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Supramolecular	Chemistry

Organization

Examiner	and	course	responsible:	Daniel	Aili

Contact:
Office:	P312,	Physics	Building
Tel:	0734-618	984	/	013-28	89	84
Mail:	daniel.aili@liu.se
Web:	www.m2lab.se
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Organization
Teaching	activities

• 10	Lectures	x	2	h
• 3	Seminars	x	2-4	h
• 2	Labs	x	4	h
• 4	Classes	

Literature

• Jonathan	W.	Steed,	Jerry	L.	Atwood,	"Supramolecular	
Chemistry"	2nd	Ed.,	Wiley-Blackwell,	2009.

• Journal	articles
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Organization
Teaching	activities

• 10	Lectures	x	2	h
• 3	Seminars	x	2-4	h
• 2	Labs	x	4	h
• 4	Classes	

Alternative	Literature

• Jonathan	W.	Steed,	David	R.	Turner,	Karl	J.	Wallace,	”Core	
Concepts	in	Supramolecular	Chemistry",	Wiley,	2007.

• Free	E-book	at	the	LiU Library
• https://www.dawsonera.com/abstract/9780470858707

Aim

• Provide	an	introduction	to	the	field	of	supramolecular	chemistry	with	
an	emphasis	on	systems	and	applications	for	life	sciences	and	life	
science	technologies.

• Knowledge	in	state-of-the-art	supramolecular	systems	for:
• Biosensors
• Drug	delivery
• Biomaterials
• Bioorganic	electronics

After	the	course	you	should

• be	able	to	account	for	fundamental	concepts,	methods	and	theories	
of	supramolecular	chemistry.
• be	able	to	understand	and	account	for	current	problems	and	research	
in	the	field.
• have	knowledge	about	the	importance	of	supramolecular	systems	
and	their	applications	in	life	sciences	and	life	science	technologies.
• have	practical	experience	from	analytical	methods	for	
characterization	of	supramolecular	systems.
• be	able	to	interpret,	analyze	and	evaluate	experimental	data	of	
supramolecular	interactions.



11/1/17

3

Organization	– Seminars	and	classes

SE1:	Lab	seminar	(mandatory)
SE2:	Project	seminar	(mandatory)
SE3:	Seminar	on	the	origin	of	life

LE1	– LE4:		Focused	on	the	projects	

Examination

1. Project	work	(in	groups	of	3	students):	2	ECT
• Oral	presentation	+	opposition	(Fail/Pass)
• Written	report	(Fail,	3,	4,	5)

2. Individual	written	assignment	(Fail,	3,	4,	5):	2.5	ECT

3. Two	lab	exercises:	1.5	ECT
• Active	participation	+	individual	written	reports	(Fail/Pass)

Final	grade	is	calculated	as	the	weighted	average	grade	of	(1)	and	(2)	
rounded	up/down	to	the	nearest	integer.

Examination

• Project:	Groups	of	2-3	students	will	work	together	to	identify	and	
describe	in	detail	a	novel	supramolecular-based	solution	to	a	complex	
problem.	Written	report	+	oral	presentation.

• Written	assignment:	Carried	out	individually.	All	students	will	receive	
a	complex	and	extensive	journal	article	to	read	and	should	write	a	
detailed	report	describing,	in	your	own	words,	the	purpose,	results,	
methods	used	and	a	comprehensive	analysis	of	all	supramolecular	
aspects	of	the	work.	
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Supramolecular	Chemistry!

Supramolecular	Chemistry?

The	nature	of	the	covalent	bond:	

Chemical	reactions:	Breaking	and	
formation	of	covalent	bonds

Chemical	bond	that	involves	sharing	of	
electrons	between	atoms

Supramolecular	chemistry

Supramolecular	complexes	are	defined	and	characterized	by:

• Intermolecular	interactions
• Degree	of	order
• Symmetry	of	packing
• Recognition

The	scope	of	covalent/molecular	chemistry	encompasses:

• Chemical	nature	of	covalent	molecules	and	their	
synthesis

• Redox	properties
• HOMO-LUMO	gap
• Polarity
• Vibration	and	rotation
• Magnetism
• Chirality
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Supramolecular	Chemistry!

Wikipedia:
” Supramolecular	chemistry	refers	to	the	domain	of	chemistry	beyond	
that	of	molecules	and	focuses	on	the	chemical	systems	made	up	of	a	
discrete	number	of	assembled	molecular	subunits	or	components.	”

Jean-Marie	Lehn	(Nobel	Laurate	in	Chemistry	1987):	
• ”Chemistry	beyond	the	molecule”
• ”The	chemistry	of	molecular	assemblies	and	of	the	

intermolecular	bond”

Supramolecular	Chemistry!

In	common:	consist	of	a	discrete	number	of	molecules	that	
are	assembled	as	a	result	on	non-covalent	interactions	

Supramolecular	Chemistry!

In	common:	consist	of	a	discrete	number	of	molecules	or	components	that	
are	assembled	as	a	result	on	non-covalent	interactions	
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Organization	- Lectures

1. Introduction,	molecular	recognition	and	host-guest	chemistry
2. Self-assembly,	self-organization,	intermolecular	forces
3. Thermodynamics	of	supramolecular	interactions,	analytical	methods
4. Peptides	and	peptide-based	structures	&	materials	(Dr.	Robert	Selegård)
5. Carbohydrate	chemistry	(Prof.	Peter	Konradsson)
6. Protein	&	DNA/RNA-based	supramolecular	structures	and	materials
7. Natural	and	artificial	lipid	systems
8. Supramolecular	systems	for	drug	delivery	and	biosensing
9. Supramolecular	catalysis	and	supramolecular	polymers
10. Molecular	motors	(Prof.	Bo	Durbeej)

Covalent	vs	Supramolecular

Synthesis	of	(covalent)	molecules:
• Robust	molecules
• Well	defined	(atomistic)	control	over	structure	and	composition	in	small	
molecules	

• Difficult	to	synthesize	large	and	complex	molecules
• Often	time	consuming	and	resource	intense

“Synthesis”	of	supramolecular	complexes
• Dynamic	structures	that	can	form,	dissociate,	and	change	over	time
• Stability	and	specificity	of	structures	and	components	are	defined	by	affinities
• Enables	assembly	of	very	complex	and	large	structures

Whitesides,	Science	1991,	254,	1312.

Why	interested	in	supramolecular	chemistry

• Governs	all	aspects	of	life:	DNA	replication	and	transcription,	protein	
synthesis,	protein-protein	interactions,	cell-membrane	assembly,	cell-
cell	interactions	etc.	
• Supramolecular	chemistry	give	us	insight	into	all	those	processes	and	also	
tools	for	“reverse	engineering”	– i.e.	molecular	biomimetic	

• Supramolecular	chemistry	is	a	“technology”	for	making	new	synthetic	
structures,	components,	devices	and	materials!
• Molecular	“Lego”



11/1/17

7

Bridging	sizes	and	materials

0.1	nm 1	nm 10	nm 100	nm 1	µm 10	µm 100	µm 1	mm

Organic	synthesis
(”Bottom	up”)

Lithographic	(”top-
down”)	fabrication

Supramolecular	structures	and	materials

carbon-based silicon-based

Typically	carbon-based	but	not	always!

Efter Niemeyer,	Angew.	Chem.	Int.	Ed.	2001, 40,	4128.

Size	can	span	from	nanometer	scale	structures	
to	to	macroscopic	assemblies

Possible	to	combine	with	inorganic	
nanostructures,	e.g.	metal	or	semiconducting	
nanoparticles

The	origin	of	the	field	- milestones

1891	– Cyklodextrine was	discovered		(Villiersand Hebd)	
1893	– Coordination	chemistry	was	founded	(Alfred	Werner)
1894	– The	”lock-and-key”-model	for	enzymes	was	published	(Emil	Fischer)	
1906	– Introduction	of	the	”receptor”	concept	(Paul	Ehrlich)	
1937	– The	term	“Übermoleküle”	was	coined	to	describe	associated	molecules	(Wolf)	
1948	– The	term	“clathrate”	was	introduced	(Powell)	

1958	– The	”induced	fit”-model	for	enzymes	was	published	(Koschland)	
1967	– The	crown	ethers	were	discovered	(Pedersen)	
1978	– The	term	“supramolecular	chemistry”	was	introduced	(Lehn)	
1987	– The	Nobel	prize		in	chemistry	to	Cram,	Lehn	och Pedersen	for	groundbreaking	work	in

supramolecular	chemsitry
2016	– The	Nobel	prize	in	chemistry	to	Sauvage,	Stoddart,	och Feringa for	their	work	on	

supramolecular	molecular	motors

Today

Wide	and	diverse	research	field
• Organic	chemistry	to	material	
science

Concepts	that	are	widely	used	in	
pharma-,	medtech and	biotech	
industry:
• Drug	formulations
• Sensors	and	assays
• Materials

1990 2011

>	10	000	scientific	papers	published	on	the	topic	
of	supramolecular	chemistry	(ISI	web	of	science)



11/1/17

8

Supramolecular	structures/systems

Broadly	divided	in	two	categories	depending	on	the	properties	of	the	
components	and	the	interactions	involved

Self-Assembly

• Association	of	multiple	components	that	
are	of	the	approximately	same	size

• Can	result	in	formation	of	both	discrete	
nanoscale	structures	as	well	as	
macroscopic	complexes	

Host-Guest	Chemistry

• Larger	(often	macrocyclic)	molecule	(i.e
host)	that	bind	at	least	one	smaller	
(guest)	compound

• Typically	discrete	complexes	that	can	
form	larger	structures	through	a	self-
organization	process

Host-Guest	Chemistry	– the	terminology

”Host”
(Receptor,	Ligand)

”Guest”
(Substrate)	

+

Supramolecule

• ”Host-guest komplex”		
• ”Inclusion komplex”
• ”Clathrate komplex”

Compound	that	can	form	a	
complex	with	a	host	E.g.	:	

• Metal	ion
• Co-factor
• Hormone

The	complex	formed	can	also	
be	referred	to	as:

Compound	capable	of	
recognizing	and	binding	a	guest	
in	defined	confinement	by	
means	of	non-covalent	
interactions,	e.g:		crown	ether	or	
enzyme.

… for	example

Na+

Host:	18-crown-6
Guest:	Na+

Host:	Protein	receptor
Guest:	drug

(not	drawn	to	scale)
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Self-Assembly

Not	necessarily	an	obvious	host	or	guest!

Defined	as:	“The	spontaneous	and	reversible	
association	of	molecules	or	ions	to	form	
larger,	more	complex	supramolecular	entities	
according	to	the	information	contained	in	
the	molecules	themselves.”	(Steed&Atwood,	
2009)

Self-Assembly

Cell	membrane

Most	biomolecular	complexes	and	many	biological	structures	are	formed	
as	a	result	of	self-assembly!

Chromatin

Important	parameters

The	interactions	are	typically	weak	compared	to	covalent	bonds	and	
the	formation	of	supramolecules	depends	on:

• Types	of	interactions	(topic	for	next	lecture)
• Solvent
• Size	of	the	contact	surface
• Number	of	interactions
• Cooperativity	and	additivity
• Preorganization	effects
• Interactional	complementarity
• Sterical	and	geometrical	complementarity
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Complementarity

• No	steric	clashes	or	constraints,	i.e.	good	fit	with	respect	to	size	and	
geometry	of	host	and	guest
• Interactions	are	available	between	host	and	guest	and	are	well	
aligned	in	the	complex
• Hydrogen	acceptor	and	donor	pairs
• Lewis	acid	and	base	pairs
• Complementary	charge	distribution
• ……

But,	keep	in	mind	that	most	molecules	are	
not	very	rigid!

“Lock-and-Key”	vs	”Induced-fit”

Lock-and-key: Rigid	host/receptor!	
No	binding	unless	excellent	
geometrical	complementarity.	
(Proposed	in	1894	by	Emil	Fischer)	

Induced-fit: Conformationally	
flexible	host/receptor!	Interactional	
complementarity	drives	geometric	
adaption	to	maximize	interactions	.	
(Proposed	by	Koschland in	1958.)

Affinity	and	Selectivity
High	complementarity	often	result	in	high	affinity!	
Example:	Crown	ethers

12-crown-4 15-crown-5 18-crown-6

The	lone	electron	pair	of	the	oxygen	atoms	
give	the	cavity	a	net	negative	chargeCharles	Pedersen	was	awarded	with	the	Noble	prize	in	

chemistry	in	1987	for	the	discovery	of	the	crown	ethers	

number	of	atoms number	of	oxygens
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Crown	ethers

12-crown-4 15-crown-5 18-crown-6
Diameter	(Å) 1.2-1.5 1.5-2.2 2.6-3.2
Li+ (1.36	Å) -0.57 1.21 -
Na+ (1.94	Å) 1.67 3.32 4.28
K+ (2.66	Å) 1.6 3.5 5.67
Cs+ (3.34	Å) 1.63 2.74 4.5

(Log	Ka in	methanol)

Gu
es
t

Balance	between	steric	
complementarity	and	
number	of	possible	
interactions!

Note	that	solvatization
energy	increases	as:
Cs+ <	K+ <	Na+ <	Li+

Crown	ethers	are	not	
completely	rigid

Crown	ethers

18-crown-6	– K+ 18-crown-6	– Li+

Structural	flexibility	enables	the	crown	ethers	to	bind	cat	ions	with	
different	sizes	but	at	cost	of	build	up	of	strain.

Log	Ka =	5.67
J.	Am.	Chem.	Soc.	1994,	116,	10657-10669.

No	association!

Cryptands – the	more	rigid	version

What	happens	when	we	make	the	host	more	rigid?
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Cryptands6704 

O- 

Figure 1.  Stability constants of the alkali cryptates formed by ligands 
1-6 (in methanol/water ( M / W )  95/5 or pure methanol (M)  at 25’C) 
as a function of ionic radius (in A; Table 11). 

Cavity size strongly affects K ,  as already noted, the pre- 
ferred cation being that which best fits into the cavity. This 
caoity selectioity, which incorporates several types of pri- 
mary effects (electrostatic and van der Waals attraction 
and repulsions, nature and number of binding sites, ligand 
conformational changes, enthalpy/entropy contributions), 
may be used as an operational criterion for predicting selec- 
tivity of complexation. 

Ligand dynamics, Le., rigidity, flexibility, conformation- 
al changes, act on cation selectivities often together with 
cavity size. Indeed, ligands with small cavities are generally 
quite rigid, almost by necessity, since a small cavity is delin- 
eated by short, relatively nonflexible chains. On the other 
hand larger ligands with cavities above a certain size are 
generally more flexible and may undergo more pronounced 
conformational changes. The following conclusions may 
then be drawn from the data in Table I or available in the 
literature (references in ref 2-5). 

1 .  Rigid ligands display peak Selectivity. They are able 
to discriminate against cations which are either smaller or 
larger than their cavity, since distortion of a rigid ligand ei- 
ther by contraction or by expansion of its cavity leads to 
pronounced destabilization. This is pictured in  Figure 1 .  
The ligands of the “rigid” type, [2.1.1], [2.2.1], and [2.2.2], 
present a stability peak for the optimal cation. That these 
macrobicyclic ligands present better ooerall selectivity than 
other types of ligands may be related to their bicyclic topol- 
ogy. Indeed they have higher connectivity (thus, higher ri- 
gidity) and higher dimensionality’ (three-dimensional dis- 
crimination) than macrocyclic ligands. The case of [2.2.2] 
is particularly noteworthy, since, in an aqueous solution 
containing all alkali cations, it would complex Na+, K+, 
and Rb+ and completely cut out Li+ and Cs+. 

2. Plateau selectivity is observed for flexible ligands 
which contain large, adjustable cavities. In the series 1-6, 
the “flexible” type begins with [3.2.2] whose maximum 
cavity size corresponds approximately to Cs+. This general 
behavior is illustrated in Figure 1 where it is seen that in all 
three cases one reaches a stability plateau for K+, Rb+, and 
Cs+, whereas K+/Na+ selectivity is large. The macrocyclic 
antibiotics also show a similar behavior (see enniatin B and 
valinomycin in Table I). It is especially striking that vali- 
nomycin, which shows such a high K+/Na+ selectivity, 
does not distinguish well between K+, Rb+, and Cs+. En- 
niatin B has in fact low overall selectivity. This type of be- 
havior (high K+/Na+ selectivity; weak K+/Rb+, Cs+ selec- 
tivity) may be explained as follows: the complexation of 
small cations (e.g., Li+, Na+) requires a marked decrease 
i n  cavity size thus introducing destabilizing steric and bind- 

ing site repulsions; larger cations (e.g., K+, Rb+, Cs+) mod- 
ify the cavity size by slight contraction or by expansion at 
comparatively little expense of energy. That the stability 
plateau generally starts at K+ is not too surprising since the 
largest relative change in cation radius occurs between Na+ 
and K’: [rl(K+) - rl(Na+)]/r ,(Na+) = 0.36; [rI(Rb+) - 
r , ( K + > ] / r , ( K + )  = 0.12. 

In  addition to these ligand features, an important contri- 
bution to this peak-plateau behavior also results from the 
fact that the coordination properties (see the free energies 
of hydration in Table 11) change much less for K+, Rb+, 
and Cs+ than for Li+, Na+, and K+. 

It is worth noting that two kinds of behavior may be dis- 
tinguished for the permeability of cell membranes to alkali 
cations: permeability to Na+ and Li+ but not to K+, Rb+, 
and Cs+; permeability to K+, Rb+, and sometimes Cs+ but 
not to Li+ and Na+.27 Also in the presence of valinomycin, 
mitochondria rapidly take up K+, Rb+, and Cs+ but not 
Na+ or Li+.2s 

The absence of negative binding sites plays an important 
role in displacing selectivity orders in favor of cations of 
larger size or of lower charge (see below)2 as compared to 
the complexone type ligand 12-14. 

Complexation Selectivity. Alkaline-Earth Cryptates. The 
complexation properties of the polyanionic acyclic ligands 
(see 13-15) toward alkaline-earth cations generally display 
the selectivity sequence: Ca2+ > Mg2+ > Sr2+ > Ba2+. The 
selectivities of the electrically neutral macrobicyclic li- 
gands are quite different (Table I ) .  

(1) High selectivities may be found among the bivalent 
cryptates for the different pairs of alkaline-earth cations. 
Except for I2.1.11, the sequence is of the type Mg2+, Ca2+ 
< Sr2+, Ba2+, i.e., opposite to the usual sequence of anionic 
ligands. The same sequence is found for the natural or syn- 
thetic macrocycles but with much weaker selectivities. 

(2) Ligand [2.2.1] displays very high Ca2+/Mg2+ selec- 
tivity compared to other known ligands, probably even 
higher than for EGTA 13 (log K ,  = 5.2 (Mg2+), 11.0 
(Ca2+) in water).” 

(3) [2.2.2] is at present the ligand which shows the high- 
est selectivity for Sr2+ (factor 4000) and Ba2+ (factor I O 5 )  
with respect to Ca2+, while retaining high stability. This 
property has been used in experiments of radioactive stron- 
tium d e c ~ r p o r a t i o n . ~ ~  [2.2.2] contains a cavity suitable for 
Sr2+ and Ba2+ complexation but too large for Ca2+. 
(4) [3.2.2] presents a high Ba2+/Sr2+ selectivity. 
(5) No dichotomic peak/plateau behavior is observed as 

in the case of alkali cations (Figure 2). The largest bivalent 
cation Ba2+ has a radius between K+ and Rb+. The plateau 
behavior would probably only be visible from Ba2+ to larger 
cations (Ra2+?). Thus, once the cavity is large enough Ba2+ 
always forms the most stable complex. 

Complexation Selectivity. Bivalent Versus Monovalent 
Cryptates. The influence of ligand structure on the com- 
plexation selectivity of alkaline-earth vs. alkali cations 
M2+/M+ has been analyzed recently3 and control over this 
selectivity in cryptates has been reported.I3 The anionic 
chelating agents favor M’+ very strongly. Neutral ligands 
are expected to decrease the M2+/M+ selectivity ratio 
which may even become much smaller than unity in several 
natural antibiotics (e.g., valinomycin, Table I )  and in the 
cryptates of 7, [2.2.C8].I3 With ligands 1-6 the most stable 
complex encountered is always formed by a bivalent cation 
(Sr2+ or Ba2+) except in the case of [2.1.1]. 

Since Mg2+ and Lit, Ca2+, and Na+ have similar ionic 
radii the sequences Mg2+ < Li+, Ca2+ < Na+ displayed by 
I2.1 . l ]  are not due to cavity size. The small number of neu- 
tral binding sites, the presence of nitrogen sites, and the or- 
ganic skin which diminishes the interactions of the buried 

Journal of the American Chemical Society / 97:23 / November 12, 1975 

J.M.	Lehn	et	al.,	JACS,	1975,	97,	6700.	

[2.2.2]cryptand

More	than	105 times	higher	Ka
than	the	corresponding	crown	
ether	(1010 vs	101.6)!

Lo
g	
K a

Much	more	selective,	i.e.	large	
difference	in	affinity	for	
different	ions!

High	complementarity	result	in	high	affinity!
Constrained	flexibility	results	in	high	selectivity!

Selectivity	is	the	basis	for	molecular	recognition!	

The	chelate	effect
Why	do	macrocyclic	molecules	(e.g.	crown	ethers)	have	such	high	affinities	for	cations?	

Single	interaction	pairs	must	be	very	
strong	to	prevent	rapid	dissociation

In	a	chelator	(or	a	macrocylic molecule)	multiple	
interaction	sites	are	provide	by	the	the	same	molecules	

Connect	the	interacting	moieties	
and	the	affinity	increase	by	orders	
of	magnitude

The	chelate	effect!

The	chelate	effect

• In	order	for	a	chelator	to	dissociate	multiple	interaction	must	be	
broken	simultaneously

• When	the	first	interaction	has	formed	the	next	interactions	form	
easier	since	the	binding	sites	are	already	in	close	proximity

• The	loss	in	entropy	I	smaller	when	only	two	
species	associate	as	compared	to	a	multi-
ligand	complex

• Topological	effects	and	preorganization	can	
further	improve	the	binding
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Preorganization
A	host	is	preorganized if	no	or	very	limited	structural	alterations	is	needed	to	
effectively	bind	the	guest.	The	host	is	optimally	preorganized	if:

Results	in	high	selective	since	fewer	
guest	can	bind	optimally	to	the	host!

• The	geometry	allows	all	interaction	sites	to	be	
engaged	without	structural	reorganization

• Binding	do	not	result	in	a	build	up	of	strain	in	
either	host	or	guest,	i.e.	the	free	energy	of	the	
complex	is	the	same	as	for	the	lowest	energy	
conformation	of	the	host	and	guest	prior	binding	

Fig	1.	11	Steed&Atwood

Preorganization	&	the	macrocyclic	effect

Fig	1.	12	Steed&Atwood

The	macrocyclic	effect

• A	cylic host	(e.g.	a	crown	ether)	is	more	preorganized	than	a	linear	
host	(e.g a	normal	linear	ether)	which	result	in	both	higher	affinity	
and	selectivity	for	binding	of	the	guest:

• More	rigid	(fewer	degrees	of	freedom)	leads	to	less	conformational	entropic	
loss	upon	binding	of	the	guest
• Can	provide	multiple	optimally	preorganized	interaction	sites	without	
structural	reorganization

Macrocyclic	effect	=	D log	b =	log	bmacrocycle - log	blinear

C.	D.	Swor,	D.	R.	tyler,	Coordination	chem.,	2011,	255,	2860.
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The	macrocyclic	effect

The	penalty	in	entropy	was	“paid”	during	the	
synthesis	of	the	molecule

The	donor	atoms	in	a	macrocyclic	host	is	less	
accessible	to	the	solvent	and	thus	less	solvated	
than	a	linear	host

C.	D.	Swor,	D.	R.	tyler,	Coordination	
chem.,	2011,	255,	2860.

Cooperativity

• In	many	supramolecular	complexes	
the	total	stabilizing	energy	is	larger	
the	sum	of	the	interactions.	

• Often	a	result	of	interlinked	
binding	sites	where	one	interaction	
result	in	structural	alterations	that	
make	the	next	interactions	more	
favorable.	

2.4 Signal Input/Output in Crown Ether Systems 15

Figure 2.4. Binding of ion A to the host induces the binding of ion B

are introduced into the cavity of the host crown ether upon oxidation. In this
case, however, disulfide formation decreases guest binding ability because it
blocks guest insertion into the crown ether cavity. Since the thiol groups only
exist inside the cavity, intermolecular disulfide formation is also efficiently
suppressed.

Inverse response systems – systems where molecular recognition induces
the emission of physical signals such as light – have been also developed. Very
useful sensing systems can be designed based on guest binding phenomena
that result in the generation of color. In the host molecule depicted in Fig. 2.6,
an anthracene chromophore is connected to a crown ether binding site via
a tertiary amine. When the anthracene of a free host molecule is photoexcited,
light emission is quenched by the electron-donating tertiary amine (photoin-
duced electron transfer). Interestingly, binding a potassium ion to the crown
ether enhances the emission of the crown ether. The lone pair on the tertiary
amine contributes to the potassium binding, and electron transfer from the

Cyclodextrins – natural	macrocycles

6-8	D-glucopyranosyl units	linked	through	a-(1,4)	glycosidic bonds	

Hydrophilic	outside	(soluble	in	
water),	but	hydrophobic	inside.

Host	for	hydrophobic	
molecules
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Cyclodextrin (CD)

Increasing	the	
number	of	
glucopyranosyl units	
result	in	larger	cavity

Affects	the	affinity	
and	selectivity	for	the	
guest	

Cyclodextrin (CD)

• CD	s	are	often	used	as	an	additive	in	drug	formulations:
• Improve	the	solubility	and	biodistribution of	hydrophobic	drugs
• Affects	the	pharmacokinetics	of	the	drugs
• Can	protect	the	drug	from	oxidation

• CDs	have	been	studied	for	more	than	100	years	but	has	not	until	
recently	been	possible	to	produce	with	the	purity	required	for	
drug	formulations.	

Cyclodextrins in	drugs

• Nicorette	(nikotin	+	b-CD)
• Voltaren	(Diclofenac sodium	+	2-Hydroxypropyl-g-CD)
• Cetrizine (Cetrizine +	b-CD
• Prostarmon E	(Prostaglandin	E2 +	b-CD)
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response in mammals. Because of these highly desirable
properties, CDs have found numerous pharmaceutical
applications; reviews on the use of CDs in drug delivery
are available7–13.

Pharmaceutical applications of CDs
Current pharmaceutical research has a number of drivers,
including the nature of the drugs being developed, the
need for generating orally bioavailable dosage forms
and the preparation of solubilized parenteral formula-
tions. Drug discovery has evolved over the years to the
point that high-throughput screening techniques have
become routine. These approaches put significant evo-
lutionary pressure on emerging drug candidates, and
this has led to a systematic increase in molecular mass,
lipophilicity and a decrease in water solubility for lead
compounds over time14,15. This, in turn, has had a sig-
nificant impact on what is required from drug delivery
formulators, in that the number of formulation options
has had to be increased to address the larger diversity of
challenges presented.

For a drug to be orally available, the compound
must dissolve and be absorbed through the gastro-
intestinal tract in such a way that it generates adequate
drug levels at the pharmacologically active site to ensure
that the desired action is obtained in a reproducible
manner. Retrospective studies show that >40% of drug
failures in development can be traced to poor biophar-
maceutical properties, specifically poor dissolution or
poor permeability16. In recognition of the importance of
these factors, the FDA and other drug regulatory
organizations have defined a Biopharmaceutical Classi-
fication System in which drugs are divided into four
types on the basis of their solubility and permeability
characteristics (FIG. 4)17–19. High-throughput drug dis-
covery methodologies are increasingly selecting difficult
Type II compounds, and CDs can be an important
enabling technology for these compounds in partic-
ular20,21. By increasing the apparent water solubility of
a drug candidate, formulations can be generated such
that a Type II material behaves like a Type I compound,
with a resulting increase in oral bioavailability20,22 (BOX 1).

The reasons for the inclusion of CDs in a particular
formulation can vary widely (BOX 2)23, and are specific
to the circumstance — that is, the specific physico-
chemical issues that have to be overcome and the
administration route24–26.

Initial applications of α- and β-CDs: prostaglandin
and nonsteroidal anti-inflammatory agents. CDs first
came to the fore in marketed products as drug delivery
technologies that enabled the development of various
prostaglandins27,28. One of first of these compounds,
PGE2, a substance with potent oxytocin-like effects,
was of interest as a possible agent for the induction of
labour in childbirth29,30. As with other members of the
E-type prostoglandins, these compounds are highly
unstable, and this feature complicated their formula-
tion and development. β-CD complexes of PGE2

resulted in a significant increase in their solid-state
stability, and a product designed along these lines

The complexity of these mixtures can be appreciated
by considering β-CD. For this compound, there are 21
hydroxyl functional groups and therefore 221 –1 possible
combinations for substitutions (that is, more than 2
million). If an optically active centre is introduced, as in
the case of 2-hydroxypropylation, the number of geo-
metrical and optical isomers is truly astronomical, given
that the β-CD nucleus contains 28 chiral centres. It is
conceivable that the pharmaceutical performance of
these isomeric mixtures can change with the extent and
degree of substitution, and so these factors have to be
assessed and specified in the excipient. In practice, this
is done by analogy with other chemically modified
pharmaceutical starches and celluloses, such as hydroxy-
propyl cellulose and hydroxylpropylmethyl cellulose.
Both the European Pharmacopeial monograph and the
proposed United States Pharmocopeial monograph on
HPβCD, for example, specify that the material should
have a molar substitution (expressed as the number of
hydroxypropyl groups per anhydroglucose unit)
between 0.4 and 1.5; this means 2.8–10.5 hydroxypropyl
functional groups per cyclodextrin molecule. They also
specify that less than 1.5% unmodified β-CD should be
present. The molar substitution can be determined
using nuclear magnetic resonance and infra-red
methods. Two functionalized CDs, hydroxypropyl β-CD
(HPβCD) and sulphobutyl ether β-CD (SBEβCD), are
available in FDA-approved products for human use (see
below). In addition, CDs do not produce an immune
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Figure 3 | Schematic illustration of the association of free cyclodextrin (CD) and drug to
form drug–CD complexes. A | 1:1 drug–CD complex. B | 1:2 drug–CD complex. C | Proposed
models of inclusion complexes between prostaglandin E2 and (a) α-CD, (b) β-CD and (c) γ-CD.
Adapted from REF. 1.

Better	solubility,	stability	
and	result	in	fewer	side	
effects	as	compared	to	the	
non-complexed	drug.
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Cyclodextrins in	drugs

Linoleic	acid	is	used	in	many	creams	but	oxidizes	
rapidly	resulting	in	odor	and	poor	performance.

Association	with	up	to	four	a-CD	prevents	oxidation	
and	make	the	complex	water	soluble.	

C.	W.	Park,	et	al.,	J.	Agric.	Food	Chem.	2002,	50,	2977−2983.


