
Complementarity and preorganization

Host Guest Supramolecule
(host-guest complex)

A supramolecular receptor (host) is a synthetic (abiotic) molecules that selectively (and 
reversibly) binds (recognizes) a selected substrate (guest).

Molecular recognition occurs through weak (non covalent, reversible…) interactions

HOW ?



Nature’s receptors

Neurotensin (see arrow) in the 
binding pocket of Neurotensin
Receptor 1 (NTSR1)

Which is the difference between the binding pocket and the 
remaining protein surface?



Nature’s vs manmade receptors

K = 1013 M‐1 (H2O) K = 104 M‐1 (CDCl3)

Avidin

• Many interactions
• Tridimensional structure



Designing a receptor: the interactions

Guest: 3

+

+ ‐

‐H

Ionic pair interaction

Charge – dipol interaction

H‐bond

Ka = 1.000.000 M‐1 G = 34 KJ/mol



Interacting molecules are not receptors

Guest: 3

3

3
3

3

Receptors ?

• Weak binding

• No selectivity



Recognition at play

3 + +

• Multiple interactions lead to selectivity

• Recognition involves desolvation, H‐G intraction are not the only one to consider

• Water is 55 M !!

• Entropy must be taken into account
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From binding to recognition
Using a good interaction

2 “medium strenght” H‐bonds 1 weaker H‐bond, 1 stronger H‐bond
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From binding to recognition
If a single interaction is too weak, what about many?

G = G1 + G2 + …. 

H = H1 + H2 + ….  Adding up interaction increases (in most cases) binding strength
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S From two species to three species (S < 0)

Difluoroethanol looses conformational entropy (S > 0) 



Summing up‐contributions

ܭ ൌ
ሾܩܪሿ
ܪ ሾܩሿ ൌ ݁ି

∆ீబ
ோ் ଴ൌܩ∆ ஺ଵ஽ଵܩ∆ ൅ ஺ଵ஽ଶܩ∆ ൅ ஺ଶ஽ଶܩ∆ ൅ ஺ଷ஽ଷܩ∆ ൅ ஺ଷ஽ସܩ∆



଴ൌܩ∆ ஺ଵ஽ଵܩ∆ ൅ ஺ଵ஽ଶܩ∆ ൅ ஺ଶ஽ଶܩ∆ ൅ ஺ଷ஽ଷܩ∆ ൅ ஺ଷ஽ସܩ∆

௜௝ܩ∆଴ൌ෍ܩ∆ ܭ ൌ 	ෑܭ௜௝

M‐1 (M‐1)n

߯௜ ൌ
ሾܪ, ሿ௜ܩ
ሾܵሿ

௜௝ܭ ߯ ൌ
߯஺೔ି஽ೕ
߯஺೔߯஽ೕ

ൌ

ሾܣ௜െܦ௝ሿ
ܵ൘

௜ܣ
ܵ൘ ௝ܦ

ሾܵሿ൘
ൌ ሾܵሿܭ௜௝ሺ߯ሻ

௜௝ܭ ߯ ൌ ܵ ሻܯ௜௝ሺܭ

Summing up‐contributions



Generic association entropy

ܭ ൌ 	ෑܭ௜௝

ܭ ܯ ൌ
ܭ ߯
ܵ ൌ

௜௝ܭ∏ ߯
ܵ ൌ

ܵ ௡ ݆݅ܭ∏ ܯ
ܵ ൌ ሾܵሿ௡ିଵෑ݆݅ܭሺܯሻ

‐RTln[S]    entropic correction applied to all the interactions but one
(non specific dilution entropy contribution, 10 KJ mol‐1 at 25 °C)

3 interactions, Kij = 1 M‐1  K = 3 × 103 M‐1 (water, 55.6 M)



Individual free energy contributions

ܭ ൌ ௔௦௦ܭ 	ෑܭ௜௝

ܭ ൌ
ሾܩܪሿ
ܪ ሾܩሿ

௜ିଵ௝ିଵܭ ൌ
ሾܪ௜ିଵܩ௝ିଵሿ
௜ିଵܪ ௝ିଵܩ

ܭ
௜ିଵ௝ିଵܭ

ൌ ௜௝ܭ െܴ݈ܶ݊ܭ௜௝ ൌ ΔΔܩ௜௝

Δܩ ൌ෍ΔΔܩ௜௝ ൅ Δܩ௔௦௦

Intramolecular free energy contribution of 
each single interaction to the formation of 
the supramolecule.  It can be positive!

One interaction removed

Intermolecular free energy contribution for 
the association of the host and guest. It is 
mainly an entropic contribution but it may 
contain solvatation contributions.



Gas phase entropy of association
Entropic contributions to association:
• Translational entropy
• Rotational entropy
• Internal rotation entropy
• Vibrational entropy



Translational entropy

140 J mol‐1 K‐1 (MW 100 Da)

ܵ௧௥௔௡௦௟ ∝ lnܹܯ

Host (large) + Guest (small)

∆ܵ௧௥௔௡௦௟ ൎ ܵ௧௥௔௡௦௟ሺ݄ݐݏ݋ሻ

∆ܵ௧௥௔௡௦௟ ൎ െ135	ି݈݋݉ܬଵିܭଵ

ܶ∆ܵ௧௥௔௡௟ ൎ ଵି݈݋݉ܬܭ	40

Gas phase entropy of association



Rotational entropy

100 J mol‐1 K‐1 (MW 100 Da)

ܵ௧௥௔௡௦௟ ∝ lnሺܹܯ, ሻ݁݌݄ܽܵ

∆ܵ௥௢௧ ൎ െ100	ି݈݋݉ܬଵିܭଵ

ܶ∆ܵ௧௥௔௡௟ ൎ ଵି݈݋݉ܬܭ	30

Gas phase entropy of association



Internal rotational and vibrational entropy

௜ܵ௡௧௘௥௡.௥௢௧. ൎ 10 െ ଵିܭଵି݈݋݉ܬ	20 x bond

ܵ௩௜௕௥ ൎ 0 െ ଵିܭଵି݈݋݉ܬ	1

Low frequency (< 200 cm‐1) vibration
give a substantial contribution to entropy

Gas phase entropy of association



∆ܵ௔௦௦ ൌ ∆ܵ௧௥௔௦௟+ ∆ܵ௥௢௧+ ∆ ௜ܵ௡௧௘௥௡.௥௢௧.+ ∆ܵ௩௜௕௥

∆ܵ௔௦௦ ൌ െ135 െ 140 + 0 ‐ 5 = ‐ 240 J mol‐1 K‐1

∆ܵ௔௦௦ ൌ െ135 െ 140 + 15 + x = ‐ 220 + x J mol‐1 K‐1

X = 140 J mol‐1 K‐1

Solvation Entropy

Gas phase/solution entropy of association



CH3

O

O

H

H

OH

OH

Na

O

OH

H
CH3

O

O

H
H

H
H

OH

O
H

O
H

OH

Na

H

H

O
H

O
H

O
H

H

O
H

H

F

F

Association and solvation

G = GHG(gas) + GH(desolv) + Gg(desolv) + GHG (solv)

HO

OHF

FO
H
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O
H

H

The solvation contribution reduces the entropic cost of association
The solvent‐solvent interaction may reduce the enthalpic cost of desolvation



Association and solvation

C.A. Hunter, ANIE 2004, 43, 5310
Δܩ ൌ෍ΔΔܩ௜௝ ൅ Δܩ௔௦௦



Association and solvation

C.A. Hunter, ANIE 2004, 43, 5310

Δܩ ൌ෍ΔΔܩ௜௝ ൅ Δܩ௔௦௦



Association and solvation

C.A. Hunter, ANIE 2004, 43, 5310

Δܩ ൌ෍ΔΔܩ௜௝ ൅ Δܩ௔௦௦

CHCl3



Association and solvation

C.A. Hunter, ANIE 2004, 43, 5310

Δܩ ൌ෍ΔΔܩ௜௝ ൅ Δܩ௔௦௦

H2O



Association and solvation

C.A. Hunter, ANIE 2004, 43, 5310

Δܩ ൌ෍ΔΔܩ௜௝ ൅ Δܩ௔௦௦
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Internal association entropy: preorganization

G = GHG(gas) + GH(desolv) + Gg(desolv) + GHG (solv)

HO
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The solvation contribution reduces the entropic cost of association
The solvent‐solvent interaction may reduce the enthalpic cost of desolvation

Freezing of internal rotation may imply significant additional entropic costs:

3 x 15 J mol‐1 K‐1 = 45 J mol‐1 K‐1  13 KJ mol‐1  (25°C)

1000‐fold reduction of K



Preorganization
Making the host more rigid is an advantage?

F

HO OH

F
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H

H

H

H

No entropy loss by the host in binding the guest.

Preorganization “the more highly hosts and guests are organized for binding and low 
solvation prior to their complexation, the more stable will be their complexes” (Cram)

What about the supramolecule?



Preorganization
Making the host more rigid is an advantage?

flexible

rigid

Expected reduction (3 rotors) = 1000‐fold

Low frequency vibrations compensate 
the entropy loss arising from rigidification



Preorganization
Making the host more rigid is an advantage?

G increase 
Expected = 3‐5 KJ mol‐1 per rotor
Found =  1.3 KJ mol‐1 per rotor

G increase 
Expected = 3‐5 KJ mol‐1 per rotor
Found =  0.4 KJ mol‐1 per rotor



Entropy‐enthalpy compensation

Increase in binding sites makes the supramolecule more rigid.

Entropic contribution by low frequency vibration may compensate the entropic loss for 
reduced internal rotations

In some cases when binding becomes more enthalpically favorable, it becomes more 
entropically unfavorable. The net effect is that G remains fairly constant.

Increasing the interaction and host more rigidity is always an advantage?

3

3



Complementarity
F
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Why preorganization?
1) Selectivity



Complementarity
Why preorganization?
2) Cost for higher energy conformation

HO

OH

HO OH
CH3

O

O

H

H

OH

OH

Na

O

OH

H

gauche‐like conformation
2.5 KJ mol‐1 for each



Complementarity
Why preorganization?
3) Desolvatation

Few solvent molecules can accommodate a cavity
Less interacting solvent  high enthalpy

G = GHG(gas) + GH(desolv) + Gg(desolv) + GHG (solv)



Complementarity
Why preorganization?
4) Host self‐aggregation



Complementarity
“to complex, hosts must have binding sites which can simultaneously contact and attract the 
binding sites of the guests without generating internal strains or strong nonbonded
repulsions.” (Cram)



Complementarity
“to complex, hosts must have binding sites which can simultaneously contact and attract the 
binding sites of the guests without generating internal strains or strong nonbonded
repulsions.” (Cram)
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Complementarity

G = 11.8 KJ/mol

G < 5 KJ/mol

Δܩ ൌ෍ΔΔܩ௜௝ ൅ Δܩ௔௦௦

Gass  0 KJ/mol

GHB  3 KJ/mol

GMC  6 KJ/mol

Negative contribution of the missing interactions!!



The double mutant cycle

ܭ ൌ
ሾܩܪሿ
ܪ ሾܩሿ ௜ିଵ,௝ିଵܭ ൌ

ሾܪ௜ିଵܩ௝ିଵሿ
௜ିଵܪ ௝ିଵܩ

ΔΔܩ௜௝ ൌ Δܩ௜௝ െ Δܩ௜ିଵ,௝ െ Δܩ௜,௝ିଵ ൅ Δܩ௜ିଵ,௝ିଵ

௜,௝ିଵܭ ൌ
ሾܪ௜ܩ௝ିଵሿ
௜ܪ ௝ିଵܩ

௜ିଵ,௝ܭ ൌ
ሾܪ௜ିଵܩ௝ሿ
௜ିଵܪ ௝ܩ



Lock and key
“Lock and key”: at the beginnning of XX century Emil Fischer proposed this concept 
to explain the extremely high selectivity of the interactions between proteins and their 
substrates.

The idea was that the protein (receptor) contain a 
poket with a shape complementary to that of the 
substrate

The idea was brilliant but not completely correct: 
the proteing changes its shape upon binding
assuming the one complementary to the substrate. 
(induced fit)

Preorganization, complementarity, multiple interaction, shape fit  Selectivity



Hydrogen bonds in receptors

Strong

Weak



Hydrogen bonds in receptors

2 HB 3 HB

3 HB

G = ‐12.1 kJ mol‐1 G = ‐12.5 kJ mol‐1

G = ‐25 to ‐30 kJ mol‐1

Δܩ ൌ෍ΔΔܩ௜௝ ൅ Δܩ௔௦௦

Δܩ௔௦௦ ൌ െܴ݈ܶ݊∆ܵ௔௦௦~ െ ܴ݈ܶ݊ሾܵሿ

CHCl3



Hydrogen bonds in receptors

NH N Kass = 25 M-1

NH N

NH N
Kass = 6.4×103 M-1

Kass = 1.5×106 M-1

G = -7.9 kJ mol-1

G = -21.7 kj mol-1

G = -35.1 kCal mol-1

y = ‐13.6x + 5.6333

‐60
‐50
‐40
‐30
‐20
‐10
0
10

0 2 4

G

N

െܴ݈ܶ݊ 12.5 ൌ ݈݋݉/ܬܭ	6.2



Hydrogen bonds in receptors

+
+

‐

‐

DA DAD DAA



Hydrogen bonds in receptors

NH N

Kass = 25 M-1

NH N

NH N

Kass = 6.4×103 M-1 Kass = 1.5×106 M-1

AAAAA

Each H-bond contributes with 7.8 kJ mol-1
Each secondary interaction contributes with ± 2.9 kJ mol-1 7.8+2.9+2.9=13.6 kJ mol‐1



Hydrogen bonds in receptors



Dipole‐ion interactions in receptors 

Valinomycin

Podands

Crown ethers Criptands

Carcerands

Chelate effect

Macrocyclic effect

Criptate effects

Preorganization



Dipole‐ion interactions in receptors 

OH HO

OO
O

OH

O
O

Cl Cl
NaOH

OH

OH

O
O

O

OO
O

Crown eters (Pedersen)

July 5th, 1962
JACS 1967

Capable to solubilize alkali ions salts in organic solvents

Accelerate the reactions of anionic nucleophiles



Template synthesis 
The problem encountered by Pedersen in his 1967 paper was that while crowns containing 
aromatic groups could be formed in yields of 20–80%, simple crowns such as 18‐crown‐6 
were only isolated in less than a 2% yield.

The problem was solved by Greene (1972) who used the appropriate metal cation to 
template the formation of the crown in much the same way as transition metals had 
been used as templates for other, nitrogen containing, ligands.



Crown eters

NH4
+ H3O+ K+ H2O



Chelate effect: cooperativity?
A chelator is a ligand that has more than one donor atom that is capable of binding to a 
metal ion simultaneously (coordination chemistry).

H3N
H3N NH3

NH3

NH3

NH3

NH2H2N

H2N
H2N NH2

NH2

NH2

NH2NH3

M = Ni2+
log K = 8.76 

logܭ௠ ൌ ௡ߚ݃݋݈ߙ ൅ ݊ െ 1 log	ሾݐ݊݁ݒ݈݋ݏሿ

logܭ௠ ൌ ௡ߚ݃݋1.152݈ ൅ ݊ െ 1 log	ሾ55.5ሿ

mED + Ni2+ = (Ni2+)EDm

NH3 + Ni2+ = Ni(NH3)2+
݉ܭ ൌ ሾܵሿ௡ିଵෑ݆݅ܭ

nNH3 + Ni2+ = Ni(NH3)n2+
Amine basicity



Chelate effect: cooperativity?
A chelator is a ligand that has more than one donor atom that is capable of binding to a 
metal ion simultaneously (coordination chemistry).

H3N
H3N NH3

NH3

NH3

NH3

NH2H2N

H2N
H2N NH2

NH2

NH2

NH2NH3

logܭ௠ ൌ ௡ߚ݃݋1.152݈ ൅ ݊ െ 1 log	ሾ55.5ሿ



Chelate effect: cooperativity?
A chelator is a ligand that has more than one donor atom that is capable of binding to a 
metal ion simultaneously (coordination chemistry).

H3N
H3N NH3

NH3

NH3

NH3

NH2H2N

H2N
H2N NH2

NH2

NH2

NH2NH3

M = Ni2+
log K = 8.76 

ΔH° = ‐29 kJ mol‐1
‐TΔS° = ‐25 kJ mol‐1

1. Greater basicity of primary amines
2. Weaker solvatation of primary amines
3. Decresed repulsive interaction between binding sites
4. Steric interactions and strain in the complex

1.Conformational changes
2.Greater number of free species



Chelate effect
“Multiple juxtapositional fixedness” (MJF): dissociation of a multidentate ligand is 
hampered by the need of having multiple dissociation events  simoultaneusly.

MJF is a kinetic effect which is operative 
also on binding: once the first donor has 
bound the metal, binding of the others is  
made easier by local proximity.



Macrocyclic effect

O
O

O

OO
O

O
O

O

OO
O

K+ K+

Log K (MeOH, 25 °C) = 2.0 Log K (MeOH, 25 °C) = 6.1

H = -36.4 KJ/mol
S = -25 KJ/mol

H = -56.0 KJ/mol
S = -21 KJ/mol

Its is much more an 
enthalpic than 
entropic effect!

Preorganization?



Macrocyclic effect

• Incresed basicity due to the bridges
• smaller number to gauche conformation to build up 
• Repulsion between the binding sites (relaxed by complexation)
• Desolvatation made less «expensive» by steric crowding
• Absence of strain 



Crown ethers: shape selectivity

• Many crown ethers are selective for K+
• 18‐crown‐6 binds everything better



Crown eters: shape selectivity

• Size selectivity
• 18‐crown‐6 binds everything better

• Affinity mainly depends on the number of donors



Crown eters: shape selectivity

Flexibiliy!

But also: 

• Number of donors

• Solvatation of the cation

• Chelate ring size

• Cation charge



Lariat eters: increased affinity



Lariat eters



Criptands: criptate effect

Other examples

2.2.2



Criptands: shape selectivity

• Incresed preorganization and 
complemetarity lead to higher affinity and 
selectivity

• Kinetics of binding and dissociation become
slower



Sperands: preorganization
Spherands are a category of macrocyclic receptors with rigid cavities whose donor sites 
(normally oxygen) are fixed in space in relation to each other and directed inward for 
complexation with a range of complementary guests, which often have a spherical shape

As a consequence of the rigidity, conformational changes on complex formation are minimal
and the rigid electron‐pair‐lined cavities in uncomplexed spherands have been postulated to 
be effectively nonsolvated.



Preorganization and affinity



Other receptors: cyclophanes

Host G (Kcal/mol)

26 ‐8.4

27 ‐7.3

28 ‐5.3

29 ‐6.2

30 ‐6.7

Water, borate buffer pH 10.0



Other receptors: cucurbit[n]urils

Host Kass (1/M)

36 4.5 x 108

37 3.3 x 105

38 3.2 x 102

39 1.3x 103

0a ‐

40b ‐



Other receptors: calix[n]arenes



Other receptors: cyclodextrins



Other receptors: cyclodextrins



Other receptors: tweezers and clefts


