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Supramolecular Chemistry - definitions  

 

 

• the chemistry beyond the molecules:  molecules are already formed 

 

 

• the chemistry of molecular assemblies and of the intermolecular bond: 

association of molecules 

 

 

•  the chemistry of the non covalent bond: weak interactions 

Bottom-up approach 
 

Nano objects 
 

Smart and functional materials 



Molecular machines, containers, nanoscale flasks, nanoassemblies, 

supramolecular architectures, cages, trasporters, molecular magnets, 

nanoparticles, nanoballs, channels, tubes,… 

 

Macrocycles, Cucubiturils, Helicates, Rotaxanes, Catenanes, Dendrimers.. 

 

Functional and complex nanomaterials and devices  (smart materials, 

MOFs, polymers, gels, SAMs..) 

 

Imaging, Sensing, Recognition, Catalysis, Switching, … 

Host-Guest, Self-assembly, Supramolecular Assembly, Design, Control, Non 

covalent Interactions, Electrostatic Int., Anion- Int., Solvent effects,… 

Supramolecular Chemistry - vocabulary 



Nobel Prize in Chemistry, 1987 

«for their development and use of molecules with  

structure-specific interactions of high selectivity» 

     Cram                                 Lehn                             Pedersen 

http://nobelprize.org/nobel_prizes/chemistry/laureates/1987/  

http://nobelprize.org/nobel_prizes/chemistry/laureates/1987/cram.html
http://nobelprize.org/nobel_prizes/chemistry/laureates/1987/lehn.html
http://nobelprize.org/nobel_prizes/chemistry/laureates/1987/pedersen.html


 



The Nobel Prize in Chemistry, 2016 

"for the design and synthesis of molecular machines" 

 

 

https://www.nobelprize.org/nobel_prizes/chemistry/laureates/2016/ 

J-P. Sauvage                    Sir J. F. Stoddart              B. L. Feringa 

https://www.nobelprize.org/nobel_prizes/chemistry/laureates/2016/sauvage.html
https://www.nobelprize.org/nobel_prizes/chemistry/laureates/2016/stoddart.html
https://www.nobelprize.org/nobel_prizes/chemistry/laureates/2016/feringa.html


Chimica, il Nobel mancato 

Prof. Vincenzo Balzani, docente emerito dell„Università di Bologna  





The original inspiration: 

Supramolecular systems in Nature   

 
DNA 





The original inspiration: 

Supramolecular systems in Nature   

 
PROTEINS 



Examples : Carriers 
The original inspiration: 

Supramolecular systems in Nature   

 
MEMBRANES and TRANSMEMBRANE CARRIERS 



The original inspiration: 

Supramolecular systems in Nature 

   
ENZYMES 



 

 

 

 

 

 

 

 

 

 

 

 

 

ANTENNA UNITS REACTION CENTER 

The original inspiration: 

Supramolecular systems in Nature   

 
THE PHOTOSYNTHETIC APPARATUS 



The original inspiration: 

Supramolecular systems in Nature   

 
ATP Synthase and KINESIN 



The original inspiration: 

Supramolecular systems in Nature   

 
METHANE CLATHRATE (Siberian craters) 



The bridge: 

Supramolecular  ARTIFICIAL and NATURAL systems 



A synthetic molecule that CAN WALK DOWN A TRACK 



DYNAMIC COMBINATORIAL LIBRARIES 



Folding DNA to create  
NANOSCALE SHAPES AND PATTERNS 



From Supramolecular Chemistry to Nanotechnology 
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Supramolecular Chemistry: From Molecules to Nanomaterials, 8 Volume Set 

Jonathan W. Steed (Editor-in-Chief), Philip A. Gale (Editor-in-Chief), Wiley.  
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Interazioni non covalenti 

Recettori 1  

cationi/anioni/molecole neutre  

Metodi Analitici 

Recettori 2 

Cavitandi/Contenitori molecolari  

- Covalenti  
-Auto-assemblati (legami H, legami M, legami covalenti 
dinamici) 
-Applicazioni: isolamento di intermedi instabili; reattività nello 
spazio confinato; catalisi 

Fotofisica in breve 

(Prof. M.T. Indelli, UniFe) 

Programma 



Topological Chemistry 

Elicati/Catenani/Rotaxani/Nodi 

(Pro.f B. Colasson, Università Paris Descartes, Francia 4h) 

Dispositivi e Macchine molecolari 

Determinazione delle Costanti di Associazione  

(Prof. P. Tecilla 4h) 

Sensori  

Programma 







•  Electrostatic 

 

•  - 

 

•  Cation-/ Anion-/CH- 

 

•  H Bonding 

 

•  Halogen Bonding 

 

•  Metal-Ligand Coordination 

 

•  Reversible Covalent Bonding 

 

•  Chelate Effect 

  

•  Macrocyclic Effect  

 

•  Hydrophobic Effect   

Weak (Reversible) Intermolecular Interactions 



 

 

 

 

 

 

 

 

 

weak interactions strong interactions 

Van der 

Waals H bond 

-  

charge-charge metal-ligand covalent 

kJ/mol 1-5 10-50 100-150 50-200 200-500 

Weak Intermolecular Interactions 



 

Electrostatic Interactions  

Charge-Charge Interactions 100-350 kJ/mol  

Dipole-Charge Interactions 50-200 kJ/mol  

Dipole-Dipole Interactions 5-50 kJ/mol  



x x 
d 

q1 q2 

 apolar medium  e  small (~ 2) 

 polar medium  e  big (H2O ~ 80) 
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Cation- Interactions   

d = 2.4 Å 



Anion- Interactions   

Proposed by three research groups of theoreticians independently in 2002 based on  

their theoretical calculations, anion −π interactions are defined as attractive interactions 

between negatively charged species and electron-deficient aromatic rings. 

Typical anion−π interaction indicates the attraction of an anion species to the centroid  

of an aromatic ring. 

In comparison to a plethora of theoretical calculations of anion−π interactions,  

experimental studies on these intriguing noncovalent bond interactions are limited. 



3.5 A
H

- Interactions up to 50 kJ/mol  

face to face 

edge to face 

C.A. Hunter and J.K.M. Sanders, The Nature of π - π interactions, J. Am. Chem. 

Soc., 1990, 112, 5525;  

E.-l. Kim, S. Paliwal and C.S. Wilcox, Measurements of molecular electrostatic 

field effects in edge-to-face aromatic interactions and CH- π interactions with 

implications for protein folding and molecular recognition, J. Am. Chem. Soc., 

1998, 120, 11192. 



H Bond 4-120 kJ/mol 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B

B

A H

A H

d- d+
d- d+

permanent dipoles

A, B : electronégative or
electron deficient atoms
A, B electronegative or 

electrondeficient atoms 



 

G.A. Jeffrey, An Introduction to Hydrogen Bonding, Oxford University Press: Oxford, 1997. 







Halogen Bond 



Halogen Bond 



Halogen Bond 



In 2009 the International Union of Pure and Applied Chemistry (IUPAC) started a 

project (project no. 2009-032-1-100) having the aim “ to take a comprehensive look at 

intermolecular interactions involving halogens as electrophilic species and classify 

them” 

http://www.halogenbonding.eu/ 

http://www.iupac.org/web/ins/2009-032-1-100 

 

An IUPAC recommendation defining these interactions as halogen bonds was issued  

in 2013 when the project was concluded: This definition states that  

 

“ A halogen bond occurs when there is evidence of a net attractive interaction between  

an electrophilic region associated with a halogen atom in a molecular entity and a  

nucleophilic region in another, or the same, molecular entity. ” 

Halogen Bond 

http://www.halogenbonding.eu/
http://www.iupac.org/web/ins/2009-032-1-100
http://www.iupac.org/web/ins/2009-032-1-100
http://www.iupac.org/web/ins/2009-032-1-100
http://www.iupac.org/web/ins/2009-032-1-100
http://www.iupac.org/web/ins/2009-032-1-100
http://www.iupac.org/web/ins/2009-032-1-100
http://www.iupac.org/web/ins/2009-032-1-100


 

 

 

 

 

 

 

 

 

 

 

 

X B
X : electron-poor halogen atom 

B : Lewis base (neutral or anionic) 

- Very directional (180°, but also other geometries) 

- As strong as H-bond 

- Often encountered in solid state, more rarely in solution 

Halogen Bond 











Metal-Ligand Interaction 



 

Hydrophobic Effect  







 

Chelate Effect  



 

Macrocyclic Effect  



Macrocyclic Effect  



Chelate and Macrocyclic Effects  



Recettori 
 

 cationi 
 

 anioni 
 

 molecole neutre 
 

 Metodi Analitici 
 

 Cavitandi 
 

Contenitori molecolari  
 

-covalenti  
-auto-assemblati (legami idrogeno, legami di coordinazione, 

legami covalenti dinamici) 

 





 



 



KK+/KNa+ = 105 



PEDERSEN (Nobel 1987), studio di leganti multi dentati per rame e vanadio (Dupont, anni „60) 

O

O

OO

O

O dibenzo[18]crown-6 - sottoprodotto 

http://nobelprize.org/nobel_prizes/chemistry/laureates/1987/pedersen.html
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[18]crown-6 Pentametileneglicol-dietiletere 

ETERI CORONA (Crown Ethers) 
(monocilci = CORANDI) 



 

 

 

 

 

 

 

 

OPTIMAL SPATIAL FIT or SIZE-MATCH 



 



Cationi hard formano complessi in cui le interazioni coulombiane sono 

dominanti 

Cationi soft formano complessi in cui è dominante il legame covalente. 

 Ioni metallici di tipo a sono principalmente: 

-         ioni dei metalli alcalini e alcalino-terrosi 

-         ioni metallici leggeri e con elevata carica: Ti4+, Fe3+, Co3+, Al3+ 

 Ioni metallici di tipo b sono principalmente: 

-         ioni pesanti di metalli di transizione: Hg2
2+,  Hg2+,  Pt2+,  Pt4+, Ag+, Cu+ 

-         ioni di metalli in bassi stati di ossidazione, ad es. nei metallo carbonili 

Alcuni ioni (Fe2+; Co2+ ; Ni2+; Cu2+ ; Zn2+; Pb2+) formano complessi le cui stabilità non 

possono essere pronosticate sulla base della classificazione hard/soft: essi formano la 

classe border-line 

La costante di stabilità dei complessi di questi ioni con un dato legante segue l‟ordine, 

noto come serie di Irving-Williams: 

Ca2+ < Mg2+< Mn2+< Fe2+ <Co2+ < Ni2+< Cu2+ > Zn2+ > Pb2+ 



Aza-crown Tio-crown 
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catecolato idrossammato

SIDEROFORI – bioaccesibilità del ferro, Fe(III) altamente insolubile 

 

K(FeIII) = 1052 

Enantiomero  

Recettori con carica complessiva −3 Recettori con carica complessiva −6 



O

N
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N
n = 1, criptando [2,2,1]
n = 2, criptando [2,2,2]

O

n

K+ 

Na+ 

LEHN (Nobel 1987), estensione dei sistemi monociclici a sist. biciclici (CRIPTANDI,anni „60) 

http://nobelprize.org/nobel_prizes/chemistry/laureates/1987/lehn.html
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Sferandi 
(p-metilanisolo) 

CRAM (Nobel 1987) - preorganizzazione 

http://nobelprize.org/nobel_prizes/chemistry/laureates/1987/cram.html






 





 

ciclotriveratrilene 

corando 

 

Recettori Politopici 





Thermodynamic selectivity : ratio of the binding constant for one guest over another: 

 

 H + G1  [HG1]  K1 

 H + G2  [HG2]  K2 

 

  selectivity =  

 

Selectivity is a consequence of preorganization, complementarity… 

Needs to be calculated at equilibrium in the same conditions 

Temperature! Solvent! 

K1 

K2 

Kinetic selectivity : preference of a host for the fastest transformation of a substrate 

over another (Michaelis-Menten model) 

 

 

-transport 

-catalysis 

-sensing and signaling   

 



Selettività 

 
Size-match o optimal-fit (progressivamente più determinante aumentando la rigidità /preorganizzazione 

dell‟Host) – distanza tra i dipoli del macrociclo e la carica ionica 

[30]crown-10 



Selettività  

 
Natura degli atoni donatori (O vs N VdW radius simile: hard/soft acid-base theory; 

 

Numero e orientazione degli atomi donatori (pesa di più per cationi di M transizione, che per alcalini; 

alcalinoterrosi e REM). 

 

Carica elettrostatica dello ione: a parità di raggio ionico, carica maggiore può corrispondere a maggiore 

energia di idratazione (cfr  Ca2+ vs Na+); 

 

Solvatazione dell‟host 

 

Solvente – competitivo per i dipoli/ costante dielettrica 

 

natura del contro-ione 



- covalent synthesis : under kinetic control 

 

 

 

- classical organic chemistry. Irreversible bond formation 

- highly stable molecules. 

- not adapted to big molecules. low yield 

- non covalent synthesis : under thermodynamic control 

 

 

 

 

 

- thermodynamic directed synthesis. Reversible bond formation 

- lower stability 

- adapted to big molecules. high yield 

- a mix 

 

 

 

 

- take advantage of the two approaches 
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To improve the yield, we use high-dilution techniques 

Rate for cyclization : vc = kc[A-B] 

Rate for polymerization : vp = kp[A-B]2 

A
B

A A

B B

+

kc

kp

B
A

- the more dilute, the more cyclic product is formed 

- the reaction has to be fast 
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70 % 

Effetto templato cinetico CYCLAM (base di Schiff) 
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Demetallazione:  

gruppi amminici – protonazione 

debolm coordinat – estrazione con acqua 

complessante più forte 

variaz stato ox- inerzia/labilità 



Calix[n]areni Ciclofani 







   







   



 



  



 



 Calix-sferando                        Calix-crown 





Cation tunnelling 



Ag* 

Ag* 

Cation tunnelling:  Ag+ syringe 



 

Calix-tubes 



http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2003/ 

                  Peter Agre        Roderick MacKinnon 

 

The Nobel Prize in Chemistry 2003 was awarded "for 

discoveries concerning channels in cell membranes" jointly 

with one half to Peter Agre "for the discovery of water 

channels" and with one half to Roderick MacKinnon "for 

structural and mechanistic studies of ion channels“.   







Ln3+ recognition 
(treatment of radiactive waste/extraction- high 

distribution coefficiet even from very acidic water 

solutions)  





Chirality  







• anions are large and require receptors of bigger size than cations - r(F-) ≈ 

rK+ 
 

• large diversity of shapes and geometries (spherical, linear, trigonal, 

tetrahedral…) 

 
 

 

 

• high free energies of hydration 

 
 rG°hydr(F

-) = -465 kJ.mol-1            rG°hydr(K
+) = -295 kJ.mol-1 

 

 

• anions are sensitive to pH (crucial for recognition on water) 
 

• anions are coordinatively saturated : only weak interactions (H bond,  

electrostatic,  Van der Waals), no strict coordination number 

 
• Lewis bases  





 

Host cationici 

Schmidtchen 



 

Host cationici 

 

Host zwitter-ionici 

K(Br-) = 1020  (H2O)                                                   K (Br -) = 2150 (H2O) 

 

Selettività  

K(Br -) = 1020 K(I -) = 500 K(Cl-) = 50   

 



 
Organo-Boro 

 
Organo-Sn(IV) 

Organo-Hg(II) 

Hawthorne 



Berryman 



Pascal 



  

 
Raposo 



 

Fabrizzi 



HPLC Separation of oligonuclotides of different 

lenght 

Sessler 





 

 

poliazamacrocicli 

Lehn 



 

Lehn 



 



 



Fabrizzi 



 Beer 



 

Beer 





In acetone: Cl-  Br-  I- 

ortho-substituted iodotetrafluroroarenes on to  

trimethylbenzene scaffold 

Taylor 





 

















 

KF anidro in CH2Cl2 

 



 

 





 





 
pKa = 13.6 



 

Estrazione di aa con catene laterali aromatiche (Phe, Trp) in CH2Cl2 


