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

Combinatorial Chemistry



Combinatorial Chemistry
searching for a needle in a haystack



History of Combinatorial Chemistry

1963 Solid Phase Peptide Synthesis

Merrifield (Nobel Prize 1984)

Multipin Synthesis 1984

Geysen

1982 Split‐mix‐synthesis

Furka

‘Tea Bag’ Synthesis 1984

Houghten Diversity oriented
synthesis 2000

1993 Binary Encoding

Schreiber

Clark W. Still



Split‐mix concept
Synthesis of all dipeptides using three amino acids X, Y, Z (32 = 9 compounds)
One compound per bead (one bead/one component libraries)

Only 6 coupling steps are needed to make 9 compounds.



Advantage

building block set of N members

number of possible sequences containing X members = NX

number of coupling steps required using split/pool/mix = N x X



Parallel synthesis



Peptides on pins

Synphase lanterns



Other techniques for parallel synthesis: Houghtens’ ‘tea‐bag’ 
method

• one compound per bag

• after each synthesis, regroup the bags
according to the peptide sequence



‘Tea bag’ parallel synthesis

Houghten, 1984



Other techniques for parallel synthesis: SPOT synthesis

Synthesis on membranes



Accomplishments

robot synthesizers

scientific production

miniaturization



Does CombiChem work ?

sorafenib



Also..



Reason 1: Library design



Other reasons



The dogma of organic chemistry: Target Oriented Synthesis



Focused libraries



Difficulties

• The target is not always known 
(secondary metabolites; systems biology)

• The target may have limited disponibility 

• The target may be synthetically too complex

• Chemical space around the target may be too limited



A revolutionary idea !

Stuart Schreiber
Harvard, USA

743 citations



Explore Chemical Space



Synthetic strategies

tandem
complexity-generating

reactions





Covalent versus Noncovalent Synthesis

atom

molecules

covalent

35-135 kcal/mol

high 

molecule

assemblies

ionic, hydrophobic, metal‐coordination, H‐bond 

2 ‐ 20 kcal/mol 

low 

building block

target

bond type

bond energy

kinetic stability

Paddon-Row et al. Chem.Eur.J. 1999, 2518 Stang et al. JACS 1999, 2741

+

Characteristicscovalent noncovalent

Angewandte Chemie, 2001, 2383



Equilibrium reactions

+

+ +

Kformation

If a chemical system at equilibrium experiences a change in concentration, temperature, volume, or partial pressure, 
then the equilibrium shifts to counteract the imposed change and a new equilibrium is established.

Le Chatelier’s principle :Henry Louis Le Chatelier
(1850‐1936)

+

+



An idea in the mid‐90ies

Jeremy Sanders

Jean‐Marie Lehn
(Nobel Prize 1987)



A first example

Lehn, Angewandte Chemie, 1996



Criteria for the exchange reaction

• reversible on a reasonable time scale

• compatability with the screening conditions
(functional groups, solvent, pH, etc)

• mild reaction conditions
(temperature, pressure, concentration)

• solubility of all library members under all conditions

• possibility to turn off the reaction – stop exchange
for analysis and isolation

• isoenergetic library members (ideally)



Reversible covalent bond formation



imine formation is acid catalysed

Imine formation



More stable analogs of imines

Imine exchange is generally ‘frozen’ by reduction to amine.



Disulfide exchange

• aqueous solutions
• pH sensitive
• compatible with functional groups

(biomolecules)

exchange

dynamic libraries



Applications of DCC

Receptors

Guests

Materials
Sanders, Otto,  ChemRev, 2006, 3652



Receptors

Sanders, Science, 2002

Kass = 2.5 x 105 M‐1 Kass = 7.1 x 105 M‐1



A self‐selected catenane

Sanders, Otto,  Science, 2005



Library shift

Kass = 1.4 x 107 M‐1



Guest Development

Lehn, NatRevDrugDiscov,  2002



A DCL of potential inhibitors for Carbonic Anhydrase

known 
inhibitor for CA

with 
Kd = 1.1 nM

S OO

NHO

NH2

Lehn,  PNAS,  1997



HPLC Analysis

+ CA



Self‐selected materials

Otto,  Science,  2010



Shaken or stirred
shaken stirred



Amplification of the inert species

Reinhoudt, Angewandte Chemie, 2000



Is life (research) really that easy ?

Severin, Angewandte,  2003



Simulations

+ + + + etc.



The importance of template concentration

Severin, ChemComm,  2005



This picture is too simple



Critical issues

+

entropy favors small macrocycles

ΔG0 = ‐10 kJ/mol ΔG0 = ‐10 kJ/mol

ΔG0 = ‐15 kJ/mol

better more intermediate binders than
a few strong ones



Important

The overall change in free energy in the library will determine the new distribution



Extended simulations

28 dimers, 84 trimers, 210 tetramers; affinities randomly assigned

Sanders, Otto, ChemEurJ,  2004



Correlation between amplification and concentrations



Guidelines for a successful application of DCC

• work at low target concentration

• detect only target‐bound species

• use virtual libraries (no receptor in the absence of target)

• use a common building block in all receptors

Then….

• good binders have a high probability of being amplified

• any significantly amplified compound is essentially guaranteed to be a good binder



Screening of large libraries

DCL composed of > 9000 members

DCL without ephedrine

DCL with ephedrine

Otto, JACS,  2008



Current developments

• Detecting weak rather than strong noncovalent interactions

• Fragment based drug discovery (Tethering)

• Protein folding

• Catalyst Discovery

• Systems chemistry



DCC is survival of the fittest



The importance of weak interactions

protein folding

enantioselective catalysis

self‐assembly
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molecular recognition

+
target target target

Angewandte Chemie, 2009, 2288 (review)

Covalent Capture

covalent capture

Dynamic Covalent Capture

reversible
covalent bond

thermodynamic control (self‐selection !!)

intramolecular recognition

key advantages

general applicability

dynamic covalent capture



Tethering

http://www.sunesis.com/

Erlanson, Wells, PNAS, 2000



Screening

TS: Thymidylate synthase



Results



Fragment based drug discovery



Protein folding

bPP: bovine pancreatic polypeptide

Gellman, JACS, 2004



Backbone thioester exchange



Systems Chemistry

ChimInd, 2010

Chemists don’t like mixtures



Networks are everywhere

protein interactions in C.elegans

social networks

stock exchange

Life ?



Self‐replication

Philp, Org.Lett, 2001



Self‐amplification of a catalyst

Philp, Angewandte Chemie, 2008



Perspective Dynamic Combinatorial Chemistry

• Proof‐of‐Principle studies

• DCC (like Combinatorial Chemistry) is not a panacea

Challenges…

• Large libraries

• Analytical techniques

• Functional systems in water

• Commercial applications

• Molecular Systems


