬂ - —i= | [Tl
B <o B0z | <oz
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Qoe| [8ocr| lows
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Parallel and Combinatorial Synthesis

= Summary: # of reactions carried out using both methods:

parallel combinatorial
library [a]: 8 4
library [b]: 63 9

= What if we were making tripeptides with all 20 L-amino acids?

20*20+(20*%20*20)*2 3*20
= 16400(!) = 60

= Or tripeptides with all 40 L- and D- amino acids?

40%40+(40%40%40)%2  3%40
= 129600(!) =120



Parallel and Combinatorial Synthesis

= Summary: # of reactions vessels with both methods:

parallel combinatorial
library [a]: 4 2
library [b]: 27 3

= What if we were making tripeptides with all 20 L-amino acids?

20*%20*20 20
= 8000(!)

= Or tripeptides with all 40 L- and D- amino acids?

40*40*40 40
= 64000(")



Parallel and Combinatorial Synthesis

= S0 now we have large compound libraries — how do we screen
them for biological activity?

= Parallel synthesis
« Each individual compound can be assayed directly!
(with whatever biological target: receptor, enzyme, DNA, etc.)

« Combinatorial synthesis
« Each compound is exists in a sub-library
« But we want to find specific lead compounds!

= Thus each sub-library of compounds is screened as a whole!
= When a "hit" is found, we then “deconvolve” the sub-library
« Deconvolution eventually leads to the single active compound!

« We'll discuss one example of a deconvolution method now



Parallel and Combinatorial Synthesis

= Combinatorial synthesis: deconvolution
= lterative deconvolution”
Assume a library of 1000 compounds (10 pools of 100):

[100] [100] [100] [100| [100] [100] [100] [100] [100] [100]

¢ ] most active sub-library!
bioassay

|100||100]| [100] [100] [100] [100] [100]|[100]]|100] [100]

resynthesize as
¢10 groups of 10

bicassay

A0 ||[ao]flae] [10] [1e ] [10] [o] [1o] [10] [10]

10 groups of 1

*binassay
|1I|1\|1I|1\||1II1II1|I1I|1||1I

lead compound identified!

¢ resynthesize as




Parallel and Combinatorial Synthesis

= Combinatorial synthesis: deconvolution
« ‘lterative deconvolution”
= This was a very early method in combinatorial synthesis

« It's a pain because sub-libraries must be resynthesized!
(very time consuming)

= Thus mostly replaced by other deconvolution methods
For example:

“barcoding” the structure of the each compound (with
chemical tags, etc.)

... or beads embedded with microchips that transmit
radio-frequency signals describing the chemical
structure of each compound




Tea-Bag Method

Polbrethylere bottle

% Teabag (labeled)
™~ Piperidme/DMF

Cleavaze step

» Polyethylene bag with fine holes, similar to
real tea bag, are filled with resins and each
bag is put in the different reaction vessels to
carry out reaction.

» the bag takes the role of filter and preventing /l \.

resin mixing between reactions, and by .
labeling each bag, the synthesized compound

structure can be identified. \\‘_ lpile® ™

Washirg step

Washing step

5 obrert : DMF, Me0OH

7

Ceoupling step

% obrert : DMF, Me0OH



Electronic Encoding

. Radiofrequency memory chips allow libraries to be tagged in a machine-readable form

« The chips (8 x 1 mm) can be incorporated into various reaction platforms (e.g. beads,
tubes, bags, pins or cans)

Control logic
Transmitter
and receiver
Antenna
Rectifier
Memory encoding
Glass Housing AiB|C

Nova, M.; Nicoloau, K. C. et al. Angew. Chem., Int. Ed. Eng. 1995, 34, 2289.
Armstrong, R. W. et al. J. Am. Chem Soc.1995, 117, 10787.



Multipin Method — Parallel ?

*» Synthesize on polyacrylate grafted polyethylene rods

¢ Utilize conventional solid phase synthesis methods

*» Preparation of up to 10,000 spatially separate compounds
by this method

Growing peptide on a pin
(Individual pins with crowns,
1 to 7 mmol loading capacity)

reagents, reactants in 96-well plate




Comparison of Combinatorial

Synthetic Strategies

- Single compound Speed of SAR .
Technique . : . Utili
L /mixture synthesis retrieval ty
split and mix mixture moderate slow lead identification
(one compound / bead) lead optimization
encoded mixture moderate moderate lead identification
split and mix (one compound / bead) lead optimization
parallel synthesis single slow fast lead optimization
mixture synthesis mixture fast slow lead identification
(fast)

(deconvolution)

Guiles, J. W. et. al. Angew. Chem. Int. Ed. Eng 1998, 37, 926



Parallel Synthesizer




Automated Flash Chromatography System

icd | FlashMaster



Solvent Evaporation System

Large LED displays and simple keys make the
DO-4X easy to program for a wide variety of
applications. The membrane keypad is sealed for

fong-life in harsh environments.

Fast interchangeable rotors for a wide range of

applications.

Genevac



Chemical Library
In Drug Discovery
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2 Million-member Library of Natural-Product-like
Compounds by Schreiber

It takes lots of building blocks to build a 2 million-member library of natural-prod uct-like compaunds

[ : . |' [ I |.i.|._ ll...l, ) .__. ‘ ) 1*". :
- 1 _I e |_ T o e f“". vvvvvvvv M’“—vr'\-\.
| I I NH ri}ﬁ?ﬁ @:J‘: @rL‘ e’g @’f‘) @'ﬂvg’@k
T i - .
] “‘}-__,-[,__ ::III !\! fg g/‘@’eﬁ -i::;?f-‘r"@ ‘;j\_"_’
. '| ] - NWJ.H III_, l.r’ D & .j-h-lf f_,lll-:.-‘-.._ . R U

| | 2180106 compounds 0 €T T ﬁﬁﬁmﬁ;’;ﬁ‘
_JAAVAVL,LAT,A‘DJJ%HD*OM—‘ %ﬁﬁmﬁ:ﬁﬂ;f
wakfmmmxﬁ %%%%Mkw
IL'T_");I‘C (B ‘;j”“fwwwwm ’wéf"vv “ZQ(JI‘T k%#ﬁ@ *\@

“@*‘m*@ﬂb@‘@yﬁ*@ ‘oo Ao e Ay 4@ e
Ao Ao o g Ay AL AL AL AL AL S0 A

Derek 5. Tan, Michael A. Foley, Brent R. Stockwell, Matthew D. Shair, and Stuart L. Schreiber”
Journal of the American Chemical Society; 1999; 121(33); 9073-5087.
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